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ABSTRACT

It is well known that the concrete under acidiciemrvment is deteriorated due to a chemical
attack. For example, acid rain cause concrete wwtegly short service life due to the
damages for concrete cover.

For these background, the purpose of this study(Breo clarify the relation between
sulfuric acid mol fraction of mixed acids and maiscrease rate of hardened cement
deteriorated by mixed acids and (2) these relatemesarranged with physical chemistry
theories.

From the experimental results, in the case of gulfacid mol fraction of mixed acids are
larger than about 0.40, mass decrease rate dre sitne as deteriorated by sulfuric acid. On
the other hand, in the case of sulfuric acid mattion of this are smaller than about 0.40,
mass decrease rate increase liner and finally ndassease rate are at the same as
deteriorated by nitric acid or hydrochloric acid.
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1. INTRODUCTION

It is well known that the concrete under acidiciemvment is deteriorated due to a chemical
attack. For example, acid rain and acid river caumgrete structures unexpectedly short
service life due to the damages for concrete colkerefore, relevant researches on this
deterioration are done in many countries of thigsldv@)SCE, 2003, J. Monteny, 2001, Z.
Changa, 2001, I. Kurashige, 2002, W. Sand and EkB®P84, Beddoe Robin E, 2005.). In
one result on these researches, deterioration mischa are varied with kind of acid acting
to concrete.

In actual environment, condition of acid actingctimcrete is often mixed acid not only one
kind of acid. For example, focus on contained nialterof acid rain and acid river, it's
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contains sulfuric acid, nitric acid and hydrochtorcid. Moreover, molar fractions of
contained materials are different according toethn@ronment.

Researches which deteriorated of concrete withomactf acid range from fields that
chemical kinetics, diffusion of ions and product dfiemical reactions as previously
explained. In those result, deterioration factaes ¢hemical kinetics, diffusion of ions, and
product of chemical reactions) are influenced vedith other. Accordingly, it is difficult to
predict concrete deterioration with action of acHspecially, long-term deterioration
prediction is almost impossible as it stands nowe Tause of this problem is cannot
clarified each deterioration factor. For examplegroical reaction speed of hardened cement
and acid is reaction- controlled in the early dafyshemical reaction. But, chemical reaction
is advancing at some level, product with chemieglction deposited on surface layer of
hardened cement and chemical reaction speed issidiff- controlled under influence of this
product. Furthermore, chemical reaction is advaneuith further progression; product is
removed on surface layer of hardened cement. Thao isay, this means that chemical
reaction speed is reaction-controlled again. Mditazh to this problem, when acid acting to
concrete is different, diffusion coefficient thahs penetrate in product is different. Because,
when acid acting to concrete is different, prodsdifferent.

In this study, this problem, focused on conditidnfarmation of products (i.e. calcium
chloride, calcium nitrate and gypsum). More speally, this study focused on the
relationship of molar fraction of sulfuric acid apdoduct of chemical reaction. And the
objective of this study was (1) to clarify experimely the relation between molar fraction
of contained material at mixed acids and mass dsereate of hardened cement deteriorated
by mixed acids and (2) these relations are arramgidphysical chemistry theories.

2. MATERIALS AND EXPERIMENTAL PROGRAM

The objective of this study was to (1) to clarigperimentally the relation between molar
fraction of contained material at mixed acids arassdecrease rate of hardened cement
deteriorated by mixed acids and (2) these relatiwasarranged with physical chemistry
theories. To achieve this objective, “immersiort ted 20 minutes” carried out on hardened
cement paste and cement mortar by mixed acids vahighged molar fractions of contained
acids.

2.1 MATERIALS AND MIX PROPORTIONS. Ordinary Portland cement (density:

3.16 g/cm3, specific surface area by Blaine metl3@@0 cm?/g), Japanese normal siliceous
sand (density: 2.60 g/cm?3, water absorption: 2.6d8€ness modulus: 2.71) from Tsurusu,
Miyagi Prefecture, were used. Since, in generbtesius sand is difficult to be deteriorated
due to acid, the mineralogical influence of aggtegaaction was neglected in this study.
Actually, no reaction can be seen in this invesitga

Table 1 shows the mix proportions of cement paste @ortar used in this study. To
investigate the influence of the water-cement r@fiéC) and the volume of fine aggregate
(S/C) on the degradation process, the specimens pvepared at only W/C=55 % and two
S/C ratios (S/C=0.0 is cement paste and S/C=ZBrieent mortar). And in this study’s mix
proportion may easily cause material segregatiaadme of high W/C, alkyl aryl sulfonate
and alkyl ammonium salt based thickening agentchvie usually used in self-compacting
concrete, was used to prevent the material segoegat



Table 1. Mix Proportions

water-cement | oo cement unit content (kg/m)
ratio . .
name W/C rgtéo '?U} r water | cement | sand | thickening
% / h) W c S agent
b5P 65 0 5 607 1150 0 25
55M 55 2.5 5 290 550 1374 12

2.2 SPECIMEN PREPARATION. Mixing of cement paste and cement mortar was
carried out in accordance with ISO 679 (i.e. JIS281). Mixed cement paste and cement
mortar was placed in @50 x 100 mm cylinder mold form. Test pieces wegpthn a moist
room, then, they were deformed 24 hours after mgstifter the deformation, the test pieces
were cured under temperature controlled water &€ 20r up to 28 days. After curing, the
test pieces were cut and shaped @50 x 10 mm discoid shape using a diamond diskecutt
The cut test pieces were kept in tapped water & #fr five days to eliminate the water
absorption of test pieces caused by drying at éggnining of the immersion test.

2.3 METHOD OF IMMERSION TEST. A plastic container, which is not affected by
acid solutions, was used for immersion test. Esepieces were placed in the containers,
and filled with enough solution to immerse the esyre faces completely. The solutions
used were about 15 litters for each container thadatio of the test piece and solution were
prepared about 150 by volume. The ambient temperafithe immersion test was
determined at 20°C. The test duration was limiteti20 minutes and scrub surface of test
pieces for the immersion test period at the frEgyamce every 20 minutes, 40 minutes, 60
minutes and 120 minutes were adopted as the exg@osenditions. Details are shown in
Figure 1.
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Figure 1. Details of immersion test with scrub




2.4 TYPES OF SOLUTION. A sulfuric acid solution was used to simulate theaus
acidic environments while a hydrochloric acid f@tit acid and nitric acid — sulfuric acid
mixed with aqueous solution. In this study, solatgmntained hydrochloride acid and
sulfuric acid named by [CS] and solution containgdc acid and sulfuric acid named by
[NS]. And, this study’s position as the accelerdtsd, pH of solutions unified 0.30(i.e. [H+]
=0.50 mol/L).

2.5 MEASUREMENTS. Measurements of the mass decrease rate and ratiwas$
decrease rate of test pieces were carried outtaidmmersion test. a) and b) are detailed of
mass decrease rate (Eqg.1) and ratio and mass seceta (Eq.2).
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Here,R is mass decease ratl; is mass of test piece before it is deteriorat¥dis mass of

test piece after it is deteriorated. Additionalfymass decrease rate of sulfuric acid acting
hardened cement, it is writtdRyuric acia @nd mass decrease rate of CS1 acting to hardened
cement is expressed, it is writtBps:.

_ I:inixed acid

mixed acid —

r

(@)

I:\’sulfuric acid

Here, r is ratio of mass decrease rdgyed acia IS Mass decrease rate of test piece that
immersed in mixed acid [i.e. sulfuric acid, hydrtmefc acid, nitric acid, CS, NS]. Therefore,
if Riixed acidlS Rsuifuric acid M'mixed acidlS NAMed syituric acia @NAr suituric acia= 1.0.

3. HARDENED CEMENT DETERIORATED BY ONE ACID

3.1 EXPERIMENTAL RESULT. Figure 2 shows relationship between kind of acid an
mass decrease rate. At first, mass decrease radstqfiece that immersed in hydrochloric
acid or nitric acid is larger than mass decreateaftest piece that immersed in sulfuric
acid. Secondly, when same acid is used by immertiershorter scrub period is, the larger
mass decrease rate is. The reason of these pheadsriénd of product of chemical reaction
and amount of product.
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Figure 2. Relationship between kind of acid and masdecrease rate



3.2 THEORETICAL DISCUSSION. Here, sulfuric acid, hydrochloric acid or nitric
acid reacts with hardened cement, gypsum, calchloride or calcium nitrate is produced
respectively to showing Eq.3, Eq.4 and Eq.5.

Ca(OH), + H,S0O, = CaSQ- 2H,0 (3)
Ca(OH) + HCI = CaC} + 2H,0 (4)
Ca(OH), + HNO; = Ca(NQ), + 2H,0 (5)

When product of chemical reaction is calcium clderor calcium nitrate, these products are
fusibility. Therefore, speed of mass decreasegh because products don’t deposit on
surface layer of hardened cement. Conversely, ptaafichemical reaction is gypsum, this
is difficult solubility. Therefore, speed of masscdease is low because product deposit on
surface layer of hardened cement. This discusdignlability or not is explained by change
in Gibbs free energy. For example, Eq.6 is calamatesult of change in free energy of
fusibility of Eq.3’s product. And, Eq.7 and Eqg.8calculation result of change in Gibbs free
energy of fusibility of Eq.4’s product and fusiljliof Eq.5’s product respectively. And the
value of Gibbs free energy referred to chemicaldbaok [The Chemical Society of Japan,
2004.].

AG(CaSQ-2H,0) = {-553.6+ (-744.5)} - (-1321.86) = 24.7 kJ rifol (6)
AG(CaCh) = {-553.6+(-131.2)} - (-748.1) = -67.9 kJ bl 7(
AG(Ca(NQ),) = {-553.6+(-108.7)} - (-748.1) = -27.8 kJ nibl (8)

Here,AG is change in Gibbs free energy.

If change in Gibbs free energy is minus, its chenieactions advance automatically.
Conversely, change in Gibbs free energy is pleghiemical reactions cannot advance
automatically.

Figure 3 shows photograph of the surface of hardlerenent after deterioration by some
acid taken by the microscope. Actually, can be icon@&d calcium chloride and calcium
nitrate are dissolve and gypsum is not dissolvéhbyisual contact.

In the next place, discuss about scrub periodtrlits period is short, amount of product on
the surface layer of hardened cement is light. hiadhount of product on the surface layer
of hardened cement is light, the influence of diffun of acid into product becomes small. It
means that this phenomenon is nearly reaction-clbed; not diffusion-controlled. As a
result, when scrub period is short, speed of masedse is high.

Summarize the results, effect of fusibility and amiof product on hardened cement
deteriorate by one acid is very large and hardeeetknt deteriorate by one acid can be
predict by organizing this effect.



(3) test piece after it reacts with HGH) test piece after it reacts with HNO

Figure 3. Photograph of the surface of hardened ceent after deterioration

4. HARDENED CEMENT DETERIORATED BY MIXED ACID

4.1 EXPERIMENTAL RESULT. In actual environment, condition of acid acting to
hardened cement is often mixed acid. In this chiaptxed acid made to react to hardened
cement, and deterioration mechanism is organizeskpgrimentally. Figure 4 shows
relation betweeny,sosand ratio of mass decrease raje If can be observed that sulfuric
acid strongly influences deteriorates by mixed d@dh Figure 4. Therefore influence of
sulfuric acid is not influenced amount of produstsurface layer of hardened cement.
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4.2 THEORITICAL DISCUSSION. In this section, deterioration mechanism of
hardened cement chemically damaged by mixed agidganized by change of Gibbs free
energy and chemical kinetics. At first, CS or NSdm#o react to hardened cement, the
following chemical reactions shown by Eq.9-Eq.1Eqr12-Eq.14 are advanced
respectively based on change of Gibbs free energy.

i) In the case of CS made to react to hardened cente

Ca(OH), + H,SO, = CaSQ-2H,0 (9)
Ca(OH), + 2HCI = CaC} + 2H,0 (10)
CaCb + H,SO, + 2H,0= CaSQ-2H,0 + 2HCI (11)

i) In the case of NS made to react to hardened cemt
Ca(OH) + H,SO, = CasQ- 2H,0O (12)
Ca(OH) + HNG; = Ca(NQ), + 2H,0 (13)

Ca(NQy), + H,;SO, + 2H,0= CaSQ-2H,0 + 2HNG,
(14)

Thus, gypsum is produced by priority in each chanieaction. Therefore, sulfuric acid
strongly influences hardened cement deterioratagégtion with mixed acid.

In the next place, discuss about increase ofrcreases whexysosbecomes small less than
about 0.40 from Fig.5. This phenomenon is discubgechemical kinetics. The outline of
chemical kinetics is shown below. For example, B i& produced as A reacts with B shown
by Eq.15. This reaction velocity of produce AB ipressed by chemical kinetics, shown by
Eq.16 [Shigeo Shibata, 2004.].

aA +BB = )AB
(15)
O] o
ot 1% (16)

Here, [A] is an activity of A. [B] is an activityfd. [AB] is an activity of AB.ais a
chemical amount of AZis a chemical amount of Bis a chemical amount of C. kis a
kinetic constant.

And here, CS made to react to hardened cement basgliemical kinetics. If Eq.10-Eq.11
follow Eq.186, it is possible to express Eq.17-E¢oy&hemical kinetics.

olcact]_ lcaon),] <
ot (17)



d[casq, 2H,0]

ot = kCaSOQHZO[CaCIZ] XH2504 (18)

Here, [CaC]] is an activity of CaGl [Ca(OH})] is an activity of Ca(OH) [CaSQ-2H,0] is
an activity of CaSQ xHCl is a mole fraction of HCky,s04iS @ molar fraction of t80,.
kcacrzis a kinetic constant of Eq.1Ksas042120iS @ Kinetic constant of Eqg.18.

If reaction velocity of CaGlshown by Eq.17 is faster than reaction velocit€aSQ.2H,0
shown by Eq.18, a part of finished products beco@S}. As | have described previously,
CaCl is fusibility. So CaGleasily melts to solution and becomes calcium @ef ). It is
thought that rCS increases because of this reda$mmnefore, Eq.18 is subtracted from Eq.17,
and it is defined as amount of Cin finished products, shown by Eq.19.

a|ca”*
Ja?—] = kCac|2[C3(OH)2] Xhic = kCaSOMHzo[CaCE] XH2504 (19)

Here, Ca(OHyand Cad are solids. Therefore, in this study, activityQGs#(OH) and CaGl
[i.e. [Ca(OH}] and [CaC}] ] hypothecated 1.0.And Eq.10 and Eq.11 are nkzdtéon that
react promptly. Therefore, in this study, it wapbthecated kCagEqualkcasoazrzo If
these hypotheses are reflected in Eq.19, it bec&gexO.

o|ca**
J_J =k Xfic1 =K %2504 0j2

ot

And to show Eq.20 in the ratio, it divides by Eqi@@he case ofyc = 1.0. When this is
calculated, it becomes Eq.21.

alca*
= Xfc1 = X2s04 (21)

ot
Moreover, because the relation of Eq.22 is apprdeecholar fractions, Eq.23 is approved.

Xier + Xizsos = 10 (22)

Ses = XZH?504 = 3Xypsoa t1 (23)

Here, $sis ratio of dissolution speed of CaCl

Eq.23 shows ratio of dissolution speed of Galdlthe case of NS made to react to hardened
cement, the similar to case of CS is possible. &foeg, in the case of NS made to react to
hardened cement, dissolution speed of CajNéan be defined by Eq.24.

SNS = X2|-|zso4 - 3XHZSO4 +1 (24)

Here, Qs is ratio of dissolution speed of Ca(le



Then validity of this theory is calculated by usigq.23. Figure 5 shows relationship
between calculation value and experimental valubéncase of CS made to react to
hardened cement paste with scrub period is 20 ednétnd average of correlation
coefficient equal to 0.97 is obtained as a redutbafirming the correlation of calculation
value and experimental value.
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Figure 5. Relationship betweenScs [calculation value] and rcs [experimental
value] about CS — 55P - @20 min

5. CONCLUSIONS

In this study, objective of study was (1) to clamfxperimentally the relation between molar
fraction of contained material at mixed acids arassdecrease rate of hardened cement

deteriorated by mixed acids and (2) these relatimasarranged with physical chemistry
theories.

In the result, some of the following were clarified

1. In the case of 80, react to hardened cement, calcium sulfate is predwith the
chemical reaction. Here, calcium sulfate is diffi@olubility compound. Therefore
speed of mass decrease is low, because culciuatesdiéposit on the surface layer
of hardened cement.

2. In the case of HCI react to hardened cemertiuwalchloride is produced with the
chemical reaction. Here, calcium chloride is fugipcompound. Therefore speed of
mass decrease is high, because calcium chloriderdieadeposit on the surface
layer of hardened cement.

3. In the case of HN{made to react to hardened cement, calcium nisgisoduced
with the chemical reaction. Here, calcium nitratéusibility compound. Therefore
speed of mass decrease is high, because calcitaterdbes not deposit on the
surface layer of hardened cement.

4, In the case of CS or NS made to react to hastleement, ratio of mass decrease
rate (csOrrys) are depended in a large part on sulfuric acidnwedue of mole
fraction of sulfuric acid is between about 0.4 drf@land in the case of CS or NS



made to react to hardened cement, ratio of masease raténcreases compared
with in the case of sulfuric acid made to react mhalue of molar fraction of
sulfuric acid is between 0.0 and about 0.4.

5. In the case of CS or NS react to hardened cemsitt of mass decrease ratgs@r
rns) can be estimated by change in Gibbs free enardychemical kinetics.
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