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PE3IOME

V3cneaBaHeTo pasrnexaa npeHoc Ha Cyﬂ(baTHI/I ioHN B LUMMEHTOB KaMbK M nocneagalla Aerpajaund Ha martepuana. OTuNTaHETO Ha TaKuBa SIBMEHUS €

CblLIeCTBEHO 3a OLeHKa Ha CUIypHOCTTa Ha KOHTeI7IHepI/I 3a CbXPaHABAHETO Ha padun0aKTUBHU OTNaabLM, 3a peXaGI/IJ'IVITaLLVIFI Ha NPOMULLNEHN U XUNULLHWK Crpadu,

3a 3anasBaHe U pectaBpaunad Ha apXUTEKTYpHU NaMeTHUUM W np. I'Ipoqecu Ha MacoB MpeHOoC Ce u3y4yaBa TEOPETUYHO W EKCNepUMEHTanHo, KaTto € AadeH

nozpobeH 0630p Ha pasnUyHW ekcriepuMeHTanHu noaxoan. PaspaboTeH e Mofen Ha Audy3ust Ha FoHW , OTYMTALL NMpOMsiHaTa Ha MaTepuanHaTa CTpykTypa —

3anbfiBaHETO Ha NopuTe Ha Matepuana c OHM M C XUMUYHW CbeLMHEHUS, M3TNIAcKBAHETO Ha TEYHOCTTa OT nopuTe N Kanunapute U T.H. npOBe,U,eHVI ca

ﬂ,’b]’erTpaI?IHI/I EKCNEepUMEHTU Ha nponueaHe Ha 06p83L|I/I OT UMMEHTOB KaMbK CbC Cyﬂd)aTHI/I VIOHW 1 & perncTpupaHa aerpagauuaTta Ha matepunana.

yBOA

Komnoautute Ha LMMeHTOBa OCHOBa Ca OWNW BWHArX BbB
(okyca Ha WHTEpeca Ha W3cnegoBaTenuTe, Tbil Kato Te
MpeLCTaBnsABaT OCHOBHWAT MaTepuan 3a CTpoexa Ha
MPOMULLNEHN W XWIULLHWA Crpagn W KOHCTPYKLMKW. V13BECTHO €
BPEHOTO Bb3AENCTBME HA MPOMMLUNEHUTE 3aMbpPCUTENM Ha
Bb3ayxa, BojaTta M noyBata BbpXy EKOCUCTEMUTE U BBPXY
ABbArOTPaNHOCTTa Ha KOHCTpyKUmuTe. W3BecTHM ca, CbLyo
Taka, CTPOruUTE U3NCKBaAHUS 3a CUIYPHOCT Ha KOHTEMHEpUTE 3a
CbXPaHEHWE Ha SOpeHU OTMagbuUM, KaKTO M BaXHOCTTAa Ha
MEepKUTE MO OMa3BaHETO U PeCTaBpaLMsiTa Ha apXUTEKTYPHOTO
HacneAcTBo. Bcuyko  ToBa  OkasBa  BaXHOCTTa  Ha
pasrnexgaHuTe  BBMPOCM, CBbP3aHM C  OUEHKata  Ha
MeXaHu3ma Ha Kopo3uATa Ha LMMEHTOBM KOMMO3UTU U CbC
cpencTeata 3a HEWHOTO nmpefoTBpaTsBaHe. [lpeactaBeHOTO
uscnedBaHe npefctaBs 0630p Ha ekcnepuMeHTanHuTe u
TeOopeTn4HNTE n3cnenBaHua, NpoBeaeH OT HallKuA KONeKTnB 1
MOCBETEHW Ha cyndatHaTa aTaka Ha LUWMEHTOB KaMbK.
WHTepecbT KbM Tasn matepusi ce obycnaea OT (pakTa, ye
cyndpatute ca efHM OT YeCTO CpellaHuTe 3aMbpcuTenu Ha
OKONHata cpefa, a U MeCTHUTE MUHEeparnHu BOAW CbAbpXaT
CbLUECTBEHM KONUYECTBA CyndaTHN OHU.

EKCMEPUMEHTANHW U3CNEABAHUA HA CYNOATHATA
ATAKA CPELLY UAMEHTOB KAMBK

Heka pasrnegame cyndarHata gerpagauus Ha LMMEHTOB
kambk. ATakaTa cpelly mMaTepuana ce pasBsiBa BbB BPEMETO
1 3a ga 6bae mogenupaHa, € HeobxoauMo NPOBEXAAHEeTO Ha
ObArOTPalHW EKCNepUMEHTN Ha NpOonMBaHe Ha LMMEHTOBMS
kaMbKk CbC CyncaTHW ioHW. Cxemata Ha ekcrnepumeHTa e
nokasaHa Ha cour. 1. MprU3Mn OT LMMEHTOB KaMbK Ca NOTOMNEHM
BbB BOAHM pastBopu Ha Na,SO, n 3agbpxaHu B TsX 3a
onpeaeneHn nepuogu OT Bpeme. KOHUEHTpauusTa Ha
pasTBOpM € pasnnyHa, 3a fa Ce OueHu edekta il BbPXY
perpajauuata Ha Mmatepuana. LiumeHTsT e cyndarto-
ycTonums, Mapka 35, Tvn “[eBHa". XUMUYHUAT My CbCTaB e
AageH B Tabmmua 1. AkocTTa My Ha HaTUCK e onpepeneHa
cnen 3agbpkaHeTo Ha oOpasuuTe B pasTBOpU C pasnuyHa
cyndatHa KOHUeHTpauus. Pesyntatute oT M3nuTBaHMsATa ca
pafeHn Ha cur. 2 n ca obebaeHo nogpobHo B (Gospodinov,
Kazandijiev et al (1996)).
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Bogen p-p

Oo6pasen; ot Ha Na,SO,

OUM.KaMbK

\ A

/

Queypa 1 Cxema Ha nomanaHemo Ha obpasey, om YUMeHmMoe
KaMbK 86 800HUS pasmeop

Tabnmuya 1. XummuuyeH cbCTaB Ha uumeHT 35, Tun “[eBHs”
(Ternosm % -Tu)

KakTo Gelue yka3aHo, Ha ¢ur. 2 e AafieHO M3MEHEHNETO Ha
SIKOCTTA Ha HAaTMCK HAa MaTepuana BbB BPEEYETO, KaTo Ha
rpacukata ca BWAMMM TOKANHA MaKCUMyMU U MUHUMYMM.
Tean edpektn MoraT Aa ce ODACHAT C HacMWaAHeTo Ha
MaTepuana ¢ 0HW U XMMUYHW CbeauHeHus, (POpMMPaHETo Ha
MWKPO-NPa3sHWMHM B MaTepuana B pe3yntaT Ha TOBa, T.e.
BMOLUIABAHE Ha MeXaHW4HWTe My CBOWCTBA, MOCNEABALLO
3amb/iBaHe Ha NPasHUHUTE C AOHW U XUMIUYHW MPOAYKTY, T.E.
nofobpsiBaHe Ha CTPYKTypaTa Ha LUMMEHTOBMS KaMbK,
NOBTOPHO 0BpasyBaHe Ha MUKPO-NyKHATUHU U HaMansBaHe Ha
fKkoCTTa My 1 np. Kakto ce Buxaa Ha durypata, npoLecsT e
nepuoanyeH, a pesynraTute Mo3BonsiBaT Aa Ce npocneau
W3MEHEHWETO Ha MaTepuanHata cTpyktypa. [lpuema ce, ye
MaTepuanbT Cce pascriosiBa nog AEUCTBUETO Ha CyndaTHaTa
ataka, kato ce obpa3sysaT [Ba Cnosi — KOpoaupan BbHLUEH
CMOM U He3acerHaTo LMMeHTOBO siapo. Kato ce uanonssa
noaxoansT, AageH B (Mironova, 1997; Gospodinov et al 1998;
Gospodinov et al 1999), moxe ga ce Hamepu MOZYNTbT Ha
€acTUYHOCT Ha YBPedeHUs Croit, npu M3BECTeH MOOYN Ha
€nacTMYHOCT Ha LMMEHTOBMS Kambk. Our. 3 nokassa
pasaensHeTo Ha obpa3el Ha ABa Cros.

time, months

Queypa 2 VIsmeHeHuUe Ha AKoOCmma Ha Hamuck Ha YuM. KaMbK
8b6 8PEMEMO, 8 3a8LCUMOCM Om CyrhamHama
KoHueHmpauus Ha p/pa — 1-0.5 % Na,SO,, 2 - 1% Na,SO,, 3 -
3% N62804, 4-5% N32804, 5-10% NaQSO4, -

Queypa 3. PaszdensHe Ha obpaseya Ha crioese.
Konuenmpauus Ha pasmeopa --3%; 8peMe Ha nomansHe Ha
obpaseya 8 pasmeopa - 9 Meceya.

[pyr edekt or cyndaTtHaTa aTaka € pasfyBaHeTo U
paspoxBaHeTo Ha MaTepuana. [aHHuTe 3a npomsHa Ha
TErNoTo Ha 00pasuuTe M Ha MITbTHOCTTA Ha LWMMEHTOBUS
kaMbK ca fafieHun B Tabnuua 2 1 ca nokasaHu Ha dour. 4 v ¢ur.
5, B 3aBMCMMOCT OT KOHLEHTpauusiTa Ha pa3TBopa, Kato
BPEMETO Ha 3agbpkaHe Ha obpasuute B pasteopute € 5
rogvHu. Kato ce Bukga Ha (urypute, NbTHOCTTA Ha
UMMEHTOBMS KaMbK Hamansisa C BPeMeTo. ToBa € BaxeH
pesynTar, [OKa3Ball, 4e pa3pOXBaHETO Ha Marepwana
npeobnagaBa Hag BTOPUYHOTO My YsikYaBaHe, MPOTEKMO B
CNEACTBME Ha 3aMbIBAHETO HA MOPUTE My C AOHU U XUMWYHM
npogyktv. PesynTaTeT crnomara 3a [OM3SICHABAHETO Ha
npoMsHaTa Ha MaTepuanHata CTPyKTypa W nokasea, 4e
MaTepuanmbT MOXe fAa Ce  pa3pyy HambiHO - Cheq
ABbNrOTPaNHOTO My 3aAbpXKaHe B CUSTHW CyndhaTHU pasTBOPH.

Tabpuua 2. WsmeHenue Ha Ternoto Ha obpasuute U Ha
NITbTHOCTTA Ha MaTepuana
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c)

5%

/

3% pa 4. PazdyeaHe, paspoxsaHe u dezpadayus Ha
mMamepuana: a)-3% -moe 8o0eH p-p Ha of Na,SOy; b)-5%-mos
800eH p-p Ha Na,SO; ¢) 10% -mos soaww Na,SO,

10%

Queypa 5. [pomsiHa Ha meanomo Ha obpasyume G u Ha
nmemHocmma Ha Mamepuana p: 0-G U ¢ - p

[pyr BaxeH pe3ynTaT OT CyndatHata Aerpagauus e
nosBata Ha CMyLeHUs (MyKHaTWHW, MOpW, MPa3HWHM) B
obpaseLa 1 no NOBBLPXHOCTTa My — ur. 6.

ITyKHaTHHa

Queypa 6. [MykHamuHa, obpa3yeaHa no NOBbPXHOCMMa Ha
obpaseua

Peructpaumata um € BaxHa 3a NpoOCrneasBaHeTo Ha
perpajauuata Ha matepuana, T.e. Ha CBbP3aHOTO C Hes
HamansBaHe Ha AbArOTPAHOCTTA Ha KOHCTpyKumuTe. 3a
OLieHKa Ha MexaHu3ma Ha perpagaums, Kazandjiev et al (2002)
npegnarat MoAen Ha PEKOHCTPYKUMS Ha MyKHaTMHWM B
unumeHToBMS Kambk. OBpasuute ca noToneHu B CyndaTHu
pa3TBOPY C pasnnyHa KOHLEHTpaLus.

®ur. 7.a noka3ea eHa PEKOHCTPyMpaHa nykHaTuHa, KaTto ce
13non3Ba METOABLT Ha TPMMEPHOTO pasno3HaBaHe Ha obpaaut.
Ha cwur. 7.6 e nokasaHO NPUMEPHOTO Pas3nonoXeHWe Ha
nykHaTwHata B obpaseuya. OueHkaTa Ha pa3BMTMETO Ha
NyKHaTUHaTa € Ka4yecCTBeHa, HO TA No3BOJiABa Aa Ce U3BbPLUU
npaegonogobHa OLEHKa Ha MPOLecUTE Ha paspyliaBaHe Ha
maTtepuana.

b)

Queypa 7. PekoHcmpykyusi Ha nykHamuHa e obpasey, om
UUMEHMO8 Kambk, omyumaliku cynghamHama KOHUeHmpayus
Ha p-pa. a) PeKoHCMpYKUUsi Ha nykHamuHama; b)
pasnosoxeHue Ha nykHamuHama e obpaseya

TEOPETWYEH MOJEI HA CYNOATHATA ANOY3NA

MopennpaHeTo Ha koposwsita, KOSITO e pesynTar of
cyndaTHa arpecusi CpeLly LMMEHTOBMS KaMbK, € U3cnessaHa
0T peauuya asTopu — Hanp. Atkinson, Haxby et al, 1988 u
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Ratinov, Ivanov, 1977. TeopeTuyHute Mogenu ce ocHosasaTt
Ha YpaBHEHMETO Ha [Oudysus, kato ce npeHebpersat
XETEPOrEHHUTE  XUMWYHM  peakumum Mexgy WoHUTE W
UMMEHTOBMA KambK. [udysusta Ha cnabu enektponuTu B
nopectu cpeau e pasrnegaHa B (Sherwood, Pigford et al,
1982) wn (Zaykov, Yordanskiy et al, 1984). EgHomepHusiT
Cryyai Ha 3ambiiBaHe Ha MOpM B KaTanu3aTtopu W BIUSHUETO
My BbPXY CKOpPOCTTa Ha XMMWYHaTa peakuus e aHanuanpaH B
(Matros, 1982). [1BymMmepHUAT Moaen Ha andy3ans Ha cyndatHu
MOHU B LMMEHTOBK KOoMNo3uTh e paspaboteH B (Gospodinov,
Kazandjiev et al, 1999) u (Mironova, Gospodinov et al, 2002).
Tyk faBame Bb3MOXHOCT 3a nofobpsiBaHeTo Ha Mmogena Ha
MPEHOC Ha WOHM, KaTo CriefBame HSKOMKO MocrefoBaTemnHy
eTana — OT4YMTaHe Ha NopLO3HOCTTa Ha MaTepuana, OT41TaHe
Ha MpEeHOCa Ha WMOHU M MPOTMYAHETO HA XUMWYHW peakuum,
OTYMTAHE Ha W3TNAcKBaHETO Ha TEYHOCTTA OT NOpUTE W
kanunspute Ha Matepuana. To3v nogxod € [fdagjeH B
(Mironova, Gospodinov et al, 2002) n (Kazandjiev, Gospodinov
et al, 2002). B HacTosWOTO M3NOXeHUe pasrnexgame
TPUMepeH Mogen Ha [Oudysns Ha WOHW B MpU3MATUYEH
obpaseL OT LMeHTOB kambK. Toii obobuiaBa paspaboTerute
[0 TO3W MOMEHT e4HOMEPHU W ABYMEPHM MOAENM Ha MacoB
npeHoc. MNpeau noTansHe B cyndathu pa3tBopy, 0bpaseLbT e
Oun 3agbpkaH B YMCTa BOAA, KOSITO € 3ambiHWMa NPasHUHUTE
My 4 cned ToBa e 6un notoneH BedHara B CyndaTHMs
pa3TBop. [pneTo €, ye 06emMbT Ha CbAa C Pa3TBOp Ha HaTpUeB
cyndpat e JOCTaTbyHO TOMnAM, Taka Ye KOHLEHTpauusTa Ha
pasTBopa OCTaBa MOCTOsHHA. [lopagn KOHLEHTPaUMOHHUTE
OBKELWM CUnM, MOHWTE HaBMM3aT B TEYHOCTTA, 3ambiBalla
NpasHUHUTE Ha LMMEHTOBMS KaMbK. B cryyas nocnegHute ce
pasrnexgar kato Kanunspu ¢ dopmata Ha npasi Kpbrosw
UWNMHOPY, YMUTO OCW Ha CUMETPWUS Ca YCrmopegHn Ha
KoOpZMHaTHUTE OCW. B pesynTaTt Ha XeTeporeHHUTe XUMUYHN
peakuun, NPoOAYKTUTE UM Ce oTnaraT BbpXy CTEHUTE Ha
KanunsipuTe, KaTo M 3ambiBaT YacTuyHO. TOBa Npean3BuKBa
HaMansBaHEeTO Ha HaMpPeyHOTO CEeYeHWE Ha Kanunspute W
W3TNacKBaHETO Ha TEYHOCTTa OT TsaX. [locokata Ha
W3TNackBaHe Ha TEYHOCTTa € MPOTMBOMOMOXHA Ha TasW Ha
pudy3ns Ha MOHW B MaTepumana. Pasrnexgame ypaBHEHMETO
Ha GanmaHc Ha MacuTe B enemeHTapeH obem oT obnacTra,
koeTo 06061wwasa 1D v 2D cny4an Ha MacoB MPEHOC:

ge. div(D,_,gradc) - div(V¢)

¢ (1)
- k(l -k, q)zc

KbIETO NPOCTPaHCTBEHWUTE OMepaTopu div( ) " grad( )

uMart Buaa

div( )=
R (2)

a RO [1,2,3] ca pasvmepuTe Ha pasrnexpgaHata obnact
X, = X, X, =y, X3= z. [locnegHusT uyneH B fAsicHaTa
CTpaHa Ha ypaBHeHWe (1) MpeacTaBnsBa W3TOYHMKOB YMEH,
KOWTO MoZermpa XeTeporeHHaTa XMMWYHA peakums Mexay

cynchaTHUTe MOHM B pa3TBopa W MaTepuana. YneHsT oTuuTa,
CbLIO TaKka, W MpoMsHAaTa Ha pearupallata MOBbPXHOCT Ha

kanunspa. BennuuHata c(xl,...,xR,t) B ypaBHeHusTa (1)-(2)
e TeKyllaTta CTOMHOCT Ha KOHLeHTpaLmsTa, a q(x],...,xR,t)

€ KONMNYeCTBOTO XUMUYECKN pearupanmu MOHM B TOYKa
(xl,...,xR) N B MOMEHT OT Bpeme f. k & koeduLMeHT Ha

CKOPOCTTa Ha XUMWYHaTa peakuus, k, 0003HavaBa
koedMumMeHTa Ha 3ambfiBaHe Ha kanunspute. EdeKTUBHMAT
koeUUMEHT Ha Andy3nst Ha MOHW B Lenus obem, oTynTaly
3amb/IBAHETO Ha MOHW, UMa BUAaA:

D = D(1- k.q)*
KbAeTo
D = kg exp[B(c(x,,...,xR,t) - O.SCO)]

(3)
(4)

MHoxutenst ks B ypaBHeHwe (3) npencTaBnsBa
koeUUMEHTHT Ha Andy3ns Ha cyndaTHW oHKM B Lenus obem,
CbCTOSLL, Ce OT LMMEHTOBA MaTpuLa M KyXWHW, 3ambIIHEHN C
TEYHoCT. TOi OTYMTa MOPLO3HOCTTA Ha  MmaTepuana,
CTpyKTypaTa My 1 chopmata Ha kanunspute. KoHcTaHTaTa S e
napameTsp, a C, € XapaKTepHa
KOHL|eHTpaLusTa — KOHLEHTpauusTa Ha pasTeopa, B KOWTO €
noToneH obpaseunT. Mpoekuyuute V;,i= 1,R, Ha ckopocTTa
V' oT ypaBHeHue (2) obo3Ha4aBaT cpegHaTa CKOpOCT Ha
[IBVXEHE Ha TEYHOCTTA B Kanunspa no ocute X; , i = 1, R,

CTOMHOCT  Ha

CTonHOCTTa Ha KOHLEHTpauusiTa Ha pa3TBopa € AajeHa
KaTo rpaHMYHO YCroBWe BBPXY MexaydasoBata rpaHuua
“BOJiEH pa3TBOP-LMMEHTOB kambK'. [Mopaam ToBa, Ye obnactta
€ CUMETpUYHa, YCroBMATa 3a CUMETpUs ca 3afafieHn Bbpxy
rpaHmuyute x; = L, /2 ,i= LR,

lMpueto e, Ye HayamHaTa KOHLEHTpaUuMs Ha WOHUTE B
obpaseua e Hyna, Tbil kKaTo 0bpaseLbT e 6un npeaBapuUTenHoO
NMOTONEH B YNCTa BOAA.

KonnyecTBOTO XMMUYECKM pearupant foHN ¢, B MOMEHT OT
Bpeme t U B TOYKA C MKCMpaHn koopauHatn (X,,...,X,)

MOXeE [a Ce Onpesent Ype3 UHTErpUpaHeTo Ha CTOMHOCTTa Ha
KOHLEHTpauusTa B Ta3W TOYKA, CYMTaHa 3a (yHKUMS Ha
BpemeTo f:

kc(xl,...,xR,I)dI ,

(%)

q(xl,...,xR,t) =
o

Ako ¥V, e KoMMOHeHTa Ha ckopocTTa, MpW (UKCHpaHM
CTOMHOCTM Ha OCTaHanuTe koopauHatn X,, m#* [, To

TpsibBa Aa W34MCIMM CrefHUS MHTErpan no AbixuHaTa Ha

kanunsipa, B rpanuumTe [0, x,].
17G

V= I 2kk(1- k.g)cdn
U

U=L/2-x,G=1L/2 iz LR

(6)

Tbil KaTO HAYarnoTo Ha KOOPANHATHATA CUCTEMA € LIEHTLPBT
Ha cuMeTpus Ha ofpaseua, CKOpOCTTa € paBHa Ha Hyna 3a

x;=0 u e makeumanHa npu x; = L, /2. TMocokata Ha
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CKOPOCTTa CbBnaga C NOJNoXUTenHata nocoka Ha OCTa Ox,-.

V. ce onpenens uypes npecmsATaHeTo Ha uHTerpana (6).
TpsbBa fa ce oTbenexu, Ye Tyk AONMHaTa rpaHuua Ha
WHTerpupaHe e L,/2- x;, pokaTto ropHata rpaHuua Ha

nHTerpupade e L, /2. Mo TO3M HAauMH MOXe da ce Nonyuu
ckopocTTa V,-(xl,...,xR,t) BbB BCAKA TOYKA OT pasrnexaaHarta
obnact. KOMMOHEHTUTE Ha CKopocTTa Vm(xl,...,xk,t),
m#i, ml [1,...,R] Ce MoJly4aBaT Mo ChLLWA HAYMH.

YNCNEHO PELLEHVME

YpaBHeHNeTo Ha npeHoc (1) - (2), 3ae4HO € HavanHuTe U
rpaHW4HUTE YCMOBMS, 3afaBaT HecCTaluOHapHaTa rpaHuyHa
3agava. Ts ce gombrBa OT MHTErpanHuTe cboTHoWweHus (5),
onpefensiuyM KONMYeCTBOTO  XUMUYECKW pearupany  MoHM,
KaKTO W OT MHTerpanHuTe 3asucumocTu (6), Heobxogumu 3a
MpecMsTaHeTo Ha MofeTa Ha CKOPOCTW Ha TEYHOCTTa,
n3TnackaHa oT kanunspuTe. 3afada ce peluasa no MeToga Ha
KpaiiHUTE pasmnikM Ype3 W3NOSI3BAHETO Ha HesiBHA 4MCneHa
cXema, Kato ce pegyuupa A0 NMHeapusupaHa cuctema oT
anrebpuyHu ypaBHEHUst C AuaroHanHa 1 cnabo 3ambiHeHa
MaTpuua. AnropuTbMbT MO3BONSBA YMCIIEHOTO MOAENMpaHe
Ha nog-obnactm C pasnuyHa NPOBOAWUMOCT — WHEPTHU
MbJTHUTENN, BKIOYEHWS, apMaTypa 1 np.

UncnenuTe peaynTaTti ca nonyyeHu 3a CregHUTe CTOAHOCTY
Ha pasmepHuTe 1 Ge3pa3mepHuTe koedmumeHTn — (Mironova,
Gospodinov et al, 2002):

-KOe(ULIMEHT Ha AMMY3NS HA NOHUTE BbB BOQHUS PasTBOp
kar=0.361 x 10° m?/s;

-napameTbp, BKMOYEH B ypaBHeHue . (11):

B=0.2917 mkg;

-KOE(MLIMEHT Ha CKOPOCT Ha XUMUYHATa peaKLms:
k=0.305x107s";

- KOE(MLMEHT Ha 3aMmbliBaHE Ha NopuTe:

k,=0.05 m¥kg

Tesu CTOMHOCTYW ca nonyyeHn 3a 06pasLy OT LUMEHTOB KaMbK,
mapka 35, Tun “fleBHs” — Bx. Tabnuua 1.

PE3YNTATU N 13BOON

Kakto Gelue nogyepTaHo, ekcnepuMeHTanHuTe pesynratu
CBMIETENCTBAT 33 PeAuLa MeXaHU3MK, KOUTO Ce pasBuBaT B
LMMEHTOBMS KaMbK — MPOMsiHA Ha MaTepuanHata CTpyKTypa
rnopagy 3ambfiBaHe Ha MOPUTE C MOHU U XUMUYHU NPOLYKTH,
WU3TNackBaHe Ha TEYHOCTTA OT TsIX, HabbLOBaHe, paspoxsaHe U
pa3pyluaBaHe Ha LMMEHTOBMS KaMBK U CbOTBETHO U3MeEHeHWe
Ha SIKOCTHUTE My XapaKTEpPUCTUKW. Te3n MexaHu3Mu mMoraT aa
Obgar npocnefeHn AOCTaTbYHO TOWHO, KAaTo Ce W3nonaea
MOZENbT Ha MacoB MPEHOC, 3afafeH ¢ ypaBHeHusiTa (1)-(4) u
3asucumoctute (5) u (6).

OCHOBHMTE 4MCrEHW pesynTaTM ca MpecMeTHaTh 3a
npuaMaTnyeH obpaseL, OT LUMEHTOB KaMbK, MOTOMeEH B 3%-ToB
BOAEH pasTBOp Ha HatpueB cyndar. CbabpkaHueTo Ha
cyndhathu ionn B pasteopa e 20.282 kg/m2 [pueto e, ye
cyndpatHaTa KOHLEHTpaLms Ha pa3TBopa ocTaBa MOCTOsHHA C

Te4eHWe Ha BpemeTo. [TbpBOHA4anHo, pasrnexgame
NPOHWUKBAHETO Ha MOHW B 0Bpasel, 6e3 BKITYEHNS U B TaKba,
CbObPXall} BKIIOYEHWE ¢ NpoussornHa opma. MNpecmetHaTute
M30-NMHWM Ha NOCTOSIHHA KOHLIEHTPALMS ca NoKa3aHW Ha dur.
8 nawr. 9.

I
c=184

Y o -
[

[107 m] —

0.
c=1.84 \
0]
o] 0.1 0.2 03 04 05 06 0.7
X[1072m]

Queypa 8. M301uHUU Ha NOCMOSIHHA KOHUEHmpayus Ha
cynghamHu UoHU 8 obpa3ey om YUMEHMO8 KaMmbK,
HecbObpxKall BKITIOYEHUS

CpaBHeHneTO Mexay [fBeTe dwrypu mnokasea, 4e
U30NMHUATE ce AaedopMupaTt OKOMO BKAKYEHWeTo — dur. 9,
T.e. edpeKTUTE Ha Aerpajauus, Sbmxally ce Ha NPOHUKBAHETOo
Ha cyndaTHu MOHW B MaTepuana, TpsbBa Aa ce ovaksaT B
Ta3n obnacr.

0.4 T T

|

0.
c=1.84 \

il

0 0.1 0.2 03 04 0.5 06 0.7
X[107* m]

Queypa 9. M301uHUU Ha NOCMOSIHHa KOHUeHmpayus Ha
cynghamHu UoHU 8 0bpa3ey om YUMEeHMOo8 KaMbK, CbObpxall
BKITOYEHUE .

3a pa untoctpupame Bb3MOXHOCTUTE Ha 3D mMogena v Ha
pa3paboTeHNs YMCMEH anropuTbM, MpecMmsTame U30NUHUMTE
Ha MOCTOSIHHA KOHLEHTpauus Ha cyndaTHu ioHu B obpasel,
CbObpXall, BKMIOYEHWEe C MO-CroxHa dhopma  (Hanp.,
apmatypa). Ha cwur. 10 e nokasaH obpaseL, KOITO Cbabpxa
[Ba NMpecuyalLy ce LUnmHabpa.
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Queypa 10. CxemamuyHo hpedcmassiHe Ha 8KIIOYeHUe 8
obpasey om YUMEHMOB KaMbk, CbCMOALO0 ce om dsa
npecuyawu ce Kpbeosu YunuHdspa (apmamypa)

M3uncnenmsTa ca npoBeaeHn 3a Bpeme Ha nponueaHe 3 1 6
meceya. dur. 11.a u ¢ur. 11.6 nokassat CbLOTBETHUTE U30-
MOBBLPXHWHM, CbOTBETCTBALLM HA KOHLEHTPaLUMS Ha CyndaTtHu
MOHU Ceonst = 5 [kg/m®]. fAcHo ce BMxma BRMAHWETO Ha
BKITIOYEHMETO BbPXY (POpMaTa Ha 30-NOBBLPXHUHKTE.

¢ =5 [kgim®]

const
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Queypa 11.a. M30n08BPXHUHU HA KOHUEHmpauusma Ha
cynghamHume UOHU Ceonst = 5 [kg/m?], cred 3-meceuHo
3a0bpXaHe Ha obpaseya 8 paameopa
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Queypa 11. 6. 30n08bPXHUHU HA KOHUEHMpayusima Ha
cynghamuume UOHU Ceonst = 5 [kg/m?], cned 6-meceuHo
3a0bpXaHe Ha obpaseua 8 pasmeopa

3AKITIOYEHNA

MpencTaBeHOTo 0630PHO M3crieaBaHe 3afaBa MaTeMaTUYeH
MOZEN Ha MPEeHOC Ha Cynd)aTHU MOHW B LMMEHTOB KaMbK,
KoiTo obxBalla peauua npouecu, CbmbTCTBAWM AndysusTa
(3anbnBaHe Ha KyXWHUTe Ha MaTepuana ¢ MOHM U XUMWUYHM
NpOAYKTU, U3TNACKBaHE Ha TEYHOCTTA OT TAX U Mp.). YkasaHa e
Bb3MOXHOCT 338 MOMENMPAHETO Ha AMCY3MOHHMS Mpouec B
MHOrOCBbp3aHM 06nactu, T7.e. B 00pasuu, KOWTO CbabpxaTt

PasNNYHM  BKIHOYEHMS. Pa3paboTeHUsT 4ucrneH anropuTbM
no3BonsiBa eheKTUBHOTO peluaBaHe Ha peauua npakTU4Yecku
npobnemu 1 u3cneaBaHETo Ha peanHu NpoLec, NpoTHYaLLM B
CTPOMUTENHU KOHCTPYKLMN.
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SULFATE-INDUCED DEGRADATION OF CEMENT STONE
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ABSTRACT

Peter Gospodinov*, Mirona Mironova**
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Sofia 1113, Bl. 1 G. Bonchev str.
Bulgaria

The study treats sulfate ion transport in cement stone and resulting material degradation. Those phenomena are essential for the safety assessment of concrete
containers for nuclear waste disposal, for the rehabilitation of civil and industrial constructions, for preserving ancient cultural heritage etc. The process is studied
theoretically and experimentally, and a survey of various experimental approaches is made. A diffusion model is designed, considering change of the material
structure- void filling with ions and precipitants, liquid push-out of capillaries etc. Long-term experiments of cement stone saturation with sulfate ions are performed
and material degradation is registered. Specimen degradation is explained, considering liquid motion within the material pores, which accompanies the transfer

process.
INTRODUCTION

Cement-based composites have been always in researchers’
focus smce they constitute_the basic material for building

nsn Water sol.  tble
3l and som polutapts  of Na,SO, on
. ) for

Cement N
stone |
specimen

gns of preserving ancient
ment of the mechanism

becomes crucial. T s€nts a survey of some
experimental and theoretical studles of sulfate attack on
cement stone, performed by our research group. The interest
to sulfate aggression is verified by the fact that sulfates are
common polutants of environment, and local mineral waters
are sulfate-containing, too. The results seem useful in following
damage of cement-based structures which undergo sulfate
attack and in assessing structure durability.

EXPERIMENTAL STUDIES OF SULFATE ATTACK ON
CEMENT STONE

Consider sulfate degradation of cement stone. Sulfate attack
develops in time and to model it, one needs to perform long-
term experiments of saturating cement stone specimens with
sulfate ions. The scheme of specimen saturation is shown in
Fig. 1. Cement-stone prisms and/or plates are immersed in
water solution of Na,SO, and kept there for a definite period of
time. Note also that the concentration of the solution is
different, so that its effect on material degradation can be
assessed. Material is sulfate resistant cement 35, type
“‘Devnya”, whose chemical composition is given in Table 1.
Material compression strength is found after keeping the
specimens in solutions of different sulfate concentration. The
results are shown in Fig. 2 and discussed in detail by
Gospodinov, Kazandjiev et al (1996).

Figure 1. Scheme of specimen immersion in sulfate solution

Table 1. Mineral composition of SRP cement, type 35 Devnya,
(% by weight)

As said, Fig. 2 illustrates change of the compression strength
in time, which displays local maximums and minimums. One
can explain this effect by material saturation with ions and
chemical products, resulting in formation of micro-voids, i.. in
strength decrease. Then, subsequent void filling with
compounds, i.e. subsequent material strengthening follows etc.
The process seems to be periodical and reflects the change of
material structure due to the sulfate attack. As said, the results
are important for the assessment of the modification of cement
stone structure. It is assumed that due to the sulfate attack, the



specimen divides into two layers - an external, corrupted one
and an intact internal core of cement stone. Moreover, using
the approach given in (Mironova, 1997; Gospodinov et al 1998;
Gospodinov et al 1999), one can find the elasticity modulus of
the corroded material, knowing in advance that of the cement
stone. Fig. 3 shows specimen division into layers.

4

e
—— 3
—~B— 4

time, months

Figure 2 Change of material compression strength in time,
depending on the solution concentration — 1-0.5 % Na,SO,, 2 -
1% N&SO,, 3 - 3% Na,SO,, 4- 5% Na,SO,, 5- 10% Na,SO,,

p.g/cm’

| c%

Figure 3. Specimen division into layers. Solution concentration-
3%; immersion time — 9 months.

Another effect of structure modification of the cement stone
is material swelling due to the sulfate aggression. Data on the
change of specimen weight and density are given in Table 2
and are shown in Fig. 4 and Fig. 5, as depending on the
solution concentration, while immersion time is 5 years. As
seen, material density decreases with the concentration
increase. This is an important experimental fact, attributing to
the clarification of the modification of the cement stone
structure and proving that although voids are filled with
chemical products and ions, void formation is prevailing over
their filling. Hence, mat is subject to total degradation in
some cases, as the expeimekntwom

crack

Table 2. Change of specimen weight and material density

Figure 4. Material swelling and degradation due to the sulfate
attack: a)-3% solution of Na,SO,; b)-5% solution of Na,SO,; ¢)
10% solution of Na,SOy;

0.00 T T T T T T T T T ]
0.00 200 4.00 6.00 800 10.00

Figure 5. Change of specimen weight G and cement stone
density p: 0-Gand ¢-p

Another important phenomenon resulting from material
degradation is the formation of disturbances (cracks, voids,
pores etc.) within the specimen and on its surface-Fig. 6.

Figure 6. Crack formed on the specimen surface.

Their registration is important, since one can thus follow
material degradation and change of the construction durability.



To estimate the degradation mechanism, Kazandjiev et al
(2002) propose a model of reconstructing material cracks,
following cement stone immersion in solutions of different
concentration.

Fig. 7.a shows a reconstructed crack, accounting for the
different concentration of Na,SO,, while Fig. 7.b —its location
within the cement stone specimen. The estimation is qualitative
but enables one to assess the mechanism of cement stone
corruption. The reconstruction is done, involving cracks
formed under solution sulfate concentration of 3%, 5% and
10% and using 3D pattern recognition.

b)

Figure 7. Reconstruction of a crack in cement stone specimen
regarding the solution sulfate concentration; a) actual crack
reconstruction;

b) crack location

THEORETICAL MODEL OF SULFATE DIFFUSION

Modelling of corrosion due to ion aggression on cement
composite is studied in (Atkinson, Haxby et al, 1988) and
(Ratinov and Ivanov, 1977). Theoretical models are based on
the diffusion equation, disregarding the heterogeneous
chemical reaction occurring between the ions and the
composite matrix. Diffusion of weak electrolytes in a porous
medium is considered in (Sherwood, Pigford et al, 1982) and
(Zaykov, Yordanskiy et al, 1984). The 1D steady case of pore
filing in a catalyst and its effect on the reaction rate is
considered in (Matros, 1982). A 2D model of the diffusion of
sulfate ions in cement composite is proposed in (Gospodinov,
Kazandjiev et al, 1999) and (Mironova, Gospodinov et al,
2002). We refine the model of ion transport, following several
successive steps - account for material porosity, account for
ion transport and accompanying chemical reactions and further
account for the liquid push out of the cement stone capillaries.
This is shown in (Mironova, Gospodinov et al, 2002) and
(Kazandijiev, Gospodinov et al, 2002). Hence, we consider here
3D model of sulfate ion diffusion in a prismatic specimen of
cement stone, which gives plausible results and generalizes
1D and 2D models, designed so far. Before immersion, the
specimen has been kept for some time in drinking water. The
vessel volume is assumed to be large enough, and diffusion
does not change the concentration of sulfate ions in the
solution, which remains constant. Owing to the concentration
driving force, ions enter the liquid that fills material pores. They
are formally treated as capillaries, shaped as straight circular
cylinders and with symmetry axes parallel to the coordinate
axes. As a result of the occurring heterogeneous chemical
reaction, chemical products precipitate on the walls of the
capillaries, partially filling them. Capillary filing and volume
decrease yields liquid push out of the capillaries. This process
is directed from the specimen internal area to the solution, i.e.
its direction is opposite to that of diffusion.

Thus, the following balance equation for an elementary
volume of the area is considered, which generalizes the 1D
and 2D transfer processes:

oc_ . e

7 dlv(Dcffgradc) le(VC‘) )
- k{1 k.q)’c

where the spatial operators div( ) and grad( ) read

i)y 1)

i )2 Y 351 ),

and RO [1,2,3] is the spatial dimesions of the area

(2)

considered. X, = X; X, = ¥; X3 = z. The last term in

the RHS of equation (1) is a source term, which models the
heterogeneous chemical reaction between the capillary wall
material and the sulfate ions in the solution. The term accounts
also for the change of the reacting surface, due to capillary
filing. Quantity c(xl,...,xR,t) in equations (1)-(2) is the

concentration current value, while q(xl,...,xR,t) is the



quantity of chemically reacted ions at point (x1 yeues xR) and

at moment . k is the rate constant of the heterogeneous
chemical reaction and k, denotes the coefficient of capillary
filling. The effective coefficient of ion diffusion in the whole
volume, accounting for pore filling is:

Doy = D(1- k.q)* (3)
where
D = kg exp[B (c(xl,...,xR,t) - 0-500)] . (4)

The denominator kg in Eq. (4) is the coefficient of diffusion of
sulfate ions in the whole solid volume, consisting of cement
matrix and cavities filled with liquid. It accounts for the material
porosity and grain structure, and for the capillary shape.
Constant Sis a fitting parameter, while ¢, is a concentration
characteristic value - the concentration of the solution where
the specimen is immersed and kept for a definite period of
time. Projections V;, i = 1, R, of velocity V in eq. (2) denote
the average velocity of the liquid flow in the capillary, along
axes X, , = LR,

The value of the solution concentration is given as a
boundary condition on the interface surface “water solution —
cement stone”. Due to symmetry of the areas considered,
symmetry  conditions are given on  boundaries
x,=L/2,i= LR,

The initial ion concentration within the specimen volume is
taken to be zero, since the specimen is previously kept in
drinking water.

The quantity of chemically reacted ions g, at a moment { and
at a point with fixed coordinates (x,,...,X,) , can be found

by integrating the concentration value at that point, taken as
function of time t.

t

q(xl,...,xk,t) = I kc(x],...,xR,T)dT , (5)

o

Consider the velocity component ¥, for fixed values of the
other coordinates x,,, m # i. Then, the following integral
along the capillary should be solved in the interval [0, x;].

=G
v, J’ 2kk, (1 k.q)cdn
T=U

U=1L/2-x ,G=L/2 iz 1R

(6)

Since the origin of the coordinate system is the symmetry
center of the specimen, the velocity is zero for x; = 0 and
maximal for x, = L, /2. The velocity direction coincides here
with the positive direction of axis Ox;. V; is found by
calculating the integral (6). Note that the lower integration limit
here is L;/2- x,, and the upper integration limit is L, /2.
Thus, one can get the velocity V,-(xl,---,xR,t) at each point of
the area wunder consideration. Velocity components

V% Xpot)y  m# i, mO[l,..,R] are obtained in the

same manner.
NUMERICAL SOLUTION

The equation of transfer (1)-(2), together with the boundary
conditions and the initial condition, pose the initial non-steady
boundary-value problem. It is completed by the integral
relations (5) needed to find the quantity of chemically reacted
ions, as well as by integral relations of type (6), needed to find
liquid velocity field in the capillaries. An implicit difference
scheme to solve numerically the formulated diffusion problem
is used. The difference value problem, for a given time ¢, is
reduced to the solution of a linearized system of algebraic
equations, which has a diagonal and weakly filled matrix. The
algorithm enables one to model numerically volume sub-areas
with completely different conductivity — inert filler, inclusions,
reinforcement etc. Due to problem non-linearity, an internal
iteration process is used.

The numerical results are found for the following values of
the dimension and dimensionless constants, as given in
(Mironova, Gospodinov et al, 2002):

-coefficient of ion diffusion in the water solution

kqr=0.361 x 10° m%s;

-fitting parameter participating in Eq. (11):

B=0.2917 m¥kg;

-constant of the chemical reaction rate:

k=0.305x107s";

- coefficient of pore filling:

k,=0.05 m¥kg

Those values are obtained for specimens, molded of cement
paste of sulfate resistant Portland cement 35, type “Devnya” -
see Table 1.

RESULTS AND DISCUSSION

As outlined above, the experimental evidence proves a
number of mechanisms that develop in the cement stone —
change of the material structure due to pore filling with ions
and precipitants, liquid push out of the material capillaries,
cement stone loosening due to the subsequent formation of
material voids, resulting change of the material compression
strength etc. One can plausibly account for these effects by
using the model of ion transport (1)-(4) and relations (5) and

(6).

The basic numerical results are found for a prismatic
specimen, kept in 3% water solution of sodium sulfate. The
content of the sulfate ions in the solution is 20.282 kg/m?. The
solution sulfate concentration is assumed to remain constant in
time. We consider at first ion transport in a cement stone bulk
without and with an arbitrary inclusion. The calculated isolines
of sulfate concentration are given in Fig. 8 and Fig. 9.
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Figure 8. Isolines of sulfate concentration in a cement stone
specimen without an inclusion

The comparison of both figures shows that the isolines
deform due to the presence of an inclusion. Hence, some
effects resulting from the sulfate attack can be established
near the inclusion surface, where isolines compact as seen in
Fig. 9.

0.4

] N

0] 0.1 0.2 0.3 04 0.5 0.6 0.7
X[107* m]

Figure 9. Isolines of sulfate concentration in a cement stone
specimen with an inclusion.

Next, to illustrate the capabilities of the 3D model and those
of the numerical algorithm, it is assumed that two cylindrical
bodies (inert filler or reinforcement) are located in 1/8" of the
specimen volume — Fig. 10.

0.75

x[102m]

Figure 10. Schematic representation of the inclusion sub-area
in 1/8" of the specimen volume

The calculations are performed for 3 and 6 months of
specimen immersion in the solution,. Fig. 11.a and Fig. 11.b
show the isosurface corresponding to ion concentration within
the specimen C..nst = 5 [kg/m®]. The effect of the sub-
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Figure 11.a. Isosurfaces for concentration Coums = 5 [kg/m?]
after 3 months of specimen immersion

area of inert filler on the shape of the isosurface is clearly
visible.
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Figure 11.b. Isosurfaces for concentration Coumst = 5 [kg/m?]
after 6 months of specimen immersion

CONCLUSIONS

The presented study outlines a mathematical model of ion
transfer which comprises simultaneous effects, such as pore
filing and liquid push out of the capillaries. It enables one to
study processes of transfer of sulfate ions in cement stone,
giving adequate explanation of some experimental data and
allowing for a better account of the real conditions of mass
transfer. The numerical algorithm developed is effective to
solve different practical problems and to investigate real
processes, which take place in structures or structural
elements. The calculation results are in satisfactory agreement
with the experimental evidence.
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