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Hayionanvnuii ynisepcumem 8001020 2cocnooapcmea ma
NpUpPOOOKOPUCHTY BAHHL

METO/I CKIHYEHHUX EJIEMEHTIB B 3ATAYAX
BUJIYT'OBYBAHHSA BAITHA 3 BETOHHUX ®YHIAMEHTIB
I'TTPOTEXHIYHUX CIIOPY |

Pestome. Cihopmogano HeniHiliHy mamemMamuiny mMooeis SUNY208Y8aHHs 6000POIYUHHUX CKAAOO0BUX
bemonno20 ynoamenmy (anna) 6 080x uMIpHill nocmanosyi. OMmpuUMano YuceibHull po36 130K 0aHol 3a0auil
Memooom cKinyeHHux enemenmis. Ilposedeno yucenvui ekcnepumeHmu 3 OOCHIONCEHH PO3NOOLTY POIYUHEHUX
PeyosuUH y TPYHMI Ma OYIHIOBAHHS MeXCi KOPO3ii OemoHH020 (pyHOamenmy.

Kiouoei crosa: sunyzosysanisi, MamemMamuyHe MOOENOGAHHS, MEMOO CKIHYEHHUX elleMeHmIs.

O. Stepanchenko; P. Martinyuk

FINITE ELEMENTS METHOD IN PROBLEMS OF LIME
LIXIVIATION FROM THE CONCRETE BASES OF HYDRO
TECHNICAL CONSTRUCTIONS

Summary. The ecological, economical and technogenic safety of the state and region is connected
with the hydro—technical constructions operation fail-safety. One of the prediction methods, which does not need
expensive experiments, is mathematical modeling. The non-linear mathematical model of the process of the lime
lixiviation from the concrete bases of hydro—technical constructions was analysed. The non-linearity deals with
taking into consideration the dependencies of the diffusion and water filtration coefficients on the salts
concentration, as well as the chemical and thermal osmosis phenomenon, including thermal diffusion. The
problem is of the Stephan’s type problems, as the corrosion border of the concrete basement is travelling. This
contributes to the difficulties in finding the algorithms for of the approximate solutions for the relevant boundary
problems. In the previous authors’ works for the finite differences method was used to solve these problems. But
the precision of the approximate solutions was not reached. One of the ways to solve the problem is to compare
the numerical solutions of the non-linear boundary problem, which were found using different similar methods.
This is the aim of the article. As far as methods are concerned, the finite differences method and the finite
elements method were chosen. The positive aspect in comparing this two methods is as follows — with the finite
differences method we get the classical solution, and with the finite elements method — a generalized solution.
One of the stages in achieving the final goal has been reached in this article — the scheme of approximate
solution with the finite elements method is described. The program realization of the formed problem’s solution
with the finite elements method has been realized in Lasarus — free software development environment for Free
Pascal compiler. This integrated development environment provides an opportunity of cross platform creation of
Delphi-like ads. The developed program allows changing the incoming data dynamically; controlling the area
fragmentation and receiving the calculation results in graphical or numerical (in the table form) view.

Key words: lixiviation, mathematical modelling, finite element method.

ITocTanoBka mnpobuaemu. be3aBapiliHICTh eKCIUTyaTallil TiAPOTEXHIYHUX CHOPY.
(I'TC) moB’s3aHa 3 €KOHOMIYHOIO, €KOJIOTIYHOIO Ta TEXHOTCHHOIO OE3IEeKOI0 JIep)KaBH, a
TaKOK Oe3MocepeIHbO CTOCYEThes KUTTS Jtojeit. Yacto aBapii Ha ['TC cnipuuunsum, okpiM
MaTepialbHUX 30WTKIB, Ile ¥ 3HAYHI JIFOACHKI kepTBH [1, 2]. MareMaTndHe MOJIETFOBAHHS
CKJIagHUX (i3UKO-XIMIYHUX MporeciB y OeToHHMX ocHoBax I'TC no3Boisie crporao3yBaru
mepebir mporeciB, 0e3 TPOBEJICHHS EHEPrOEMHICHHX Ta peCcypco3aTpaTHUX HaATYPHHX
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EKCIePUMEHTIB, JJIs Tepel0aueHHs] KpUTHUHUX CUTYallild Ta HeJOMYIIeHHs aBapii.

AHajmi3 ocTraHHIX JgocaimkeHb. B poOorax [3-7] mnoOymoBaHO HemiHIiHI
MaTeMaTH4H1 MOJIEJNI JOCIIJKYBaHUX IporieciB. [ po3B’si3yBaHHs BINOBIHUX HETiHIHHUX
KpaloBHX 3a/1ad B 00JacTSIX 3 PyXOMHUMH MEXaMH 3aCTOCOBAHO METOJ| CKIHYEHHUX pi3HUIb
pasoM i3 MeToAoM KOH(OPMHUX Ta KBa3iKOH(GOPMHHUX BioOpakeHb JUIsI MOOYIOBH
OPTOTOHAILHUX PI3HHIIEBHX CITOK. OJHAK MUTAHHS MMPO TOYHICTh TAKMX BiIOOpakeHb Ta iX
BIUIMB Ha TOYHICTh HAOJIMKEHUX PO3B’SI3KIB HENIHIMHMX KpaloBUX 3ahay JOCHIHKEHO He
Oyro. Li ocimiKeHHs € CKJIQJHOIO 3a/1a4eio, OCKIJIBKU ITOB’S13aHI 3 aHATi30M HaOJMKCHHUX
PO3B’sI3KiB 0O0EpHEHHX 3a/1a4 MaTeMaTu4Ho1 (i3uku. Taki JOCHiKEHHS IPOCTIle TPOBECTH Yy
BUNAJIKy 3aCTOCYBaHHS METOMIB, Ul SKHX HAKOIMHMYCHO 3HAYHUHA HAyKOBHH JOpOOOK 3
TEOPETUYHOI'0 aHajli3y TOYHOCTI HaONMXKEHUX po3B’s3KiB. Hampukiaa, Takum go0pe
TEOPETUYHO OOTIPYHTOBAHUM METOJIOM € MeToT cKiHueHHuX eeMeHTiB (MCE) [8—10].

Mera poborn. 3acTocyBaHHS METOAY CKIHUEHHHX €JIEMEHTIB J0 3aj1a4
BHJIYTOBYBAaHHSI BOJIOPO3YMHHUX Mopia 3 OetoHHWX (ysaamentiB ['TC. Onmnak me oxuH i3
eTaliB 3arajJlbHoi METH — TEOpETHYHE BCTAHOBJEHHS TOYHOCTI HAOJIMKEHUX pO3B’S3KiB
BKa3aHUX KpalOBUX 3aJ1a4, sika MOXe OyTH JIOCIATHYTA B Cepil HAYKOBUX ITyOJTiKAIIii.

ITocTanoBka 3agaui. PosrisiHemo 3amady kopo3sii OetonHoro ¢ynaamenty ['TC,
KU 3HaXOJHUTHCS Ha BOJIONPOHWKHUN TIPYHTOBI OCHOBI TOBIIWHOIO b,, IO JIEKHTH Ha

Bozoymopi (puc. 1). BHacmimok pizHwMII
HAIOPIB Y BEPXHBOMY Ta HIDKHBOMY yA
0’eax BimOyBaeTbes (iabTpaIlis BOJIN
B  OeronHoMmy  ¢yHZameHTi  3i

UIBUIKICTIO V, Ta B TpyHTOBI# ocHOBi 31 | H1

mBuAKicTIo  V,. Ockinbku O€ToH €

MOPHUCTUM CEPEAOBHINEM, TO BHACIITOK
OMMBaHHS foro ¢biIbTpaniitHuM
ITOTOKOM ITi/I3EMHHX BOJ[ BiJI0yBa€ThCS

pPO3UMHEHHS HOro BOJOPO3UYMHHHUX b 7

CKJIQJIOBUX 3 IOJAJBIIAM BHHECEHHSIM Q) v

iX 3a paxyHOK MacomnepeHocy. B 0 a f
pe3yypTaTl 3 TacoMm 6y,IFe Pucynok 1. O6nacts ¢insrpauii rpyHroBoi ocHosu I'TC, 30H
3MCHIIYBaTUCh KOHIICHTpaI1d KOpO3ii Ta mMpoMouyBaHHS 11 0eTOHHOTO PyHIAMEHTY
BOJIOPO3UYMHHHUX YaCTHH OCTOHY (BamHa

Ta iH.). Figurel. The filtration region of the soil base of a hydro

technical construction, zones of corrosion and drench of base

3aBganus oJjiirae y
concrete base

pPO3paxyHKy €BOJIONii 30HH KOpO3ii
OeTOHHOTO (PYHIAMEHTY, PO3IMOAUTY KOHIICHTpAIlil BalHa B IPYHTOBiM OCHOBI Ta B O€TOHI
MPOTATOM 33/IaHOTO MPOMIXKKY Yacy. B miHiiHII mocTaHOBI TOMIOHI 33124l OyITU PO3TIISIHYTI
B poborax [11-13].

MaremaTuyHa Mojesb 3aaadvi. Po3risHeMo 3ajady BHJIYTOBYBaHHS BalHa 3
OeToHy IpH BifcyTHOCTI (bibTparii B OeToHi. Bygemo BBakaTH, mo ¢iibTpariis BigOyBacThCs
JMIIe B IPyHTi. MaTeMaTnyHa MoJIejIb i€l 3a/1a4i ONMUCYEThCS TAKOKO HEJTIHIHHOK KPaoBOIO
3a/1a4ero:
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a(Dz (Cz)aai?jf(Dz (cz)%ych

5]
=V, (cz)g_yz (cz _sz)"'

o7 (1)
(2% 125)
+ ad + :O'zi, (x,y)EQp t>0,
o ey o
(5 44%) , o o
s
o + ay _VZXIOCPEZCTE’ (X,y)EQZ, t>0, (2)
V, =—k(c,)gradh, divV,=0, (x.y)eQ,, 3)
Oh
h(O,y)=H1, h(GJ):Hza a_ =0, 4)
yy:O,y=h1+12(t)
T(0,y,0)=T(y:1), T(a.y.t)=T,(y.1), ye[0.5]. 1>0, (3)
T(x,0,t)=T,(x.1) . T (x.b.t)=T,(x.t), x€[0,a], >0, (6)
cz(o,y,r)=é;(y,r),% :O,ye[O,bl],M=0,xe[O,a], %
oc,
—= =C,,, xe[O,a], t>0, (8)
Y Nyenn)

dl,  Dy(c)p, 0e(xb+L(1).1)

-2 ,xe[O,a],t>O, 9)

da  (1-0)9p, oy

& (x6,0,00=C(x,»), T(x,5.0)=Ty(x,»), (x,y) € Q,, (10)
ne c(x, y,t) — MacoBa KOHIIEHTpallisl (MacoBa yacTKa) peuoBUHU B piakii ¢asi; C,, — macoBa
KOHIIEHTpalliss (MacoBa 4YacTKa) PEYOBMHM TPaHMYHOro Hacuyenns; C, — muroma
TEIIOEMHICTh HOpOBOro posumHy; C, — 00’€MHa TEIUIOEMHICTH IPYHTY; C (xy.r) -

KOHIIEHTpaIlis (MacoBa yacTKa) PO3UYMHEHHMX PEUOBHH B OKOJI Mexi [7; D(c) = {DH (c)} —
TeH30p KoedimieHTa MoneKyisipHoOi audysii; D, (c)={DTU (c)}— TEeH30p KoedirieHTa
TepMoaudy3ii; O — ToBmHUHA AU(DY3IHHOTO TMPUMEKOBOTO IMAPYy B OKOJI (POHTY

PO3UMHEHHS; /1(c)={/1u (c)} — TEH30p KoedilieHTiB e(EeKTUBHOI TeIIONPOBITHOCTI

BOJIOTOT'O IPYHTY; V(x,c) — Koe]iIieHT XiMiYHOTO OCMOCY; p — T'YCTHHA IOPOBOI PiJIWHMU;
P — TYCTHHA PO3YMHHOI PEYOBUHH B TBepAil ¢asi; $ —macosa (00’ eMHa) dacTKa pO3UMHHOL
PEUOBHMHU B TBEPAOMY TiJli; 0 — MOPHUCTICTh CEPEIOBHUIIA, IPYHTY.

Cxema 3acTocyBaHHSI MeTOAy CKiHYeHHHX eJjemeHTiB. Hexait H, — mpocTtip

BeKTOp-QyHKILIN S(x,))=(s,(x,));s,(x,»); 5;(x,))), KOkKHa i3 KOMIOHEHT s,(x,y), i=13
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akux B obmacti Q, Hanexars npoctopy Cobonesa W, (Q,), npudomy s,(x,¥), s,(x,y) Ta
s;(x,y) HaOyBalOTh HYJTbOBHX 3HAUCHb HA THX YacTHHAX MeXi oOmacti ), 7€ BIAMOBiAHO
st yskuii A(x,y), c(x, y,t), T(x,y,t) 3agadi TpaHAYHI YMOBHU MEPIIOTO POJY.
BukopucroByroun craHaapTHy mpoueaypy: AoMHoXuBIIK piBHOcTi (1) — (3) Ta
KOXKHY 3 modatkoBux ymoB (10) BigmoBimHo Ha noBUmBHI QYHKINT §,(x,)), §,(x,»),

s;(x,y), taki, mo (s,(x,»);s,(x,»); s5(x,y)) € H,, interpyroun ix mno obGmacti €,,

3actocoByroun ¢opmyny Ocrtporpanacekoro-lI'ayca ta BpaxoByrounm ymoBu (4) — (8),
OTPHUMAEMO
~ chos, ohas,
—t+— 0,vt e(0s2, 11
ﬂiq( )(Mx ayay)d’“’” (O, (11)

oc, 0s, 602 08y

dxdy +
ox ax oy 0Oy

J-Iaz—sz(x y)dxdy+J-J-D (c,) (

oT Os GTGS
+£D(8x axz > a;)dd ijzv(c2 sz(xy)dxdy+

1 a
+72J_[C2S2(xay)d’CdJ""gJ‘Dz(cz)'Cz 8, (%, by )dx =
o, 0

(12)
C a
= 7:C [[ 5200 )y + =22 [ D, () 5, (b, V1 (0it )
Q, 0
[[e2 6.3, 005, (x. yyetedy = [[ G (x, s, (x, y) ey . (13)
Q, Q,
oT 0s, OT Os
cTH—s3(x y)dxdy+ﬂﬂ,( ~ a; 5a—3jdxdy+
g (14)
+pc, H (c2 s3(x yydxdy =0, Vte(01,];
” T(x,y,0)s,dxdy = ”Z)(x, y)sdxdy , (15)
Q, Q,

V(s,(x,2); 8,(x, ¥);85(x, ) € H,, -
3naueHHs ciTkoBUX umcel [lexie piBHSHB (1), (2) BH3HAYAFOTHCS TAKAM YAHOM:

1 ec
c e > he
A Y PR P
B sxocti HOpMH, SK TpaBHUIIO, MPUHMAEThCs PIBHOMIpHA HOpPMa Ha CKIHYEHHUX
eleMeHTaX. BOHM MOXyTh OyTH OIIBIIMMH 3a OJUHUINO. TOMy YHCETHLHUH pPO3B’SI30K
kpaitoBoi 3amaui (1) — (10), moOymoBaHMit 3a KJIaCHYHOIO CXeMOIo [ ambopKiHa, MOXe CHUIBHO
OCLMIIIOBATH B ycili o6macti BusHaueHHs. TyT /. - MakcMManabHa JJOBXHHA CTOPOHH B YCiX
CKIHYEHHUX eJleMeHTax. Tomy s cralimizarii YHCeNbHUX PO3B’SI3KIB BKAa3aHUX DPIBHSHb
BHKOPHCTAEMO MPOTHIOTOKOBY cxemy IlerpoBa-I'ampopkina [8, 9]. 3rimHo 3 BKa3aHOIO
cxeMmoro, piBHOCTI (12), (14) 3aMiHSIOTHCS HACTYIHUMHU:

Pe. =lh ”sz
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ac, 6s2 ac, Os, or 8S2 o d,
+D,
x o o oy EAEE.

+f ( e +72 -G, ))s2 (x, y)ddy +

e o LT -Gl G

W (6) 22 7 =G () S 4 [ D))=

I (ozgsxx D)+ D, (cz)[ jabcaw

C a
=7’"2£D2(02)-c2 -8, (2, B))dx;

[[«c, —if 55(x.9) + z(—aT 9 OO j +pC 15, —ZT s,(x.y))dxdy +
X
Q,

ox Ox Oy Oy
or o 4
S
+Zr<“ ” <, Ly pep, L —PC Vo Ddndy =0;

e Q, UQL . Q, — cxinuenni enementn; 7., 7'

— HapaMeTpH peryJIspr3arii.
TlokpieMo 3aMukaHHS ) o6macti ), CKIHUCHHO-GIEMEHTHOIO CITKOIO i3

3arabHOI0 KinbkicTio By3niB N . Toxi maGmvxenuit po3s’s3ok 3amadi (1)-(10) mykaemo y
BUTJISL

7xy) =D () &=, 08 xy). Tarn=D T4y, (18)

ne h,, c¢(t), T,(t) — mesimomi xoedinientn; ¢ (x,y) — moniHomianbHi GaszucHi QyHKIIT

METOJTy CKIHYCHHHX €JIEMEHTIB.
[MincraBmsroun (18) B piBHocTi (11), (16), (17) (13), (15), a dynkumii s(x,y),

s,(x,y) Ta s;(x,y) TOKIANAOYM PiBHOIO KOXHIN OasmcHilt ¢ymkmii ¢(x,y), i=LN,
oTpuMmyeMo 3anady Ko Juis cucreMu HemiHIRHUX AudepeHlialbHUX PIBHSIHb BiTHOCHO
BekTopiB HeBimomux H(?), C(r), T(¢)

M®(H,C T) +L<3>(H C,T)-T(t)=F?(H,C,T), (19)

M“ (H,C, T) » +L<2>(H C,T)-C(t) =

(20)

=G%H,C,T)- T()+F?H,C,T),
LY (C,T)-H(t)=F", (21)
M@ .CO = F® , M®.T® = F(s), (22)

e
H=(%)5. C=(c ). C” =), T=@@)%, T =), M =(m);

LY =)0 MO =) B = () Y = () M = ()

i,j=12

i,j=12
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M® = @), L2 =)L, GP =), FY =D)L, FP =(F)Y,
M® _(m(l)),j L. LY = (1(1))” s FO=(AML,
Jj¢¢dxdy, ﬁ¢¢dxdy,
(dexdwzr Jpc 4V ¢dedy 7O = [T dxay .
Q,
0
153):'”. /’L(i%+ﬁa_¢’]+pc’plfh% Xdy+
o, Ox Ox Oy Oy ox
(1) 0 8¢] 0 8¢] a¢/ 8¢,
+ C|—|A—=|+—| A—||+pCV, —V, —dxdy,
%Te gp p(&x( axj oyl oy szxax 2 gy O

m, —cr{ﬂwdxdwzr jm ]dxdy 72 =[] Cpaxay,

04, 04, 04, 04,
_H (Gx o oy oy

. o ), o9
_9275 g(&( ! )+5(D oy j}/z g

( (B2, 2%, D +72¢¢dedy+
o, ox Ox

) (99 % o¢,
T J:[( ax( axj ay(DT ayj I/Zx o 2¢\)2x Ox dXd

A yzc,,,zjjyﬁdxdywzc Zr HV —dxdy,

o9, a¢ op, 0,
! (g, —ﬂk(ax 5,25

12 = ” (DV$,.V)+4,(V.V$)+ 786, )dxdy+
+3 2 [[(-V (DY) +(V.Vg) +78,)(V.V§,)dxdy.

) (¢)

Iapamerpu perysspusanii 7. ', 7.9 B (16), (17) 3rigso 3 [9] BUOHpPAIOThCS TaKUM
YUHOM:
L r(Pe,).
a|pC, Vi, ~alp.,
e a=3,7/(z):{z’ OSZSI,
1, 1<z<o0.

Jlnst 3HaXoKeHHs 4YucenbHOro po3B’s3ky 3amadi Komi (19) — (22) moaminumo
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N ! .
vacoBuil Bizpizok [0;/,] Ha m, OJIHAKOBUX YaCTHH 3 KPOKOM 7 =-—>. 3 I{€I0 METOI
m
1

noszuaunmo uepes HY'; CY); TV - nabmmxkeni poss’s3ku 3amaui Komi (19) — (22) mpu

t=jr, j=0,m, . HabmmwxeHuil po3B’s30K cUCTEMHU HENiHIHHUX TudepeHuialbHUX pPiBHSHb
(19) — (21) oTrpumaeMo 3a JOIIOMOTOIO ITOBHICTIO HESBHOI PI3HUIEBOI CXEMH, JIHIHHOI
BiJTHOCHO TyKaHuX (yHkii [10].
Jns mpuknany posriasiHeMmo piBHSHHS (19). Maemo
T(J+1) _T(J)
T

7O (gl O 70 P —
=FO(HV,.CV, 1Y), j=0,m -1

M(3) (H(‘/),C(‘]),T('/)) + L(3) (H(‘/),C(‘/),T(‘/) )T(‘/H) —

j+1)

Sl pesynbrar, Bimmykanns TV 3poautses 10 poss’szanus CJIAP

(le (H('/),C(‘/),T(j) ) + L(3) (H(-’),C("),T(-’) )T(«Hl)j —
T

_Iyo (H(»’C(]),T(f))Tm LF® (HO)’C(;),TO))’ j=0m -1
T

Ha moyarkoBoMy yacoBoMy Inapi 3HaY€HHS c, 1 orpumyemo 3i CJIAP (22).
()

3nauenns HY' j=0,m; 3naxomumo 3i CJIAP (21), npuiiHaBmu 3aiexHicTh KoedilieHTa

¢inbTparnii BiJl KOHIEHTpAIII] Ta TEMIIEpPaTypH, B3SITUX 3 MONEPEIHBOTO YaCOBOTO HIApYy.
Pe3syabTaTn umceIbHHX eKCHepHMEHTIB Ta ix aHaji3. [Iporpamua peamizarist
po3B’si3aHHS ¢()OPMOBAHOI 3a/1a4di METOIOM CKIHYCHHHX CJIEMEHTIB 3/iliCHCHA B CEpeIOBHIII
Lazarus — BUTBHHM CEpeOBHINEM pO3POOJICHHS MPOrPaMHOTO 3a0e3MeueHHs I
kommiysitopa Free Pascal. JlaHe iHTerpoBaHe cepelOBHUINE PO3POOKH HAJIA€ MOXKIIHUBICTH
KpociuiarpopmeHHoro ctBopeHHst Delphi-nonionux goxatkiB. Po3poGinena mporpama
JI03BOJIsIE TUHAMIYHO 3MIHIOBAaTH BXIiJIHI JaHi, KepyBaTH po3OUTTSIM 00JacTi Ta OTPUMYBaTH
pe3yJIbTaT OOYKCIIEHB, SIK B TpadivHOMY TaK 1 YUCI0BOMY (y BHTJISII TaOJIUIb) BUTIISII.

UYwcenbHI eKCIEPUMEHTH TIPOBOIMIIUCS TP TaKAX JTAHUX
2

a=4m; b=4,5w; H,=10x; H,=5wu; 7=300i6; D=9,3-10",
000
2
D, =7.510°— . 6, =0,4: C,=1,7-10%; k=8.64- 2, 1 =058 5"
000 -K 006 M-
C,=4210° e Cr=2110° ﬂb’c :10°C<T,,T,T, <15°C.
Ke - M- K
KinbkicTh ckiHueHHUX eneMeHTiB — 1906; KinbkicTh BY3TiB — 3965; cTemiHb

OasucHUX QyHKITIH — 2.

PesynpTati uYuceNbHHX EKCIIEPHUMEHTIB JaHOI KpaloBOi 3ajadi IMpeJcTaBieHI Ha
puc. 2, ne HaBeleHa o00’eMHa Bi3yawizallisi IMOJii KOHIEHTpalii B 00JacTi IPYyHTOBOIO
cepenoBuina. B tabmumsix 1 Ta 2 HaBeJeHO 3HAYEHHS KOOPAWHAT Ta 3MIIEHHS TOUYOK MEXI
KOpO3ii B IpoIieci BUIYToBYBaHHS IPOTATOM 60-TH pokiB. OTpHMaHi JaHi IS i€l MOJICITBHOT
3aaqi MOXYTh OYTH JIETKO aJalToBaHi JUIsi KOHKPETHHUX MPAKTHYHHX 3a7a4 3 METOIO
MPOBEJICHHS IIPOTHO3HUX PO3PaxXyHKIiB.
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C,rin

1,74

y,M

45

Pucynok 2. O6’emHa Bizyaltizallisi po3MOIily KOHIIEHTpAaIlii BalTHa B IOPHCTOMY TPOCTOPi IpyHTY depe3 60
pokiB (mopucTicTs TpyHTY 0,4, B TpyHTI BinOyBaeThcst (inbTpartist BOIu)

Figure 2. Volumetric visualization of the lime concentration distribution in the soil porous space in 60 years (oil
porosity — 0.4, water filtration occurs)

UucenpHi CKCIICPUMCHTHU BU3HAYCHHA KOOPAUHAT TOYOK MEXK1 KOpOSﬁ

Taoauna 1

Koopounamu mouok pyxomoi mesuci (mempu)

x (vetpu) | t=(pix) | 0 1 10 30 40 60
0,2 4.5 4,500205 4,502047 4,506097 4,508100 4,512063
0,6 4.5 4,500205 4,502044 4,506062 4,508037 4,511922

1 4.5 4,500206 4,502044 4,506043 4,508000 4,511833
1,6 4.5 4,500205 4,502036 4,506001 4,507933 4,511705
2 4.5 4,500204 4,502027 4,505970 4,507890 4,51163
2,6 4.5 4,500204 4,502022 4,505948 4,507857 4,511574
3 4.5 4,500202 4,502006 4,505904 4,507800 4,511494
3,6 4.5 4,500172 4,501707 4,505049 4,506687 4,509897
4 4.5 4,500058 4,500573 4,501687 4,502229 4,503285

Taoaunsa 2
YucenpHi eKCIEPUMEHTH BU3HAYCHHS 3MIIIIEHHSI TOYOK MeX1 KOpo3ii
3mingeHHA MOYOK pyxomoi medxnci (mempu)
X (MeTpu) t=(pix) | 0 1 10 30 40 60
0,2 0 0,000203 0,002046 0,006094 0,008097 0,012066
0,6 0 0,000207 0,002048 0,006060 0,008035 0,011922
1 0 0,000208 0,002045 0,006042 0,007998 0,011832
1,6 0 0,000205 0,002038 0,006002 0,007933 0,011705
2 0 0,000205 0,002029 0,005969 0,007888 0,011631
2,6 0 0,000206 0,002024 0,005949 0,007858 0,011574
3 0 0,000205 0,002009 0,005905 0,007799 0,011495
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3,6

0

0,000173

0,001708

0,005048

0,006686

0,009897

4

0

0,0000875

0,000574

0,001686

0,002228

0,003284

BucnoBku. [loOymoBaHo MareMaTWyHy MOJENb 3ajadi BUJIYTOBYBaHHS BallHA 3
oeronnoro ¢gynmamenty I'TC y nBoBHMIipHIH TOCTaHOBII. BpaxoBaHO HemiHINHI edekTh
¢inpTpanii B 0eTOHI B 130TepMIYHUX Ta HEI30TEPMIYHMX YMOBaX Ha OCHOBI JU(epeHIliaIbHUX
PIBHSHBb MOJIEKYJIIpHOI Ta KOHBEKTHBHOI audy3ii, Tepmomudysii, TemiomnepeHocy, 3
KpallOBUMHU YMOBAMHU B JIiHIIHIN Ta HeNiHIIHIN mocTaHOBII. MeTO/IOM CKIHYeHHUX €JIEMEHTIB
3HAWJIEHO YHUCENIbHI PO3B’SI3KM BIJIOBIIHOI KpaioBOI 3adadi Ta BHKOHAHO IPOTPAMHY
peaitizaiiro po3po0JIeHOro aIropuT™My. UHCENbHI €KCIePUMEHTH J03BOJISIFOTH BCTAHOBHUTHU
pO3MOJILT KOHIICHTpAITil B 00J1acTi B Pi3HI MOMEHTH 4acy i THM CaMHUM JOCITIIATHA MIrparlito
PO3YHHEHOT PEYOBUHHM B IPYHTI.

Conclusions. The mathematical model of lime lixiviation from the concrete bases of
hydro—technical constructions has been built in two-dimensional formulation. The nonlinear
filtration effects in isothermal and non-isothermal conditions were taken into consideration
based on the differential equation of convectional diffusion, thermal diffusion and transfer,
with boundary conditions in linear and non-linear formulation. Taking advantage of the finite
elements method the numerical solutions to the boundary problem has been found, and the
program realization of the developed algorithm has been made. Numerous experiments let
establish the lime concentration distribution in different instances in time, and therefore
examine the migration of the diluted substance in soil.
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