ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexHiuHa MexaHika. 2014. Ne114 37
YV]K 622.839.44.001.57:691.32:532:533

S.I. Skipochka, D.Sc. (Tech.), Professor
V.V. Krukovskaya, D.Sc. (Tech.), Senior Researcher
(IGTM NAS of Ukraine),
S.D. Grebenyuk, Ph.D. (Tech.), Engineer
(JSC «Donetskstal)
SIMULATION OF THE SOIL WASHING-OUT AND CAVITATION
OUTSIDE THE CONCRETE CASING IN THE PROCESS OF SPILLWAY
OPERATION

C.1. Ckinouka., 1-p TeXH. HayK, mpod.
B.B. KpykoBcbKa, 1-p TeXH. HayK, CT. HayK. CHIBPOO.
(I'TM HAH Vkpaiun)
C.[. I'pedenIok, kaH/. TEXH. HAyK, IH)KEHEP
(BAT «JloHEIBKCTAIIBY )
MOJEJIOBAHHSI BUMUBAHHS ITIOPOXKHUH B IPYHTI IIO3A
BETOHHOIO OFOJIOHKOIO B ITPOIECI EKCIIJTYATAIIIT ITAXTHOT'O
BOAOCKUAY

C.U. Cxunouka, 1-p TeXH. HayK, mpod.
B.B. KpykoBckasi, 1-p TEXH. HAyK, CT. HAy4. COTP.
(MI'TM HAH VYkpauns)
C.J1. I'pedeHIOK, KaH[. TEXH. HAYK, HHXKEHED
(BAO «JloHEUKCTAIIbY)
MOJEJUPOBAHUE BIMBIBAHUA NOJIOCTEN B I'PYHTE 3A
BETOHHOM OBOJIOUKOMH B TPOIIECCE SKCILJIYATAIIUA
IMAXTHOI'O BOAOCBPOCA

Abstract. Chemical and mechanical processes of the buried concrete elements breakage, water
filtration through the damaged concrete into enclosing soil, and cave formation due to the soil wash-
ing-out were studied with the help of computer simulation. The authors created several mathemati-
cal models which describe: moisture diffusive transfer in the porous structure of concrete with tak-
ing into account water participation in the chemical reactions; changes in the stress state of the bur-
ied concrete constructions and strength retrogression caused by high humidity and corrosive me-
dium; and water filtration through the damaged concrete into enclosing soil. The models adequacy
was verified by a set of full-scale experiments. The data obtained by the calculations were success-
fully applied during reconstruction of hydraulic objects in the mine Colliery Group «Pokrovskoye».

Keywords: simulation, finite elements method, water transfer inside the concrete construction,
concrete permeability, stress state, water filtration, soil washing-out and cavity formation.

State of reinforced-concrete constructions is of great importance for providing a long
safety operation of hydrotechnical objects as the state deterioration could cause a number of
emergency consequences including those of ecological nature.

The Colliery Group «Pokrovskoe»» has a branched infrastructure including a culvert
complex. The culvert consists mainly of the spillways with two buried pipes of round sec-
tion with 2.0 m diameter that are rated for long-term exploitation. Because

© C.U. Cxunouxa, B.B. Kpykosckas, C.[. I pebeniox, 2014




38 ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexHiuHa MexaHika. 2014. Nel14

of natural aging of concrete, negative effect of aggressive medium and static loads
caused by soil, reliability of load and filling elements in the culvert is essentially de-
graded. Active processes of water filtration through the concrete casing happen in the
soil thickness around the constructions. The seepage gradually washes out the enclos-
ing soils forming cavities filled with water.

For mathematical description of the processes, the authors has worked out a
scheme which truly reflects the following processes:

1) moisture diffusive transfer in the porous structure of concrete with taking into
account water participation in the chemical reactions;

2) changes in the stress state of the buried concrete constructions and strength ret-
rogression caused by high humidity and aggressive medium;

3) water filtration through the damaged concrete into the enclosing soil.

These problems are closely interdependent having common arrays of basic data.
Any of the problems is solved basing on the result of previous problem solving.
Thanks to the thorough verification every stage of the model, the authors created a set
of computer programs practical application of which benefited a lot during recon-
struction of the above mentioned mine.

Mathematical description of water transfer inside the concrete constructions takes
into account the following processes: water diffusion in the concrete casing and par-
ticipation of water in chemical reactions occurred due to the corrosion of concrete
and metal fittings.

From the first and second Fick's laws for a plane problem, it follows that:
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where J ., J y is density of the diffusive flow along the x and y axes; D is a coeffi-

cient of diffusion; w is water amount in the pore space, %; and ¢ is time duration.

Taking into account possible chemical interaction between transported by the
spillway solution and components of the reinforced-concrete casing [1, 2], it is possi-
ble to write down the following:

ow o%w 0w

where g(t) is a function of moisture absorption (weep) in result of chemical interac-
tion.
Concrete resistance to action of chemical reagents is lower than to any other ac-
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tions among which cement leaching and actions of sulfates and natural weak-acid wa-
ters most frequently occur.

As for example, let’s consider how sulfates effect on the concrete. Some clays
contain alkalis and sulfates of magnesium and calcium, and subsoil waters in such
clays present solutions of sulfates. Sulfates, being in the solution, enter into reaction
with hydrate of lime and hydrocalcium aluminate of cement stone. Products of the
reaction are gypsum of CaSO, - 2H,0 and sulfocalcium aluminate 3CaO- Al,O; - 3CaSO;4
- 31H,0. They are presented in greater volume than initial components, therefore, in-
teraction with the sulfates causes the concrete expansion and disintegration. The reac-

tions of Ca(OH),, hydrocalcium aluminate and sodium sulfate can be written as fol-
lows [3]:

Cﬂ(OH)Q + NﬁzSO4- IOHQO - C&SO42H20 + 2NaOH + 8H20,
2(3CaO . A1203 . 12H20) + 30\132804 . 1OH20) T
= 3Ca0 - Al,O5 - 3CaSO, - 31H,0 + 2A1(OH); + 6NaOH + 17H,0.

These reactions induce a crystallized water seepage from the original crystal hy-

drates. As speed of the reactions decays with time, it is possible to present the func-

tion in equation (1) in the following way: g(t): gox ¥

, where g 1s initial amount
of the seeped water; « 1s a coefficient, which takes into account properties of the
concrete and its porosity and penetrability in particular; and ¢ is time passing from the
moment when the reaction begins.

It is possible to judge about the sulfates impact by the concrete surface appear-
ance. Usually, disintegration begins from the corners and edges; later the whole con-
crete massif cracks and crumbles and, further, transits into the loose state.

A boundary (2) and initial (3) condition for this problem is as follows:

g, =100 % (2)

0; 0; 3)

W‘Qz = W‘Q3 =

where ) is an area filled with water; Q, is a concrete casing of the construction,
Q3 is soil enclosing the concrete casing.

The equation (1) with the boundary and initial conditions (2), (3) were solved by
method of finite elements. In the matrix form, the differential equation (1) can be pre-
sented in the following way [4]:

o]
ot

€]
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where [K] is a matrix of diffusive permeability of the element; [C] is a matrix of
damping; {G} is a vector of water inflow into the units, {#} is a vector of humidity
values.

In order to solve the system of equations (4) at a certain time interval, a finite-
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difference method is used.
(161 211 = - KIJ, ~(6) (Gl

By assuming that distribution of humidity values is given for the moment of time ¢
we get distribution of the humidity values at the moment of time ¢+ At by solving
the system of equations. This process continues from the initial condition till any cur-

rent moment of time.
A central fragment of the finite-element scheme in the area under the study is

shown in the Fig. 1.
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1 — concrete casing; 2 — silt; 3 — water
Figure 1 — Central fragment of the finite-element scheme

For the calculations, it is assumed that diameter of the reinforced-concrete pipes is
2.0 m, thickness of concrete layer is 0.2 m, maximal thickness of the silt layer in the
pipe bottom is 0.18 m, and water level is 0.25 m. The calculations give distributions
of values and directions of the diffusing flow speeds [5], humidity level inside the
concrete casing (see Fig. 2), and rates of fluid consumption in each point of the area
under the study at different moments of time of the hydrotechnical construction ex-
ploitation at the water level U = 0.25; 0.5 and 1.0 m in the pipes.



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexHiuHa MexaHika. 2014. Ne114 4]

TEEEE

W= 25

e h

", (1P

Figure 2 — Humidity of concrete casing at different water levels in the pipes: "a” , “c”, and “e” after
10 years of and “b”, “d”, and “h” after 30 years of the construction exploitation

Assuming that corrosive damages occurred in the concrete at the humidity more
than 10 % , corrosion depth and volume of the damaged concrete were calculated. An
interdependence between increase of the corrosive damage depth and time duration
was formulated for the similar conditions.

Results of the geophysical examining of the spillway technical state in the upper
and lower ponds at the Colliery Group «Pokrovskoe» showed that the calculated val-
ues of the depth of the aggressive medium penetration into concrete complied with
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the experimental values. Comparatively short life of the culvert reinforced-concrete
sectors is explained by the impact of aggressive substances dissolved in water and the
impact of moisture itself. These processes occur when volume of the reinforced-
concrete components increases and induces the concrete cracking and disintegration.

The medium permeability is a key characteristic for specifying parameters for the
filtration process. It is known that permeability of solids depends on their stress-strain
state. In order to predict possible disintegration of the concrete casing, and to specify
coefficients of the concrete permeability, the stress fields were calculated for the area
under the study with plasto-elastic sectors by method of finite elements.

The calculation was performed with taking into account weight of the: enclose
soil (spillway was located at the depth of 4.0 m), the concrete construction itself and
fluid flowing in the pipes. The calculation also took into account deterioration-in-
time of the concrete strength due to the high humidity, corrosion and aggressive me-
dium (the deterioration was defined by previous calculations at specific time interval
iteration). The calculated areas with inelastic deformations at different moments of
the concrete construction exploitation and with water level U = 0.5 m in the pipes of
the spillway are shown in Fig. 3.

It is evident from the figures that inelastic deformations are more developed in
those sector of the concrete casing which directly contacts with water. It means that
the construction is disintegrated from lateral sides of the spillway pipes under the im-
pact of chemical aggressive medium, high humidity of the concrete and static load
from the weight of the construction and overlying soil. Similar disintegration is ob-
served in real conditions in the culvert facilities of coal mines.

The following issues were taken into account while analyzing interdependencies
between stress parameters of the concrete casing and the casing water permeability:

1) In sector of concrete ring not damaged by corrosion, a permeability coefficient
is very small, practically close to zero, in area of elastic deformation and uniform
compression .

2) At nonuniform load in area of initial microcracking increase of the permeability
coefficient is insignificant, because accumulation of single, uninteractive defects is
typical for this stage of loading.

3) Beyond the limit of elasticity, and upon reaching an ultimate strength, which
are consistent with the area of intensive crack formation, the cracks grow uncontrol-
lably. At this stage, deformations quickly increase due to the crack proliferation and
concrete loosening [6]. In area of intensive cracking, the permeability coefficient in-
creases by 2-3 orders depending on different rocks and materials.

4) When cracking velocity becomes maximal, and stress reaches ultimate strength
of the concrete, a process of macroscopic fracture begins. A brittle failure of the con-
crete intensifies the permeability. The permeability coefficient takes its maximal val-
ues in the area of the brittle failure.
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Figure 3 — Zone of inelastic deformations, U =0.5 :
“a” — after 20 years and “b” — after 40 years of the construction exploitation

With the help of finite elements method, humidity of soil was calculated which
was changed due to the water filtration through the damaged concrete pipes after 20
years of hydrotechnical construction exploitation at the Colliery Group «Pok-
rovskoe». In the calculations, the permeability coefficient £, was determined by the
above mentioned issues. Results of the calculations (humidity of the concrete casing
and enclosing soil) at different water levels U in the spillway pipes after 20 years of
the construction exploitation are shown in the Fig. 4.
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Figure 4 — Humidity in the area under the study at different water levels:
“a’— 1.0 m; “b”— 0.5 m; “c”-0.25 m

As it is seen in the figures, soil humidity, while reaching 100% at U = 1.0 m in the
edge area, increases with the greater filling of pipes. Presence of water in the free
state outside the concrete casing is confirmed by the results of the visual observation
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of the process of borehole drilling in the sides of pipes. Maximal humidity is in the
areas outside the pipe walls which directly contact with water.

From the array of the calculated data, let’s choose humidity values shown in a
horizontal line running through the center of the side wall of the concrete pipe (at dif-
ferent water levels in pipes), see Fig. 5.
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Figure 5 — Humidity of concrete and enclosing soil at different distance
from the inner surface of the spillway pipe

Let’s compare the calculated data with the results of full-scale experiments on
studying the state of the soil mass around the culvert in the spillways. The calculated
and experimental curves of the changed soil humidity are shown in the Fig. 6 with
distance intervals from 0.2 m to 3.2 m from the free surface. It is obvious that the cal-
culated values of humidity closely correlate with the experimental ones; and the cre-
ated model of water filtration through the damaged concrete casing adequately re-
flects a real state of the buried reinforce-concrete construction and soil.

Process of the soil washing-out and cavity formation can be divided into three ba-
sic periods [7] with different time lengths (see Fig. 7).
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Figure 6 — Calculation and experimental curves of changes of containing soil humidity

N
Depth of
wetting
I
Il
Thickness of the concrete casing I
me—

Time
I period — corrosion development (diffusion processes in the concrete casing);
IT period — intense wetting of the enclosing soil (water filtration in the system «spillway con-
crete pipes — soil mass»);
III period — formation of cavities filled with water (free water flow)
Figure 7 — Periods of the soil washing-out and cavitation

Velocity of the water filtration reaches its maximum when water flows freely in
the formed cavities. Let’s define areas where formation of the cavities 1s most prob-
able. To this end, let’s choose from the scope of calculated velocities of the water fil-
tration those areas where the velocities reach their maximum values.

Probable cavity locations defined by velocities of the water filtration at U = 0,25
m; 0,5 m and 1,0 m are shown in the Fig. 8.
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Conclusions.

This research has defined the following:

- breakage of the construction under the chemical action of aggressive medium,
high concrete humidity and static load of weight of the construction itself and overly-
ing soil starts from the sides of the spillway pipes, i.e. in that concrete casing sector
which directly contacts with water;

- at U = 1.0 m, humidity of the enclosing soil reaches 100 % in the edge area and
that is an evident of free-state water presence outside the concrete casing.

The created model of water filtration through the damaged concrete casing cor-
rectly reflects a real state and allows to calculate parameters for the process of water
flow in the soil enclosing culvert facilities, and to study concrete and soil state with
the purpose of realization of quality reconstruction.

In result of these calculations the authors received data which were successfully
applied for repairing the hydraulic objects of the Colliery Group «Pokrovskoye».
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AHoTauis. [[nsg gocmimpkeHHsT TpoleciB XIMIYHOTO Ta MEXaHIYHOTO PYWHYBAaHHS 3ariHOJIEHUX
O0eTOHHUX crnopyA, GinpTpamii piAMHU Kpi3b OETOH OO0 I'PYHTY, IO BMIILY€E CIIOPYIY, BUMHBAHHS
MOPO’KHUH OyJIO 3aCTOCOBAHO METOJ MaTeMaTHMYHOIO MOJEIIOBaHHSA. ABTOpaMH po3poOJeHO Ma-
TEMaTU4HI MOJIENi, IO OMUCYIOTh MU(Y3IHHUN MePeHOC BOJOTH B MOPHUCTIH CTPYKTYypl OETOHY 3
ypaxyBaHHSIM y4acTi BOJY B XIMIYHHUX PEaKIisiX, 3MiHY HANpPyXEHOTO CTaHy 3arinOJeHUuX OETOH-
HUX KOHCTPYKIiH 3 ypaXyBaHHAM 3HWKCHHS MILHOCTI OE€TOHY BHACIIOK IiJIBUIIIEHOI BOJIOTOCTI Ta
1] TI€F0 arpeCUBHOTO CEPEOBUINA, (QIIBTPAIIIO PIAMHHA KPi3b NOPYIICHUN O0eTOH 110 rpyHTY. s
Bepupikamii Oyno MpoBeACHO CEepit0 HATYPHUX EKCIIEPUMEHTIB, SIKi OKa3alu aJeKBaTHICTh PO3PO-
OsieHnx Mojeneil. B pe3ynbrarti po3paxyHKIB OTPUMAHO JIaHl, 10 yCHIIIHO 3aCTOCOBaH1 MPHU pecTa-
Bpauii BogoBiaHux cropy LIV «ITokpoBcbkey.

Kuro4oBi cjioBa: MoJentoBaHHs, METO/I CKIHYEHUX €JIEMEHTIB, IIEPEHOC BOJOTM B OETOHHUX
KOHCTPYKIIISIX, IPOHUKHICTh OCTOHY, HaNpy>XeHWH CTaH, (QUIbTpaLis BOJIU, BUMUBAHHS IPYHTY 1
YTBOPEHHS IOPOKHUH.

AHHoOTanus. /{15 vccnenoBaHus NPOLIECCOB XMMUUYECKOTO U MEXaHMUYECKOrO Pa3pyLICHHs 3a-
r71yOJI€HHBIX OETOHHBIX COOPY)KEHUH, (PUIBTPALIH KUAKOCTH Yepe3 OETOH BO BMEIIAIONIUI TPYHT,
BBIMBIBaHMsI TOJIOCTEH HCIOJIB30BAJICS METOJ MaTeMaTUYECKOIO MOJEIUPOBaHUs. ABTOpaMu pas-
paboTaHbl MaTeMaTHYECKUE MOJIENU, ONHChIBaromue 1 (y3UOHHBINA BIAronepeHoc B MOPHCTOM
CTPYKType O€TOHa C Y4ETOM y4acTusl BOJAbI B XMMUYECKHX PEAKLUAX, U3MEHEHUE HANPSHKEHHOIO
COCTOSIHUS 3ariTyOJeHHBIX OETOHHBIX KOHCTPYKIIMH C yU€TOM CHM)KEHHUS IPOYHOCTU OETOHA BCIE-
CTBHEC TIOBBIIICHHOW BJIAQXHOCTHU W TIOJ JACHCTBHEM arpeCCUBHOU Cpeibl, (PUIBTPAIMIO KUIKOCTH
yepe3 HapylIeHHbIH OETOH BO BMEMIAOMUi TpyHT. {1 Bepudukanuu OblIM NpOBeIeHbl CEPUN Ha-
TYPHBIX KCIIEPUMEHTOB, IIOKA3aBILIUE aJ€KBaTHOCTh pa3pabOTaHHBIX Mojeiel. B pesynbrare pac-
YeTOB ObUIM IMOJIyYEHBI JaHHBIE, YCIEIIHO HCIIOJIb30BaHHBIC MPHU PECTaBpPAIlMM BOJOIPOBOISILINX
coopyxkennit LY «ITokpoBckoe».

KaoueBble c10Ba: MOACTHUPOBAHNE, METOJ] KOHEUHBIX 3JIEMEHTOB, BJIArONepeHOC B OETOHHBIX
KOHCTPYKIMAX, IPOHULIAEMOCTh OETOHA, HAIIPSKEHHOE COCTOSIHUE, (PMIIBTPALIUS BOJIbl, BEIMBIBAaHHE
rpyHTa 1 00pa3oBaHUeE MOJIOCTEH.

Cmamows nocmynuna 6 pedaxyuto 12.01. 2014
Pexomenoosano k nybauxayuu o0-pom mexu. nayk T.A. [lanamapuyx
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SPECIFICITY OF THE AIR MIXTURE FLOWING
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AnHoTtanus. CtaThs HampaBlieHA HAa MCCIEAOBAHUE TTAPaMETPOB U PEIKUMOB JIBIKEHUS adpo-
CMECH Ha 3arpy30YHOM y4YacTKe TPyOOIPOBOIHBIX CHCTEM ITHEBMOTPAHCIIOPTA C KOJIBIIEBBIM KEK-
TopoMm. [IpuBeneHbI XapakTepHble 0OCOOCHHOCTH B3aUMOJICHCTBUS MIOTOKOB BO3lyXa Ha CMECHUTEIb-
HOM YYacTKe KOJIBIIEBOTO KEKTOpa. BEHIMONHEH aHaNW3 CUHXPOHHBIX M aCHHXPOHHBIX PEKUMOB
JBUKEHHS @9POCMECH Ha 3arpy304YHOM y4acTKe BHOPOIMHEBMOTPAHCIIOPTHBIX CUCTEM C KOJBIIEBBIM
»kekTopoM. [lomyueHa 3aBUCHUMOCTH JJIsl ompenesieHus: kod(duimeHTa paccenBaHUsl KUHETHYE-
CKOH DHEPIUH a3POCMECH C YIETOM TEXHOJIOTHUYECKHUX U PEKUMHBIX MMapaMeTpoB paboThl 000py/I10-
BaHMI JIaHHOTO THUMA. B craThe MpeasioeH HOBBIA MOIXO/] K PACCMOTPEHHUIO TOTEPh SHEPTHH Ha
Pa3IMYHBIX YYaCTKaxX 3arpy304HOI 30HbI BUOPOITHEBMOTPAHCIIOPTHBIX CUCTEM C KOJIBLIEBBIM KEK-
topoM. [lokazaHo BIHMSHUE HA YHEPTETHUECKUE MOTEPH BO3AYIIHOTO MOTOKA Pa3IMYHBIX PEKUMOB
JBUKEHHSI @9POCMECH B 3arpy304HON 30HE BHOPOITHEBMOTPAHCIIOPTHIX CUCTEM PKEKTOPHOTO THIIA.
[TonmyuyeHHbIe pe3yabTaThl MOTYT OBITh IPUMEHEHBI MPH PAcyeTe U MPOCKTUPOBAHHUH 3arPy30YHBIX
YCTpOfICTB ITHCBMATHUYCCKUX Tp}I6OHp0BO,Z[HLIX CHUCTEM, B TOM YHUCJIIC 060py,Z[OBaHI/I$I JJ1s1 ITHEBMa-
TUYECKOH 3aKJIaZIKU BBIPAOOTAHHOTO MPOCTPAHCTBA IIAXT.

KiroueBble ci10Ba: a3pocMech, CHITyYHid MaTeprall, KOJbIEBOH 2KEKTOP, THEBMOTPAHCIIOPT,
Kod(hpuIMeHT pacceuBaHUs SHEPTHUH.

Cpenu TpyOOIPOBOJHBIX CHCTEM ITHEBMOTPAHCIIOPTa, MPUMEHSIEMBIX, B YaCTHO-
CTH, JJI1 TTHEBMATUYECKOM 3aKJIaJKH BBIPAOOTAHHOT'O IMPOCTPAHCTBA, 0CO0O0E MECTO
3aHUMAIOT YCTAHOBKHU KEKTOPHOTO THUMA. ITO OOCTOATEIHCTBO OOBSICHSAETCS MPO-
CTOTOM MX KOHCTPYKIIMHU, HAJICKHOCTBIO B IKCIUTyaTallU U OTHOCUTEIIBHO HU3KUMU
YAEIbHBIMU 3HEpPro3arparaMy Ha TPAHCHOPTHPOBAHUE PA3IMYHOrO POJia ChHIMYUYHUX
MAaTEPUAJIOB, BKIIOYAs JIMIIKAE U BIAXKHBIE TOPHBIE TOPOBI.
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