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ABSTRACT

The paper presents assessment of the chemicataresisof five concretes containing
different binders, including common normal and hegirly strength cements CEM | + CEM
IV and mix of Portland cement and siliceous fly ,asteated with hydrochloric acid.
Concrete compositions fulfilled conformity with stiard EN 206-1 for the most stringent
chemical exposition class XA3. Due to the lackh® tommonly used standard procedures
for testing concrete exposed to environment of iy tests were performed following the
own procedure assuming treatment of different domaaind with different concentrations of
HCI. Assessment of concrete ability to resist themsical attack was based on its change of
mass, compressive and tensile strength. Specimemssed to acid aggression showed
significant mass loss and mechanical propertiesedse. It was statistically confirmed that
aggressive environment parameters have a signifeffect on the chemical resistance of
tested concretes.

Keywords. Acid resistance, chemical resistance, chemictclat acid resistance test
method

INTRODUCTION

Concrete chemical resistance, considered as a meafits durability, is increasingly being
raised as an important issue [1,9,10,11,12].Thst leacognized is the issue of cement
concrete resistance to acids. This is mainly du¢heo fact that the cement concrete is
traditionally considered as not resistant to aeidd unsuitable for use in such a conditions.
The development of cement and concrete technolegysed, however, that it becomes
possible to obtain a certain level of cement caearesistance to acids. The basic obstacle to
a clear determination of this level is the lackstdndards for testing methods and relevant
criteria for assessing the ability of concrete agsist the destructive effects of acids. This
creates the need to formulate individual testingcpdures, which are sometimes published
in literature [1,12]. Such procedures are not abvsyitable for wider use due to the fact that
they have been developed for specific intendedfisencrete.

The ability of concrete to resist chemically aggres environments (including acidic
environments) can be improved by impregnation astqmting concrete surfaces with
insulating layers [2,4,3]. But even though applies rule of concrete double protection,
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including — except applying layers that reduce @npletely cut off aggressive agents from
concrete surface — also concrete material-struguedection, consisting of proper concrete
design and realization, providing the highest guesiesistance to corrosion [3]. Therefore,
determining the resistance of concrete to acticexcafs, appears to be necessary.

The paper presents assessment of the resistaniegdtochloric acid of five concretes,
containing common normal and high early strengthesgs of types CEM | + CEM IV and
mix of Portland cement and siliceous fly ash. Thmpositions of tested concretes fulfilled
conformity with standard EN 206-1 for the mostrgjant chemical exposition class XA3.
Due to the lack of the commonly used standard phaes for testing concrete exposed to
the environment of low pH, the tests were conduetecbrding to the procedure specially
developed for this purpose in DBME. The parametéichemically aggressive environment
were hydrochloric acid concentration and duratidnerposition concrete to acid. The
criteria of evaluation concrete ability to resibe tdestructive action of hydrochloric acid
were chosen as following: change of mass of coaa#er treatment with HCI, decrease in
compressive and flexural strength of concrete chalfyiloaded in comparison to properties
of unloaded one.

TEST METHODS - LITERATURE STUDY

There are no Polish nor European standards fangetite chemical resistance of cement
based concrete. American standards ASTM providéedaconcrete tests depending on
exposure conditions and mechanisms of destructfoooncrete structures (Table 1) [8].
However there is a lack of clear criteria for tivalaation of results obtained in these tests.

Table 1. ASTM test methods used for the assessmeritconcrete destruction
(based on [8])
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Requirements for chemical resistance of monoliiioars are formulated in ASTM C722-04
and EN 1504-2 but as they involve requirements doating materials, they cannot be
directly applied as a general requirements for cetec

Concrete and concrete-like composites resistancecids tests were conducted also
according to individual procedures that differedi.sm aggressive agents types, size and
shape of the specimens. Diagnostic criteria induldss of mass and volume, decrease of
mechanical strength [11,5], state of structure watald visually, including microscope
observation, change in the pH of the aggressivatisal [10,5], depth of corrosion [10]. In
most cases these methods did not include clearieriior the evaluation of obtained results
— the values were used for comparison purpose. |Deing of evaluation criteria of acid
resistance would require multi-staged experimeptagram carried out in order to establish
the influence of the type and concentration ofvitdial acids, the duration of exposition to
acid, acid temperature and other factors on theeptis of concrete characterized by
different qualitative and quantitative compositiomkis paper presents the results which are
part of a preliminary study of larger research paog aimed at developing a research
method and a set of clear criteria for assessiteg dbncrete ability to resist the acid
corrosion.

EXPERIMENTAL PROGRAM

This study investigated the ability of various ocamtes to resist the destructive action of
hydrochloric acid, thus acid resistance. Five typésnineral binders were applied into
concretes: four pure cements (CEM | + CEM 1V) afesgth class 32.5 and the mix of
Portland cement (CEM | 32.5 R) and siliceous fl{1 #6A) in equal proportions. For all
materials the basic morphology (particle size itistion, specific surface area and density in
the Le Chatelier flask) was determined. Silicedysabh was used as it is one of the most
common additives applied to concrete that improveperties of concrete mix (e.g.
workability) as well as properties of hardened cetw; i.a. tightness, freezing resistance [7].
Tests of high volume fly ash concrete (HVFAC) wereceeded also due to the fact that
during setting of such composite proceeds the i@adbetween fly ash and calcium
hydroxide, the result of which is a reduction of(GH),, i.e. compound which later reacts
with the hydrochloric acid [7].

Concretes were exposed to aqueous hydrochloric sadidion of concentration 7.5%. In
case of concrete containing only the Portland cém@mous acid concentrations (2.5%, 5%
and 7.5%) as well as different duration of expositivas applied. After chemical loading
and proper preparation of specimens (washing, dyyéthange of mass was determined and
mechanical tests (compressive and flexural stréngthe carried out. A detailed description
of the applied test procedure was included in &ter Ipart of the paper.

MATERIALS AND COMPOSITIONS OF TESTED COMPOSITES

Cements.Cements applied into concretes (all of nominagrsjth of 32.5 MPa) were as
following: high early strength Portland cement CEBR.5 R, high early strength Portland-
composite cement containing siliceous fly ash ame Istone CEM I1I/B-M (V-LL) 32.5 R,
normal early strength blast furnace cement of Igurétion heat, high resistance against
sulphates and limited alkali content CEM III/A 32BLH/HSR/NA and high early strength
pozzolanic cement containing siliceous fly ash CBNB (V) 32.5 R. The cement density
(Table 2) was tested according to Polish standaddBR®6714-02. The granulation,



presented in the form of granulometric curve (Aiy.and surface specific area (Table 2)
were tested using the laser granulometer Horib&®L30

Fly ash.The fly ash (characteristic: Table 2, Fig. 1) &plinto one of the tested concretes
was a siliceous fly ash, fulfilling the expectatiohclass V according to the standard EN-
450-1 and class F according to standard ASTM CQBEB-

Table 2. Density (determined in Le Chatelier flaskand surface specific area of
cements and siliceous fly ash (FA) applied into tesd concretes

No Binder tvpe Density Surface specifig
yp Average [kg/mi] CV [%] area [crilcm’]

1 |CEMI325R 3102 0,14 18174

2 | CEMII/B-M (V-LL) 32.5 R 2760 0,41 11229

3 | CEMIII/A 32.5 N LH/HSR/NA 2910 0,27 10707

4 | CEMIV/B (V) 32.5R 2503 0,08 9969

5 | FA 2027 0,55 10749
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Figure 1. Grain size distribution curves of cement¢CEM | + CEM IV) and
siliceous fly ash (FA) - relative and cumulative autent

Cements granulation was very similar (although ptaac cement contained less grains of
diameters 20 + 50 um), while fly ash contained mibweker grains (diameters up to 300
pum). Specific surface area of cements and fly astevgomparable. The exception was the
Portland cement which was characterized by almdgsetas large specific surface area.

Aggregate. The concretes aggregate was described by a cooSnaggregate grading
curve. The fine aggregate consisted of standard &cording to European standard EN



196-1) and natural river gravel of fraction 2/4 mwhile the coarse aggregate was natural
river gravel of fraction 4/8 mm. The aggregatesenvapplied (by mass): in the proportion
Ao Ags i Ayg =5 : 1 : 4, fulfilling the requirements of Germatandard DIN 1045 for
aggregate mix of grading O + 8 mm.

Admixture. Each concrete mix was modified by the plasticizadmixture (of various
contents — see Table 3) to obtain the consistelasg at level S-1 (according to slump test).

Compositions of tested concretes are presentdrbifdble 3.

Table 3. Compositions of tested concretes (waterfger ratio 0.35)

Binder (B) Aggregate (A) ,
No [ CEM | CEM | CEM | CEM | Fly ash Vz’\f\‘/t)er 02 | 2/4 | 4/8 AfLT:éX'
I Il 11 v (FA) mm | mm | mm
1| 390 | - - - - 9.70
2 | - | 30| - - - 7.57
3| - - | 390 - ~ | 137 | 977| 195| 782 0.34
4| - - -~ | 390 - 9.95
5 | 195 | - - - 195 6.36

TEST METHODS

Concretes acid resistance was tested accordingetonethod developed in DMBE. The

procedure was as follows: concrete specimens viitierssions 40x40x160 mm were cured

in water for 28 days, then dried at room tempeea{@0 + 5)°C to state of constant mass,
(when the bulk density of concrete can be deterdjinia the next step the specimens were
placed in oven at temperature of (60 + 5)°C, diiedthe state of constant mass and
immersed for 1 h, 6 h, 24 h and/or 48 h in didlillgater and in aggressive solutions at
temperature of (20 £ 2)°C. In the study as the cbally aggressive agents the water
solutions of hydrochloric acid of concentration®%, 5% and 7.5% were used. After

immersing, the specimens were washed with distieder, then placed in the oven and
conditioned at a constant temperature of (60 £ 5p¥C72 h and weighed. The result of the

test was the percentage of weight loss. In the s&de, testing of concretes compressive
strength and flexural strength was performed ta@i§pe¢he change in the strength (in MPa

and %) compared to strength of control specimertsioaxded by chemical attack. The

mechanical properties — compressive strength axdifhl strength were tested according to
methods formulated in European standards (EN 126685), in three point bending test and
later in compressive strength test.

RESULTS AND DISCUSSION

The results of measurements of tested concretes anapresented on Fig. 2a and on Fig. 3,
while the results of mechanical tests are presewellig. 2b (flexural strength) and Fig. 2c
(compressive strength). Each time the propertiespetimens exposed to chemical attack
were compared to the properties of control specengstored in the laboratory conditions).

Loss of mass of concretes with various binderschafter 48 h-long exposure specimens to
hydrochloric acid of concentration 7.5% adoptecugalin the range 6.2 + 7.7%. The most
sensitive to the HCI effect was concrete with blashace cement CEM III/A 32.5 N

LH/HSR/NA. This cement meant to be highly resistagainst sulphates and of limited



alkali content, moreover it contained only 35 + 6d#4ortland clinker (while the content of
blast furnace was 55%), which qualifies this binder as more resistaracidic aggression.

It is also recommended for acid resistant applicetin Polish national appendix to standard
PN-EN 206-1. However this was also cement of lowdrhfion heat. Taking into
consideration that the speed of heat generatiomgltine setting and hardening translates
into a speed of increasing strength, it can berasduhat the tested concrete with cement
CEM III/A 32.5 N LH/HSR/NA had not obtained its fihproperties after the 28 days of
curing and that the microstructure of concrete natstight enough to resist the penetrative
action of acid. Similar conclusions can be formedatwhen referring to concrete with
Portland-composite cement containing fly ash antditone CEM II/B-M (V-LL) 32.5 R.
The development of compressive strength of thisgamicular cements in time longer than
28 days was demonstrated by Giergiczny [6] — hewsdothat CEM III/A 32.5 N
LH/HSR/NA after 90 days obtained 20% higher comgires strength than after 28 days,
while cement CEM 1I/B-M (V-LL) 32.5 R after 90 daysbtained even 25% higher
compressive strength than after 28 days. That leatise conclusion that next tests of acid
resistance of concretes with cements CEM Il or ClHMhould be performed after at least
90 days of curing. Such prolonged hardening timeld@nsure the full use of pozzolanic
activity of mineral additives for densifying contgamatrix microstructure. Other important
factor, that negatively influenced the intensity ofass loss of concrete with cement CEM
II/B-M (V-LL) 32.5 R was the content of limestornthat reacted with acid producing easily
soluble compounds which were later leached fromcihrecrete. Slightly less sensitive to
HCI aggression was concrete with pozzolanic cercentaining siliceous fly ash CEM IV/B
(V) 32.5 R (mass loss of 6.9%). Concretes with |IRBod cement CEM | 32.5 R and mix of
Portland cement with fly ash were characterizedtlny lowest mass loss (6.2%). The
positive effect of fly ash on tightness of concrbyedensifying its structure is well known
[7]. Moreover, as mentioned above, fly ash readith walcium hydroxide, reducing its
content. Lower content of Ca(OH{the main potential reagent in acid corrosion tieas)
results in reduced content of compounds that méght leach from concrete.

Based on the results of mechanical tests one eam different conclusions. When referring
to flexural strength (Fig. 2b) it should be highligd that after 48 h-long exposure specimens
to 7.5% hydrochloric all concretes characterizedlbyost the same flexural strength (6.03 +
6.77 MPa), while concretes not treated with HClrahterised with different values. The
highest flexural strength (11.46 MPa) and consetijidhe highest difference between
strength of chemically loaded and unloaded specm@i.0%) were noted in case of
concrete with blast furnace cement CEM III/A 32.5LN/HSR/NA. Lower changes were
obtained in case of concretes with Portland-contpastment CEM 1I/B-M (V-LL) 32.5 R
(39.3%), pozzolanic cement CEM IV/B (V) 32.5 R (B%) and Portland cement CEM |
32.5 R (35.7%). The lightest effect of HCI actiam @bncrete flexural strength was noted in
case of concrete with Portland cement and fly aslecrease was lower than 25%. When
referring to compressive strength (Fig. 2c) we canfirm the finding about the highest
strength of concrete with cement CEM III/A 32.5 NM/HSR/NA — 72.53 MPa and the
lowest strength of concrete with Portland cemeit fynash — 52.23 MPa (other concretes
characterized by similar strength: 68.02 +~ 70.70aMMPowever the negative effect of HCI
action on compressive strength was different thamas in case of flexural strength. The
highest influence was noted in case of concrete eément CEM II/B-M (V-LL) 32.5 R
(decrease of 67.2%), similar effect was noted seaaf applying pure Portland cement, mix
of Portland cement and siliceous fly ash and p@aolcement containing siliceous fly ash
(an average decrease of 54,63%). The lightesttesfddCl action on concrete compressive
strength was noted in case of concrete with blastate cement CEM III/A 32.5 N
LH/HSR/NA — decrease was lower than 50%.
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Figure 2. Properties of concretes with various bindrs (cements CEM | + CEM
IV and fly ash FA): a) mass of specimens before @nand after (m) 48 h long
treatment with 7.5% HCI, b) flexural strength, c) compressive strength of
specimens unloaded ¢, f.o) and loaded (f;, f;) with the chemical attack of
7.5% HCl acid fort =48 h



The second stage of research concerned the infiueydrochloric acid concentration and
duration of exposition specimens to acid actioritrencharacter of corrosion process and the
intensification of concrete destruction expressgdcbncrete mass loss. The tests were
performed on specimens of concrete with Portlamdecg CEM | 32.5 R (composition No 1
according to Table 3). The concentration of appéetls were: 2.5%, 5.0% and 7.5%. The
duration of concrete exposition to acidic environtnerere: 1 h, 6 h, 24 h and 48 h. The
results were compared to strength of control speegnnot loaded by chemical attack.
The results (Fig. 3) confirmed that increase of He&incentration is followed by
intensification of concrete destruction process.rédwer this tendency was observed
regardless of the time of immersion the specimaracid solutions. It must be highlighted
that the deterioration was the most intense dutiegfirst 6 hours of the test, then the
destructive process slowed down. Relation betwéenvialue of acid concentration and
concrete mass loss (Fig. 3) was described by sqgfiaretions providing very good
correlation between experimental data and modetrdlagion coefficient R> 0.985,
determination coefficient R> 0.970). Though, high correlation and determination
coefficients are obtained also when using lineadeim

Analysing the research results authors came toctoimelusion that when testing concrete
resistance to hydrochloric acid, test must be pevd using solutions of higher
concentrations than 2.5%. Acid concentration o#2<eemed to be too low, as similar mass
loss was noted in case of different duration ofomigon concrete specimens to such acid.
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Figure 3. Mass loss [%] of concrete with CEM | 32.3R (No 1) after immersing
specimens for 1 h, 6 h, 24 h and 48 h in HCI acid warious concentration

Except determining the relation between the valuactd concentration and concrete mass
loss, additional tests of compressive strength vperéormed. It was observed that despite
the acid concentration the compressive strengthedsed with prolongation of exposure



time. However the results obtained after treatnoentcrete with acid of 2.5% concentration
indicated that such environment is not aggressinigh for proper testing of hydrochloric
acid resistance confirming the conclusion formuladéter analyzing the concrete mass loss.
Moreover, significant differences in strength losere noted after 48 h of immersing
specimens in hydrochloric acids — after treatingocetes with various acids for shorter time
the differences were not very clear.

CONCLUSIONS

The obtained results enable to specify the conditivecessary for advanced evaluation of
concrete ability to resist destructive influence bfdrochloric acid. The shortest
recommended time of exposure cement concrete tmblgkbric acid should be at least 48
hours, while hydrochloric acid concentration shaubd be lower than 5%.

Taking into consideration results obtained for cetes of the same quantitative composition
but different mineral binders it was not possibte dearly indicate the composition of
concrete that characterized with the best abitityesist the acidic environment. Depending
on analyzed property the most resistant were differconcretes. Concrete containing
siliceous fly ash as the half substitute of Podlaement CEM | 32.5 R characterized with
the lowest sensitivity of flexural strength to dastive activity of HCIl. Concrete with blast
furnace cement CEM III/A 32.5 N LH/HSR/NA charadzed with the lowest sensitivity of
compressive strength (though the highest sengitioft flexural strength) to destructive
activity of HCI. The strongest negative impact oflHacid activity was noted in case of
Portland-composite cement CEM II/B-M (V-LL) 32.5 R.is expected that concretes with
cements CEM Il or CEM Il would be more acid reaigtafter longer curing which would
ensure the full use of pozzolanic activity of miadeadditives and densified microstructure
which will be further tested by authors.
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