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Abstract 9 

Results of more than 5 years of in situ reinforcement corrosion monitoring are presented including continuous 10 
measurements of concrete resistivity, temperature, and open circuit corrosion potential measurements. Depth dependent 11 
resistivity and temperature measurements were obtained by means of multi-ring electrodes, while so-called instrumented 12 
rebars were used for location- and time-dependent open circuit corrosion potential measurements. The presented results 13 
highlight the complex interaction between mass transport, fracture, exposure, and electrochemistry and underline the 14 
importance of in situ measurements, which are imperative for model testing to enable accurate and reliable long-term 15 
performance predictions of reinforced concrete structures. 16 
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1 Introduction 20 

The durability, and in particular corrosion, of reinforced concrete structures remains a considerable so-21 
cietal challenge despite many years of practical experience and a large number of extensive research 22 
programs. Although many questions remain unanswered [1], the development of more advanced mod-23 
elling tools has contributed to an increased understanding of the underlying mechanisms and processes 24 
related to corrosion in reinforced concrete structures. Noteworthy in this context is the development of 25 
multi-physics and multi-scale modelling approaches combining e.g. mass transport, electrochemistry, 26 
and fracture mechanics, see e.g. [2–6]. While these models help to shed light on some of the governing 27 
mechanism for concrete durability, these tools require a large number of input parameters as well as 28 
extensive experimental data for model testing and validation. However, the majority of available data 29 
on reinforcement corrosion is based on short-term laboratory experiments, see e.g. [7–10]. While re-30 
sults of such laboratory studies are often only suitable for limited validation and testing of advanced 31 
modelling tools, such as mass transport of selected species [11–13], mechanical properties [14,15], etc., 32 
other important parameters affecting the durability of reinforced concrete as well as relations between 33 
governing mechanisms are often not captured. Realistic environmental boundary conditions, simultane-34 
ous deterioration mechanisms, etc. can only be studied on in situ specimens. However, this requires, 35 
apart from a long-term commitment, specimens with a large number of sensors to capture all relevant 36 
parameters and material properties needed for validation and calibration of advanced modelling tools. 37 
While there are a number of exposure sites, experimental investigations and studies have mainly fo-38 
cused on chloride ingress as the governing mechanism in connection to reinforcement corrosion, see 39 
e.g. [16–18]. Other parameters, such as temperature, electrolyte resistivity, open circuit corrosion po-40 
tential, etc., known to have a considerable influence on concrete deterioration and reinforcement corro-41 
sion in particular [19,20] are scarcely reported in the literature. Thus, in order to test, calibrate, and val-42 
idate recently developed advanced modelling tools for reinforced concrete deterioration, experimental 43 
data from in situ specimens are needed. 44 

This investigation reports the results of more than 5 years of in situ reinforcement corrosion monitor-45 
ing. To study deterioration processes (in particular reinforcement corrosion) in reinforced concrete, one 46 
test specimen was prepared and instrumented for continuous monitoring. The measurement campaign 47 
included thereby monitoring of concrete resistivity, temperature, and open circuit corrosion potential 48 
measurements. Depth dependent resistivity and temperature measurements were obtained by means of 49 
multi-ring electrodes, while so-called instrumented rebars [21] were used for location- and time-de-50 
pendent open circuit corrosion potential measurements. Before exposure of the specimen in the im-51 
mersed- and the splash zone of Rødbyhavn, Denmark, two bending cracks were introduced to facilitate 52 
initiation and propagation of reinforcement corrosion. Discussion of the results focuses on the relation 53 
between temperature and resistivity as well as various impacts on the open circuit potential in the con-54 
text of reinforcement corrosion. Among others, cycles of OCP were observed, i.e. indicating depas-55 



sivation and repassivation, with a duration of several years. This discontinuous state of corrosion un-56 
derlines the importance of continuous monitoring to understand the mechanisms of corrosion initiation 57 
and propagation and ultimately the service life of structures. 58 

2 Experimental  59 

2.1 Materials and specimen preparation 60 

For the experimental investigations, one instrumented reinforced concrete element was cast, see Figure 61 
1. Plain Portland cement (see Table 1) and a water-to-cement ratio of 0.40 were used; the mix design of 62 
the concrete is given in Table 2. As reinforcement five conventional rebars with 12 mm diameter and 63 
two instrumented rebars with 25 mm diameter (described in Section 2.3.3) were embedded vertically 64 
with a cover depth of 87.5 mm in the 1,000 × 2,000 × 200 mm3 (length × height × width) concrete ele-65 
ment  (see Figure 1; stirrups are not shown). The concrete was mixed using a concrete mixing plant 66 
with a 250 l capacity. Aggregates were first mixed dry for 30 seconds. Afterwards, cement was added 67 
and mixing continued for another 30 seconds. Subsequently, water was added over a period of 30 sec-68 
onds while mixing, followed by the addition of an air entraining agent and (with a 30 second delay) su-69 
perplasticizer. Mixing continued for 120 seconds after the addition of superplasticizer, i.e. a total of 70 
240 seconds. For the production of the concrete block, two batches of concrete were required. Homoge-71 
nization of the concrete batches was performed in a 500 l pan mixer. The concrete was subsequently 72 
discharged into a crane bucket, which was used for filling of the formwork. The concrete was cast from 73 
the top of the formwork (and the final element) with a maximum drop height of approximately 2.2 m. 74 
The concrete was cast in five subsequent layers and each layer was compacted individually by a small 75 
poker vibrator. After casting, the form was stored at laboratory conditions (i.e. 18 ± 2 °C) covered with 76 
plastic for 48 hours. Upon demoulding, the concrete element was cured sealed in plastic at laboratory 77 
conditions for additional 68 days. Subsequently, the specimen was cracked horizontally at two loca-78 
tions by means of three point bending: approximately 0.7 m and 1.7 m from the top (crack 1 and crack 79 
2, respectively see Figure 1). Three pairs of measuring points were glued along the anticipated crack 80 
path and the crack width was measured during and after the cracking with a DEMEC Mechanical Strain 81 
Gauge. Upon cracking, two recesses were cut at the edges of the concrete block and filled with fast 82 
hardening repair mortar to retain induced crack widths (see Table 3). The repair mortar was allowed to 83 
cure sealed for 24 hours before unloading. After cracking, the specimen was stored seven months on-84 
site, still sealed in plastic until exposure. 85 

Table 1: Oxide composition of cement, after [22]. 86 

 CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 P2O5 CO2 LOI Na2O 
Mass % 65.6 24.8 2.9 2.3 2.2 0.8 0.1 0.2 0.2 0.7 0.7 



 87 
Figure 1: Element geometry along with type and location of sensors, i.e. multi-ring electrodes (MRE), 88 

reference electrodes (RE), and instrumented rebars (IR). Position of mean water level is shown; see 89 
Section 0 for variations. All dimensions in [mm]. 90 

2.2 Exposure 91 

The specimen was exposed to sea water at an exposure site in the Rødbyhavn area in Denmark. The 92 
chloride content of the sea water is approximately 0.7% [23] and annual temperature variations of the 93 
sea water range typically from -1 to 20°C. The specimen was partly immersed in the seawater, with the 94 
upper 0.7 m above the mean water level, see Figure 1. While the regular tide is only 0.1 m, normal wa-95 
ter level variations are ±1.1 m and extreme variations are ±2.0 m [23], see Figure 2. 96 



 97 
Figure 2: Water level variation during monitoring period. 98 

Table 2: Composition of investigated concrete element. 99 

Constituent [kg/m3] 
Cement 368.5 
Water 143.3 

Sand (0-2 mm) 699.6 
Gravel (4-8 mm) 379.8 
Stones (8-16 mm) 267.5 
Stones (16-22 mm) 532.2 
Air entraining agent 1.7 

Superplasticizer 3.0 
Total 2395.7 

Free water 147.0 
w/c-ratio 0.4 

Air content 3.8% 

Table 3: Crack width in [mm] before and during exposure of specimen. 100 

 Crack 1 Crack 2 
 Point 1 Point 2 Point 3 Point 1 Point 2 Point 3 

Apr 2011 0.23 0.18 0.24 0.23 0.18 0.24 
Apr 2012 0.26 0.22 0.31 0.26 0.22 0.31 

2.3 Sensors and data acquisition 101 

The concrete element was instrumented with a number of sensors to monitor open circuit potential 102 
(OCP), resistivity, and temperature. So-called instrumented rebars and reference electrodes were used 103 
for time- and location dependent open circuit potential measurements, while multi-ring electrodes were 104 
used for depth- and time dependent temperature and resistivity measurements. An overview of the 105 



specimen geometry along with type and location of all sensors is provided in Figure 1. More detailed 106 
information on the individual sensors as well as the data acquisition is given in the following sections. 107 

2.3.1 Multi-ring electrodes (MRE) 108 

Combined temperature and resistivity measurement were undertaken by means of multi-ring electrodes 109 
(MRE). The MRE consists thereby of several stainless steel rings, which are kept at distance from each 110 
other by isolating plastic rings. Typically, the electrode is produced with nine stainless steel rings 111 
providing eight measurement points and a pt1000 temperature sensor. The total length of the MRE is 112 
thereby 50 mm with a diameter of 20 mm and a ring spacing of 5 mm, thus, providing 5 mm incre-113 
ments for depth measurements). Electrical connection of the rings is realized by cables that are running 114 
inside the electrode without disturbing the surrounding concrete. The remaining inside of the electrode 115 
is filled with epoxy. Between each pair of neighboring steel rings, the electrolyte resistance can be 116 
measured and a local resistance profile of the concrete can be created. Determination of the resistance 117 
is realized by impedance measurements at a measuring frequency of 108 Hz to avoid polarization ef-118 
fects at the electrodes. The measured resistance values can be converted to specific resistivity values 119 
through a sensor specific transfer factor, the so-called cell constant, which can be derived from experi-120 
mental tests in aqueous solution of known resistivity [24]. The measured resistivity provides further-121 
more the possibility to determine indirectly the moisture content of the concrete, since the resistivity is 122 
among others (highly) moisture dependent, see e.g. [19,25,26]. For a quantitative determination of the 123 
moisture content, the dependence of the resistivity on temperature, ion concentration, and concrete 124 
composition (in particular the cement type) has to be taken into account [27]. To account for these de-125 
pendencies, calibration curves can be used relating the resistivity to the moisture content. 126 

2.3.2 Reference electrodes (RE) 127 

For open circuit potential measurements of the individual pins of the instrumented rebar sections (see 128 
Section 2.3.3),  ERE 20 reference electrodes were used [28]. Four reference electrodes were placed in 129 
the vicinity of the instrumented sections of the 25 mm rebars, see Figure 1. The reference electrodes 130 
use a manganese dioxide electrode in steel housing with an alkaline, chloride-free gel and a porous ce-131 
ment plug at one end. The steel housing is made of a corrosion resistant material and the pH of the gel 132 
corresponds to that of pore water in normal concrete, reducing errors due to low diffusion of ions 133 
through the porous cement plug. The potential of each reference electrode was measured against a satu-134 
rated calomel electrode and provided by the producer. 135 

2.3.3 Instrumented rebars (IR) 136 

Two rebars with 25 mm diameter were embedded in the concrete block to allow for macrocell current 137 
as well as time- and location dependent open circuit corrosion potential (OCP) measurements. Each of 138 
the rebars contained two instrumented sections to enable the intended electrochemical measurements. 139 
An illustration of the design of the instrumented rebar section is given in Figure 3. The ability of the 140 
instrumented rebar sections to enable macrocell current as well as time- and location dependent OCP 141 
measurements in concrete, while having a comparable mechanical behavior as a conventional rebar, 142 



was presented in e.g. [6,21,29]. Each section of the instrumented rebar was thereby made from three 143 
parts of standard 25 mm diameter deformed rebar cut to size and connected by means of screw threads. 144 
To provide a 6 mm diameter void along the center of the instrumented rebar, the midsection was hol-145 
lowed. Hollowing of the instrumented rebar led to a reduction in bending stiffness (i.e. 0.3 %) and 146 
cross sectional area (i.e. 6 %) as well as an axial stiffness corresponding to a standard rebar with a 147 
24.74 mm nominal diameter [29]. Subsequently, seventeen holes (with a 3.5 mm diameter and a 15 mm 148 
spacing) were bored through the surface of the instrumented rebar section. Thereafter, a 3 mm steel pin 149 
was placed in each hole and a lead wire was soldered to each of the steel pins [29]. To ensure electrical 150 
disconnection between the rebar and individual steel pins, each of the pins was enclosed in glue-coated 151 
heat-shrink tube. Finally, to protect the rebar, individual steel pins, and wires, the hollowed mid-section 152 
was filled with epoxy resin. The two solid rebar sections were connected to the hollowed mid-section 153 
using threaded connections. [29] 154 

Open circuit corrosion potentials of all sensors along instrumented rebars IR 3 and IR 4 were measured 155 
against ERE 20 reference electrodes (see Section 2.3.2), which were placed in the vicinity of instru-156 
mented sections of the rebar. For macrocell current measurements, an electrical connection between the 157 
counter electrode and working electrode (individual sensors along instrumented rebars IR 1 and IR 2) 158 
were established over a zero-impedance-ammeter without introducing resistance to the system [29]. As 159 
counter electrode, a ruthenium/iridium mixed metal oxide activated titanium mesh (MMO) was used, 160 
which was placed in the vicinity of the instrumented rebar. Once the individual steel pins were con-161 
nected to the MMO, a macrocell current flow through the ammeters was allowed (without introducing 162 
resistance) and the mixed corrosion potential was attained [29]. Nevertheless, it should be noted that 163 
only the macrocell current between the dissimilar metals is measured in such a configuration and ac-164 
cordingly the micro- and macrocell corrosion activity on the preferential corroding metal surface is not 165 
reflected [29]. However, due to its simplicity and clear indication of corrosion initiation by a sharp rise 166 
in macrocell current upon depassivation, the technique is frequently used in the area of reinforcement 167 
corrosion [29], see e.g. [30,31]. 168 

 169 
Figure 3: Design of instrumented rebar section for time- and location dependent OCP and macrocell 170 

current measurements (Note: ribs are not shown in sketch), after [21]. 171 

2.3.4 Data acquisition 172 

The data logging system consisted of a personal computer (PC), a number of customized switchboards, 173 
3G cellular modem, nine-channel amplifier, and optical interface. Data from the instrumented rebars 174 



and multi-ring electrodes was stored on the PC, which was located at the exposure site. The 3G cellular 175 
modem allowed for remote access to the PC and file transfer of logged data. Customized switchboards 176 
were used for measurements of open circuit potentials and macrocell current for the instrumented re-177 
bars (see Section 2.3.3). Up to 16 channels, i.e. one channel per pin and per instrumented rebar section, 178 
were recorded with each switchboard and measurements were undertaken continuously against the ref-179 
erence electrodes (see Section 2.3.2) and ruthenium/iridium mixed metal oxide activated titanium 180 
mesh, respectively. However, data was only stored if at least one out of the 16 measurements per in-181 
strumented rebar section differed more than 10 mV (for open circuit potential) or 5 µA (for macrocell 182 
current) from the last stored value. The individual multi-ring electrodes (see Section 2.3.1) were con-183 
nected to a nine-channel amplifier and subsequently via an optical interface and standard USB cable 184 
connected to the PC. Measurements of temperature and resistivity with the multi-ring electrodes were 185 
undertaken on an hourly basis. 186 

3 Results 187 

Results of more than 6.5 years of in situ monitoring (June 2011 - January 2018) of a cracked concrete 188 
element exposed to varying environments in the harbor of Rødbyhavn, Denmark, are presented in the 189 
following. Results include crack distance- and time dependent open circuit corrosion potential meas-190 
urements by means of instrumented rebars and surface depth- and time dependent temperature and re-191 
sistivity measurements at various locations of the concrete element, see Table 4 and Figure 1. Instru-192 
mented rebars IR 1 and IR 2, designed for macrocell current measurements, failed to record any data 193 
during the exposure period and are not discussed in the following. MREs stopped recording data after 194 
approximately five years. 195 

Table 4: Overview of sensors, type of recorded data, and sensor location. 196 

Sensor name Data Location Comments 
MRE 1 

Resistivity  
and  

temperature 

Splash zone Failed after 6 months 
MRE 2 Submerged zone Stopped after 5 years 
MRE 3 Top of splash zone Stopped after 5 years 
MRE 4 Splash zone Stopped after 5 years 
MRE 5 Submerged zone Stopped after 5 years 

IR 1 / MMO 1 Corrosion  
current 

Splash zone Failed 
IR 2 / MMO 1 Submerged zone Failed 

IR 3 / RE 3 Open circuit  
potential 

Splash zone Still operating 
IR 4 / RE 4 Submerged zone Still operating 

3.1 Data processing 197 

Data was either recorded at a fixed interval, i.e. one hour in case of resistivity and temperature meas-198 
urements by means of multi-ring electrodes (MRE), or due to a relative change in open circuit potential 199 



for location-dependent measurements for instrumented rebars. Within the MRE data, single measure-200 
ments in form of a sudden increase in resistivity of around 200 – 400 Ωm were recorded randomly, see 201 
Figure 4. To eliminate these outliers and reduce noise in the recorded data, the raw data was initially 202 
processed. The procedure included filtering of outliers, erroneous data, and smoothing applying a 1-203 
dimensional median filter. In addition, a moving average filter was applied for better illustration of cor-204 
relations between recorded data. The data processing procedure is illustrated by means of an example 205 
for one depth measurement of MRE 1 in Figure 4. 206 

 207 
Figure 4: Example of data processing procedure for resistivity measurements from MRE 2 at a depth of 208 

6.25 mm (for location of sensor, see also Figure 1). 209 

3.2 Resistivity and temperature 210 

Results (after data processing, see Section 3.1) of depth- and time dependent resistivity and temperature 211 
measurements for various locations in the cracked concrete element are illustrated in Figure 5 and Fig-212 
ure 6, respectively. In general, the results indicate no significant difference in concrete resistivity for 213 
sensors located in the lower part of the splash zone and submerged zone, i.e. MRE 1, 2, 4, and 5. Con-214 
crete resistivity is varying between approximately 150 and 500 Ωm, whereas the maximum values are 215 
found in the outer 30 to 40 mm region of the specimen. For deeper depths, i.e. 40 to approximately 100 216 
mm, similar values for the concrete resistivity (between 150 and 250 Ωm) are observed independent of 217 
the sensor location in the specimen. Considerable higher values for the concrete resistivity, i.e. up to 218 
approximately 4000 Ωm, are only observed for sensor MRE 3 located at the top of the splash zone. 219 
However, these high values were only measured for the outer 30 to 40 mm region of the specimen, for 220 
depths above 40 mm similar resistivity values were observed as for the other MREs. 221 

Results for temperature measurements are illustrated in Figure 6. From the presented results, it can be 222 
seen that temperature profiles are comparable for all sensors locations in the concrete block, i.e. splash 223 
as well as submerged zone. Lowest temperature values are found during the winter with around 0 °C 224 
while highest temperatures are observed in the summer with around 20 to 25 °C. No significant temper-225 
ature gradient over the depth of the cracked concrete element is observed from the presented results.  226 



Seasonal variations are observed for both resistivity and temperature, variations in the measured con-227 
crete resistivity follow thereby seasonal trends in observed temperature; i.e. an increase in temperature 228 
is associated with a decrease in resistivity, while a decrease in temperature leads to an increase in resis-229 
tivity. 230 

  
a) MRE 1 b) MRE 2 

  
c) MRE 3 d) MRE 4 

 
e) MRE 5 



Figure 5: Concrete resistivity measurements along the specimen depth over a period of 5 years and for 231 
various locations, a) MRE 1, b) MRE 2, c) MRE 3, d) MRE 4, and e) MRE 5, (for location of sensor, 232 

see also Figure 1). Please note: part of sensor MRE 1 failed after approximately six months of exposure 233 
and no resistivity data was measured after that period. 234 

  
a) MRE 1 b) MRE 2 

  
c) MRE 3 d) MRE 4 

 
e) MRE 5 



Figure 6: Temperature measurements along the specimen depth (i.e. at 50 and 100 mm) over a period 235 
of 5 years and for various locations, a) MRE 1, b) MRE 2, c) MRE 3, d) MRE 4, and e) MRE 5, (for 236 

location of sensor, see also Figure 1). 237 

3.3 Open circuit corrosion potential (OCP) 238 

Contour plots illustrating results of all sensor locations along the instrumented rebars, i.e. IR 3 and 4, 239 
for the cracked concrete element are shown in Figure 7. Results are presented as a function of the expo-240 
sure time and location from the crack (in mm) as well as OCP (in mVSCE), which is indicated by a color 241 
scale. Results in terms of OCP measurements are thereby presented for a region between -120 mm and 242 
105 mm from the corresponding bending cracks.  243 

Initially, corrosion potentials around -200 to 0 mVSCE were measured for all sensors along instrumented 244 
rebar IR 3 and IR 4 (see Figure 7 a and b), respectively. With progressing exposure time, individual 245 
sensors located between - 15 mm and -120 mm from the bending crack showed a considerable decrease 246 
in OCP for instrumented rebar IR 3 located in the splash zone. Sensors located outside this region (i.e. 247 
in the region between 0 mm and 105 mm), showed no decrease in OCP throughout the exposure period 248 
indicating no change in corrosion state, i.e. the sensors remained in the passive state. For the instru-249 
mented rebar IR 4 located in the submerged zone, a decrease in OCP was observed for individual sen-250 
sor in a region between – 120 mm and 105 mm from the corresponding crack. For both instrumented 251 
rebars the drop resulted in OCPs around – 1000 mVSCE. The OCP measurements indicate thereby that 252 
with increasing distance from the crack, initiation of corrosion was delayed. Furthermore, presented 253 
results indicate that active corrosion stops after around 1½ years in October 2014 and OCPs for indi-254 
vidual sensors are in range of -200 to 0 mVSCE as measured at the beginning of exposure. However, a 255 
decrease in OCP is observed for individual sensors of instrumented rebars IR 3 and IR 4 again in July 256 
2016. This second period of active corrosion appears to last for only 3-4 months after which an increase 257 
in OCPs is observed to values similar as at the start of exposure, i.e. -200 to 0 mVSCE. Active corrosion 258 
is thereby observed within a limited area for IR 3, i.e. – 45 to – 60 mm from the crack, while the de-259 
crease in OCP for IR 4 is less pronounced. A third active period is observed from July 2018 to October 260 
2018. However, the potential drop is considerable smaller compared to the first and second active 261 
phase, i.e. around 200 mVSCE. Thereafter, OCPs for individual sensors are in range of -200 to 0 mVSCE 262 
as measured at the beginning of exposure. 263 



  
a) IR 3 b) IR 4 

Figure 7: Development of open circuit corrosion potential in [mVSCE] over time [month and year] for 264 
instrumented rebar 3 (IR 3) in the splash zone and instrumented rebar 4 (IR 4) in the submerged zone 265 

(for location of sensor, see also Figure 1). 266 

4 Discussion 267 

Results of more than 5 years of in situ monitoring covering open circuit corrosion potential (OCP) 268 
measurements by means of instrumented rebars as well as resistivity and temperature using multi ring 269 
electrodes are discussed in the following. Motivation for initiating such a campaign was rooted in the 270 
fact that experimental data from in situ specimens are needed in order to test, calibrate, and validate re-271 
cently developed advanced modelling tools for reinforced concrete deterioration, see e.g. [2–6]. How-272 
ever, it is acknowledged that neither destructive measurements, including e.g. chloride profiles, nor vis-273 
ual observations of corrosion and self-healing, crack morphology, concrete-steel interface properties 274 
(e.g. pores, bleeding zones, etc.), etc. are available at this point. Such investigations are planned once 275 
the current measurement campaign is finished including in-depth analysis for the premature failure of 276 
some sensors (see also Table 4). 277 

4.1 Temperature and resistivity profiles 278 

While no significant temperature gradients along the depth of the concrete element were observed, 279 
depth dependent resistivity profiles were measured (compare Figure 5 and Figure 6). Depth- and time 280 
dependent resistivity measurements indicated thereby similar values (between 150 and 250 Ωm) for 281 



concrete resistivity in the splash and submerged zone, for locations deeper than approximately 40 mm, 282 
see Figure 8. A considerable change in resistivity over the concrete depth was only observed for the 283 
sensor located in the top of the splash zone; see Figure 8 a) and for a depth of around 30 to 50 mm (in 284 
which the reinforcement usually is placed for most structures), which is in the same order of magnitude 285 
as e.g. reported in [32,33] for a wide range of concretes.  286 

Concrete resistivity is affected by a number of factors such as the pore structure, composition of pore 287 
solution, cementitious content, w/c ratio, moisture content, etc., see e.g. [34–36]. In addition, tempera-288 
ture is known to have a considerable effect on the concrete resistivity, see e.g. [37,38]. For constant 289 
moisture conditions, an increase in temperature is associated with a decrease in resistivity and vice 290 
versa. This behavior is generally observed for the sensors (see Figure 8), except for the outer region of 291 
the sensor located in the top of the splash zone (MRE 3). For this region, an increase in resistivity is 292 
observed for increasing temperatures. This counter intuitive observation, might be caused by other ef-293 
fects such as advective mass transport (e.g. drying and wetting) and possible microstructural changes as 294 
well as combinations of these. Due to the repeated behavior (see Figure 8 a), it is expected that advec-295 
tive mass transport in the top of the element is the governing phenomenon overruling the influence of 296 
temperature on the concrete resistivity of sensor MRE 3. 297 

 
a) MRE 3 

 



b) MRE 4 

 
c) MRE 5 

Figure 8: Comparison between resistivity and temperature for selected locations and exposure time, a) 298 
MRE 3 (top of splash zone), b) MRE 4 (splash zone), and c) MRE 5 (submerged zone), (for location of 299 

sensor, see also Figure 1). 300 

4.2 Open circuit corrosion potentials 301 

Comparisons of contour plots presented in Section 3.3 (see Figure 7), show similar open circuit corro-302 
sion potentials (OCPs) at the beginning of exposure for the two instrumented rebars located in the 303 
splash and submerged zone, respectively. Initially, OCPs of approximately -200 to 0 mVSCE were 304 
measured indicating a passive corrosion state of the reinforcement. Similar OCP values for passive re-305 
inforcement are reported in the literature in oxygen containing concrete, see e.g. [21,39].  306 

With progressing time, an either gradual decrease or sudden drop in OCP was observed for sensors 307 
along the instrumented rebar indicating active corrosion was thermodynamically favored. For the in-308 
strumented rebar located in the splash zone (IR 3), a sudden decrease in potential was observed for the 309 
majority of the sensors (see e.g. Figure 10), while for the instrumented rebar located in the submerged 310 
zone (IR 4) a gradual drop in OCP was mainly observed. OCPs for IR 3 and 4 decreased to values be-311 
tween approximately -1000 mVSCE and -500 mVSCE, which is in good agreement with values that have 312 
been reported in the literature for active corrosion, see e.g. [40,41]. OCP values indicating active corro-313 
sion were first observed around April 2013 after almost two years of exposure for both sensor loca-314 
tions. This observation is in strong contrast to many laboratory investigations that have reported an ex-315 
pedited corrosion initiation in cracked concrete, see e.g. [7,8,29,42–44]. The comparable long time to 316 
corrosion initiation may be related to initial self-healing [45], although the time from cracking to expo-317 
sure and in particular the moisture load during that period were limited. Additional reasons may be 318 
linked to the extent of concrete-steel interface damage, i.e. slip and separation, which may differ from 319 
other studies due to surface crack width and large cover depth in the concrete element [29]. 320 



In addition, cyclic behavior of OCP was observed indicating depassivation and repassivation of the 321 
pins. Active corrosion continued to a varying extent for a period of approximately one and a half years 322 
for both sensor locations. The cyclic behavior of the OCP observed in the cracked element may be 323 
owed to self-healing [45] (partly) restoring the concrete-steel interface damaged in the cracking process 324 
by slip and separation [46] followed by subsequent chloride ingress and repeated corrosion initiation.  325 

Although, there appears to be a connection between a decrease in resistivity and drop in OCP around 326 
July 2014, no general correlation between OCP and resistivity (and thus temperature), neither in the 327 
splash nor in the submerged zone was observed. Within the first active corrosion period (between April 328 
2013 and October 2014) and after, the concrete resistivity cycled through several minima and maxima 329 
without a significant change in OCP, see Figure 9. However, it should be noted that a recent literature 330 
review [47] revealed pronounced effects on the initiation of reinforcement corrosion for the moisture 331 
state (and thus resistivity). Hence, further research in corrosion of steel in concrete should focus also on 332 
the working mechanisms related to the moisture conditions in microscopic and macroscopic voids at 333 
the steel-concrete interface [47]. 334 

While similar OCP values indicating initiation of reinforcement corrosion were observed for sensors in 335 
the splash and submerged zones, the time to corrosion initiation and duration of corrosion varied for IR 336 
3 and IR 4. To determine the time to corrosion initiation for active sensors of IR 3 and 4 from the ex-337 
perimental data, the procedure outlined in [48] was adopted, in which active corrosion is assumed when 338 
the recorded potential is lower than a prescribed threshold. The concept is illustrated in Figure 10 a) for 339 
IR 3 located in the splash zone and OCP thresholds indicating 90 % probability (i.e. -477 mVSCE) and 340 
severe corrosion (i.e. -627 mVSCE) according to [48]. For the determination of the time to corrosion ini-341 
tiation of sensor pins the OCP threshold for 90 % corrosion was chosen. The “relative” time to corro-342 
sion initiation for the various sensors along the instrumented rebars is then calculated as the time differ-343 
ence between the first recorded corrosion initiation and subsequent locations of corrosion. Results of 344 
the analysis are presented in Figure 10 b), showing an increase in time to corrosion initiation with in-345 
creasing distance from the crack for active pins (please note exception for sensor located at -120 mm 346 
from crack). The highly nonlinear increase in time to corrosion initiation indicates that the process may 347 
be controlled by a combination of transport mechanisms (advection, diffusion) along the instrumented 348 
rebars. 349 



 
a) IR 3 and MRE 3 

 
b) IR 4 and MRE 5 

Figure 9: Comparison of open circuit corrosion potential (OCP) and concrete resistivity for selected lo-350 
cations and exposure time: a) IR 3 and MRE 3 in the splash zone and b) IR 4 and MRE 5 in the sub-351 

merged zone  (for location of sensor, see also Figure 1). 352 

 
a) 



 
b) 

Figure 10: a) Open circuit corrosion potential (OCP) values for IR 3 and indication of limits for 90 % 353 
probability and severe corrosion according to [48] and b) calculated relative time to initiation of rein-354 
forcement corrosion for selected pins of IR 3 and IR 4, (for location of sensor, see also Figure 1). The 355 

indicated time-to-corrosion-initiation along the instrumented rebars is relative to the first recorded time 356 
of corrosion initiation. 357 

5 Conclusions 358 

This paper reported results of more than 5 years of continuous in situ monitoring of a cracked concrete 359 
element exposed to splash and submerged conditions in Rødbyhavn, Denmark. The measurement cam-360 
paign included monitoring of concrete resistivity, temperature, and open circuit corrosion potential. 361 
The use of a custom-built instrumented rebars allowed for crack-distance dependent potential measure-362 
ments. From the presented depth-dependent resistivity and temperature measurements as well as loca-363 
tion- and time-dependent open circuit corrosion potential measurements it may be concluded that: 364 

• For nearly saturated moisture conditions, i.e. in the submerged zone, a strong correlation be-365 
tween resistivity and temperature was observed, while this correlation between temperature and 366 
resistivity was less pronounced in the splash zone.  367 

• Open circuit corrosion potential measurements indicating active corrosion were first observed 368 
after almost two years of exposure for both sensor locations, i.e. in the splash and submerged 369 
zone. This observation is in strong contrast to many laboratory investigations that have reported 370 
corrosion initiation in cracked concrete within days.  371 

• Cycles of OCP indicating depassivation and repassivation were observed with a duration of sev-372 
eral years. This discontinuous state of corrosion underlines the importance of continuous moni-373 
toring to understand the mechanisms of corrosion initiation and propagation and ultimately the 374 
service life of structures. 375 

• The interaction between mass transport, fracture, exposure, and electrochemistry is highly com-376 
plex and instrumented elements including a variety of sensors for measurement of such features 377 
are imperative for model testing to enable accurate and reliable long-term performance predic-378 
tions of reinforced concrete structures. 379 
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