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A B S T R A C T   

The focus of this work is to present test results on the bond of steel-mortar interface undergoing stray current. 
The bond strength, derived by pull-out tests, is correlated to the electrochemical response of the steel rebar and 
the properties of the mortar bulk matrix. The effects of curing regimes (in terms of duration of curing) and 
starting point of stray current are also investigated. It is found that stray current exerts bond degradation of the 
steel-mortar interface in all investigated cases, irrespective of the presence or absence of a corrodent (Cl− ) in the 
external medium. For the ease of operation in lab tests, the stray current is generally simulated by anodic po-
larization, although fundamentally, the stray current effect on the steel surface is composed of both anodic and 
cathodic polarizations. Hence this work also differentiates the effects of stray current on steel-mortar bond, 
versus the effects of anodic polarization.   

1. Introduction 

The bond strength of the steel-concrete interface is an important 
structural property for reinforced concrete structures. The stress transfer 
between the steel surface and the surrounding concrete via this bond 
“combines” the concrete and the reinforcement. The bond between 
ribbed bars and concrete is made up of three components: (1) chemical 
adhesion; (2) friction; and (3) mechanical interlocking between ribs of 
bars [1–3]. The bond behavior of steel-concrete/mortar interface, 
affected by steel corrosion, has been extensively studied in the past, 
where various studies report different aspects. Very few investigations, 
however, report on the influence of stray current on bond of steel- 
concrete/mortar interface. 

Electric currents flow along different paths, in the earth (e.g. through 
soil, rock) and through conductive materials (e.g. metallic objects). Part 
of these currents, flowing along paths not being elements of a purpose- 
built electric circuit, are called stray currents [4,5]. Stray current can 
originate from electrified traction systems, offshore structures, marine 
platforms, cathodic protection systems, etc. [6]. The most frequent stray 
current sources are electrified traction systems (rail transits), which are 
also main traffic tools with accelerating urbanization all over the world. 
Stray currents from these systems may easily flow into the nearby 
structures (underground reinforced concrete structures), making stray 
current-induced corrosion one of the most severe forms of damage of 
these structures. This is because the matrix (concrete cover and soil) 

surrounding the steel can offer a conductive path for the stray current. 
Additionally, stray currents can also affect the microstructural proper-
ties of the concrete matrix [7–12]. 

In terms of inducing corrosion, stray direct currents (DC) are known 
to be much more dangerous than stray alternating currents (AC) 
[13–15]. The DC traction powers for railway electrification system are 
used in a variety of countries: 3 kV DC in Belgium and Spain, 1.5 kV DC 
in Netherlands, 0.75 kV DC in Southern England, etc. In this research the 
experimental investigations focus on stray DC. 

The stray current (Is) inducing reinforcement corrosion in a rein-
forced concrete element is illustrated in Fig. 1. In this case, stray current 
originates from the positive terminal of a foreign DC electrical source, 
and flows to an alternative path (underground reinforced concrete 
element) through the soil and concrete cover (position ① in Fig. 1). At 
the point ② where the stray current enters the reinforcement, a cathodic 
area is generated, where a cathodic reaction occurs and corresponds to a 
relevant cathodic polarization (ψc in Fig. 1). In a concrete bulk matrix 
(environment of high pH), the cathodic reaction is predominantly oxy-
gen reduction, as shown in Fig. 1. The stray current would flow along the 
reinforcement between cathodic and anodic areas (③ in Fig. 1), where 
the ohmic drop (ψΩ in Fig. 1) would also be present. An anodic reaction 
(anodic polarization ψa, i.e., steel corrosion) will occur where the stray 
current flows out (is discharged) from the reinforcement (point ④). The 
current outflow would return to the negative terminal of the foreign DC 
source, “passing” through the concrete cover and soil (site ⑤), and 
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closing the electrical circuit. 
Once corrosion of reinforcement starts, corrosion products form, (re) 

precipitate and gradually increase in volume, hence, occupy a larger 
volume than the parent metal. The volume expansion of corrosion 
products may firstly induce higher radial pressure (normal stress) be-
tween the steel surface and the concrete (mortar) cover [16,17]. This 
leads to an initially higher bond strength and induces splitting stress on 
the concrete (mortar) cover. Once the splitting stress exceeds the con-
crete (mortar) tensile strength, the cracks appear gradually on the 
concrete (mortar) cover. The ultimate consequence of corrosion is the 
loss of bond between the steel and the surrounding concrete. 

In terms of simulating stray DC induced corrosion of metals, most 
references just supplied anodic polarization on samples: 
Ref. [9,10,18–32] applied anodic polarization for simulating stray cur-
rent effects, Ref. [33–36] applied stray current. Although stray current 
leads to the generation of anodic locations on a steel surface, meaning 
that the degradation itself is linked to anodic currents and oxidation, the 
influence of stray current is not just anodic polarization. As presented in 
Fig. 1 the stray current effect is composed of both anodic polarization 
and cathodic polarization on steel surface. So stray current and its effects 
are more complex than only anodic polarization. Hence this work also 
differentiates the effects of stray current on bond of steel-mortar inter-
face versus the effects of anodic polarization. 

This work presents test results on the bond strength of reinforced 
mortar undergoing stray current and anodic polarization, conditioned in 
Cl-free (in water) and Cl-containing (in 5% NaCl solution) medium. The 
bond behavior of the steel-mortar interface, derived by pull-out tests, is 
correlated to the electrochemical response of the reinforcing steel and 
the bulk matrix properties. The effect of stray current on bond strength is 
discussed versus the effect of anodic polarization. The effects of the 
curing regimes (in terms of duration of curing) and starting point of stray 
currents (e.g. stray current applied at 24 h or 28 days) are also consid-
ered, by testing both 24 h (24 h)-cured and 28 days (28 d)-cured spec-
imens of identical geometry and environmental conditions. It is found 
that stray current (level of 0.3 mA/cm2) exerts bond strength degrada-
tion in all cases, irrespective of the presence or absence of a corrodent 
(Cl− ) in the external medium. Anodic polarization leads to more pro-
nounced effects on the steel-mortar interface, compared to stray current, 
justifying that anodic polarization cannot be considered as stray current, 
and vice versa. 

2. Experimental 

2.1. Materials and specimen preparation 

Stray current and anodic polarization were applied on reinforced 
mortar prisms (of 40 × 40 × 160 mm3). The two cast-in Ti electrodes 
(MMO Ti mesh, 40 × 160 mm2) served as terminals for anodic polari-
zation and/or stray current application. The specimens were cast from 
Ordinary Portland Cement (OPC) - CEM I 42.5 N, and normed sand. The 
water-to-cement (W/C) ratio was 0.5; the cement-to-sand (C/S) ratio 
was 1:3. Construction steel (rebar) FeB500HKN (d = 6 mm), with an 
exposed length of 40 mm (with an exposed steel surface area of 7.54 

cm2) was centrally embedded in the mortar prisms. 
The level of stray current and anodic polarization were both set at 

0.3 mA/cm2, applied as an external DC electrical field. The current 
density was calculated according to the exposed steel surface area. This 
level of current density was chosen to account for a hypothetic 10% 
weight loss of steel rebar, as analytically calculated via Faraday's law, 
for a period of 28 days in the relevant experimental conditions. Based on 
this calculation the level of anodic polarization corresponding to 10% 
mass loss over 28 d is 0.1744 mA/cm2. Considering the fact that the 
supplied anodic current may be partially limited if any resistive com-
ponents in the circuit would arise within the mortar bulk, the final 
chosen current level was increased to 0.3 mA/cm2. The specimens' ge-
ometry and set-up for current supply were identical to those as used in 
Ref. [37], where alterations in the set-up relevant to this work were 
made to account for pull-out test (Fig. 2 and related text further below). 

Prior to casting, the steel rebars were cleaned electrochemically by 
cathodic current of 100 A/m2, where the steel rebar was the cathode, 
stainless steel was the anode. This process was performed in a solution of 
75 g NaOH, 25 g Na2SO4, 75 g Na2CO3 (reagent water to make 1000 
mL), according to ASTM G-1 [38]. The alignment of the bars was care-
fully fixed prior to the casting. The fabrication procedure of moulds and 
specimens is illustrated in Fig. 3. In order to produce non-contact areas 
between the bar and the mortar at each end of the specimen, the two 
ends of the bar were covered by a heat-shrinkable tube (blue parts in 
Fig. 2) and 60-mm-long bond breakers (i.e., PVC tubes, see Fig. 3). The 
heat-shrinkable tubes are aimed to avoid or minimise crevice corrosion 
and confine the effect of the experimental conditions to identical ge-
ometry and exposed steel surface. The de-bonding zones (bond breakers) 
were used to protect the reinforcement from the confining pressure of 
mortar at the supports, and to reduce the arching effects and end re-
straints [2,39] during the pull-out tests. The specimens were prepared 
with a relatively short embedded length (40 mm) of steel rebar, to 
achieve a relatively uniform bond stress distribution during the pull-out 
test [40,41]. 

2.2. Curing and conditioning 

Tables 1 and 2 summarize the relevant curing and conditioning re-
gimes, and specimens designation. After casting, all specimens were 
cured in a fog room (98% RH, 20 ◦C) for 24 h (24 h) or 28 days (28 d) 
until demoulding. Next, the specimens were lab-conditioned (lab air). 
The treatment of the specimens (after curing and demoulding) and the 
set-ups for current supply include 2 phases: 

Phase 1 - 2/3rd of the specimens' height immersion in water or 5% 
NaCl for 215 days for the 24 h group (243 days for the 28 d group). 

Phase 2 - Full immersion of the specimens in the same medium as 
Phase 1, but prolonged after 215 days onwards and until the end of the 
test of 490 days. 

2.3. Testing methods 

2.3.1. Electrochemical measurements 
Electrochemical tests, including Linear Polarization Resistance 

Fig. 1. Schematic of the stray current interference (Is) on reinforcement in concrete.  
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(LPR), Electrochemical Impedance Spectroscopy (EIS) and Potentio- 
Dynamic Polarization (PDP) were conducted at Open Circuit Potential 
(OCP) for all specimens at 490 days of age. Before 243 days, to monitor 
the evolution of electrochemical behavior of specimens in different 
conditions, LPR and EIS were performed at OCP in some intervals. For 
the 24 h-cured specimens, both LPR and EIS tests were performed at the 

age of 3, 7, 14, 28, 56, 141, and 215 days. For the 28 d-cured cases, LPR 
and EIS tests were conducted at the age of 28 (after 1d conditioning), 35 
(after 7 d conditioning), 42 (after 14 d conditioning), 56 (after 28 
d conditioning), 169 (after 141 d conditioning), and 243 (after 215 
d conditioning) days. In other words, the continuous/constant (at level 
of 0.3 mA/cm2) stray current supply and anodic polarization were 

Fig. 2. Experimental set-up for current supply and position of electrodes: (a) stray current; (b) anodic polarization.  

Fig. 3. Pictures of moulds and specimens fabrication.  
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interrupted at these ages. For specimens undergoing stray current or 
anodic polarization, a 24-hour de-polarization (potential decay) was 
performed prior to any further testing. The experimental protocol and 
the sequence of tests can be seen in [37]. The evolutions of LPR and EIS 
before 243 days were reported in [37]. Prior to and during the elec-
trochemical tests the specimens were immersed fully in the relevant 
aqueous medium. The two Ti electrodes (connected with each other) 
served as counter electrode in a general 3-electrode set-up, where the 
rebar was the working electrode and an external Saturated Calomel 
Electrode (SCE) served as a reference electrode. 

Linear Polarization Resistance (LPR) was performed in the range of 
±20 mV (vs OCP), at a scan rate of 0.1 mV/s. This method allows 
determination of polarization resistance (Rp). The Rp values are used for 
a quantitative assessment, through calculating corrosion current by 
employing the Stern-Geary equation, i.e., icorr = B/Rp [42]. The Rp value 
was experimentally derived, whereas for the constant B the reported 
values for passive (B = 52 mV/dec) or active (B = 26 mV/dec) were 
employed [43,44]. Since Rp is inversely proportional to the corrosion 
current, quantification of corrosion resistance can be performed by a 
comparative analysis of Rp values only, as used and discussed in this 

work. 
In order to account for a more accurate assessment of the bulk matrix 

characteristics, the EIS tests here were conducted in the maximum fre-
quency range that can be supported by the instrument, by super-
imposing an AC voltage of 10 mV (rms). In this work EIS was performed 
in the full frequency range of 1 MHz to 10 mHz, to offer information for 
both the property of the bulk matrix (high to middle frequency - HF to 
MF range of EIS) and the electrochemical response of the embedded steel 
(low frequency - LF range of EIS). 

In order to collect additional information of the electrochemical state 
of the steel surface, PDP was finally performed in the range of − 0.15 V to 
+0.90 V (vs OCP) at a scan rate of 0.5 mV/s. The properties of both bulk 
matrix and steel surface obtained by electrochemical measurements will 
be correlated to the bond behavior. The used equipment for electro-
chemical tests in this work was Metrohm Autolab (Potentiostat 
PGSTAT302N), combined with a FRA2 module. 

2.3.2. Pull-out test 
After the electrochemical tests, pull-out tests were performed on all 

specimens. The pull-out test set-up followed the specification of ASTM 
C-234-91a [45] and was performed with a stiff test frame (647 Hydraulic 
Wedge Grip, MTS Systems Corporation) at loading rate of 0.01 mm/s 
under displacement control. A steel frame connected to the testing 
machine was designed and fabricated, to accommodate the specimens 
on the top of a bearing plate. The test machine and setup for pull-out 
tests are illustrated in Fig. 4. 

The load-slip curve (relationship) was recorded. The applied load (F) 
was measured with the help of a force sensor, whose signal was fed to an 
automatic data acquisition system. The loaded-end slip was measured 
with the help of 2 LVDTs, output of which is an average value of these 2 
LVDTs. Bond stress (τ) was obtained according to: τ = F/πdl (d = 6 mm of 
diameter of rebar, l = 40 mm of exposed length of rebar, F = recorded 
pull-out force), i.e., the pull-out force was divided by the corresponding 
embedded area of steel to obtain the bond stress. 

3. Results and discussion 

3.1. OCP and Rp 

The OCP and Rp values recorded via LPR measurements at the con-
ditioning stage of 490 days are depicted in Fig. 5a for Cl-free specimens, 
and in Fig. 5b for Cl-containing cases. The impact of curing on the 
electrochemical properties of steel embedded in the mortar specimens, is 
evident from the recorded differences in OCP and Rp values between 
specimens designated 24 h and those with 28 d designation. For 
instance, as expected the R-28 d specimens show more noble OCP values 
(around − 240 mV vs SCE) and higher Rp (ca. 230 kΩ/cm2) than R-24 h 
(Fig. 5a), reflecting the higher corrosion resistance of R-28 d. This im-
plies the importance of sufficient curing on passive layer formation, for 
reinforcing steel embedded in mortar. Anodic polarization, also as ex-
pected, induces the formation of corrosion products on the steel surface 
(anodic polarization leads to steel dissolution). Hence, an enhanced 
corrosion state of the steel surface is relevant for specimens with 
designation “A”, compared to those in stray current conditions for both 
24 h-cured and 28 d-cured situations: the Rp of A-24 h/A-28 d are lower 
than those of S-24 h/S-28 d. This is especially the case for the 28 d-cured 
group, where a significantly lower Rp is recorded for specimen A-28 d if 
compared to specimens S-28 d (Fig. 5a). 

If a comparison is made between R-24 h (control, cured for 24 h) and 
S-24 h (cured for 24 h + stray current), a more active state is related to S- 
24 h (a more cathodic OCP and a lower Rp than R-24 h). However this is 
not observed for the 28 d-cured cases, where similar Rp values for S-28 
d and R-28 d are recorded at the age of 490d. This means that the stray 
current effect in sufficiently cured specimens is not as obvious as this 
would be in a non-mature matrix, as for instance in the case of the only 
24 h-cured cases (Fig. 5a). In Cl-free (conditioned in water) situation, 

Table 1 
Summary of curing and conditioning regimes for 24 h-cured specimensa.  

Age 
group 

0–1 d 1–215 d 215–490 d 

Curing Immersion (2/ 
3rd) 

Electrical field Immersion 
(full) 

Water 5% 
NaCl 

Stray 
Current 

Anodic 
Polarization 

Water 5% 
NaCl 

R-24 
h 

24 h ✓    ✓  

C-24 
h  

✓    ✓ 

S-24 h ✓  ✓  ✓  
CS- 

24 
h  

✓ ✓   ✓ 

A-24 
h 

✓   ✓ ✓  

CA- 
24 
h  

✓  ✓  ✓  

a R-24 h: reference; C-24 h: corroding (NaCl medium); S-24 h: stray current; 
CS-24 h: corroding (NaCl) + stray current; A-24 h: anodic polarization; CA-24 h: 
corroding (NaCl) + anodic polarization – after 24 h curing. 

Table 2 
Summary of curing and conditioning regimes for 28 d-cured specimensa.  

Age 
group 

0–28 d 28–243 d 243–490 d 

Curing Immersion (2/ 
3rd) 

Electrical field Immersion 
(full) 

Water 5% 
NaCl 

Stray 
current 

Anodic 
polarization 

Water 5% 
NaCl 

R-28 
d 

28 d ✓    ✓  

C-28 
d  

✓    ✓ 

S-28 d ✓  ✓  ✓  
CS-28 

d  
✓ ✓   ✓ 

A-28 
d 

✓   ✓ ✓  

CA- 
28 
d  

✓  ✓  ✓  

a R-28 d: reference; C-28 d: corroding (NaCl medium); S-28 d: stray current; 
CS-28 d: corroding (NaCl) + stray current; A-28 d: anodic polarization; CA-28 d: 
corroding (NaCl) + anodic polarization – after 28 d curing. 
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stray current flowing through the fresh (non-mature) bulk matrix, may 
lead to enhanced migration of water and ions. In this case the cement 
hydration and steel surface passivation can be enhanced [7,46,47]. 
However, this phenomenon is not evident for the condition of 

sufficiently cured bulk matrix, as the bulk matrix is already hardened 
when the stray current is supplied. 

At age of 490 days, the OCP and Rp values of A-24 h and A-28 are in 
the same range. This means that the electrochemical state of the steel 

Fig. 4. Pull-out measurement setup.  

Fig. 5. OCP and Rp values (derived from LPR) of specimens at 490 days. (a) Conditioned in water; (b) conditioned in 5% NaCl.  

Z. Chen et al.                                                                                                                                                                                                                                    



Cement and Concrete Research 150 (2021) 106591

6

surface in A-24 h and A-28 d specimens is similar at the end of condi-
tioning. However, macro-cracks are observed on the mortar cover of A- 
24 h, but such are not found for A-28 d. 

The OCP values for the Cl-containing specimens remain at very 
negative (cathodic) levels (see Fig. 5b, in the range between − 620 mV 
and − 760 mV, vs SCE). This, together with the recorded low Rp values, 
reflects the accelerated corrosion state of the steel rebar affected by Cl− . 
For the C-24 h and C-28 d, higher OCP and Rp are observed for C-28 d, 
showing the more active state of the former, C-24 h case, and the highest 
corrosion resistance among all “C” cases in the latter, C-28 d case. This 
indicates again the significance of sufficient curing/hydration of bulk 
matrix. 

For cases CS-24 h and CS-28 d (stray current + Cl− ), CS-24 h is more 
corrosion resistant compared to CS-28 d (more anodic OCP and higher 
Rp of CS-24 h, than CS-28 d). This is related to the application of stray 
current at very early age (24 h) for the group of specimens CS-24 h. At 
this very early age the stray current played roles in affecting both “fresh” 
bulk matrix and the steel surface. As previously reported, the stray 
current has positive effects on “fresh” bulk matrix because of accelerated 
hydration, induced by ion migration and water transport at early age. In 
contrast, ion and water transport due to migration are relatively 
impeded in CS-28 d specimens, where the stray current was supplied at 
the age of 28 days and, the mortar bulk was already hardened. In this 
case the positive effect of stray current on the bulk matrix is not sig-
nificant. This is because of the lower porosity and lower pore inter-
connectivity in CS-28 d, hence, impeded stray current flow. 

CA-24 h and CA-28 d (NaCl + anodic polarization) show a much 
more severe corrosion state than CS-24 h and CS-28 d (NaCl + stray 
current), which is well supported by the recorded significantly lower Rp 
values of CA-24 h and CA-28 d. In Cl-containing specimens, anodic 

polarization does not only dissolve the steel, but also accelerates Cl− ion 
migration towards the steel-mortar interface. 

The OCP and Rp values derived from LPR only provide global 
corrosion resistance, but cannot reflect the charge transfer processes, 
product layer properties and transformations, which are related to the 
steel surface characteristics and bond property. Hence, more detailed 
information of steel surface properties under different conditions will be 
further discussed based on the observations of PDP and EIS response in 
Sections 3.3 and 3.4, together with the correlation of electrochemical 
response and bond behavior, as derived from pull-out test. The pull-out 
test results will be shown and discussed in next Section 3.2. 

3.2. Pull-out test results 

Fig. 6 depicts the bond stress-slip relationships for all specimens. A 
comparison of the bond strength (as reflected by the peak of the pull-out 
curves in Fig. 6) for all specimens can be seen in Fig. 7. It can be noted 
that stray current leads to bond degradation of the steel-mortar inter-
face, regardless of the presence or absence of Cl− in the external envi-
ronment. The actual specimens after pull-out are shown in Figs. 8–12 

For the 24 h-cured Cl-free cases (Fig. 6a), the maximum bond 
strength (19.6 MPa) is observed for the control specimen (R-24 h). The 
sharp drop of bond stress after the peak occurs earlier for S-24 h, cor-
responding to a 9.1% reduction of bond strength for S-24 h, 17.8 MPa, 
compared to R-24 h. A remarkable decrease (60.6%) of bond strength 
(7.7 MPa) is found for A-24 h. The bond stress of A-24 h is abruptly lost 
by the split of mortar along the steel rebar. The induced longitudinal 
cracks can be seen in Fig. 9. 

As can be seen in Fig. 6b, the reduction of bond strength is observed 
for S-28 d compared to R-28 d (12.7% decrease, from 19.9 to 17.3 MPa). 

Fig. 6. Bond stress-slip relationship of: (a) 24 h-cured specimens treated in water; (b) 28 d-cured specimens treated in water; (c) 24 h-cured specimens treated in 5% 
NaCl; (d) 28 d-cured specimens (treated in 5% NaCl). 
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Similar to the 24 h-cured situation, a premature drop of bond stress 
occurs for S-28 d. For A-28 d, although a pronounced reduction in 
corrosion resistance is recorded (as shown in Fig. 5a, low Rp and 
cathodic OCP value of A-28 d), a bond loss for A-28 d specimen is not 
found. As shown in Fig. 10c, the failure mode of A-28 d is yielding/ 
rupture of the rebar. This means that the bond capacity of this steel- 
mortar interface is higher than the tensile strength of the rebar 
(higher than 20.8 MPa). The high bond strength is attributed to the in-
crease in normal stress at steel-mortar interface, caused by the formation 
and expansion of corrosion product at the steel-mortar interface. To be 
noted here is also the fact, that for a relatively mature matrix, as the case 
of A-28 d, the initial corrosion products confinement would be more 
significant if compared to A-24 h (presented in Fig. 7). For the 24 h- 
cured specimen A-24 h, a more open and porous matrix would deter-
mine formation, accumulation, dissolution and re-precipitation of 
corrosion products within the bulk matrix overall, rather than confine-
ment at the steel-mortar interface, as in A-28 d. For A-28 d a visible crack 
is not induced, although the expansion of corrosion product develops 
mechanical pressure on the surrounding mortar. In contrast, for A-24 h, 

macro-cracks are observed, together with a reduced bond strength. More 
details related to this will be discussed together with PDP and EIS, in the 
next sections. 

For the effects of Cl− induced corrosion on bond: compare C-24 h to 
R-24 h (C-28 d to R-28 d), a decreased bond strength is recorded for the 
Cl-containing specimens, as shown in Fig. 7. For CS-24 and CS-28 
d (stray current + Cl− specimens), a decrease of bond strength induced 
by stray current can again be observed in both 24 h and 28 d-cured 
situations, i.e., reduction of 15.5% (from 19.2 MPa to 16.2 MPa) for C- 
24 h and CS-24 h, 7.7% (from 18.6 MPa to 17.1 MPa) for C-28 d and CS- 
28 d. The most remarkable bond loss is related to the “Cl− + anodic 
polarization” cases. For CA-24 h, a rupture of the steel bar is observed, as 
shown in Fig. 11. This is because of the reduced cross-section of steel for 
CA-24 h. A significantly low bond strength (only 12.7 MPa) is recorded 
for CA-28 d. After pull-out, loss of cross-section of the steel rebar is 
observed on specimen CA-28 d, as shown in Fig. 12c. 

Fig. 7. Comparison of bond strength of all specimens.  

Fig. 8. Specimens after pull-out: (a) R-24 h; (b) S-24 h.  
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3.3. PDP 

3.3.1. PDP response of Cl-free specimens 
PDP curves of all specimens are presented in Fig. 13. For these Cl-free 

cases (Fig. 13a), the most noble corrosion potential (approx. − 220 mV) 
and lowest corrosion current are recorded for the specimen R-28 d (the 
control specimen cured for 28 d) - as expected and in line with the OCP 
and LPR results in Fig. 5a. In accordance with the much lower Rp values 
derived from LPR, high anodic current and cathodic corrosion potential 
(approx. − 550 mV) are recorded for A-24 h and A-28 d. 

It can also be noted that limitations within the anodic polarization 
are observed for A-28 d (although the anodic currents remain high if 
compared to those of specimens R-28 d and S-28 d, Fig. 13a). Addi-
tionally an anodic peak around − 210 mV (vs SCE) is observed for the 
case of A-28 d (with current density peak of 11.43 μA/cm2). This is 
related to the dissolution of iron oxide/hydroxide layer previously 
formed on the steel surface. 

Both of above observations mean that a relatively stable and compact 

product layer exist on the steel surface of A-28 d, and cause limitations 
to the dissolution process within anodic polarization. In an alkaline 
environment the main corrosion product of iron is Fe(OH)2 [48]. By 
anodic polarization of iron, Fe(III) may be formed directly on the elec-
trode surface as Fe2O3, as mixed iron oxide (including Fe3O4) or as 
FeOOH [49,50]. These corrosion products have higher volume than the 
original steel itself, and occupy a greater volume at the steel-mortar 
interface. Since the bulk matrix of A-28 d is sufficiently cured, hence a 
less porous matrix (with less water) is present at steel-mortar interface. 
This means that the corrosion product cannot easily penetrate into the 
surrounding bulk matrix, and a more confined product layer is at hand, 
which is also reflected by the anodic limitation of PDP response. In this 
situation the corrosion product growth, dissolution and (re)precipitation 
are restricted (the mortar cover is sufficiently cured and hardened, 
cracks are not induced for A-28 d at the end of conditioning). This 
further leads to the compacted product layer and limitations to a steel 
dissolution process. This supports the bond behavior derived from the 
pull-out test (Fig. 6b): the highest bond strength is recorded for A-28 d. 

Fig. 9. Specimen A-24 h: (a) before pull-out; (b) after pull-out.  

Fig. 10. Specimens after pull-out: (a) R-28 d; (b) S-28 d; (c) A-28 d.  
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For specimen A-24 h (Fig. 13a), anodic currents limitation after ca. 
− 210 mV are not pronounced (for A-24 h only 24 h curing was relevant, 
after which anodic polarization was applied). The anodic current of A- 
24 h is almost one order higher than that of A-28 d. The PDP response of 
A-24 h reflects a presumably unstable and porous corrosion product 
layer. This is attributed to the crack induced by the continuous product 
layer growth starting at very early age. For A-24 h, at early age the bulk 
matrix surrounding steel surface is porous (also with a higher water 
content, compared to A-28 d). In this situation the corrosion products 
disperse into the matrix more easily. In other words, the corrosion 
product layer is more porous and less homogeneous (i.e., compromised 
ITZ properties), compared to A-28 d. Additionally, the mortar cover was 
cured in fog room for only 24 h (i.e., not cured sufficiently, not fully 
hydrated), the strength of mortar is also lower than that of A-28 d. The 
consequence of this is crack propagation. Once macro-cracks are 
induced, the environmental condition in the vicinity of steel surface will 
be changed (H2O and oxygen penetrate to the vicinity of the steel surface 
via cracks). This will allow an ongoing process of corrosion product 
formation, (re)precipitation and transport towards voids and cracks in 
the bulk matrix. The ultimate consequence is the loss of steel-mortar 
bond (reduced bond strength of A-24 h is recorded in Fig. 6a). These 

properties and behavior can also be reflected by the EIS response, and 
will be further discussed in the next section. 

For the 24 h-cured control specimen (R-24 h), a more active state 
(compared to R-28 d specimen) is recorded (more cathodic potential and 
higher anodic current than R-28 d). The recorded corrosion current of S- 
24 h (cured for 24 h, followed by supply of stray current) is one order 
higher than that of specimen R-24 h, accompanied by a more cathodic 
potential (about − 520 mV). Different from R-24 h, anodic limitation is 
observed after the OCP for S-24 h. After this, the first current density 
peak of 5.16 μA/cm2 is observed at around − 210 mV (vs SCE), and the 
second current density peak of 10 μA/cm2 is observed at around 10 mV 
(vs SCE). These peaks are related to the dissolution of Fe2O3⋅nH2O and/ 
or a mixture of oxide and hydroxide [51,52]. 

These phenomena (the peaks and anodic limitation after corrosion 
potential) however are not significant for S-28 d, reflecting that in the 
case of S-24 h specimen, a product layer of different composition and/or 
distribution on the steel surface was formed. This is also in accordance 
with the pull-out result: the bond strength of S-24 h is higher than S-28 
d (Fig. 7), although higher anodic current density is recorded for S-24 h 
(see the PDP response in Fig. 13a). This recorded difference between S- 
24 h and S-28 d is again related to the curing regimes, and illustrates the 

Fig. 11. Specimens after pull-out: (a) C-24 h; (b) CS-24 h; (c) CA-24 h.  

Fig. 12. Specimens after pull-out: (a) C-28 d; (b) CS-28 d; (c) CA-28 d.  
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importance of the starting time of stray current supply: at very early age 
(24 h in present work), the stray current induced a more significant 
interference than the case of later age (after 28 days). 

3.3.2. PDP response of Cl-containing specimens 
As can be observed in Fig. 13b, a cathodic corrosion potential is 

evident for the Cl-containing specimens (more cathodic than − 600 mV). 
Additionally, the corrosion current densities for these specimens are 
significantly higher, compared to the cases treated in water. The most 
pronounced corroding state is related to specimens, subjected to both 
anodic polarization and Cl-containing medium (CA-24 h and CA-28 d). If 
a comparison is made between specimens C-24 h and CS-24 h, the 
pronounced effect of the stray current in group CS-24 h towards 
enhanced corrosion is not observed: the corrosion current density of CS- 
24 h is even lower than that of specimens C-24 h. This relatively higher 
corrosion resistance in specimen CS-24 h reflects the potentially positive 
effect of the stray current at very early age, because of enhanced cement 
hydration. This will result in a faster development of pore network, and 
lead to a more rapid stabilization of the pore solution and hydration 
products. 

Based on this, competitive mechanisms would be relevant for spec-
imen CS-24 h. On one hand, the stray current has positive effects on the 
bulk matrix properties at early age (in a fresh matrix). On the other hand 
stray current accelerates Cl− ion migration, and enhances steel corro-
sion, finally results in a corrosion products build-up on the steel surface. 
The recorded lower bond strength of CS-24 h (compared to C-24 h, 
where only Cl-induced corrosion plays a role) is in line with this. Again, 
the different electrochemical state of CS-24 h, compared to C-24 h, can 
be reflected by the EIS, and will be discussed later on in Section 3.4.3. 

In contrast to the above sketched different performance of C-24 h and 
CS-24 h, this difference is not obvious in the 28 d-cured specimens (C-28 
d and CS-28 d). It can be observed via PDP (Fig. 13b) that the steel 
surface of CS-28 d shows more corrosion than C-28 d. In other words, the 
stray current effect for 28 d-cured specimen leads to accelerated steel 
corrosion. For CS-24 h, at the age of 1–28 days, the stray current already 
played roles (positive and negative) in both affecting the “fresh” bulk 
matrix and the steel surface. For the 28 d-cured specimen CS-28 d, the 
stray current exerts mainly negative effects, predominantly affects the 
steel. 

According to the PDP responses, it is clear that anodic polarization (A 
or CA groups) leads to a more active status of the steel surface than stray 
current (S or CS groups), in all conditions investigated in the present 
work. The different effects of stray current and anodic polarization on 
bond of steel-mortar interface will be further discussed, together with 
EIS response in the next section. 

3.4. EIS 

3.4.1. General consideration for EIS fitting 
The EIS experimental results for all investigated specimens are 

shown in Figs. 14 and 15, in Nyquist formats. All impedance plots pre-
sent values in Ω, since the geometries of the cells and the steel surface 
are identical. The equivalent electrical circuit used for fitting the EIS 
response can be seen in Fig. 16a: R0 represents the electrolyte resistance; 
R1 is the resistance of the solid phase of mortar cover, the capacitance C1 
represents the dielectric capacitance of solid phase of mortar cover; C2 
and R2 are related to double layer effects and ionic motion in pore 
network; R3 and Q3 are related to the bulk matrix in the vicinity of steel- 
mortar interface; R4(Rp) and Q4 correspond to the charge/mass transfer 
processes, linked to the electrochemical reaction on the steel surface 
[53–55], i.e., the Rct and Rred/ox make up Rp. For deriving Rp from EIS 
measurements in reinforced concrete/mortar, the low frequency limit of 
the impedance spectra is generally considered for calculations, as re-
ported in Ref. [56–60] and used in the present study as well. The 
replacement of pure capacitance (C) with constant phase element (CPE 
or Q) in the equivalent circuits is widely accepted for systems as in this 
study, denoted to in-homogeneities at different levels, hereby being 
mainly relevant to the heterogeneity of hydration/corrosion products, 
that form on the steel surface in different conditions [58,61–64]. 

The EIS fitting process was performed by NOVA software package 
(Version 1.11). An example (EIS response of S-28 d at age of 490 days) 
for the experimental response and fit of the studied specimens in this 
work is presented in Fig. 16b in both Nyquist and Bode format. It can be 
seen that the proposed circuit - [R(CR[CR])(Q[R(QR)])], Fig. 16a, in-
volves elements with a clear physical meaning and gives generally good 
fitting results. The obtained parameters were considered mainly for 
comparative purposes (derived via identical electrical circuit, fitting 
procedure and error plots with a x2 in the order of 0.01), rather than as 
absolute values. 

Although a clear comparison of the bulk matrix properties, including 
the steel-mortar interface (HF response), and the electrochemical state 
of the steel reinforcement (LF response) is possible by only qualitative 
assessment of the EIS responses in Figs. 14 and 15, quantification of the 
cases of interest only is also presented and discussed in view of main 
parameters as bulk matrix resistance (Rbulk) and polarization resistance 
(Rp). The interest here is to clarify the different effects of stray current 
and anodic polarization, in perspective of bond strength of steel-mortar 
interface; and to correlate the bond behavior of steel-mortar interface 
with the electrochemical response of reinforced mortar specimens, 
affected by stray current and anodic polarization. Hence in order to 
illustrate the above points, the results from EIS fitting for groups S-24 h, 
A-24 h, S-28 d and A-28 d (cases only related to stray current and anodic 
polarization) are shown in Figs. 17 and 18 as EIS-derived parameters for 
mortar bulk properties (Rbulk) and steel corrosion resistance (Rp). 

As can be seen in Figs. 14 and 15, the HF domain (higher than 1 kHz) 

Fig. 13. Overlay of PDP curves for specimens at 490 days: (a) specimens in 
water; (b) specimens in 5% NaCl. 
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of all specimens depicts the semi-circle capacitive arcs, attributed to the 
properties of the mortar bulk matrix [65]. The first time constant (R1C1) 
is related to the properties of the mortar bulk matrix. The matrix resis-
tance Rbulk (R1) values of mortar cover are adopted as indicators for bulk 
matrix properties. The higher resistance of cement-based matrix Rbulk 
(R1) partly reflects a denser matrix, a lower permeability, and conse-
quently higher strength. The Cbulk of mortar/concrete solid phase is in 
the order of nF [66], and is normally detected in the high frequency 
range (i.e., approx. 50 kHz to MHz). 

3.4.2. EIS response of Cl-free specimens 
Evidently R-24 h and R-28 d have similar HF EIS response (Fig. 14), 

which is well in line with the almost identical bond strength of R-24 h 
and R-28 d (see Fig. 7). Additionally, the higher corrosion resistance of 
R-28 d compared to R-24 h is reflected by the LF EIS response, and 
completely in line with the higher Rp from LPR and lower anodic cur-
rents from PDP of R-28 d. The higher corrosion resistance of R-28 d leads 
to a higher bond strength, compared to R-24 h, as illustrated in Fig. 7. 

The bond strength at the interface between a steel bar and concrete 
(mortar) is affected by the corrosion of the steel bar. Corrosion products 
can alter the steel-mortar interface and influence the development of 
bond stresses. Research on bond degradation due to reinforcement 
corrosion has produced a variety of results. Although the results show 
remarkable scatter, they indicate that the bond strength decreases with 
the increase of steel corrosion [17]. 

This, however, is not always a straightforward scenario. For the EIS 
response of S-24 h and S-28 d, the lower corrosion resistance of S-24 h 

can be reflected by LF EIS response (lower Rp of S-24 h, as shown in 
Fig. 18). This is in accordance with the lower anodic current density of S- 
28 d recorded by PDP. However, a higher bond strength is recorded for 
S-24 h compared to S-28 d. This is attributed to the altered corrosion 
product layer (a product layer of different composition and/or distri-
bution) formed on steel surface of S-24 h, together with an obviously 
different microstructural property at the steel-mortar interface, where 
initially positive effects of the stray current on cement hydration could 
have been relevant. 

The stray current effect in S-24 h obviously leads to alterations of 
both product layer (on steel surface) and matrix. The significant accu-
mulation of a product layer in the case of S-24 h is reflected by the PDP 
response (the plateau region after Ecorr). Compared to S-28 d, an inter-
mediate (MF to LF) additional time constant is recorded for S-24 h (as 
marked in inlet of Fig. 14a, in the frequency range of 9.62–1.08 Hz). This 
is linked to the anodic peaks in the PDP of S-24 h, indicating again the 
altered steel-mortar interface in the sense of a well adhering product 
layer on the steel surface (evident from the several anodic current lim-
itations in the PDP response). A lower bulk matrix resistance at the stage 
of 490 days for S-24 h is reflected by the HF EIS, compared to S-28 d. 
This implies a more porous bulk and steel-mortar interface of S-24 h, 
facilitating corrosion products penetration into the bulk matrix, and 
possibly a more uniform distribution of corrosion products. The conse-
quences of all above are alterations towards a more uniform stress dis-
tribution in the system, including the steel-mortar interface and higher 
bond strength of S-24 h. 

For A-24 h and A-28 d, as already shown in the above sections, a 

Fig. 14. EIS responses in Nyquist format of specimens treated in water: (a) 24 h-cured; (b) 28 d-cured.  
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similar global corrosion resistance is recorded by LPR and PDP. How-
ever, a bond increase is recorded for A-28 d, while a bond reduction is 
recorded for A-24 h (Fig. 7). These different bond properties are related 
to the properties of the mortar matrix, the steel-mortar interface and the 
product layer. It is clear that the similar shape of the HF semicircle of EIS 
(a similar semi-circle capacitive arc for the HF time constant) is recorded 
for both A-24 h and A-28 d (Fig. 14), where 150 Ω higher Rbulk for A-28 
d is recorded (see Fig. 17), which is normal in view of the more mature 
A-28 d mortar matrix, compared to A-24 h. This again implies a less 
porous bulk matrix around the steel surface of A-28 d (compared to A-24 
h), and hence a good confinement of the interface (because the corrosion 
product cannot penetrate into mortar bulk easily). This leads to a higher 
interaction force between steel surface and mortar cover. The conse-
quence of this is the higher normal stress at steel-mortar interface [67]. 

This is in line with the anodic limitation of PDP response, as dis-
cussed in Section 3.3.1. This can also be reflected by EIS response: an 
intermediate MF to LF response (in the range of 35.53–2.02 Hz) is 
recorded for A-28 d. This, together with the two anodic peaks of PDP 
response of A-28 d, reflect the mixed charge transfer and diffusion 
processes, which is also indicated by the depressed semi-circular EIS 
response in the LF (see Fig. 14b). Diffusion accounts for mass transport 
within the product layer on the steel surface, i.e., it is a proof for a layer 
that limits anodic dissolution with external polarization, as actually 
recorded by PDP of A-28 d. 

However for A-24 h, the well expressed intermediate time constant is 
not recorded. On the contrary, an overlap of two constants into a second 
semi-circular response is observed, which is related to (although 

limited) charge transfer mainly, i.e., dissolution of corrosion product on 
the steel surface. This is well supported by anodic dissolution in PDP 
response (Fig. 13a). This is also in line with the lower Rp derived from 
EIS (compare with A-28 d), which implies the pronounced corroding 
status and a thick, porous and non-homogeneous corrosion product 
layer in A-24 h. The consequence of the above property, is the corre-
sponding reduction of bond strength for A-24 h. It can be summarized 
that a more porous and volume expanding hydroxide layer will form in 
conditions of “more water present” in the system (as in A-24). A more 
open bulk matrix would also result in conditions for corrosion products 
dissolution and precipitation. In contrast, for A-28 d, Fe oxides-based 
and/or Ca-substitutes are formed on steel surface (a less porous and 
volume expanding layer). This together with the mature matrix in A-28 
d leads to a confinement of the corrosion products, and maintains 
structural property at the steel-mortar interface over the duration of 
these tests. 

3.4.3. EIS response of Cl-containing specimens 
For EIS of specimens C-24 h and CS-24 h (Fig. 15a), a higher corro-

sion status is relevant for specimen C-24 h (LF EIS response of C-24 h 
denotes for a more active state of C-24 h, compared to CS-24 h). This 
conforms to previous results from PDP. This is due to the more signifi-
cant formation of non-protective and non-adherent corrosion product 
layer on the steel surface of C-24 h. This again indicates the possible 
positive effect of stray current on steel surface properties, at early age for 
CS-24 h, as also discussed. However, the bond strength of C-24 h is 
higher than that of CS-24 h, irrespective of the lower bulk matrix 

Fig. 15. EIS responses in Nyquist format of specimens treated in 5% NaCl: (a) 24 h-cured; (b) 28 d-cured.  
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resistance for C-24 h, compared to CS-24 h (Fig. 15a). 
Obviously, different properties of the bulk matrix at the steel-mortar 

interface are relevant for C-24 h, where an additional and very well 
pronounced time constant can be observed (in the range of 1.04 
kHz–2.02 Hz, as marked in Fig. 15a). This is in line with the PDP 
response of C-24 h, where a limitation after Ecorr is recorded (Fig. 13b). 
For C-24 h both EIS and PDP results indicate a larger contribution of a 
mass transfer control process on the steel surface (evident by the anodic 
current limitation immediately after Ecorr in the PDP response and the LF 
EIS response) and at the steel-mortar interface (evident by the HF EIS 
response). The limitations are linked to a thick and non-uniform, non- 

adhering product layer on the steel surface of C-24 h. In contrast, well 
pronounced additional time constant (HF in EIS response) and anodic 
limitation after Ecorr (of PDP) are not observed for CS-24 h. For CS-24 h, 
though the stray current at early age had positive effect on accelerating 
cement hydration, stray current also induces mortar softening by sub-
stantially increasing the solubility of the C-S-H and CH [1,68–75]. The 
result will be a coarser pore network structure at the steel-mortar 
interface, which consequently leads to a decrease of bond strength. 

Comparing C-28 d and CS-28 d (Fig. 15b), a lower bond strength is 
again recorded for the stray current case (CS-28 d). This is in line with 
the more corrosion resistance of C-28 d, compared to CS-28 d, which is 

Fig. 16. (a) Equivalent electrical circuit used for fitting, and the best-fit parameters derived on basis of the experimental EIS response of S-28 d at age of 490 days; (b) 
EIS experimental response (symbols) and fit (lines) of S-28 d at age of 490 days. 

Fig. 17. Rbulk values calculated from EIS.  
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also evidenced by both PDP and EIS. In this situation, the stray current 
adds-up to the “negative” effect of Cl− and enhances corrosion. It means 
that for hardened mortar/concrete in aggressive medium, stray current 
can only enhance damage, rather than exert possible positive effects. 
This again indicates the importance of the stray current start time (the 
moment of stray current start). 

For CA-24 h and CA-28 d specimens (Cl− + anodic polarization), a 
significant bond reduction is recorded. This is in line with the extreme 
corrosion status confirmed by electrochemical tests. Loss of steel cross- 
section because of severe corrosion is observed, which subsequently 
destroys the steel-mortar interface. The pull-out failure modes of CA-24 
h and CA-28 d are different: yielding/rupture of steel for CA-24 h, but a 
complete pull-out of the rebar for CA-28 d. On one hand, a more severe 
corroding state is observed for CA-28 d. On the other hand, the HF |Z| 
values of CA-24 h are higher than CA-28 d (see Fig. 15), indicating the 
denser mortar cover of CA-24 h. The consequence is that the bond 
strength of steel-mortar interface is higher than the tensile strength of 
the steel for CA-24 h. Thus the steel rebar is broken before the complete 
loss of bond. However, for CA-28 d the significantly reduced steel cross- 
section and lower strength of the mortar cover lead to the smooth pro-
cess of rebar pull-out. 

In summary, the correlation between the electrochemical response 
(corrosion state of the reinforcing steel and the bulk matrix properties) 
obtained by the electrochemical measurements (PDP and EIS), and bond 
properties of steel-mortar interface derived from pull-out tests, is found 
and established. Although limited range of stray current level is inves-
tigated in this research, both PDP and EIS provide valuable insights into 
the bond strength development and/or degradation of the steel-mortar/ 
concrete interface, as affected by stray current or anodic polarization. 

3.5. Summary of mechanisms for stray current inducing bond loss 

Regardless of whether there is corrodent in the external environment 
(with or without Cl− in the present work), anodic polarization leads to 
more pronounced effects on steel-mortar interface than stray current, in 
views of both bond behavior and electrochemical response. Though the 
stray current effect is moderate compared to anodic polarization, the 
pull-out results show that stray current (at level of 0.3 mA/cm2) still 
leads to bond degradation of the steel-mortar interface. 

First of all, according to the electrochemical tests, it is clear that the 
stray current induces steel corrosion (lower corrosion resistance) in all 
conditions investigated in the present work, compared to the control 
cases. The stray current induced-steel corrosion is one of the reasons for 
bond reduction of steel-mortar interface. The corrosion of steel is 

attributed to the anodic polarization induced by stray current (where 
stray current flows out from steel surface). 

Besides, as already discussed, it is reported that hydration products 
previously occupying the pore space, would dissolve due to electrical 
current flow. This will result in vacancies, and coarsening of the pore 
network [46,76]. The transport of sodium and potassium is faster than 
that for calcium ions [46,77]. In the stray current electrical field, the 
sodium (Na+) or potassium ions (K+) accumulate more easily, and 
displace the calcium ion (Ca2+), i.e., reacts with the calcium-silicate- 
hydrate (C-S-H) phase and Ca(OH)2 (CH) previously formed on steel 
surface. This initiates mortar dissolution by substantially increasing the 
solubility of the C-S-H and CH, and leads to bond loss of steel-mortar 
interface. 

Finally, according to the electrochemical tests, it can be noted that 
the corrosion state of S-24 h is more pronounced than S-28 d. This 
phenomenon has been aforementioned, i.e., the stray current effects on 
steel-mortar interface are curing dependent, and linked to the ion/water 
migration and pore structure development. However, if compared Cl- 
free cases (S-24 h and S-28 d) to CS-24 and CS-28 d (couple of stray 
current and Cl− ) cases, the corrosion status of S-24 h and S-28 d are 
much more moderate. The remarkable corrosion and bond loss were 
both recorded for CS-24 and CS-28 d. In other words, without corrodent 
in the external environment (with or without Cl− ), the stray current at 
this level (of 0.3 mA/cm2) didn't leads to significant corrosion. However 
in practical engineering, the DC traction railway tunnels and bridges 
usually encounter more complex environments or conditions. The wet- 
dry cycles, temperature or humidity variations, carbonization of con-
crete cover, other erosion factors, etc., may coexist with stray current. 
The possible coupled effects of these factors and stray current may lead 
to more severe corrosion/damages, which are worthy to be further 
investigated in future research. 

4. Conclusions 

The effects of stray current on the steel-mortar interface are clarified, 
in views of both electrochemical properties of steel and bond strength of 
steel-mortar interface. Correlating the electrochemical property and 
bond behavior, the following conclusions can be drawn:  

1. Stray current (at level of 0.3 mA/cm2) leads to bond degradation of 
the steel-mortar interface in all cases (specimens cured in fog room 
for 24 h or 28 d, then conditioned by supplying stray current or 
anodic polarization in water or 5% NaCl) investigated in this work. 

Fig. 18. Rp values calculated from EIS of selected specimens, at 490 days.  
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2. The correlation between the electrochemical response (corrosion 
state of the reinforcing steel), the bulk matrix properties (derived by 
EIS), and bond properties of steel-mortar interface (derived from 
pull-out tests), is established.  

3. Regardless of whether there is Cl− in the external environment, 
anodic polarization leads to more pronounced effects on the steel- 
mortar interface, compared to stray current. The anodic polariza-
tion produces more corrosion product, the subsequent corrosion 
product expansion leads to two extremes: the evidently increased 
bond strength because of more significant confinement at steel- 
mortar interface; and the significantly reduced bond strength due 
to the cracking or spalling of the cover. The two effects are bulk 
matrix properties-dependent. This again indicates the difference 
between stray current and anodic polarization, in view of affecting 
bond property of steel-mortar interface. 
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[58] V. Feliu, J.A. González, C. Andrade, S. Feliu, Equivalent circuit for modelling the 
steel-concrete interface. I. Experimental evidence and theoretical predictions, 
Corros. Sci. 40 (1998) 975–993. 

[59] C. Andrade, L. Soler, C. Alonso, X.R. Nóvoa, M. Keddam, The importance of 
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[66] C. Andrade, L. Soler, X.R. Nóvoa, Advances in electrochemical impedance 
measurements in reinforced concrete, Mater. Sci. Forum 192–194 (1995) 843–856. 

[67] A.A. Almusallam, A.S. Al-Gahtani, A.R. Aziz, Rasheeduzzafar, Effect of 
reinforcement corrosion on bond strength, Constr. Build. Mater., 10 (1996) 
123–129. 

[68] J. García, F. Almeraya, C. Barrios, C. Gaona, R. Núñez, I. López, M. Rodríguez, 
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