CEMENT anp
CONCRETE
RESEARCH

Pergamon

Cement and Concrete Research 30 (2000) 481—-489

Effect of carbonates on the corrosion rate of cement mortars in nitric acid
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Abstract

The rate of corrosion of cement pastes and mortars containing additional finely ground limestone, silica fume, travertine sand, quartz sand
or glass balls in a solution of nitric acid were studied. The corrosion process was monitored by visual inspection and by measuring the depth
of corrosion, mass loss, and shrinkage of the layers of the corrosion products. It was found that adding finely ground limestone to cement
pastes increased the rate of corrosion. In contrast, the rate of corrosion of cement mortars made from travertine sand was the slowest of all test

samples and seemed to decrease in relation to the particle size of travertine. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Acid solutions are among the most aggressive media
for damaging concrete. The most aggressive acids (in
regards to concrete corrosion) seem to be those that
produce easily soluble calcium salts, such as nitric,
hydrochloric or acetic acid [1-3]. The acids react with
hydrated cement compounds and residues of unhydrated
cement. During an acid attack, the prevailing calcium ions
are leached out by the aggressive solution. A mass of the
less soluble corrosion products remains on the surface of
the specimen, where it forms a soft and porous decalcified
corrosion layer [1-20]. It is usually clearly distinguish-
able from the still unaffected or slightly affected part of
the hardened cement paste (HCP) underlying it. The
corrosion layer is composed predominantly of amorphous
hydrated Si, Al, and Fe oxides [1-16], with small
residual amounts of CaO and MgO. At a sufficiently
low pH, the hydrated oxides of iron (at pH < 2) and
aluminum (at pH < 4) also dissolve and pass into the
solution [1-5,14]. Temporary existence of aluminate com-
plexes may occur, especially in the vicinity of the
uncorroded part of the specimen. The existence of such
compounds was reported by Chandra [5], Madrid et al.
[15] and Israel et al. [16]. These additional compounds
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were reported to disappear later as a result of decreasing
pH and were not found in an amorphous surface layer.

Below, the layer of corrosion products (the so-called
external corrosion layer) with almost no adherence, the
so-called internal or “core” layer was reported to exist in
some cases [12,15,16]. From this internal layer, the
portlandite crystals were removed by leaching.

During corrosion, the H" ions or acid molecules are
predominantly transported by diffusion across the porous
barrier of the layer of corrosive products to the relatively
thin reaction zone inside the specimen, where they are
consumed. Diffusion (of H' ions across the corrosion layer),
as the slowest state of the corrosion process, controls the rate
of corrosion [1-4,14,18,19]. The change in the permeability
of the uncorroded part of the specimen is not thought to have
an effect on the process of acid corrosion [3]. The rate of
corrosion is affected by the type of acid and other factors; it
increases with the concentration of acid [1,3,4,10,17a—19]
and also slightly with the water-to-cement (W/C) ratio
[4,9,10,14]. A contrasting view is presented by Fattuhi and
Hughes [23].

Silica fume and/or fly ash are mostly reported to have
only a little or no effect on the durability performance of
concrete and cement mortars when they are under the attack
of acid solutions [2,9,11,13—-20]. It is explained by the fact
that, in the course of an acid attack, the H' ions or molecules
of an acid diffuse only through the porous layer of the
decalcified corrosion products. Therefore, the silica fume is
assumed to affect the corrosion resistance of the cement
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matrix composite only indirectly (and insignificantly [3,20])
by changing the diffusion resistance of the layer of dec-
alcified corrosion products. Nischer [24,25], on the contrary,
claims that the acid resistance of high-performance concrete
with W/C ratios of about 0.35 is improved by the addition of
microsilica. We conclude that the positive effect of micro-
silica reported by Nischer [25,26] was due mainly to the
lower W/C ratio of the concrete with the microsilica; the
effect of microsilica was rather small if concrete, with an
equal W/C ratio were compared.

Carbonates, e.g., limestone, dissolve in the acidic solu-
tions. Information about the corrosion of cement matrix
composites containing carbonaceous aggregate is scarce.
According to Harrison [21] “The presence of limestone
aggregate in concrete will increase the overall vulnerability
of the concrete to attack by acid. Under certain circum-
stances however, where very small but highly acidic quan-
tities of acid are generated but with low pH as instanced by
condensation on the walls of sewerage above the effluent
[22], a large amount of neutralizing hard limestone aggre-
gate has been shown to prolong the life of the construction.”
Nischer [24] reported that “In the case of the high perfor-
mance concrete with carbonaceous aggregate, the damage
was greater than in the case of high performance concrete
with quartzitic aggregate.” The reason for this, according to
Nischer, “is that in the case of concrete with carbonaceous
aggregate not only the HCP is dissolved, but also the
aggregate and, in particular, the fines.”

The effect of adding limestone filler on the properties of
cement composites has been extensively studied world-
wide. The addition of limestone has been found to improve
the sulfate resistance of cement composites, such as those
containing cement with higher C3;A content. This effect
has been mostly related to the possible chemical reaction
of calcium carbonate with C3;A, or eventually, C4,AF
during the hydration of cement with the subsequent for-
mation of a low form of calcium carboaluminate hydrate

Table 1
Composition and physical properties of the materials used

3Ca0-Al,05-CaCO;5-11-12H,0 [26-29]. Attacking acids,
however, decompose phases of HCP and also calcite.
Therefore, the eventual formation of carboaluminate com-
plex(es) in cement pastes is not expected to affect the acid
resistance of cement composites.

2. Experimental
2.1. Materials

2.1.1. Cement

Portland cement was used. Its chemical composition is
given in Table 1. The mineralogical composition of the
cement was: C3S (56.35%), C,S (12.24%), C3A (10.18%),
C4AF (9.67%).

2.1.2. Finely-ground limestone (L in figures)

The basic properties are shown in Table 1. The distribu-
tion of the particle size of the finely-ground limestone used
was determined by a Laser Particle Sizer (Fig. 1). The color
of the ground limestone was white.

2.1.3. Crushed travertine (T)

Crushed waste rocks from the travertine quarry in the
locality of Drevenik-Spisské Podhradie (in Slovakia) were
used. The basic properties of crushed travertine are shown in
Table 1. The main mineral was calcite. Narrow fractions of the
travertine sand were obtained from the crushed travertine by
sieving. Cement mortars with two different grades of traver-
tine sand were prepared. The grading of travertine sand used
is given in Fig. 1. The color of travertine was pale-brown.

2.1.4. Natural silica sand (Q)

Narrow fractions were separated from standard silica
(quartz) sand by sieving. Cement mortars with three differ-
ent grades of quartz sand were prepared. The grading of

Chemical composition Portland cement (%)

Silica fume (%)

Finely-ground limestone (%) Crushed travertine (%)

Insoluble residue 2.13 -

Fe,03 3.18 1.10
ALO; 5.87 0.80
CaO 62.42 3.30
MgO 1.37 1.70
SiO, 19.10 above 90
SO, 1.85 -

Loss on ignition 222 1.36
Free lime 0.82 -

s> - 0.11
Density [kg m ] 3140 2200
Apparent density [kg m ] - -
Porosity [%] - -
Specific surface area [m? kg™'] 340 19000

- 0.31
- 0.81
54.07 52.17

1.51 1.17
_ 2.92
- 0.51
44.07 41.86

2627 2816
- 2482%
- 11.85°

? Determined on an aggregate fraction of 8—32 mm.

® Calculated value from the density and apparent density of an aggregate fraction of 8—32 mm.
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Fig. 1. The particle size distribution of finely-ground limestone (L), travertine (T) and quartz (Q) sands used and the size of the glass balls (GB). The medians of
particle sizes of limestone and weight average of the particle sizes of quartz and travertine sands are in parentheses. The weight average of particle sizes of

quartz and travertine sands were calculated using the formula:
_Di+Dypia Dy + D3 pa3 Dy_1 + Dy puin
2 100 2 100 2 100

where D, is weight average size (diameter) of a sand; Dy, D, ...
percentages by mass of the sand fractions.

Da

sands used is given in Fig. 1. The density of quartz sand was
2635 kg m . The sand contained over 98% of SiO,.

2.1.5. Silica fume (SF)

Silica fume was a by-product of the production of silicon.
Its chemical composition and selected properties are shown
in Table 1.

2.1.6. Glass balls (GB)

The laboratory glass balls (glass beads) were of equal
size, with a diameter () of 2.9 mm and a density (p) of 2510
kg m . The chemical composition of glass balls was: SiO,
(64.0%), B,O; (2.5%), Al,O; (5.0%), Na,O (15%), CaO
(7.0%), MgO (1.5).

2.1.7. Nitric acid solution
The nitric acid solution was prepared with a concentra-
tion of 0.2 mol/l; the pH value of the solution was about 0.7.

2.2. Preparation of the specimens and the test procedure

Five types of test specimens were prepared as follows:
(a) control specimens made of plain cement paste (later
designated as hardened cement paste or “HCP specimens”);
(b) specimens of pastes made from laboratory-prepared
blended cements containing finely-ground limestone pow-
der; (c) specimens of cement mortars containing quartz sand
(mixture no. 6 of quartz mortar also contained additional
silica fume); (d) specimens of cement mortars containing

D,,_y, D, are the lower and upper sieve sizes of the sand fractions; p;, ... p,_1, are

travertine sand (mortars with two different grades of the
travertine sand were prepared); and (e) specimens of
cement composites containing glass balls (glass ball com-
posites). In this article, the term “cement mortar” will also
refer to the cement matrix composite containing glass
balls. The composition of the dry mixtures is shown in
Table 2. The W/C of all pastes and mortars was kept
constant at 0.5. The consistency of cement pastes and
mortars was therefore different.

The test specimens were prepared using glass tubes that
were filled with cement paste, cement mortars or glass ball
composites. Three specimens with the same composition
were prepared from each batch. The specimens were con-
solidated by a slight tapping. The inner diameters of the
tubes were 3.2 or 1.4 cm; the tubes were open on only one
side. The specimens were cured for 24 h at 20°C and 100%
relative humidity and then in lime water for another 27 days.
Finally, they were placed into an aggressive solution of
nitric acid. The concentration of the acid solution was
maintained at a constant value (¢ = 0.2 mol/l). All specimens
in the aggressive solution were hung vertically on a string,
with the reaction surface facing upward. The depth of
corrosion of the specimens was measured regularly during
the experiment using callipers. The depth of corrosion was
defined as the distance between the end of a glass tube (the
surface of the specimen before corrosion) and the boundary
between the corroded and uncorroded part of the specimen.
The boundary was clear-cut and visually recognisable; the
corroded part was almost white with a thin rust-brown ring
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Table 2

Proportions of the components in dry mixtures. The medians (*) or weighted averages of particle sizes (mm) of materials used are in parentheses

Proportions of components (by weight)

Mixture no. Designation Finely-ground limestone

Travertine sand

Quartz sand Glass balls Silica fume Cement

HCP-I - -
L-5/2 0.8 (0.010)* -
L-6 0.5 (0.010)* -
T-10 -
T12 -
QSF-7 - -
Q-11 - -
Q-14 - -
GB-2 - -

O 00 3 N L AW~

1 (0.300)
1 (0.850)

1 (0.198) - 0.2
1 (0.203) - -
1 (0.855) - -
- 1 (2.90) -

|
|
|
—_ e e e e e e

adjacent to the grey, uncorroded part of the specimen. In
addition to the depth of corrosion, shrinkage of the corroded
layers and mass loss of specimen with reference to the
constant reaction area were also determined regularly by
weighing the specimens. The shrinkage of the corroded
layer was measured as the distance between the end of the
glass tube and the external surface of the corroded specimen
(or as the difference between the depth of the corrosion and
the thickness of the corroded layer). It also was measured
using callipers.

3. Results and discussion

A layer of corrosion products was observed forming on
the surface of specimens early during the first day of
immersion of the test specimens in the solution of nitric
acid. The thickness of the corroded layer rapidly increased
over time. The colour of the corroded cementitious material
changed across the corroded layer. It was white (light brown
only in the case of specimens containing travertine) in the
external zone adjacent to the surface of the corroded layer;
underneath, it turned into a thin rust-brown zone. The white-
coloured part of the layer consisted mostly of SiO,-aq; the
rust-brown colour related to the presence of Fe (III) com-
pounds (Fe,O5-aq) in the deeper zone. The content of CaO
in the corroded cementitious material of all the specimens
was less than about 1-3%.

A visual inspection of the partially corroded specimen of
HCP (control specimen from mixture no. 1) revealed long
cracks running perpendicularly across the layer of corrosion
products. Cracks in the corroded layer of specimen with
glass balls (mixture no. 9) spread radially around the glass
balls. The cracks developed as a result of volume contrac-
tion of the cementitious material in the process of its
decalcification and conversion into a mass of corrosive
products. The corroded layers of cement mortars containing
quartz sand (mixture nos. 6—8) did not contain any visible
cracks running across the corroded layers. Fine cracks were
noticed only on the surface of corroded layers. The forma-
tion and chemical composition of the various zones in the
layer of corrosion products as well as the chemical compo-

sition of the specimens itself generally corresponded to the
results that were presented in several studies [1,3—20] and
photographically documented for example in Refs. [3,5,20].

The layers of corrosion products covering the surface of
cement pastes containing finely-ground limestone powder
(mixture nos. 2 and 3) formed a compact homogenous mass.
Their appearance did not visually differ from that of the
HCP (mixture no. 1); these layers of the corrosion products
were also pervaded with long cracks. However, no such
cracks were noticed in the corroded layers of cement
mortars containing travertine sand (mixture nos. 4 and 5).
The corroded layers of travertine mortars had a porous,
cellular-like appearance. They contained large holes (pores)
that remained after the travertine sand particles were dis-
solved in acid. Calcite (and similarly, MgCOs3) dissolved
according to the following chemical reaction:

CaCO; + 2H" — Ca’* + H,0 + CO,

The shape and size of these large holes corresponded to the
space and geometry of the travertine grains that originally
occupied the mortars. Fig. 2 shows the detailed photographs
of fragments of the corroded layer and the uncorroded part
of the mortar that contain travertine sand (mixture no. 5).

The decalcification of the cementitious material led to the
volume contraction (shrinkage) of corroded layers of all
specimens. The shrinkage of the layers of corrosion pro-
ducts, expressed in percentages of the depth of corrosion by
length (in a direction perpendicular to the surface of speci-
mens), is shown in Table 3. As could be expected, the
corroded layers of cement mortars containing the inert
(siliceous) filling materials, i.e., quartz sand or glass balls
(mixture nos. 6—9), shrank less than the corroded layers of
HCP specimens (no. 1) and the specimens containing
carbonates (nos. 2—5). The shrinkage of the corroded layers
of travertine mortars seemed to increase with the particle
size of travertine grains. The shrinkage of the corroded layer
of each particular specimen did not change significantly
during the duration of the experiment. However, in the early
stages of corrosion, the depth of corrosion, and the true
values of shrinkage in millimeters, were relatively low and
they, therefore, could not be measured with the sufficient
precision by the method used.
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Fig. 2. Effect of the acid attack on cement mortar containing travertine sand (mixture no. 5). The travertine sand was composed of two fractions of 0.5—0.8 mm
(60%) and 0.8—1.5 mm (40%). (a) The fragment of the corroded layer with holes that were left after travertine particles were dissolved. (b) The uncorroded part

of travertine mortar with intact travertine grains.

The increase in the depth of corrosion of test speci-
mens, which was related to the duration of the attack of
nitric acid solution, is presented in Fig. 3. Fig. 3 shows
that the rate of corrosion of the test specimen was affected
very significantly by the type and chemical composition of
mineral admixture and/or sand, and in case of carbonates,
also by their grading (Fig. 4).

Cement pastes and mortars containing the inert (with
respect to nitric acid) noncarbonaceous components, i.e., the
quartz sand, glass balls and also silica fume, corroded with
the slower rate rather than the control specimen of HCP.
There was very small difference among the corrosion rate of
these type of specimens (mixture nos. 6—9). The incorpora-
tion of quartz sand reduced the corrosion rate of cement
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Table 3

Shrinkage of the corroded layers after 300 days of corrosion

Mixture 1 2 3 5 6 7 8 9
Designation HCP-1 L-5/2 L-6 T-10 T-12 QSF-7 Q-11 Q-14 GB-2
Shrinkage (% by length) 11.7 12.3 10.9 13.0 6.3 5.0 49 5.6

mortars more than the incorporation of glass balls. These
findings are in agreement with those reported previously in
Ref. [20]. The addition of silica fume did not seem to have a
significant effect on corrosion rate. These findings are in
agreement with those that were reported by other authors
[2,9,11,13-20].

The corrosion of composites containing carbonates, as
presented in Figs. 3 and 4, revealed that the rate of
corrosion of these specimens decisively depended on the
size of carbonaceous components. The pastes containing
finely ground limestone (mixture nos. 2 and 3) corroded at
the fastest rate; they even corroded more rapidly than the
control specimens of HCP (no. 1). The rate of corrosion
seemed to increase slightly with the content of finely
ground limestone. Cement mortars containing the traver-
tine sand (mixture nos. 5 and 6) corroded more slowly
than the specimens containing the ground limestone (nos.
2 and 3) and also the control specimen of HCP (no. 1).
The corrosion rate of these specimens decreased with the
size of travertine particles.

The type of test specimens (glass tubes with only one
open side) permitted the continual measurement of mass
loss referred to the constant reaction area. The mass of the
samples decreased during the corrosion (Fig. 5). There was
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Fig. 3. Corrosion of test specimens related to the duration of the attack by
nitric acid solution. The symbols in the legend denote mixture numbers 1—
9, abbreviations for hardened cement paste (HCP), limestone (L), travertine
(T), quartz (Q), silica fume (SF) and glass balls (GB). The medians and
weight average particle sizes are in parentheses.

a significant difference between the samples. Mass losses
increased with the content of calcium in a unit volume of a
particular specimen. Therefore, the mass losses of the test
specimens that contained carbonates were higher than that
of control specimens of HCP (mix no. 1). In contrast, the
mass losses of mortars containing quartz sand, silica fume
and glass balls were smallest.

We have to mention here that we took the depth of
corrosion of the test specimens, and not the loss of mass, as
the appropriate criterion for evaluating the damage to speci-
mens (or the degree of corrosion). The reason for adopting
this criterion was that it is actually the reduction in thickness
(or cross-sectional area) of the undamaged material that
determines the amount of damage.

The losses of mass, expressed in grams per unit reaction
area (g/cm?), were linearly proportional to the depth of
corrosion of the specimens (Fig. 6). The linearity of these
relationships suggests that the cementitious material of a
particular specimen (and also a carbonate if a sample
contained it) had been decomposed to about the same degree
across the entire corrosion layer during corrosion. The mass
losses corresponding to a depth of corrosion of 10 mm,
therefore, relate to the decomposition of a volume unit (1
cm’) of the constituting material(s) of a particular specimen
(Fig. 6). Moreover, the loss of mass of a particular specimen
is approximately proportional to the quantity of acid needed
for decomposing a unit volume (1 c¢m®) of the specimen.
The exact proportionality relates to the molar proportions.

A straight line that expresses the decomposition of the
HCP specimen (mixture no. 1) in Fig. 6 divides the bunch
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Fig. 4. Depth of corrosion of the test specimens after 210 days of attack by
nitric acid related to the particle size of the components used.
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Fig. 5. Mass losses of the test specimens related to the duration of the attack
of nitric acid.

of a fan spreading lines into two groups. Into the first
group belong the lines of the specimens that contain quartz
sand, silica fume and glass balls, i.e., the components that
are inert with respect to nitric acid. The second group
comprises of the lines belonging to specimens that contain
the carbonates (limestone and travertine). The mass losses
(referred to the depth of corrosion) of specimens from the
first group were smaller than in the second group. The
differences among the slopes of lines belonging to the first
group may be referred to the differences in density of
filling materials, and therefore, also to differences in their
volumes. The proportion of volume that is occupied by the
inert filling material is smaller, while the proportion of
volume occupied by cementitious material is greater. The
differences among the slopes of lines in the second group
are mainly caused by the different carbonate content in a
particular sample. Also, the difference between the density
of the ground limestone and travertine is significant. A
slightly different slope between the two lines belonging to
specimens containing travertine sand of different sizes
(mixture nos. 4 and 5) could not be explained.

The visual inspection of the corroded layers of speci-
mens containing carbonates indicated that the carbonate
particles were dissolved throughout the entire volume of
corroded layers, up to the vicinity of a boundary between
the corroded and uncorroded part of specimens. The low
pH in the layer of corrosive products is supposed to be
responsible for the dissolution of calcium carbonates.
According to the findings reported previously [12], the
pH value across almost the entire layer of the corrosion
products of a neat cement paste sample were substantially
lower than 7, until up to the thin reaction zone adjacent to
the uncorroded part of the specimen. Only then, in the
furthermost boundary zone of the layer of corrosion
products, was a steep increase in the pH values observed.
Taking this into account, the dissolution of calcium
carbonate particles is expected to start at the time when

the decalcification (dissolution) front reaches them. After
the decalcification front passes by, and the carbonaceous
particles dissolve, the empty pores filled with the liquid
phase are left behind. The corroded layer of specimens
with carbonates is, therefore, more porous than the cor-
roded layers of other specimens, and also, it is supposed
to have lower a diffusion coefficient. The quantity of the
acid (H" ions) required to decompose a unit volume of
HCP or mortar is, as was said before, approximately
proportional to the leachable calcium content in the
constituting materials. The approximate content of CaO
in 1 cm® of a specimen can be calculated from the
composition of a specimen, its W/C ratio, and density
of components. Calculations of this type were described in
Ref. [14]. For HCP (mixture no. 1), the calculated content
of calcium oxide was about 0.76 g CaO/cm’®, while for
cement paste containing the finely ground limestone
(mixture no. 3), it was about 0.89 g CaO/cm® and for
pure limestone a with density of 2627 kg/m’, it was about
1.473 g CaOl/cm’.

These results show that the quantity of acid that is
required for the decomposition of a volume unit of paste
no. 3 (containing finely ground limestone) is higher com-
pared to the quantity for decomposing a volume unit of the
neat cement paste (no. 1). Despite this fact, the rate of
corrosion of the specimen (no. 3) is faster than that of HCP
(no. 1). These two apparently controversial facts confirm,
that in the case of specimens nos. 2 and 3, the dominant
factor that controls the rate of corrosion is the diffusion
coefficient of the corroded layer, and not the neutralisation
capacity of the material constituting the specimen. In other
words, the effect of the easier transport of aggressive
components across the corroded layer of specimens with
the finely ground limestone surpasses the effect of a higher
neutralisation capacity of these samples. The various bind-
ing of calcium into CSH-phases (or other phases of hydrated
cement) and calcite can affect the local dissolution of these

3.0 5

Mass loss (g.cm™)

0.0

0 5 10 15 20 25 30 35
Corrosion depth (mm)

Fig. 6. Mass loss of corroded specimens referred to corrosion depth.



488 V. Pavlik / Cement and Concrete Research 30 (2000) 481489

phases. Because the particles of ground limestone are very
fine and evenly distributed, the effect of the eventual
difference between the rate of dissolution of the different
phases seems to be negligible.

In the case of samples that contain travertine with much
bigger grains, this conclusion is no longer valid. The particle
size of carbonates in these specimens acts as a third factor.
Therefore, it is likely that the rate of corrosion, in this case,
is affected also by the rate of dissolution of large travertine
grains. In addition, travertine has a higher neutralisation
capacity than limestone due to its greater density. This fact
is also confirmed by the higher values of the mass loss of
specimen nos. 4 and 5 (Fig. 6).

The specimens were dried after the corrosion test; then,
the cellular layer of the corrosion products of specimen no. 5
was removed, and the surface of the uncorroded material
underneath was brushed in order to remove the remaining
soft material. The brushed surface of the uncorroded mate-
rial was rough in contrast to the smooth surfaces under the
corroded layer of the control sample of HCP and the
samples of pastes with finely ground limestone. An exam-
ination of the brushed surface by an optical microscope
showed grains of travertine that slightly protruded from the
surrounding cement binder. A side view of the brushed
sample revealed a light-grey zone in the binding material of
up to 3 mm thick that was located under the outer edge of
the brushed surface. This zone corresponds to the “core
layer” described in Refs. [12,16], which relates to the
slightly affected binding material containing amorphous
C-S-H, but lacking portlandite. These observations con-
firmed that the binding material around travertine particles
as well as closely under them was affected by the acid’s
action. This suggests that travertine grains dissolved from
the side of their solid surfaces that was facing the incoming
acid, but the binding cementitious material was continually
decomposing in the thicker reaction zone. Additionally, we
might expect that, in the case of an equal diffusion flow of
acid to the local surface of the travertine grain and the local
surface of the binding material, equal diffusion flows of
corrosion products (Ca>") also exist in the opposite direc-
tion. Because the concentration of calcium in the unit
volume of travertine prevails above that in the unit volume
of the binding material, the dissolution rate of the travertine
grain has to be lower. Consequently, the local rate of
dissolution of travertine is also expected to be lower than
that of the binding material.

4. Conclusions

The development of corrosion of cement pastes and
mortars of various composition in the solution of nitric acid
was studied. The depth of corrosion of the test specimens
was chosen as a convenient parameter for evaluating the
extent of corrosion damage. On the basis of the test results,
the following conclusions are drawn.

1. The specimen of a neat HCP corrode at a faster rate
than the specimens of cement mortars that contain quartz
sand (with or without admixture of silica fume) or glass
balls. However, the neutralisation capacity and mass loss of
the specimen of neat cement paste was higher compared to
that of mortars with siliceous sand or other components.
These facts relate to smaller proportion of cementitious
material in a unit volume (1 cm?) of these mortars.

2. The specimens of cement pastes and mortars that
contain carbonates have a higher neutralisation capacity
than the specimens of the neat cement paste and cement
mortars containing quartz sand, silica fume and glass balls.
They also lose mass with a faster rate than mortars with the
siliceous components. In spite of this, the specimens of
cement pastes that contained finely ground limestone had
the fastest corrosion rate of all specimens.

3. Cement mortars that contain travertine sand had the
slowest corrosion rate of all specimens. The rate of corro-
sion decreased with the size of travertine sand. Travertine
grains seem to dissolve at a slower rate than the binding
material in the reaction zone.

4. The rate of corrosion of specimens containing carbo-
nates seems to decrease with the size of carbonate particles.
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