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Abstract

The aim of this experimental work was to investigate the performance of a special concrete repair material. The use of silica fume
(SF)-Ca(OH), mixture, with and without cement addition in reinforced mortars has been studied. The examination of the hydration
reaction progress by X-Ray Diffraction (XRD), Differential Thermal Analysis-Thermogravimetry (DTA-TG), and Scanning
Electron Microscopy (SEM) analysis of SF-Ca(OH), mixture with various cement ratios, shows that calcium silicate hydrate is
formed in a desired extent. Damaged specimens repaired by the above-mentioned materials also showed low carbonation depth and
the lowest corrosion rate, close to of undamaged specimens. This is attributed to the formation of C-S-H compounds at the in-
terface between these mixtures and cement mortar, resulting in the creation of good binding properties of the repair materi-

als. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hydrated cement is a porous solid, which usually
provides good protection against corrosion of reinforced
steel bars but, nevertheless, corrosion remains the most
common cause of deterioration. In the alkaline pore
solution in set cement (pH 12.5-13.5), a protective oxide
film is formed over the steel, rendering it passive [1-3].

Failure of the reinforced concrete structures occurs
when the protective oxide film is destroyed by carbon-
ation or by penetration of aggressive ions such as
chloride ion to the steel surface [2,4,5]. In sea water the
penetration of chloride ions is faster than that of CO,
and makes the CO, influence weaker [6]. The presence of
chloride ions raises the pH required to stabilize the
passive film to a value which may exceed that of a sat-
urated calcium hydroxide solution so stimulating cor-
rosion [1]. Between the two principal factors that
characterize the deterioration process of concrete
structures due to chloride corrosion, the diffusion of
chloride ions dominates the generation of corrosion,
while the diffusion of oxygen dominates its rate [7].
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Carbonation, being a rather slow process, induces re-
bars, corrosion only in constructions with very thin
concrete cover, high porosity, shrinkage cracks and so
forth [8]. The steel rebars corrosion onset, the time in-
terval before the attack starts and the rate by which it
proceeds are dependent on factors influenced by the
chemistry of cement, mineral additions, water to binder
ratio, curing and environmental conditions [4,6,9-11].

Although concrete possesses unique durability prop-
erties, after an incubation period corrosion is triggered,
imposing an increasing need for maintenance and repair.

As it is well known, there are a wide range of ce-
mentitious repair mortars based on cement and com-
ponents similar to those of concrete. The composition of
repair mortars could sometime consist of more than one
type of cement (i.e. special cement, like ultra-fine alu-
mina cement) together with additions (i.e. silica fume,
slag or fly ash), aggregates (normal, lightweight and
special types, fillers), admixtures, such as plasticizers, air
entrainers and accelerators, polymer additives and fine
polymer fibers [12-14]. It is normally impossible to get
information on the exact composition of a repair mortar
or on many of the components used in it.

In the present work, the efficiency of the use of silica
fume (SF)-Ca(OH), mixture with and without cement
addition, as materials to repair reinforced concrete
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structures, instead of conventional cement-SF mixtures
is examined. These materials have been tested because
the small particles of amorphous SiO, in the SF powder
react directly with Ca(OH),, resulting in pure calcium
silicate hydrates, in antithesis with cement-SF reaction
which leads to a variety of hydrates (calcium silicate
hydrates, aluminum silicate hydrates, ettringite, etc.)
having different hydraulic factors [15]. Furthermore the
rate of SF-Ca(OH), reaction leads to better crystalli-
zation of the calcium silicate hydrates leading them to
more stable structures. Further, the use of industrial by-
products, such as SF, offers a low-priced solution to the
environmental problem of depositing industrial waste
[16].

It is aimed covering at the imperfections or defects
(pores, cracks, etc.) of the structure, by these mixtures,
from the early stage of its life so that the basic re-
quirement for structural integrity of the structure can be
fulfilled. This can result in an extended initiation period
of the corrosion process depending also on factors, such
as hydration products of the mixtures and their affinity
with those of the cement, the interrelation between
mixture and the surface of the imperfections under re-
pair or more generally, on the characteristics of the
creating interface.

2. Materials and techniques

The cement used in this work was an Ordinary
Portland Cement (I45, BS 2:1996). The steel bars used
were St200 type. Their chemical composition is shown in
Table 1. Calcareous sand with a typical gradation of
0-0.2 mm (10% by wt) 0.2—-1 mm (30% by wt) and 1-5 mm
(60% by wt) and drinking water were also used. The
composition of mortar specimens is given in Table 2.

Table 1

Chemical composition of cement, silica fume ans steel bars
Cement Silica fume Steel bar

(Wt%) (Wt%) (Wt%)

SiO, 20.64 SiO, 90.90 Fe 99.23
Fe,04 3.85 Fe,0; 1.46 S 0.07
CaO 64.55 CaO(total) 0.69 C 0.11
Mgo 2.00 CaO(free) 0.024 P 0.03
K,O 0.57 Mgo 0.77
Na,O 0.10 SO; 0.38
SO; 2.50 LOI 3.00
SUM 98.87
LSF 98.07
SIM 242
ALM 1.21

Table 2
Composition of mortar specimens

Composition ratio by wt

OPC Sand Sand Sand Water
0-0.2 mm 0.2-1 mm 1-5 mm
1 0.38 1.14 2.27 0.72

The repair mixtures consisted of densified silica fume
of Norwegian origin (SF), (amorphous SiO, > 90% wt —
Table 1) and commercial calcium hydroxide. The calci-
um hydroxide was in slurry form containing 50% water.

The dimensions and the position of the steel bar in
test specimens considered for the present study are
shown in Fig. 1. The steel bars were machined on a lathe
to a final diameter of 10 mm. They were washed with
water, then immersed for 15 min in a strong solution of
HCI with an organic corrosion inhibitor, washed thor-
oughly with distilled water to eliminate traces of the
corrosion inhibitor and/or chloride ions. Following that,
they were cleaned with acetone and then weighted to
0.1 mg.

The moulds with the specimens after casting were
stored at an ambient temperature for 24 h. After the
specimens were demolded the top surface of the speci-
men was insulated with an epoxy resin. The steel surface
in contact with mortar was equal to 2276.5 mm?.
Thereafter they were stored in the curing room
(RH =98 £2%, T =19+ 1°C) for 28 days.

At the end of the curing, a hole of 5 mm in diameter,
was drilled in each lateral side of the specimen at a
height corresponding to the middle of the embedded
steel bar and to a depth up to 7 mm from the surface of
the bar (Fig. 1). Holes were filled by one of the mixtures
given in Table 3. All mixtures were in paste form.
Consequently the damage of the specimens should have
such dimensions to allow a complete intrusion of the
repair material. The minimum satisfying diameter found
in this case was 4-5 mm. In order to improve the setting

Epoxy Resin
j———— Steel Bar

D=10mm

hole

1 100 mm

Sectional Plan A-A Profile

Fig. 1. Schematic representation of reinforced mortar specimens.
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Table 3
Composition of repair mixtures

Component Code name of repaired specimens

Composition wt%

C D E
Silica fume 21.3 20.7 20.0
Ca(OH), 78.7 76.3 74.0
OPC 0.0 3.0 6.0

time of the SF-Ca(OH), mixture, small amounts of ce-
ment have been added. It is known [17] that when SiO,
and Ca(OH), react to form C—-S-H compounds the rate
of this reaction is lower than that of the hydration of the
calcium silicate compounds contained in the cement,
resulting in different setting times.

Reference undamaged specimens (code name A) and
specimens with unfilled holes (code name B) were also
used. Finally, an adequate number of all types of spec-
imens were immersed in 3.5% NaCl solution for corro-
sion potential, weight loss and potentiodynamic
polarization measurements while those for carbonation
depth measurements were stored at ambient condition.

The study of the hydration products of the repair
mixtures at predetermined ages by X-Ray Diffraction
(XRD) and Differential Thermal Analysis-Thermo-
gravimetry (DTA-TG) was performed by a D5000
SIEMENS Diffractometer as well as by DTA-TG in-
strument, type STA 409 NETZSH. The samples were
prepared after interruption of the hydration by a treat-
ment with acetone and diethylether followed by grinding
to a fine powder (sieve < 54 um). For the study by
Scanning Electron Microscopy (SEM), a JEOL 6100
Electron Microscope has been used. All the above an-
alyses were performed on specimens immersed in tap
water in order to avoid probable interference of hydra-
tion products with chloride ions at the corrosion envi-
ronment used.

The durability of the specimens was evaluated by
measuring the corrosion potentials on the steel, the
carbonation depth and the corrosion rate of the rebars
by anodic potentiodynamic polarization measurements
and by weight loss measurements.

The corrosion potentials of the rebars were measured
versus immersion time using a saturated calomel elec-
trode (SCE) as reference clectrode. The carbonation
depth of the specimens was determined by the pheno-
Iphthalein method as recommended by RILEM (RI-
LEM CPC-18) on broken mortar pieces at the interface
mortar-repair mixture. In damaged but not repaired
specimens carbonation depth was measured on broken
mortar pieces at one lateral axis of the hole.

The potentiodynamic polarization measurements
were performed in a CMS 100 system (Corrosion
Measurement System) by Garmy Instrument, using
3.5% NaCl solution mechanically stirred as corrosion
medium. The auxiliary electrode consisted of two cy-
lindrical graphite rods. Before each measurement the
potential was recorded until it reached an almost stable
value that was the corrosion potential E..,. Then the
working electrode was polarized in a range of about
—250 to +250 mV of E.,,. The resulting current was
plotted on a logarithmic scale against the applied po-
tential on a normal scale. Since the relatively large po-
tential scale of this method may change the surface of
the steel bars and may induce artificial corrosion, each
experiment was performed using another specimen.

3. Results and discussion

The hydration products of SF-Ca(OH),, as well as
SF — Ca(OH), — cement mixtures at the age of 7 days, 28
days, 6 months and 1 year have been examined by XRD.
Fig. 2 presents the XRD patterns of hydrated repair
mixtures after 28 days, 6 months and one year of hy-
dration. At all ages of hydration the main compounds

—
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Fig. 2. (a) XRD patterns of hydrated repair mixtures after a 28-day hydration I. Pure SF-Ca(OH), mixture II. SF-Ca(OH), — 3% wt OPC mixture
III. SF-Ca(OH), — 6% wt OPC mixture; (b) XRD patterns of hydrated repair mixtures after 6 months and 1 year I. Pure SF-Ca(OH), mixture after a
6-month hydration II. SF-Ca(OH), — 3% wt OPC mixture after a 6 months hydration. III. SF-Ca(OH), — 3% wt OPC mixture after 1 year hydration.
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observed are Ca(OH), in the form of portlandite (18.1,
34.2, 47.5° 20), small amount of CaCOs (29.4°26) due to
carbonation of Ca(OH), and calcium silicate hydrates in
the form of tobermorite (11°20). From the first ages the
formation of calcium silicate hydrates in the form of
tobermorite 11 and 14 A as well as in the form of
2CaSiO; - 3H,0 (Riverseidite 5.5, 7.0, 10.0, 28.7, 29.8,
31.0°260) can be observed, either in the mixtures of SF-
Ca(OH),, or in the SF-Ca(OH),-cement ones [18].

At the ages of 28 days, 6 months and 1 year the
amount of calcium silicate hydrates is equal to or
slightly more in the mixture of SF-Ca(OH),, in com-
parison with that in the mixtures containing cement.
This observation suggests that the addition of a small
amount of cement (i.e. up to 6% wt) helps only in the
improvement of the setting time of the mixtures. The
existence of a remarkable amount of unreacted
Ca(OH),, even after a year of hydration, indicates the
slow rate of the reaction between Ca(OH), and the SiO,
contained in the silica fume.

The investigation of binding between the main mass
of damaged specimen and the repair material was car-
ried out by Scanning Electron Microscopy. Fig. 3 pre-
sents a mortar part adjacent to the repaired hole after 2
and 18 months of hydration. A cluster of thin crystals of
calcium silicate hydrate is observed.

The microanalysis of the crystals of Fig. 3(a) showed
that they contain 32.33% CaO and 31.55% SiO,(CaO/
Si0,) = 1. The crystals have slightly rounded edges,
which indicates rapid crystallization. After 18 months of
hydration ( Fig. 3(b)), a better crystallization of the C—
S-H crystals as well as production of hydrated com-
pound into the pores of the total mass are observed. In
Figs. 4 and 5 the SEM of hydrated repair material (SF-
Ca(OH),) is presented.

Fig. 4(a) shows a grain of partly hydrated silica fume
that has been formed in the boundaries of the grain
calcium silicate hydrate. A focus on this boundaries’
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area is presented in Fig. 4(b). The microanalysis of
Fig. 4(a) gave as a result 52.39% CaO and 46.54%
Si0,(Ca0/Si0,) =2 1.26. In the center of the grain’s
surface a cover of Ca(OH), is observed (75.92% CaO
and 22.04% SiO,;CaQ/SiO, = 3.78). The crystals
shown in Fig. 4(b) have a needle-like form which indi-
cates a better crystallization of the calcium silicate hy-
drates than that of cement mortar. Fig. 5(a) shows the
SEM of an 18-month hydrated SF-Ca(OH), mixture. In
Fig. 5(a) a 200 pum SF grain seems to remain partially
reacted. In the main surface of the grain cracks are
observed while in the boundaries (Fig. 5(b)) an appro-
priate amount of C-S-H (CaO/SiO,) =~ 1.12 has been
formed.

As it concerns the interface between the damage
mortar and the repair material, sufficient formation of
C-S—H can be observed (Figs. 6(a) and (b)). The form of
the crystals is more similar to that of the hydrated ce-
ment mortar. After 18 months of hydration the structure
of the SF-Ca(OH), mixture (Fig. 6(b) upper left part) is
very condensed and well adhered on the mortar mass
(Fig. 6(b) down right part).

DTA-TG measurement has been performed on a
3-month hydrated SF-Ca(OH), mixture. The thermo-
diagram (Fig. 7) shows three endothermic peaks at 125—
130°C, 520°C and 780°C, corresponding to the dehy-
dration of calcium silicate hydrates, the dehydration of
Ca(OH), and the decarbonation of CaCO; formed
during the preparation of the sample. Respectively, the
exothermic peak at 975°C shows a crystallographic
transformation of the anhydrous tobermorites [18,19].

The corrosion activity of the reinforcing steel can be
qualitatively estimated, regardless of the specimen size
or the depth of the concrete cover, by monitoring the
change in the corrosion potential of the steel bars with
the time of exposure. In Fig. 8, the E,, trend in the
different types of samples is shown. All specimens, im-
mediately after immersion in chloride environment
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Fig. 3. (a) SEM of a 2 months hydrated cement mortar (M x 10,000) (b) SEM of an 18 month hydrated cement mortar (M x 5000).
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Fig. 4. (a) SEM of 28 days hydrated repair material SF-Ca(OH), (M x 200) (b) SEM of 28 days hydrated repair material SF-Ca(OH),. Details of the
grain’s boundaries (M x 5000).

s .60

Fig. 5. (a) SEM of 18 months hydrated repair material SF-Ca(OH), (M x 270) (b) SEM of 18 months hydrated repair material SF-Ca(OH),
(M x 7000).

Fig. 6. (a) SEM of interface between cement mortar and SF-Ca(OH), repair material after 2 months of hydration (M x 5000) (b) SEM of interface
between cement mortar and SF-Ca(OH), repair material after 18 months of hydration (M x 1600).

showed free corrosion potentials in the range of —330 to more or less steady-state situation is observed and the
—370 mV. Thereafter a decay to more negative potential potential values remain almost stable around —750 mV.
values was observed which lasted from 4 to 7 days de- The potential decay to high negative values could be

pending on the type of the specimens. Afterwards a attributed to the experimental conditions, i.e. to the
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Fig. 7. DTA-TG diagram of a 3 months hydrated of SF-Ca(OH),
repair mixture.
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Fig. 8. Half cell potential versus immersion time.

total immersion of the specimens into the NaCl solution,
which leads to limited availability of oxygen and thus to
cathodic polarization increase [20-22].

Regarding the significance of the numerical value of
the potentials, it is well established (ASTM C876), that
if corrosion potentials are numerically greater than —275
mV versus SCE, there is a greater than 90% probability
that corrosion of reinforcing steel bars occurs. Thus
from Fig. 8, it is clear that this condition appears in all
types of specimens. The small differences in plateau
values do not permit any clear qualitative prediction of
differences in the behavior of the different types of
specimens.

Among the laboratory tests, that of the mass loss
measurement versus the exposure time provides the
ability of a rather correct prediction of a construction
lifetime. The results of these measurements for all types
of specimens tested are presented in Fig. 9.

The situation displayed in Fig. 9 reveals that the mass
loss of the rebars increases with exposure time in all
types of specimens. The increase of the undamaged
specimens is rather regular. In contrast to this, the
damaged but not repaired specimens exhibit increased
mass loss values by a factor of about 3, from the be-
ginning of the exposure.

In all types of repaired specimens, throughout the
whole exposure time, the corrosion rate is relatively
higher than that of undamaged ones, due to the porosity
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Fig. 9. Weight loss of steel rebars versus exposure time.

of the repair mixtures in the early age of their hydration
[23]. Nevertheless it remains always lower than the
corresponding one to damaged but not repaired speci-
mens. The above results lead to the conclusion that the
use of these repair mixtures improves the concrete be-
havior and consequently the corrosion performance of
the steel rebars. The differences in the corrosion rate
values of the repaired specimens are very low indicating
similar behavior of all types of repair — mixtures. Both
the damaged but not repaired specimens and the re-
paired ones exhibit very intense mass loss increase dur-
ing the first two months of exposure. This may be due to
the fact that, during this early stage period, the forma-
tion of C—S-H products is low. After this period, the
hydration reactions have proceeded to an appropriate
extent which evidently creates products at the interface
between mortar—repair mixture possessing good binding
properties.

The influence of the presence of the hydration prod-
ucts at the interface mortar-repair mixture on the cor-
rosion performance of the steel rebars is also estimated
by electrochemical measurement of their corrosion rate.

The corrosion current density of steel rebars against
time of immersion is given in Fig. 10. These results are in
line with the above-mentioned ones of the weight loss
measurements. The corrosion rate of the damaged but
not repaired specimens, (B), is about two times higher
than the corrosion rate of undamaged specimens (A).
The corrosion rates in the repaired specimens are rela-
tively higher than those in the undamaged ones but, in
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Fig. 10. Corrosion current density versus immersion time.

any case, lower than those in damaged but not repaired
specimens. As this condition is valid for all types of
repaired specimens it could be concluded that all three
types of repair mixtures possess almost same properties
leading to similar behavior.

The carbonation depth of all types of specimens was
measured at the interface of the mortar—repair mixture
in order to estimate the quality of products created in
this interface which can influence the deterioration
process of concrete structure (Fig. 11). As it is shown in
Fig. 11 the undamaged mortar specimens present very
low carbonation depth, which does not change signifi-
cantly after the three first months of exposure in atmo-
sphere. In damaged but not repaired specimens, after a
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Fig. 11. Carbonation depth time dependence.

short time of exposure, about one month, the carbona-
tion depth has reached the maximum depth of the hole
and thereafter continues going deeper into the steel
mortar cover. Nevertheless at the end of the exposure
the carbonation has not reached the steel rebars. On the
contrary, in repaired specimens, the carbonation depth
changes a little with exposure time remaining always
close to that of the undamaged specimens. This could be
attributed to the rehabilitation of the structure of the
damaged specimens to an extent close to that of
the undamaged one. This rehabilitation is the result of
the formation of calcium silicate hydrates of some
importance both in the case of pure SF-Ca(OH), repair
mixtures, as well as in mixtures containing cement as it is
proved by XRD and SEM measurements. Additionally,
these measurements have shown that these hydrates are
well crystallized on the surface of the hole and that they
exhibit good binding properties.

The comparison of Figs. 9 and 11 indicates that the
behavior of the repaired specimens is influenced more by
the ingress of chloride ions than by the atmospheric
carbon dioxide access. This suggests that special care
should be given to the protection of steel rebars from
corrosion depending on the corrosion environment i.e.
on the place where the construction is located.

4. Conclusions

The present approach to the problem of the choice of
alternative mixtures as concrete repair materials instead
of usual cementitious ones leads to the following con-
clusions:

1. During the hydration of SF-Ca(OH), mixtures calci-
um silicate hydrates are formed in an appropriate ex-
tent, creating good binding properties to the repair
mixtures.

2. The addition of some amount of cement to these mix-
tures provides better setting time.

3. Repaired specimens exhibit low carbonation depth in
all cases.

4. In a corrosive environment of NaCl solution, corro-
sion rate of steel rebars of the repaired specimens
with pure SF-Ca(OH), mixture, as well as with mix-
tures containing cement, is higher than that of un-
damaged specimens but remains always about half
of that of damaged but not repaired specimens.
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