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« Corrosion of metal inserts in aerial and hydraulic mortars was studied.

« Carbon steel, stainless steel and titanium inserts were considered.

« Mortar composition had a secondary effect on the corrosion rate compared to the role of moisture.

« High corrosion rate was measured only for carbon steel in mortars exposed to 95% RH or water suction.
« Mortar resistivity was found to be a reliable parameter to assess corrosion of embedded inserts.
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Corrosion of metal inserts may be detrimental to the durability of masonry. The paper discusses corrosion
of carbon steel, stainless steel and titanium embedded in aerial and hydraulic mortars simulating those of
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1. Introduction

Metal elements are often present in ancient masonry, either due
to an original design choice or as the result of later restoration
works. The use of these metal elements may have different pur-
poses (Fig. 1), e.g. improving the structural behaviour of buildings
(chains and ties) or preventing the propagation of cracks, and they
may be applied externally or embedded in the materials of the
masonry (mortar, bricks, stone blocks, etc.). In the latter case, the
presence of these inserts may be harmful for the durability of
masonry, since their corrosion may produce deleterious expansive
phenomena leading to the failure of the brittle porous materials in
which they are embedded [1-11].
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It is relevant to make a distinction between metal inserts dated
to the erection of the original structure, normally embedded in the
structural elements, and those applied later during restoration
phases (most often bonded externally). While externally applied
metal elements are directly exposed to the action of the atmo-
sphere (either inside or outside the building), those embedded in
the masonry may have a complex corrosion behaviour, which not
only depends on the type of metal insert but also on the materials
with which they are in contact (e.g. hydraulic mortars, gypsum or
bricks) and their moisture content.

Corrosion is an electrochemical process which takes place in the
presence of water (and usually oxygen), through an electrochemi-
cal mechanism [1], as depicted in Fig. 2.

Fig. 2a shows that the moisture present in the pores of the mor-
tar (as well as of stone or burnt-clay blocks) is the electrolyte that
allows corrosion of the metal insert, promoting the formation of
expansive oxides that may eventually crack the masonry material.
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Fig. 1. Examples of use of metal inserts in cultural heritage buildings.
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Fig. 2. Schematic representation of the corrosion process of a steel insert in masonry (a) and electrochemical mechanism (b).
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Fig. 2b shows the four partial processes that determine the electro-
chemical mechanisms of corrosion of steel in masonry:

- the oxidation of iron (anodic process: Fe — Fe** + 2e) produces
iron ions and liberates electrons in the metal phase (dissolved
Fe2" jons may subsequently produce oxides or hydroxides giv-
ing rise to rust layers),

- the reduction of oxygen is the wusual cathodic process
(0, +2H,0 + 4e — 40H™) which consumes electrons and pro-
duces alkalinity,

- the transport of electrons occurs within the metal phase,

- finally the flow of electric current inside the pores of the
masonry materials from the anodic regions to the cathodic ones
is determined by transport of ions dissolved in the pore liquid
phase. Therefore, moisture present in the porous masonry mate-
rials, besides promoting degradation of the masonry itself
[11-13], may sustain the corrosion process of embedded metals.

These four processes occur at the same rate, which is the rate of
the overall corrosion process (icor). The corrosion rate will thus be
determined by the slowest of the four partial processes [1,2]. The
anodic reaction will usually be the (slowest) controlling process
when the metal is passive; this occurs for unalloyed steel when
it is in contact with alkaline (non-carbonated) mortars. The rate
of the cathodic reaction depends on oxygen availability and it
may be the controlling process when there is lack of oxygen, e.g.
when the pores are permanently saturated with water. The rate
of the transport of current through the pores of the masonry mate-
rials depends on the pore microstructure, the moisture content and
the composition of the liquid phase in the pores. This could be the
controlling process (ohmic control) when the electrical resistivity of
the porous materials is high, as may occur in dry environments due
to lack of water inside the pores.

Consequently, a large number of parameters, related to both the
environment and the materials, will play a complex role, which
makes prediction of the actual corrosion rate of metal inserts quite
difficult.

As a matter of fact, the study of the dependence of the corrosion
rate of embedded metal inserts on the environmental conditions is
a subject of great interest in relation to optimising restoration
methods and promoting a durable approach for the preservation
of buildings. Improving the understanding of corrosion of metals
embedded in masonry could provide a tool for the design of repair
works which are not merely aimed at the remediation of corrosion
damages (e.g. cracking), but also at the control of corrosion propa-
gation. This is a pre-requisite to fulfil conservation requirements
by preserving the original materials as much as possible.

Although corrosion of steel in concrete has been extensively
studied and a great deal of information is available [14-16] and
several papers can be found that deal with the characterisation
of materials (both metallic insert and masonry mortars) collected
from historical buildings [17-22], there is a significant lack of
information about the corrosion behaviour of metal inserts.

This paper describes the results of a study aimed at the evaluation
of the corrosion behaviour of different metals (carbon steel, stainless
steel and titanium) embedded in mortars made with several types of
binder (gypsum or blends of gypsum-lime, lime-pozzolana and
lime-cocciopesto). The effect of different conditions, in terms of tem-
perature (5-40°C) and relative humidity (65-95% RH and water
uptake) on corrosion rate of metal inserts is discussed. Parameters
that could be considered for the monitoring of corrosion behaviour
of metal inserts in ancient masonries are also addressed.

2. Experimental study

Tests were carried out on mortars made with gypsum (G), lime and gypsum (LG)
and blended lime with two different types of hydraulic additions: natural

pozzolana, LP [23] and cocciopesto, LCP (which was obtained by mixing lime and
grounded ancient bricks). Mix proportions and main properties of the mortars are
presented in Table 1. A mortar with a blend of lime and Portland-limestone cement
(CEM II/A-L 42.5) and the same water/binder/aggregate ratio of LP and LCP was also
cast (LC), simulating a modern mortar. Mortar composition was designed in order to
obtain in the fresh state a consistence of about 50% measured using a flow table test,
according to EN 1015-3 standard. Actual values of consistence varied in the range of
43-57%.

The 28-day compressive strength measured on 40 x 40 x 160 mm? prisms was
10.2-13.9 MPa for mortars based on gypsum while for lime-pozzolana and lime-
cocciopesto blends it was about 1 MPa. More details of the properties of the mortars
in the hardened state are reported in Ref. [8].

The corrosion behaviour of metals embedded in the above mortars was studied
on 80 x 90 x 30 mm? reinforced prisms (Fig. 3), containing two bars (6 mm in
diameter) of carbon steel (cover depth was 12 mm). A low carbon steel [8] with fer-
ritic microstructure was used in order to simulate common ancient steels [7,17,18].
Specimens with stainless steel AISI 304L and titanium smooth bars were also pre-
pared to test the corrosion behaviour of these metals often used in restoration
works.

Reinforced specimens were cast in PVC moulds and demoulded after 5 days. All
specimens were cured for 28 days overall in a climatic chamber at 20 °C (7 days at
95% RH and 21 days at 65% RH). Two wires (2 mm in diameter) of stainless steel
(AISI 304L) were also embedded in the specimens and used as counter-electrodes
for corrosion rate and resistivity measurements.

At the end of curing, each reinforced specimen was placed in a carbonation
chamber with 4% CO, and 65-70% RH until the complete specimen was fully car-
bonated. This occurred within a month for all types of mortar. The penetration of
the carbonation front was measured on parallel non-reinforced specimens by
means of pH indicators (phenolphthalein test). pH of the pore solution was also
investigated by mixing in 1:1 proportion CO,-free distilled water with the powder
obtained by grinding samples collected from the studied mortars (both before and
after accelerated carbonation).

After the exposure in the carbonation chamber, reinforced specimens were
exposed to different environments, by varying the relative humidity (65-80-95%
RH) and the temperature (5-20-40 °C). The corrosion potential of metal inserts
(Ecorr» mV) was measured versus a Ag/AgCl reference electrode placed on the surface
of the specimen through a wet sponge. Corrosion rate (ico;r, mA/m?) was measured
through the polarisation resistance method by applying a potential shift of
AE =110 mV vs E, (first anodic, then cathodic) and measuring the flowing current
i after 30s. The corrosion rate was calculated as: ico = B/(AE/i), considering
B=26mV.

The two parallel stainless steel wires of each specimen were used for monitor-
ing the electrical resistivity of the mortar (p, Q m). Electrical conductance of the
mortar between the two wires (G, mS) was measured with a conductivity meter
and converted into electrical resistivity (p, Qm) by using the relationship:
p =K|G (where the cell constant K = 42.4 m~! was determined with a FEM model).

Fig. 4 shows, as an example, the corrosion potential (Fig. 4b) and corrosion rate
(Fig. 4a) of two replicate carbon steel bars (indicated in the graph respectively as a
and b) and the electrical resistivity of mortar of a specimen (Fig. 4c) made with
lime-gypsum blend mortar (LG), as a function of time during exposure to a
sequence of three moisture conditions (65-80-95% RH) at 20 °C.

After carbonation, this specimen was initially maintained for about 50 days at
65% RH during which steady values of —220 mV vs Ag/AgCl and 0.01 mA/m? (corre-
sponding to about 0.01 pm/year of average penetration rate) were measured for
Ecorr and icopr, respectively. The two replicate bars showed a well reproducible beha-
viour. In this dry condition the electrical resistivity of the mortar was rather high
(exceeding 10*Q m). Subsequently the relative humidity of the chamber was
increased to 80% for another 50 days and then to 95% for another 50 days. After
the imposed changes in humidity, within a few days the steel bars reached steady

Table 1
Mix proportions and main properties of the mortars prepared in the laboratory.
Legend: w/b/agg = water-binder-aggregate ratios.

Binder type Gypsum mortars Lime mortars
Mixture acronymic G LG Lp Lce
Water/binder/aggregate  0.42/1/- 0.63/1/1.2 1.05/1/3.01 1.05/1/3.01
(w/blagg)
Water (kg/m?) 515 404 402 402
Sand (kg/m?) - 769 1148 1148
Lime (kg/m?) - 212 191 191
Gypsum (kg/m?) 1227 430 - -
Pozzolana (kg/m?) - - 191 -
Cocciopesto (kg/m?) - - - 191
Portland cement (kg/m3) - - - -
Consistence (%) 55.0 42.5 56.9 53.1
Re28¢¢ (MPa) 13.91 10.24 0.94 0.77
Densityggg (kg/m?) 1442 1619 1614 1526
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Fig. 3. Examples of reinforced specimens made with lime-pozzolana mortar (left) and gypsum mortar (right).

values for Ecor and icorr- A change of the corrosion potential towards more negative
values can be observed as the relative humidity increased: at 80% RH and 95% RH
steady values respectively of —350 mV and —420 mV vs Ag/AgCl were reached.
Corrosion rate stabilized around 0.8 mA/m? at 80% RH and 1-2 mA/m? at 95% RH
The electrical resistivity reached lower steady values following the increase in the
relative humidity: it drops to steady values around 3000 2 m and 1000 2 m respec-
tively at 80% and 95% RH.

Tests similar to those presented in Fig. 4 were carried out on the other speci-
mens, in order to obtain results covering all the combinations of RH and tempera-
ture for carbon steel and selected combinations for stainless steel and titanium.
Each condition of temperature and relative humidity was maintained for a time suf-
ficient to reach stable values for E.or, icorr and p. Normally, steady state occurred
within several weeks after the relative humidity was changed and within several
days when only temperature was modified, although for some specific cases shorter
or longer times were required. Only the steady values of Ecor, icorr and p will be con-
sidered in this paper.

In addition to the exposure to constant values of relative humidity in the atmo-
sphere (65%, 80% and 95% RH), at the last stage of the investigations all reinforced
specimens were also partially immersed in water (after long-term exposure to the
dry atmosphere of the lab). Specimens were placed vertically and one side parallel
to the bars was immersed in water for 10 mm to allow water uptake towards the
two steel bars placed respectively at height of 80 (A) mm and 20 mm (B) from
the water level. Ecorr, icorr and p were monitored for 24 h and the final values
achieved will be discussed in this work.

3. Results and discussion

Table 2 shows, for each type of mortar (G, LG, LP, LCP and LC) and
metal insert (Cs=carbon steel, Ss=stainless steel and
Ti = titanium), the average values of the steady state measure-
ments of electrical resistivity, corrosion potential and corrosion
rate obtained in different hygrothermal conditions (65%, 80%, 95%
RH and 5, 20, 40 °C). Similarly, Tables 3 and 4 show the results
obtained during water uptake tests, respectively for carbon steel
and stainless steel bars, respectively.

Corrosion rate and corrosion potential have been evaluated for
each condition presented by average value of measurements on
two replicate bars. As observed in the example of Fig. 4, the vari-
ability between replicate bars and within measurements on the
same bars was, in general, modest and thus this is not reported
in Tables 2 and 3. More details on the variability of the measured
parameters can be found in Ref. [8].

These results will be discussed considering first the effect of
environmental conditions and the type of binder on the corrosion

behaviour of carbon steel. Then the behaviour of corrosion resis-
tant materials will be analysed. Finally, electrochemical monitor-
ing of corrosion will be addressed.

3.1. Effect of relative humidity and temperature

For ancient masonry the long-term exposure to the atmosphere
leads to carbonation even if the mortars are made with alkaline
binders (such as the mortars with addition of lime, see also
Section 3.2). For this reason corrosion tests were carried out after
full carbonation of the specimens. In this condition carbon steel
is electrochemically active (i.e. carbonation leads to depassivation)
and the corrosion rate will depend on the availability of water and
oxygen in the pores of the mortar near the steel surface, hence it
will be a function of environmental conditions [1,2].

Fig. 5 shows, as an example the relationship that was found
between the steady-state corrosion rate of carbon steel embedded
in different types of mortars and the relative humidity at a temper-
ature of 20 °C; values measured during water uptake tests (WU)
are also shown on the right side of the graph. This figure clearly
shows a predominant effect of moisture content with respect to
the effect of the composition of the mortar. When the RH increased
from 65% to 95% the corrosion rate of the steel bars increased from
values of 0.01-0.1 mA/m? (about 0.01-0.1 um/year) to 1-3 mA/m?
(about 1-3 pmy/year), whilst differences between bars in different
types of mortar were modest.

Interestingly, the corrosion rate was negligible until 80% RH,
showing values below the threshold conventionally fixed at
1 mA/m? for steel embedded in concrete [1]). In a wet atmosphere
with 95% RH the corrosion rate exceeded the threshold of 1 mA/m?,
but the level was still modest, showing values of only few mA/m?.
Conversely, exposure with direct contact between the specimens
and liquid water, simulated by water uptake tests, resulted into a
corrosion rate value of 1-2 order of magnitude higher (values
exceeding 100 mA/m? were measured on the lower bars of speci-
mens with G and LG mortars).

Similar trends of corrosion rate as a function of relative humid-
ity were confirmed by tests performed at a temperature of 5 °C and
40 °C (Table 2). Indeed, also the temperature influences the corro-
sion rate, as shown for instance in Fig. 6 in which the corrosion rate



M. Carsana et al./Construction and Building Materials 95 (2015) 457-466 461

a 100 .
65% RH 80% RH 95% RH
10 1 —— icorr(a)
&; —{+—icorr(b)
< 14 —0
g
<01
001 (R=rE-E—F
20°C
0,001 e ——————————————— e ———————r
0 25 50 75 100 125 150
Time (days)
b 0
65% RH 80% RH 95% RH
= -100 4
Q |
< 200
» oo
2 300 A \R
>
E 100 = r
Lﬂa ~500 - —l— Ecorr(a)
—0—FE
600 | corr(b)
20°C
-700
0 25 50 75 100 125 150
Time (days)
C 100000 .
J 20°C
£ 10000 1
< \.—“’
z |
>
-5 1000 3 \I.,l.,,/‘l
172]
‘@
e —8— rho
= 100 4
2]
£
(]
L
= 10 4
65% RH 80% RH 95% RH
0 25 50 75 100 125 150
Time (days)

Fig. 4. Corrosion rate i, (a) and corrosion potential E.,, (b) of two carbon steel
bars embedded in a LG mortar specimen and mortar resistivity (c) as a function of
time, in three moisture conditions (65%, 80% and 95% RH) at 20 °C.

of carbon steel embedded in different mortars exposed at 95% RH is
plotted as a function of temperature. It can be observed that
changes induced by the temperature are much lower than those
induced by moisture content: by raising the temperature from
5°C to 40 °C, for 95% RH the corrosion rate increases about one
order of magnitude, i.e. it about doubled every 10 °C rise in tem-
perature (a lower effect of temperature was observed in other
humidity conditions).

3.2. Effect of binder

Even though the moisture content seems to have a dominant
influence on the corrosion rate of carbon steel embedded in mortar
materials, investigating the effect of the type of mortar is neverthe-
less of interest, considering the great variability of materials that
can be found in ancient masonry and the heterogeneous nature
of these materials [7,19-22]. Especially, the type of binder may
influence: the microstructure, the chemical composition of the
hydration products and the pore solution in the mortar. This, in
turn, may affect the corrosion behaviour of embedded steel.

When the binder is alkaline, this may induce an alkaline charac-
ter to the pore solution and promote passivation of steel at early
ages in the life of a building. In solutions with pH > 11.5, a very thin
oxide film forms on the surface of carbon steel, reducing the corro-
sion rate to negligible values. The pH of the pore solution depends
on the type of binder but it may change in time due to the carbon-
ation reaction with carbon dioxide in the environment [2]. In order
to assess the potential protective capacity of the studied mortars,
pH measurements were carried out before and after carbonation.
Fig. 7 shows that mortars with lime such as those made with
lime-cocciopesto and lime-gypsum blends produce an alkaline
environment the pH values equal to 11.8 and 12.2, respectively,
as measured with the technique used in this work (Section 2).
Thus these mortars may passivate carbon steel reinforcement (at
least initially). Conversely, the pH of gypsum mortar is near to
neutrality.

Alkalinity of lime mortars was progressively neutralized by
atmospheric carbon dioxide moving inward from the external sur-
face, leading to a pH decrease. Phenolphthalein tests, carried out in
order to assess the carbonation depth on a freshly fractured surface
of the specimens, revealed a non-uniform carbonation front (even
in the internal carbonated zone). Although most of the fractured
surface was carbonated, the presence of the so called Liesegang
Patterns [24], i.e. traces of still alkaline material in form of pink
coloured strips in the fractured surface, was detected with the phe-
nolphthalein test [8]. Indeed, from pH measurements on the pow-
der collected from the specimens, it was observed that the pH of
the pore solution had values of 9.9 and 11.6 respectively for LCP
and LG samples, respectively, showing the presence of residues of
non-carbonated calcium hydroxide.

As discussed in Section 3.1, once the carbon steel has become
active in non-alkaline mortars, the moisture content is a key param-
eter in determining the corrosion rate of steel. If conditions of com-
plete and permanent saturation of mortar are excluded, a sufficient
amount of oxygen to permit the corrosion process can usually reach
the surface of the steel. In this case the corrosion rate is governed by
the resistivity of mortar (i.e. the corrosion process is under ohmic
control, as described in Section 1) which in turn depends on mois-
ture content and temperature. Fig. 8 shows the electrical resistivity
at 20 °C of the studied mortars as a function of different conditions
of humidity. The electrical resistivity decreases as the moisture
content increases. In the presence of a high water content (i.e. dur-
ing water uptake tests) mortars are characterised by low electrical
resistivity (100 Q m), whilst in dry environments the electrical
resistivity increases by many orders of magnitude.

Nevertheless, it can be also observed that the composition of
the mortar has a significant influence on the electrical resistivity.
At any humidity condition, higher values of electrical resistivity
were measured in the hydraulic mortars (LCP and LP) than in those
based on gypsum (G and LG). These differences may be attributed
to both the microstructure of the mortar and the chemical compo-
sition of the pore solution. Considering that gypsum-based mortars
had higher compressive strength which suggests a lower porosity
and thus a higher resistivity for given moisture conditions would
be expected, these differences can be attributed mainly to
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Table 2

Mean value of corrosion rate (icor), corrosion potential (E.or) and electrical resistivity (p) measured on specimens made with different binders (G, LG, LP, LCP and LC) and different
metallic inserts (Cs = carbon steel, Ss = stainless steel and Ti = titanium), exposed in different test conditions.

Binder Relative humidity Temperature icorr Ecorr P
(%) (°C) (mA/m?) (mV vs Ag/AgCl) (Qm)
Cs Ss Ti Cs Ss Ti
G 65 5 0.04 - - —138 - - 9.9-10?
20 0.07 0.08 - —-227 -69 - 2.3.10°
40 0.05 0.01 - -165 +32 - 1.8-10%
80 5 0.48 - - —-234 - - 6.1-10?
20 0.91 0.09 - -329 +65 - 5.3-10?
40 1.12 0.09 - -357 +30 - 3.7-10%
95 5 2.63 - - -314 - - 2.7-10°
20 3.34 0.08 0.02 —382 +85 139 2.2.10%
40 29.6 0.05 - -391 +100 - 3.7-10
LG 65 5 0.01 - - —-200 - - 1,4-10%
20 0.01 0.05 - —228 +10 - 1.9-10*
40 0.01 0.01 - -219 +18 - 1,8:10°
80 5 0.31 - - —-269 - - 1.4-10°
20 0.70 0.12 - -369 +78 - 2.2.10°
40 0.21 0.07 - —413 +15 - 6.7-10°
95 5 0.91 - - —299 - - 9.1.10%
20 133 0.09 0,04 —415 +106 37 1.5.10°
40 11.2 0.06 - —449 +123 - 1.1-10?
LP 65 5 0.01 - - —-142 - - 2.5.10*
20 0.02 0.02 - —-175 +34 - 6.7-10*
40 0.09 0.02 - -217 +150 - 3.0-108
80 5 0.16 - - -235 - - 4.810°
20 0.52 0.05 - -321 +64 - 2.3-10*
40 1.01 0.05 - —-385 +11 - 1.9-10*
95 5 0.91 - - -285 - - 1.2:10°
20 3.75 0.04 0,01 —420 +52 —-122 8.0-10°
40 4.47 0.07 - —432 +72 - 2.7-10°
LCP 65 5 0.03 - - -209 - - 6.0-10*
20 0.01 0.01 - -213 +50 - 2.7-10°
40 0.01 0.01 - -151 +144 - 3.1.108
80 5 0.22 - - —240 - - 1.0-10%
20 0.45 0.05 - -333 +98 - 4.5.10%
40 0.53 0.06 - —395 —38 - 1.9-10*
95 5 0.82 - - -319 - - 3.0-10°
20 3.25 0.05 0.02 —406 +36 99 1.3.10°
40 11.9 0.08 - —432 +104 - 5.6-10%
LC 95 20 141 0.06 - —469 +25 -

differences in the composition of the pore solution. Gypsum-based
mortars contain in their pore sulphate ions in their pores which
favour ionic movement and thus reduce the electrical resistivity
compared to carbonated hydraulic mortars in which the pore solu-
tion is expected to have a negligible ionic content [25]. By compar-
ing Fig. 8 with Fig. 5, however, it can be observed that the different
resistivity of the mortars is not directly correlated to the corrosion
rate of embedded steel; in fact, differences in corrosion rate of steel
between different mortars at the same moisture content are smal-
ler than differences in resistivity.

A relationship similar to that of Fig. 8 was also found for all
mortars studied, exposed at a temperature of 40 °C (Fig. 9). At
higher temperature, however, even higher resistivity values were
measured on the mortars exposed to the dry environment.

3.3. Corrosion resistant metal inserts

Reinforcing bars with a higher corrosion resistance than the
common carbon steel rebars can be used in restoration works to
replace corrosion-damaged ancient steel inserts. Although stain-
less steel and titanium are not expected to corrode in carbonated
mortars (even when exposed to an aggressive environment), their
use as reinforcement in ancient masonry is poorly documented
[26-28]. Hence, AISI 304 stainless steel and titanium bars were
used in order to study their corrosion behaviour in various mortars.

Fig. 10 compares the corrosion rate of different metal inserts (car-
bon steel, stainless steel and titanium are indicated in black, red
and green, respectively). In all mortars stainless steel inserts
embedded showed negligible corrosion rates (below 0.1 mA/m?),
even in the presence of water uptake. Negligible corrosion rates
were measured also at a temperature of 40 °C (Table 2).

Titanium was tested in contact with the studied mortars
exposed to 95% RH and a negligible corrosion rate (not exceeding
0.02-0.04 mA/m?) was observed, even in gypsum mortars
(Fig. 10). These results confirm that, when ancient inserts may be
replaced or new reinforcement needs to be added to the masonry,
even the use of common 304L stainless steel (with about 18% Cr
and 8% Ni) may be a durable solution (at least in mortars not con-
taminated by chlorides).

3.4. Corrosion monitoring

The dominant role of the moisture conditions in the corrosion
behaviour discussed in Sections 3.1 and 3.2 suggests that the con-
trol of humidity may be a practical means for the preservation of
steel inserts embedded in mortars. Any intervention aimed at
reducing the moisture content in the masonry (e.g. controlling
environmental humidity, preventing water ingress or favouring
evaporation) may be effective in reducing the corrosion rate to
negligible values. Such a conservation strategy, however, requires
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Table 3

Mean value of corrosion rate (ico), corrosion potential (E.o) and electrical resistivity
(p) measured on specimens, made with different binders (G, LG, LP, LCP and LC) and
carbon steel bars, partially immersed (values relative to the bars placed at height of
20 mm (B) and 80 mm (A) from water level) and exposed to different temperatures.

Binder Water uptake Temperature icor Ecorr P
(bar position) (°C) (mA/m?) (mV vs Ag/AgCl) (Qm)
G A 5 48.7 —-392 1.2:10%
B 70.3 -396
A 20 53.3 —429 8.0
B 86.8 —471
A 40 67.9 —438 6.0
B 114.2 —469
LG A 5 66.1 —388 1.1-10
B 93.9 —424
A 20 64.9 —499 9.0
B 104.3 -528
A 40 108.0 —475 5.0
B 189.3 —477
LP A 5 14.7 -367 2.610%
B 14.5 -339
A 20 28.1 -571 9.9-10
B 29.5 -521
A 40 38.6 —447 7.5-10
B 38.8 —480
Lce A 5 22.6 —341 2.8.10%
B 18.5 -306
A 20 45.5 -577 8.0-10
B 437 —558
A 40 53.9 —458 6.3-10
B 51.7 —472
LC A 5 10.5 —387 7.9-10
B 22.8 —383
A 20 42.0 —551 3.4.10
B 40.4 —546
A 40 38.6 —447 7.5-10
B 38.8 —480

the monitoring of the moisture content of the mortar.
Unfortunately, the on-site measurement of corrosion rate of
embedded metals is rather difficult. Other types of measurements,
such as the corrosion potential of the metal and the electrical resis-
tivity of the mortar can be carried out easily, even with embedded
probes that allow continuous monitoring, similar to those nor-
mally used to monitor corrosion of steel reinforcement in concrete
structures [29,30].

The results summarised in Table 2 show that the measurement
of the corrosion potential is a useful non-destructive means to
assess corrosion behaviour of steel even in mortars of different
composition. In fact, the corrosion potential is influenced by the
exposure condition, as shown for instance in Fig. 11. In moist mor-
tars (e.g. at 95% RH or during water uptake) at 20 °C the corrosion
potential of carbon steel in carbonated mortars dropped below
—400 mV vs Ag/AgCl whilst in dry conditions (65-80% RH) it was
around —200 mV vs Ag/AgCl. Even more negative values of corro-
sion potential were reached at 40 °C (when compared to those
achieved at 5 and 20 °C, Table 2) already for relative humidity of

Table 4

Mean value of corrosion rate (ico), corrosion potential (Eco) and electrical resistivity
(p) measured on specimens, made with different binders (LG, LP, LCP and LC) and
stainless steel bars, exposed to 20 °C (values relative to the bar placed at a height of
20 mm from water level (position b)).

Binder icorr Ecorr P
(mA/m?) (mV vs Ag/AgCl) (Qm)

LG 0.10 +44 9.0

LP 0.07 +34 9.9-10

Lcp 0.06 +38 8.0-10

LC 0.07 +19 3.4-10
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Fig. 5. Average corrosion rate of carbon steel embedded in G, LG, LP, LCP and LC
mortars as a function of relative humidity at 20 °C.
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Fig. 6. Average corrosion rate of carbon steel embedded in G, LG, LP, LCP and LC
mortars as a function of different temperatures at a relative humidity of 95%.
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Fig. 7. pH of pore solution of mortars made with different binders in alkaline and
non-alkaline conditions.

80-95%. The type of mortar only slightly affected the measure-
ments of corrosion potential (differences of less than 50 mV were
observed in most of the conditions).
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Fig. 12 shows the relationship between corrosion potential and
corrosion rate for all types of mortar and metal inserts when
exposed to different humidities at 20 °C. For stainless steel and
titanium inserts experimental results lay within a passivity range
(identified by Ecorr > —150mV vs Ag/AgCl and icorr <1 mA/m?),
regardless of relative humidity and type of binders. This behaviour
is consistent with the anodic control of the corrosion process due
to passivity of the two metals [1,2].

For carbon steel, the corrosion behaviour depends on the rela-
tive humidity and there is an inverse relationship between the cor-
rosion potential and the corrosion rate. From Fig. 12 it can be seen
that negligible corrosion rates were measured for carbon steels
embedded in all types of (carbonated) mortars until they were
exposed to 80% RH; for relative humidities above 95% RH the cor-
rosion potential decreased from —400 mV to —600 vs Ag/AgCl as
the moisture content increased and the corrosion rate showed a
roughly exponential relationship (i.e. linear in the logarithmic scale
of Fig. 12) with icoy reaching values of the order of 100 mA/m?
when E,,; approached —600 mV. This behaviour can be explained
by an ohmic control of the corrosion process and it is consistent
with the anodic-resistive control proposed by Glass et al. [31]. It
should, however, be observed that the corrosion potential values
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Fig. 8. Electrical resistivity as a function of relative humidity, measured at 20 °C on
reinforced specimens made with different binders.
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Fig. 9. Electrical resistivity as a function of relative humidity, measured at 40 °C on
reinforced specimens made with different binders.

measured in this study on the steel bars in dry carbonated mortars
are lower than those usually measured on steel bars embedded in
carbonated concrete (were usually higher values higher than
—200 mV vs SCE are measured [2]) and this aspect needs to be fur-
ther investigated.

In case a continuous monitoring is needed, measurements of
the corrosion potential require the use of embedded reference
electrodes, however their stability in the course of time is ques-
tionable [32]. In real structures it is much easier to perform mon-
itoring of the electrical resistivity by means of embedded
resistivity probes.

Since the resistivity of wet and dry mortars varies by several
orders of magnitude, measurements of resistivity can provide a
sensitive means for detecting the risk of corrosion. Fig. 13 shows
the relationship between electrical resistivity and corrosion rate
of carbon steel measured at 20 °C (in different conditions of rela-
tive humidity).

It can be seen that in conditions of high humidity (i.e. for elec-
trical resistivity less than 100-200 Q m), the carbon steel bars in
carbonated lime-mortars or gypsum mortars show an increase of
corrosion rate (reaching 100 mA/m? for gypsum-based mortars).
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Fig. 10. Average corrosion rate measured on different types of inserts (Fe = carbon
steel, Ss=stainless steel, Ti=titanium) made with different binders exposed at
20 °C in different moisture conditions.
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Fig. 11. Corrosion potential as a function of relative humidity measured at 20 °C on
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Fig. 12. Corrosion potential as a function of corrosion rate measured at 20 °C (in
different relative humidity) on reinforced specimens made with different binders.
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Fig. 13. Electrical resistivity as a function of corrosion rate of carbon steel bars
measured at 20 °C (in different conditions of relative humidity) on reinforced
specimens made with different binders.

Similar relationships can be obtained at other temperatures con-
sidering data of Table 2. Therefore monitoring of electrical resistiv-
ity can be a simple way to verify the corrosion conditions of
embedded steel in carbonated mortars as a function of environ-
mental exposure conditions. However, it should be noted that
resistivity is significantly influenced by the composition of the pore
solution of the mortar (Figs. 8 and 9) [33] and thus different corre-
lations with i, may apply depending on the type of binder (and
possibly on salt contamination). Furthermore, in warm environ-
ments the resistivity technique may not be applicable when the
pore solution in the pores may dry out and electrodes may be influ-
enced by surface effects. Finally, it should be borne in mind that
this relationship does not apply to passive metals (e.g. stainless
steel, titanium or even carbon steel in contact with alkaline
mortars).

It is worth to mention that a problem similar to that described
in this work exists with steel-framed structures where the steel is
encased in mortar or masonry. Corrosion of the steel forces move-
ment of masonry, cracking and spalling [3]. Cathodic protection,
which is often used for steel bars in carbonated concrete [34],
has been also applied to some of these structures but this is a very
expensive remediation option. Monitoring of resistivity as

suggested in this work should allow earlier and much simpler
interventions.

4. Conclusions

The results of this study showed the key role of temperature,
relative humidity and water uptake in the corrosion behaviour of
metal inserts embedded in mortars used in ancient masonry.

Corrosion rate of carbon steel inserts embedded in aerial and
hydraulic mortars was negligible if exposed to a relative humidity
of 65-80% (even at temperature of 40 °C). Conversely, in wet envi-
ronments and especially in the presence of water suction, the cor-
rosion rate reached high values, approaching 100 mA/m? when
carbon steel was in contact with gypsum-based mortars. The type
of mortar had only a slight influence on the corrosion behaviour of
steel inserts. Inserts made of a common stainless steel 304L, simi-
larly as titanium, can demonstrate a high corrosion resistance,
regardless of the material in contact with inserts and exposure
conditions.

It was shown that, by considering the correlations between
electrical resistivity of the embedding material and corrosion rate
of the insert, it is possible to evaluate indirectly the corrosion rate
of carbon steel inserts by monitoring of electrical resistivity of the
mortar as a function of moisture fluctuation and, possibly, of the
corrosion potential of the steel.
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