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Abstract. The use of steelmaking by-products in road construction reduces the demand for
virgin aggregate and supports circular economy practices in the road sector. This paper evaluates
the structural performance of an asphalt concrete pavement in which the coarse aggregate of the
wearing course is replaced with Basic Oxygen Furnace (BOF) slag. A four-layer flexible pavement
was modelled in ABAQUS 2021 under both linear elastic and linear viscoelastic constitutive laws,
the latter through a four-term Prony series with a Williams-Landel-Ferry shift function fitted to
laboratory data, and was validated against published benchmark results with a deviation of 1.32 %
in maximum rutting depth. A conventional pavement with a fine-grained gravel wearing course (E
= 3340 MPa at 20 °C) was compared with a BOF slag-modified pavement (E = 2135 MPa at 20
°C). The rutting depths were 2.49 mm and 2.58 mm under the elastic assumption (3.6 %) and 2.42
mm and 2.53 mm under the viscoelastic assumption (4.5 %), while the peak von Mises stress was
lower in the BOF slag pavement in both cases (1.31 MPa against 1.48 MPa and 1.41 MPa against
1.59 MPa). The sensitivity of the structure to the surface layer is expressed as a power law: the
rutting depth scales with the wearing course modulus to the power of -0.08 under the elastic and -
0.10 under the viscoelastic assumption and the peak stress to the power of +0.27, so that a reduction
of the surface stiffness by 36 % changes the structural response by less than 5 %. At the scale of a
two-lane carriageway the substitution replaces about 800 t of natural crushed stone per kilometre
of wearing course. BOF slag can therefore be regarded as a technically viable and sustainable
aggregate substitute for wearing course mixtures, provided that the volumetric stability of the slag
1s verified before placement.
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Introduction

Asphalt concrete accounts for about 94 % of the paved road surfaces in the world [1] and
consumes roughly 2.5 billion tonnes of mineral aggregate every year, a demand projected to grow
by nearly 50 % by 2050 [2]. Rising material costs, the depletion of natural aggregate deposits and
tighter environmental regulation make alternative aggregate sources an urgent task for the road
sector, including in Kazakhstan.

Basic Oxygen Furnace (BOF) slag, a by-product of converter steelmaking, is one of the most
promising candidates. World crude steel output exceeded 1.95 billion tonnes in 2023 [3], and 150-
200 kg of BOF slag is generated per tonne of steel, which corresponds to more than 300 million
tonnes of potential aggregate per year. BOF slag is highly angular (more than 70 % crushed faces),
resistant to abrasion (Los Angeles loss of 15-25 %), has a high polished stone value (above 55)
and a high internal friction angle (42-48°), all of which are favourable for pavement mixtures [4,
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5]. Two factors restrict its direct use in a surface layer. The first is the content of free lime and
periclase, which can hydrate with a delay and cause volumetric expansion, so that weathering and
an expansion check are required before the slag is accepted as an aggregate [6]. The second is the
lower stiffness of the resulting asphalt concrete compared with mixtures based on natural gravel,
which makes a structural verification of the pavement necessary before the material can be
recommended for the wearing course.

Finite element analysis (FEA) has become the standard computational tool for such a
verification, since it provides the full stress-strain field in a layered system under an arbitrary load
[7]. Published studies have addressed tyre-pavement contact stresses [8], the rutting of
geosynthetically reinforced pavements [9] and the optimisation of tack coat layers [10], while slag
materials have been examined mainly as subbase constituents [11]. No published work, however,
has systematically assessed BOF slag in the wearing course using both elastic and viscoelastic
material models, and none has done so for Kazakhstani materials and the local climatic range from
-40 °C in winter to +40 °C in summer.

The aim of this study is therefore to develop and validate a finite element model of a flexible
pavement and to compare the structural response of a conventional gravel pavement with that of a
BOF slag-modified pavement under both linear elastic and linear viscoelastic material
assumptions. The contribution is threefold: the model is verified against published benchmark data
before use; both constitutive assumptions are applied to the same structure, which separates the
instantaneous from the time-dependent response; and the sensitivity to the wearing course stiffness
is expressed as a dimensionless power law transferable to other mixtures and moduli.

Methodology

A four-layer pavement structure was built in ABAQUS 2021: an asphalt concrete wearing
course 120 mm thick, a stabilised gravel-sand base course 180 mm thick, an unstabilised granular
foundation layer 300 mm thick and a subgrade 2000 mm thick. The model extends 3000 mm in
the direction of traffic and 2000 mm transversely; these dimensions were established by a
preliminary convergence study so that the boundaries do not affect the response in the wheel path.
Layer thicknesses follow the design recommendations R RK 218-130-2016 [12] and reproduce a
typical flexible pavement cross-section used in Kazakhstani highway practice (Figure 1).

Figure 1 — Assembled four-layer pavement model: wearing course, base course,
foundation layer and subgrade
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The layers were discretised with S4R shell elements (four-node elements with reduced
integration and hourglass control) using five Simpson integration points through the thickness,
which captures the flexural stress gradient of a layered pavement at a modest computational cost
[13]. Mesh sensitivity was examined by refining the element size from 100 mm to 10 mm in the
wheel path region until the maximum displacement and the von Mises stress changed by less than
2 % between successive refinements; the final mesh contains 1120 quadrilateral elements and 1312
nodes, with an aspect ratio below 3:1 and a Jacobian determinant above 0.7. Perfect bonding was
reproduced by three tie constraints that keep displacements and rotations continuous at the
interfaces, including the foundation-subgrade interface where the stiffness contrast exceeds 40:1;
this formulation transfers both normal and shear forces and is appropriate for pavements in which
interlayer slip and debonding are negligible under normal traffic.

The tyre load was applied as a uniform pressure of 0.66 MPa over rectangular contact
patches of 260 x 180 mm representing a dual tyre configuration; this is the design contact stress
of a 13-tonne single axle adopted in Kazakhstani practice and is consistent with the AASHTO
standard axle of 80 kN. In the time-dependent analysis the load amplitude followed a period equal
to the passage time of a wheel at the design speed, and traffic accumulation was simulated by a
stabilised static procedure. The bottom of the subgrade was restrained against vertical
displacement and the lateral boundaries against horizontal translation normal to them, which
represents a rigid base at depth and symmetry at the sides. Two response quantities were extracted
at the reference temperature of 20 °C: the maximum vertical displacement in the wheel path,
reported as the rutting depth, and the peak von Mises stress, a scalar measure of the multiaxial
stress state that governs shear-related distress in a layered system.

Elastic properties were taken from R RK 218-130-2016 [12] and supplementary laboratory
testing (Table 1): the wearing course modulus of 3340 MPa at 20 °C from a dynamic modulus
master curve at 10 Hz according to AASHTO T 342, the base and foundation moduli from resilient
modulus tests according to AASHTO T 307, and the subgrade modulus from a correlation with
the California Bearing Ratio. For validation the properties were set equal to those of the benchmark
study [14]. In the comparative analysis only the wearing course modulus was changed, from 3340
MPa to 2135 MPa, so that the effect of the replacement is isolated from any other factor.

Table 1 — Material properties of the pavement layers

Layer Material h, mm E, MPa v p, kg/m?
Wearing course AC, fine-grained gravel 120 3340 0.35 2350
Wearing course AC, BOF slag aggregate 120 2135 0.35 2350
Base course Stabilised gravel-sand ¢ 650 035 2200

mix
Foundation Unstabilised gravel-sand 300 180 0.35 2100
Subgrade Clayey soil 2000 46 0.35 1900

The viscoelastic behaviour of the asphalt concrete was described by a generalised Maxwell
model in the form of a four-term Prony series fitted by nonlinear least squares to stress-relaxation
data measured at 20 °C:

E(t) = Ex + X gi exp(-t / 17), (1)

where E. is the long-term equilibrium modulus, g; the relaxation strength and t; the
relaxation time of the i-th element. Temperature dependence was introduced through the Williams-
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Landel-Ferry shift function with the constants C; = 8.9 and C, = 102 for a reference temperature
of 20 °C over the range -10 °C to 50 °C; the fitted set reproduces the measured relaxation data
within +5 % for times from 107 to 10° s.

Dynamic modulus testing followed AASHTO T 342 at 0, 10, 20, 30 and 40 °C and at 0.1-
25 Hz, and master curves were built at a reference temperature of 20 °C. The instantaneous
modulus for a loading time of 0.1 s follows an exponential temperature law:

traditional wearing course: Eo1(T) = 12961 exp(-0.085T) MPa, R?=0.998; (2)
BOF slag wearing course: Eo1(T) = 6852.7 exp(-0.082T) MPa, R?=0.999. 3)

Results and Discussion

The model was first validated against the benchmark results of Bouacha et al. [14], who
analysed flexible, geosynthetically reinforced and rigid pavements under the same 13-tonne axle
load. The maximum rutting depth computed here, 2.324 mm, differs from the published value of
2.294 mm by 1.32 %, well inside the tolerance of 5 % normally accepted in pavement finite
element verification [15]. The agreement confirms the geometry, the materials, the load, the mesh
and the boundary conditions, and justifies extending the model to the BOF slag configuration.

The von Mises stress field decays through the depth of the structure in the manner predicted
by layered elastic theory (Figure 2). Averaged over 75 % of the evaluated elements, the stress falls
from about 2.37 MPa in the surface layers to 1.97-0.79 MPa in the intermediate layers and to less
than 0.2 MPa in the lower strata, with a peak of 3.17 MPa in the critical load transfer zones, which
confirms that the subgrade is adequately protected.

S, Mises

SHEG, (fraction = -1.0)

{(Avg: 75%)
+2.367e+00
+2.170e+00
+1.974e+00
+1.777e+00
+1.581e+00
+1.384e+00
+1.,188e+00
+9.911e-01
+7.945e-01
+5.980e-01
+4.015e-01

+2.050e-01
+8.446e-03

Figure 2 — Von Mises stress contour showing the progressive attenuation of stress through the
pavement structure

Under the linear elastic assumption the two pavements behave almost identically (Table 2).
The BOF slag pavement shows a slightly larger maximum rutting depth, 2.58 mm against 2.49

21


https://doi.org/10.71031/

Qazaq Highway Science and Innovation, 2026, N3, DOI: https://doi.org/10.71031/

mm, an increase of 3.6 %, which follows directly from the lower effective stiffness of the near-
surface system and the correspondingly higher vertical compliance under the same load. At the
same time the peak von Mises stress is 11.5 % lower, 1.31 MPa against 1.48 MPa, because the
reduced stiffness contrast between the wearing course and the base course changes the load-
spreading trajectory and smooths the stress field in the critical load transfer zones.
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Figure 3 — Rutting depth contours under the linear elastic assumption: A) BOF slag pavement;
B) traditional pavement

The viscoelastic analysis leads to the same conclusion (Table 2). The rutting depth of the
BOF slag pavement exceeds that of the traditional pavement by 4.5 %, 2.53 mm against 2.42 mm,
which is explained by the slightly higher time-dependent compliance of the BOF slag mixture and
the resulting accumulation of viscoelastic strain under repeated loading. The peak von Mises stress
is again lower by 11.3 %, 1.41 MPa against 1.59 MPa. Accumulated plastic strain in the BOF slag
pavement is 11.0 % higher, which indicates that viscoelastic relaxation redistributes the load and
limits local stress concentrations at the cost of a gradual concentration of strain.

Table 2 — Response of the two pavements under the elastic and the viscoelastic assumption

. Traditional BOF slag Change,
Assumption Response parameter °
pavement pavement %o
Elastic Maximum rutting depth, mm 2.49 2.58 +3.6
Elastic Peak von Mises stress, MPa 1.48 1.31 -11.5
Viscoelastic Maximum rutting depth, mm 2.42 2.53 +4.5
Viscoelastic Peak von Mises stress, MPa 1.59 1.41 -11.3

The viscoelastic model predicts slightly smaller deformations than the elastic one for both
structures, which shows that an elastic analysis remains conservative for this type of pavement.
The rutting profiles of the two structures are practically parallel over the whole wheel path and
differ only near the wheel centreline (Figure 4).
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Figure 4 — Rutting depth profiles of the traditional and BOF slag pavements

Since only the wearing course modulus was changed between the two configurations, the
results can be generalised by expressing the response R as a power function of the surface stiffness
E, R =Ro (E / Eo)», in which the dimensionless exponent follows from the two computed states:

n=1In(R2/Ri)/In (E2/E)), “)

The reduction of the wearing course modulus by 36 %, from 3340 MPa to 2135 MPa, gives
n = -0.08 for the rutting depth under the elastic assumption and n = -0.10 under the viscoelastic
assumption, and n = +0.27 for the peak von Mises stress in both cases. All three exponents are an
order of magnitude smaller than unity, that is the global response is close to insensitive to the
stiffness of the surface layer: extrapolating the power law, a tenfold reduction of the surface
modulus would increase the rutting depth by only about 20 %. This quantifies why the loss of
stiffness caused by the BOF slag has so little structural consequence and gives a design rule
independent of the moduli measured here.

The stiffness reduction adopted here is conservative with respect to the published data: steel
slag has repeatedly been reported to increase the Marshall stability and the mechanical strength of
hot mix asphalt when it replaces natural coarse aggregate [4, 5], whereas the local mixture gave a
dynamic modulus at the lower end of the reported range. The computed response is therefore an
upper bound of the deformation and a lower bound of the performance to be expected in the field.

The practical scale follows from the geometry of the layer: a wearing course 120 mm thick
on a carriageway 7 m wide contains about 840 m? per kilometre, close to 2000 t of mixture, so that
with a coarse fraction of about 40 % some 800 t of natural crushed stone are replaced per kilometre
of road. The annual BOF slag output of the domestic converter production, of the order of hundreds
of thousands of tonnes, is sufficient for several hundred kilometres of wearing course per year.

In engineering terms the differences of 3.6-4.5 % in rutting and of about 11 % in peak stress
are small against the normal scatter of material properties and construction quality: the wearing
course governs contact stresses, surface durability and skid resistance rather than the load-bearing
capacity of the structure, so the loss of stiffness is not a structural disadvantage.

Three limitations should be kept in mind. The shell element idealisation and the linear
constitutive laws reproduce the stress and displacement fields but describe neither damage
accumulation nor viscoplastic flow, so the values reported are structural responses and not service
life predictions. The comparison was made at 20 °C, whereas the difference between the mixtures
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is largest at the extremes of the local climatic range. Finally, the volumetric stability of the slag
has to be confirmed by a potential expansion test and its higher specific gravity requires the
mixture to be redesigned on a volumetric basis.

Conclusions

1. The finite element model of a four-layer flexible pavement built in ABAQUS 2021
reproduces published benchmark results with a deviation of 1.32 % in the predicted rutting depth,
which confirms its reliability for both elastic and viscoelastic analysis with a Prony series
representation of the relaxation modulus.

2. Replacing the coarse aggregate of the wearing course with BOF slag increases the
maximum rutting depth by 3.6 % under the elastic and by 4.5 % under the viscoelastic assumption,
both small relative to the scatter normally accepted in pavement design.

3. The peak von Mises stress in the BOF slag pavement is lower by 11.5 % in the elastic
analysis and by 11.3 % in the viscoelastic analysis, which indicates a more uniform load transfer
and a reduced stress concentration at the critical interfaces.

4. The sensitivity of the structure to the surface layer is described by a power law with the
exponents -0.08 and -0.10 for the rutting depth and +0.27 for the peak stress. The global response
is therefore close to insensitive to the stiffness of the wearing course, which is the mechanical
reason why a mixture of lower modulus remains acceptable in this position and why the result can
be transferred to other slag mixtures.

5. BOF slag can therefore be regarded as a technically viable and sustainable substitute for
natural coarse aggregate in asphalt concrete wearing courses, replacing about 800 t of crushed
stone per kilometre of a two-lane carriageway and supporting circular economy principles in
Kazakhstani road construction. Two conditions apply: the volumetric stability of the slag must be
confirmed by an expansion test, and the mixture must be redesigned volumetrically because of the
higher specific gravity of the slag. Observation of instrumented test sections is needed before the
material enters normative documents.
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. HEI'I3I'T OTTHIK INIEII KOKbIH IPI TOJITBIPTBIII PETIHAE
HAUJAJAHY APKBLIbI ACPAJIBTBETOH KABBIHIAPBIHBIH INEKTIK
SQJIEMEHTTEP 9AICIMEH TAUJAJIAHY TUIMALJIITTH BAFAJIAY

Aceanr Hyrmanosa®™ ), Ilao dKynuzu?
! «Ka3zakcran xoin FeutsiMu-3epTTey HHCTHTYTh» AK (KaskonF3U), Acrana, Kasakctan

2 Jiangsu Transportation Institute Group Co., Ltd. (JSTI Group), Haukun, Kpirait
*KoppecnoHnaeHT-aBTop: a.nugmanova@qazjolgzi.kz

Anjaarna. bonar eHnipyniH )aHaMa ©HIMJIEPIH KO KYPBUIBICHIH/IA TTalijaiaHy O0acTammKbl
TaOWFU TOJITBIPFBIIIITAPFA JIETCH CYPAHBICTHI a3alThII, YKOJI CAlaChIH/Ia allHaIMallbl 5KOHOMHUKA
KaFUJaTTapblH  JaMbITyFa bIKOan eredl. byn  skymbicta acdanbTOETOH  KaOBIHBIHBIH
KOHCTPYKUMSIJIBIK THIMIUTITT OarajaHjbl, MYHJa OFaprbl KaOATTBIH ipi TONTHIPFBIMIBI HETi3Ti
ortteik mem (Basic Oxygen Furnace, BOF) koxbimen anmacteippuigsl. ABAQUS 2021
OarapiamMachlHIa TOPT KaOATThI MIITINI KOJ >KAOBIHBI CBI3BIKTHIK CEPITIMJII KOHE CHI3BIKTHIK
TYTKBIP-CEpIIMII KOHCTUTYTHBTIK MOJEJbAEp HeriziHae MojaeiabAeHal. TyTKbIp-cepmimii
MOJICIIB/ICY KEe31HIe 3epTXaHAIBIK JaepekTepre coiikectenaipumren Williams—Landel-Ferry sirbicy
GbyHKIUACH Oap TopT Mymeni Prony xaTapbl KOImaHbUIABL. MOJENh XKapHUsIaHFaH 3TaJOHIIBIK
HOTHDKETIEPMEH CaNBICTBIPBUIBIN, MaKCUMANJIbl KoJies TepeHIiri OoibiHIma aywsiTKy 1,32 %
Kypanel. JlocTypni ycak TYHipmIikTi KHBIpIIBIKTac OeTki Kabarer Oap xabem (20 °C
temneparypaga E = 3340 MlIla) BOF xkoxbeimMen typaenaipinren xabObiamen (20 °C
temneparypana E = 2135 MIIa) cansicTeipbuiasl. CepriiMii MOICITb JKaFIaibIHIa KOJIes TePEH I
tuiciame 2,49 MM xone 2,58 mm (3,6 %), aJt TYTKBIp-CEPIiMII MOCIIb KaFfaibiHAa 2,42 MM JKOHE
2,53 mm (4,5 %) 6onapl. by perre eH sxorapsl von Mises kepHeyi eki skarnaiiga 1a BOF koxbl
KOJIIaHbBLIFaH sKaObIHa ToMeH OoJiabl: cakkecinme 1,31 MIla sxone 1,48 MIla, conpati-ak 1,41
Mlla xone 1,59 MIlla. KoncTpykiusHblH OeTKi KabaTKa Ce3IMTaJIIBIFBl JOPEKENIK 3aHMEH
cUNaTTaNabl: KOJiesl TePEHIIT1 cepIiMIi MOJIeNh KaFJailbiH/a )KaObIHHBIH KOFapFbl KAOATHIHBIH
moxaynine -0,08 mopexxeciHe, anm TYTKbIp-cepriMii Mojenb xkarnaibiaga -0,10 mopexecine
MPOMOPILMOHAN; €H »ofapbl kepHey +0,27 nopexeciHe coiikec e3repexai. Ocbumaiimna, OeTki
Ka0aTTBIH KaTTHUIBIFBIHBIH 36 %-Fa TOMEH Ieyl KOHCTPYKITUSHBIH jKayan peakiuschiH 5 %-/1aH a3
Mmemuepae e3repredi. Eki jkomakTel skypic OeniriHiH 1 KM Korapfbl KaOaTblHIa TaOUFU
ycakTanraH TacTblH mamameH 800 ToHHachlH anmacTbipyFa Oomanbl. Conabikran BOF koxbiH
JKOFapFhl Ka0aT Kocmanaphl YIIH TEXHUKAJIBIK TYPFBIIAH JKapaM/Ibl dKoHE TYPAKTHI TOITHIPFBIII
IMACTBIPFBINI PETIHAE KapacThIpyFa OOJajbl, ajaiijia OHBI KON JKaOBIHBIHA TOCEY allJbIHIA
KOK/IBIH KOJIEMIIK TYPaKThUIBIFBIH MIHJETTI TYPJE TEKCEPYy KaKeT.

Tyiinai ce3gep: HEri3rl OTTTHIK IeHl KOXbI, achaabTOETOH >KaOBIHBI, AaKbIPJIbI
AIIEMEHTTEP/l Tajjay, TYTKbIp-CEpHiMII MiHE3-KYJIBIK, KOJesl Ty3LIyl, TYpaKThl >KOJI-KYpPbUIbIC
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AHHoTanus. Vcnonb3oBaHre MOOOYHBIX MPOJYKTOB CTAJEIUIaBUILHOTO MPOU3BOJICTBA B
JIOPO’KHOM CTPOUTEIBCTBE CHIDKAET MOTPEOHOCTH B MEPBUYHBIX MPHUPOJHBIX 3aMOTHUTEISAX U
CIOCOOCTBYET Pa3BUTHIO MPUHIUIIOB IUPKYJISIPHOM SKOHOMHKH B IOPOKHOK oTpaciu. B qanHoi
paboTe mpoBeeHa OIEHKa KOHCTPYKIIMOHHOM 3PPEKTUBHOCTH acPalbTOOETOHHOTO JTOPOKHOTO
MOKPBITUS,, B KOTOPOM KPYIIHBII 3allOJIHUTENb BEPXHETrOo CJ0s 3aMEHEH IIJIaKOM OCHOBHOM
kucnopoHoi neun (Basic Oxygen Furnace, BOF). UeTsipexcioiiHas KOHCTPYKIIHSI HEXKECTKOTO
JIOPOKHOTO TOKPBITUA Obl1a cMmonenupoBana B ABAQUS 2021 ¢ ucrnosib3oBaHUEM JTMHEHHO-
YOPYIoro M JMHEMHO-BA3KOYIPYIOro 3aKOHOB IOBeACHMsI Marepuana. I[lpu Bs3koynmpyrom
MOJICIIMPOBAHUN TPUMEHSIICA 4YeThIpexwieHHbIH psn [IponHu ¢ dyHknumen casura Williams—
Landel-Ferry, anupokCMMHPOBAaHHOM 110 JJa0OPaTOPHBIM JaHHBIM. Moienb Oblila BaIUIUpOBaHA
M0 OMYyOJIMKOBAHHBIM ATAJIOHHBIM pe3yJibTaTaM; OTKJIOHEHHE 10 MAKCHUMAaJIbHOM TITyOUHEe KOJieu
coctaBuio 1,32 %. TpaguunoHHOEe OKPBITHE CO ciioeM U3 Menko3epHucTtoro rpasus (E = 3340
MlIla npu 20 °C) cpaBHHBaIOCH ¢ MOKpbITHEM, MoaudunmpoBanHbiM BOF-tmakom (E = 2135
Mlla mipu 20 °C). I'my6una xosien cocraBuia 2,49 u 2,58 mm nipu ynpyrom jpomymenu (3,6 %) u
2,42 u 2,53 MM npu Bsizkoynpyrom jgomnyiieHuu (4,5 %) coorBerctBeHHo. [Ipu 3TOM nukoBoe
HanpsbkeHue mo Musecy B nokpeituu ¢ BOF-ntakom 6bu10 HUke B 00omx ciydasx: 1,31 MIla
npotuB 1,48 MlIla u 1,41 MlIla mporuB 1,59 MIla coorBercTBeHHO. UyBCTBUTEIBHOCTH
KOHCTPYKLHHU K CBOMCTBaM MOBEPXHOCTHOT'O CJIOSI OIMCHIBAETCS! CTEIIEHHBIM 3aKOHOM: ITyOnHa
KOJIEW 3aBUCUT OT MOJYJI BEPXHEro cjos MOKpbITUs B cTtenenu -0,08 npu ynpyrowm u -0,10 npu
BSI3KOYIIPYTOM JIOMYIIIEHHWU, TOTJa KaK MUKOBOE HaIpshKEeHUE u3MeHsercs B crerenu +0,27.
TakuM o00pa3oM, CHIDKEHHE >KECTKOCTH MOBEPXHOCTHOrO cjos Ha 36 % wu3MeHser
KOHCTPYKLMOHHBIN OTKJIMK MeHee yeM Ha 5 %. Ha macmrabe nByXIoyiocCHON Mpoe3xel yacTu
Takas 3aMeHa MO3BOJIsieT 3aMeHUTh okoJio 800 T mpupogHOro APOOIECHOr0 KaMHS Ha KaXKIbId
KUJIOMETP BEpXHEro ciosi nokpeitus. CinenoBarenbHo, BOF-mmak MOXeT paccMaTpuBaThCs Kak
TEXHUYECKU MMPUTOAHBIN U yCTONYUBBINA 3aMEHHUTENb 3aIIOJIHUTEIS ISl CMeCel BEpXHETo CIosl TPy
YCJIOBHH MPEIBAPUTEIHLHON MPOBEPKH €r0 00BEMHOM CTAOUIBLHOCTH MEPe]] YKIaAKOM.

KiroueBble c10Ba: 1UIaKk OCHOBHOM KHCIOPOAHON meuH, acdanbToOeTOHHOE MOKPHITHE,
aHAJIN3 METOJOM KOHEYHBIX JJIEMEHTOB, BA3KOYIIPYroe IOBEACHHUE, KOJeeoOpa3oBaHue,
YCTOMYMBBIE JOPOKHBIE MATEPUATIBI
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