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Corrosion of reinforcing steel produces important damage

to concrete structures in coastal, urban, and industrial zones.
This damage has increased in recent years in all countries
when concrete is a regular construction material, no matter
if it is a technologically advanced country or it is in the
process of being one. Reinforcing steel is initially protected
by concrete alkaline reserve which helps to maintain the
reinforcing steel passive layer. However, chlorides from salty
water (i.e., marine water and/or deicing salts) or CO2/SO2

present in urban/industrial environment accumulate on
the concrete surface and then move towards the rebar
by known transport mechanisms like diffusion. When the
chloride or CO2 threshold is exceeded, depassivation occurs
and a corrosion products layer is formed in the rebar
perimeter. The volume of this layer is bigger than the
original steel consumed; thus, tensile stresses develop and
produce concrete cover cracking and spalling. Besides being
aesthetics, cracking decreases steel/concrete adherence and,
potentially, the structural capacity of the affected structural
element. Then, corrosion of reinforcing steel can produce
significant damage affecting the whole structural behav-
ior.

Several research groups in the world has been working in
the past five decades to determine possible actions to increase
the service life of concrete structures, especially the initiation
period (time when the aggressive elements such as chlorides
and/or CO2 penetrates into the concrete cover until reaching
the reinforcing steel and depassivation occurs). This special
issue on corrosion of reinforcing steel includes six different
papers on this topic: corrosion initiation stage.

Three of the papers deal with the effect of acidic environ-
ment on the performance of different concrete mixture types.
One of them also includes some interesting nondestructive
ultrasonic method to determine the penetration extent of the
concrete degradation by the exposure of such acid solutions.
Another paper deals with a multiscale method to obtain a
relation between porosity characteristics inside the concrete
with the damage process of concrete exposed to this acid
environment. The third paper deals with the effect of acid
exposure to the tensile strength of concrete specimens.

The second topic is directed to a study of an alternative
reinforcing steel bar with low alloying nickel content. Results
obtained for this low-nickel stainless steel bar in alkaline
saturated calcium hydroxide solution showed high corrosion
resistance even though chlorides were added to the simulated
pore solution or mortar tested as two different electrolytes.

The third topic in this special issue includes the use of
natural fibers (sugar bagasse cane and cactus) as potential
additions to cement-based materials: sugar bagasse cane was
used as a mineral addition to decrease the material porosity,
and cactus, as corrosion inhibitor.

Hope this special publication will help the readers
to understand particular ways to increase the corrosion
initiation stage of reinforced concrete-like materials, and also
encourage the possibility to continue research on this field of
expertise for the future generations to come.

Facundo Almeraya
José Maria Bastidas

Andres A. Torres Acosta
Citlalli Gaona Tiburcio
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Concrete is a porous material and the ingress of water, oxygen, and aggressive ions, such as chlorides, can cause the passive layer
on reinforced steel to break down. Additives, such as fly ash, microsilica, rice husk ash, and cane sugar bagasse ash, have a size
breakdown that allows the reduction of concrete pore size and, consequently, may reduce the corrosion process. The objective of
this work is to determine the corrosion rate of steel in reinforced concrete by the addition of 20% sugar cane bagasse ash by weight
of cement. Six prismatic specimens (7 × 7 × 10 cm) with an embedded steel rod were prepared. Three contained 20% sugar cane
bagasse ash by weight of cement and the other three did not. All specimens were placed in a 3.5% NaCl solution and the corrosion
rate was determined using polarization resistance. The results showed that reinforced concrete containing sugar cane bagasse ash
has the lowest corrosion rates in comparison to reinforced concrete without the additive.

1. Introduction

Corrosion is the loss of material and occurs when metals
are exposed to the environment. This is the result of the
interaction between chemical and biological agents [1].
Corrosion of reinforced steel has two principal problems that
affect the service life of concrete reinforced structures [2].

(a) Metal lost in the reinforced steel rods reduces the
mechanical properties of the structure.

(b) Corrosion products occupy a higher volume than the
base metal that produces internal stresses, which may
cause the concrete to crack.

Degradation of concrete structures by corrosion pro-
cesses is a serious problem and has major economic impli-
cations [3].

In service conditions, the concrete covering the steel bars
gives physical and chemical protection to the reinforcement.

The concrete cover provides an alkaline environment sur-
rounding the steel, resulting in the formation of an oxide
layer, called a passive film, which protects the steel from
corrosion. However, the passive layer does not provide a
perfect and permanent barrier in aggressive environments
containing initiators of corrosion (primarily aggressive ions
like sulphates and chlorides, humidity, carbon dioxide,
and oxygen) [4]. These factors, together with inadequate
construction practices in difficult environmental conditions,
lead to corrosion of the reinforcing steel. Carbon dioxide can
cause corrosion primarily by reducing the pH of the concrete.
Once the alkaline environment is destroyed, the protective
layer of oxide on the steel surface is destroyed and corrosion
may start. Reinforced concrete structures are exposed to
severe environments but often are expected to continue with
little or no repair or maintenance for long periods of time.
Therefore, reinforced concrete structures need to be durable.
One of the main forms of attack from the environment is
the ingress of chloride ions, which leads to corrosion of steel
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Figure 1: Experimental setup.

reinforcement and subsequent reduction in the resistance,
utility, and esthetics of the structure [5]. Chlorides can come
from several sources. They can be introduced into concrete
during batching or can be introduced from the environment
during service. Chlorides can be introduced by [6]

(a) the deliberate addition of chlorides in additives and
use of seawater or contaminated aggregates in the
mixture,

(b) saline mist and seawater, which moistens directly,

(c) deicing salts.

Mineral additives are commonly used in many appli-
cations ranging from high performance concrete bridges,
buildings and on-shore and off-shore structures. Well-
known mineral additives are silica fume, rice husk ash, and
fly ash. The addition of these products in the production of
concrete has positive environmental effects, while minimiz-
ing problems associated with its disposal [7].

Sugar cane bagasse is the by-product of sugar pro-
duction. Fresh bagasse contains 40% water and often is
used as fuel in the sugar factories. Sugar cane fiber has a
particular significance because it is a combustible material
for the sugar industry and is a valuable raw material for
paper, artificial wood, and others [8]. When this waste is
burned in controlled conditions, the generated ash contains
amorphous silica, which has pozzolanic properties [9]. Ash
from bagasse sugar cane is one of the main waste products
generated worldwide and can be used as a mineral additive,
mainly due to its high content of silica (SiO2). Adding sugar
cane bagasse ash (SCBA) as a replacement for cement may
provide additional enhancements in resistance to chloride
ion penetration and waterproofing properties. Thus, tests
were conducted to determine whether SCBA can be used
as an effective mineral additive for concrete reinforced
structures [10].

2. Experimental Procedure

2.1. Materials. The materials used were portland cement
(CPC-30R), river sand with a fineness modulus of 2.59,
triturate river coarse aggregate with a maximum size of 3/4′′,
and water. The sugar cane bagasse ash (SCBA) used in the

present study was obtained from a local sugar factory in Los
Mochis, Sinaloa, México. The ash was obtained from burning
the bagasse at 650◦C for one hour.

2.2. Thermogravimetric Analysis (TGA). The burn temper-
ature of cane sugar bagasse required to obtain ash with
amorphous SiO2 was determined using TGA. The equipment
employed was TA Instruments SIMULTANEOUS DTA-TGA
STD 2.960 with a temperature scan rate of 10◦C/min in a
static atmosphere.

2.3. X-Ray Diffraction. After burning the bagasse, the ash
was powdered and examined in an X-ray PANalytical Mod.
X’Pert Pro.

2.4. Concrete Specimens. Four prismatic concrete specimens
with dimensions of 100× 70× 70 mm were constructed with
a single 12 cm long 1018 steel rebar (0.9525 mm diameter)
embedded in the concrete. In order to confine the exposed
area of the steel, the rebar was partially coated with a
noncorrosive paint, leaving an exposed length of 5 cm. The
concrete was made with water to cement ratio of 0.60. Two
specimens were made by replacing 20% by weight of the
cement with sugar cane bagasse ash, and the remaining did
not contain sugar cane bagasse ash. The specimens were
cured by immersing in water for 28 days. After the curing
period, the specimens were exposed to a solution of 3.5% by
weight of sodium chloride.

Three 100 mm diameter by 200 mm long concrete cylin-
ders with and without the addition of 20% bagasse cane ash
were cast for the compressive strength tests.

In order to accelerate chloride ingress, the specimens
were cyclically exposed to the sodium chloride solution by
a 3-day partial immersion in a 3.5% weight NaCl solution
followed by 4 days of drying.

2.5. Linear Polarization Resistance. The linear polarization
resistance was determined with an ACM Instruments one-
channel galvanostat/potentiostat GILL A.C. A standard
calomel electrode (SCE) was used as the reference electrode,
the rebar was the working electrode, and a stainless steel
plate placed around the specimen was the counter electrode
(Figure 1).
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Table 1: Corrosion probability.

Ecorr versus SCE (mV) Corrosion probability

>−125 10% probability

−125 to −275 Uncertain zone

<−275 90% probability

Table 2: Icorr in terms of corrosion level.

Icorr (μA/cm2) Corrosion level

<0.1 Negligible

0.1–0.5 Low

0.5–1 Moderate

>1 High

The sweep potential was ±20 mV with respect to the cor-
rosion potential and the sweep rate was 10 mV/minute.
The IR drop potential was considered. This monitoring was
conducted weekly with specimens immersed in the sodium
chloride solution. Figure 2 shows the experimental setup.
The results were analyzed using “Analysis” of ACM version
4 [11].

The corrosion current density (Icorr) and corrosion rate
(CR) were estimated from resistance to charge transference
(Rct) using:

Corrosion Current Density (Icorr) = B

Rct

(
μA/cm2), (1)

Corrosion rate (CR) = Icorr
(
μA/cm2)∗ 0.011 [=] mmpy,

(2)

where B is Stern-Geary constant (B = 26 mV for uniform
corrosion) [12].

There are several techniques to determine the degree of
deterioration of concrete structures. One is to determine
the corrosion potential (Ecorr) in accordance with ASTM-C-
876, which establishes criteria that relate the potential with
corrosion probability, as shown in Table 1 [13].

From the corrosion current density values (Icorr),
obtained using (1), it is possible to determine the corrosion
severity using the values shown in Table 2 [14].

3. Results and Discussion

Figure 2 shows the results of the thermogravimetric analysis
(TGA). The thermograph shows that around 550◦C there is
no further decrease in weight. At this temperature, all of the
sugar cane bagasse completely burned, but this is with a small
sample of bagasse cane. With a greater amount of bagasse
ash, it was necessary to burn at a higher temperature. For
this reason, the sugar cane bagasse was burned at 650◦C for
one hour to obtain the ash for this study.

Figure 3 shows the X-ray powder diffraction pattern
of SCBA burned at 650◦C. The characteristic wide hump
(between 2θ = 20 and 2θ = 35) and the peak of
quartz show the presence of an amorphous phase, which is
important to confirm because amorphous SiO2 contributes
to the pozzolanic properties. The ash pozzolanic reaction
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Figure 3: X-ray diffractogram of SCBA burned at 650◦C.

decreases the pore size in the concrete, which restricts entry
of aggressive ions.

Figure 4 shows the corrosion potential (Ecorr) results
obtained from linear polarization resistance scans of the six
specimens. The corrosion potentials ranged between −100
and −550 mV. The specimens with SCBA (Bagasse 1 and
2) present smaller probability of corrosion compared with
specimens without the additive (Normal 1 and 2). The
horizontal dotted line represents the limit between regions
of probability of corrosion as given in Table 1. During the
first 15 days of exposure, the values are in the uncertain zone.
Gradually, the normal concretes (without SCBA additive)
became more negative to values in the 90% of corrosion
probability. However, the concretes with SCBA continued
in the uncertain zone, in the uncertain zone, after 63 days
of cyclical exposure a great difference in the corrosion
potential is observed between the specimens with and
without SCBA. The normal concrete specimens have started
to corrode.0020The specimens with SCBA show the smaller
corrosion potential, which is probably due to SCBA reacting
with calcium hydroxide (produced during the hydration of
portland cement), and thenhydrated compounds formed
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during the pozzolanic reactions fills the pores of the concrete
[15], restricting aggressive ions from reaching the steel rebar.

Figure 5 shows the corrosion current density (Icorr)
results. Icorr ranged between 0.1 and 1.0 μA/cm2. During the
first 50 days, Icorr were from less than 0.1 μA/cm2 for the
concrete with SCBA. According to Table 2, the corrosion
level is negligible. For normal concretes (without SCBA), Icorr

values ranged between 0.1 μA/cm2 and 0.5 μA/cm2 for the
first 50 days indicating that corrosion was low. However, after
50 days, Icorr gradually increased for the specimens without
SCBA and is in the high corrosion level but the concrete with
SCBA is still in the low corrosion level.

Figure 6 shows the corrosion rate results. At the begin-
ning of the exposure, both types of specimens had similar
results, but after day 50, the corrosion rate of the normal
concrete without SCBA gradually increased. The specimens
with SCBA showed lower corrosion rates. This behavior was
due to the pozzolanic properties of SCBA that decreased
the size of the concrete pores, which restricts the ingress of
chloride ions.

4. Findings and Conclusions

(1) A temperature of 650◦C was sufficient to obtain sugar
cane bagasse ash with amorphous SiO2.
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Figure 6: Corrosion rate of specimens.

(2) The specimens with SCBA indicated lower corrosion
potential values, which corresponded to a low corro-
sion probability.

(3) The specimens with negligible to moderate corrosion
level were the specimens with sugar cane bagasse ash
added to the concrete mix.

(4) The use of sugar cane bagasse ash as a partial replace-
ment of cement has a beneficial effect to protect the
steel rebar from corrosion because it reduced the pore
size in the cement paste, which minimized the ingress
of aggressive ions into concrete. Concrete containing
SCBA had a lower corrosion rate when compared to
concrete without the addition of SCBA.
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This research in progress includes results on the corrosion performance of reinforcing steel in alkaline media when two different
dehydrated cacti (Opuntia ficus-indica—Nopal—and Aloe Vera) were used as additions in pH 12.5 and 13.3 solutions and in
concrete. The dehydrated cactus addition was mixed at different concentrations by either solution or cement mass (0.10%, 0.25%,
0.5%, 1.0%, and 2.0%). Half-cell potentials and LPR measurements were performed at different time periods to characterize the
possible corrosion inhibiting effect of the cactus additions tested in such alkaline media. Results showed good corrosion inhibiting
effect of dehydrated Nopal on reinforcing steel, in all tested solutions, when chloride ions are present. Aloe Vera did show also
corrosion inhibiting improvements in some extent. The addition of such cactus led to an apparent formation of a denser and more
packed oxide/hydroxide surface layer on the steel surface that decreased corrosion activity. This oxide/hydroxide layer growth was
confirmed by microscopic evaluation of the metal surface layer performed at the end of the research program. The preliminary
findings suggest that adding Nopal at concentrations between 1% and 2%, by mass, might be suitable for durability enhancing
applications in alkaline media, especially in concrete structures.

1. Introduction

Corrosion inhibitors are widely used in concrete, where
conventional formulations often include species (such as
nitrite or benzoate) that have significant toxicity [1]. As a
result, they are being scrutinized by environmentalists and
could be stopped from being used in the near future since
they are significant biohazards and pollutants.

Some researchers consider the use of the simple amino
acids alanine, glycine, and leucine as corrosion inhibitors for
carbon steel in hydrochloric acid [1]. Natural amino acids are
being tested as corrosion inhibitors in different laboratories
around the world [1, 2]. From those, the ones extracted from
cactus plants are the most promising ones [2].

Opuntia ficus-indica (OFI, known in Mexico as Nopal)
grows in large thickets in semi- and arid environments.
Originally native to Mexico, today the cactus is commercially

grown in Mexico, Chile, Argentina, Morocco, Italy, and parts
of California, Texas, and Florida [3].

As presented elsewhere, Nopal contains several amino
acids and sugars [3–5]. Also it contains some minerals such
as calcium, potassium, and sodium [3–5]. The presence of
such minerals in this botanical product resulted in a long-
term stable performance of this products in a highly alkaline
media.

The present investigation presents results on the corro-
sion performance of reinforcing steel in alkaline media when
natural organic additions such as dehydrated Nopal were
added.

2. Experimental Procedure

Three alkaline media were used: saturated calcium hydroxide
(SCH) solution (with pH of ∼12.5), saturated pore (SP)
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solution (with pH of ∼13.2), and concrete specimens. All
three alkaline medias were prepared with and without
natural organic addition (dehydrated Nopal or Aloe Vera).

2.1. SCH Solution. The dehydrated Nopal addition was
mixed with SCH solutions at different percentages: 0.5,
1.0, and 2.0% by solution weight. The electrochemical cell
included six 10 mm in diameter reinforcing bars (also known
as rebars). A saturated calomel electrode (SCE) was used as
a reference electrode. A stainless steel rod was introduced
in the electrochemical cell during corrosion testing. During
experimentation, chlorides were added to the solution at
a 0.04 M concentration after half-cell potential stabilization
(∼21 days after rebar immersion).

2.2. SP Solution. In the SP solutions, the dehydrated Nopal
was added in percentages of 0.1, 0.25, 0.5, 1.0, and 2.0%
by solution weight. During experimentation, chlorides were
added to both solution types at a 0.04 M concentration after
half-cell potential stabilization (∼60 days after rebar immer-
sion). The electrochemical cell included four reinforcing
bars (10 mm in diameter). The same reference and counter
electrodes as in SCH solutions were used during corrosion
testing.

2.3. Concrete. Ten 5 × 10 × 20 cm prisms were fabricated
reinforced with two 10 mm in diameter reinforcing bars.
The specimens included an activated titanium/titanium
oxide internal reference electrode (IRE). Two prisms were
fabricated without botanical additions (controls), four were
with Nopal additions (two prisms were fabricated with 1%
and two with 2%), and four with Aloe Vera additions
(the same number and percentages as Nopal prisms). The
concrete mixture properties are presented elsewhere [5]. To
introduce in the concrete chloride contamination, wet-dry
cycles procedure was implemented by partial immersion
of the concrete specimen in 3.5% chloride contaminated
solution (only one rebar was subjected to these wet-dry
cycles). The wet stage lasted one week and the dry stage
three weeks, giving ponding cycles of one month each. A
second set of twenty-four concrete prisms with the same
dimensions and embedded electrodes was fabricated to
corroborate results of the first set of specimens. In this case
all the concrete prism was submerged in a 3.5% chloride
contaminated solution. The concrete mix used to fabricate
the specimens consisted of ordinary Portland cement (OPC,
cement content 197 kg/m3), crushed dolomite as coarse
aggregate (10 mm maximum nominal size), silica sand as
fine aggregate, and a w/c ratio of 0.50. A special mixture
was prepared with puzzolanic cement (PPC, same content) as
another control mixture, without Nopal additions. The addi-
tion amounts were changed from the first set and included
0.25%, 0.50%, and 1.0% by cement weight (%cw). Only
Nopal additions were used for this second set of concrete
specimens. More details on the concrete mixture properties
and experimental procedure are presented elsewhere [6].

2.4. Electrochemical Characterization. To characterize the
corrosion inhibiting effect of such natural additions on
the steel rebar, half-cell potential and linear polarization
resistance (LPR) measurements were performed at differ-
ent time periods. Potential measurements in the solution
cells were measured versus a saturated calomel electrode
(SCE) placed inside each cell. For concrete specimens, the
measurements were performed using the activated titanium
IRE as the reference, and the values were converted into
a known reference electrode scale such as a saturated cop-
per/copper sulfate (CSE) electrode. A Gamry’s Reference 600
potentiostat was used to measure the apparent polarization
resistance (RP) values of the rebar during all stages. The
potentiostat impressed potential was varied from the open
circuit potential (OCP) in the cathodic direction, by an
amount of 20 mV with a scan rate of 0.05 mV/s. The RP value
of the rebar was estimated from the slope of the final portion
of the potential-current data, which normally was a straight
line the last 10 mV of the scan.

3. Results

3.1. SCH and SP Solutions. Results to date show a good
corrosion inhibiting effect of Nopal on reinforcing steel,
in nominal 12,5 SCH and 13,2 ph SP solutions. Results
obtained from SCH solutions are based on the results
of a previous investigation performed by the authors [7]
and are shown in Figure 1. As observed from the half-cell
potential of the control rebar specimens, the values reached
passive potentials during the first hours, as compared
to the rebars immersed in Nopal-added solutions, which
reached similar potential values after almost 20 days of
being immersed in such solutions. The arrows shown in
the same Figure 1 correspond to the time where chloride
contamination was initiated by adding known amount of
NaCl to the electrochemical cell (see Figure 1). As observed
from the same figure, after adding chlorides to the solution,
no differences were observed between the half-cell potential
values of neither control nor Nopal-added solutions.

Figure 2 shows the average polarization resistance (RP)
measurements during the experimental stage (average of six
rebars). As observed from data in Figure 2, RP values increase
from average 40 kΩ/cm2 for regular chloride-contaminated
SCH solution, as compared with average 150 kΩ/cm2 for
Nopal-added, chloride-contaminated, SCH solutions. The
results shown indicated that Nopal additions inhibit the
corrosion activity of reinforcing steel when chloride contam-
ination is present.

Following the study, an additional surface visual survey
was performed to the rebars tested in these alkaline solutions
by checking the number of active zones present (pits) after
disassembling the electrochemical cells at the end of the
experimental stage. The results are shown in Figure 3. As
observed from the results shown in Figure 3, a well-defined
trend was obtained where the Nopal additions acted as a pit
inhibitor. This supports the inhibiting action of Nopal in
these kinds of chloride-contaminated solutions.



International Journal of Corrosion 3

−0.2

−0.4

−0.6

0

0 50 100 150

6

4

2

0

Time (days)

Po
te

n
ti

al
,E

(V
)

N
aC

l (
g 

L
−1

)

C1
C2
C3

C4
C5
C6

(a) Control

−0.2

−0.4

−0.6

0

0 50 100 150

6

4

2

0

Time (days)

Po
te

n
ti

al
,E

(V
)

N
aC

l (
g 

L
−1

)

N051
N052
N053

N054
N055
N056

(b) 0.5

−0.2

−0.4

−0.6

0

Po
te

n
ti

al
,E

(V
)

0 50 100 150

Time (days)

N101
N102
N103

N104
N105
N106

6

4

2

0

N
aC

l (
g 

L
−1

)

(c) 1.0

N201
N202
N203

N204
N205
N206

−0.2

−0.4

−0.6

0

Po
te

n
ti

al
,E

(V
)

0 50 100 150

Time (days)

6

4

2

0

N
aC

l (
g 

L
−1

)

(d) 2.0

Figure 1: Half-cell potentials versus time of all SCH solution electrochemical cells [7].

3.2. SP Solution. Similar procedure as that for SCH solutions
was followed for SP solution, with the only difference
that four rebars were used in each electrochemical cell, as
compared to six rebars used in the SCH cells. Values of half-
cell potential for each rebar in each SP solution tested are
shown in Figure 4.

Considering rebar corrosion activation when the half-
cell potential is more negative than −0,28 V versus SCE, the
time where this value was reached was recorded (defined
as time of corrosion initiation, Ti) for each one of the
rebars in the electrochemical cell evaluated. A probabilistic
representation of such Ti values is shown in Figure 5,
where the lines represent the accumulative distribution of
Ti for each solution tested. A well defined trend is observed
from Figure 5, where the control rebars in the Nopal-free
solution showed smaller Ti values (thicker line with black
rhomboids). The rest values for Nopal-added solutions did
not present a defined trend as a function of the amount of
added Nopal, but it is clear that the values of Ti increased as
compared to the ones for the control electrochemical cell.

3.3. Concrete. Results obtained from the first set of concrete
prisms are based on the results of a previous investigation
performed by the authors [5]. Figure 6 shows the half-cell
potentials as a function of time of typical measurements
obtained from no addition, 2% Nopal, 1% Nopal, 2% Aloe
Vera, and 1% Aloe Vera concrete specimen. The data shown
in Figure 6 correspond to the potential values from the two
rebars from one concrete prism only: one rebar close to the
ponding pool and the other away from it. As a result one
rebar presented active corrosion potential values, as chlorides
reached this rebar depth, and the other rebar stayed passive
(potentials more positive than −0.35 V versus CSE).

During the curing stage, the rebar average potentials were
all similar (∼ −0.2 V versus CSE) regardless of concrete
type (see Figure 6). At first stabilization stage the concrete
prisms were moved to a dryer environment from ∼95%
RH in the curing chamber to ∼60% RH in laboratory
environment. This gradual change from high to intermediate
humidity changed the half-cell potential to more positive
values (∼ +0.05 V versus CSE). During few minutes after
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Figure 2: Average polarization resistance (RP) values for all SCH electrochemical cells evaluated [7].
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Figure 3: Cumulative fraction of number of pits formed after the end of the experiment for all SCH electrochemical cells [7].

starting the first ponding, the rebar half-cell potential, closest
to the ponding pool, decreased few mileivolts (∼0.05 V more
negative), as compared to the rebar away from the ponding
pool tha stayed in the same range of potential values.

Based on ASTM C876 criterion where corrosion activity
of rebar in concrete might be initiated when the half-cell
potential is ≤ −0.35 V, Figure 6 presents a threshold line
which separates passive and active behavior of typical rebars
in concrete. Thus, the time of corrosion initiation (or Ti) is
estimated as the time when the half-cell potential value of the
rebar is below such line. Table 1 lists the times of corrosion
initiation of all rebars closer to the ponding pool for each
concrete cell. Based on the results obtained with this first
set (average of two specimens only), there is an apparent

increase in time Ti from about 3.5 days (in average) for the
control specimens (no additions) to almost 7 and 18 days
(in average) after ponding started for Aloe Vera and Nopal
additions, respectively.

Since the concrete cover (2 cm) used is a high w/c ratio
(0.7), the porosity of such concrete is high. Thus, the time
of corrosion initiation is quite small as compared to other
investigations with 4 cm more dense cover concrete (low
porosity with w/c < 0.4) where the activation took place after
3 to 5 months [8].

Figure 7 shows the average RP data (average of two)
as a function of time for all mixtures tested. As observed
in Figure 7, the average RP values for concrete without
additions in all stages were smaller than the average observed
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Figure 4: Half-cell potentials versus time of all SP solution electrochemical cells.
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Figure 6: Half-cell potentials versus time of all concrete prisms tested. The arrow represents the time of corrosion initiation (or Ti).

in concrete with additions. Special emphasis could be taken
to the average data for 2% Nopal replacement concrete,
where the RP estimate was high (∼2000 KΩ-cm2 average) up
to 140 days of testing time (after the 3rd wet cycle). This
will give smaller apparent corrosion rates of steel in chloride-
contaminated concrete when Nopal and Aloe Vera are added
to the concrete.

Based on the results obtained with these concrete prisms,
a second set of specimens were fabricated with similar
geometry and number of electrodes embedded in the
concrete (two steel rebars and one titanium IRE). Figure 8
shows the half-cell potentials as a function of time of
typical measurements obtained from no addition (OPC
only), 0.25% Nopal, 0.5% Nopal, and 1% Nopal concrete
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Table 1: Time of corrosion initiation (Ti) for each rebar tested in
the first set of prisms.

Specimen Ti Average Ti

Designation Days Days

Control 1 2
3.5

Control 2 5

Nopal 2% 1 4
23

Nopal 2% 2 42

Nopal 1% 1 6
12

Nopal 1% 2 18

Aloe V 2% 1 4
12

Aloe V 2% 2 20

Aloe V 1% 1 2
2.5

Aloe V 1% 2 3

specimens. No differences were obtained between the results
of the two control concrete mixtures, OPC and PPC, and thus
the results of PPC are not presented in this investigation.

During the curing stage, the rebar average potentials were
all similar (∼ −0.2 V versus CSE) regardless of concrete
type (see Figure 8). At first stabilization stage the concrete
prisms were moved to a dryer environment from ∼95%
RH in the curing chamber to ∼65% RH in laboratory
environment. This gradual change from high to intermediate
humidity changed the half-cell potential to more positive
values (∼ 0.1 V versus CSE).

Figure 8 inlcudes a dotted horizontal lines which corre-
sponds to the threshhold line which separates passive and
active behavior of typical rebars in concrete according, again,

to ASTM C876. Thus, the time Ti is estimated as the time
when the half-cell potential value is below such line. Figure 9
shows the Ti values of all rebars tested. Based on the results
obtained at the moment, there is an apparent increase in Ti

values if Nopal is added into the concrete mixture.
Since the concrete cover (2.5 cm) used has a 0.5 w/c

ratio, the porosity of such concrete is high. Thus, the time
of corrosion initiation is quite small as compared to other
investigations with 4 cm more dense cover concrete (low
porosity with w/c < 0.4) where the activation took place after
3 to 5 months [8], but were higher than the obtained with the
first set of specimens with more porous concrete (w/c ratio
∼0.7). The Ti values for this second set of concrete prisms
were higher than the first set, mainlly because the concrete’s
w/c ratio for the first set (∼0.7) was higher than the second
set of prisms (0.5), therefore, concrete’s first set was more
porous than concrete’s second set

A probabilistic representation of Ti values is shown
in Figure 9, where the lines represent the accumulative
distribution of Ti for each concrete mixture tested. A similar
trend was observed as from SPS data: the control rebars in
the Nopal-free solution showed smaller Ti values. The values
for Nopal-added concretes in this second set of specimens
presented a defined trend as a function of the amount of
added Nopal: the higher the Nopal amount, the more the
time Ti. It is also clear that the values of Ti increased as
compared to the ones for the control electrochemical cell.
No apparent differences were obtained with the two control
mixtures, OPC and PPC, supporting what was observed from
RP test results (not shown in the investigation).

4. Discussion

The apparent interaction of Nopal on the steel was the
formation of a denser and more packed oxide/hydroxide
surface layer, which decreased the corrosion activity of
the steel when chlorides were added to the SCH and SP
solution afterwards. This oxide/hydroxide layer growth due
to Nopal interaction with the reinforcing steel was further
confirmed by microscopy evaluation of the metal surface
layer performed at the end of the experiment in [7]. It was
found also that dehydrated Nopal provides a good protection
to steel against pitting corrosion in chloride-contaminated
alkaline media.

As observed from results with concrete specimens, the
time of corrosion activation was also increased in concrete
from few days until some hundreds of days if Nopal was
added to the mixture. The preliminary findings suggest that
adding dehydrated Nopal at small concentrations (between
1% and 2%) might be suitable for durability enhancing
applications in concrete and possibly in all cement-based
materials.

5. Conclusions

Results showed good corrosion inhibiting effect of dehy-
drated Nopal on reinforcing steel, in all alkaline solutions
tested, when chloride ions are present. Aloe Vera did show
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also corrosion inhibiting improvements to some extent.
The addition of such cactus led to an apparent formation
of a denser and more packed oxide/hydroxide surface
layer on the steel surface that decreased corrosion activity.
This oxide/hydroxide layer growth was confirmed by visual
surface evaluation of the metal surface layer, from the CH
solution specimens, performed at the end of the research
program. The preliminary findings suggest that adding
Nopal or Aloe Vera at concentrations between 1% and 2%, by
mass, might be suitable for durability enhancing applications
in alkaline media, especially in concrete structures.
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An experimental study on the uniaxial tensile property of concrete exposed to the acid rain environment was carried out. Acid rain
with pH level of 1.0 was deposed by the mixture of sulfate and nitric acid solution in the laboratory. Dumbbell-shaped concrete
specimens were immersed in the simulated acid rain completely. After being exposed to the deposed mixture for a certain period,
uniaxial tensile test was performed on the concrete specimens. The results indicate that elastic modulus, tensile strength, and peak
strain have a slight increase at the initial corrosion stage, and with the extension of corrosion process, elastic modulus and tensile
strength decrease gradually, while the peak strain still increases. It is found that the compressive strength is more sensitive than the
tensile strength in aggressive environment. Based on the experimental results, an equation was proposed to describe the ascending
branch of the stress-strain curve of the concrete corroded by acid rain.

1. Introduction

Acid rain has become an issue of widespread concern in
Asia, and it was first recognized as a potential environmental
pollution problem in the late 1970s and early 1980s. It was
also an increasing problem in China during the last decades
[1–4]; one third of China’s land mass was affected by acid
rain. The acid rain is composed of acid substances, such as
H2SO4, HCl, and HNO3, which readily react with Ca(OH)2

and form CaSO4·2H2O, Ca(NO3)2·4H2O, and CaCl2·6H2O.
Because the solubility of these products is higher than that
of CaCO3, which is formed at the surface by the reaction
of Ca(OH)2 with CO2 (carbonation), they are dissolved in
rainwater and penetrate into the inner pores of concrete.
After the evaporation of rainwater, these salts redeposit and
give rise to stress in the concrete structure, resulting in
cracking, mass loss, and eventually structural failure. In the
early 1950s, US Environmental Protection Agency reported
that the cost of repairing or replacing the concrete structure
every year due to acid rain in the United States was more than
$5 billion dollars. In Britain, the economic loss due to acid
rain was 0.15% of the GNP. Guo [5] in 2001 estimated that

the direct material loss due to acid rain only in Guangzhou
was 1.2 billion Chinese Yuan. Although some ways have
been used to reduce acid rain, the acid rain region in China
even continue to expand, therefore, the property of the
corroded concrete have become to be a critical issue and
attracted a lot of researchers worldwide [6–12]. However,
due to the complicated mechanism, there remains only very
limited available literature on the tensile property of concrete
corroded by acid rain. In this paper, acid rain was simulated
in the laboratory, a series of C30 dumbbell-shaped specimen
and the accompanying specimens were exposed to different
simulated aggressive environments for different periods. A
series of tests, including weighing, compressive tests, and
tensile tests were conducted at different conditioned stages
to determine mass loss, compressive strength, and tensile
properties.

2. Experimental Details

2.1. Materials and Specimen Preparation. C30 concrete was
applied to cast the specimen. The dosage of the concrete
is shown in Table 1. The specimens for tension test were
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Table 1: Mix proportion of the concrete.

Cement/kg Sand/kg Pebble/kg Water/kg Sand ratio/%

450 541 1200 200 31

dumbbell-shaped, as shown in Figure 1 and the accompa-
nying specimens were cubic, 100 mm in length, which were
used to measure the compressive strength.

2.2. Accelerate Corrosion Technique. Concrete is subjected
to a variety of exposure conditions, such as frequency of
drying and wetting cycles, different temperatures, superficial
carbonation, and drying shrinkage. All the conditions will
affect the mode of attack. Therefore, it is difficult to
exactly duplicate the field attack condition in the laboratory.
Though the field corrosion test can better simulate the actual
corrosion process, it always took much more time to fulfill
the corrosion. Therefore, the accelerate corrosion test is
applied in this paper. Wang et al. [13] pointed out that the
acid rain is due to sulfuric-acid in most parts of China.
Therefore, only sulfuric acid type acid rain is simulated in
this study, which was achieved by mixing sulfate and nitric
acid solutions with pH value of 1.0, and the specimens were
divided into several groups in the different corrosion time,
the corrosion conditions are listed in Table 2 in detail.

2.3. Test Device and Procedure. Liu [14] used site and
accelerate tests to study the concrete corrosivity, it was found
that the results showed a good coincidence in two different
exposure conditions. Obviously, the submerging method is
more suitable for cement concrete, therefore, it is adopted
for accelerated test in this study. After being cured in a fog
room for 28 days, the specimens were naturally cured in
the laboratory for 120 days, and then they are placed in the
anticorrosion bucket containing simulated acid salutation
(Figure 2). Since pH values of the solutions were changing
as the conditioning continued, the acidity of solution was
recorded by PB-10 Sartorius Acidometer every day, acid was
added to the solution periodically and mixed well with the
solution so that a constant pH value was guaranteed. After
being corroded for different exposure periods, a group of 3
specimens will be picked out to be dried for about 5 days,
followed by visual inspection, weighting, compressive tests,
tensile tests, to determine mass loss, compressive strength,
tensile strength, and elastic modulus, respectively. The com-
pressive test was carried out on an electrohydraulic servo-
compressive testing system (YAW-YAW2000A, Figure 3) with
a capacity of 2000 kN. Following present Chinese code for
concrete compressive testing (GB/T50081-2002) [15], the
loading rate was 0.3 MPa/s. The tensile tests were carried out
on the MTS810 electro-hydraulic dynamic-static universal
testing machine. The MTS810 machine is a programmable
displacement controlled loading system and can produce
tensile and compressive loads at a maximum nominal rate
up to 150 mm/s. Its force capacity is 100 kN and stiffness is
2.6 × 108 N/s. The measurement system consists of DPM-
8H strain amplifier, INV306D intelligent signal processor,
and DASP software. The highest frequency of MTS810 can

71

71

100

10
0

20
0
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Figure 1: Dimensions of dumbbell-shaped specimen (unit: mm).

reach 104 Hz. The machine can offer different strain rates,
strain rate of 10−5/s is applied in this test. Foil strain
gauges, 50 mm in length and 5 mm in width, were used
to measure strain histories during tensile process. Two-
crossed strain gauges were glued onto the middle of each
side of specimen to measure the longitudinal and lateral
strains respectively (Figure 4). In addition, the linear variable
differential transformer (LVDT) was fixed on the specimens
to measure the displacement after the appearance of cracks.
The load device and instrument arrangement are shown in
Figure 5.

3. Results and Discussion

Uniaxial tensile tests were carried out on the dumbbell-
shaped specimens. For multiple reasons, such as the ran-
domicity, diversity, and complexity of distribution of con-
crete, and the limited capacity of the testing system, testing
equipments, testing techniques, and so on, the center of
each cross-section tensile strength of specimen is not the
same location, therefore, no method could make the test
specimen achieve the perfect axial tensile state, and these may
be influence the accuracy of the test results. The 25 tensile
specimens were achieved ideal results.

3.1. Visual Observations. During the test, specimen were
picked out at the assignment time for visual inspection.
From Figure 6, it is found that the concrete surface became
unsmooth with the increase of the corrosion time, up to 33
days, the surface became to be honeycomb, large amounts of
coarse aggregates can be seen, and concrete at the specimens
became to be powdery, and the surface colour is similiar to
what was observed by Xie [12] and Fan et al. [16].

3.2. Mass Change. During the test, specimens were period-
ically picked out from the simulated acid rain for visual
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Table 2: Experimental conditions.

Specimen C30 Designation Exposing condition Number of specimen Immersion time (days)

Dumbbell-shaped specimens H2SO4 + HNO3

(molar ratio is 9: 1)
pH 1.0 4 × 10 0, 5, 11, 15, 18, 21, 24, 27, 30, 33

Cube specimens H2SO4 + HNO3

(molar ratio is 9: 1)
pH 1.0 3 × 10 0, 5, 11, 15, 18, 21, 24, 27, 30, 33

Figure 2: Concrete specimens exposed to the similated acid rain.

Figure 3: Electrohydraulic servo testing system.

inspection. It was observed that the surface of the concrete
changed became very rough, honeycomb voids were formed,
and coarse aggregates were exposed, this caused the speci-
men’s mass change. Mass change versus corrosion time for
the specimens is shown in Figure 7. It can be seen that mass
of cube specimens and dumbbell-shaped specimens all first
increase and then decrease with the increasing of corrosion
duration, which is similar to the results obtained by the
literature [16].

3.3. Tensile Strength and Compressive Strength. During the
tensile test, it was found that a number of coarse aggregates
were broken in the short corrosion time (such as day 5 and
day 11), the fracture surface of the specimen mainly passes
through the aggregate and the aggregate-mortar interfaces,
the fracture of the specimen became flattened with the

Figure 4: Arrangements of strain gages of on the tensile specimen.

Figure 5: MTS810 Electrohydraulic dynamic-static universal test-
ing machine.

increasing corrosion duration, it can be inferred that dense
degree between the aggregate and mortar had a slight
increase, therefore, the tensile strength became larger than
that of the no-corrosion specimen (see Table 2), however, the
fracture surface failure modes were mainly coarse aggregates
bond failure for severe deterioration (day 33), typical modes
of which are depicted in Figure 8. Strength of concrete
exposed to acid solution for different periods were listed in
Table 3 in detail.

To quantify the deterioration in tensile and compressive
strength of corroded concrete, the strength degradation
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(a) 0 d (b) 15 d (c) 24 d (d) 27 d (e) 30 d (f) 33 d

Figure 6: Surface description of the concrete specimens corroded for different period.
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Figure 7: Relation between mass loss and corrosion duration.

ratio Dfc and Dft are introduced. The degradation ratio are
expressed as follows:

Dfc =
(

1− fct

fc0

)

× 100%,

Dft =
(

1− fctt

fct0

)

× 100%,

(1)

where Dfc and Dft are the degradation ratio of corroded
concrete, fc0 is the tensile strength of uncorroded specimen,
fct is the tensile strength of specimen exposed to the acid
solution for t days, fct0 is defined as the compressive strength
of uncorroded specimen, and fctt is the compressive strength
of specimen exposed to the acid solution for t days. Based
on the testing results, relation between strength loss and
immersion time is shown in Figure 9. From Figure 9, it can
be seen that the strength Dfc and Dft decreases and then
increases as conditioning continue, but their critical time
is different. The critical value of the compressive strength
degradation ratio is larger than that of the tensile strength
degradation ratio, and Dfc showed greater decline than Dft,
this indicates that the compressive strength is more sensitive
to aggressive environment than the tensile strength, but this

conclusion needs to be further validated due to limited
number of specimens in this paper.

3.4. Elastic Modulus. The modulus of elasticity is calculated a
secant modulus in this paper, a secant modulus is calculated
from the origin to a defined point on the stress-strain curve,
usually within 40% to 60% of the sample’s ultimate strength
[17]. In this study, the elastic modulus was measured 50% the
specimen’s ultimate strength. Form the experiment result,
the elastic modulus at different corrosion period is reported
in Table 4. As can be seen from Table 4, elastic modulus exist
some random fluctuation during the test.

To quantify the deterioration in elastic modulus of
corroded concrete, the degradation ratio DEct is introduced.
The degradation ratio are expressed as follows:

DEct =
(

1− Ect

Ec0

)
× 100%, (2)

where DEct is the degradation ratio of corroded concrete; Ec0

is the elastic modulus of uncorroded specimen; Ect is the
elastic modulus of specimen exposed to the acid solution for
t days. Relation between elastic modulus loss and corrosion
duration is shown in Figure 10. It can be seen that elastic
modulus of the specimens are unstable during the tensile
test, the same tendency can be observed on DEc for specimens
exposed to the three solutions in literature [16]. There may
be several reasons: (a) some construction variances during
casting; (b) the surface of the specimen became unflattered
with the increasing corrosion duration, this influenced the
strain gauge paste and date acquisition; (c) There are
personal errors, system error, and random error and so on;
(d) the limited number of the specimens. However, the DEct

has a slight decrease at initial stage (day 5) and then fluctuates
increasingly when the conditioning continues, it means that
the elastic modulus of the tensile specimens decreases when
the increasing of corrosion duration.

The elastic modulus of corroded specimens is calculated
by (5) proposed in the literature [18], which depended
mainly on the fresh elastic modulus, poisson ratio, and
void volume before and after corrosion. As can be seen
from Table 4, few model calculation results have good
agreement with the experimental results. The following
reasons exist: (1) some construction variances during casting
and conditioning process; (2) the personal error during
the test; (3) there is only one control specimen during the
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(a) 5 d (b) 11 d (c) 21 d (d) 33 d

Figure 8: Typical fracture area of concrete in different corrosion period.

Table 3: Strength of concrete exposed to acid solution for different periods.

Immersion time/days 0 5 11 15 18 21 24 27 30 33

Tensile strength/MPa 2.738 2.915 2.938 2.946 2.837 2.704 2.698 2.702 2.676 1.727

Compressive strength/MPa 42.746 44.240 44.758 35.835 35.475 32.106 34.342 34.329 34.309 30.847
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Figure 9: Relation between strength and corrosion time.

different corrosion time, however, the elastic modulus of
concrete may change at different time; (4) specimen number
is not enough; (5) there is a little volume expansion in this
high simulated acid solutions.

3.5. Peak Strain. Peak strain is defined as the strain when
the tensile stress reaches the maximum stress during the
test in this paper. To quantify the deterioration in peak
strain of corroded concrete, and the degradation ratio Dεc is
introduced in the following:

Dεc =
(

1− εct

εc0

)
× 100%, (3)

where Dεc denotes the degradation ratio of corroded con-
crete, εc0 is the strain of uncorroded specimen, and εct is the
strain of specimen exposed to the acid solution for t days.
Relation between peak strain loss and corrosion duration

is shown in Figure 11. It is shown that the peak strain of
the specimens exposed to acid solutions will decrease with
exposure days linearly (correlation coefficient is 0.916). It is
obvious that the degree of corrosion damage increases with
exposure time.

3.6. Stress-Strain Relation. During the tensile tests, we found
that once the peak strain is reached, a visible crack will
appear and specimens will fail subsequently in a very short
time. Many reasons, such as some construction variances
during casting, conditioning process, and impossibility of
the perfect axial tensile state, lead to obtain the descending
part of the stress-strain curve is difficult, therefore, only the
ascending branch of the stress-strain curve will be discussed
in this study. Typical stress-strain curves of concrete cor-
roded by acid solutions were recorded in the experiment,
which are plotted, respectively, in Figure 12.

From Figure 12, it can be seen that the changing trends
in tension strain-stress relation for concrete corroded with
different concentration are similar. At the initial stage (not
exceeding 11 days), the 3 major mechanical property indexes,
uniaxial tensile strength, peak strain, and elastic modulus
increase gradually, with the increasing of corrosion duration,
the uniaxial tensile strength and elastic modulus decrease,
but the peak strain continues to increase, which shows that
the damage increases with the corrosion duration.

In order to describe the ascending branch of stress-strain
curves of tensile concrete specimen in different corrosion
periods, a formula is presented which is based on the current
Chinese concrete structure design code (GB/T 50010—2002)
[15].

Firstly, the dimensionless form of the stress and the strain
are obtained

x = ε

εt
, y = σ

ft
, (4)

where ft is the uniaxial tensile strength of concrete, εt is the
peak strain of the concrete specimen.
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Table 4: Experimental data and model calculation results.

Immersion time/days 0 5 11 15 18 21 24 27 30 33

Test results/103 MPa 34.4 41.6 35.7 28.9 22.7 20.0 26.0 39.3 22.6 40.9

Model calculation results/103 MPa 34.4 35.0 35.6 35.1 35.0 35.1 34.6 34.3 34.2 33.9

Error/% 0 18.9 0.28 17.7 35.2 43.1 24.9 14.6 33.9 20.6

Note: error = 100%× |testresults− calculatedresults|.
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Figure 10: Relation between elastic modulus loss and corrosion
duration.

Figure 11: Relation between deterioration ratio of peak stain and
corrosion duration.

Therefore, the equation, which describes the ascending
branch of stress-strain curves (x ≤ 1) of tensile concrete
specimen, can be written

y = Ax + Bxm, (5)

where A and B are polynomial coefficients, m is exponent of
polynomial, which all can be obtained from the experiment.
By fitting to the test data in this study, (6) can be obtained,
where the correlation coefficient R2 = 0.97. From Figure 13,
it is indicated that the polynomial function can better
describe the ascending branch of tensile stress-strain curves
of concrete corroded by the acid rain,

y = 1.15x − 0.13x2. (6)
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Figure 12: Ascending branch of stress-strain curves of concrete
specimen corroded for different periods.
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Figure 13: Ascending branch of stress-strain curves of corroded
concrete specimen.

4. Conclusion

In order to investigate the tensile properties of the concrete
corroded by the acid rain, laboratory accelerating tests were
performed on C30 specimen, acid solution pH 1.0 was used
as the corrosive medium herein. Based on the testing results,
following conclusions can be drawn

(1) At the initial stage, the tensile strength of deteriorated
specimens increases slightly, and then decreased
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gradually, and the compressive strength is more
sensitive to aggressive environment than the tensile
strength.

(2) When the immersing period does not exceed 11 days,
the 3 major mechanical property indexes, uniaxial
tensile strength, peak strain and elastic modulus
increase gradually, however, when the corrosion time
exceeds 15 days, with the increasing of corrosion
duration, the uniaxial tensile strength and elastic
modulus decrease, while the peak strain still increases
which shows that the damage increases with the
corrosion duration.

(3) A polynomial model, which can describe the ascend-
ing branch of stress-strain curves of tensile concrete
specimen corroded by acid rain in different periods,
is proposed.
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Corrosion depth of concrete can reflect the damage state of the load-carrying capacity and durability of the concrete structures
servicing in severe environment. Ultrasonic technology was studied to evaluate the corrosion depth quantitatively. Three acidic
environments with the pH level of 3.5, 2.5, and 1.5 were simulated by the mixture of sulfate and nitric acid solutions in the
laboratory. 354 prism specimens with the dimension of 150 mm × 150 mm × 300 mm were prepared. The prepared specimens
were first immersed in the acidic mixture for certain periods, followed by physical, mechanical, computerized tomography (CT)
and ultrasonic test. Damage depths of the concrete specimen under different corrosion states were obtained from both CT and
ultrasonic test. Based on the ultrasonic test, a bilinear regression model is proposed to estimate the corrosion depth. It is shown
that the results achieved by ultrasonic and CT test are in good agreement with each other. Relation between the corrosion depth of
concrete specimen and the mechanical indices such as mass loss, compressive strength, and elastic modulus is discussed in detail.
It can be drawn that the ultrasonic test is a reliable nondestructive way to measure the damage depth of concrete exposed to acidic
environment.

1. Introduction

Since 1940s, pollution of acid rain has become to be a
significant environmental problem confronting the environ-
mentalists. In the past two decades, it is reported that acid
rain falls have become more and more serious worldwide
[1–6]. It is well known that concrete has become and will
continue to be the most widely used construction material in
civil engineering. However, when concrete is subject to acid
rain, physical and chemical reactions occurred. The complex
reactions will alter the internal structure of concrete, which
will result in the change of its material property. Many
famous buildings, such as Emei Mountain, Leshan Grand
Buddha, Acropolis monument in Greece, and the Statue of
Liberty in the United States, have been strongly damaged by
acid rain in the previous decades. The damage effect of acid
rain on concrete structures has attracted more and more
attention of civil engineers gradually. A better understanding
of the material properties of concrete exposed to acidic
environment can help to discover the damage process of the

in-service structures. Some experimental studies have been
performed to discover the corrosion mechanism of acid
rain attacking concrete, and simulation test of the acid rain
attacking concrete was analyzed [7–12]. However, it is still
difficult to evaluate the damage state of the concrete in acidic
environment in practical engineering.

Presently, nondestructive techniques are available for
concrete evaluation, which include radar, pulse velocity,
acoustic emission, radiography, infrared thermograph, and
many others. The ultrasonic wave reflection technique was
first applied to the areas of cementations materials in 1981
[13]. Since ultrasonic wave technology has an obvious advan-
tage of not affecting the integrity of concrete, it has been
applied to predict concrete strength, and detect the internal
defects of concrete such as cracks, delaminations, and/or
honeycombs [14]. Ultrasonic nondestructive testing (NDT)
technology has been applied extensively in a wide variety of
civil engineering practices. Based on the theoretical studies,
researches have applied the ultrasonic technology to estimate
properties of concrete, mortar, and cement pastes [15–21].
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Figure 1: NM-4 nonmetal ultrasonic tester.

Since physical and chemical reactions that take place on
concrete structure exposed to acidic environment are com-
plex, the concrete cover increases their porosity and micro-
cracks density compared with sound concrete. As the corro-
sion continues, the degraded layer is expanded to the heart
of the structure, and larger cracks occurred; thus concrete
strength decreased significantly. The corrosion depth is an
important factor to describe the damage state of the concrete,
and it takes a significant effect on the mechanical property of
the damaged concrete. A rational evaluation of the concrete
corrosion depth will give a crucial accordance for the health
monitoring and safety evaluation of the servicing concrete
structures.

In this study, the application of ultrasonic nondestruc-
tive testing technique to monitor the corrosion depth of
concrete at different corrosion states was explored. 354
prism specimens (150 mm × 150 mm × 300 mm) were
prepared. Three pH levels sulfate and nitric acid solutions
are mixed to simulate the acidic environment with different
acidity, respectively, (pH 3.5, pH 2.5 and pH 1.5). After
being immersed in the simulated acid rain for different
periods, ultrasonic nondestructive test was conducted on
the concrete specimens under different corrosion states.
Corrosion depths of the concrete specimens under different
corrosion states were obtained. A bilinear model was then
built up to predict the corrosion depth of concrete under
different corrosion periods. To verify the validity of the
proposed model, computerized tomography (CT) test was
performed, and the corrosion depth is estimated. It is shown
that ultrasonic NDT technology is a reliable nondestructive
method to measure the damage depth of concrete. Based on
compressive test results executed on the damaged concrete
specimen, Fan et al. [12] discussed in detail the relations
between corrosion depth and other parameters, such as
mass loss, axial compressive strength, and elastic modulus of
corroded concrete specimens.

2. Theoretical Background

A kind of nondestructive technology, NM-4 nonmetal
ultrasonic tester, which is shown in Figure 1, was used to
measure the corrosion depth of the concrete specimen under
different corrosion states. In the experimental procedure, low
frequency transducer whose frequency is below 50 kHz was
selected. Considering that the dimension of the specimen,
40 mm, was determined as the measuring space, five mea-
suring points B1, B2, B3, B4, and B5 (shown in Figure 2)
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Figure 2: Layout of the transducer.
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Figure 3: Time-distance graph.

were found. One transducer A (shown in Figure 2) is put
on a permanent position, and the other transducer is placed
on the measuring points B1, B2, B3, B4, and B5 in turn. In
the test, sound velocity on each measuring point t1, t2, t3 . . .
was recorded, and the distance between the two transducers
was obtained. Time-distance graph shown in Figure 3 can be
achieved.

If the concrete specimen is corroded, the surface will
become loose, and the sound velocity Vf is less than the
sound velocity measured by undamaged concrete (denoted
by Va). Vf and Va can be calculated by (1), respectively:

Vf = l5 − l3
t5 − t3

,

Va = l2 − l1
t2 − t1

.

(1)
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Table 1: Mix proportion of the concrete mixtures.

Concrete Cement (kg/m3) Sand (kg/m3)
Coarse aggregate

(kg/m3)
Water (kg/m3) Ratio (w/c)

Reducing water
agent/kg

Undisturbed fly
ash/kg

C40 450 678 1040 159 0.353 12.8 60.0

Table 2: Experimental conditions.

Designation Exposing condition Solution acidity Specimen grouping Immersion time (days)

Series 1 Pure water pH 7.0
6 specimens in a
group, 18 groups

5, 10, 15, 20, 25, 30, 35, 40, 45, 55, 65,
75, 100, 105, 130, 180

Series 2
H2SO4 + HNO3

(molar ratio is 9: 1)
pH 3.5

6 specimens in a
group, 15 groups

5, 10, 15, 20, 25, 30, 35, 40, 45, 55, 65,
75, 100, 130, 180

Series 3
H2SO4 + HNO3

(molar ratio is 9: 1)
pH 2.5

6 specimens in a
group, 15 groups

5, 10, 15, 20, 25, 30, 35, 40, 45, 55, 65,
75, 100, 130, 180

Series 4
H2SO4 + HNO3

(molar ratio is 9: 1)
pH 1.5

6 specimens in a
group, 11 groups

5, 10, 25, 35, 45, 55, 65, 80, 90, 105, 130

Figure 4: Concrete specimens exposed to the mixed acid solution.

When the distance between the transducers is short, the
ultrasonic wave will transmit in the damaged layer. Once
the distance exceeds a threshold value which is denoted as
l0, some of the ultrasonic wave will penetrate through the
damaged layer and transmit along the undamaged surface
rapidly and will reach the receiver transducer prior to the
wave transmit through the damaged layer. Therefore, a step
change will occur.

Wave velocities that penetrate through the specimens
under different corrosion states can be achieved, and the
corrosion depths of concrete specimens after different im-
mersion periods can be calculated by the expression (2).
Relations between the corrosion depth and immersion time
under different acid solutions are shown in Figure 4:

d f c = l0
2

√
√√
√Va −Vf

Va + Vf
, (2)

where d f c is the corrosion depth, l0 is the threshold distance
value between the two measured points, which can be
achieved by the time-distance diagram, Va is the sound
velocity for undamaged concrete, and Vf is the sound
velocity for damaged concrete.

3. Experimental Procedure

3.1. Materials and Specimen Preparation. To reduce the dif-
ferences caused in the production process, commercial
concrete is used in this study. The details of concrete mixtures
are shown in Table 1. To discover the deterioration process
of concrete specimens under different corrosion state, 354
prism specimens with the dimension of 150 mm × 150 mm
× 300 mm were prepared.

3.2. Techniques and Procedures

3.2.1. Simulated Acidic Environment. Since the in-service
concrete structures are subjected to a variety of exposure
conditions, such as chemical attack, drying and wetting
cycles, temperatures, superficial carbonation, and drying
shrinkage, all the conditions will affect the damage process
of concrete. Therefore, it is difficult to duplicate the field
attack condition in the laboratory exactly. Although the site
corrosion test can better reflect the actual corrosion process,
it always took much time to fulfill the corrosion. To clarify
the effect of acid rain on concrete, long-term exposure tests
were performed [22]. Accelerated corrosion test is applied in
most of the present researches as well. Considering that in
most of Chinese area, the acid rain is due to sulfuric acid
[23], sulfuric acid type acid rain is simulated herein. Sulfate
and nitric acid solutions are mixed to simulate the acidic
environment in this paper.

Viewing the various acidities of acidic environment
worldwide, three acid solutions with pH level of 3.5, 2.5,
and 1.5 were deposed to simulate the acidic environments
with different acidities. Since the mechanical property of
concrete always changes with age, aging effect is taken
into consideration herein. To well discuss the deterioration
character of mechanical property of concrete specimens
exposed to acid solution, corresponding specimen exposed
to water is used as reference. Exposure conditions were listed
in detail in Table 2. Depending on the exposing conditions,
the prism specimens were divided into 4 groups denoted as
series 1, series 2, series 3, and series 4.



4 International Journal of Corrosion

Figure 5: PB-10 Sartorius Acidometer.

3.2.2. Test Procedure. Immersing and spraying methods are
the two main ways to simulate corrosion in building mate-
rials by acid rain in the laboratory. Based on the laboratory
test, it has been verified that both methods are comparable
and the results are reliable, and it is also discovered that the
immersing method is more suitable to perform a fast test on
corrosion of cement concrete [10]. Therefore, immersing test
is a reasonable choice of accelerate method in this paper to
fulfill the accelerated corrosion process. A corrosion-resisting
rectangular tank was used to contain acid solution and the
concrete specimens. After curing in water for 28 days, the
specimens were divided into four groups. One group of
specimens was continuously cured in water, while the other
three groups of specimens were completly immersed in the
three tanks with pH 3.5, pH 2.5, and pH 1.5 acid solutions,
respectively, (shown in Figure 4). Since pH level of the mixed
solution will change with the exposure period, nitric acid was
added to the solution and stirred constantly to keep the pH
level of the mixed solution constant. Solution acidity will be
detected by PB-10 Sartorius pH-meter (shown in Figure 5)
periodically.

After being immersed in the acid solutions for different
periods, six specimens will be taken out for the compressive
test as a testing group periodically. Then, the corroded
specimens were dried for about two to three days. Weighting,
ultrasonic nondestructive test, and compressive test will be
executed on the corroded concrete specimens successively.
Before starting the experiment, the surfaces of the prisms
were cleaned to remove the loose material, and the upper and
bottom surfaces were ground to be plane. Nondestructive
test, such as ultrasonic wave test, CT test, and weight, was
executed. The corrosion depth and mass loss of the damaged
concrete are achieved. Then, mechanical properties such as
compressive strength and elastic modulus of the corroded
specimens are achieved by the destruction tests.

4. Results

4.1. Corrosion Depth. In the acidic environment, the chemi-
cal reactions occur between acid medium and the concrete
constituent, and the hydration products (e.g., C-S-H, cal-
cium aluminate hydrate, calcium alumina-ferrite hydrate,
etc.) will lose calcium and finally break down into amor-
phous silica hydrogel. PH values in the concrete decrease
gradually, which will result in the mass loss and strength
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Figure 6: Corrosion depth of concrete specimens immersed in acid
solution.

reduction. In the RC structure, the chemical reaction will
result in the depassivation of steel and subsequently in
corrosion. Phenolphthalein test is the regular method to
obtain the neutralized depth of concrete, which has a disad-
vantage of the integrity of concrete specimen. To obtain the
corrosion depth of the corroded concrete but not damaging
the integrity of concrete, ultrasonic nondestructive test was
performed on concrete specimens under different corrosion
states, and NM-4 nonmetal ultrasonic tester shown in
Figure 1 was used. Relation between the immersion time
and corrosion depth is plotted in Figure 6.

From Figure 6, it can be seen that the corrosion depth
achieved by ultrasonic nondestructive test increases quickly
at the initial stage of corrosion, and then slows down
gradually. It was also confirmed that the eroded depth of
the specimen has a good bilinear relation to the immersion
time under simulated acid rain with various acidities. The
lower pH of the simulated acid solution is, the thicker of the
corrosion depth will be. The results are coincident with those
obtained from the long exposure test [22]. Hence, it can be
drawn that the ultrasonic nondestructive test, which has an
obvious advantage of not affecting the integrity of concrete,
is a reliable method to measure the damage depth of concrete
under acid environment. Based on the test results, regression
analysis is performed, and a simple bilinear model is put
forward. The regression results in Table 3 show significant
correlation between neutralized depth and immersion time,
which can be expressed as

y =
⎧
⎨

⎩
a1t + b1 t ≤ t1,

a2t + b2 t > t1,
(3)

where y is the corrosion depth and t is exposure duration.
Both a and b are regression constants. r1 and r2 are cor-
relation coefficients and t1 is the critical exposure moment
of the segment lines. All the constants and correlation
coefficients are listed in Table 3.
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Table 3: Regression analysis.

a1 b1 r1 a2 b2 r2 t1/day

pH 3.5 0.53456 0.01021 0.97 1.04109 0.00150 0.84 60

pH 2.5 0.72544 0.01211 0.90 1.32113 0.00102 0.91 55

pH 1.5 1.02944 0.00730 0.98 0.78430 0.03569 1.00 10

4.2. Verification of Ultrasonic Test Result. Since the X-rays
from computerized tomography (CT) are absorbed by the
concrete specimen according to composition and density of
the material, different features can be detected. Objects with
a higher density absorb less X-rays, resulting in bright areas.
Consequently, the lower the density, the more X-rays are
absorbed, creating darker regions. To verify the efficiency of
the bilinear model proposed previously, another nondestruc-
tive method, CT test, was applied to discover the corrosion
of concrete on mesoscale. For the measurements, a Siemens
Somatom Sensation 16-slice spiral computed tomography
scanner made in Germany (shown in Figure 7(a)) was used.
Samples were scanned with a fixed X-ray source, at 140 kV,
200 mA, and 22.60 mGy CTD. Each scan was 1 mm thick,
and the total number of the scans was about 300. Based on
the images obtained from CT test, the corrosion depth of
concrete was evaluated as well.

After being cured in water for 28 days, the specimen was
taken out and scanned to describe the mesolevel structure
based on 300 along the axis of specimen. The specimens were
then conditioned in the acid solution with a pH value of 1.5
for another 120 days and scanned again. Surface appearances
of the specimen exposed to the acidic solution for 0 day and
120 days are shown in Figures 7(b)-7(c). Scanning images at
the three cross-sections (Figure 7(e)) of concrete exposed to
the simulated acid solution for 0 day and 120 days are given
in this paper (Figures 7(f)–7(h)).

From the scanning images of the specimen, it is estimated
that the damage depth is about 1.5 cm. Based on the pro-
posed bilinear regression model (3), the damage depth of
concrete is 1.498 cm, which is in good correlation with the
results obtained by CT test. Therefore, it is verified that ultra-
sonic wave technology is an efficient method to determine
the corrosion depth of concrete in aggressive environment.

5. Analysis and Discussions

Besides the NDT of corroded concrete, compressive mechan-
ical parameters such as compressive strength and elastic
modulus are achieved [12]. Relation between corrosion
depth and other mechanical properties of concrete is dis-
cussed.

5.1. Relation between Corrosion Depth and Mass Loss. To
compare the deterioration regularity of the concrete corrod-
ed by the simulated acid environment, relative mass variation
ratio is defined as

Dmc =
(

1−mcr,t

mcn,t

)

× 100%, (4)

where Dmc is the relative mass loss ratio of corroded concrete
specimen, mcr,t is the mass of specimen immersed in the acid
solution for t days, and mcn,t is the mass of sound concrete
specimen. The relation between Dmc and immersion time
is given in Figure 8, and the relation between Dmc and the
corrosion depth is plotted in Figure 9.

After being immersed in acid solutions with pH 3.5 and
2.5 up to 180 days, relative mass loss ratio of the specimens
will decrease 0.40 percent and 1.58 percent of the mass of
sound specimen, respectively. For the specimens under pH
1.5 acid solutions, relative mass loss ratio of the specimens
after the 105 days exposure will decrease 7.5 percent of that of
sound specimen. Therefore, mass loss of concrete specimen is
very sensitive to acidity of corrosion environment (Figure 8).
Although the same corrosion depth is detected, the mass loss
is different for specimen damaged by different acid solutions.
The higher the acidity of the solution is, the higher the mass
loss of concrete is.

5.2. Relation between Corrosion Depth and Compressive
Strength. To compare the strength deterioration trend of the
concrete specimen immersed in the acid solution, relation
between concrete strength fc and the corrosion depth is
achieved, which is plotted in Figure 10.

Regardless of the acidity of the immersion solution,
strength variations of concrete specimens exposed to acid
solutions show the same trend. At the initial immersion
period, the strength of corroded specimens will have a slight
increase, and then the strength will decrease gradually. It
can also be concluded that concrete compressive strength is
related to the acidity of corrosion environment. Although the
same corrosion depth is detected, the compressive strength
is different for specimen damaged by various acid solutions.
The higher the acidity of the solution is, the higher the
degradation of concrete compressive strength occurs. Once
the corrosion depth exceeds 11 to 13 mm, the concrete
strength will decrease rapidly.

5.3. Relation between Corrosion Depth and Elastic Modulus.
According to the testing results, relation between elastic
modulus and corrosion depth of concrete specimens is
shown in Figure 11.

The same tendency was achieved on elastic modulus for
the specimens exposed to all the three immersion solutions.
At the initial immersion period, elastic modulus is not stable.
It can also be concluded that concrete compressive strength
is related to the acidity of corrosion environment. Although
the same corrosion depth is detected, the elastic modulus is
different for specimen damaged by various acid solutions.
After the detected corrosion depth exceeds eleven to 13 mm,
the variation tendency becomes to be evident.

6. Conclusions

In the present study, corrosion depth of concrete exposed
to acidic environment was measured by ultrasonic wave
technology in the laboratory. Acid solutions mixed by sul-
furic acid and nitric acid solutions were deposed to simulate
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Figure 7: Comparison of CT images of specimen exposed to acid solution for different periods.
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the acidic environment with three pH levels of 3.5, 2.5, and
1.5. To fulfill the accelerated corrosion in the laboratory, the
prism concrete specimens were immersed in the deposed
acid solutions. After being exposed to the three kinds of acid
solutions for some periods, corrosion depth of the corroded
specimens was tested. Based on the experimental results,
a bilinear regression model that has a good correlation
was proposed to predict the corrosion depth of concrete.
To verify the validity of the proposed model, CT test was
executed on the concrete specimens as well. It is shown that
ultrasonic nondestructive test, which has an obvious advan-
tage of not affecting the integrity of concrete, is a reliable
method to measure the damage depth of concrete under
acid environment. It is verified that the suggested bilinear
model proposed by ultrasonic wave technology is an efficient
method to determine the corrosion depth of concrete. Based
on the other compressive parameters achieved in another
experiment, relations between corrosion depth and the
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Figure 10: Relation between corrosion depth and compressive
strength of corroded concrete.
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Figure 11: Relation between corrosion depth and Elastic modulus.

mechanical property indices (such as mass loss, compressive
strength, and elastic modulus.) are discussed in detail.
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Porosity has a significant effect on the mechanical response of concrete. It is essential to well understand the relation between
porosity characteristics inside the concrete with the damage process of concrete exposed to the aggressive environment. To simulate
the acidic environment, the acid solutions with pH level of 1.5 and 2.5 were deposed by the mixture of the sulfate and nitric
acid in the laboratory. Computed tomography (CT) and scanning electron microscopy (SEM) were used to characterize the
microstructures of concrete exposed to the acidic solution for the scheduled periods. Pore distribution and porosity ratio of
concrete specimens suffering various damage processes are obtained. The CT digital images were analyzed by Pro-Plus software.
The threshold value is suggested to identify the pore. The developments of pore structure and porosity ratio of the concrete samples
are examined. The relation between the porosity characteristic and mechanical response of concrete is discussed.

1. Introduction

The porosity characteristic inside the concrete greatly influ-
ences its permeability, mechanical response, and durability.
The intensity of the interactions with the aggressive agents
and external loads always lead to the change of the pore
structure inside concrete [1]. To well understand the damage
process of concrete, it is essential to discover the porosity
characteristics inside the concrete under different damage
states.

Water vapor adsorption and nitrogen adsorption test
and mercury intrusion porosimetry (MIP) test are the
most popular methods used to examine the porosity char-
acteristics inside concrete [2, 3]. However, MIP results
are affected by many factors and depend heavily on the
experimental procedure adopted [3, 4]. Ultrasonics, as a
kind of nondestructive technique, has been used to assess
porosity inside concrete [5]. But the research reports that it is
quite difficult to obtain precise evaluations of the ultrasonic
parameters.

In this study, the pore structures of concrete exposed
to aggressive environment were investigated from multiscale
levels. The acid solutions with pH level of 1.5 and 2.5 deposed
by the mixture, the sulfate and nitric acid in the laboratory

were considered. After being exposed to the acidic solution
for the scheduled periods, the concrete samples were picked
out. The removed specimens were first dried for about two to
three days, followed by the physical, CT, and SEM/EDS tests.
Pore distribution and porosity ratio of concrete specimens
suffering various damage processes are obtained. The CT
digital images were analyzed by Pro-Plus software. The
threshold value is suggested for the identification of the pore.
The developments of pore structure and porosity ratio inside
the concrete samples are examined. The relation between the
porosity characteristic and physical response of concrete are
discussed.

2. Experimental Programme

2.1. Specimen Preparation. Commercial concrete were used
in this study. Cubic samples with the dimension of 150 ×
150 × 150 mm3 were prepared. Mix proportion of the
concrete mixtures is shown in Table 1.

2.2. Accelerated Corrosion Procedure. Acidic solution with pH
level of 1.5 and 2.5 were deposed by the mixture of sulfate and
nitric acid solutions (molar ratio is 9 : 1) in the laboratory,
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Table 1: Mix proportion of the concrete mixtures.

w/c w/b Cement/kg/m3 Sand/kg/m3 Coarse aggregate/kg/m3 Water/kg/m3 Fly ash/kg Reducing-water agent/kg

0.353 0.304 450 678 1040 159 60.0 12.8

Figure 1: Concrete specimens conditioned in the mixed acid
solution.

Table 2: Condition details.

Designation Exposing condition
Solution
acidity

Immersion
time (days)

Series C1
H2SO4 + HNO3 pH 1.5 0, 5, 10, 15, 20

(molar ratio is 9: 1)

Series C2
H2SO4 + HNO3 pH 2.5 0, 5, 10, 15, 20

(molar ratio is 9: 1)

respectively. A plastic tank was used to contain acid solution
and the concrete specimens. After curing for 28 days, the
concrete specimens were divided into two groups. One batch
of specimens was continuously cured in water with pH level
of 1.5 and was denoted as series C1. The other batch was
immersed in the tank filled with acid solution with pH level
of 2.5 and was denoted as series C2. Exposure protocols were
listed in detail in Table 2. Acidity of the solution was recorded
by PB-10 sartorius acidometer. The pH value of the acid
solution was detected by a digital pH meter [6]. To keep the
pH level of the mixed solution constant, nitric acid solution
was added periodically. At the same time, the solution was
stirred thoroughly to reduce differential concentrations of
the acid inside the solution tank (shown in Figure 1).

After being exposed to the acidic solution for the
scheduled periods listed in Table 2, the samples were picked
out. The removed specimens were first dried for about two to
three days, followed by the physical, CT, and SEM/EDS tests.

2.3. Methods to Determine Porosity inside the Specimen

2.3.1. Scanning Electron Microscopy (SEM). SEM is a well-
established method that can offer useful information con-
cerning the structural of material [7]. To better understand
the evolution of microstructure of the concrete samples
exposed to acidic solution with certain periods (0 day, 3 days,

0 day 5 days 10 days 15 days 20 days

(a) pH 1.5

0 day 5 days 10 days 15 days 20 days

(b) pH 2.5

Figure 2: The change of surface appearance on concrete specimens
exposed to acidic solution.

7 days, and 10 days), microstructures of the samples were
observed by JSM-6360LV SEM system. Energy dispersive
spectroscopy (EDS) technique was applied to analyze the
elemental distribution in the samples as well. The EDS plots
provide the presence of the chemical elements, which will
confirm the composition of crystal in the concrete samples.

2.3.2. Computer Tomography (CT). Since the X-rays are
absorbed by the concrete specimen according to composition
and density of the material, different features can be detected.
Objects with a higher density absorb more X-rays, resulting
in bright areas. Consequently, the lower the density, the less
X-rays are absorbed, creating darker regions. That means,
the pores appear very dark. Accordingly, the pores can be
distinguished and quantified by image analysis of the 2D
sections. In this research, CT technology was selected to
describe the porosity character of concrete specimen under
different damage states.

For the measurements, a “Siemens somatom sensation”
16-slice spiral computed tomography scanner made in
Germany was used. Samples were scanned with a fixed X-ray
source, at 140 kV, 200 mA, and 22.60 mGy CTD. Each scan
was 1 mm thick and the total number of the scans was about
200.

3. Results and Discussions

3.1. Visual Observation. From visual inspection of the sam-
ples exposure to acid solution for various periods (shown in
Figure 2), it can be seen that the surface become to be yellow,
and the surface dissolution of cement paste lead to exposure
of aggregates.

3.2. Mass Change. Based on the visual observations
described above, it was obvious that honeycomb voids were
formed as conditioning continued, causing the mass change.
This could be measured by an electronic scale with an
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Figure 3: Relation between void volume and immersion time.

accuracy of 0.1 g. Relation between the mass change and
conditioning time is given in Figure 3(a). Based on the
theory of mesomechanics, concrete can be considered as
a combined material which consisted of base material and
void. Relation between the volume of base material and
voids can be expressed as

C1 = mt0 −mtt

mtt
,

C1 + C0 = 1,

(1)

where, mtt is the mass of concrete specimens immersed in
the acid solution for t days; mt0 is the mass of undamaged
concrete specimens; C1 is the volume of voids; C0 is the
volume of base material. In this way, the relation between
the developments of voids volume over time can be obtained
quantitatively, which is shown in Figure 3(b).

3.3. Scanning Electron Microscopy (SEM). SEM micrographs
of concrete samples at different exposure times are achieved,
which are shown in Figure 4. The EDS spectra of concrete
samples exposed to the acid solution is shown in Figure 4 as
well.

From the SEM images, it is obvious that progressive and
significant alternation occurs in the internal microstructures
of concrete samples during the exposure periods. With the
development of exposure time, the internal pore diameter
become wider, and the microcracks in the samples become
wider and longer. What is more, the morphology of internal
microstructure in the samples becomes softening with the
prolongation of the exposure time.

Owing to the chemical reactions between the acid
solution and concrete, the compositions in the concrete are
changed. To clarify the composition of products generated by
acid attack, EDS were carried out on the surface of products
shown in SEM micrograph. EDS plots show the presence

of calcium, silicon, aluminum, oxygen, magnesium, ferrum,
and kalium. The principal elements are calcium, silicon,
aluminum, and oxygen. From EDS test, an indication of the
number of atoms in the species being examined is obtained
as well. The number of elemental and atomics distribution
in concrete samples at various exposure times are counted
and percentages are ascribed, respectively, which are plotted
in Figure 5.

From Figure 5, it is clear that the content of calcium
has a significant reduction and the content of silicon has an
obvious increase in the samples exposed to acid solution.
This result is in good agreement with the interpretation
of deteriorating mechanism of concrete in acid medium
reported by other researches [8–10]. That is, more soluble
products are formed through the chemical reaction between
and nitric acid, sulfate acid and calcium hydroxide. There-
fore, calcium compounds of cement paste formed in concrete
through the hydration process and the calcium in calcareous
aggregate are leached away, and silica gel or sometimes
magnesium silicate hydrate fill the space.

3.4. CT Digital Image Analysis

3.4.1. Digital Image. After curing the concrete prism speci-
men in water for 28 days, it was taken out and scanned. Each
scan was 1 mm thick, and the total number of the scans was
about 150. The internal mesolevel structure of the specimen
is specified based on the 150 scanning images. Then, the
specimens were conditioned in the simulated acid solution
for further corrosion and scanned again at the scheduled
time.

The output scanning section of concrete is recorded by
the document of DCM format, and the CT number is stored
in 12 digital capacities. Therefore, each pixel can display 4096
degrees. The output digital image is 512 pixel points × 512
pixel points (shown in Figure 6).
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Figure 4: SEM micrograph (×5000) and EDS spectra for concrete attacked by acid ((a) controlled specimen; (b) specimen exposed to acid
for 3 days; (c) specimen exposed to acid for 7 days; (d) specimen exposed to acid for 10 days).

3.4.2. Threshold Value for Identifying the Pore Structure.
To identify the distribution of pores inside the concrete,
binary processing was executed on the scanning digital
images. According to the theory of gray threshold method, a
threshold value should be determined firstly. Then, the gray

scale values of each pixel are compared with the threshold
value. If the gray scale value on the pixel point is bigger
than 255, the gray scale value on this pixel point is 255,
otherwise it is zero. Therefore, the primary problem is to
determine a reasonable threshold value. In this research,
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Figure 5: Compositional analysis of EDS spectra for concrete
samples.
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Figure 6: CT scanning images of concrete specimen conditioning
in acidic solution with pH level of 1.5.

image segmentation technology was applied for determining
the threshold value. Gray histogram of the scanning images
was obtained by Matlab software, which is given in Figure 7.

From Figure 7, it can be seen that the image have double
peaks. The objective and background can be divided into
two parts by the gray scale value at the valley bottom. It can
be derived that the range of the threshold value is between
70 and 82. The pore inside concrete was recognized by the
software of Pro-Plus. The obtained pore-recognition graph
for one section is plotted in Figure 8. Assuming threshold
value is from 70 to 82, porosity ratio for each section can be
calculated (Figure 9).
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Figure 7: Gray histogram of the scanning images.

Figure 8: Pore recognition graph.
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Figure 10: Probability distribution of the porosity inside concrete specimens.
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Figure 11: Relation between porosity ratio of concrete specimen and immersion time.

From Figure 9, it can be concluded that 79 is the optimal
threshold value for the identification of the pore inside the
concrete.

3.4.3. Development of Porosity Ratio inside Concrete. Using
the above optimal threshold value, the digital images were
processed by a programming calculation with Pro-Plus.
The identification of pore inside the concrete was realized.
Pore recognition graph of the concrete specimens under
various damage states was then arrived at. The corresponding
porosity ratios of 120 2D section images for each concrete
specimen are obtained, respectively. Based on the theory
of probability statistics, the probabilistic characteristic of
porosity distribution inside the concrete specimen come out.
The analysis results of the porosity characteristics inside the
concrete specimens under various damage states are shown
in Figure 10, respectively.

From Figure 10, it is obvious that the distribution of the
porosity ratio inside the concrete specimens obeys normal
distribution. The maximum value, minimum, value and the
average value of the concrete specimens are obtained. Devel-
opment of average porosity ratio inside concrete specimen
conditioned in the acidic solutions and immersion time is
given in Figure 11.

It is shown that in the initial damage stage, the porosity
ratio inside concrete exhibits a slight decrease. Higher acidity
(lower pH value) of the solution results in higher increase.
For example, the porosity ratio has increased 36.5 percent
and 39.8 percent of the controlled specimen for specimens
immersed in acid solutions with pH level of 1.5 for 5 and
20 days. While for those in the acid solutions with a pH
level of 2.5, the porosity ratio is always decreased in the first
20 days. Till 20 days, the porosity ratio has decreased 36.6
percent of the controlled specimen for 20 days. The changing
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trend shows a good agreement with the results provided by
the mass analysis (shown in Figure 3).

4. Conclusions

This paper assesses the development of pore structure in
concrete exposed to the acidic environment from multiscale
levels. A series of tests, including physical, CT, SEM/EDS
tests were performed on the concrete specimen in different
prepared states. Weight loss, voids property, meso- and
microstructure in the concrete specimens under various
damage states are examined quantitatively. The results
obtained on different scales are compared and discussed in
detail. The conclusions from this study are summarized as
follows.

(1) CT technology provides a useful tool to assess the
porosity characteristic in the concrete. An optimal
threshold value was suggested, and the pores inside
the concrete are identified successfully. It can be
drawn that the distribution of the porosity ratio
in the concrete specimen sections obeys normal
distribution.

(2) At the initial stage, the porosity ratio of deteriorated
specimens increases slightly. Higher acidity of the
solution leads to higher increase. The porosity ratio
has increased 36.5 percent and 39.8 percent of the
controlled specimen for specimens immersed in acid
solutions with pH level of 1.5 for 5 and 20 days. While
for those in the acid solutions with pH level of 2.5, the
porosity ratio is always decreased till conditioning in
the solutions for 20 days.

(3) The results obtained from macro-, meso- and
microtests are in good correlation with each other.
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The present paper studies the corrosion behaviour of a new lower-cost type of austenitic stainless steel (SS) with a low nickel
content in alkaline-saturated calcium hydroxide solution (a simulated concrete pore (SCP) solution) with sodium chloride (0.0%,
0.4%, 1.0%, 2.0%, 3.0%, and 5.0% NaCl) and embedded in alkali-activated fly ash (AAFA) mortars manufactured using two
alkaline solutions, with and without chloride additions (2% and 5%), in an environment of constant 95% relative humidity.
Measurements were performed at early age curing up to 180 days of experimentation. The evolution with time of electrochemical
impedance spectroscopy was studied. Rct values obtained in SCP solution or in fly ash mortars were so high that low-nickel SS
preserved its passivity, exhibiting high corrosion resistance

1. Introduction

Steel reinforcements embedded in concrete are protected
from corrosion by a thin oxide film formed on their surfaces
and maintained by the highly alkaline environment of the
surrounding concrete, usually with a pH of 12-13 [1]. How-
ever, the presence of chlorides can lead to damaging effects
on passivity and the appearance of pitting corrosion when
chloride ions reach the metal/concrete interface. Chloride
ions are commonly found in construction materials and may
originate from the external environment, as in the case of
marine environments, deicing salts and acid rain [2]. While
thermodynamic can predict whether a corrosion reaction
will take place, it does not provide an indication of the rate
of corrosion reactions. The reaction kinetics depends on the
determinant factors such as humidity, oxygen, and alkalinity
medium. These factors can speed up the corrosion process
[3, 4].

Together with cathodic protection and corrosion inhibi-
tors, stainless steel (SS) reinforcements are a reliable way to

guarantee the durability of reinforced concrete structures
(RCSs) in extremely aggressive environments [5, 6]. Al-
though SS reinforcements may be the most economical solu-
tion on the long term [7, 8], the initial cost involved has so far
limited their use. For this reason, new SSs, in which the nickel
content (subject to considerable price fluctuations due to
stock market factors) is partly replaced by other elements [9,
10], are being evaluated as possible alternatives to traditional
carbon steel [11, 12]. This new low-nickel SS could mean a
saving of about 15–20% compared to conventional AISI 304
SS.

Low-nickel austenitic SSs exhibit attractive properties
that are comparable to those of traditional austenitic SSs,
such as good corrosion resistance, high levels of strength and
ductility, and reduced tendency of grain sensitization [13].
Previous researches [14, 15] have shown that the carbon steel
corrosion rate values are similar to those of the traditional
and low-nickel austenitic SSs in mortar without chloride
additions, and at least 10 times higher in the presence of
chloride. Furthermore, low-nickel austenitic SSs have had
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a corrosion behaviour very similar to that of traditional aus-
tenitic SSs in carbonated media and noncarbonated, chlo-
ride-contaminated media [16].

The aim of this paper is to study the corrosion behaviour
of a new type of austenitic SS, with a low-nickel content, in
alkaline-saturated calcium hydroxide solution (a simulated
concrete pore (SCP) solution) with sodium chloride (NaCl)
and embedded in alkali-activated fly ash mortar with differ-
ent chloride additions. Fly ash is used in concrete for reasons
related to environmental impact, economic sustainability,
and social responsibility. The alkali activation of type F
fly ash (AAFA) consists of mixing the ash with highly
alkaline solutions (pH > 13) and subsequently curing the
resulting paste at a certain temperature to produce a solid
material. Considering that reinforcement corrosion is the
main cause of RCS failure [17], the capacity of an AAFA
mortar to passivate steel rebars is a very important property
to guarantee the durability of RCS constructed using these
new materials.

2. Experimental

The test specimens carried out in alkaline-saturated calcium
hydroxide solution (a SCP solution) consisted of 5.0 cm×
2.0 cm size and 1 mm thickness of plates of low-nickel aus-
tenitic SS. The specimens were ground using a series of sili-
con carbide (SiC) emery papers down to grade 600, and then
ultrasonically cleaned with ethanol and rinsed with high-
purity water. The decision to use plates instead of traditional
bars was due to the design of the electrochemical cell. An
Avesta type cell was used, which allows crevice corrosion
to be avoided or minimised [18] by replacing the chloride
solution in the microcrevice between the specimen and the
specimen holder with small quantities of distilled water.

The low-nickel SS samples were supplied by ACERINOX
SA (Palmones, Cádiz, Spain), this type of SS is an AISI 201
[19] or EN 1.4372 [20]. Table 1 shows the chemical composi-
tion of the plates of SS.

A saturated calcium hydroxide solution, pH∼12-13, with
different NaCl concentrations (0.0, 0.4, 1.0, 2.0, 3.0, and
5.0 wt.%), was used to study corrosion behaviour in a wide
range of experimental conditions. The chemical products
used to prepare the solutions were laboratory grade reagents:
NaCl 99% pure PRS-CODEX supplied by Panreac and
Ca(OH)2 for analysis supplied by Merck. All the solutions
were prepared with distilled water.

The Avesta cell was used in a three-electrode configura-
tion with the sample as the working electrode, a saturated
calomel electrode (SCE) as reference, and a platinum mesh
as counter electrode, see Figure 1. All the potentials were thus
referred to the SCE.

On the other hand, class F fly ash from the thermal power
plant at Aboño in Asturias, Spain, was used. Table 2 indicates
its chemical composition. The fly ash was activated with two
different highly alkaline solutions. Two types of AAFA mor-
tars were manufactured: one with a NaOH solution (A spec-
imen) and the other with a mixture of 85% NaOH and 15%
waterglass (B specimen) with a “liquid/solid” ratio of 0.45.
The aggregate/AAFA ratio used to manufacture the mortars

Figure 1: An Avesta type cell and the assembly used in the
electrochemical tests.

Table 1: Chemical composition (% by weighta) of the tested
austenitic low-nickel SS.

C Si Mn P S Cr Ni Mo Cu N

0.082 0.48 7.26 0.027 0.001 16.56 4.32 0.07 0.13 0.075
a
The balance was Fe.

was 2. A standardised, evenly graded siliceous sand was em-
ployed (SiO2 content of 99%, where 66% of particles with
size <1 mm and 35% <0.5 mm). The moulds containing the
fresh AAFA mortars were subsequently cured in an oven
at 85◦C in a saturated water vapour atmosphere for 20 h.
Different amounts of sodium chloride (99% pure Panreac
PRS-CODEX): 0, 2%, and 5% NaCl (with respect to binder
weight) were added to fly ash. Two mortar prism replicas of
each type were prepared for comparative purposes. All the
specimens were kept at room temperature in an atmosphere
of high relative humidity (RH) of approximately 95%, for up
to 180 days.

Experiments were performed on small prismatic speci-
mens measuring 8× 5.5× 2 cm, similar to those used in pre-
vious works [3, 4]. Two 10 mm diameter, low-nickel SS rebar,
symmetrically embedded in the prisms, were used as working
electrodes during the measurements, with an external SS
cylinder of 5 cm diameter acting as a counter electrode. A pad
soaked in water was used to enable the electrical conductivity
measurements. An active surface area of 5.6 cm2 was marked
on the working electrodes with adhesive tape, thus isolating
the triple mortar/steel/atmosphere interface to avoid possible
localised corrosion attack due to differential aeration. The
use of the three-point measurement can generate some mea-
surement perturbations like capacitive or inductive loops at
high frequency [21]. In this study the stainless steel cylinder
electrode (the same size as the specimens) was used to con-
fine the current lines in a specific area, achieving a uniform
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Figure 2: Nyquist plots for low-nickel SS in Ca(OH)2-saturated solution with different NaCl concentrations: (a) 0.0, 0.4, 1.0%, and (b) 2.0,
3.0, 5.0%.

Table 2: Chemical composition of the tested fly ash (% in mass).

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O MnO P2O5 TiO2 LOI Others Total

51.78 27.80 6.18 4.59 1.52 0.71 0.59 2.51 0.06 0.62 1.35 2.23 0.06 100

LOI: Loss on ignition.

distribution of the current lines and therefore the measure-
ments not suffer perturbations.

Electrochemical impedance spectroscopy (EIS) measure-
ments were recorded at Ecorr in a frequencies range from
105 Hz to 10−3 Hz with a logarithmic sweeping frequency of
5 points per decade. The EIS method involved the imposition
of a 10 mV rms amplitude excitation voltage. A 1250
Solartron Frequency Response Analyser linked to an EG&G
PARC 273A potentiostat was used for EIS measurements.

3. Results and Discussion

Figure 2 shows Nyquist plots for low-nickel SS in Ca(OH)2-
saturated solution with different NaCl concentrations.
Capacitive behaviour can be observed, characterized by a
well-defined depressed semicircle. The depressed semicircle
was generally due to dispersion of the time constant caused
by irregularities on the steel surface, surface roughness,
fractal surface, and, in general, certain processes associated
with an irregular distribution of the applied potential [22].
Diffusion processes were defined at low frequencies.

Impedance data has been modelled using the equivalent
electrical circuits (EECs) depicted in Figure 3 for low-nickel
SSs. The EEC of Figure 3 contains a constant phase element
(CPE) to consider the relaxation time constant. Re is the

electrolyte resistance between the reference electrode and the
working electrode, and Rct is the charge transfer resistance,
which may be inversely associated with the corrosion process.
A CPE unit is often used instead of an ideal capacitor to ac-
count for a nonideal capacitive response from the steel/elec-
trolyte interface [22]. This EEC also contains a finite length
Warburg diffusion element to describe mass transport pro-
cesses through the diffusion layer. A one time constant EEC
containing a finite length Warburg diffusion element has pre-
viously been used by other authors to describe the behaviour
of SS in chloride-containing solutions [23]. Table 3 reports
the fitting of impedance data for low-nickel SS in Ca(OH)2-
saturated solution with different NaCl additions yielded
using the EEC of Figure 3.

Table 3 shows that the Re value decreased as NaCl was
added to the solution. The conductivity of a water solution is
highly dependent on the concentration of dissolved salts and
other chemical species that ionize in the solution. Thus, as
NaCl was added to the Ca(OH)2-saturated solution its con-
ductivity grew, leading to a lower Re value.

The impedance results for low-nickel SS in Ca(OH)2-
saturated solution with different NaCl additions presented
typical capacitive behaviour, with a semicircle at high fre-
quencies. Nevertheless, as can be seen in Figure 2, the radii
of the semicircles decreased as the NaCl concentration
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Table 3: Fitting impedance data using EEC of Figure 2 for low-nickel SS in Ca(OH)2-saturated solution with different NaCl concentrations.

NaCl/% Re/Ω cm2 Rct/Ω cm2 Y0/Fcm−2 s−(1−α) A σw/×10−3 Ω cm2 s−1/2 χ2

0.0 176.9 332140 1.00 × 10−5 0.89 1.82 0.001

0.4 93.8 324870 2.91 × 10−5 0.91 1.76 0.0008

1.0 62,6 269760 3.00 × 10−5 0.90 1.54 0.003

2.0 37.9 235550 3.08 × 10−5 0.88 1.90 0.002

3.0 29.7 231110 3.25 × 10−5 0.88 4.75 0.004

5.0 19.8 212280 3.28 × 10−5 0.89 4.32 0.006

CPE

Re

W
Rct

Figure 3: Equivalent electrical circuit (EEC) used to fit impedance
data for low-nickel SS in a SCP solution.

increased, indicating a drop in passivity with the presence of
chloride ions. The above trend can be further supported by
the quantified Rct values seen in the fitted data in Table 3.

The effect of chloride ions can also be evaluated in terms
of Y0 and α, which are parameters of the CPE unit. CPE rep-
resents the double-layer capacitance of the steel/electrolyte
interface when nonideal behaviour of the capacitor used to
describe the metal/solution system is observed. As indicated
above, the nonhomogeneity of the double-layer electric field
and the roughness of the surface are responsible for deviation
in the capacitance from the ideal condition. The impedance
of a CPE (ZCPE) is defined by the expression:, ZCPE = 1/
Y0( jω)α, where Y0 is a real frequency-independent constant,
j2 = (−1), ω is the angular frequency, and α is a dimen-
sionless fractional exponent (−1 ≤ α ≤ 1). Therefore, the
CPE-parameters Y0 and α can reflect the change of a metal
electrode surface relating to an electrochemical double-layer
[22]. A number of studies have revealed that these param-
eters vary with the homogeneity of the electrode surface:
higher Y0 values and lower α values (α = 1 for an ideal
capacitor) were characteristic of nonhomogeneous surfaces
[24–26]. For low-nickel SS, Y0 values increased with the
addition of NaCl. The variation in Y0 values from the non-
chloride-containing solution to the maximum studied NaCl
concentration was by approximately 1-2 points in the same
order of magnitude (see Table 3). This may be a sign of the
loss of homogeneity on the surface of the electrode due to
the effect of chloride ions. However, the small variation in
Y0 from chloride-free to the maximum tested chloride con-
centration suggests that low-nickel SS was able to retain its
passivity in these adverse environments in unpolarized con-
ditions. In terms of the α parameter, low-nickel SS showed
no trend as it varied around ∼0.90, exhibiting no influence

of the NaCl concentration in the Ca(OH)2-saturated solu-
tion.

At low frequencies (in the 5 × 10−3–10−3 Hz range),
diffusion was the controlling process for this new SS (see
Figure 2). The Warburg diffusion coefficient (σw) results
from mass transport of the species through the passive layer.
According to the point defect model (PDM), diffusion was
allocated to the transport of vacancies through the passive
film. A more stable and resistive passive film presents less
defects and therefore a lower σw due to the lower presence
of vacancies available for the mass transport process. The
σw values yielded from the impedance data fitting showed
that low-nickel SS exhibited similar values (1.82–1.90 ×
10−3 Ω cm2 s−1/2) when the NaCl concentration was lower
than or equal to 2.0% (see Table 3), which may indicate
that the passive film formed at these NaCl concentrations
presented similar corrosion stability. However, when the
NaCl concentration is 3.0% and 5.0%, an increase in the
σw values was observed. According to the PDM role, this
indicates a less compact and protective passive layer.

All these results are similar to those obtained in a
previous work [27] due to the experimental conditions
in simulated pore solutions were identical since these
conditions are normally employed to study the corrosion
behaviour of the steel reinforcement.

The authors have reported in a previous research that
low-nickel exhibited corrosion current density values of the
order of 0.001–0.01 μA/cm2 in the presence of 0.4% and
2% chlorides, indicating the permanence of the passive state
[28]. Therefore, the aim of the present work was studied
the corrosion behaviour of alkali-activated fly ash mortars
in more aggressive environment (5% chlorides), taking into
account the results obtained in the simulated concrete pore
solution.

Figure 4 shows typical Nyquist plots for low-nickel SS
rebar embedded in mortars (a) A and (b) B with different
chloride additions (0, 2%, and 5%). Measurements were
performed after 180 days of experimentation. In general,
a capacitive behaviour was obtained, characterised by a
poorly defined and depressed semicircle at high frequencies
and a second semicircle at low frequencies. Tables 4 and
5 illustrate the fitting of impedance data for low-nickel SS
rebar, embedded in mortar A and B, respectively. These tables
were yielded using the equivalent electrical circuit (EEC) of
Figure 5.

The EEC of Figure 5 contains two distributed constant
phase elements (CPEHF and CPELF) to consider the two
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Figure 4: Nyquist plots for low-nickel SS for low-nickel SS rebar embedded in mortars (a) A and (b) B with different chloride additions.

Table 4: Parameters used in the fitting of impedance data for low-nickel SS rebar embedded in A mortar.

Time day
Re

Ω cm2
YPHF

μFcm−2 s−(1−αHF) αHF
RHF

Ω cm2
YPLF

μFcm−2 s−(1−αLF) αLF
Rct

kΩ cm2 χ2

0% chloride

1 1456 8 0.60 369 21 0.87 4990 0.001

7 1738 4 0.65 407 21 0.86 4676 0.002

15 1764 3 0.67 394 21 0.86 6933 0.002

30 2078 4 0.67 422 20 0.86 13306 0.002

60 2442 4 0.66 366 19 0.87 9307 0.0005

90 1026 4 0.63 305 20 0.87 9027 0.0009

120 795 3 0.78 154 22 0.86 9377 0.003

180 835 4 0.70 149 21 0.88 7942 0.002

2% chloride

1 449 5 0.74 88 19 0.89 11446 0.002

7 347 7 0.69 50 19 0.88 9234 0.001

15 277 7 0.71 39 20 0.86 21745 0.0007

30 354 7 0.70 57 20 0.86 14146 0.001

60 421 5 0.70 67 19 0.85 20333 0.006

90 450 8 0.70 74 19 0.86 9621 0.005

120 486 2 0.80 54 19 0.85 10645 0.002

180 535 9 0.70 90 19 0.87 8121 0.001

5% chloride

1 517 5 0.77 124 22 0.82 1853 0.001

7 306 9 0.68 93 23 0.81 2057 0.008

15 325 4 0.69 108 22 0.84 2225 0.003

30 185 8 0.71 114 26 0.79 5577 0.003

60 273 9 0.70 144 29 0.80 5431 0.005

90 186 8 0.75 50 29 0.80 5594 0.0004

120 250 7 0.69 68 28 0.79 7390 0.0005

180 285 9 0.68 32 24 0.82 7668 0.0005
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Table 5: Parameters used in the fitting of impedance data for low-nickel SS rebar embedded in B mortar.

Time Day
Re

Ω cm2
YPHF

μFcm−2 s−(1−αHF) αHF
RHF

Ω cm2
YPLF

μFcm−2 s−(1−αLF) αLF
Rct

kΩ cm2 χ2

0% chloride

1 801 6 0.68 90 20 0.88 19090 0.0004

7 711 4 0.73 61 20 0.90 17534 0.0005

15 730 4 0.74 62 19 0.90 14129 0.0007

30 802 6 0.72 82 19 0.90 15590 0.001

60 806 6 0.72 73 19 0.90 16610 0.0009

90 740 5 0.78 97 19 0.89 18110 0.001

120 1219 2 0.91 100 19 0.89 19067 0.001

180 727 9 0.71 119 20 0.88 22771 0.0006

2% chloride

1 582 10 0.70 40 17 0.87 6546 0.002

7 390 5 0.72 49 19 0.87 5298 0.001

15 317 5 0.72 33 20 0.87 4698 0.002

30 321 3 0.75 65 22 0.87 5807 0.009

60 404 7 0.76 45 20 0.86 5874 0.006

90 682 13 0.69 61 19 0.87 4284 0.003

120 437 5 0.75 71 20 0.86 4619 0.003

180 497 3 0.82 62 19 0.85 5325 0.005

5% chloride

1 593 4 0.79 64 18 0.82 3860 0.003

7 372 7 0.75 42 19 0.84 3103 0.0008

15 300 3 0.82 25 22 0.81 3024 0.003

30 261 8 0.75 25 20 0.85 3670 0.004

60 294 8 0.74 32 21 0.84 3141 0.001

90 395 3 0.75 55 18 0.87 4688 0.0005

120 335 3 0.82 22 22 0.80 7468 0.0005

180 341 5 0.79 22 20 0.84 6322 0.0004

CPEHF CPELF

Re

RHF Rct

Figure 5: Equivalent electrical circuit (EEC) used to fit impedance
data for low-nickel SS rebar embedded in mortars A and B with
different chloride additions.

relaxation time constants (see Figure 4). The CPEHF-RHF

couple, which predominated at high frequencies, may be
originated by the characteristics of a corrosion product layer,
adherent to the reinforcing bars, while the CPELF-Rct couple,
controlling at low frequencies, characterises the corrosion
process of double layer on the steel electrode. Re was again
the electrolyte resistance [22].

Table 4 includes optimised fitting impedance parameter
values for the A/steel system. The Re values for low-
nickel stainless steel were in the range from 795Ω cm2 to
2442Ω cm2 for mortars without chloride, while they were
lower, 535Ω cm2 and 517Ω cm2 in the cases of mortar with
2% and 5% chlorides, respectively. This decrease in the Re

parameter may be attributed to a high concentration of free
chloride ions in the pore network of the mortar, which
enhance the electrical conductivity. At high frequency, a
semicircle can be seen (Figure 4(a)) which may be associated
with the characteristics of a corrosion product layer. The
high-frequency process had a CPEHF (YPHF ) in the range
from 2 μFcm−2 s−(1−αHF) to 9 μFcm−2 s−(1−αHF), passive layer
resistance (RHF) values from 149Ω cm2 to 422Ω cm2 were
found in the absence of chlorides and from 32Ω cm2 to
144Ω cm2 for mortar with 5% chlorides. Thus, the addition
of a high chloride percentage originated a decrease in the RHF

parameter, suggesting that the passive film was less protective
and its thickness was lower. Therefore, the mortar A contain-
ing 5% chlorides presented low corrosion resistance. Finally,
at low frequencies a capacitive behaviour was observed, and
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the charge transfer resistance (Rct), obtained from numerical
fitting (see Table 4), was as high as 7668 kΩ cm2, indicating
the permanence of the passive state.

Table 5 includes optimised fitting impedance parameter
values for the B/steel system. The high frequency process
had a CPEHF (YPHF ) in the range from 2 μFcm−2 s−(1−αHF)

to 13 μFcm−2 s−(1−αHF). The YHF and αHF parameters were
similar to those obtained for steel embedded in A mortars,
suggesting that the surface film was equal protective and
the mortar presented low corrosion rate. The Re and RHF

values for low-nickel stainless steel were in the range from
261Ω cm2 to 1219Ω cm2 and from 22Ω cm2 to 119Ω cm2,
respectively.

A depressed capacitive semicircle was also observed at
low frequency (see Table 5), YPLF values were in the range
of 17–22 μFcm−2 s−(1−αLF). These values may indicate the no
gradual breakdown of the passive film. At increasing times,
αLF values were constant, showing that the steel surface
became homogeneous. Finally, the Rct values were extrapo-
lated by fitting the low frequency portion of the diagram by
a semicircle. This value was as high as 7468 kΩ cm2 in the
presence of 5% chlorides.

Therefore, it can be observed that the Rct of the low-
nickel SS embedded in both fly ash mortars with 5% chlo-
rides additions were also very high. Accepting that the Stern-
Geary equation can be applied, with an approximate B
constant value of 52 mV [29], the resulting icorr was 0.0068
μA cm−2 and 0.0070 μA cm−2 for A and B mortars, respec-
tively. This suggests the very low corrosion susceptibility of
the low-nickel SS reinforcements in these mortars in a very
aggressive medium (5% chlorides).

Low-nickel SS presented Rct values of 212280Ω cm2 in
the presence of 5% Cl−, applying the Stern-Geary equation,
the icorr was 0.26 μA cm−2. The results achieved in synthetic
solution suggest low-nickel SS exhibit high corrosion resis-
tance. Therefore, the effect caused by the reduced Ni content
is almost balance by the beneficial effect of other additives
such as manganese or nitrogen. In the present study and
in the literature [14, 15], the influence of the metal base
composition on the corrosion process has proved not to be
a very important factor, and the low-nickel SS in synthetic
solution with chloride has a good durability.

According to the icorr obtained for mortars A and B, sug-
gesting that these fly ash cements due to their high alkalinity
should limit rebar corrosion to negligible levels. Moreover,
the microstructure of these mortars is dense and compact,
leading to a system with a lower porosity [28], which causes
difficulty in the mobility of chloride ions to the steel surface.
The use of low-nickel SS embedded in fly ash mortars guar-
antee the durability of reinforced concrete structures in ag-
gressive environment. However, in a previous work, Boqi et
al. [30] have demonstrated that the corrosion of reinforce-
ments in coastal harbour were most severe in the high tide
level zone, while no damage was found in the tide range and
underwater positions. Therefore, it is suggested that the pres-
ence of chlorides may or not damage the reinforced cement
structures, but the location of structures must be taken into
account so that it is an important factor. In light of these
last results and knowing that the tests of the present study

were carried out at early age (180 days of experimentation),
further investigations are necessary to asses if the low-nickel
SS embedded in fly ash mortars are a viable material to be
used in real structures that need to last 50–100 years.

4. Conclusions

EIS results obtained for low-nickel SS in alkaline-saturated
calcium hydroxide solution showed that Rct values decreased
with the addition of NaCl. Nevertheless, Rct values were so
high that low-nickel SS preserved its passivity, exhibiting
high corrosion resistance. Diffusion processes were observed
for low-nickel SS. The σw values obtained showed that for
a NaCl concentration higher than or equal to 3.0% a less
compact and protective passive film was formed.

EIS results obtained for low-nickel SS in fly ash mortars
showed that icorr values were of the order of 0.007 μA/cm2

in the presence of chlorides independently of the type of
activator used. These results suggest a good durability of low-
nickel SS in these mortars with 5% chlorides at 180 days of
experimentation.
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