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Abstract—This study investigates the impact of using 50% 
Ground Granulated Blast-Furnace Slag (GGBS) as a cement 
replacement on corrosion resistance and compares different 
measurement techniques for assessing corrosion. 
Electromigration method was employed to simulate chloride-
induced corrosion in RC samples with GGBS. The study used 
Electrochemical Impedance Spectroscopy (EIS), Linear 
Polarization Resistance (LPR), and Galvanostatic Pulse (GP) 
measurements to monitor corrosion current (Icorr) over time. 
Results show that LPR generally indicates higher and more 
variable Icorr values compared to GP, which tends to provide 
more stable readings. The size of the chloride solution 
reservoir also affects corrosion rates, with larger reservoirs 
leading to higher Icorr due to increased chloride availability. 
The findings emphasize the vital impact of measurement 
methods and experimental settings on assessing concrete 
reinforcement durability, underscoring the importance of 
comprehensive evaluation strategies to accurately 
characterize corrosion behaviour.  
 
Keywords—reservoir lengths, slag, electromigration, 
concrete solution resistance, corrosion current 
 

I. INTRODUCTION 

In temperate, and marine environments, steel 
reinforcement corrosion is a key factor in the deterioration 
of reinforced concrete (RC) structures. If not addressed, it 
leads to issues like reduced steel cross-section, weakened 
steel-concrete bonds, and a shortened service life for RC 
structures. Chloride-induced corrosion is the most 
common, though carbonation can also cause corrosion. 
Due to the slow progression of corrosion, collecting 
Valuable Data is challenging, and limited research on 
corrosion initiation and propagation further complicates 
understanding, as significant damage takes time to develop 
[1–3]. 

 
Manuscript received January 23, 2025; accepted March 1, 2025; 
published April 23, 2025.  

Research shows that using cement replacement 
materials like fly ash, silica fume, and blast-furnace slag 
can significantly reduce steel corrosion and improve 
concrete permeability [4, 5]. Silica fume, in particular, 
enhances durability, while fly ash and slag are commonly 
used in Korea, despite their high cost and low workability. 
Torii found that 50% Ground Granulated Blast-Furnace 
Slag (GGBS) concrete offers similar resistance to chloride 
penetration as 10% silica fume concrete [6]. 

Accelerated corrosion tests are widely used to simulate 
steel corrosion in RC structures, allowing for the 
assessment of damage like bond loss, cover cracking, and 
reduced stiffness [7–12]. These tests provide faster 
insights into the effects of corrosion, such as depassivation, 
compared to natural corrosion. Studies have explored 
factors like corrosion initiation, damage progression, and 
their effects on deformation, ductility, bond strength, and 
failure modes [13–16]. Current research seeks to shorten 
the corrosion initiation phase while closely replicating 
natural corrosion processes, with the aim of reducing 
overall damage. 

In this study, 50% of the cement in the concrete mix was 
replaced with blast-furnace slag. The length of the anode 
was adjusted based on the size of the solution reservoir, 
and chloride transport into the concrete was accelerated by 
electromigration. This method was developed based on 
previous research findings [17]. Typically, rebar corrosion 
begins after a few weeks or months. Corrosion propagation 
was monitored using Electrochemical Impedance 
Spectroscopy (EIS), Linear Polarization Resistance (LPR), 
and Galvanostatic Pulse (GP) measurements. 

II. EXPERIMENTAL DETAILS 

In April 2016, reinforced concrete samples using a 
binary mix with Slag (SL) were prepared with a water-to-
cement ratio of 0.41. The concrete mix details are provided 
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TABLE I. CONCRETE MIX DETAIL FOR SL SPECIMENS  

Mix 
Cementitious Content Cement Content 50% Slag Fine agg. Coarse agg. 

w/cm ratio 
(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) 

SL 390 195 195 782 1009 0.41 

 
After about a month of high humidity storage at FDOT-

SMO, the samples were transferred to FAU SeaTech 
around late May 2016. At FAU-SeaTech, the samples were 
kept in a high humidity chamber until the solution 
reservoirs were installed. The samples were then moved to 
a laboratory environment (65% RH and 21°C), where 
plastic reservoirs were attached to the top surface using 
marine adhesives. These reservoirs, installed 40 days post-
casting, were filled with a 10% NaCl solution (by weight) 
to control the corroding length by adjusting the reservoir 
size. Reservoir lengths ranged from 2.5 cm to 17.5 cm and 
were centered along the rebar length.  

Before filling the reservoirs, the samples were stored in 
high humidity environment for 3 to 7 days. Electrodes, 
matching the size of those embedded during casting, were 
placed inside the reservoirs. The specimens were placed in 
transparent plastic containers, partially submerged in a 
saturated calcium hydroxide solution with 1 cm of the 
concrete immersed, resting on a white acrylic mesh to 
minimize leaching from the concrete. 

III. ELECTROMIGRATION 

A potential difference between the top and bottom mesh 
was established using a power supply, creating an electric 
field that drove chlorides from the solution into the 
concrete towards the embedded rebar. The electrode in the 
NaCl solution reservoir was connected to the negative 
terminal, while the embedded mesh was connected to the 
positive terminal of the power supply. An acrylic mesh 
was used in the solution reservoir to prevent direct contact 
between the titanium mix metal oxide wire mesh and the 
concrete surface. The experimental setup for 
electromigration is illustrated in Fig. 1. 

Electromigration was performed on each specimen, 
initially with a 9 V applied potential. When measuring 
rebar potential against a Saturated Calomel Reference 
Electrode (SCE), a potential greater than +2V was 
observed while the electric field was active. After 7 days, 
the potential was reduced to 3 V. The current applied was 
calculated based on the voltage drop across a 100-ohm 
resistor over several days. Rebar potential was monitored 
in relation to the SCE during system disconnection. Even 
when disconnected, the rebars were polarized due to ionic 
current from the applied field. If corrosion had not started, 

the applied potential was reactivated after monitoring for 
up to two hours. The electromigration process continued 
until the rebar potential dropped to -0.150 Vsce or more 
negative, indicating potential corrosion initiation, as 
reported [17]. 

 
Fig. 1. Experimental setup used for electromigration.

 
TABLE II. SINGLE REBAR SAMPLES MADE WITH SLAG REPLACEMENT 

Sample 
Number 

Reservoir 
Length (cm) 

Migration 
Time 

Started 

Migration 
Ending 

Date 

Total 
Ampere 

Hour 
SL-1 17.5 07/29/16 09/05/16 1.701 
SL-2 17.5 07/29/16 01/04/17 1.47 
SL-3 17.5 07/26/16 08/15/16 3.162 
SL-4 2.5 07/26/16 01/10/17 3.66 
SL-5 2.5 07/26/16 01/04/17 3.701 
SL-6 5 07/26/16 01/04/17 4.016 
SL-7 5 07/26/16 01/04/17 2.482 
SL-8 5 07/26/16 01/04/17 2.351 
SL-9 10 07/26/16 01/04/17 4.282 
SL-10 10 07/26/16 01/04/17 2.369 
SL-11 10 07/26/16 12/09/16 3.438 

IV. ELECTROCHEMICAL MEASUREMENTS 

During the corrosion propagation phase, rebar potential 
was continuously monitored with a SCE. Concrete 
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in Table I, with further specifics in Appendix 2 of 
reference [18]. Rebar segments were cut to size, wire-
brushed, and cleaned with hexane to remove grease. Each 
rebar measured 30.5 cm × 12.7 cm × 7.6 cm, had a 0.47 
cm radius with #3 rebars, and was drilled and tapped to 
attach a stainless steel screw for electrical contact, 
allowing corrosion monitoring. Eleven rebar specimens 
were cast with a 0.75 cm concrete cover. 

During casting, stainless steel or titanium mixed metal 
oxide (TiMMO) mesh was embedded on the top side of 

each specimen, which later became the bottom surface. 
This mesh, ranging from 2.5 cm to 17.5 cm in length and 
about 3 cm wide, was positioned along the central portion 
of the rebar to accelerate chloride transport. The specimens 
were produced at the Florida Department of 
Transportation’s State Materials Office (FDOT- SMO) 
and were moved to the fog room for curing after the molds 
were removed. 

Table II provides the labeling details for each sample, 
including the sample name/ID, reservoir length, and the 
start and end dates of electromigration. It also includes a 
column showing the total calculated ampere-hours applied. 



solution resistance (Rs) and corrected polarization 
resistance (Rc) were assessed at least two days after 
disconnecting the system, with Rc calculated as the 
difference between apparent polarization resistance and 
solution resistance. Starting June 2016, EIS and LPR 
measurements were performed. EIS covered frequencies 
from 10 kHz to 1 Hz, with 54.51 Hz selected for Rs 
measurement. LPR tests ranged from 10 mV below to 1 
mV above the open circuit potential, and after six months, 
from the open circuit potential to 8 mV below it, with scan 
rates of either 0.1 mV/s or 0.05 mV/s. 

Rebar potential, EIS, and LPR measurements were 
taken monthly after the electromigration system was 
turned off for at least two days. Beginning May 2017, GP 
tests were introduced as an alternative method to 
determine Rs and Rc values. A 10 microampere pulse was 
applied for 200 seconds, initially measuring the open 
circuit potential before applying the pulse. Rs (GP) was 
determined from the initial potential with the pulse, while 
Rc (GP) was calculated from the potential difference after 
200 seconds. Rc values from LPR/EIS and GP tests were 
converted to Icorr using the Stern-Geary equation (Icorr = 
B/Rp), where Rp is the polarization resistance (referred as 
Rc) and B is the Stern-Geary coefficient. Based on 
previous research, a coefficient of 26 mV for active 
corroding steel was used in this study [19, 20]. 

V. RESULTS AND DISCUSSION 

The following section compares the evolution of Icorr 
obtained from LPR and GP measurements for different 
single rebar samples cast with SL over time. The Icorr 
plots are prepared from the values measured between June 
2016 to May 2019 from LPR method and between May 

2017 to October 2020 from GP method. In ease of 
comparison, specimens with similar reservoir size are 
compared together.  

Fig. 2 shows the time-dependent evolution of Icorr for 
single rebar SL samples (SL-1, SL-2, SL-3) with a 17.5 cm 
solution reservoir, measured using LPR and GP techniques. 
The Icorr plots from LPR readings reveal a fluctuating 
trend across samples, with SL-1 ranging from 24.6-84.2 
μA, SL-2 from 16.0-43.7 μA, and SL-3 from 20.5-44.5 μA. 
The SL-3 sample exhibited a sharp Icorr decrease after day 
860. For GP measurements, SL-1 and SL-2 also fluctuated 
slightly, with Icorr ranging from 16.1-26.6 μA (SL-1) and 
19.3-28.7 μA (SL-2). The SL-3 sample showed an initial 
drop to 6.9 μA on day 405, followed by slight fluctuations 
and a gradual decline between days 720 and 1160 before 
recent increases. Therefore, the Icorr values from LPR 
readings were generally higher than those from GP 
readings. 

Fig. 3 presents the time evolution of Icorr for single 
rebar SL samples (SL-4 and SL-5) under a 2.5 cm solution 
reservoir, as measured by LPR and GP methods. In the 
LPR plots, SL-4 shows a significant drop in Icorr around 
day 160, with values generally below 10 μA, fluctuating 
slightly over time and ranging from 0.6-47.5 μA. The SL-
5 sample displays a plateau trend between days 190 and 
390, with most Icorr values under 10 μA and an overall 
range of 0.5-36.2 μA. The GP measurements reveal minor 
fluctuations for SL-4, with Icorr between 4.2-12.6 μA. The 
SL-5 sample initially shows a rising Icorr trend, peaking at 
22.1 μA at day 450, followed by slight fluctuations until 
day 650 and a gradual decline thereafter. Notably, Icorr 
values from GP remained below 10 μA for both samples 
starting from day 820. 
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Fig. 2. Icorr with time obtained from LPR and GP methods on selected single rebars (SL samples) under 17.5 cm solution reservoir. 

 
Fig. 3. Icorr with time obtained from LPR and GP methods on selected single rebars (SL samples) under 2.5 cm solution reservoir. 



for SL single rebar samples, comparing LPR and GP 
measurements. The Icorr average and STD values were 
derived from measurements taken between June 2016 and 
May 2019 using the LPR method, and from May 2017 to 
October 2020 using the GP method. For samples with a 
17.5 cm reservoir length, LPR showed significantly higher 
Icorr averages (49.3 μA, 43.7 μA, 44.5 μA) and STD 
values (17.6 μA, 16.0 μA, 20.5 μA) than GP, which 
recorded lower averages (20.5 μA, 25.9 μA, 17.7 μA) and 
STD values (3.2 μA, 2.5 μA, 3.1 μA). Similarly, for 
samples with a 2.5 cm reservoir, LPR values remained 
higher than GP, except for SL-5, where GP averages were 
slightly higher, and for SL-4, where both methods yielded 
similar results. Generally, LPR tends to yield higher Icorr 
and greater variability than GP, as it is more sensitive to 
surface and distribution conditions. A larger reservoir size 
of 17.5 cm led to higher Icorr values compared to the 2.5 
cm reservoir, demonstrating that the length of the solution 
reservoir significantly affects corrosion current. The LPR 
measures the resistance of a corroding metal surface to 
small current fluctuations, offering real-time insights into 
corrosion activity. It typically produces higher Icorr values 
and greater variability because it is sensitive to localized 
corrosion effects and surface conditions. In contrast, GP 

applies a steady current and measures the resulting voltage 
change, making it less responsive to rapid changes in 
corrosion activity, which often leads to lower Icorr 
readings. The elevated Icorr values from LPR indicate its 
ability to capture more dynamic corrosion behaviour, 
especially in environments with higher electrolyte 
exposure, as seen with the larger reservoir size. The 
increase in Icorr from a 17.5 cm reservoir compared to a 
2.5 cm one highlights the significant impact of solution 
reservoir size on corrosion activity in reinforced concrete 
structures. 

 
TABLE III. ICORR AVERAGE AND STD VALUES OBTAINED FROM LPR 

AND GP READINGS FOR SL SINGLE REBAR SAMPLES 

Sample 
Number 

Reservoir 
length 
(cm) 

Icorr 
(average) 

from 
LPR (μA) 

Icorr 
(STD) 

from LPR 
(μA) 

Icorr 
(average) 
from GP 

(μA) 

Icorr 
(STD) 

from GP 
(μA) 

SL-1* 
17.5 

49.3 17.6 20.5 3.2 
SL-2* 43.7 16.0 25.9 2.5 
SL-3 44.5 20.5 17.7 3.1 
SL-4 

2.5 
6.9 9.7 6.5 2.1 

SL-5 5.3 6.3 7.3 3.4 
SL-6 

5 
10.8 8.2 7.4 1.2 

SL-7 18.2 22.0 10.4 3.7 
SL-8 12.9 10.9 14.3 4.8 
SL-9 

10 
27.3 17.5 10.6 2.3 

SL-10 28.0 17.9 13.2 3.7 
SL-11 36.1 24.4 13.8 5.4 

Note: (*) stands for those specimens that have been terminated  

 
Fig. 4.  Icorr vs. Rs plot for SL single rebar samples. 
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Table III summarizes the Icorr average and STD values 

Fig. 4 presents Icorr vs. Rs plots from GP readings for 
SL concrete mixes with single rebar samples. The left plot 
shows initial measurements (May–July 2017), while the 
right reflects recent data (September–October 2020). The 
rebars with a 2.5 cm reservoir size exhibited higher Rs 
values (initial and recent) than other reservoir sizes, with 
recent Icorr values exceeding initial ones. A broader range 
of Icorr values was noted for 5 cm reservoir samples 
compared to 10 cm, though some Icorr values for 5 cm 
samples were comparable to 10 cm, and 10 cm samples 
occasionally matched 17.5 cm samples. This suggests 
similar corroding areas, as corrosion currents were alike. 
While 17.5 cm reservoir samples had the smallest Rs 
values, their Icorr values were the highest. The initial and 
recent Icorr values demonstrated remarkable consistency 
across different reservoir sizes. The observed consistency 
closely aligns with patterns previously reported in the 
references [21–29].  

A detailed summary of Table 3 highlights the Icorr 
average and STD values for SL single rebar samples, with 

a comparison between LPR and GP measurement methods, 
as shown in Fig. 5. 

Several factors influence the variations in corrosion 
current and concrete resistivity values of SL samples 
measured using LPR and GP techniques. The differences 
stem from their operational principles: LPR continuously 
measures polarization resistance, displaying fluctuations 
in corrosion current, while GP captures a snapshot based 
on a current pulse response, usually resulting in more 
stable but lower values.  

In marine environments, incorporating slag as a partial 
substitute for Portland cement in reinforced concrete can 
greatly improve durability. Slag, a byproduct of steel 
manufacturing, is rich in reactive silica and calcium, which 
facilitates the formation of calcium silicate hydrates when 
mixed with water and calcium hydroxide. This reaction 
enhances the density of concrete and decreases its 
permeability, reducing the likelihood of chloride ion 
intrusion and subsequent corrosion of the steel 
reinforcements. 



VI. CONCLUSION 

This investigation into Icorr for SL single rebar samples 
reveals critical insights into the effects of measurement 
techniques and reservoir size on corrosion behaviour. 
While comparing LPR and GP methods, LPR generally 
yields higher and more variable Icorr values, capturing 
more pronounced fluctuations, while GP provides more 
stable readings. The reservoir size strongly impacts 
corrosion rates, with larger reservoirs (17.5 cm) showing 
higher Icorr values due to increased chloride availability 
and larger corroding areas, whereas smaller reservoirs (2.5 
cm) reflect reduced corrosion and higher concrete 
resistivity. 

In marine environments, using slag as a partial cement 
replacement improves concrete durability by creating a 
denser matrix that limits chloride penetration and lowers 
corrosion rates, as reflected in reduced Icorr values, 
especially in smaller reservoir sizes. Similar Icorr values 
across reservoir sizes suggest that corrosion rates depend 
on the effective corroding area, highlighting the need to 
consider measurement techniques and experimental 
conditions. The interplay between measurement methods, 
reservoir size, and time is crucial in understanding 
corrosion behaviour, emphasizing the need for robust 
evaluation strategies to assess concrete reinforcement 
durability. 
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