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The effect of superabsorbent polymer (SAP) powder and fly ash (FA) content into concrete structures
on the corrosion behavior of carbon steel rebar was studied. SAPs were applied at various volume
fractions (0.1%, 0.2%, and 0.4%). All the SAP-modified concrete samples contained 15wt% FA as a
cement replacement. The electrochemical analysis was done by electrochemical impedance
spectroscopy (EIS) and polarization measurement assessments in 3.5wt% NaCl as artificial seawater.
The EIS results fitted by an appropriate equivalent electrical circuit indicated that the highest corrosion
resistance was achieved for the SAP4 mixture. Polarization analysis revealed that the SAP4 sample has
the lowest corrosion current density, more positive corrosion potential with high corrosion protection.
These electrochemical results show that the simultaneous addition of FA and SAPs admixtures in
concrete structures improve the concrete durability and corrosion resistance of carbon steel rebar after
being exposed to an aggressive environment by preventing the rebar surface from reaching the
corrosive ions.
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1. INTRODUCTION

The corrosion in steel reinforced concrete decreases the durability and stability of concrete
structure [1, 2]. Corrosion occurs due to the penetration of corrosive ions or loss of alkalinity of
concrete [3]. Corrosion control techniques include surface treatments of steel rebars, the using partial
replacement in Portland cement (PC), and cathodic protection [4]. Additives are independently
attractive because they are reasonably inexpensive. The concrete quality can be enhanced by adding
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various mineral additives such as Palm Oil Fuel Ash, fly Ash, Silica Fume, metakaolin and Rice Husk
Ash [5]. Mineral admixtures affect the hardening properties of concrete [6, 7].

Polymers have been used in concrete structure to develop engineering characteristics such as
enhancing durable properties of concrete, improving the compressive strength, increasing corrosion
resistance and reducing the cracks extension [8]. Therefore, superabsorbent polymer (SAPs) can be
applied for stated properties. Permeability may be decreased by addition of the polymer fibers [9]. One
of the important parameters for making reinforced concrete and increasing the durability of concrete is
crack width control [10, 11]. In particular, unexpected cracks formed due to the steel corrosion reduce
the service life of reinforced concrete. The previous studies are mostly based on corrosion behavior of
cement containing by-product materials and SAPs separately and the performance of such additives
along with SAPs has not been well investigated especially, the effect of bagasse ash and SAPs [12-14].

In this study, different admixtures were manufactured to explore the effect of fly ash and SAPs
in the concrete on the corrosion protection of embedded carbon steel rebar. A reinforced concrete made
with a PC was used as a control sample. The corrosion behavior of samples was studied in artificial
seawater using open circuit potential (OCP), polarization and electrochemical impedance spectroscopy
(EIS) techniques for four weeks. Morphological property of samples was considered using scanning
electron microscopy (SEM).

2. MATERIALS AND METHOD

The chemical compositions of PC and fly ash (FA) are shown in Table 1. Also the properties of
SAPs are summarized in Table 2. FA was added as a PC replacement for 15 wt% by weight of cement.
Moreover, different mixtures containing FA and various volume fractions of SAPs (0.1, 0.2, and 0.4%)
were produced. For concrete casting, the mixing ratio of PC with water was 0.45. The mixture design
is shown in Table 3. To produce uniform polymer-modified concrete, the mixed cements were blended
by a high-speed mixer. For each measurement, three samples were prepared and the average value as
the final result was shown.

Table 1. Chemical composition of Portland cement and Fly ash (% by mass)

Portland cement Fly ash

S0 19.99 64.53
~ Fe0s 3.01 5.68
- AkbOs 4.78 25.79
.~ CcaO 63.49 0.58
- Mgo 2.01 0.26
. KO 0.68 0.043
 NaO 0.30 0.027
- SOs 2.65 0.32
- Lol 3.09 2.77
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The concrete samples were poured into the cylindrical molds with a diameter of 10 cm and a
height of 30 cm for 24 h at 95% relative humidity and room temperature to complete the hydration
reaction.

Table 2. Properties of SAP particles

80~120
700
350

45

Table 3. Compositions of prepared mixtures

500 225 — 867 —
425 225 75 838 863 ===
425 225 75 835 864 0.1
425 225 75 832 861 0.2
425 225 75 830 859 0.4

A carbon steel rebar was located vertically in the center of the cylinder. In this work, carbon
steel with 8mm diameter was used to study the corrosion behavior of steel rebar in seawater solution.
Table 4 indicates the chemical composition of used carbon steel.

Table 4. Chemical composition of used carbon steel (wt%)

0.21 0.55 1.52 0.03 0.024 Residual

The steel rebars were polished and cleaned through SiC papers. All rebars were deep into the
acetone solution and washed via DI water. Figure 1 shows a schematic diagram and detailed
dimensions for a reinforced concrete sample.
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Figure 1. Schematic diagram of the carbon steel reinforced concrete used as a working electrode in
electrochemical experiments

OCP were done by a high-input impedance voltmeter for the various systems. Polarization
resistance and EIS as nondestructive monitoring techniques were applied to study the corrosion
behavior of carbon steel rebars. A triple-electrode system was applied for the measurements which
contain the steel bar embedded in concrete as the working electrode, a platinum wire and a saturated
calomel electrode as an auxiliary and a reference electrode, respectively. The analysis was performed
after immersed to 3.5wt% NaCl solution as artificial seawater. The EIS assessments were done at a
frequency range from 0.01 Hz to 0.1 MHz after one month immersion time. The polarization analysis
was done from 350 mV at a scan rate of 1 mV/s. The surface morphologies of the steel rebars were
considered by scanning electron microscope (SEM, Zeiss Sigma 300 VP).

3. RESULTS AND DISCUSSION
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Figure 2. Compression strength of different specimens after four weeks of curing at room temperature
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Figure 3. Nyquist plots of carbon steel reinforced concrete exposed to 3.5wt% NaCl solution at a
frequency range from 0.01 Hz to 0.1MHz after one month immersion time

The compression strength results achieved for different specimens after four weeks of curing is
revealed in figure 2. As shown, the mixture containing 0.4% SAPs had superior compression strength
than the other specimens which was higher than the PC sample. The enhancement in compression
strength for SAP4 sample can be related to the use of FA as a micro-filler in improving concrete
structure. Furthermore, the FA as an activator is involved in the pozzolanic reaction which makes a
denser structure and accelerates the hydration procedure, enhancing the compression strength [15].
Moreover, the increasing concentration of SAPs enhances the compression strength of concrete which
can be an alternative technique to increase the durability of structure.

EIS method was used to assess the corrosion behavior of carbon steel rebar reinforced into the
concrete with different additives in 3.5wt% NaCl solution. Figure 3 shows the Nyquist diagrams
obtained by the EIS analysis. An equivalent circuit applied to fit the EIS result is indicated in Figure 4.
Where Rs is the resistance of solution. Rfand Csreveal the resistance and capacitance of coated
concrete, respectively. Rct and Cqi present the charge transfer resistance and double-layer capacitance of
carbon steel bar surface, respectively [16]. The obtained data are summarized in table5.

[
Rs [ [

Rf Rect

Figure 4. An equivalent circuit
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Table 5. Achieved electrochemical parameters of fitting the Nyquist diagrams with an equivalent

circuit
Mixture Rs () Ri(Q) | CuFem?) | Rt () | Ca(nF em™)
PC 47 5823 3.73 8650 5.21
FA 33 8749 2.68 12105 4.83
SAP1 54 11242 2.26 14860 4.17
SAP2 45 14873 1.97 18948 3.76
SAP4 58 20146 1.14 23597 2.75

These findings show that by the appropriate replacement of SAPs and FA in the PC, R
increases and Csreduces, which exhibits an enhancement in the stability for passive layer and corrosion
resistance of the carbon steel bar [17]. Because of the high surface area of FA, it can create a robust
adhesion to hydrated cement which helps to inhibit the better growth of Ca(OH). [18]. The admixtures
fill capillary pores and small cracks and finally shrink the cement structure which improves the
corrosion behavior of steel bars in a corrosive environment. Furthermore, comparing Ca and Cs, it was
observed that Cswas lower than Cq in all concrete samples which had confirmed that the creation of
passive and double layers in the interfaces has high capacitive behavior [19].
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Figure 5. Polarization curves of carbon steel reinforced concrete specimens with different content of
admixtures exposed to 3.5% NaCl solution after one month exposure timeat scan rate of 1
mV/s

The polarization curves of carbon steel reinforced concrete specimens exposed to 3.5wt% NacCl
solution for four weeks are shown in Figure 5 to assess the effect of SAPs content on corrosion
behavior of carbon steel bars. The values of corrosion potential and corrosion current density are
indicated in table 6 which are attained from the polarization plots in Figure 5. The concrete specimen
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without admixtures had the lowest corrosion potential than the other concrete samples. The steel
reinforced concrete specimen with 0.4% SAPs was at a passive state and had fewer tendencies to
corrosion. As revealed in figure 5, increasing SAPs content leads to a considerable increase in the
corrosion potential (Ecorr). Hence, the potential had moved to more positive value. Moreover, corrosion
current density (lcorr) shifted to the left side which revealed that there is less corrosion current on the
carbon steel rebar surface [20]. The corrosion level can be divided in four levels stated by the Durar-
Network Specification [21]. However, the lcor 0Of SAP4 sample in artificial seawater was lower
compared to the other samples (Table 6). Therefore, except the PC sample, all carbon steel rebars
stayed at the passive state during the electrochemical process which indicated their great corrosion
resistance of carbon steel rebars into 3.5wt% NaCl solution.

Table 6. Corrosion potential and corrosion current density of carbon steel rebars

0.121 -0.255

0.098 -0.209
0.074 -0.154
0.062 -0.127
0.054 -0.033

The SAPs concentration has direct effect on the permeability of concrete and lower
permeability causes the denser concrete structure [22]. Therefore, fewer corrosive ions were allowed to
come in the concrete structures. Thus, the lcorr can be less and Ecorr can be more positive. The corrosion
of carbon steel rebar in concrete samples with 0.4% SAPs was intensely reduced after four-week
exposure to the 3.5wt% NaCl media which had more corrosion resistance than the other concretes. It
can be related to the amount of SAPs which had a direct influence on the reinforced concrete
performance.

The OCP is a recognized technique to determine the corrosion resistance by the half-cell
potential method. Figure 6 shows the results of OCP values of the carbon steel rebar reinforced in
different concrete mixes exposed to the 3.5wt% NaCl solution for 4 weeks. In this process, the changes
in potential between a reference electrode and steel rebar reinforced into concrete is considered
consistent with ASTM C-876 [17, 23, 24]. Therefore, the potential values less than -0.350V are in the
high-risk region, the ones between -0.200V and -0.350V are in the intermediate corrosion-risk region
and the potential value more than -0.200V is in the low-risk region. As shown in Figure 6, the potential
values of mixtures shift to a more positive value of Ecorr with addition of FA and increase the volume
fraction of SAPs which indicate less corrosion probability. Moreover, the SAP4 mixture reveals the
most positive potential value among all SAP-reinforced fly ash concretes. The corrosion protection can
be attributed to significant influence on the concrete durability enhancement due to the change in pores
and reduction in calcium hydroxide [25]. Moreover, lower permeability and less penetration of
corrosive ions can lead to the postponing corrosion and more durability of concrete structures [26].
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Figure 6. OCP values of the carbon steel rebar reinforced in various concrete mixes containing FA
and different volume fractions of SAPs exposed to 3.5% NaCl at different immersion time

Figure 7 reveals the surface morphologies of the carbon steel rebar in PC without additional
materials, FA mix and SAP4 mixture exposed to 3.5wt% NaCl solution after 4 weeks. When FA is
added, the separation and irregularity of structures are observed. Fig. 7b exhibited that the sample with
15 wt% FA is more uniform and smooth than the PC mix which agrees with previous reports [27].
Figure 7c shows low pitting corrosion on the carbon steel surface. SAPs create the bridging effect
which can increase the flexural and tensile strength. Furthermore, the SAPs include C-S-H gels and
aggregates as binders can have the pore blocking effects leading to less permeability. Actually, by
reducing the internal conductivity of the pores, it shows less capillary porosity [28].

Figure 7. Surface morphologies of carbon steel in various concrete (a) PC mixture, (b) FA mixture and
(c) SAP4 mixture exposed to the 3.5wt% NaCl solution for 4 weeks.

4. CONCLUSIONS

The effect of FA and SAPs content into concrete structures on the corrosion behavior of carbon
steel rebar was investigated. SAPs were applied at various volumes. All the SAP-reinforced concrete
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samples contained 15wt% FA as a cement replacement. The electrochemical analysis was done by EIS
and polarization measurement assessments in 3.5wt% NaCl as artificial seawater. The EIS results fitted
by an appropriate equivalent electrical circuit revealed that the highest corrosion resistance was
achieved for the SAP mixture. Polarization analysis indicated that the SAP4 sample has the lowest
corrosion density, more positive corrosion potential with high corrosion protection. These
electrochemical results and water absorption show that the simultaneous addition of FA and SAPs
admixtures in concrete structures improves the concrete durability and corrosion resistance of carbon
steel rebar after being exposed to an aggressive environment by preventing the rebar surface from
reaching the corrosive ions. Surface morphologies of carbon steel rebar indicated lower pitting
corrosion on the SAP4 sample compared to the other samples which were in agreement with the
electrochemical results.
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