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1 INTRODUCTION

The problem of testing the resistance of concrete and concrete

products against acid attacks has been discussed in a previous

work, Rombén /1978/. This work also included a proposal for a

test procedure.

The procedure in question has now been subjected to control

experiments which have provided information on the technique

involved and on the influence of various parameters etc. A

number of experiments have been permitted to continue for a

considerably longer time, 4-5 years, so as to shed light on the

extrapolation issue. It has also been possible to carry out a

more detailed study of the calcium dissolution process and the

layer dissolution process in conjunction with these experiments.

The studies have provided increased knowledge of the mechanisms

which control the rate of attack in the long term. The follow-

ing work consists of a presentation of and a summary of the

results obtained.

I wish to express my deep gratitude to the National Swedish

Council for Building Research and the Swedish Foundation for

Concrete Research who sponsored the research on durability.

I also wish to acknowledge with thanks many interesting discuss-

ions with the members of the project advisory group, Hans Dahlenborg,

Leif Eriksson and Olle Peterson, who gave me helpful suggestions.

I am indebted to Anders Ahlberg, AB Tryckrör, Malmö, who kindly

provided samples from a SENTAB-tube to be used in the experiments.

Last but not least, I wish to express my sincere appreciation to

those persons who helped me in different ways to carry out the

work. Special thanks go to Eva Bergman who has been responsible

for the experimental part of the calculations, and also to Olle

Gewalli who constructed some of the equipment and designed the

datarecording unit. Thanks are also due to Ann-Charlotte Löwgren

for typing my manuscript and to Ann-ThérSse Söderquist for draw-

ing the graphs.



2.1

THE INFLUENCE OF VARIOUS PARAMETERS

Influence of different acids

The test method is intended for use on other acid media in

addition to hydrochloric acid. Consequently, it is important

to determine if new problems occur in cases involving these

other acid media. The fact that weak acids are buffering in

the pH ranges around their pK values, which means that the

change in the pH value at a given CaO dissolution becomes

smaller, is one of particular interest here. There is reason

to suspect that the acid consumption as a function of time be-

comes irregular if the measuring device cannot determine the

pH value with sufficient accuracy. If so, difficulties will

arise in using the acid consumption as a measure of the attack.

This does not, however, entail any difficulty in principle

from the method point of view since the lime dissolution can

be measured instead of the acid consumption by analysing succes-

sively removed samples.

Experiments have been carried out with a number of other acids

on cement paste with aim of shedding more light on this problem:

Acid

Acetic acid

Lactic acid

Glycine

pK

4

3

9

value

.76

.86

.78

Concentration

0.

0.

0.

1-M

1-M
1-M

or

or

or

0.

0.

0.

,60%

.90%

,75%

pH u

5

5

7

(The pH /alue of the solution was adjusted to the specified

value by means of neutralization before the experiment.)

These experiments indicated that the buffering which occurred

in conjunction with the concentration used, 0.1-M, did not

constitute a problem and that considerably higher concentrations

could have been used before it became necessary to measure the

calcium dissolution. The results are presented in FIG 1.



r
Acid consumption
g CaO/m* paste surface area

* (log scale)

3-

r—Depth of penetration.
(log scale)

r1
—Acetic acid, pH 5

-Glycine, pH7
^Hydrochloric

icid, pH5
-Lactic acid, pH5

30 days

log time (min)

FIG 1. Attack curves for different acids. The concentrations were 0.1-M
for acetic acid, lactic acid and glycine. The pH has been adjusted
to the specified value by means of calciumhydroxide.
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As can be seen from the chart, the curve for acetic acid lies

above the hydrochloric acid curve inserted for pH=5 while the

curve for lactic acid lies sowewhat below the hydrochloric

acid curve. What was said in Rombén /1978/ is thus confirmed,

namely that the pH concept cannot be used alone to predict

the calcium dissolution.

The explanation for this is the explanation that was described

in brief for carbonic acid. The reaction is controlled by a

transport process. The hydrogen ions are transported in two

ways in this process, partly as free hydrogen ions (whose

concentration is expressed by the pH value: C H + = 10 ^ ) and

partly as bound in undiseociated acid. The latter contribution

may often constitute the determining factor.

The contribution made by the undissociated acid molecules can

become considerably larger than that made by the free hydrogen

ions. The hydrogen ion concentration in a 0.1-M acetic acid

solution adjusted to pH=5 is = 10 mol/1 while the concentra-

tion of undissociated acid molecules, HAc, is approximately

0.04 mol/1. In other words, in this example the concentration

and, consequently, also the concentration gradient which occurs

in Fick's law, becomes approximately 4000 times greater for HAc

than for H . On the other hand, the diffusion constant is some-

what lower for HAc than for the linked H - Ca pair in free

water solution, corresponding to, perhaps, a factor of 2 to 3.

The transport contribution which corresponds to HAc thus becomes

approximately three orders of magnitude greater than the contri-

bution from the free hydrogen ions. Since the pH value is an

expression for the free hydrogen ion concentration only, it can

easily be seen that the pH concept has no practical relevance

in this case for assessing the rate of calcium dissolution.

Actually, it would be remarkable if a concentration as low as

for instance 10~6 mol/1, i.e. 1 part per billion H ions corre-

sponding to pH=6, were to have any damaging effect on concrete.

(According to certain standards, the limit for acid attacks is

drawn at pH 6.0, according to others at pH = 6.5.)



If we ignore the activity factors, the concentrations <?„.,

c ~ and cu+ are linked by the following condition for a weak
A n
acid HA:

K
CHA

where K is the dissociation constant of the acid.

If the pH value of the solution is assumed to be <pK, i.e.

Cj. + > K, c - becomes <£„., i-e. c_- becomes small and c ^

becomes large on the solution side. On the inside of the layer,

however, pH > pK and c.- is thus large and c^~ is small (acids

with pK values which are greater than approximately 12.6

constitute exceptions to this). Since the diffusion transport

takes place from a high concentration to a low Concentration,

we thus get a transport of HA from the solution side towards

the inside of the layer and a transport in the opposite direc-

tion of A~ (together with Ca ). The anion part of the acid

thus participates in a sort of shuttle traffic which consists

of the anion part carrying a proton (i.e. as undissociated

acid) being diffused into the layer and, at the high pH value

which prevails there, releasing the proton before diffusing

back (as a negative ion) out co the solution where it fetches

another proton and then starts a new cycle. The fact that this

mechanism really works theoretically as described here; was

established by investigating a mathematical model. The dis-

sociation and diffusion equations (Nernst-Planck 's for ions

and Fick's for uncharged molecules) was solved numerically for

a case with fixed pH limits of 5 and 11 respectively and with

a weak acid with pK = 7 at varying acid concentrations and with

c,,,- = 0.01 -M and cCA2+ adjusted so that the pH value became

5 in the solution. The following relative values were obtained

for the transport capacity:



Acid concentration

10

10

10

10

10

1

0 rool/1
-5

-4

-3

-2

-1

10

Transport capacity
(relative):

1.00

1.00

1.04

1.2

3.2

22

216

At low concentrations the transport consists only of Ca , H

and OH . At higher acid concentrations, a contribution is also

received from the acid. The transport capacity then increases

roughly in proportion to the concentration when this exceeds a

certain value.

The shuttle traffic described above is known inter alia fro» the

theory for membrane transport and is included as part of what is

called carrier diffusion there.

Undissociated molecules must occur in the solution if a process

of this type is to take place. This» in turn, requires that the

pH value of the solution must not be very much greater than the

pK value of the acid. The fraction of undissociated acid is (if

the activity factors are not taken into consideration):

CH +

V • K

which, in the experimental case at pH = 5 for the acetic acid

case with pK = 4.76 becomes = 40% or 0.037-M and, in the lactic

acid case with pK = 3.86, 7% or 0.007-M with regard to undis-

sociated acid. As can be seen, this difference agrees fairly

well in quality with the experiment results. The fact that

the lactic acid entailed not a higher but a lower attack than

hydrochloric acid, despite its higher concentration, is probab-

ly due to its lower diffusion constant as a larger molecule.

Molecular sieve effects in the hydroxide layer may have played

a part here.
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The pK value of the acid must clearly lie between the pH value

of the solution and the pH value which prevails on the inner

surface of the layer, i.e. 11-13 for the shuttle traffic to

take place. If this condition is met, it should be possible

to obtain an increased attack even at higher pH values in the

solution, i.e. at pH values which are regarded as harmless

according to the standards. An experiment was therefore carried

out at pH = 7 so as to test this hypothesis. Glycine NH2'CH_-

COOH with pK value = 9.78 was chosen as an acid which fulfils

this condition. The result in FIG. 1 shows that the hypothesis

was confirmed and that a larger attack could be obtained at

pH = 7 with glycine than at pH=5 with hydrochloric acid.

If we assume that this hypothesis is correct/ we thus have a

certain basis for assessing the aggressive capacity of an acid.

In cases where the acid molecules HA are electrically neutral,

the influx of the HA molecules cannot be affected to any notable

extent by the parameters which control the outflow of Ca and

A . Consequently, the diffusion inwards and thus the entire

process is mainly controlled by the concentration of HA mole-

cules cu and by the diffusion constant DUA in the layer only.
HA ** HA

The products DUR- c therefore become a comparative measure
HA H/»

of the aggressive capacity of weak acids (an exception must,

however, be made for acids which are so weak that they do not

dissociate even at pH=12.6, i.e. with a pK value in excess of

12.6). For acid mixtures summation can be done giving YDtfA*c A
HA HA

as a measure of the aggressive capacity of the medium. If, on

the other hand, the proton-carrying part is not electrically

neutral but consists, for example, of the first dissociation

stage HA~ of a two basic acid H~A, the relationships become

more complicated since a coupling occurs here between the

inflow and the outflow as a result of the requirement for an

electrically neutral total flow. The parameters which determine

the outflow, e.g. the mobility of the corresponding ions, will

also influence the transport. In this case, an influence can

also result from the complex formation between a calcium ion

and an acidanion which can be expected to reduce the transport

resistance and increase the rate of attack. In principle, the
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attack can also be calculated here but this requires numerical

knowledge of a further number of parameters and the equations

will become considerably more complicated. Consequently, it does

not appear possible to specify an equally simple measure of the

aggressive capacity of an acid or a medium in this latter case.

2.2 Influence of different temperatures

A number of experiments have been carried out to study the

influence of temperature on the dissolution process, FIG 2. These

studies have been carried out on cement paste samples which have

been attacked by hydrochloric acid with a pH value of 5 at tem-

peratures of 5°C, 25°C and 45°C.

The results indicate that the curves approach a slope of 0.5

at temperatures of 5°C and 45°C also and that the curves for

5°C and 45°C lie under and above the curve for 25°C as could be

expected. For periods in excess of 24 hours, the 45 C curve

lies 0.15-0.20 logarithmic units before the 25°C curve in

time. This corresponds to a reduction of the time by a factor

of 0.6-0.7 while the 5°C curve lies 0.10-0.12 after, corres-

ponding to a time extension by a factor of approximately 1.3

for the same depth of penetration. The agreement with the table

presented on page 19 in Rombén /1978/ can be regarded as good,

bearing in mind the accuracy of the experiment. As far as can

be seen from these experiments, for practical cases it would

appear quite adequate to carry out the experiments at room

temperature and then correct, by means of calculations, the

values obtained for the influence of the temperature.



Acid consumption
i_ g CaO/m2 paste surface area

(log scale)

o • +

o • +

o
+

o +

10 min

+ +25°C
o *45OC

1h 2 3 5
i I I i

10 1d 2 3 5 7 10
1 • '

3 U

OJ

30 days

log time (min)

FIG 2. Influence of temperature on hydrochloric acid attack on
cement paste at pH value = 5.
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2.3 Influence of different water-cement ratios

Rombén /1978/ showed that the method can be used on both poor

and on extremely good concrete. Since, however, the poor concrete

had an unknown composition a direct comparison between the in-

fluence of the concrete qualities on the calcium dissolution was

not possible. Consequently, experiments have been carried out on

three pastes with water-cement ratios of 0.26, 0.50 and 1.00.

The two latter were cast in a metal tube which was then rotated

in .-. horizontal position during the setting so as to avoid sedi-

mentation and bleeding.

Experiments with hydrochloric acid at pH = 5 (FIG.3) show that

a major change in the water-cement ratio has a comparatively

moderate influence on the acid consumption. The acid consump-

tion after 14 days with a water-cement ratio = 1 is approxi-

mately 60% higher than with a water-cement ratio - 0.26. The

effect on the depth of penetration is, of course, larger

(approximately 3.5 times) due to the lower cement content at a

high water-cement ratio (FIG. 4). The fact that the acid con-

sumption increases with an increase in the water-cement ratio

is probably due to a reduction in the diffusion resistance

of the remaining hydroxide layer. The hydroxide layer probab-

ly inherits part of the porosity of the paste when calcium

dissolution occurs. It is also possible that to some extent

a selective Ca (0H)_ leaching may occur at very high water-

cement ratios eince the diffusion constant for Ca (OH)_ in-

side the paste can become large due to the high porosity.



Acid consumption
g CaO/m2 paste surface area

r (log scale)

o +

w/c
100

^0.50

+ 0 26

o •

• o +
o +

o +

• o +
• o +

o o

10 mm
H

1 h 2 3 5 10 1 d 2 3 5 7 10 14 30 days

log time (mm)

FIG 3. Chemical attack on cement paste for different water-cer.ent ratios.
Hydrochloric acid pH=5. Acid consumption as function of time.
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Depth of penetration , mm
(log-scale)

0.1

0.01

w/c

100

0 50

0 26

o +

•o
o +

o o

10 mm
H

1 h 2 3 5 10 1 d 2 3 5 7 1 0 14 30 days
• . i • • ' , i 1 1 1 — i — i — i 1

log time (min)

(Ti

FIG 4. Chemical attack on cement paste. Different water-cement ratios.
Hydrochloric acid, pH=5. Depth of penetration as function of time.
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2.4 Experiments with tricalcium silicate paste

Since it is important to determine the extent to which the com-

position of the cement is of significance, two experiments were

carried out with a CJS paste with a water-cement ratio = 0.4 at

pH values of 3 and 5. It was of particular interest to determine

if the observed increase in the rate of attack in this pH range

was linked to the presence of aluminates and mixed gel. The re-

sults are presented in FIG 5. Here again we obtain a square

root dependency with time and at roughly the same levels as

for cement paste. The change due to the pH value is also the

same. The fact that the cement composition has little if any

effect on resistance against acid attacks has been reported

by other researchers.

It must, however, be emphasized that no measurements have been

carried out on the rate of solution of silicic acid and that

there are grounds for suspecting, for reasons indicated in

Rombén /1978/, that this can be higher for C_S than for cement

paste and that a deviation may, consequently, occur from the

square root d<

cement-paste.

square root dependency at an earlier stage for C3S than for

2.5 Experiments with flowing medium

Since the method involving renewing the solution by means of

intermittent changes may be debatable due to its discontiuous

character, which can produce swelling + shrinkage movements in

and thus damage the hydroxide layer, an experiment was carried

out w'.th a continuous change with flowing solution. This was

arranged in such a way that distilled water was added to the

vessel at a rate of approximately 100 ml per hour, corresponding

to a complete change of solution every sixth hour. The rate of

flow was checked by means of a pitot tube. The experiment was

carried out in a vessel provided with an overflow outlet which

kept the level constant all the time. This experiment was un-

successful due to leakage in a burette but the curve is presen-

ted nevertheless (FIG. 6) since the leakage was considered
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to be comparatively small (approximately 0.1 of a logarithmic

unit when it reached its maximum value at logt - 4). As can

be seen, the two curves lie so close together that the two

methods for changing solution can be regarded as equal with

regard to acid consumption over short periods of time. The layer

dissolution, on the other hand, is probably considerably larger

in the flow experiment due to the higher rate of turnover for

the solution. In principle, it should be possible to design this

version so that it is closer to practical reality than the inter-

mittent version since both the composition and the rate of turn-

over of tne constituent solution can easily be controlled. The

difficulties involved here are more of a practical nature since

large volumes of solution may be required. The experiment cannot

be carried out with an excessively high rate of turnover since

this may give rise to problems connected with the automatic

control of the pH value.



Acid consumption
I» g CaO/m2 paste surface area

(log scale)

x . •

X

X •

10 min

x pH 3.00

• pH 5 00

I n 2 3 5 10 I d 2 3 5 10 14 30 days

log time (min)

<•£>

FIG 5. Chemical attack on CjS-paste. Hydrochloric acid.



Acid consumption
3j- g CaO/m2 paste surface area

(tog scale)
• •

• Flow experiment 100 mi /h
• Discontinuous changes

of solution

• 10 min
1

1 h 2 3 5 10 1 d 2 3 5 10 U 30 days
1 H 1 1 1 ,—i 1—i •—,—i—i 1

2 3 A log time (min)

FIG 6. Experiment with flowing solution. Hydrochloric acid, pH=5,
cement paste.
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3 QUESTIONS CONNECTED WITH THE EXPERIMENTS

3.1 Reproducibility

The reproducibility of the method reported here is dependent on

a number of factors. We can assume that the quantity of cement

paste in the attack area is an important factor. The cement

contents in the specimen can be regarded as given or can be de-

termined in separate tests using different methods, but the quan-

tity of paste in the sectional surface of the specimen can vary

due to statistical fluctuations. One way of dealing with this

difficulty would be to use specimens with a sufficiently large

attack surface but this is not always possible due to the design

of the structures from which the specimens can be taken. Another

way would be to determine in some way the paste content in the

specimen surface before the experiment, for example by means of

the traverse method or a similar method. The paste content also

fluctuates with the depth, however, and the value of a measure-

ment of this type is therefore debatable.

Three experiments were carried out on the same concrete specimens

with hydrochloric acid at pH = 5 but with grinding between each

experiment so as to obtain an idea of the reproducibility, see

FIG. 7. As can be seen from this» figure, the curves differ con-

siderably in the short term before approaching each other so

that they lie close together after a number of days. For this

reason, it does not seem likely that the difference is due to

variable quantities of paste in the surface layer. The surface

in this specimen had an area of 39 cm and the maximum particle

size of the coarse aggregate was 8 mm.

Other factors which may influence the reproducibility can, how-

ever, occur and experiments have been carried out on paste spe-

cimens so as to study these in more detail. These experiments

were also carried out using hydrochloric acid at pH = 5 and on

four specimens sawn out of the same sample, which had been manu-

factured with a water-cement ratio of 0.23 and which had been cured

in a saturated lime solution for about 1.3 years. The results are
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presented in FIG. 8. Here again, we can see that the difference

between the curves is large at the beginning of the experiment.

The difference between the outer curves corresponds approximate-

ly to a factor of 3 after 10 minutes but the curves approach

each other so that the corresponding factor is 1.7 after 6 hours

and 1.35 after 3 days. Curves Al and A2 are from one of the spe-

cimens, curves Bl and B2 are from another and curves C and D are

from the remaining specimens. The attack surfaces of the speci-

mens have always been ground immediately before each experiment.

The difference between the specimens does not appear to have any

significance. Instead, the effect of the difference in agitation,

due to the fact that it was always possible to place the

specimens in precisely the same way each time in relation to the

stirrer, is probably an influencing factor. Circumstances con-

nected with the pretreatment may also have had an influence.

A number of such circumstances are indicated below.

- It was found that when the specimens were being ground they

sometimes came in contact with oil in the grinding water so

that the top surface showed a poor degree of wetting. As a

result, there was reason to suspect that only part of the

surface was exposed to attacks and this part could vary from

one case to another depending on where the oil had fastened.

Consequently, an experiment was carried out in which a speci-

men was deliberately impregnated with oil (Edwards High

Vacuum Oil). The result is presented in curve E. As can be

seen from the chart» this curve shows a number of odd

characteristics but the attack does not appear to have been

smaller than in the other cases and after a few days this

curve corresponds well to the other curves, even if it has

a smaller slope. In other words, impregnation with this

oil does not appear to have had any strong effect on the

dissolution process but one should, of course, avoid permit-

ting the test surface to come in contact with other substances.



Acid consumption
2 r g CaO/rrfconcrete surface area

(tog scale)
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FIG 7. Reproducibility experiments on concrete. Maximum particle size 8 mm,
test surface area 39 cm2. Hydrochloric acid pH=5. The same specimen
was used in all experiments.
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FIG 8. Reproducibility experiments on cement paste.
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- If the surface is ground with water instead of with saturated

line solution, CaCOH), may t>e leached from the surface - i.e. an

attack may take place before the beginning of the experiment

and may possibly influence the initial stage. If the experi-

ment cannot be started immediately after the grinding, the

specimen should be kept in saturated lime solution in the

meantime.

- A number of questions concerning the influence of the surface

smoothness, its content, if any, of fragments from the in-

sulation materials appear to occur in connection with the

grinding are dealt with in more detail in Section 3.3.

- The conclusion v/ith regard to the test procedure is that an

attempt should preferably be made to design the flow con-

ditions around the specimen so that they are as reproducible

as possible by fixing the geometry and the stirrer in the test

vessel and by ignoring the values which are obtained during the

first 24-hour period and which are difficult to reproduce.

3.2 Fluid erosion in test vessel

The method indicated here refers to tests in a non-erosive en-

vironment. By this is meant that none of the constituents of

the hydroxide layer are removed mechanically as a result of the

movements of the external medium. This case represents a well

defined attack type. The extent to which this is implemented

in the test arrangement is, however, debatable. The test arrange-

ment involves a certain fluid friction due to the agitation.

Since this is essential for renewing the fluid layer in the

contact zone, the effect cannot be avoided completely and the

question arises of whether one should design the test arrangement

in a way which corresponds better to the non-friction case with-

out preventing a renewal of the fluid in doing so. We can assume

that a marked dissolution of silicic acid occurs, particularly in

those cases involving a large fluid turnover of soft water. The

remaining Al and Fe hydroxides will then form a very sparse matrix

due to their low contents in the cement paste and it is not certain
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that they will remain if they are not fixed by an external

medium such as e.g. ear_h and clay.

Consequently, the flow conditions in the test vessel should

preferably be designed so that they are as similar to reality in

this regard as possible. This is, however, probably of less im-

portance when determining the acid consumption or the calcium

dissolution during short-term experiments but is of decisive

importance when determining the rate of solution of the other

components.

, -, Some practical details

3.3.1 The specimen

3.3.1.1 The surface

With one exception, all of the experiments in this series were

carried out on ground surfaces. The aim here was to avoid

including effects caused by the surface layer, which is not

representative for the concrete or for the paste. The measure-

ments carried out on an unground surface of a SENTAB tube (part

1, FIG.2) show that the acid consumption was 2-5 times as great

as on the ground surface. The reason for this must be that the

unground surface sometimes consists of a rather soft laitance

layer and contains cement paste only while the ground surface

contains about 30% paste. It is important to know how far into

the concrete this non-representative layer penetrates when grind-

ing down the specimen. Although no measurements were carried out,

it would appear reasonable to assume that the layer corresponds

roughly to half the maximum particle size. The depth of the layer

in which setting is disturbed does not seem likely to be more

than a fraction of a millimeter. It is not possible to predict

the depth of carbonation but this can easily be measured.

The rawness of the surface may also be of importance since this

influences the effective reaction area - particularly, of course,

at the beginning of the attack. The unevennesses will have less
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and less importance as the hydroxide layer gradually grows during

the attack and becomes thicker than the unevennesses. Consequent-

ly, it would appear reasonable to demand that the unevennesses

be a good deal less in height than the thickness of the layer

during the period when the actual measurement is being carried

out, i.e. one to four weeks. After this period, the depth of

attack is usually approximately 0.2-0.8 mm. A surface smoothness

of less than 0.1 mm would therefore appear reasonable.

It was noted in a number of cases that parts of the insulation

on the sides accompanied the rotation of the grinding wheel and

were applied as a glossy layer to the test surface. Due care

should be taken to avoid this.

In these experiments, the grinding was carried out immediately

before the start of the experiment and the specimen was stored

during the unavoidable intermediate period (approximately 30

minutes) in saturated lime solution so as to avoid drying out

and carbonation on the surface.

3.3.1.2 The insulation

A self-curing silicon rubber, which was easy to apply, was used

at the beginning to insulate the other surfaces on the specimen.

Several applications were made, with intermediate curing, on dried

specimens. This insulation proved to come free at several points,

however, and a light attack was observed under the insulation at

the end of one experiment. For this reason, an epoxy resin

(SIKODUR-32) was used for the remainder of the experiments. The

most convenient method for applying this frequently proved to be

to cast the specimen in the epoxy resin in a polystyrene box,

leaving the attack surface exposed. Both the cured silicon rubber

and the epoxy resin were investigated with regard to acid con-

sumption in separate tests without concrete and both had negligib-

le values. The silicon rubber was also investigated with regard

to 3i dissolution and this, too, was similarly found to be neg-

ligible.
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3.3.1.3 Water saturation

The question arises of whether the specimen should be saturated

with water before the start of the experiment or not. The speci-

mens in the experiments presented here were saturated in water

but it is uncertain if this had any effect on the result.

3.3.2 The acid supply

It was noted on one occasion that the automatic burette leaked

between the glass and the plunger and that an excessively large

acid consumption had been recorded. It should be pointed out

here that the apparatus used in this experiment was intended

for normal titrations, which are generally concluded within

a few minutes, and that leakage in such cases seldom has time

to reach a measurable level. During experiments, which take place

over several weeks, a leakage can gradually become comparable to

the acid consumption, the rate of which decreases with time.

Consequently, it is essential to inspect the tightness of the

burettes at regular intervals.

Another detail which should be noted is that, since the titrating

acid generally has a higher density than the solution in the test

vessel, the test solution may rise in the terminating tube and

change places with the acid. This will result in irregular and

erroneous value for the acid consumption. This occurs if the

terminating part of the burette tube, which is inserted in the

solution, is too large in diameter.

3.3.3 The pH control

The test vessel was placed in a thermostatic bath so as to avoid

operational disturbances caused by the temperature dependency of

the pH electrodes. It is important in this context that the glass

and reference electrodes have the same temperature and special

care should be taken to ensure this if combination electrodes

are used. The calomel electrode is frequently positioned in the
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upper part of the electrode tube in these cases and, consequently,

possibly outside the control of the thermostatic function.

Concerning the maintenance of pK electrodes, see the manufactur-

er's recommendations and the references (Bates 1973) .

There is a risk of contamination from the pH electrode and the

salt bridge during the layer dissolution experiments. Consequent-

ly, special measures may be necessary, particularly when sampling

is done during the very first minutes after the replacement of

the solution and in this case it is advisable not to immerse the

electrodes during this period.

3.3.4 The agitation

It has previously been pointed out that the effect of the stirring

is mainly of importance for the layer dissolution and, only to

a lesser extent, for the lime dissolution. Excessively forceful

agitation may have a mechanical effect on the hydroxide layer

and this may entail erroneous and unrealistic values for the

layer dissolution when the total quantity dissolved is measured.

Consequently, the most important measure would appear to be to

arrange the agitation so that the fluid flow is calm and uniform

above the surface of the specimen.

3.3.5 The layer dissolution experiments

The execution of these experiemnts is presented in further detail

in section 5.1.

4 THE CALCIUM DISSOLUTION

4.1 Measurement results

The frequency with which the solution must be changed is an

important problem with regard to the test method. It was not

previously possible to detect any change in the slope of the
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curve in conjunction with replacing the solution. To shed more

light on this question a number of determinations of the calcium

dissolution in hydrochloric acid with a pH value = 3 have been

carried out during the period after a change of solution. The

determinations were made in conjunction with the layer dissolu-

tion measurements on long term experiments and the experimental

method is described in more detail in connection with these.

The results are presented in the PIG. 9 and 10. The two curves

indicate that the dissolution is closely proportional to time

from a few hours up to 25 days. These results show that the

rate of calcium dissolution does not level off in the long

term. This agrees with the results from the acid experiments

and the conclusion to be drawn here is that the solution need

not be changed more frequently than approximately every third

week in the case of calcium dissolution in hydrochloric acid at

this pH value and with the relation between the volume of solu-

tion and the attack area used in these experiments (pH = 3.08,

300 ml on 20-30 cm test surface).

A deviation during the period up to approximately 1 hour occurs,

however, in the first experiment. As can be seen there, the

rate of solution is considerably faster than during the sub-

sequent time. The water has a calcium content below 1 mg CaO/1,

i.e. below 0.1 d H during this period and one possibility which

presents itself immediately is that the high rate of solution

may be caused by the softness of the water. Other observers have

emphasized that soft water may have a higher aggressive capacity

vis-å-vis the concrete than acid water and the results presented

here confirm the correctness of this observation in the case of

hydrochloric acid with a pH value of approximately 3. The Swedish

pipe standards have two limits for the degree of attack of water

containing carbonic acid. One of these is at 0.2 and the other

is at 2 d.H. and the observed deviation corresponds more closely

to the first of these values. There is no indication of a value

corresponding to the upper limit, probably due to the fact that

this value is connected with the carbonic acid attack. The rapid

initial dissolution of CaO also has a counterpart for the other

components, see Section 5.2.
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FIG 9. CaO dissolution after solution change. pH = 3.08,
Sampling after 655 days in hydrochloric acid.
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FIG 10. CaO dissolution. pH = 3.08. Sampling after
522 days in hydrochloric acid.
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4.2 Discussion

4.2.1 Survey

The issues which will be dealt with here concern which theore-

tical reasons may exist for the question if the Ca-dissolution

curves are influenced by the composition of the solution, par-

ticularly with regard to the effect of enriching reaction

products in the solution. In addition, the significance of the

observed fact that the square root law does not appear to apply

exactly is also dealt with. The connection between the acid con-

sumption and the composition of the cement is dealt with in a

later section and the relation between the acid consumption and

the degree of destruction is dealt with at the end.

4.2.2 The effect of the solution composition on the trans-
port process

The mode of transport in question here is a diffusion of the

various components. This diffusion can be conceived of as taking

place partly in the fluid filled pore system of the hydroxide

layer and partly in the outer layer of the pore walls.

The ion transport through the hydroxide layer's pore system is

first discussed here as though this were a stationary layer of

fluid and the question of the manner in which the presence of

the Si-Al-Fe-OH layer can influence the transport is dealt with

afterwards.

The diffusion of dissolved substances is normally described by

Fick's law but if the substances exist in ion form, certain

effects are added due to the charge of the ions and the ion

transport is then described by Nernst-Planck's law which says

that the linear speed of an ion type in a solution is propor-

tional to the electrochemical potential gradient of the ion

type in question. The effect of the gradients of other ions

is also taken into consideration in a more general version of

this law. The coefficients in this linear relation depend on

the fluid, particularly its viscosity. A corollary of this law
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is that the diffusion flows for each ion constitute a linear

function of the concentration gradient of the ion in question

and of the electric field strength.

These equations form a system of differential equations which

can, in principle, be integrated over the fluid layer and provide

both the flows and concentration profiles of the various ion

types as a result. A prerequisite for this is a knowledge of the

constants in the equations and the boundary conditions, i.e. the

relationships on both sides of the fluid layer. The manner in

which the rate of transport is influenced by the outer solution's

pH and the acid concentration and particularly the manner in

which it is influenced by the reaction product, mainly calcium

chloride enriched in th'j solution between changes of solution,

can be derived from these equations and boundary conditions.

This influence can take place via the equation coefficients, via

the electric field strength and via the boundary conditions.

There are several reasons for the dependency of the coefficients

on the composition of the fluid. One contribution derives from

the viscosity of the fluid and can be regarded as very small.

This increases with increases in concentration but, as a rule,

the viscosity is no more than a few percent higher for normally

occurring contents of approximately 1% than it is for pure water.

Another contribution derives from the connection between the

chemical potential and the concentration, i.e. from the concen-

tration dependency of the activity factors. The diffusion of

calcium hydroxide in a water solution can be offered as an

example of this. The main effect here is that the diffusion
-9 2 -1

constant drops from 1.83 "10 m s in an infinitely diluted
— 9 2 —1

solution to 1.4 ' 10 m s in a saturated lime solution

(Hedin /1962/) or, in other words, a variation of approximately

20%. This order of magnitude can be regarded as typical for elec-

trolytes at concentrations below approximately 0.1 - M even if

exceptions do exist (Robinson /1955/, page 495). A third

contribution derives from the electrophoretic effect which is,

however, of no more than minor significance (Robinson /1955/,

page 295).
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These contributions could thus lead to a reduction in the trans-

port equation coefficients and, consequently, also to the flows

of the various ions during the time between two solution changes

due to an enrichment of the reaction products (particularly

calcium chloride) in the solution and this effect could be of an

order of magnitude of approximately 20 %.

The boundary conditions are known with certainty only on that

side of the hydroxide layer which is in contact with the solution

and whose pH value is kept constant. Uncertainty prevails with

regard to the opposite side. One possibility is that the pH value

there is identical to the pH value of the cement paste which is

determined initially mainly by the potassium and sodium content

and later by the CH, C-S-H and C-A-S-H phases. Another possibility

is that the liquid phase is closely in equilibrium with the solid

constituents of the paste. This would mean that the chemical po-

tential of the dissolved substances are determined by the cement
2+ -

paste which, for the Ca and OH ions, means that the ion pro-

duct becomes equal to the solubility product of the calcium hydrox-

ide. The reasoning behind this is that the experimental result in-

dicated a square root dependency which can be interpreted as in-

dicating that the transport process determines the rate and is

thus the slowest process. The actual dissolution process should,

consequently, proceed close to the equilibrium state. This con-

clusion applies so far only to the calcium dissolution, however,

since no observations have yet been made for other components.

The calcium ions cannot be transported alone since this would mean

that an electric current flowed between the specimen and the solu-

tion. This case does not occur here (but is said to occur in some

special cases in practice) and the Ca flow is thus combined with

a flow of other ions which consist, in the present case, of hydro-

gen ions, hydroxyl ions and silicate ions. The hydrogen ions have

a positive charge and move in the opposite direction while the

hydroxyl and silicate ions move in the same direction as the

calcium ions. The hydrogen ions dominate on the acid side while

the others dominate on the alcaline side.
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Other ions (for example, Cl ) are regarded as mainly stationary,

which is a reasonable approximation in the following context.

If we begin by regarding the case with fixed pH limits, which is

correct at any rate for the acid section of the fluid layer, where

pH $ 7, we find that the calcium transport is influenced in this

case by all of the ions in the solution regardless of whether

these participate in the transport or not insofar as they influence

the electric field strength (which is not imposed from outside

but is generated by the ions themselves due to the fact that

their varying degrees of mobility give rise to an ion separation) .

This applies particularly if the mobility of Ca and the mobility

of its counter ion vary widely, as is the case if the counter ion

consists of HJD+ or 0H~. The calculations show that, on the acid

side of the layer and with the same gradient for the hydrogen ion

concentration, the transport of calcium ions

daT H30+'/ Ca

is 6 times more rapid when a surplus of CaCl2 exists than when a

surplus of HCl exists. (The \-values are the respective equiva-

lent conductivity values.) The other ions have been assumed to

be stationary in this derivation and no account has been taken

of the effect of the activity factors or the like. Given the

same concentration gradient for the hydroxyl ions, the transport

on the alkaline side of calcium ions 2. (A + X )/3'X j.s
Ca 0H~ Ca

2.9 times faster in a calcium hydroxide solution with a large

CaCl2 surplus than in a pure solution of this type. If the

counter ion consists of H-jSiO^ instead of 0H~, the ratio becomes

much less. No information has been found in the literature

containing the X-value of this ion but tables provide values of

around 50'10~ m n- mol for similar ions. According to the

same formula, the corresponding factor then becomes 1.2.

However, the values indicated here are extreme cases which cannot

apply across the entire pH range from the outer solution into the

undamaged concrete. Consequently, this effect must be lower on
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average taken across the entire layer and can be estimated to

amount to 1.5-2 on the acid side. The assumption that the bound-

ary conditions shall entail fixed pH values would thus mean

that, in an experiment with a pH value of, for example, 3,

the gradual enrichment in the solution would entail a fairly

marked increase in the rate of acid consumption. If the resist-

ance on the alkaline side, which is roughly of the same magni-

tude as that on the acid side at this pK value, is not influ-

enced to any notable extent due to the fact that H,SiO4 occurs

as a counter ion, the effect will be reduced and the contribution

from the activity factors will also provide a certain reduction.

There is almost no indication of any increase in the experimental

curves in FIG. 9 and FIG. 10.

A certain amount of light can be shed on the question of which

counter ion occurs by means of estimates. The first dissociation

constant for silicic acid was determined by Greenberg /1965/

= 1 0 -9.7

It can be seen that the concentration of H^SiO. becomes greater
r 1 -4 3than for OH if \ H.SiOJ > 10 * . If a purely amorphous silicic
^ -2 7

acid is present, the equilibrium concentration over this is 10
r -i -1

(Stumm-Morgan, page 395). Consequently, ^H^SiO.j" 40 • l̂OH J .

This means that the silicate ion is the completely dominating

counter ion from the concentration point of view in this case.

This domination is reduced from the point of view of transport

by a factor of approximately 4 due to the higher mobility of

the hydroxyl ion but still gives the silicate ion a transport

contribution which is approximately 10 times greater than that

of the hydroxyl ion. Silicic acid does not, however, occur in

pure form in the hydroxide layer but in the form of a mixed gel
i- i

with Al and Fe hydroxide. This means that [H.SiO. can be lower

than for the pure H^SiO.-gel. It is difficult, however, to estim-

ate how much lower it can become.
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(The fact that silicic acid ions participate in the transport need

not necessarily mean that they pass into the external solution

at the same rate as the calcium ions. They may be precipitated

during their passage through the layer due to the fact that

they change over to neutral H.SiO. as the pH value decreases

at the same time as they are replaced by incoming hydrogen ions

as counter ions).

If, instead, the assumption of a fixed ion product for the cal-

cium hydroxide at the inner side of the hydroxide layer is con-

sidered, the conditions appear somewhat different. We then find

that, at a given gradient for the calcium hydroxide's ion product

[Ca ]•[0H~] (i.e. at a given gradient for the chemical poten-

tial of Ca(OH)_) and at given concentrations for Ca and OH ,

the calcium transport is not affected by other ions present

(which are assumed to be stationary) over and above the influence

of the activity factors. The gradual enrichment of CaClj in the

solution leads, however, to changed values for the Ca and OH

concentrations. This means that after a solution change the rate

of transport first increases and then decreases again. The in-

crease is due to the fact that the slower and, consequently,

rate determining Ca ion increases in concentration and the

following decrease is caused by the fact that the 0H~ concentra-

tion must drop due to the ion solubility product rule, so that

at increasing calcium concentration this ion finally becomes

the factor which limits the transport speed.

The size of this effect is difficult to estimate since we do not

know the value of the ion product at the inside of the layer but

the expected decrease appears to occur at concentrations in the

solution which are too large to be linked to the observed deflec-

tions during the first hour after the change of solution. Ana-

logous conditions occur if HjSiO^ exists as a counter ion to

the calcium ion instead of 0H~.

This brings us to the question of the magnitude of the solu-

bility product in the interface. The most natural conclusion

would be to assume that this is determined by the solubility
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product of the solid crystalline Ca(OH)~. The solubility of the

solid crystalline in pure water is approximately 0.02-M at normal

temperatures. Consequently, the (stochiometric) solubility

product L becomes equal to 3.2 10~ . (The thermodynamic

product is 10 * ). The solubility is greater than that

which corresponds to the C-S-H phase and it therefore seems

likely that the calcium hydroxide in the paste is separated from

the Si-Al-Fe-OH layer by a CH-leached layer which only contains

C-S-H and C-A-S-H phases. Since this layer is fairly unaffected

with regard to strength, it is considerably denser than the hy-

droxide layer and thus has less effect on the transport. (This

issue is dealt with in more detail in Section 3.2.5 and in

Appendix 1.) It consequently appears more likely that the solu-

tion on the inner side of the hydroxide layer is in close

equilibrium not with the CH but with the C-S-H /SH system corre-

sponding to a reaction of the following type:

C-S-H (s) Ca2+
+ S i ( 0 H )4 (gel)

The equilibrium for a system of this type has been determined

by Greenberg et al /1965/ and their data indicate that the

composition of the solution can, for a solid phase with a mol

relation CaOtSiO- between 0.4 and 0.7, be described as though

it were in equilibrium with Si(OH)4 and CaH,, SiO ,. with

the solubility product [Ca2+J . [H SiO. ] = 10"^.

The latter ion product is constant all the way up to CaO:SiO2

= 1.8. The above expression can be written as follows with

the aid of the dissociation constants:

[Ca2+ J [OH-7 2 = 10
-13.53.

If the silicic acid occurs as gel in pure form,[H.SiOJ becomes

equal to 10"2'7 and [Ca2+][oH~]2 thus becomes enual to 10" 1 0' 8 3,

which is considerably lower than over calcium hydroxide. A

higher value can be expected for a mixed gel. The levels for

the different ion concentrations can be estimated from this data

and we then get the following table, which (without taking
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activity factors into consideration) has been calculated for two

assumed values of [H.SiO.] = 2 and 0.5 mmol/1 (corresponding

to 120 and 30 mg SiO2/l respectively) and for a couple of

chloride concentrations:

H4Si04 =

C l "

Ca2+

OH~

H3Si04

0

2

0 . 1

4

2

1

2

0

3

10

6

.08 0

2

.05

0

1

0

2

0 .5

1

2

.2 0

2

10

6

.2 0

1

.1

ininol/1

i t

•i

t i

t i

These values would thus correspond to the boundary conditions

in the interface layer between the Si-Al-Fe-OH layer and the

C-S-H+C-A-S-H part. The table indicates that the transporting
2+ - —

ions (Ca , H3SiO. and OH ) are beginning to become influenced

by the chloride concentration when this locallv reaches values

around 1-10 mmol/1 = 35-350 mg Cl~/l.

In other words, we have reason to expect a deflection in the

experimental curves when the chloride concentration after a

change of solution reaches this level locally but, since we

cannot say that the solution concentration and the local concen-

tration are equal, we cannot precisely determine (without inte-

grating the equation system) the concentration in the solution

at which this effect can be expected to occur or how large it

can become.

It was noted in Rombén /1578/ that the pH value begins to in-

fluence the dissolution rate somewhere between 3 and 4 in hydro-

chloric acid attacks, i.e. a value corresponding to a threshold
-4concentration of approximately 3.10 mol/1. A comparison was
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roade there between the terms D»c + and D,'Cnu- in the expres-
H -L UH

sion for the depth of penetration and it was assumed that if
-4

DSD^, the OH concentration should also be approximately 3.10

on the inner side of the layer. The table values given above

for the OH concentration are of the same order of magnitude.

However, it is probably the H,SiO. ion which mainly determines

the transport capacity on the alkaline side and its concentration

is higher. If, however, we take into consideration the fact that

this ion has a mobility which is only approximately -? of the

mobility of the hydrogen ion, we can see that we come down to

levels here too, which correspond to the threshold concentration

of the hydrogen ions.

So far, the discussion har applied to diffusion transport through

a fluid layer without taking the part played by the hydroxide

layer into consideration.

The effect of the hydroxide layer can be expressed by means of a

reduction factor which indicates how much less the transport

becomes, compared with an equally thick stationary fluid layer,

subject to the same boundary conditions. It is of interest to

attempt to estimate this factor by comparing calculated values

with the experimental values, but this would require a compli-

cated integration of the abovementioned equations. Consequent-

ly, an estimate of the diffusion constants is made so as to avoid

this integration but still obtain an idea - even if only an appro-

ximate one - of the reduction factor. The outflow of the calcium

ion is

.(Ca)
(Ca)

CH

where x is the thickness of the layer, cH+ and cft are the con-

centrations and where A stands for either H3Si04 or OH depend-

ing on which dominates the transport on the basic side. The

diffusion constants D in the formula can be estimated by means

of Ntrnst-Planck's theory and the calculation then gives us the

following equation for a fluid layer
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2+

1
2

where A = H.,0 , H-jSiO. or OH . X stands for the equivalent
A 2

conductivities of the respective ions and JJ for Ec.-zT where the

summation is made over all ion types except A. It has been

assumed in the deriviation that no ions other than Ca and A

respectively participate in the transport.

This formula, which only applies for small differences in concen-

tration between the sides of the fluid layer, is now used across

the entire layer and we must then insert average values for the

respective concentrations. It is assumed that we have, on average,

a composition corresponding to HCltCaCl^ = 1:1 on the acid side

and a relation corresponding to CaflUSiO,)- : CaCl» = 1:1 on the

alkaline side. If ^H c<n" is assumed to be equal to
-4 2 -1 3blU4 lea) -q (Ca\

50*10 q S in ekv x we get D^ a' = 2.10 y and D-T*' - =

0.6 * 10~y m s 1 (25 C ) . J q

The calculated value is as follows for a fluid layer only at

a pH value of, for example, 5:

»Si1 • * • DH?a) • V * ViC,; " CH3SiO-

2.1Ö9 ' 1Ö5 + 0.6 ' 1Ö9 * (1 4)'1Ö3

kmol Ca m s

= (0.2 + (6...24)) ' 10~ 1 0 mol Ca m"1 s"1

The extreme values estimated in the table above have been inser-

ted here for c^ c.n- As can be seen, the contribution from the

acid side becomes completely negligible at this pH value.

A number of experiments have been carried out for a pH value of

5 on cement paste -vith hydrochloric acid. If, for the sake of

simplicity, we assume that the thickness of the layer is equal

to the depth of the attack, and this should be approximately
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correct, x can be calculated from the total quantity of acid

consumed. The following values have been obtained for a hy-

droxide layer after a period of about a week

• x = (7...20riÖ10 mol Ca m"1 s"1

As can be seen, the theoretically estimated interval for a fluid

layer is almost exactly the same as that obtained experimentally

for a hydroxide layer. This means that the reduction factor of

the layer is approximately equal to 1, i.e. that the solid sub-

stances in the hydroxide layer cannot constitute any major

obstacle to the transport and perhaps merely have a convection-

inhibiting effect on the pore solution. That some influence from

the solid substance must be present can, however, be concluded

from the experiments with different water cement ratios in sec-

tion 2.3. Since the calculated value is based on a large number

of approximations, one should not consequently conclude more

than that the reduction factor cannot be very much less than

one.

The influence of the hydroxide layer on the diffusion flow need

not be confined to a geometric nature. The layer consists of a

mixed gel and these are known to have a high base exchange capa-

city and, consequently, to have free charges on the pore walls.

In gels like this, one gets an enrichment of ions close to the

walls in the form of double layers and special transport pheno-

mena can take place in these (surface diffusion). These transport

phenomena can entail a dependency on concentration. If the thick-

ness of the double layers becomes greater than the radii of the

pores, one can get membrane effects which have consequences for

the transport conditions, for instance local circular convection

flows, but this situation is regarded as unlikely due to the

high porosity of the layer. The thickness of the double layers

depends, however, on the ion strength and may, consequently,

be the reason why the layer swells. This can affect the permea-

bility of the layer and, as a result, its transport capacity.

The fact that the layer swelling may lead to mechanical damage

on the layer so that the layer cracks or comes free from the

base is, however, of greater importance.
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4.2.3 Approach of curves to 1/2 gradient

If we regard the experimental log-log curves we find that the

slope of 1/2 is not achieved until fairly late and we frequently

find values of 0.52-0.58 even after several weeks. The reason

for this deserves a closer study since it is of some importance

to determine if we should extrapolate according to the 1/2 slope

or according to the observed value.

Since the slope at the beginning is often close to 1, the

resistance is constant and it seems natural here to assume that

the resistance consists of two parts, one of which is constant

and probably related to boundary layer effects, and one of which

grows in proportion to the depth of attack so that the resistance

is proportional to the depth of the layer. In this case, the time

development is determined by the following equation

ax
dt a+x

Fron this we get x = -a+ /a + 2kt

, ., d log x i
and thus 3—^—^—- - i

d log t 2

The time T = 3a /2k corresponds to the transition time from the

neriod when the constant resistance dominates to the period when

tht layer resistance dominates. If we calculate the slope in the

log-log chart as a function of log t/r, we get the following

table:

log t/ T

0
1
X

2

3

4

dlogx/dlogt

0.750

0.590

0.529

0.509

0.503
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As can be seen from this table, the slope remains markedly

greater than 0.5 even after 100 transition periods. Since the

transition period normally lies between 1-10 hours (Rombén /1978/

FIGS. 1, 4, 5) 100 transition periods correspond to 4-40 days.

This relationship can thus explain the slow approach to the

1/2 gradient and the conclusion thus becomes that extrapolation

should be carried out with the exponent 1/2.

Another reason for the deviation could be the layer dissolution.

If we regard the case with a pH value of 3.08 and insert the
2

constants in the expression t=x/v-(kc/v ) • (1-exp.(-vx/kc)),

(see Rombén /1978/), we find that the layer dissolution in-

creases the slope of the attack curve in the log-log chart by

about 0.003 after a 24-hour period, by 0.008 after 1 week and

by 0.017 after 1 month. The increase of the mean slope during

the time 1-5 weeks is approximately 0.012. The contribution

becomes even lower at higher pH values since the layer disso-

lution there is comparatively lower. The same deviation from

the 0.5 slope is also observed, however, at these pH values

and cannot, consequently, be due to the layer dissolution.

4.2.4 Connection between acid consumption and CaO dissolution

Up to now, the acid consumption has been used as a measure of

the degree of attack and the acid consumption has been assumed

to be equal to the calcium dissolution. This is, of course, a

simplification which, bearing in mind all the other uncertain

factors, can be regarded as acceptable but a more detailed dis-

cussion of this question is, nevertheless, justified.

The cement's content of NaOH and KOH react with the acid medium

first.

As a rule, cement contains about 0.2-1.5% alkalies counted as

Na2O (but mainly consisting of K2O) and this quantity is so

large that it determines the pH value in the pore solution in

the cement paste. At, for example, a water cement ratio of 0.5

the content of Na20 becomes equal to 4-30 g per litre of water

if it is all dissolved immediately. Easy soluble alkalies which

occur in the cement occur mostly in the form of sulphate which
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rapidly dissolves in the liquid phase but, when the sulphate

ions are absorbed by the aluminates conversion takes place to

hydroxide corresponding to concentrations of 0.1 - 1M OH .

This value is considerably larger than the saturation concentra-

tion for Ca(OH)2 = 0.04 M OH~.

In addition to the alkalies, magnesium also occurs and its con-

tent in cement is, as a rule, limited. In Sweden a maximum of

5% MgO is allowed. This substance is generally neutralized by

the acid and should, consequently, be included in the CaO con-

tent.

When low pH values occur, we must bear in mind the fact that

the acid is also consumed by ti«e remaining principal components

Al and Fe if these are dissolved. But this assumes pH values

which are so low that they cannot normally be permitted in con-

tact with concrete.

An error of the opposite kind consists of the fact that part of

the calcium quantity occurs in the form of calcium sulphate and

is, consequently, already neutralized. This quantity should not

be included. This error, is, however, also low since the SO3

content is also limited. In Swedish cement it must not exceed

3.5%. In addition to these, cement also contains a number of

other substances but in quantities which are negligible.

The mixed gel of hydroxides which is formed during the acid

attack belongs to a type of gel which are known for their large

base exchange capacity. This capacity varies markedly with the

pH value but values of up to 4 eq. OH per kg hydroxide gel

are reported in the literature. An absorption of Ca + ions cor-

responding to this would mean 4.10 • 38 = 0.112 kg CaO/kg hyd-

roxide gel. However, so high values are possible only for the

section of the layer where pH is high. The cement contains

approximately 65 kg CaO/35 kg oxide gel which is approximately

equal to 1 kg CaO/kg hydroxide gel. This means that up to 10%

of the entire calcium content of the cement could be absorbed

in the gel. This would, in turn, entail a considerably larger
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error than the error discussed above. The influence on the
2

acid consumption consists of the fact that Ca ions liberate

two H ions during the absorption. This leads to a reduced need

of additional acid. This error is not eliminated by determining

the calcium dissolution instead of the acid consumption.

A number of titrations have been carried out for cement so

as to obtain a better knowledge of the acid consumption for neut-

ralisation of the cement. A direct titration is difficult since

the reaction proceeds too slowly. Consequently, the cement

was first treated with a known quantity of hydrochloric acid in

excess, whereupon re-titration was carried out with NaOH. The

pH-curve is presented in FIG 11. The pH value is specified there

as a function of the acid surplus (eq. HCl-eq. NaOH)per gram

cement (Limhamn standard) and this value has also been converted

to the quantity of CaO in % of the cement weight so as to permit

comparisons to be made. As can be seen, the inflection point

lies at pH = 7 and the quantity of acid consumed corresponds to

approximately 65.5% CaO. This agrees with the lime content of

the cement. The agreement is better than expected, bearing in

mind that the fact that the accuracy of the titration was low

due to the re-titration. The MgO content of this cement is low

and is equal to approximately 1.7%.

More acid is consumed at low pH values. An amount corresponding

to about 67% CaO is required for a pH value of 5 but a marked

deflection then begins so that an amount corresponding to about

72% CaO is required for pH values around 4 and an amount corre-

sponding to about 78% CaO is required for a pH value of 3. The

solubility data from the cement components indicate that this

deflection should be caused by the dissolution of aluminium and

ferric hydroxides. That this is so has been verified by means

of corresponding titrations on pure cement components, see FIG.

12.

In conjunction with these, it emerged that during re-titration

aluminium hydroxide precipitated in the pH range 4.5-5 in ex-

periments with C,A and C.AF, and that ferric hydroxide precipi-
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tated in the pH range 2.8-3.5 in experiments with C,F and C.AF.

The effect of the precipitation of the ferric hydroxide can also

be seen in the cement curves in the form of a minor levelling

off around pH = 3.5.

It would appear tempting to insert these figures instead of P

in the formula for the depth of attack at low pH values. This is

not recommended, however, since the figures were obtained during

re-titration experiments when the entire dissolved quantity had

precipitated. We must assume that the dissolution in an acid

attack is selective insofar as a proportionally larger quantity

of calcium is dissolved during the square root stage than corre-

sponds to its content in the cement paste. During the constant

rate stage which then follows, all of the components will, on

the other hand, dissolve in proportion to their contents in the

paste. Consequently, the higher values may be used for the later

stage but the CaO value obtained from the cement composition

should be used during the square root stage so as to be on the

safe side.

4.2.5. The interdependency between acid consumption and degree

of destruction

The measuring method is intended to provide an indication of the

degree of destruction of the concrete. This term can, of course,

refer to different properties but is generally linked to some

property related to the strength.

The term "depth of penetration" has been used above. This refers

to the thickness of the concrete layer which has lost its strength

due to the attack. The concrete which lies inside this layer has,

on the other hand, been regarded as unchanged from the strength

point of view and it has been assumed that the acid consumption

is equivalent to the calcium content which existed at the begin-

ning in the destroyed layer, with a minor correction for a number

of other substances in the cement.

The fact that the strength of the concrete inside the destroyed

layer is unchanged has been established by Prudil /1969/. Prudil
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measured the tensile strength in bending of concrete specimens

which had been exposed to 0.5 -M hydrochloric acid during periods

varying from 2 days to 3 months. He established that when the

relevant dimensions of the specimens are used in the calculations,

no significant difference occurred in any case between the strength

counted per unit of the remaining uncorroded specimen and the

control specimen. Similar observations concerning both the Port-

land cement and slag cement had been reported by Schwiete and

Ludwig /1966/.

We know, however, from other investigations that concrete which

has been subjected to lime leaching has lost strength. A literature

survey made by Halvorsen /1966/ shows that a leaching of the free

lime in concrete corresponds to a reduction on the order of 10%

in the compressive strength and a further reduction in the strength

must be ascribed to the disintegration of the calcium hydrosili-

cates.

The results presented by Prudil and Schwiete were based on mea-

surements of the tensile strength in bending and this quantity

is, as a rule, associated with such a large spread in the measu-

rement values that it is uncertain if the corresponding 10% re-

duction in the compressive strength mentioned above could have

been established. Consequently, we cannot completely exclude the

possiblity that a leaching of free lime has taken place from the

concrete below the hydroxide layer. If so, the relation between

the quantity of acid consumed and the depth of destruction is no

longer as simple as indicated above. This relation will, instead,

Indicate a sort of mean value between the depth corresponding to

the silicate disintegration and the depth of lime leaching. As

a result, it is of interest to attempt to estimate the approxi-

mate size of this effect.

A simple calculation carried out for a diffusion-controlled case

with two layers, the inner of which corresponds to a CH-leached

layer and the outer of which corresponds to a hydroxide layer

which is assumed to be insoluble, is presented in Apnendix 1.
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Both the depths of penetration become oroportionate to ,'t anti

therefore have a constant nroportion. The ratio between t!m

thickness of the hydroxide layer and the mean depth of penetra-

tion calculated vis-å-vis the total calcium dissolution can there-

fore be calculated if we know the diffusion constants of the

calcium hydroxide both in the hydroxide layer and in the paste

phase. The latter has not, however, been systematically investi-

gated and we are obliged to use rough estimates based on a small

number of individual experimental values. Ushiyama and Goto

/1974/ determined diffusion constants for inter alia Na+ in

cement paste with a stationary measurement method and found va-

lues of (1.70 - 1.89) 10-12 m2 s-l

Schwiete et al /1969/ determined the diffusion coefficient

for gaseous 0- through N_ in cement products and found reduction
—6 —2

factors of 10 - 10 in relation to the diffusion coeffi-

cient for O_ through N_ in a free cross-section. Since the
— 9diffusion constant for NaOH in water is approximately 1.3-10

2 -1
m s , we can see that the range indicated by Schwiete et al

for the reduction factor covers the value established experi-

mentally by Goto for Na in cement paste.

If we use the formula in Appendix 1 and assume that approxima-

tely 1/5 of all calcium occurs in free Ca (OH) and that

the remainder is bound as C-S-H etc. (Halvorsen 1966) and

that C-S-H releases its Ca + at a concentration of about 1.5

mrool Ca(0H)2/l (Taylor 1959) while free Ca(OH) has a solu-

bility of 20 mmol/1, we can see that the ratio 4 between

the actual depth of destruction and the mean depth as calcu-

lated from the calcium dissolution becomes as follows:

D C a / D C a

paste hydroxide layer

10"1 0.7

10"2 0.9

10"3 0.99

10"4 0.999
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The use of the mean depth overestimates the thickness of the

hydroxide layer. From the observation made in 3.2.2 that the

reduction factor of the hydroxide layer relative free liquid

cannot be very much less than 1, and from the reduction factor

established by Schwiete et al which provides an upper limit for
-2

Dpaste = 1 0 D . , we canwater' t h a t Dpaste/Dhydr.layer
cannot be very much larger than 10 . According to the table

above, the value should not, in other words, drop markedly

below 0.9. The leaching of free calcium hydroxiie thus leads

to overestimating the depth to which the strength is destroyed

when using the simple formula for the mean attack depth. This

overestimation can amount to about 10% in the case of acid

attacks.

It is, of course, possible to obtain completely different

results for attacks at higher pH values. In certain cases, it

is theoretically possible to obtain a selective leaching of

the Ca(OH)2 phase only but the attacks in question are no longer

acid attacks.

STUDIES OF LAYER DISSOLUTION EXPERIMENTS

5.1 Experimental procedure

Measurements have been carried out on the dissolution of Si, Al

and Fe from long term experiments after the solution has been

exchanged so as to obtain further information on the extrapo-

lation problem. The measurements extended over a number of

weeks so as to make it possible to study the time dependency,

i.e. the influence of the increase in concentration in the dis-

solution phase. This is also of importance with regard to the

question of how often the solution should be changed. The dis-

solution of Ca was also determined in connection with these

experiments.

These experiments were done as described in Rombén/1978/ and

consist•••d of taking out samples for analysis from the solution
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after different periods counted from a change of solution. The

experiment was carried out as follows: the specimen was remo-

ved from the solution, was carefully cleaned on the insulated

surfaces and placed in a 500 ml polystyrene vessel. The poly-

etyrene vessel was then placed in position in the thermostat

and de-ionized pH-adjusted water at thermostat temperature was

added. Immediately before the beginning of the experiment, this

liquid was changed a number of times through sucking out the

old water and adding new water so as to remove all remnants

from the previous solution. (These last changes were not made

for one of the measurements at a pH value of 3 with the result

that the solution sample taken first already showed high con-

tents.) Samples of the solution were then taken at suitable

points in time using a thoroughly cleaned polystyrene pipette

provided with a suction device consisting of a polythylene

bellows.

The total volume of solution in these experiments normally

amounted to 300 ml and 25-50 ml were removed each time for

analysis. This volume was replaced immediately with the same

quantity of de-ionized and pH-adjusted water. This was taken into

consideration when calculating the quantity dissolved. The solu-

tion samples were placed in thoroughly cleaned polystyrene ves-

sels. The part volumes which were intended for Fe and Al ana-

lysis were kept in separate vessels and were acidified with the

aid of specially pure sulphuric acid to a concentration of 0.1-n

with the aim of preventing losses through adsorption on the

vessel walls. The analyses were not carried out until the en-

tire series of samples were ready. Certain iron analysis could,

however, be carried out in direct conjunction with the sampling.

Calcium was analysed using EDTA titration, either visually as

ultra-microtitration according to Flaschka-Sadek /1957/ (in

which case one really determines Ca+Mg ) or automatically by

means of photometric end point indication with murexide.

Silicon was analysed according to the same method as that

described in Rombén /1978/ but scaled down to 4 ml final volume,



55

The measurements were carried out in a spectrophotometer made by

JASCO, model UVIDEC-2. Attempts to analyse silicon by means of

atom absorption in a graphite furnace were unsuccessful.

The aluminium was first determined photometrically with Erio-

chromeCyanine according to Standard Methods (1970) , method No.

103 B in a scaled down version but this method proved difficult

to use. The calibration curves were not stable and it was

necessary to repeat them in connection with each series of

analyses. In addition, pedantic accuracy must be observed to

ensure that the execution is exactly the same each time.

Furthermore, the absorbency concentration curve was not straight

for concentrations below 50 ppb Al-C^. This made the determin-

ations in this range difficult. The atom absorption method

(graphite furnace, Perkin-Elmer, Model 303+HGA 72 at the Depart-

ment of Analytical Chemistry, Royal Institute of Technology,

Stockholm) was found to be satisfactory.

Iron was also analysed in this way. As usual, the measure-

ments were rendered more difficult below approximately 20 ppb

Fe-O3 by contamination problems and values measured by means of

this method below 10 ppb were not reliable. In one of the ex-

neriments, an analysis method based on chemoluminescence in an

alkaline solution (Kalinichenko /1970/) was used. These ana-

lyses could be carried out in immediate conjunction with the

sampling. The advantage of this method is that it measures only

iron which occurs in mono-molecular form. The method could,

in other words, provide information on the actual mono-molecular

iron dissolution as opposed to the atom absorption method which

measures the total dissolution. Only the total value could,

unfortunately, be measured for the other substances. It would

have been interesting for the assessment of the dissolution

mechanism if one had had an opportunity to distinguish between

molecularly and colloidially dissolved and in particulate form

removed substances since the corresponding processes can be

affected differently by different external factors.



56

In order to avoid contamination, the analysis work was carried

out as far as possible in a cupboard with a laminar HEPA filter

air flow (made by Centronic, type HLB3). Reagent solutions and

samples were kept in vessels of transparent polystyrene. This

material has been found to have an extremely high degree of

purity (Robertson /1972/) . A number of solutions were stored

in centrifugal tubes of polypropene. These have also proved

to be satisfactory for trace analyses (Dabeka /1976/). The

wat,er used during the analysis work was taken from the mains

supply and was first distilled in a copper apparatus before

passing through a de-ionizing filter (type Milli-Q from Milli-

pore Co. Inc.). The water then had a conductivity of less than

0.1 yS .

5,2 Result of layer dissolution experiments

5.2.1 Silica dissolution

The dissolution of silica has been entered in FIG. 14 and FIG.

15 as a function of the time. The experiment at a pH value of 3

had been in progress for 655 days when the dissolution expe-

riment was started. (This experiment was the experiment mention-

ed in which the last changes of solution were not carried out

immediately before the start of the sampling).

The quantity dissolved is almost a linear function of the time

up to about 2 days when the concentration has reached a value

of 15 mg SiO2/l and one can begin to notice a deflection. The

slope during these first days corresponds to a rate of disso-

lution of the layer of about 3 mm/year. After 20 days, when the

concentration has risen to about 75 mg SiO2/l, the rate of

dissolution has dropped to about 1 mm/year. Since the saturation

concentration of a pure, amorphous silicic acid lies at approx-

imately 150 mg SiO2/l according to Alexander et al at this pH

value, the deflection is obviously caused by the closeness to

the saturation concentration. The hydroxide layer's contents

of Al and Fe do not, in other words, appear to be able to re-

duce the solubility of the silicic acid to any notable extent
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at a pH value of 3. The experiment was repeated with last

changes of solution immediately,before the start of the samp-

ling so as to obtain values during the first period, FIG 13.

As can be seen from the figure, a more rapid dissolution also

occurs here during the first hour, corresponding to about 5 mm

per year. The rapid dissolution previously found for the calcium

dissolution over brief periods of time thus also occurs for

silicon.

The values of 1-5 mm/year which were obtained are extremely high

in relation to what can be accepted in practice. A pH value of 3

is also lower than the value regarded as permissible in the

standards issued by various countries.

Experiments have been carried out at a pH value of 5 and here,

again, it can be seen that the curve consists by and large of

a straight line corresponding to a dissolution rate of about

1.5 mm/year up to a period of about 2 days when the concentration

is approximately 6 mg SiC^/l before levelling off towards a rate

of about 0.2 mm/year between 10-15 days when the concentration

is approximately 20 mg SiC>2/l. According to the same source, the

equilibrium concentration for pure silicic acid at a pH value of

5 is approximately 120 mg/1. It is not likely that the marked

reduction in the rate of solution from a pH value of 3 to a pH

value of 5 can be linked to this minor reduction in the solu-

bility of the pure silicic acid. In all probability, the reduc-

tion in the rate of solution is due to the presence of calcium,

aluminium and iron, At a pH value of 5, the silicon is more ra-

pidly dissolved during the first hours after the solution has

been changed. An experiment with a pH value of 6 shows a si-

milar development. A feature worth noting is that the rate of

dissolution during the first 20-60 minutes appears to be fairly

independent of the pH value (FIG 13). The major difference does

not begin to appear until after 5-10 hours when the concentration

of SiC>2 has reached 3 ppm. The rates of dissolution for pH

values of 3,5 and 6 have been estimated at 5,8 ± 2,3, 4,3 ± 0,8

and 5,5 ± 1,1 mm/year respectively at the start of the sampling.

This estimate is obtained by connecting the best 2nd degree

curve through the origin to the points up to one hour.
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The limits in the estimates apply to a 95% confidence interval.

As can be seen, the values are not sufficiently accurate to

exclude the possibility of a variation with the pH value. It

would appear, however, that the dissolution process during

this period in pure water, with a pH value adjusted by means

of hydrochloric acid, is not affected by the pH value and is,

consequently, controlled by factors other than those which apply

when the solution contains dissolved substances.

Quantity dissolved
mg SiO /rr^concre^e surface area

150r

10

O pM 308 Sampling after 70X days in hydrochloric acid
x pH 5 00 » » 319 ••
o pH 6 00 » •• 370 »

2 3
Time after change of solution, hours

FIG 13. SiO2 d issolut ion.
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FIG 14. SiO2 dissolution,
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FIG 15. SiO2 dissolution.
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5.2.2 Aluminium dissolution

Experiments have been carried out at a pH value of 3.08. The

first experiment was made after 522 days in acid and was ana-

lysed spectrophotometrically. The spread obtained for the values

was large, see FIG 16. The rate of dissolution during 1-7 days

was constant without any tendency towards levelling off and

corresponded to approximately 1.3 mm/year. Here, too, there

is an intimation of a higher rate during the first hours corre-

sponding to about 1.7 mm/year but the spread of the values

does not permit any certain conclusions to be drawn.

A later experiment was carried out after 655 days, see FIG. 17.

No results were obtained here for short periods but the curve

from 10 hours up to 25 days is straight, within the limits for

measurement errors, with a slope corresponding to approximately

1.5 mm/year. There is no tendency towards levelling off with

time. This indicates that the concentration of the solution

(16 mg Al-O-j/l after 25 days) is still far short of the satura-

tion value. Based on values given in the literature, the satura-

tion value is estimated at about 5 000 mg Al-0,/1 for pure Al

(OH)-, at a pH value of 3.08 (see Part I). No experiments have

been carried out at higher pH values, but the saturation value

for aluminium lies considerably lower than it does for silicic

acid - approximately 0.05 mg Al-CK/l at a pH value of 5 - and a

very early levelling off of the curve must, consequently, be

expected here.

5.2.3 Iron dissolution

This has been determined for the experiment at pH = 3, and the

result is presented in FIG. 18 and FIG. 19. The curve is steep

at the beginning and then levels off. The gradient after 10-25

days corresponds to about 0.4 mm/year and the concentration is

2-3 mg Fe2O3/l. According to Rombén /1978/, FIG 11, the

saturation concentration is approximately 8 mg Fe-0 /I at this

pH value. This explains the deflection. The figure is, however,

highly uncertain partly due to diverging values in the litera-
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ture and partly due to the influence of the activity factors

which provide fairly large contributions in this particular case.

The rate becomes 1.5 mm/year at 12-24 hours, corresponding to a

concentration of 0.4-0.6 mg Fe-O-Vl. The very first part of the

curve is steep and can be estimated to be roughly 10 mm/year.

This part of the curve has also been studied in another experi-

ment which aimed at determining the mono-molecular dissolution

(FIG. 20).

As can be seen, the slope here, too, is very steep during the

first hour, corresponding to a rate of about 8 mm/year. The

concentration of mono-molecular iron in the solution is approx-

imately 40 yg FeO,/l after 1 hour. Since the rate corresponding

to this is almost the same as the total, the result indicates that

at least a considerable part of the iron dissolution takes place

in mono-molecular form and that poly-molecular dissolution

(peptization) does not make any major contribution at this pH

value.

Attempts have also been made to determine the dissolution at a pH

value of 5 but the concentration here is about 10 pg Fe-OL/l and

the spread in the measured values became high. There does, how-

ever, appear to be a tendency for the concentration to become

stabilized close to this value. The time for the rise appears

to lie around 1-3 days, corresponding to 0.007-0.02 mm/year.

This value is, however, highly uncertain. The saturation con-

centration at this pH is approximately 30/pg Fe-O^/l.
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FIG 16. A12O3 dissolution.
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PIG 18. Fe2O3 dissolution.
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FIG 19. Fe2O3 dissolution.
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FIG 20. Fe2O3 dissolution.
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5.3 Discussion of the layer dissolution experiments

A comparison of the dissolution process at a pH value of 3.08

with those in Rombén /1978/ FIG. 12 and FIG. 13, where the mea-

surements were started after 50 and 150 days, shows that the rate

has not changed much for either Fe or Si. The 655 day curves for

Fe are not, however, similar to those previously measured and the

reaction appears, above all, to proceed more rapidly immediately

after the change of solution. Part of the reason for this may be

due to analytical difficulties but the deviation is clearly larger

than what would correspond to these. Consequently, the main reason

must be assumed to be deficient reproducibility. Certain details

in the design of the experiments, such as the stirring conditions,

must clearly be more accurately fixed. Consequently, it is not

completely inconceivable that the rate of dissolution of the

iron has decreased with time but it is difficult to imagine that

this rate would have been subjected to any pronounced decrease

during the 60-655 day period.

What is more remarkable here, perhaps, is that the silica

dissolution was not reduced but remained after 6 55 days between

the values measured at 50 and 150 days. If the assumption made

in Rombén /1978/ that the outermost zone (Fe(OH)3) is in-

soluble had been correct, the rate of solution should have di-

minished by a factor of /50/655 = 0.27. It is obvious, however,

that the ferric hydroxide has dissolved. The quantity dissolved

is estimated at about 15 g Fe2O3/m after 655 days, based on the

rate of solution obtained, which is taken as a mean value for

the first 21 days (corresponding approximately to the frequency

with which the solution is changed). The quantity available in

relation to the acid consumption (CaO dissolved) and cement
2

composition is calculated to be approximately 50 g Fe9O,/m .

If 30% of the total quantitv of ferric hydroxide formed had been

dissolved after 655 days, the expected reduction in the rate

of silicon dissolution should instead have been reduced by a

factor of about ' _ = 0.4 (since 70% of the Fe layer remained).

No such reduction can, however, be noted in the curve showing the
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rate of solution. Consequently, we must ask ourselves if the

Fe(OH), zone really plays the part it is assumed to play in

Rombén /1978/. Since the ferric hydroxide constitutes no more

than a small part of the layer (2.8% Fe?0-i in the cement corre-

sponding to about 8% of the remaining hydroxide quantity), it

is conceivable that it does not constitute an important diffu-

sion resistance to the silicic acid but that the dissolution

of the silicic acid is determined by the actual solid to solu-

tion transfer process. If so, it is the silica gel layer which

determines the rate of the entire process in the long term at

a pH value = 3.08. The corresponding 21-day value for the quan-

tity of silicic acid which is dissolved during the same period

is approximately 10.7 g SiO9. If constant this rate corresponds
2

to 334 g SiO /m at 655 days. Since the quantity corresponding

to the quantity of CaO is 410 g/m^, it can be seen that about

80% has been dissolved. The corresponding figures for aluminium

are 52 g and 76 g Al?0,/m respectively, corresponding to 70%

after 655 days.

The rates of solution at a pH value of 3.08 taken as average

over 3 weeks after a solution change show that three of the

components have dissolved after 655 days in roughly the pro-

portions which they have in the cement - CaO, 1.6 mm/year,

SiO- 1.7 mm/year and Al-O., 1.5 mm/year - while the fourth,

Fe-O., has a value of approximately 0.6 mm/year. The results

from the higher pH values of 5 and 6 indicate that the rate of

iron solution is not measurable but that the concentration lies

below approximately 10 ppb Fe~0, in the solution after 14 days.
2This corresponds to a maximum of 0.02 g Fe-O~/m dissolved after

370 days. The equivalent quantity for the CaO model corresponds

to about 20 g Fe-0,/m . As a result, the quantity of dissolved

iron in this experimental arrangement with a change of solution

about every 21 days is completely negligible. In the SiO- case,

the corresponding values for a pH value of 5 are approximately

38 g dissolved after 319 days of a total of approximately 114 g
2

SiO2/m available. In other words, about 26% of the SiO- has

been dissolved. The )ime dissolution is still faster than that

of silicon dissolution. This means that the thickness of the
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layer is still growing. The reason for the low rate of solution

of silicic acid compared with the pH = 3 case may be either

that the silicic acid in this higher pH range must diffuse through

a thicker layer consisting of both ferric and aluminium hydroxide

or, alternatively, that these combine with the silicic acid to

form a mixed gel in which, as has been indicated in the reference

section in Rombén /1978/, the silicic acid has a lower solubility

than in the pure state. As a result, this mixed gel has a greater

stability at a pH value of 5 than at a pH value of 3.08.

In section 2.1 it was found that to pH value of the solution was

of no influence on the acid consumption (or calcium dissolution)

if the value is above 4. It would then be natural to conclude

that the pH value is of no importance to the reaction as a whole.

However, the present results show that the pH concept is of im-

portance, but that the pH level influences the dissolution of

silica in the layer rather than the dissolution of calcium.

A feature common to all four components is that they have a high

rate of solution at the beginning of the sampling. This was

expected for the lime since the water is soft and it has long

been known that soft water has a high capacity for dissolving

lime. The deflection towards lower values also takes place

approximately at a lime content in the solution corresponding to

about 1 mg CaO/1 = 0.1 dH. The result was less expected with

regard to the layer components. Increased rate of solution

in soft water have, however, previously been shown by Frost and

Virgin /1929/ for silicic acid and sesquioxides. In fact, their

tables No. 18 and No. 19 indicate that the soft water effect

(i.e. the rate of solution ratio for soft water versus hard water)

was greater for SiO2 (4.4-4.6) and for the sesquioxide (>5)

than for CaO (1.75-2). (The hard water, however, contains 80

mg/1 aggressive carbonic acid). Consequently, there is reason

to assume that the layer dissolution is the dominating cause of

the danger of soft water since this will, in the long term,

lead to a much deeper attack than would have been the case if

the lime dissolution only were increased.
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The reason for the soft water effect is not clear. One hypo-

thesis would be that in Ca-containing waters but not in soft waters,

a calcium-silicic acid surface complex develops, which stabilizes

the surface molecules, thereby retarding the dissolution. However,

stability measurements on calcium surface complexes on amorphous

SiOj have been reported (Ahrland, Grenthe and Norén /1969, Dalang

and Stumm /1967/) and from their formulas and figures one can esti-

mate that at most a few ppm of the total exchange capacity of

their respective materials is taken into account by calcium ions

when the CaO-concentration in solution is 1 mg CaO/1 and pH

values are below 6. Even if the situation may be somewhat dif-

ferent for mixed gels, the order of magnitude of these results

makes the surface complex hypothesis seem less plausible.

The following may be an explanation for the increased silicic

acid dissolution. The solubility of the silicic acid gel in

water is known to be fairly independent of the pH value for pH

values below 9 but to increase markedly above this value and to

increase in pace with the increase in pH value. Since the pH

value in the hydroxide layer varies from the outer part - less

than 7 in acid media - to the inner part (12.6-14), the concent-

ration of silicic acid in the pore solution in the innermost

part may become high and this applies to an even greater extent

if the supersaturation, which is caused by the dissolution,pro-

cess, is taken into account.

The calcium silicate hydrates, on the other hand, nave a low

solubility at high pH values. Calculated values have been plot-

ted in FIG. 21 for the silicic acid concentration, partly in equi-

librium with amorphous silicic acid and partly with calcium sili-

cate hydrate at different pCa as a function of the pH value. As

can be seen from the figure, a maximum in concentration occurs

at the intersection between the curves and the value here is

strongly dependent on the Ca concentration. Since the Ca content

of the outer solution affects the Ca content in the inner areas

of the hydroxide layer, the equilibrium concentration of the sili-

cic acid is also affected in this area and, consequently, also its

gradient and diffusion flow. A similar line of reasoning can,

in principle, be made for the other components even if available

data do not permit quantitative estimates.
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FIG 21. Solubility for amorphous silicic acid calculated
from data from Stumm-Morgan /1970/.

Solubility for CaH2SiO4 calculated from data
from Greenberg-Chang /1965/.
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This approch means that the silicic acid could go into solution

not only from the outermost part of the zone but also from parts

further in where the solubility is high due to the high pH value

and this would give us a concentration gradient and, thus, a

diffusion flow of silicic acid out through the layer.

Some of this silicic acid will be precipitated on its way out

when the saturation value drops in pace with the pH value but

this precipitation may perhaps take place so slowly that part

of it has time to leave the layer. Consequently, it is conceiv-

able that the rate of solution of the silicic acid is influen-

ced not only by factors of a type which influence the acutal

dissolution process in the zone area (which probably consists

of a peptization) but also of the factors which are related

to the precipitation, coagulation and gel formation processes.

The gel formation process for silicic acid has been studied in

several defferent regards (for example H e r /1973/) and it has

been shown that the process is affected markedly by the pH value

and by the salts present. In particular, it has been shown that

the gel formation time is at a minimum in the pH range 5-6. For

the silicic acid which diffuses from the inside outward, this

means that the residence time in this pH range, whose magnitude

depends on the pH gradient, can be significant for the quantity

which is permitted to pass through. Strong acids have steep pH

profiles while weak acids with pH values close to 5-6 have

flatter profiles. The gel formation time is affected by

cations since these can easily be absorbed due to the negative

.urface charge of the silicic acid. Ions with a high charge

have the greatest effect in connection with this. At high pH

values, where Al^+ and Fe^+ are almost insoluble, it is mainly

Ca^+ which becomes important and it has been shown that (Allen

and Matijevic /1969/, /1970/ and /1971/; Depasse and Wattilon

/1970/)the critical coagulation concentration for Ca can lie

very low for a number of investigated silicic acid preparations

(in one case close to 10"^ -M = 0.56 mg CaO/1 at a pH value of

10 in the presence of KC1) and it is considerably lower than

for the alkaline ions. Several reserachers (inter alia Baxter
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and Bryant /1952/) have not been able to find any major influence

deriving from anions. In all probability, these factors have a

counterpart also in the peptization process.

The question of silicic acid dissolution is linked to the

question of the degree of polymerization which the silicic acid

has when it is dissolved from the C-S-H structure. This, in

turn, is linked to the problem involving the primary dissolution

reaction. According to one theory, the reaction takes place in

such a way that the entire paste dissolves in the reaction zone

and forms a locally supersaturated solution. This is then

followed by a precipitation and/or gel formation of the Si-Al-Fe

hydroxides. According to another theory, only CaO is dissolved

from the silicic acid structure which is otherwise unaffected.

A certain amount of light can be shed on this situation by means

of a quotation from a work by Murata (194 2). He says that

different silicate minerals can be classified according to the

way in which they react with hydrochloric acid or nitric acid

and says that among a number of samples investigated the silicic

acid of about 80 minerals does not dissolve in acid but is left

behind as residual separated silica while 135 minerals dissolve

completely in acid and yield a clear, filterable solution which

sets to a firm silicic acid gel. About 200 minerals are attacked

weakly or not at all. When this information is compared with

the silicic acid structure of the mineral, determined by means

of X-ray diffraction, it can be seen, according to Murata, that

the prerequisite for a mineral forming a gel is that its silicic

acid structure must be such that it can, when attacked by acid,

occur as or be broken down to parts with low molecular weight.

Orthosilicate and pyrosilicate belong to this group. The siloxane

bonds are regarded as sufficiently strong to resist attacks

from the acid and this is confirmed by the observations made

by other researchers on the remaining silicic acid from minerals

which leave an insoluble remnant. This silicic acid occurs here

as "coherent plates of hydrated silica" from minerals such as

biotite and gillespite and as "coherent fibres" from chryso-

tile. Murata then adds the assumption that all elements which

are not built into the silicic acid structure (K, Ca, Mg, Cr,
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where applicable) have a negligible influence on the process.

Ions such as Al " and Fe which can be built into the silicic

acid structure and replace silicate have a direct influence,

on the other hand, on the behaviour of the silicate during acid

attacks due to the fact that the bonds which these atoms have to

adjacent Si-0 groups are broken and thus leave intermediate low-

molecular silicic acid fragments which are soluble behind. If

we regard cement and cement-paste from this point of view, it is

known that the silicic acid in both C3S and C_S occurs in monomer

form and that these substances are soluble in acids without leaving

any remnant. This is not the case with regard to the hydrated

paste. Here, as a rule, we get an insoluble reimant which is dif-

ficult to filter, unless special precautions are taken during

acid treatment. The hydrated paste clearly constitutes an inter-

mediate case and we can assume that it consists of a mixture

of small and large fragments. This agrees with the results which

have emerged during the investigation carried out on anion

condensation in pastes. The anion condensation has been measured

with different methods (reviewed by Wieker at the Moscow Cong-

ress, 1974) and it has been possible to establish the occurence

of different polysilicic acids. It has also been possible to

put the degree of condensation in relation to the age of the

C-S-H gel, the presence of admixture and, in particular, its

carbonation. Steopoe, 1935, observed that while silicic acid

which is bound as silicate or hydrosilicate dissolves completely

in a diluted cold hydrochloric acid, this property no longer

occurs in a silicic acid which has been formed from hydrosilica-

tes during reaction with carbonic acid. Lentz, 1967, found that

carbonation leads to rapid polymerization in connection with

which soluble polysilicates first increase to a maximum and then

decrease again. Since the diffusion constant decreases with

increases in the molecular size, the diffusion transport of sili-

cic acid should be lowered for cement pastes with a high degree

of concentration. It is interesting to compare this with reports

that concrete piping receives increased resistance if it is

stored for some time in the open air before being used. This is

usually said to be due to the formation of calcium carbonate

in the outer layer. This would only affect the resistance in

•
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the short-term but it is possible that the effect, instead,

is linked to the fact that the silicic acid becomes insoluble.

This could be expected to give a long-term effect.

It is probable that the degree of polymerization of the dissolved

silicic acid is also influenced by the external medium. Certain

results indicate that sea water, for example, can have a depoly-

merizing effect on colloidal silicic acid (Chow /1953/)•

Na or Cl ions can probably split siloxane bindings under cer-

tain circumstances and affect the dissolution process.

Another explanation for the increased solution of silicic acid

in soft water is connected with the fact that mixed gels are

known for their capacity for swelling in conjunction with a

change in concentration of and adsorption of ions. The clay

mineral montmorillonite is particularly known for its swelling

properties. (Montmorillonite appears to be more easily formed

than kaolinite and it is considered possible that a less well-

crystalized modification might be formed with time in certain

pH ranges in the layer). The area in contact with the solution

increases during swelling and the transport paths are also ex-

panded. This increases the solubilization of silicic acid. There

is also reason to suspect that swelling in the layer may lead

to mechanical destruction in conjunction with the change of

solution when a salt-enriched solution is replaced with de-

ionized (pH-adjusted) water. This means that a further destruc-

tion mechanism has appeared, which is linked not only to the

composition of the surrounding medium but also to the fluctua-

tions in its composition. A question of particular interest in

this regard is which ions in the water make major contributions

to the swelling.
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5.4 Consequences of the layer dissolution experiments for

the design of the test method

The curves obtained provide information on how frequently the

solution should be changed if the reaction products are not to

influence the reaction. The calcium concentration increases

linearly with time (except during the first hour after the

change) and no change at all appears necessary as far as this

concentration is concerned. The solution of the other com-

ponents is affected when their concentration in the solution

becomes a noticeable fraction of their saturation concentrations

and if one has reason to measure the solution of any of these

in a given medium, one must have information of the maqnitude of
the saturation value and not permit the content in the solution

to rise to such an extent that proximity to the saturation con-

centration can influence the dissolution curve.

As far as the rapid solution of the components at the beginning

is concerned, we have reason to question if this is a consequence

of changing the solution and of the rapid change in concentration

with concomitant swelling effects. This leads to the idea of

carrying out the test during a continuous change of solution and

of determining the rate of dissolution of the components not as

a function of e.g. the rate of flow which determines how strong

the enrichment can become in the solution. Concentration fluct-

uations also exist, however, in the conceived environment in which

the construction would occur and if the swelling process constitutes

an important cause of the removal of the layer and, thus, of the

extrapolation in the test method e.g. by measuring the layer dis-

solution during simulated concentration variation cycles.

6 LONG TERM EXPERIMENTS

Since the usability of the test method is dependent on the

possibility of extrapolating the results obtained to provide

values for longer periods of time, a number of experiments have

been permitted to continue during a considerably longer period,
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4-5 years, compared with the normal period of a few weeks. The

aim here was to see if deviations from the square root depend-

ency occur. Experiments of this type have been made with SENTAB

pipes in hydrochloric acid at pH values of 2.0, 3.08, 5.0 and

6.0.

These experiments were carried out in the same way as the other

experiments but differ from those insofar as they were subjected

to several operational disturbances. Consequently, the values

are less reliable. There were various reasons for these disturb-

ances, influding defects in the switch, in the electronics, the

pH electrodes and in the burettes in the form of leakage. The

most important defects are those linked to major drops in pH

values due to excess titration. Because of this, the accumulated

acid consumption could not be specified. Instead, the results

can be presented in the form of acid consumption rates measured

during periods which were free from disturbances . The consump-

tion rate is low after long periods of time and thus becomes

sensitive to small variations in the pH value in cases with a

high buffer capacity (i.e. cases with pH values of 2 and 3).

As a result of this, the rate of consumption becomes more irregular

and it is therefore necessary to measure the mean value of the

consumption over a longer period of time, i.e. over weeks and

months. The use of the rate of consumption instead of the «ccu-

mulated quantity has the advantage that it provides us with a more

sensitive indication of any deviation from the square root depend-

ency. If the accumulated acid consumption increases linearly with

the square root of the time and is thus represented in the log -

log chart by a line with a slope of ^ the rate will, instead,

be represented in the same sort of chart with a line with a

slope of the - •* .

Since de deviation can be assumed to be linked to the layer

dissolution, we have reason to expect the solution turnover to

be an essential factor in these experiments. The solution was

changed approximately every third-fourth week.

The results are presented in FIG. 22-25 where the points have
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been provided with a 95% confidence interval in those cases where

this was greater than 0.02 logarithmic units. We can see that all

of the points are clustered around lines with the specified

slope in all of the experiments except pH = 3.08 and that there

was no reliable tendency towards deviation in any of these

cases. In the experiment with a pH value of 3.08, we can, on

the other hand, see a clear deviation upwards. This indicates

that the rate no longer decreases in pace with the square root

law but appears to be approaching a constant level. One cc*\

attempt to estimate this level by adapting the two constants

in the formula for a 1-zone process with layer dissolution which

is presented in Rombén /1978/ (in section 6.2.2, Case 2) to the

measurement values and we then find that the rate of layer dis-

solution v = 0.75 - 0.15 mg CaO/m corresponds to a linear rate

of about 1.2 mm per year. The depth of attack is estimated at

approximately 6.5 mm after a period of three years. The deflec-

tion in the curve representing the rate thus indicates that

about half of the layer formed in connection with this has been

dissolved.

The reason why no deviation can yet be glimpsed at other pH

values is probably due to the fact that the acid consumption is

not a sensitive indicator of the layer dissolution. If we con-

sider the confidence intervals inserted in the charts we find

that we cannot detect a deviation of less than about 0.1 log-

arithmic units from the straight line in the rate of acid con-

sumption. If we use the layer dissolution formula this corresponds

after three years, to a sensitivity in the detection of the layer

dissolution rate of about 0.3 mm/year in the pH = 5 and pH = 6

cases. The dissolution of silicic acid measured directly for

pH = 5 is around 0.2 mm/year 10-15 days after the solution is

changed. This falls below the detection sensitivity. The same

probably applies to a pH value of 6.

The entire level is much higher for a pH value of 2, and 0.1

logarithmic units would correspond to about 1.7 mm/year after

3 years. This uncertainty is greater than the value measured for

pH = 3, i.e. 1.2 mm/year. Corsequently, the lack of deviation
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may be an indication that the layer dissolution rate is not

considerably higher at pH = 2 than at pH = 3. If so, the reason

can probably be found in the interaction which takes place

between the silicic acid, aluminium and ferric hydroxides in

this pH range. Teh results indicate that the adsorption compounds

which the silicic acid forms with aluminium and iron and which

contribute to reducing the solubility and the rate of dissolution

of the components has a lower limit for its stability somewhere

in the pH interval 3-5 at the concentrations which have occurred

in the solution.

A direct observation of the specimens indicated that small par-

ticles of aggregate began to come free and fall off after about

3 years at a pH value of 3.08 and that individual aggregate

particles of about 5 mm came free after 4 and 5 years. These

particles remain in position during the experiment but fall off

when the solution is changed. In other words, the penetration

has reached such a depth that the adhesion of the particles in

question has disappeared at all points. A contributory reason

may be that the contact phase between the aggregate and paste

frequently has a higher permeability inter alia due to the fact

that the (original) adhesion around the aggregate is poor in

places with the result that the transport paths around the par-

ticles have become more open than in the paste. Only occasional

small particles have come loose on the specimens from the experi-

ments at other pH values after 4 years. The fact that this is

also the case for a pH value of 2 is odd and no explanation is

known.

It was noted in an experiment carried out on cement paste with

a pH value of 5 that the hydroxide layer was finally crackled

after one and a half years, see FIG. 26. The layer had not,

however, dried and this cracking must probably be ascribed to

the changes in volume caused in connection with the changes of

solution.
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1mm

FIG 26. Cracked hydroxide layer of a specimen of
cement paste after 1.5 years in solution
at pH=5. The specimen has not been dried.

Discussion

The long-term experiments carried out ai. pH values of 2, 5 and

6 during a period of about 4 years have shown that the acid

consumption rate within the measurement error limits follows a

square root dependency. An experiment at a pH value of 3.08

which was in progress for about 5 years has, on the other hand,

shown a deviation towards higher values than those corresponding

to this square root value, indicating that the rate is approach-

ing a constant value. This is what one would expect in connec-

tion with layer dissolution and it may ';e of interest to compare

the layer dissolution values obtained from the the deviation of

the acid consumption curves with those obtained from direct mea-

surements. As before, values which would constitute the avenge

rate of dissolution between two changes of solution 21 days apart,
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have been selected from the curves of the direct measurements.

We then find that the linear rate becomes (pH = 3.08/:

from the acid consumption rate " 1.2 mm/year

from

from

from

s i 02
A12°3
Fe2°3

dissolution
n

n

1

1

0

.7

.5

.6

Bearing in mind the fact that all the values incorporate

uncertainties, we can regard the agreement between the value

estimated from the acid consumption and the values obtained

from the layer dissolution experiments for SiO and Al-O.. as

reasonably good.

The '_lue for iron dissolution is low compared with the other

values. This is, of course, due to the fact that ferric hydroxide

is the least soluble component. The solution values are linked

to the complicated conditions which occur in connection with a

multi-zone process. Although a process of this type is difficult

to survey mathematically and has not been dealt with, the follo-

wing can be noted. The square foot terms dominate over the linear

terms in cases where the periods of time are short and the reac-

tion for all components except the outermost component can,

consequently, be described as following the square root law

according to Rombén /1973/ , Section 6.2.2, Case la. The

linear terms dominate, on the other hand, for longer periods of

time, and the layer wanders inwards at a constant rate and with a

constant thickness for each zone. The transition between these two

stages thus means that the rate of movement for the zone bound-

aries for all components except the outermost component decreases

from a value which is individual for each component and is higher

the further in the zone limit occurs, down towards a value which is

common for all components and which is determined only by the

rate of dissolution of the outermost component. The approach to

this constant value takes place more rapidly for the zones which

are closest to the solution. This means that the dissolution

of Si ar.d Al, which is faster in relation to Fe, can be regarded

as a manifestation of the fact that the transition to the later
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stage has not yet been concluded. The higher value calculated

from the acid consumption can also be caused by the fact that

the evaluation was made using the excessively simple one-zone

formula.

There is a possibility that the ferric hydroxide does not play

the role of rate-determining outermost zone which it was given

in Rombén /1978/. This may be due to the fact that it occurs in

such a minute quantity that this role is, instead, taken over by

the component which is next in sequence from the point of view

of low solubility at this pH value (= 3.08). This component is

the silicic acid. This can also apply at higher pH values since

the component which is ranked next with regard to low solubili-

ty, Al(OH)3, also accurs in no more than a minute quantity. The

measured values taken for the SiO- dissolution from pH = 5

show that the dissolution of silicic acid approaches about 0.2

mm/year. It can then be seen that this low value cannot be de-

tected by measuring the acid consumption after 4 years but that

it does, nevertheless, have a marked effect on the depth of

destruction in the long term:

Depth according to square

root formulär

Depth according to one-zone

formula

50 years

10 mm

15 mm

100 years

14 nun

25 mm

It can clearly be seen from this example that we cannot expect

a realistic test method to be based on the square root formula

only, even at the pH ranges which occur commonly in practice

(which, of course, 3.08 does not) . Instead, a realistic test

method must embrace some form of determination of the rate of

layer dissolution.
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7 FIELDS OF APPLICATION FOR THE TEST METHOD

The proposed method is intended for use in studying the resis-

tance of concrete to attacks by acid water solutions. In the

form indicated here, it can simulate and detect non-erosive

attacks of both strong and weak acids whose anion part does not

form insoluble salts or complexes with the cement constituents.

It may be of interest to deal briefly with other types of attack

and to see to what extent the same measurement principle can be

used and to determine what complications can occur when this is

done. The discussion in connection with this will be limited

to the lime dissolution part and two fundamental principles

behind this, namely that the attack is not detected on the object

itself but on changes in the composition of the aggressive solu-

tion and that the simulation is carried out in such a way that

the aggressivity of the medium is kept unchanged, for example by

supplying hydrochloric acid so that the pH value is kept constant

possibly in combination with a continuous change of the solution.

In principle, an attack should be measured as a direct measure-

ment on the attacked object since this measures the actual damage.

This is also the method which has been most frequently used. As

a rule, the decrease in compressive or flexural strength has

been established after exposure to the aggressive medium for

different periods of time. The aggressive medium is usually

supplied in highly concentrated form. The disadvantages of this

method are that it has far too low a sensitivity and thus en-

tails difficulties in interpreting the time development in a

way which makes calculations of service life possible.

As has been suggested in this and other works, the damage can be

measured indirectly as an alternative to the direct measurement

method. Indirect measurement is carried out by investigating the

aggressive medium and measuring, for example, the consumption of

the active component. A prerequisite for this is that the

measured quantity can be converted to the degree of damage in a

specimen. This is easy in the case of acid attacks since the

attack takes place layer by layer and also follows stochiometric
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laws, as a result of which the acid consumption can be converted

to the depth of attack. The same reasoning does not, however,

apply to other types of attack. There may be several reasons

for this, for instance, the attack may have an expanding effect

and does not, in this case, take place layer by layer due to the

fact that cracks occur permitting the aggressive solution to

penetrate. The attack can also take place selectively on certain

of the cement paste components or reaction products can be formed

with a non-stochiometric composition.

Of the different chemical attacks which are discussed in the

literature, only a few main types will be dealt with here. The

aggressive substances can be subdivided depending on their ten-

dency to react with the cement paste constituents.

The first type consists of substances which have an affinity to

hydroxyl ions and which can, consequently, replace the calcium

in the cement paste constituents. A number of substances can be

designated as calcium-exchanging. In addition to acids, these

substances also include the group which is normally called base-

-exchar.ging and which is mainly represented by ammonium and mag-

nesium salts. The expression "base exchanging" refers to the

fact that corresponding ions have a tendency to change places

with calcium ions in the cement paste constituents, but this must

not be taken literally. The following reactions occur here (if

the cement paste constituents CH- C-S-H, C-A-H and C-F-H are

written as Ca(OH)9-X for the sake of simplicity where X desig-

nates the remnant, if any):

Ca(OH)2-X + 2NH4
+ = 2NH4OH + X + Ca

2 +

Ca(OH)2~X + Mg
2+

X + Ca

In the latter case, certain magnesium silicates can also be

formed according to information supplied in the literature but

the occurrence of ammonium silicates is, on the other hand,

unlikely even if silicate minerals containing ammonium are known.
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The first of these reactions can be regarded as an acid attack

where the acid is NH4. The dissociation constant for this is
-9 3 +

10 * and it is therefore obvious that the system NH4/NH4 OH

can act as a carrier system for protons at pH values in solu-

tion of up to 9.3 and slightly above. Consequently, it should

be possible to measure the ammonium attack using the proposed

method. It may, however, be necessary to supplement the method

with an arrangement which prevents ammonia from being emitted

in gas form during the course of the experiment.

In the case involving the magnesium attack, no change takes

place in the pH value of the solution. Consequently, a measure

of tne acid consumption is no longer relevant. An indirect

measuring method must entail measuring either the magnesium

consumed or the quantity of calcium dissolved. The question of

whether or not this quantity can be related to the attack is

dependent on the stochiometry, i.e. on whether all of the calciu.-n

in the attack part is being replaced by magnesium. If so, the

value can be converted to the depth of attack. If not, a know-

ledge of the composition of any double salts which have been

formed with calcium and magnesium is essential. As a result, the

possibility of using an indirect detection method is dependent on

whether such knowledge can be obtained.

A second type of aggressive substance embraces those which have

affinity to calcium ions and which, consequently, replace

hydroxyl ions in the cement paste constituents. These can be

designated as hydroxyl-exchanging (but the analogous designation

"acid-exchanging" should be avoided). Sodium fluoride and the

tetrasodium salt of EDTA (abbreviated to Na4Y) can be given as

examples of substances of this type.

Ca(OH)2 -X + 2NaF

2-

2Na

+

20H*

Ca(OH)2 - X + Na4Y = CaY + X + 4Na + 20H
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In the first case, we get a precipitation and in the second case

we get a complex CaY . In both cases, the hydroxyl ions are

set free to an equivalent quantity »r"i this gives us reason to

believe that the detection part - * -••.: measurement of acid require-

ments at a constant pH value - q "• * J a correct value. The simu-

lation part will, however, be r *sturbed due to the fact that the
4-

active ion (F and Y res-e- lively) is consumed and that the

experiment must, consequ- -ly, be carried out with sufficiently

frequent changes of so.*'..ion or with a flowing medium.

Other kinds of comriications can occur in similar cases. One

such case exists when the complex-forming substance is a poly-

-basic acid which occurs in several dissociation stages in the

solution. This is the case for all of the common chelates.
2 + ion will neut-When Ca(OH)2 is dissolved from the concrete, the Ca

ralize H ions from the ion species which are not completely

dissociated during the formation of the complex. Consequently,

a smaller quantity of etc id will need to be added than corresponds

to two hydroxide ions. Another complication consists of the fact

that the complexes or the precipitated calcium salts may be basic

or acid. In both cases, the acid consumption does not provide a

measure of the degree of attack.

The difficulty here is based on the fact that the detection method

used provides an measure of the free hydrogen ions only (the

supply is controlled by the pH value) and not for the hydrogen

ions which are bound in the different dissociation stages. One

might consider omitting the pH measurements here, using a flowing

medium and using analytic methods on the samples taken to deter-

mine by how much the total number of hydrogen ions has been

reduced during the passage of the solution. The manner in which

analysis should be carried out must be determined from oi,e case

to another but is probably easy in most cases.
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No automatic method for recording the total number of hydrogen

ions is, however, available. Alternatively, one can use the

increase in the calcium content of the solution as a measure

of the depth of attack.

This possibility is not, however, available when precipitation

of calcium salts occurs. Such complications appear to constitute

a serious obstacle in these cases.

One can, however, conceive of a simple modification which would

make it possible to cover both cases at the same time. If the

relation between the acid consumption and the calcium absorption of

the attacking medium is not stochiometricr.l, it can, nevertheless,

be determined in a separate calibration experiment where a certain

volume of the aggressive medium is gradually provided with small

proportions of Ca(OH)2 with subsequent neutralization with hydro-

chloric acid after each addition. In this way, one can obtain

the relation between the calcium dissolution and acid consumption

directly and completely independently of whether the calcium is

bound in a complex or precipitates in the form of basic or acid

salts. The salts precipitated during this separate experiment

need not be identical to those which primarily occur in the inner

parts of the layer where the pH value is higher than in the

solution, but it is essential that they be identical to the end

products.

There are also examples of aggressive substances which belong to

both of the types named here, e.g. magnesium fluoride and the

disodium salt of EDTA.

Ca(OH)2-X + MgF2 = CaF2 + Mg(OH)2 + X

Ca(OH)2-X + Na2H2Y = CaY2' • 2H2O • 2Na
+ + X

What has been said earlier concerning the magnesium attack

applies to the first but it should be possible to measure the

second case in the manner sketched above.
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A third type of aggressive substance consists of those which

have an affinity to the silicic acid. Strong (according to

Biczok more than 10%) solutions of NaOH belong to this group.

A pH measurement is pointless (and impossible to carry out) in

this example. But an indirect measurement consisting of

measuring the quantity of silicic acid dissolved could con-

ceivably be used with success. There is reason to suspect that

a solution as strong as this could, however, also react with

the aggregate . This will disturb the measurement of the attack

on the paste part.

1

A number of other cases of acid attacks also exist and should be

mentioned in this context:

a) Acid attacks in media which do not contain water. It

appears possible to use the method in media of a type

in which the attack does not take place selectively

and in which pH measurements can be made. In those

cases where this is not possible, for example in oils

containing acid constituents, it should still, never-

theless, be possible to use an indirect measurement

method.

Attacks by acid gases or vapours cannot be measured

using the method indicated above. An attack of this

type will sometimes be expansive in nature. This has

been observed for formic acid, acetic acid, propionic

acid and butyric acid.

Attacks by acid solid substances (!) cannot be

dealt with by this method either.

b) The method cannot be used directly on concrete

with aggregate containing limestone. It should,

however, be possible to calculate how much of

the acid medium has been consumed in dissolving

the limestone by collecting and measuring the
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quantity of carbonic acid developed, and thus

establish how much of the remaining part has

been used for disintegrating the paste.

c) As has been mentioned earlier» the method cannot

be used for erosive attacks. Supplemented with an

arrangement which can simulate a given erosion

type in an adequate manner, it should, however, be

possible to use the indirect detection method with-

out any problem.
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DIFFUSION-CONTROLLED 2-LAYER CASE

APPENDIX 1

Concentrat ion
in solution phase

Other solution Hydroxide layer Paste without Unaffected
Ca (OH) 2 Pi»ste

Diffusion flows

Coordinates:' I
S 2

X1

M
 S 1

Assume that C 2 g CaO/cm paste occurs bound as C-S-H, C-A-H, etc

and that C
and that
that

n ra n ii CH (solid)

is the saturation concentration for CH

C-S-H, etc

that D1 and D2 are the two corresponding diffusion coefficients
for Ca(OH)2

that x-ĵ  and x2 are the two depths of penetration

and that Sl and S 2 are the two diffusion flows.

The equation then becomes as follows:

C1"C2Sl * Dl ' xl=xf - Cl '

S 2 = D 2 2

' IT

xx(0) = x2(0) » 0
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The quantity sought, <f> , is the ratio between the actual depth

of destruction x2 and the mean depth corresponding to the calcium

dissolution
C1.x1 + C2-x2

Cl + C2

In other words.

We find

where

and

that

• -

u± =

C± *

/ Cl +

V C2

( V c i •

D2 *

h C 2

u+

u+

C2

- u_

+ u_

:1 " C 2 )
1


