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A B S T R A C T   

In this study, a new method is proposed to determine chloride ion (Cl− ) concentration and steel rebar corrosion 
from hyperspectral spectroscopy. Three groups of mortar cubes with water-to-cement (w/c) ratios of 0.5, 0.6, and 
0.7 were subjected to rapid corrosion testing in 3.5 wt% NaCl solution to accelerate the transport of chloride 
ions. Embedded along the centerline of each mortar cube was a steel rebar that corroded when the Cl− accu-
mulation around it exceeded a critical/threshold concentration. Open circuit potential was measured to char-
acterize the corrosion possibility of steel rebar. Mortar surfaces were scanned with a hyperspectral camera in the 
infrared range (1000 nm − 2400 nm), and the reflectance intensity at 2258 nm wavelength was extracted to 
characterize Friedel’s salt. The possibility of steel corrosion was experimentally shown to increase with the 
characteristic reflectance intensity that in turn decreases linearly with the diffusion depth at a given corrosion 
state. For each type of mortar cubes with a constant w/c ratio, the characteristic reflectance intensity linearly 
increases with the Cl− content up to 0.8 wt%. Therefore, the corrosion status of steel rebar and Cl− concentration 
can be predicted based on the combined information from the reflectance intensity on the mortar surface and the 
relation between reflectance and total chloride content.   

1. Introduction 

Corrosion of steel rebar has long been viewed as the primary cause 
that leads to the degradation of reinforced concrete (RC) structures and 
induces durability problems especially on bridges [1]. In 2013, the 
annual direct cost induced by steel corrosion was estimated to be $13.6 
billion for highway bridges, and indirect cost due to traffic delay could 
be more than 10 times [2]. In the highly alkaline environment of con-
crete, a dense passive film is generated on the surface of rebar to prevent 
it from corrosion. However, the ingress of Cl− can gradually cause 
acidification in the vicinity of rebar and make the passive film unstable 
[3–4]. When the accumulated Cl− content reaches a critical threshold, 
the passive film will be destroyed and corrosion initiates on the rebar 
surface. In the literature, the critical threshold value mainly ranges from 
0.2% to 0.7% and can even go up to 2.5% by the weight of cement for the 
outdoor concrete [5]. Corrosion products physically occupy higher 
volume than steel, and their expansion causes cracks or even spalling in 
concrete covers [6–8]. Corrosion also reduces the cross-sectional area of 
steel rebar and thus bearing capacity of the structural component 

[9–10]. Therefore, it is imperative to rapidly identify potential corrosion 
regions in embedded steel rebar for in-time treatment before they lead to 
any structural deficiency. 

Chloride ion concentration in RC structures needs to be closely 
monitored to prevent the potential detrimental corrosion induced risks. 
There are widely used destructive ways to measure Cl− content in con-
crete, including pulverization and titration. To avoid destructive tests, 
several types of embeddable sensors have been developed to monitor Cl−

concentration. For example, an embeddable Ag/AgCl electrode was used 
to linearly relate the measured potential variation to Cl− concentration 
when it exceeded 62 ppm [11]. However, embedment of the electrode 
requires space inside the concrete and thus causes discontinuity in RC 
components. Additionally, this method to quantify Cl− concentration is 
highly affected by temperature, humidity, and alkalinity [12]. Similarly, 
a calcium-alginate sol–gel (a fluorescent patch) based spectrometer can 
be used to determine Cl− concentration from the intensity of reflective 
light as light absorbance is altered when Cl− is in contact with the 
fluorescent patch. Nevertheless, this sensor faces photodegradation and 
leaching-out issues in a high alkaline concrete environment [13]. A 
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capacitive technique was also applied to assess Cl− concentration by 
analyzing permittivity in presence of chlorides, and the complex 
permittivity change was quantitatively correlated with Cl− content at 
the frequency of 10 MHz. Unfavorably, other concrete ingredients such 
as aggregates will determinatively influence the capacitance, thus 
causing the drift of frequency [14–15]. 

Hyperspectral imaging has been introduced as a noninvasive tech-
nique to characterize the composition of materials in civil engineering 
[16]. Unlike ordinary RGB images that show objects in visible bands 
(VIs: 400–700 nm), hyperspectral images provide a continuous elec-
tromagnetic spectrum over wavelengths ranging from VIs to near 
infrared (NIR: 800–1200 nm) and far to short-wave infrared (SWIR: 
1200–2500 nm), which can be decomposed to a massive number of 
bands [17]. Hyperspectral imaging is a three-dimensional data cube as 
illustrated in Fig. 1. Given a pixel, hyperspectral imaging yields a 
continuous reflectance curve as a function of wavelength [18]. The 
shape of the reflectance curve at bands, known as spectral signature 
[19], is governed by the presence of different chemical stretch combi-
nations and thus enables the spectroscopic analysis of chemical com-
positions on the scanned surface. 

Spectroscopy technique has been used to detect Cl− content in RC 
structures. A laser induced breakdown spectroscopy was reported to 
create plasma radiation for elemental analysis on concrete surfaces 
when the Cl− concentration exceeds 0.2 wt% [20]. A small-scale NIR 
spectroscopy system - an integration of imagery Fourier spectroscopy 
was developed to scan concrete surfaces [21]. The results show that both 
Cl− concentration distribution and cracks on the concrete surface can be 
effectively detected. In the spectroscopic view, Cl− content in the con-
crete is described and confirmed to be highly correlated with the 
reflectance at 2258 nm wavelength in the SWIR region, which indicates 
the presence of Friedel’s salt [22–24]. As Cl− penetrates through con-
crete and accumulates around the surface of embedded rebar to a 
threshold value, corrosion happens on the steel surface. If the distribu-
tion of Cl− concentration across the concrete cover is obtained, chloride 
concentration on the steel rebar surface can be determined to evaluate 
the possibility of corrosion in steel rebar. 

In this study, electrical current was impressed in each mortar cube to 
accelerate Cl− penetration and steel corrosion. After corrosion states of 
steel rebar were determined from the measured open circuit potential 
(OCP), spectral curves of the selected points were extracted to indicate 
the chloride content gradient of mortar cubes along the depth. A rapid 
chloride test (RCT) was then conducted to determine the Cl− concen-
tration which was correlated with the reflectance intensity at 2258 nm 
wavelength corresponding to Friedel’s salt. This correlation can be 
applied to predict the Cl− concentration near a steel rebar and its 
corrosion state based on spectroscopic analysis. 

2. Method 

2.1. Sample preparation and experiment setup 

A total of 27 cubic specimens (76 mm × 76 mm × 76 mm) were cast 
and divided into three groups with nine specimens in each group with a 
w/c ratio of 0.5, 0.6, or 0.7. These w/c ratios, as shown in Table 1, 
correspond to three mortar mixture proportions by weight of 0.182/ 
0.364/1.0, 0.194/0.324/1.0, and 0.204/0.292/1.0 for water, Type I/II 
Portland cement, and Missouri river sand, respectively. The physical 
properties of Missouri river sand and the ordinary Portland cement are 
listed in Table 2 and Table 3, respectively. Embedded along the 
centerline of each cubic specimen is a steel rebar with a diameter of 12.7 
mm and a length of 110 mm. One end of the steel rebar was soldered to a 
copper wire. Both ends of the rebar were then covered with marine 
epoxy to avoid corrosion during tests. 

Fig. 2 illustrates the setup of a rapid diffusion test after 28 days of 
mortar curing. A PVC tube (Φ60mm) with a height of 40 mm was 
attached to the top surface of each cubic specimen and filled with 3.5 wt 
% NaCl solution. A stainless-steel rectangular plate (3 cm × 2.4 cm) was 
placed in the PVC tank and immersed in the NaCl solution. The bottom 
of the mortar specimen rested on a wet sponge and then a thin steel sheet 
to construct a circuit to propel the movement of chloride ions. Both the 
sponge and steel sheet were immersed in water. The steel sheet and the 
stainless-steel plate were respectively connected to the positive and 
negative poles of a power supply. A stable current of 3 mA was applied to 
accelerate the transport process of Cl− through the mortar and this 
process lasted 3 h per day [25]. 

2.2. Electrochemical measurement of steel rebar 

All samples were measured with open circuit potential (OCP) test to 
determine the corrosion state of steel rebar. Fig. 3 illustrates a standard 
test setup to determine the OCP at different stages with the steel rebar 
and a saturated calomel electrode (SCE, Gamry instrument, USA) as 
working and reference electrodes, respectively [26]. 

The electrodes were connected to a Potentiostat (Interface 1000, 
Gamry instrument, USA) during electrochemical experiments. Prior to 

Fig. 1. Illustration of hyperspectral data cube.  

Table 1 
Mixture composition of mortar samples by weight (kg/m3).  

Water/cement ratio 0.5 0.6 0.7 

Water 270 287 302 
Type I/II Portland cement 540 480 432 
Missouri river sand 1482 1482 1482  
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the test, samples were allowed a 3-hour break after the rapid chloride 
diffusion test for depolarization. When stabilized in 30 min, the OCP of 
each sample was taken. 

OCP denotes the resting potential measured between reference and 
working electrode to define whether the electrochemical system stabi-
lized. The potential of the metal is featured by the balance of the anodic 
and cathodic reactions. At OCP point, the net electron flow is zero [27]. 
As specified in [7], OCP, denoted as Eocp, can be used to predict the 

corrosion status of steel rebar as shown in Table 4. The OCP values are 
periodically measured until they reach − 126 mV/SCE, − 276 mV/SCE 
and − 400 mV/SCE, which represent three thresholds for rebar corrosion 
at different possibility states. 

2.3. Hyperspectral scanning of mortar cubes 

Fig. 4(a) displays the test setup for hyperspectral scanning of a 
sample with a co-aligned dual-sensor camera (Hyperspectral sensors, 
Headwall Photonics Inc, USA). This camera enables spectral measure-
ment over wavelengths ranging from 400 nm to 2400 nm. The camera 
was fixed on the rack and set at 1.2 m standoff distance from the sample 
to be scanned. To provide proper illumination on the sample, a Quartz 
Tungsten-Halogen (QTH) lamp was set at 0.5 m distance with an inci-
dent angle of 45◦ as indicated in Fig. 4(a). The camera was connected to 
a laptop with Hyperspec-III software for both the setup of camera pa-
rameters and the collection of scanning data. Samples were placed on a 
conveyor that can run at a speed of up to 1 m/s. In this study, the 
conveyor was operated at 0.05 m/s to avoid image distortion. The frame 
period and exposure time of the camera were adjusted properly to 
guarantee a 60% saturated light intensity detection. Before scanning 
samples, the camera was calibrated by collecting dark and white refer-
ences directly in the SpectralView software. The dark and white 

Table 2 
Properties of Missouri river sand.  

Properties Maximum particle size Gravity Fineness modulus 

Missouri river sand 4.75 mm 2.64 g/cm3  2.71  

Table 3 
Mass percentage of oxides in Type I/II Portland cement (%).  

SiO2 CaO Al2O3 Fe2O3 MgO SO3 Loss of ignition  

19.8  64.2  4.5  3.2  2.7  3.4  2.6  

Fig. 2. Chloride ion diffusion test setup.  

Fig. 3. Experimental setup for OCP measurement.  

Table 4 
Eocp versus the corresponding corrosion status.  

Eocp(Saturated Calomel electrode) > − 126 mV < − 276 mV <-400 mV 

Probability of corrosion 10% 90% severe  
Fig. 4. Demonstration of (a) hyperspectral scanning of a specimen, and (b) 
selected points for hyperspectral imaging and rapid Cl− testing. 
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references were used to normalize the reflectance of mortar specimens 
[28] as follows. 

Reflectance =
Raw − Dark

White − Dark
× White Reference Calibration (1) 

After the Eocp of steel rebar reached each of the OCP threshold levels 
as specified in Table 4, each sample was cut open vertically at the pre- 
determined section by an electrical saw without water in case that 
water may dissolve the chloride containing salts on the sectioned sur-
face. The pre-determined section was at approximately 2 mm away from 
the steel rebar for hyperspectral scanning. On each scanned face, three 
layers to cover various depths with three points of interest in each layer, 
as seen in Fig. 4(b), were investigated. The spectral curves at the three 
points in the same layer were averaged to obtain the representative 
spectral curve for the layer, which is more robust than an individual 
spectral curve. For each point of interest, it is derived from the inte-
gration of the 16 pixels (4 pixels × 4 pixels) in the vicinity. The spectral 
curve of each point was recorded using SpectralView software. 

2.4. Baseline and bias correction of spectral signature for spectroscopy 
analysis 

The reflectance spectra were collected for specific chemical analysis 
on the surface of mortar samples following the spectroscopy method. In 
addition to the chemical component, however, the reflectance changes 
with the spectral fluctuation of white and black references, the surface 
roughness and color variation of different mortar samples (or different 
measurements of the same sample due to corrosion over time), and 
illumination differences during testing of different samples. To eliminate 
the influence of the above factors, spectral curves collected from mortar 
samples are subjected to the baseline correction (likely caused by 
reference spectral fluctuation) for each curve and the bias correction 
(likely caused by mortar variation and illumination difference) between 
curves. 

Fig. 5 presents the averaged spectral curves at three points of layer 1 
under three corrosion scenarios. In general, the main composition of 
mortar paste does not yield spectral features between 1000 nm and 
1700 nm except at the valley around 1410 nm [29]. For example, Fig. 5 
indicates that the spectral curves are relatively flat from 1000 nm to 
1300 nm and the reflectance value at 1300 nm is close to that at 1700 
nm. Baseline correction for each spectral curve was thus conducted by 
removing a linear spectral drift between 1302 nm and 2400 nm, which is 
determined by the reflectance values near 1300 nm and 1700 nm as 
illustrated in Fig. 5(a). Specifically, the reflectance values on the solid 
curve in Fig. 5 (a) are 0.217 at 1302 nm and 0.224 at 1702 nm, having a 
subtle difference of 0.007 in reflectance. The linear spectral drift is 
expressed as 

σ = (w − 1702) ×
(0.224 − 0.217)
(1702 − 1302)

= 1.75 × 10− 5 × (w − 1702) (2) 

and then was subtracted from the solid spectral curve in Fig. 5(a). 
Here, w is the wavelength at a specific band. 

After baseline correction has been done for all spectral curves, bias 
correction is conducted by shifting the spectral curves upward or 
downward to make their reflectance values at 1302 nm equal. 1302 nm 
is selected because the main components of the cement paste do not 
yield reflectance features here [29]. For example, the solid spectral 
curve in Fig. 5(a) was used as a benchmark with a reflectance of 0.217 at 
1302 nm and the dashed and dotted curves with a reflectance of 0.195 
and 0.191, respectively, were shifted upward so that their reflectance at 
1302 nm is equal to 0.217. After the baseline and bias corrections, the 
reflectance values under three different corrosion scenarios in Fig. 5(b) 
are nearly overlapped in the region of 1000 nm to 1700 nm, which is 
referred to as nonactive bands as far as the specific chemical analysis in 
the range of 1700 nm to 2400 nm is concerned. Thus, spectroscopic 
comparison can be conducted regardless of different corrosion states or 

mortar groups. 
To represent the reflectance response of a certain chemical compo-

nent from the spectral curve, reflectance intensity (Ir) is introduced and 
defined as the difference between the reflectance (Iact) of an active band 
of the target component and that (I1302) of the nonactive band at 1302 
nm. The reflectance intensity can be expressed as 

Ir = Iact − I1302 (3) 

For instance, Friedel’s salt yields a reflectance peak at 2258 nm and 
thus the reflectance intensity of Friedel’s salt is Ir = I2258 – I1302 as shown 
in Fig. 5(b). 

2.5. Determination of Cl− concentration by the RCT method 

The Cl− in the vicinity of steel rebar surface is accumulated to a 
critical threshold value to break down the passive film formed on the 
steel surface, thus initiating corrosion. Measurement of Cl− content is 
carried out after steel rebar reached the corresponding corrosion status 
specified in Table 4. The commonly used method in measuring the 
chloride content is to extract the chloride ions with acid solution as 
specified in ASTM C1152 [30]. In the acid extraction method, all chlo-
ride ions in mortar powder, both water and acid soluble, are released 

Fig. 5. Spectral curves at layer 1 on a mortar sample (w/c = 0.5) under three 
corrosion states (a) before baseline and bias correction, and (b) after baseline 
and bias correction. 
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into the solution due to acidization. In this study, RCT kit (Rapid 
Chloride Test, Germann Instrument GI, USA), is adopted to measure the 
concentration of chloride ions. In practice, mortar powder was collected 
with a drill bit from the points in each layer as shown in Fig. 4(b). For 
each layer, the total amount of mortar powder from the three sampling 
points was 1.5 g. Mortar powder samples were then added to the RCT 
vials and shaken for 5 min to make them fully blended with acid solu-
tion. All RCT vials were remained for 24 h to allow the full release of the 
chloride ions into solution. The chloride concentration measurement 
was then carried out with the sensitive chloride ion electrode. The 
electrode chamber was firstly saturated with wetting agent and cali-
brated in advance by 0.005%, 0.020%, 0.050% and 0.500% chloride 
calibration liquids. Afterwards, the RCT electrode was immersed in the 
sample solutions to take the readings. The corresponding chloride con-
centration was obtained by interpolating the reading in the calibration 
curve which is usually a straight line [31]. 

3. Results and discussion 

3.1. Evolution of Eocp 

As specified, Eocp reflects the corrosion states of steel rebar with 
thresholds of − 126 mV/SCE, − 276 mV/SCE, and − 400 mV/SCE indi-
cating 10% and 90% probability of corrosion, and severe corrosion, 
respectively [6]. Fig. 6 shows the evolution of Eocp of the steel rebar 
embedded in three groups of mortar samples. Eocp kept above − 126 mV 
at the beginning as the passive film on the surface of steel rebar still 
provided protection against corrosion. Then, Eocp started to decrease 
moderately to − 276 mV, indicating a high possibility of the occurrence 
of rebar corrosion due to the chloride ions ingress. An abrupt decrease 
below − 400 mV was observed afterwards, so the protective passive film 
on rebar was damaged because of the accumulation of chloride ions and 
indicated the occurrence of corrosion. To achieve the same corrosion 
possibility on steel rebar, the mortar group with a lower w/c ratio (0.5) 
generally takes longer time than the other mortar groups (w/c = 0.6 or 
0.7) because of the denser mortar matrix to reduce the chloride ion 
transport rate [5]. 

3.2. Spectroscopic analysis of chemical compound on the sectioned 
mortar cube surface 

Fig. 7 displays a spectral curve of reflectance vs wavelength in NIR 
(1000 to 2400 nm) range for a region of interest on the scanned mortar 
surface. From the perspective of spectroscopic analysis, peaks and dips 

are attributed to the reflectance and absorbance of light by the specific 
molecular or chemical bond of atoms. As shown in Fig. 7, many calcium 
hydrates and chlorides related products yield features on the curve. 
Some feature may indicate more than one component such as H2O, Ca 
(OH)2, and ettringite at wavelength of 1410 nm. On the other hand, one 
component may have more than one feature such as Ca(OH)2 at wave-
length of 1385 nm, 1410 nm and 2360 nm. Table 5 lists the chemical 
compounds that can be detected with hyperspectral technology. For 
spectroscopic analysis, such features can be utilized to evaluate the 
presence of some substances, and the intensity at a wavelength is related 
to the corresponding concentration [22]. Friedel’s salt, the dominant 
chloride product, is featured at a small bump at 2258 nm [29]. In this 
study, the Friedel’s salt is employed to detect Cl− concentration and 
predict corrosion states of steel rebar afterwards. 

Fig. 8 summarizes the reflectance spectra in NIR (1000 to 2400 nm) 
range after baseline and bias correction at the selected points on the 
sectioned faces of representative samples with w/c ratios of 0.5, 0.6 and 
0.7. Each spectral curve is obtained by averaging the spectra values of 
three points at the same layer as illustrated in Fig. 4 (b). The spectrum 
remains flat between 1000 nm and 1400 nm as the compounds on the 
mortar sample surface do not yield special features in this region. 

Fig. 6. Evolution of Eocp for mortar samples of different w/c ratios.  

Fig. 7. A typical spectrum extracted from the mortar cut surface.  

Table 5 
The characteristic wavelengths for identifying mortar components.  

Component Wavelength 
(nm) 

Reference 

H2O 1135 [19] 
H2O 1380 [29,33,34] 
Monosulphate(M) 1385 [29] 
Friedel’s salt (F) 1385 [29] 
Ca(OH)2, OH− 1385 [29] 
H2O 1410 [32–34] 
Ca(OH)2 1410 [29] 
Ettringite (E) 1410 [29] 
CaSO4 1750 [32–33] 
Ettringite (E) 1760 [29] 
Gypsum (G), Hemihydrates (H) 1780 [32] 
H2O 1950 [29] 
Gypsum (G), Anhydrite (A), Hemihydrates 

(H) 
1950 [32] 

Si–OH 2173 [32] 
Ettringite (E), Gypsum (G) 2173 [32] 
Al-OH, OH− 2226 [32] 
Friedel’s salt (F) 2258 [19,29,33–34] 
Ca(OH)2 2360 [22] 
Ettringite (E) 2470 [35]  
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Followed in the range of 1400 nm to 1700 nm is a wide reflectance 
valley induced by the moisture and various hydrates. Remarkable dif-
ferences can be observed between 1700 nm and 2400 nm within a 
mortar group mainly owing to the abundance of the chemical com-
pounds such as water, Friedel’s salt (3CaO • Al2O3 • CaCl2 • 10H2O), 
ettringite (3CaO • Al2O3 • 3CaSO4 • 32H2O), and calcium hydroxide as 
indicated in Table 5. The variation between curves ascribes to the w/c 
ratios of mortar and duration of the chloride diffusion test as longer 
duration facilitates both physical change and chemical reaction in terms 
of chloride products and other related mortar compounds mentioned in 
Fig. 7. For spectroscopic comparison, the reflectance intensity (Ir) de-
creases from layer 1 (top surface) to layer 3 at the same corrosion state. 
IL3, IL2 and IL1 are in an ascending order in all three corrosion states as 
shown in Fig. 8(a). For steel rebar with higher possibility of corrosion, 
major mortar constituents yield a higher reflectance feature within the 
range from 1700 nm and 2400 nm. IL1, 10%, IL1, 90% and IL1, severe at 
layer1 are in an increasing order as illustrated in Fig. 8(b), which is 
applicable to cases of layer 2 and layer 3. It is also noted that higher 
reflectance intensity within 1700 nm and 2400 nm for mortar groups 
with lower w/c ratios. For instance, the IL1 at the same corrosion state 
decreases from 0.09 to 0.05 with an increase of w/c ratio from 0.5 to 0.7. 

3.3. Relation between corrosion status and reflectance intensity at 2258 
nm 

Fig. 8 demonstrates that the reflectance intensity has a positive 
correlation with the possibility of rebar corrosion occurrence which is 
characterized by Eoc. To illustrate the chloride content induces rebar 
corrosion, the small spike at wavelength 2258 nm, corresponding to 
Friedel’s salts, is used to reflect the concentration of chloride ions in the 
mortar [30]. Fig. 9 shows the reflectance intensity (Ir) at 2258 nm 
(Friedel’s salts featured) from layer 1 to layer 3 and its correlation with 
the corrosion probability of rebar embedded in three mortar groups. 
Triangle, round, and square shapes represent the specimens with w/c 
ratios of 0.5, 0.6, and 0.7, respectively. The shapes are filled with black, 
blue and red colors, representing the data measured from layer 1, layer 2 
to layer 3, respectively. Each data point in the figure represents the 
average value of three measure points in the same layer as shown in 
Fig. 4(b). 

As depicted in Fig. 9, the overall reflectance intensity has an 
increasing trend when w/c ratios decrease from 0.7 to 0.5. Considering 
Eocp, lower Eocp higher corrosion possibility) are correspondingly indi-
cated by higher reflectance intensity, Ir. For example, for the black dash 
line with triangle marks, reflectance intensity at layer1 increase from 
0.013 to 0.020 and to 0.041 when the Eocp decrease from − 126 mV to 
− 276 mV and to − 400 mV. Lower Eocp requires more accumulation of 

Fig. 8. Averaged reflectance spectra of three selected points after correction at each layer on the cross-section of representative samples with a w/c ratio of (a) 0.5, 
(b) 0.6, and (c) 0.7. 
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chloride ions to corrode the steel rebar, and thus higher concentration of 
Friedel’s salts yield larger reflectance intensity at 2258 nm. In addition, 
it can be seen that the reflectance intensity of three layers (black, blue 
and red) from mortar surface (layer 1) to rebar interface (layer 3) is 

strictly in a downward order regardless of the corrosion stages or w/c 
ratios of mortar. It is also observed that reflectance intensity at layer 3 
on section faces of mortar cubes with different w/c ratios also varies. 
The lower w/c ratio corresponds to a higher reflectance intensity. The Ir 
at 2258 nm near rebar (layer3) are 0.037, 0.030 and 0.021 respectively 
for mortar samples with w/c ratio of 0.5, 0.6 and 0.7 considering severe 
corrosion stage (Eocp < − 400 mV). 

The reflectance intensity has an indictive prediction of the possibility 
of rebar corrosion occurrence which is represented by Eocp. It can be 
observed from Fig. 9 that reflectance intensity in rebar vicinity ranging 
from 0.018 to 0.037 indicates there is a 90% or higher corrosion chance 
for steel rebar embedded in mortar samples with a w/c ratio of 0.5. 
Under the same corrosion probability circumstance, the reflectance in-
tensity is above 0.011 and 0.0098 for mortar samples with w/c of 0.6 
and 0.7, respectively. To predict the corrosion states of steel rebar from 
the reflectance intensity on the surface (layer1) of mortar sample, the 
reflectance intensity pattern from top (layer 1) to center (layer 3) is 
established as shown in Fig. 10. Ir at 2258 nm generally decreases lin-
early along the diffusion depth though the decrease rate varies between 
groups. According to the spectroscopy indication, there is a 90% possi-
bility that rebar corrodes in the mortar with w/c of 0.5 if the Ir at 2258 
nm on the top surface of mortar reaches 0.021, while this critical Ir drops 
to 0.015 and 0.011 for mortar cubes with a w/c ratio of 0.6 and 0.7, 
respectively. 

Fig. 9. The relations between reflectance intensity and Eocp for all three groups 
of mortar samples. 

Fig. 10. The reflectance intensity trend along diffusion depth at cases of 90% corrosion probability and severe corrosion for samples with (a) w/c = 0.5, (b) w/c =
0.6, and (c) w/c = 0.7. 
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3.4. Relation between reflectance intensity Ir and chloride ion 
concentration 

As the spectroscopic index can indirectly predict the chloride ion 
concentration and further demonstrate the possibility of rebar corrosion 
occurrence, the correspondence between Ir and actual chloride ion 
concentration on the sectioned faces for scenarios in Fig. 10 is estab-
lished. Table 6 lists the measured chloride ion concentration in mortar 
powder collected from the points in each layer as specified in Fig. 4(b) 
when the Eocp of the steel rebar is below − 276 mV and − 400 mV. As 
shown in Table 6, the measured chloride ion concentration drops from 
layer 1 (near the top surface) to layer 3 (near the steel rebar surface). For 
the same layer, the sample with a lower w/c ratio has higher Cl− con-
centration. This is because the sample with a smaller w/c ratio has a 
denser microstructure, and more chlorides ions are bounded in the 
matrix [31]. As a result, more chloride ions are needed to transport to 
the surface of the steel rebar to disrupt the passive film and induce steel 
corrosion. The chloride ion concentration threshold near the steel rebar 
surface in case of severe corrosion (Eocp < − 400mV) varies from 0.58 wt 
% to 0.14 wt% when the w/c ratio of mortar increases from 0.5 to 0.7. 
Likewise, the chloride threshold is 0.16 wt%, 0.040 wt% and 0.025 wt% 
for 90 percent possibility of corrosion (Eocp < − 276mV). 

Fig. 11 shows the measured total chloride ion content by weight of 
the cement versus the corresponding reflectance intensity at the same 
spots. Higher reflectance intensity corresponds to larger Cl− concen-
tration measured by the RCT. The reflectance intensity has a linear 
correlation with the total chloride content in all three groups of samples. 
The decreasing chloride concentration from the mortar surface to the 
vicinity of rebar proves the trace of chloride ions along the diffusion 
path. As the reflectance intensity is in linear relation with the chloride 
ion content along the penetration depth, with the known chloride con-
centration on the mortar surface, the corresponding chloride concen-
tration near the steel rebar can be estimated according to Fig. 11. As a 
result, it is likely to predict the chloride content and thus predict the 
corrosion status of the rebar through reflectance intensity near the top 
surface of mortar that is exposed to the chloride solution. 

4. Conclusions 

This study investigates the feasibility of predicting steel rebar 
corrosion and chloride concentration through analyzing the reflectance 
intensity at 2258 nm on mortar surfaces. Open circuit potential was 
obtained to indicate the corrosion status of steel rebar, and chloride 
content was measured with rapid chloride tests. By correlating the 
reflectance intensity with the corrosion status of steel rebar and the 
chloride ion content of mortar sample powder, the following conclusions 
can be drawn:  

1. The reflectance intensity at 2258 nm obtained from the spectroscopy 
analysis of mortar surfaces decreased with the mortar w/c ratio from 
0.5 to 0.7. At a constant w/c, the higher the reflectance intensity, the 
lower the Eocp.  

2. The reflectance intensity along the chloride ion diffusion depth is 
linearly declining from mortar surface to the vicinity of rebar. It 
linearly increased with the chloride ion concentration.  

3. The critical chloride concentration ranges from 0.16 wt% to 0.04 wt 
% and to 0.025 wt% to induce a 90% possibility of corrosion on steel 
rebar embedded in mortar cubes with w/c ratio of 0.5, 0.6 and 0.7, 
respectively. To predict the 90% possibility corrosion on rebar in 
mortar cubes, it is suggested that the reflectance intensity on the 
mortar top surface(layer1) surpasses 0.018, 0.011 and 0.0098 for the 
mortar cubes with w/c ratio of 0.5, 0.6 and 0.7, respectively. 

The experimental results clearly show that the corrosion status of 
steel rebar and Cl− concentration can be predicted from reflectance in-
tensity near the top surface of mortar samples. Drone-based hyper-
spectral scanning is thus a promising technique to rapidly monitor 
corrosion induced deterioration on bridge decks. Future work will be 
directed to measure the reflectance intensity of concrete and mortar 
samples with a wide range of binder types to enlarge the reflectance 
dataset and re-establish the relationship between hyperspectral reflec-
tance representing Friedel’s salt and OCP values as well as the relation 
between hyperspectral reflectance and total chloride contents of mortar. 
To apply this technique in field cases, the effects of natural environ-
mental factors such as carbonation on the hyperspectral reflectance 
acquired near the top surface of concrete/mortar will be tested as well 
for the accurate prediction of Cl− induced steel rebar corrosion. 

Table 6 
The measured chloride ion concentration of three groups of mortar samples in 
cases ofEocp < -276 mV/SCE andEocp < -400 mV/SCE (unit: wt.%).  

Eocp <-276 mV (90% corrosion) <-400 mV (severe corrosion) 

w/c ratio 0.5 0.6 0.7 0.5 0.6 0.7 

Layer1  0.33  0.19  0.085  0.81  0.60  0.19 
Layer2  0.22  0.10  0.050  0.69  0.41  0.17 
Layer3  0.16  0.040  0.025  0.58  0.34  0.14  

Fig. 11. Correlation between reflectance intensity and Cl− concentration for 
samples when (a)Eocp < -400 mV/SCE, (b)Eocp < -276 mV/SCE. 
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