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ABSTRACT

Corrosion behavior of reinforced steel embedded in cement pastes has
been studied with utilization of Rice Husk Ash and PG as mineral
admixtures.These admixtures provides several advantagesfor cement such
asimproved strength, durability and reduced materials cost due to cement
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saving and environmental benefits related to the disposal of waste materi-
als and to reduced carbon dioxide emissions. The results indicated that,
steel passivity degreein aggressive mediaislow in OPC than its passivity
when OPC mixed with variable proportion of RHA and phosphogypsum.
Also, corrosion inhibition of reinforcing steel increased with increasing
RHA and PG percentage until 20% RHA and 10% for PG indifferent aggres-

sive media such as sulphate and chloride.
© 2008 Trade Science Inc. - INDIA

INTRODUCTION

Corrosion of reinforced steel isone of themain
causes of degradation of reinforced concrete structures.
Thehigh coast of maintenance required preserving the
structura integrity. During thelast few years, some a-
tention has been given to the use of thewaste by-prod-
uct, micrsilicaasapossible partia replacement for Or-
dinary Portland Cement. Microsilicawithitshighsilica
content and ultrafine particleshasalarge potentia for
usein concrete asmineral admixtureto improvethe
mechanicd propertiesof concrete, aswell asitschemi-
cal resistance, aso it has been shown to providethe
highest level of protectionfor reinforced steel against

corrosiont.,

Rice Husk Ashisoneof the promising pazzolanic
material sthat can be blended with Ordinary Portland
Cement for the production of durable concrete, higher
packing can be expected |leading toimproved behavior
of blended system and at the sametimeitisavalue
added product@.

Addition of RHA to OPC not only improvesthe
early strength of concrete, but dsoformsacaciumgli-
cate hydrate gel around the cement particleswhichis
highly dense and | ess porous. Thismay increasethe
strength of concrete against cracking. Sofar asystem-
atic and detailed investigation on the corrosion perfor-
mance of rice husk ash blended concrete is very
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scarceld,

RHA hasahighly microporousstructurethat isre-
spong blefor itsvery high surfaceareawhich dlowsits
pazzolanic activity to compete with that of themuch
finer silicafume. From thisground RHA isfiner than
cement and should be expected to play only a
pazzolanicrolebut also amicro-filler effect to enhance
the particle packing density of concrete.

When usewith fresh concrete mixturespazzolanic
additionsasRHA havetheability to reduce bleeding
and segregation and thus cause s gnificant improvement
inworkability and durability characteristics®.

The possihility of recycling phosphogypsum for
building material manufactureespecidly for Ordinary
Portland Cement manufacture was considered such
gypsum has been used during grinding of the clinker.
Thereisan optimum gypsum content whichimpactsthe
cement maximum strength and minimum shrinkagewith-
out excessiveexpansion®,

Thepotentia of usingaby product dag, produced
by sulfur- recovery processfrom PG, asan aggregate
in Ordinary Portland Cement concreteisstudied. The
phase composition and microstructure of two different
samples of produced slag were studied. The study
showed that although both dlag have different micro-
structure, mineral ogically both are suitable asaggre-
gatein concrete aslong astheamount of sulfateisnot
high<4.57.

PG isanimportant industrial by product derived
from phosphoric acid and phosphate fertilizer manu-
facturesby dehydrate process. It isseparated fromthe
medium of dissolved phosphate orein sulphuric acid
by filtration. It can cause seriousenvironmental prob-
lemswhenitisdumped in seaor impounded onland.
Phosphogypsum (PG) isasolid by product of themanu-
facture of phosphoric acid by thewet process. Itsma-
jor constituent is hydrated calcium sulphate
(Cas0,.2H.0) with someimpuritiessuchasP,0,, F,
MgO, Fe,0,, and about 141x10°% rare earth ele-
ments derived from the used raw materialsor during
manufacture. It have been prepared using different per-
centages ranging from 5-10 wt pct. for adhesion
strength®.,

Themain sourceof reinforcement corrosionisiden-
tified asthe presence of aggressiveionssuch aschlo-
rides or sulfates. Concentrations of soluble sulfates

e, U] Poper

greater than 0.1 percent in soil may have adeleterious
effect on concrete, and morethan 0.5 percent soluble
sulfatein soil may have aseriouseffect. Most soilscon-
tain some sulfatein theform of gypsum (typicaly 0.01
t00.05 percent expressed as SO,), thisamount isharm-
lessto concrete. Higher concentrations of sulfatein
ground waters are generally due to the presence of
magnesumandakdi sulfates Whilethechloridesmainly
originatefrom externa sources, destroy the protective
oxidefilm, which developsonthesteel surface, andin
the presence of oxygen and moistureallow corrosion
to occur. Inthiswork the effect of two minera admix-
turesas PG and RHA in various percentage of them
when mixingwith Portland cement onthe phys cochemi-
cal propertiesof cement past isstudied. Also thecor-
ros on protection efficiency occur in each case of these
admixtures, when reinforced sted embedded inaggres-
sivemediasuch as5%NaCl, 5%6MgS0,, 5%Na,SO,
have been eval uated by using potentiostatic polariza-
tiontechnique.

EXPERIMENTAL

Materialsand preparation

The concrete was prepared containing Port-
land cement whichitschemica composition contents
aresummarizedin TABLE 1, whileother main matei-
alswere detail astwo seriesin TABLE 2. Themain
materiasof thisstudy phosphogypsum was obtained
kindly fromAbu- Zagbd fertilizersCo., cairo, Egypt as
filter cake, it prepared after directly dried in the sun
then burnfor two hoursin mufflefurnaceat 850°C then
sieved through 90um sieve. WhileRHA was burnt at

TABLE 1: Chemical compostion of sartingmaterial aswt%

Composition
% of

Blaine
L.O.l Cmlg
OPC 2150 518 2.3 63.311.84 277 0.6 3659
PG 3.25 0.13 0.23 35.090.05 45.5210.00

TABLE 2: Proportion of main material mixed with concrete
intwo seriesaccor ding variousproportionsof RHA and PG

S|02 A|203F8203 CaO MgO SO,

Series 10PC % PG % RHA% Series20PC% PG % RHA%

Blank 100 0 0 Blank 100 0 0
I o 5 0 | 9% 0 5
N 9 5 5
m & 5 10 1 %0 5 5
V 8 5 15 1l 8 10 5
Vi 73 5 2
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TABLE 3: Chemical analysisand mechanical properties

Mechanical properties
Yield stress Ultmiate Elongation
MPa  stress MPa %
388 493 23

Chemical analysis%
c S P Mn
0.120.0220.063 0.43

potential ()

Current (mA/Cma)
Figurel: Effect of cement paste contain 5% PG and dif-
ferent % of RHA on corrosion of reinfor ced steel in 5%

MgSO,
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Figure?2: Effect of Cement pastecontain 5% PG and dif-
ferent % of RHA on corrosion of reinfor ced steel in 5%

Na, SO,
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750°C dsofor 1 hour then Seved to 90%. After mixing
each of themwith concretein thelimited ratio would
embedded sampleof rod steel rebar in cube of cement
mixture. Thisrodiscylindrica specmensof 5Cmheght,
1 Cmdiameter wascast in concrete, itschemicd andyss
and mechanical propertiesaretabulated in TABLE 3,
after molding specimenwere cured for 28 daysat room
temperature

After curing specimenswereimmersed intest solu-
tions 5%NaCl, 5%MgS0O,, 5%Na, SO, which pre-
pared with bi-distilled water.
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Figure3: Effect of Cement paste contain 5% PG and dif-

ferent % of RHA on corrosion of reinfor ced steel in 5%
NaCl
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Figure4: Effect of Cement paste contain 5% RHA and

different % of PG on corrosion of reinfor ced steel in 5%

MgSO,

M easurement technique

In potentiostati ¢ pol arization method were exam-
ined by performing potentia scanrangingfrom-1000mV
vs SCE to 1000mV with scan ratewas 1.34 mV/sec
with usingthed ectronic potentiostate moddl Amel 553
whereworking electrodeis steel reinforced bar em-
bedded in concrete against areferencee ectrodewhich
issaturated calomel electrode (SCE) and platinum as
counter electrode. The potential — current plotsgive
potentia inV against currentinmA/cm?. Thistechnique
ismuch morereflectiveof thecorroson behavior of the
ded.

RESULTS

Thefigures(1-3) show the corrosion behavior of
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Figure5: Effect of Cement paste contain 5% RHA and
different % of PG on corrosion of reinfor ced steel in 5%
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Figure6: Effect of Cement paste contain 5% RHA and

different % of PG on corrosion of reinfor ced steel in 5%

NaCl
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reinforcing steel in presence of various percentage of
RHA from 0% to 20% mixed with concrete and the
constant ratio 5% of PGindl casesof series(1). It can
be seen that increasing content of RHA in cement pastes
generally increasesthe ability of reinforced stedl to be
more passive against aggressiveionsthan in case of
blank without any additives. Also, theresultsshow that
themorecorrosioninhibitionin caseof 5%MgSO, than
5%Na,SO,.

Whilefigures(4-6) show the corros on behavior of
reinforcing stedl in presence variousproportionsof PG
from 0% to 10% mixed with concreteand the constant
ratio 5% of RHA in all cases of series (2). It can be
seen that, as in series 1 increasing percentage of
phosphogypsum giving more passive corrasi on behav-
ior againgt aggressivemediagenerdly than blank with-
out any additives. And aso more passive corrosion
behavior in caseof 5%MgSO, resulted than 5%Na,SO,

s, FUN] Po)per

TABLE 4: Corrosion parameter for rebar in concrete mixed
withRHAInMgSO,inseries1

E(I=0) lpass Epass Icorr Ecorr CR
Blank -630 22 460 164 380 190.24
0%RHA 240 338 120 134 360 15544
5%RHA -590 1.3 -460 112 60 129.92
10%RHA -500 17 -380 6.4 -80 7424
15%RHA  -690 2 420 55 -180 638
2000RHA 590 093 -380 23 -220 26.68

TABLES5: Corroson parameter for rebar in concrete mixed
withRHA InNa,SO, in series1

E(I=0) lIpass Epass Icorr Ecorr CR
Blank -530 83 -360 548 420 63568
0%RHA  -590 6.5 -280 158 140 18328
5%RHA  -530 6.9 -360 402 280 466.32
10%RHA -590 39 -440 636 160 737.72
15%RHA 610 292 -420 218 140 25288
20%RHA 570 49 420 49.7 160 576.52

TABLE 6: Corrosion parameter for rebar in concr etemixed
with RHA inNaCl in series1

E(I=0) lIpass Epass Icorr Ecorr CR
Blank -990 23 -260 50.8 320 589.28
0%RHA -610 129 -220 421 340 488.36
5%RHA  -630 11 240 379 220 439.64
10%RHA  -570 9 -360 257 120 298.12
15%RHA -670 8 -280 276 60 320.16
20%RHA  -610 28 -100 36 -80 41.76

TABLE 7: Corrosion parameter for rebar in concretemixed
withRHAInMgSO, in series2

E(I=0) lIpass Epass Icorr Ecor CR
Blank  -630 2.2 -460 164 380 190.24
0%PG  -650 3.8 -500 288 140 334.08
5%PG  -590 13 460 129 120 149.64
10%PG -230 0.0038 -60 0006 80 0.696

TABLE 8: Corrosion parameter for rebar in concr etemixed
withRHAINnNa,SO, in series2

E(I=0) Ipass Epass Icorr Ecorr CR
Blank -530 83 -360 548 420 63568
0%PG -550 97 -380 224 300 259.84
5%PG -530 6.9 -360 347 160 40252
10%PG 490 046 -360 098 -120 11.368

TABLE 9: Corrosion parameter for rebar in concrete mixed
with RHA in NaCl in series2

E(1=0) Ipass Epass Icorr Ecor CR
Blank  -990 23 -260 508 320 589.28
0%PG -520 321 -340 258 340 299.28
5%PG -630 359 -420 379 220 439.64
10%PG  -430 0026 -340 025 140 2.9
inal percentages.

The parameters obtained are shown intablesfrom
(4-9). Including corrosion current (I ), (I paS) which
decreased with increasing % of RHA asseries(1) and
increasing % of PG as series (2) than blank in both
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aggressive mediasulphate and chloride, dso (E_ )
whichisabetter indicator of corrosive behavior than
the time of exposure. Whileit istrue that for many
samples, thelonger the exposuretime, the greater the
probability of corraos on-product buildup, thecorrosive
behavior of individuad samplessdected onthebasisof
exposuretime may give misleading resultsinsofar as
themechanism by which sted goesfromthe passveto
activestateisconcerned. Thereforethevauesof (E_, )
show decreaseswith increasing % of RHA asseries
(1) andincreasing % of PG asseries(2) thanblank in
both aggressive mediasulphate and chloridethisindi-
caionfor theimportance of gudy additiveswhenmixed
with cement paste. Generdly intwo seriesthe current
of passvity wasdecreased withincreesngratio of min-
eral admixturesin two series and potential also de-
creased. Thisindicationto the degree of passivation of
reinforcing steel depends on percentage of additivesof
rice husk ash or phosphogypsum. It can be calculate
from the corrosion current in the curvesthe corrosion
rate per year asconsuming in environment as (um/yr.).
and show in TABLES (4-9) for two admi xtures.

From thefollowing equation!®:

Corrosionrate(um/yr.) =k (Ai_, /ND)

Where:D density of the metal (g/cm?®), K constant depending
onthe penetrationrate unitsdesired for (um/yr.) (K=3.27),Ais

atomic weight of the metal and N is number of electrons.
Andfrom(i_, ) corrosion current dengity in uA/Cn?

Forironor sted:

Corrosion rate(um/yr.)=11.6i

corr

DISCUSSION

When the control sampleimmersed in test solu-
tions, chlorideor sulphateions penetrateinto the near
surfaceregionsby diffusonintheporesolution. Sulfate
attack causes serious structural problems, where Sul-
phateionsreact with crystalline Ca(OH), presentinthe
hydrated cement to yield crystalline gypsum
CaS0,.2H.0 for MgSO, asin Eq.(1), formation of
rel atively insolublemagnesium hydroxide. Intheabsence
of hydroxyl ionsin the solution thecal cium of hydrated
slicates(C-S-H) isnolonger stableandisd so attacked
by thesulfate solution. So themagnesium sulfateattack
ismore severe on concrete. Whilefor Na,SO, asin
Eq.(2). theformation of sodium hydroxideasaby prod-

uct of the reaction ensures the continuation of high
dkainity inthesystem, whichisessentia for thestabil-
ity of thecementitiousmaterial C-S-H.

Sulphateionsreact also with hydrated aluminates
to form ettringite C,A.3CS.H_, as Eq. (4), the pres-
enceof gypsum, ettringite can causeaprogressiveloss
of strength andloss of massduetolossof cohesiveness
inthe cement hydration productsand lead to expanson
deterioration and cracking of hardened Portland ce-
ment paste and eventually thetransformation of con-
creteinto amushy or non-cohesive mass.
MgSO,+Ca(OH) ,+2H,0 - CaSO,.2H,0 + Mg(OH) , (1)
Na,SO, +Ca(OH) ,+2H,0 - CaS0,.2H,0+2NaOH  (2)
3MgSO, +3Ca0 .2S0,.3H,0 +8H,0 3
3Cas0,.2H,0 +3Mg(OH) ,+2S0,H,0
C,A+3CSH,+26H—>C A.3CSH,, 4

(Ettringite)

Magnesium sul phate reacts with the Ca(OH), in
concrete and through the substitution of Mg for Ca,
secondary gypsuminflat prismsand brucite Mg(OH),
insuperimposed plateletsareformed. MgSO, aso dis-
placesthecacium of thehydratesslicates, CSH, trans-
forming it into ahydrated cal cium magnisum silicate,
CMSH, which hasno binding propertiesat the begin-
ning reaction. Moreover, the action of MgSO, onthe
aluminatesismanifested in theformation of ettringit-
elther nearly amorphous, or in athick fan-shaped mass
that limit the transport of water andiong™?.

In presenceof chlorideionsinteract with the hy-
drousoxidelayer to replace OH- ionsinsidethe oxide
film, destroying the protectivelayer which developson
the stedl surface and in presence of oxygen and mois-
tureallowscorrosion to occur. The corrosion stepsin-
volveboth chemical and electrochemica reactionsre-
sulting infurther dissolution of iron asindicated by the
increase of anodic current density inthe passiveregion
then Cl-ionsinteract with hydrous oxidelayer tore-
place OH" insidethe oxidefilm, Thereactionsmay be
writtenas.

Fe'?+20H — Fe(OH), (5)
Fe(OH),+3Cl-— FeCl,+20H +e (6)
FeCl,+30H — Fe(OH),+3CI" 7

It should be noted that dthough the consumption of
chlorideionsisbaanced by thereleaseof chlorideions,
theions presence promotesthe disruption of theoxide
layer through thelooping reaction process. The prod-
uct of FeCl, asoluble corrosion product formsand re-
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act with OH- to produce a very porous precipitate
Fe(OH), acceleratesthedisruption duetoitshigh solu-
bility, a so higher chloride concentrationresultsin faster
dissolution of the oxidelayer. Thediffusion of chloride
ionsin hardened concreteiswidely recognizeasbeing
of importanceinrelaiontothecorrosion of reinforcing
steel. When ever chlorideionsare present in concrete
their influenceon the passvity and anodi ¢ dissol ution of
embedded steel must depend on their mobility inthe
vicinity of themeta/concreteinterface, ionic mobility
beinglinkedto diffusivity!*¥.

Transportation of ions, both anions and cations
through cement based materialsisoneof theimportant
processesintheir durability. Thediffusivity of ionsin-
creaseswithincreasing porosity, the penetration of ions
depends on the permeability!*?.

Thepreviousresultsmay be explained onthe bases
that, ricehull isan agricultural by-product containing
about 20% of silica. It isaraw material to prepare
Ca,S O, related e ement whichisacomponent of com-
mercial Portland cement, consistency of OPC paste
blendedwith RHA increased withincreasein theamount
of RHA. Thismay be attributed to the higher specific
surfaceareaof RHA soitisnot only hasapazzolanic
role, but aso amicro-filler effect to enhancethe par-
ticle packing density of concrete compareto cement.
Addition of rice husk ash to Portland cement formsa
caciumsilicate hydrate (CSH) gel around the cement
particleswhichishighly denseand lessporous. This
mal increasethe strength of concreteagainst cracking
and decrease permeability of aggressiveionsthrough
it. Thedose of RHA was optimizing by measuring the
initid andfinal settingtimes.

Phosphogypsumisafinepowder withhighcdcium
sulfate content and when heated at €l evated tempera-
ture, produced an stableanhydriteand dueto theclose
proximity of P,O,and F content and theimpuritiesbe-
comeinert. And exist onthesurfaceof gypsum crystals
andintheintersticesof agglomerated crystlsasH,PO,
and (CaHPO,-2H,0) which gets converted into cal -
cium pyrophosphate(CaP,0,) whichiswater insoluble
and thusharmless™.

Thetotal porosity decreasesand the bulk density
increaseswith curing timewhen mixing PG with OPC
thismay bedueto theincrease of relative amounts of
the denser products asthe hydration proceeds. Also

e — rull P aper

total porosity decreases and the bulk density™. PG
act asafiller. It hasmore adhesion strength so, it ad-
hereto the surface of gypsum crystalsthat substitutein
thecrystal lattice of gypsum and it filling the porous
surfacewith fineparticlesasaresult it restrict the cor-
rosionratein aggressivemedia. Theinherent surface
passi vation dueto the use of complex gypsum causing
adenser microstructureandfindly alower porosity and
permeability the aggressiveions. However, chemical-
mineraogical investigationshave shown theat ettringite
or thaumasite as shown from the following Eq.(8)
formed by thereaction of carbonate, sulphate and sili-
catein combinationwith calcium and water.

CSH +gypsum + calcite+water —»

thaumasite+ portlandite 8)

Ontheother hand, it can beformed from ettringite.
After formation ettringite, Thea uminacontent will be
substituted by carbonateand silicateionsand the solid
solution. Summarizing, it can besaidthat thaumasiteis
acomplex reaction product of asulphate attack can
formed in small amounts without cause an evident
decreasein durability whiletheformation of ettringite
acceleratethedisruption of thegel layer formed onthe
surface of cement grainswith low porosity and a'so
permesability™,

So, Phosphogypsum givegood inhibition for rein-
forcing steel embedded in concrete against corrosion
when mixingwith OPCwithalimitingvaue.

To understand the mechanismsand the parameters
controlling thereactivity of tricalcium aluminateinthe
presence of gypsum and theroleof C A sourceandits
finenesswered sothat it reactsimmediately upon con-
tact with water and the hydration rate reachesamaxi-
mum after about 10 min. Then the hydration rate de-
creases probably because of alack of thewater at the
retarding surface dueto theformation of hexagona hy-
dro-aluminatescoating C,A grains, sothat water mol-
eculesmust reach thereacting surfaceeither by surface
migration or diffusion, alsoionsof aggressivemedid*.
Itiswell knownthat CA hydrationissubstantially re-
sponsiblefor theflash setting of Portland cement, in
presence of aggressiveionsas sulphatethe mechanism
of retardation of C.A hydrationisgenerally accepted
to be caused by theformation of ettringite crystal scoat-
ing theclinker grains. Where Guptaet al proposed that
very small and thin crystals of C AH,_form anearly
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imperious coating around CA grainswhich retards
water diffusion to the anhydrous surfaceand therefore
thehydrationrate. Whenthe presencegypsum, C AH,
is obtained which subsequently is transformed into
ettringite by releasing fresh Ca(OH), near thereacting
surfaces. Thiskeepstheimperviouscoating of C AH,
operative. Whentheettringitelayer issufficiently thick
C,AH, isconverted to monosulfate because mobility
of CaSO, islimited, and this processflakes off there-
tarding layer, because expansion caused by transfor-
mation of C,AH, into monosulfate. So that the move-
ment of ionsor dislocationson the crystal surfacesis
inhibted™.

Theresultsshow improvement for ssmpleswith gyp-
sum than with OPC only due to the smaller size of
ettringitecrystals, which they abletofit totheirregular
shapeof C A particlesbetter than thelarger crystalsof
ettringite formed in absence of gypsum. In case of
Na,SO, substitutes CaSO,.2H,O practically no retar-
dationisobserved duringtheinitia period of C,A hy-
dration. At thesametime, ettringiteisnot formedinthe
presenceNa,SO, asitisthe presence CaSO,.2H, 0.
So, fromtheresultsit will show that quality of concrete,
specifically alow permeability, isthebest protection
against sulfate or chloride attack. The sulphate effect
onthecorrosionof reinforcing steel canbearrangedin
adecreasing order asfollows: Na,SO,>MgSO, intwo
series it was found that Na,SO, more harmful than
MgSO, for corrosion of reinforcing steel.

CONCLUSIONS

Thiswork indicatestheimportant roleof RHA and
PG waste material swhen mixed with concreteismore
useful toincrease efficiency of rebar against corrosion
with timein different aggressive mediaas sulphateor
chloridewhich presencein most environment. Where
Ettringite crystals are formed by a through solution
mechanism but they are assumed prefentially toform
thesurface of C A becauseof thecataytic action of the
C,A surfaceonthenucleation of ettringite.
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