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ABSTRACT: Corrosion of the reinforcing steel may cause significant loss of strength of reinforced concrete
structures. The study focuses on accelerating such corrosion and examining the degradation of (i) the compres-
sive strength of concrete due to sodium sulfate in a wet atmosphere; and (ii) the flexural strength by a solution
of sodium sulfate and sodium chloride. Three types of concrete were used and different beam specimens were
reinforced by steel rebars of different diameters (6, 8 and 10mm), part of the beams being pre-cracked. The
concrete with least strength allowed higher sulfate penetration along the entire process and the compressive
strength increased slightly, possibly due to lower porosity of concrete after contamination. The results of the
flexural tests showed decrease of strength in all cases. Pre-cracked beams exhibited smaller influence of porosity
of concrete. Beams with 6mm rebars showed the largest loss of strength due to the contamination and corrosion
process.
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RESUMEN: Accion externa acelerada de sulfatos y cloruros en el estudio de la corrosion del acero en traccion en
el hormigén armado. La corrosion de la armadura de acero de refuerzo puede causar una disminucion de la resis-
tencia de las estructuras de hormigdn armado. Este estudio se centra en la aceleracion artificial de tal corrosion
examinando la degradacion (i) de la resistencia a compresion del hormigén debida al sulfato de sodio en medio
humedo; y (ii) de la resistencia a flexion causada por una solucion de sulfato de sodio y cloruro de sodio. Se
han utilizado tres clases de hormigén y vigas con refuerzo de diferentes diametros (6, 8, 10 mm); algunas de las
vigas fueron pre-fisuradas. El hormigén con menor resistencia permitié mayor penetracion de los sulfatos y la
resistencia a compresion aumento, posiblemente debido a la menor porosidad después de la contaminacion. Los
ensayos de flexidon mostraron que la resistencia decrecia en todos los casos. Las vigas pre-fisuradas mostraron
menor influencia de la porosidad. Las vigas armadas con barras de 6 mm de diametro tuvieron mayor pérdida
de resistencia.
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1. INTRODUCTION

The main objective of this paper is the study of
the feasibility of accelerating the corrosion of steel
reinforcement due to contamination by sulfates.

The results generated by techniques that acceler-
ate aging processes face the problem of their gen-
eralization to actual conditions, a question not
addressed here due to its complexity. Such general-
ization requires simultaneous consideration of the
several variables that can be differently accelerated
and available techniques that e.g. use Arrhenius-
like procedures (1) would require a specific separate
treatment.

Some of the accompanying consequences of the
accelerated process of steel corrosion on the whole
of the reinforced concrete (RC) structures are also
reported. The attack of RC structures by external
sulfates is known, but scarcely studied. Sulfate ions
or sulfur dioxide are harmful to RC structures and
contribute to the reduction of their life-cycle (2, 3)
and cases of sulfate attack of above ground struc-
tures in the United Kingdom and in the United
States, including in some highway structures have
been reported e.g. by Vittery and Pearson-Kirk in (4).

Sewage systems often present signs of superficial
deterioration of concrete with dissolution of cement
paste and the main deterioration located above the
water level (5) in a process that involves sulfates.
Figure 1 shows evident deterioration of concrete
in a waste water treatment plant in Portugal a few
years after its opening, a problem equally present
in Canada (6) where degradation of the exterior
walls was attributed to sulfur-rich water and soils.
Another source of aggression by sulfates is the
combustion of coals (especially lignites) and heavy
fuel-oils that produces flue gases containing large
amounts of sulfur dioxide (7, 8) that degrade the
power plant stacks.

The mechanism most used for explaining the deg-
radation of the concrete when subjected to media
rich in sulfate ions was proposed by Atkinson and
Herne (3) and validated at the National Institute
of Standards and Technology (NIST) (9). The
method requires the determination of the diffusion

(a)

coefficient of sulfate ions into concrete (2). De-icing
salts are also a common cause of degradation by
sodium chlorides and potassium acetate present in
sulfate contaminated soils. Concrete under chemi-
cal attack of aqueous solutions of sulfates suffers
changes in the microstructure and modifies the dis-
tribution of the pore sizes. The chemical reactions
create products of larger volume than the origi-
nal materials. Such expansions originate cracks,
increase the permeability of concrete and cause loss
of strength and mass with time.

The two main mechanisms of sulfate attack are:
(i) reaction with monosulfate hydrate, calcium alu-
minate hydrate, and/or unhydrated tricalcium alu-
minate to produce ettringite; and (ii) reaction with
calcium hydroxide (Ca(OH),) to produce calcium
sulfate (gypsum — CaSO,) (10).

Similar phenomena to the above occur when
RC is submitted to moist environments containing
dioxide sulfur. The dioxide sulfur (SO,) reacts with
water (H,O) and forms sulfuric acid (H,SO,) that
ultimately reacts with several concrete compounds.
Despite the multiplicity of the process and the for-
mation of several compounds, the primary product
of alkaline compounds decomposition by sulfuric
acid is calcium sulfate (pH=7.7) (11, 12). Ideal con-
ditions for the corrosion onset of steel reinforce-
ments are then established when the concrete cover
becomes more permeable and less alkaline.

Chloride ions depassivate steel and corrosion rate
becomes rather significant (13) when a threshold of
the concentration is reached at the depth of steel
bars. At low pH values, as for concrete damaged
by sulfates or sulfuric acid, the corrosion initiation
can take place at significant lower concentrations of
oxygen and chlorides (14).

In a real environment the combined effect of
sulfate and chloride has been found to be yet more
damaging for the structural integrity of reinforced
concrete and this conclusion bears the decision
taken in the present study to switch, at a given time,
from sulfates only contamination to a combination
of sulfates and sodium chloride (15-18).

Noticing that there is no standard for the study
of concrete contamination by sulfur dioxide, the

FIGURE 1.  Aspects of concrete degradation. Waste treatment unit. Aveiro, Portugal.
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work described hereafter followed partially ASTM
G 87-02 meant to evaluate the resistance of organic
coatings (19).

Standards available to evaluate concrete behav-
ior when exposed to sulfate ions include ASTM C
452 (20) and ASTM C 1012 (21) but the former is
not applicable to Portland cement. ASTM C 1012
defines the submission of concrete specimens to a
solution of sodium sulfate, 50 g/l, for six months to
measure the expansion of the specimens.

This brief review established that, in addition to
damage caused by the late release of sulfate ions
originating from contaminated sources of aggre-
gates, external sulfate attack (ESA) is a source of
concern and corrosion of steel (22) and the primary
object of the present study is to simulate experimen-
tally such corrosion within a short time frame by
electrochemical acceleration of the process.

2. MATERIALS AND METHODS
2.1. Chamber Contamination

For the assessment of contamination by SO,,
four beams 600x150x100 (mm) of reinforced con-
crete C1 (see Table 1) were built using cement type
CEM II/A-L 32.5R (23), and four 8 mm steel rebars,
with a 20 mm concrete cover. Cubes of the same
concrete mix with side of 150mm were also made.
The beams and four cubes were placed in a SO, con-
tamination chamber Damp Heat Chamber and sub-
jected to an environment with 3.3% of SO, in total
volume of air (a 10 times percentage higher than
the recorded average in this zone) at a temperature
of 40 °C, without ventilation, for two consecutive
terms of 1000 hours (h) each. The strength charac-
terization was made by compression tests and taken
as reference at the beginning of the contamination.
The compressive strength was also evaluated after
1000h and 2000h of contamination.

At each of those stages of contamination, two
beams were removed from the chamber and sub-
jected to flexural strength tests. Samples of con-
crete powder were collected at depths of 20mm and
40mm, taken from small diameter drilled holes. The
determination of sulfates percentage in the concrete,
by weight, was made according to (24, 25) and the
initial concentration of free sulfates in the beams
was considered negligible.

2.2. Contamination by sulfates and chloride solution
2.2.1. Specimens to be contaminated

Two sets of 15 beams, manufactured with a geom-
etry defined by a square cross section with sides of
150mm and a length of 600mm, were subjected to
accelerated contamination by sulfate and chloride
ions. Each set corresponded to a different mix as
characterized in Table 1 (concretes designated as C2
and C3), but both batches were made using the same
cement type, as before. The introduction of 35%
more fly ashes and 37.5% more cement, per cubic
meter, in the mix of C3 versus that of C2, led to the
reverse decrease of 20% of sand as customary in the
industry of construction, leading to a concrete C3
with higher strength and lower porosity (7.7% vs.
10.6% as detailed below) than those found for C2.

Each beam was reinforced with 2 longitudinal
rebars. The diameters differed from beam to beam
as shown in Table 2 that refers only to the contami-
nated beams, 6 more having been built for control,
two per each bar diameter. To further study the
influence of cracking in the contamination pro-
cess, some of the beams were pre-cracked before
the beginning of the contamination protocol. This
was achieved loading those beams with a concen-
trated force at mid-span that generated the cracking
bending moment. For each concrete, and for each
rebar size, five beams were cast (one reference beam
not to be contaminated, two non-cracked and two
pre-cracked to be subjected to contamination). The
concrete cover clearance of the longitudinal rein-
forcement was 20mm.

Concrete cubes (150mm side) were also cast
along with the beams and were used to assess the
concrete strength. The results for the concrete com-
pressive strength (f..,) at 28 days were 46.8MPa for
C2, and 50.7 MPa for C3. The values for C2 and C3
were tested again after 850 days and the compressive
strength found was higher, averaging, respectively,
64.3MPa and 70.5MPa.

TABLE 2. Characteristics of the beams

Concrete type Non cracked Pre cracked
C2 2 $6,2 ¢8,2 610 2 06,2 68,2 ¢10
C3 2 $6,2 ¢8,2 610 26,2 ¢8,2¢10

TaBLE 1. Composition of concretes C1, C2 and C3

Concrete Cemerslt Sand3 Gravel (4-312.5) Gravel (1255-25) Fly as;!l Pozzolitlg 5.4 Watgr
(kg/m") (kg/m’) (kg/m") (kg/m") (kg/m”) (kg/m”) (I/m’)
C1 280 810 500 550 - 3 160
C2 200 800 510 560 100 3 175
C3 275 640 550 580 135 4.1 165
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The tensile strength properties of the reinforce-
ment steel bars $6, 8 and ¢10 were obtained from
tensile tests and the values found for the yield
strength (f,) were, respectively, 523 MPa, 550 MPa
and 542 MPa. For the ultimate strength (f,), in the
same order, 618 MPa, 697 MPa and 669 MPa.

2.2.2. Contamination Protocol

The contamination by sulfate and chloride ions
was started after concrete was cured for 28 days at
20 °C and 90% RH (23). A small acrylic container
was installed having the bottom on the tensile side
of the beam, as shown in Figure 2. Inside the con-
tainer a thin sponge was positioned under a stainless
steel mesh, and connected to a copper conductor.
After assemblage, the container was partially filled
with a solution of sodium sulfate and sodium chlo-
ride at 5% and 3% by weight, respectively.

At mid-height and mid-length of each of the
beams to be contaminated, a grid of A304 stainless
steel was placed, connected to a copper wire linked to
an external circuit, as sketched also in Figure 2. Both
conductors were connected to a DC voltage source
(Sorensen, XHR 40-25). A current density between
2 and 4mA/cm’® was applied between the stainless
steel meshes to generate a constant electric field that
accelerated contamination of the concrete by the
ions contained in the solution. The contamination
process was conducted during a 9 week period on the
beams cast with the concrete mix of smaller strength
(C2) and 12 weeks for the beams made with the stron-
ger concrete (C3). The reason for the different times
adopted was the difference of porosity between C2
and C3. Every 3 or 4 weeks, concrete powder samples
were obtained by drilling 10mm to 20mm deep into
the beams, the distances bring measured from the top
surfaces. The determination of the sulfates percent-
age in the concrete powder followed (24, 25).

The level of alteration on the concrete micro-
structure and any eventual formation of major min-
eralogical phases were studied via X-ray diffraction
analysis and mercury intrusion porosimetry per-
formed both in plain and contaminated concrete.

Na,SO, +NaCl
mesh A
| —
DC Power / o]
Source
15cm

3. RESULTS AND DISCUSSION

For easier reference and interpretation, the
results associated with SO, contamination in wet
atmosphere, in a climatic chamber, are reported sep-
arately from those corresponding to the attack on
a restricted area of the outer surface of beams by a
solution of chloride and sulfate.

3.1. SO, contamination in climatic chamber
3.1.1. Effects on concrete compressive strength

The amounts of sulfate present in the samples
obtained at depths of 20mm and 40mm, after 1000h
of contamination in the SO, chamber, were respec-
tively 0.58% and 0.40%. At 2000h the values changed
to 1.20% and 0.64%. The SO, beams contamination

ion sulfate mass

is expressed by: percentage.

concrete mass

Despite the 2000 h of contamination, the per-
centage of sulfates found in the concrete is very
small. This small contamination values achieved in
the cubes, only 1.2% (maximum value), shows how
the natural process of contamination can be slow
for a concrete of good composition.

The 28 days average compressive strength of the
reference concrete cubes, i.e. those without contami-
nation (Cl1), was 29.3MPa. The cubes subjected to
1000h of SO, contamination showed a mean strength
of 32.0MPa, whereas at 2000h the value was 31.0MPa,
i.e. it remained approximately constant. The failure of
the reference samples, unlike the case of the contami-
nated samples, was accompanied by the projection of
numerous debris, evidencing that the contaminated
samples became less brittle. It is suggested that crys-
tals, resulting from the reaction between the cementi-
tious materials and SO,, partially filled concrete pores,
and their continued formation and growth induced
internal stresses and cracking. Expectable decrease of
strength ensued as the contamination proceeded. The
surfaces of contaminated cubes also showed a yel-
lowish color due to chemical alteration as previously
described in the literature (27).

FIGURE 2. View of the external container with stainless grid. A weight is placed over the grid to maintain pressure on sponge.
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3.1.2. Effects of SO, in concrete flexural strength

The contamination in the SO, chamber proved
to be insufficient to cause significant effects in the
flexural behavior. This was perhaps because the sul-
fate contamination occurred only on the surface as a
result of the short time of actual aging due to techni-
cal limitations of the chamber which did not allow
sustained application of higher rates of contamina-
tion. In addition, these initial concrete specimens
were conceived essentially to verify the effectiveness
of the process to accelerate the corrosion of the steel
and the diameter of the reinforcement bars versus
the geometry of the beams was not representative of
what would be required for them as structural mem-
bers, i.e. the reinforcement was excessive. Despite
that, flexural tests were performed after contamina-
tion and the results obtained in two beams subjected
to 1000h and 2000h of contamination, respectively,
were compared. The values obtained indicated higher
failure load after 2000h (39 versus 32 kN), a fact dif-
ficult to interpret since the compressive strength of
concrete, as previously seen, was not altered.

3.2. Sulfate and chloride ions contamination

The contamination of the beams increased over
time and could be observed on the lateral faces of
the beams. Figure 3 shows, as a representative case,
the central part of a lateral face of one beam rein-
forced with 10mm rebars and cast with concrete C3.
The parameters chosen to characterize the effects of
the penetration of sulfate ions into the beams are
examined below.

3.2.1. Concrete resistance

The electric resistance of the wires, connections
and steel mesh was considered negligible when
compared to the electric resistance of the concrete
electrolyte and the electric resistance of some speci-
mens produced by possible electrode reactions in
the presence of oxygen. This electric resistance was

(@) ®

calculated according to the first law of Ohm, R=U/I,
where U is the electric potential and I is the current
intensity in the circuit. Figure 4 illustrates repre-
sentative cases of the electrical resistance evolution
during the time of contamination of the beams.

The total porosities calculated by Hg intrusion
and the corresponding pores size distribution are
shown in Figure 5. As expected, concrete C2 is con-
siderably more porous than C3. This difference was
reflected in the overall concrete electrical resistance
and had implications on the beams contamination
through differential ionic current flows. Despite the
different porosities, the pore size distribution in each
mortar is quite similar.

Along the process of contamination the beams cast
with C3 concrete showed consistently higher electrical
resistance values than those of the beams cast with
C2, despite the influence on the ion transport process
of the electric field applied, i.e. the initial concrete
porosity controled the ionic current flow, see Figure 4.

In general, as the contamination process
advanced the electrical resistance of the system
tended to increase. This might be due to the pro-
duction of substances from the electrodes reaction

30 1 C2-NPC -= C2-PC
= -4+ C3-NPC -x%-C3-PC
€
6 25 1 ke b A ‘ & A
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FIGURE 4. Representative electrical resistance evolution
during beams contamination (6mm).

(c

FIGURE 3. Salts deposited on the lateral surface of the beam after 3 days (a), 40 days (b) and 84 days (c) of contamination.
Concrete C3 and 10 mm rebars.

Materiales de Construccion 67 (328), October—-December 2017, e141. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2017.10116


http://dx.doi.org/10.3989/mc.2017.10116

6+ M. A. G. Silva et al.

=== C2 - Ref./ Porosity=10.6%
6E-3 - = (2 - Cont./ Porosity=10.0%

’7; == C3 - Ref./ Porosity=7.7%
_Ei = = C3 - Cont./ Porosity=7.5%
2
3 4E-3 1
o
>
o
o
Q.
<
@ 2E-3 -
€
(5]
3]
£

OE+0 —TTrrTy

0.001 0.1 10 1000

Pores diameter (um)

FIGURE 5. Pore size distributions of concrete mortar before
(ref.) and after contamination.

in the presence of oxygen, and to the reaction of
sulfate ions with the tricalcium aluminate (3CaO.
Al O;) present in the cement. Reaction of the sul-
fate ions with tri-calcium aluminate, first, formed
calcium sulfo-aluminates and then ettringite, and
the resulting new crystals partially filled the pores,
further reducing the solution uptake and explaining
the increase of the electrical resistivity in the beams,
as previously found by Cunha (26).

The larger electric resistance of concrete caused
by the decrease of porosity, also decreased the diffu-
sion or mass transport process. However, the speed
of the corrosive process was no longer controlled by
diffusion but by the presence of free chloride ions
near the rebar. This change in the corrosive mecha-
nism can explain the corrosion detected in the rebar.

After a few weeks of contamination, the beams
showed oxides leaching at mid-level of the lateral
faces. The accumulation of corrosion products, salt
crystallization and weakness due to the introduc-
tion of the mesh created parallel cracks in the zone
of the mesh. The mesh and ensuing parallel cracks,
though located at the region of lowest stresses,
required careful attention when changes of mechan-
ical strength were analyzed.

Concrete-mesh adhesion was deteriorated by the
presence of corrosion products between the mesh
and the steel bars. This loss of adhesion between
the mesh and the concrete did not occur in non-pre-
cracked beams.

3.2.2. Concrete contamination and sulfate/chloride
penetration

The chemical and microstructural damage of
concrete due to multiple deterioration mechanisms
associated with the combined action of sulfate and
chloride involves numerous chemical phenomena

and resultant products. Such complexity required
thorough analyses and, despite not being a central
target of this research, an effort was placed to iden-
tify major chemical/microstructural changes caused
by the contamination protocol. In order to mea-
sure the changes on the microstructure, small pieces
of the cement matrix were obtained both from
the reference and contaminated concrete beams
(non-cracked). Both concrete mortars evidenced a
negligible change in porosity due to the contamina-
tion, especially C3. However, through the pore size
distributions, it was possible to detect important
differences in the microstructures after the contami-
nation. Generically, the volume of pores with diam-
eters below 0.025um (25nm) decreased, whereas, the
volume of pores with diameters ranging between
0.025um and 0.200um increased. The likely cause
is that crystallized salts and/or reaction products
between the contaminants and the cement compo-
nents remained in the system. Another reason is the
appearance of micro-cracks due to salts crystalliza-
tion. Both contributed to significant modifications
on the concrete microstructure that affected the
transport phenomena.

To investigate the eventual development of new
mineral forms during the contamination, the cement
paste was also analysed by x-ray diffraction, Figure
6. In all cases, for both concrete types and in pre-
cracked and non-cracked beams, gypsum and halite
were identified. The major peaks identified in all
samples corresponded to quartz and calcite whose
presence is attributed to the concrete aggregates
(limestone and siliceous sand). In all the contami-
nated specimens, additional peaks appeared that
were attributed to gypsum and halite. These new
mineral forms are a consequence of concrete con-
tamination by sulfates and chlorides, respectively.
While the occurrence of halite did not indicate
any reaction between the cement components, the
presence of gypsum confirmed chemical reactions
between sulfates and cement alkaline compounds.
It was not possible to identify ettringite and thau-
masite, probably because the contamination did not
last long enough to allow the generation of signifi-
cant quantities.

Several studies (28, 29) have indicated that chlo-
ride ions diffuse much faster than sulfate ions into
hardened cement paste. Oberholster reported that
the diffusion of chloride ions in concrete is generally
10 to 100 times faster than that of sulfate ions (28).
It was thought reasonable to accept that the same
happened when applying a constant electric field to
push these ions into the concrete.

The presence of sulfate ions in the chloride solu-
tion did not influence the initiation time of the
chloride-induced reinforcement corrosion, but the
rate of corrosion increased with increasing sulfate
concentration. That occurred because the tricalcium
aluminate in the concrete also binds to sulfate ions,
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FIGURE 6. X-ray diffraction patterns of concrete mortar C2 (a) and C3 (b), before (ref.) and after contamination.

and because the amount of free chloride also inten-
sified the corrosive process.

Accordingly the fast corroding process verified
in the rebars is attributed to the high concentration
of free chloride ions carried by the applied electric
field, and not to the presence of sulfate ions.

Figure 7 displays the evolution in time of the
quantity of sulfates in the concrete. The data repre-
sent the mean values of the gain of mass of sulfates
found for each type of beam.

At the end of the contamination process of the
specimens C2 and C3, for 9 and 12 weeks, respec-
tively, the results obtained varied between 0.04g and
0.06g sulfate per 5g of concrete. That matches the
percentages of sulfate contamination between 0.8%
and 1.2% found in the concrete mass.

Dispersion of the observed results was expected
due to the heterogeneity of concrete, reflected in
the contents of powder samples taken at different
horizontal plane locations and depths. Nonetheless,
some conclusions can be advanced from the mean
values found.

- The quantity of sulfates found in the specimens
varied with the concrete mix. Concrete C2, the
one with smaller strength, allowed higher sul-
fate penetration all along since the beginning of
contamination.

- In non-pre-cracked beams the porosity had
a more important role in the diffusion of the
sulfates.

- In pre-cracked beams the relative importance of
the type of concrete and its porosity were lower
both in terms of penetration and total uptake
of the solution.

3.3. Results from Bending Tests
Essentially, two types of tests were carried out to

examine the effects of the described contamination
on the concrete beams:

@ .08
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FIGURE 7. Sulfate amount for as-built and pre-cracked
concrete beams along contamination, concrete C2 (a) and
concrete C3 (b).

- Three point bending tests of the specimens
reinforced with 6 mm and 8 mm rebars and
the concentrated load applied at mid-span on
the face opposite to the contaminated face;

- Tensile strength of the 10mm reinforcing steel
bars removed from the corresponding beams
after after having submitted these beams to the
same type of loading as those reinforced with
6mm and 8mm rebars. The option for the tensile
tests was due to the fact that hypercritical rein-
forcement and short span of those beams did

Materiales de Construccion 67 (328), October—-December 2017, e141. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2017.10116


http://dx.doi.org/10.3989/mc.2017.10116

8+ M. A. G. Silva et al.

not allow comparative analysis of the results by
engineering beam theory.

Figure 8 summarizes the data obtained from
the flexural tests in the beams reinforced with 6
mm rebars, where “Ref” designates the reference
beam without contamination, and PC and NPC
refer to the pre-cracked and non-pre-cracked
specimens, respectively. The results evidenced the
detrimental effects of corrosion caused by the con-
tamination, showing a decrease of the maximum
strength of approximately 27% for concrete C2
and 22% for concrete C3, due to the contamina-
tion. It is noticed that the mix for concrete C3 had,
compared with C2, more cement, more fly ashes
and more pozzolith 540 and less water that led to
lower porosity and explain the smaller influence of
contamination.

The differences observed between the strength of
specimens PC and NPC were small, though for con-
crete C3, the pre-cracked beams showed a slightly
lower strength than the non-pre-cracked beams.
This is attributed to the additional penetration of
sulfate caused by the pre-cracks.
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Signs of corrosion products around the rebars
and salt crusts were seen after the flexural tests on
the beam surface opposite to the face directly con-
taminated in one of the pre-cracked beams with 6
mm rebars.

Figure 9 shows the results from the bending
tests performed on the beams with 8§ mm rebars.
For concrete type C2 the beams subjected to
contamination showed a decrease of maximum
strength of about 9% and 5%, for the PC and NPC
specimens, respectively. A similar behavior was
observed in the beams made of concrete C3, but
with a more accentuated decrease of strength, 18%
and 13%, when compared to the values found for
the reference beam.

The corrosion of the rebars occured more het-
erogeneously in the pre-cracked beams. Corrosion
was also detected where the cracks intersected the
rebars. In the NPC beams corrosion was more
homogeneous along the rebars due to the absence of
the pre-cracks as preferential paths. On average, the
decrease of strength was smaller than that observed
in the beams with 6mm rebars, since the 6mm rebars

60 7

50

Load (kN) &

Deflection (mm)

Experimental results from the flexural tests for the 6mm rebars beams, concrete C2 (a) and concrete C3 (b).
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FIGURE 9. Experimental results from the flexural tests for the 8mm rebars beams, concrete C2 (a) and concrete C3 (b).
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FIGURE 10. Experimental results from the tensile tests of 10
mm rebars (C2 and C3).

had a higher specific surface, and were thus more
susceptible to corrosion.

Figure 10 presents the results obtained from the
tensile tests performed on the rebars extracted from
the contaminated beams, after carefully removing
the surrounding concrete. To be used as reference
values, three coupons from the steel samples had not
been subjected to the contamination processes and
the average results for their tests are also shown in
Figure 10 and identified as “Ref”. The decrease of
strength between the reference and the contaminated
specimens was small, varying between 2% and 6%.

It can be observed that the contamination pro-
tocol was also efficient for the 10mm rebars, but in
order to get more visible results the contamination
process should be longer.

4. CONCLUSIONS
Briefly, it can be stated that

- An accelerated contamination of reinforced
concrete elements with sulfates was successfully
applied. The study showed the feasibility of
using an electrochemical procedure, associated
with a protocol that implemented direct contact
of the contaminant solution on the beams, as an
effective way to accelerate the corrosion of the
steel reinforcement.

Ways of establishing temporal correspondence
of these tests with real cases remain a challenge
for future work.

- The use of a contamination chamber of SO,
creating an atmosphere with 3.3% volume of
SO, and high humidity presented experimental
limitations hard to overcome.

- In terms of experimental results:

1) The contamination in the climatic chamber
showed small upwards change of concrete
compressive strength, after 1000h and 2000h
of exposure.

i1) Under the direct contact of the contaminant
solution with the surface of the beams,

- The ingress of sulfates and chlorides led
to depassivation of rebars and severe
corrosion.

- Cracking played important part in the
COTTOSiONn process.

- In non-pre-cracked beams the class of
concrete had a larger role in aggressive
ions uptake and damage, with more pen-
etration of sulfates for the concrete with
lower compressive strength, as expected;

- The importance of the porosity of con-
crete on the total penetration of the
sulfate solution was superseded by the
importance of the pre-cracks. In non-pre-
cracked beams the porosity of concrete
was a more important parameter;

- In the beams reinforced with 6mm rebars
the largest decrease of strength was
observed, due to the contamination and
ensuing corrosion process. This observa-
tion can be explained by the fact that the
6mm rebars have a higher specific surface,
thus being more susceptible to corrosion.

On average the decrease of strength varied
between 22% to 27% for the specimens reinforced
with 6 mm rebars, 5% to 18% for the 8mm, and 2%
to 6% for the 10mm.

Although the electrochemical procedure, asso-
ciated with the direct contact of the contaminant
solution with the beams, proved to be a viable and
effective means to accelerate corrosion of reinforced
concrete structures, studies that include a longer
period of the contamination are needed, in order to
cause higher levels of corrosion, especially for larger
diameter bars and bigger concrete cover.
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