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ABSTRACT 
 

The corrosion performance of stainless steel clad reinforcing bar (SCR) was investigated. 
Corrosion potential of SCR in various alkaline media as a function of time was measured periodically 
and corrosion rates were estimated using Electrochemical Impedance Spectroscopy (EIS). At room 
temperature, SCR without cladding breaks was free of corrosion for up to one year in all the testing 
conditions: saturated Ca(OH)2 solutions (SCS, pH ~12.6), simulated pore solution (SPS, pH ~13.6), 
simulated carbonated concrete pore solution (CPS, pH <10) (each with 15 wt% chloride by the end of 
test), and concrete with chloride up to 8% chloride by weight of cement. SCR without cladding breaks 
also remained passive at 40 oC in SCS with 15% chloride and in concrete with 8% chloride. SCR with a 
1 mm hole corroded actively in SCS with 15% chloride. The results suggest that carbon steel exposed by 
the small hole was corroding actively at a high local rate. A model for SCR with a single cladding break 
at one cut-end in concrete was modeled using a finite differences approach. Calculations indicated that 
the resistivity of concrete and size of cladding breaks were critical parameters in establishing the rate of 
corrosion, and that corrosion of SCR with sub-millimeter breaks in high quality concrete would cause 
concrete cracking only after long service times.  
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INTRODUCTION 
 

Austenitic stainless steel (SS) rebars have shown very promising corrosion performance in 
chloride-contaminated concrete (1-6) but at a higher cost than conventional plain carbon steel (CS) rebar. 
Stainless steel clad rebar (SCR) (7) with a carbon steel core offers the potential for performance 
comparable to that of solid SS rebar but at a much lower cost. However, SCR is vulnerable to corrosion 
at cladding breaks that may result from local mechanical damage or unprotected cut ends. Upon chloride 
contamination of the surrounding concrete, an intense galvanic couple may develop between the 
exposed carbon steel and the surrounding, still passive, stainless steel. These conditions can be 
especially promoted in marine service (8,9). The resulting extent of corrosion is a function of the amount 
of the base steel exposed and the surrounding stainless steel, the polarization characteristics of both, and 
the properties of the surrounding concrete.  

 
This work examined these issues by characterizing the corrosion behavior of SCR in the sound 

condition (no cladding breaks), and with intentionally introduced breaks, in various simulated concrete 
pore solutions and concrete to which controlled amounts of chloride ions were introduced. The results 
were input to a simplified model to estimate the extent of corrosion that may result from the corrosion 
macrocell between a small spot of carbon steel exposed at a cladding break and the rest of a reinforced 
concrete cylinder.  

 
EXPERIMENTAL 

 
  Materials and Preparation  

 
The Stainless Steel Clad Rebar (SCR) stock investigated was No.5 (16 mm diameter), 

corrugated, with a typical 0.8 mm thick cladding of Type 316L SS, and manufactured using the 
Nuovinox Process (7). Specimens, 5 or 10 cm long, were cut out for evaluation. Electric contact was 
made through copper wires placed at one end which then was covered by specially designed mortar caps 
to prevent crevice corrosion, which is otherwise frequently observed at the junction with an epoxy cap. 
The other end was terminated by one of the following methods: A, a proprietary stainless steel cap; B, a 
welding overlay; C, another mortar cap.  

 
Methods A and B were to evaluate two proposed capping methods for SCR cut-ends in field 

construction. Method C was used to evaluate the behavior of the side surfaces without observing a 
crevice-corrosion effect. Figure 1 shows the configuration of specimens. The mortar caps were prepared 
using the following procedures: 

 
1. cover the exposed CS with a thin layer of two-component epoxy;  
2. then cast the cut-end in ordinary Portland cement mortar (w/c/sand: 0.5/1/2) forming a cap 
with a cover thickness of ~8 mm;  
3. after 1 day curing, demold the cap, and apply two layers of Pilgrim Plastic two-component 
epoxy coating to all the surfaces of the cap to minimize chloride penetration. 

 
  Test Conditions 

 
  1.  SCR without cladding breaks 
 

1.1. Test conditions in model solutions 
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SCR specimens were tested in saturated Ca(OH)2 solution (SCS, pH~12.6), simulated carbonated 
concrete pore solution (CPS, pH~9.7), and simulated concrete pore solution (SPS, pH~13.6). The 
composition of CPS was based on water chemistry calculation by considering an open aqueous 
carbonated system (10). Table 1 summarizes the composition and pH values of all the test solutions. 
 

With duplicate SCR specimens immersed in the testing solutions, chloride ions were added 
stepwise in the form of reagent grade NaCl. After each addition step the electrochemical condition of the 
steel was assessed as indicated below. If the steel was found to be passive, more chloride ions would be 
introduced to the solution. Additions continued until active behavior developed, or until the NaCl 
concentration reached 15 wt% (~5M) which is close to the solubility limit of NaCl. The open circuit 
potentials (OCP) of rebar samples were measured periodically using a Saturated Calomel Electrode 
(SCE) as reference electrode. To estimate corrosion rate, Electrochemical Impedance Spectroscopy 
(EIS) was performed after the Eoc had stabilized (at least 7 days), using an Activated Ti Rod (ATR) (11) 
as a temporary reference electrode and a high-density graphite rod as the counter electrode. The test 
frequency range was from 300 kHz to as low as 0.3 mHz. The equivalent circuit shown in Figure 2.a 
was used to fit the EIS spectra and obtain Rp, Rs, Yo and n. The values of Rp were used to calculate a 
nominal corrosion current density inom=B/Rp (12) (B=52 mV for passive specimens and 26 mV for active 
specimens). Test temperature was normally 22±2 oC. Additional experiments were conducted as well in 
SCS at 40±2 oC: To minimize temperature effect on the potential of SCE, a salt bridge was used between 
the SCE and the high temperature SCS.  

  
   1.2  Test conditions in concrete with chlorides 

 
7.5 x 12.5 x 12.5 cm concrete prisms with 5 or 8% chloride by weight of cement were cast in 

duplicate. The concrete mix design is a modification of Florida DOT Class IV concrete (13,14): cement 
(type I) 390 kg/m3, water 175.5 kg/m3 (w/c=0.45), Fine Aggregate 706.5 kg/m3, Coarse Aggregate 986.4 
kg/m3. Each concrete prism had two SCR bars: one Type B and one Type C, while an ATR electrode 
was placed in the middle as reference electrode and an activated Ti mesh was laid at the bottom as 
counter electrode. Figure 3.a shows the layout of a concrete specimen before casting. Normal test 
temperature was 22±2 oC. At this temperature and for the type of concrete used, the 8% composition 
corresponds to pore water nearly saturated with chloride ions.  
 

Similar to the model solution tests, OCP and EIS techniques were employed to examine 
corrosion behavior of SCR in concrete. To evaluate the effect of temperature on SCR corrosion behavior 
in concrete, the concrete specimens with 8% chloride were moved into a 40±1 oC 100% relative 
humidity chamber after 8 months’ exposure in normal laboratory conditions. 

 
  2. SCR with cladding breaks 

 
2.1 Test conditions in model solutions 
 
To study corrosion behavior of SCR with cladding breaks, a 1mm φ hole near the middle of the 

exposed side surface of the 5 cm long type C SCR specimen was made. The hole was drilled so that the 
full diameter of the bit just penetrated the entire cladding thickness, exposing a shallow conical CS 
surface at the exposed side surface. This rebar specimen was then immersed in SCS. After 7 days pre-
passivation, chloride was introduced in one step to reach a concentration of 15 wt%. OCP and EIS 
measurements were performed periodically. EIS spectra were interpreted using the circuit shown in 
Figure 2.b. Estimated Rp values were then used to calculate corrosion rates as described above. 
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Triplicate specimens were used. Additional tests with model solutions are in progress and will be 
reported later.  

 
2.2 Test conditions in concrete with chlorides 

 
Two 7.5 x 7.5 x 12.5 cm concrete prisms with 8% chloride by weight of cement were cast using 

the same concrete proportions indicated earlier. Each concrete prism had one 10 cm long type C 
specimen with a 1mm φ hole near the middle. The preparation of the holes was the same as that 
described in Sec. 2.1. As shown in Figure 3.b, one ATR electrode was placed next to the rebar to serve 
as reference electrode and an activated Ti mesh was placed at the bottom of concrete mold as counter 
electrode. Similar testing plan to that of Sec. 2.1 was employed to characterize these SCR specimens and 
the electric circuit shown in Figure 2.b was used to interpret EIS data.  

 
RESULTS AND DISCUSSION 

 
1. SCR without cladding breaks 

 
1.1 Solution test in model solutions 

 
Experiments were performed on duplicate specimens and showed similar behavior. Figure 4.a 

shows that the potentials (Eoc) of SCR with isolated ends increased with time in saturated Ca(OH)2 
solution (SCS) despite the addition of chloride ions nearly up to the solubility limit. By the end of the 
test the average Eoc was still about -80 mV. EIS results and the noble values of Eoc both suggested that 
the SCR specimen surfaces were passive throughout the testing period. Similar behavior was observed in 
simulated carbonated concrete pore solution (CPS) and simulated concrete pore solution (SPS) (shown 
in Figure 4.b). As observed in Figure 4, the Eoc values of SCR were higher when the pH of the testing 
solution was lower. For example, at day 260, the Eoc of SCR in CPS, SCS and SPS are 30, -90, -124 mV 
respectively. This observation may be attributed (at least in part) to the dependence of the redox O2/H2O 
system on pH. The pH values of the solutions noticeably decreased with the addition of chloride.  For 
example, when chloride concentration reached 15 wt%, the pH of CPS, SCS and SPS were 8.6, 12.1, 
13.1 respectively while the initial values were 9.7, 12.5 and 13.6. This behavior is likely at least in part 
the result of increased ion strength and consequently decrease in OH- activity (15). The pH range in these 
tests was nevertheless representative of typical pH values encountered in field concrete applications 
(16,17) suggesting that SCR in concrete also has very high corrosion resistance to chloride contamination 
and in agreement with the findings from the tests in concrete shown below.  

 
Figure 4 also shows that Eoc of SCR increased with time over a relatively long time period (~1 

year). Because of the time scale (Figure 5) the potential increase is not likely related to the addition of 
Cl-, but rather reflects increasingly mature passivity of the specimen surface.  

 
Figure 6 summarizes the Eoc of SCR with different termination methods as a function of time in 

SCS while chloride level was increased stepwise up to 15 wt%. Although initial Eoc values varied, they 
eventually reached similar values (~-80 mV) after the SCR specimens have been in SCS with 15 wt% 
chloride for more than 6 months. EIS results and the noble potential values both indicated that all the 
specimen surfaces were passive throughout the testing period.  

 
When the temperature of the testing solution was raised from room temperature (22±2 oC) to 

40±2 oC, as shown in Figure 7, the potentials of SCR in SCS were frequently higher than those at room 
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temperature. Nonetheless, as in the room temperature tests, SCR remained passive even when Cl- level 
reached 15 wt%.  
 

1.2 Concrete tests 
 

Figure 8 shows the Eoc of SCR with isolated ends or terminated with an SS cap in concrete with 
5 wt% (~19.5 kg/m3) chloride by weight of cement. Starting from relatively low potentials (<-200 mV), 
the potentials increased with time and gradually stabilized at values between -120 and -140 mV. The 
increase of Eoc and EIS results both indicated passivity throughout the testing period. 

 
Figure 9 shows that SCR specimens remained passive as well in concrete with 8 wt% Cl- (~31.2 

kg/m3) at room temperature. After ~280 days’ exposure, the specimens were moved into a 100% relative 
humidity chamber kept at 40 oC. After that transition all potentials dropped significantly and showed 
more scatter. However, EIS test results indicated passive behavior up to the last available data sampling. 
Testing continues.  

 
Figure 10 shows typical EIS diagrams of passive SCR in high chloride contents. For these 

conditions, a 0.3 mHz lowest test frequency was chosen to limit EIS test duration and retain sufficient 
system stability during the test. However, this frequency limit was often not low enough for spectral 
components with long characteristic times. The resulting high Rp estimate thus only served as a 
qualitative indicator of high passivity.  

 
The chloride levels used both in solutions and concrete corresponded to nearly chloride-saturated 

pore water, at the limit of the chloride bearing capacity of concrete. The specimens remained passive in 
these extremely corrosive environments for up to one year, which is a promising indication of 
performance for SS316L SCR without cladding breaks and with either welded or capped end 
terminations. However, continuation testing and analysis is important to ascertain whether this 
performance will be sustained over the much longer time frame of service in an actual structure.  

 
From a testing technique standpoint, the results also showed that the mortar cap termination 

method used here successfully prevented crevice corrosion over a rather long period (>1 year), a 
significant improvement over previous experiments using cast epoxy ends (18). 
 

2. SCR with cladding breaks 
 

2.1 Solution tests 
 
As shown in Figure 11, the Eoc values of SCR with a 1mm φ hole were between -200 and -100 

mV in chloride-free SCS, and dropped quickly to values lower than -500 mV upon the addition of 15 
wt% chloride. One of the three specimens showed some recovery after ~160 days. Nominal local 
corrosion rates (Figure 12) were calculated using values of Rp estimated from EIS data (exemplified 
later in Figure 17) per the equivalent circuit in Figure 2.b and the surface area of the drilled hole. By the 
end of the test values were ~10 µA/cm2 for the specimen that showed some recovery and between 100 
and 1000 µA/cm2 for the other two. The results suggest that some favorable plugging effect by corrosion 
product accumulation at the opening may be taking place.  

 
Preliminary evaluation of corrosion morphology is in progress. After ~280 days immersion, two 

of the three specimens were taken out and metallographically sectioned using a precision saw (9). As 
shown in Figure 13.a, before sectioning the corrosion products filled the drilled hole and stuck out 



 6

normal to the surface of the specimen even though it was placed vertically. Figure 13.b shows that in 
these specimens the corrosion of exposed CS propagated in a roughly hemispherical shape with some 
preferential corrosion at the CS/SS interface. Corrosion in the hemispherical region had penetrated 
~1mm in average, and the estimated volume loss of CS was 0.0021 cm3 (or a mass of ~0.016 g), which 
corresponds to an average corrosion rate of ~240 µA/cm2 in reasonable agreement with the EIS 
estimates. Metallographic examination of additional specimens exposed to model solutions was initiated. 
Indications of further damage progression at the CS/SS interface of some of the specimens are being 
currently assessed.  

   
2.2 Concrete tests 
 

As shown in Figure 14 and 15, only one of the two specimens showed clear signs of active 
corrosion development during the test period (and even then with some indications of later recovery), 
despite the very high chloride content of the concrete. As shown in Figure 16, the value of the concrete 
resistance for the anode, Rh, decreased during the most active period, as expected from the 
corresponding localization of current. The recovery after activation might be attributed to plugging by 
corrosion products. Testing continues to assess behavior over a longer time frame.  

 
Figure 17 shows typical EIS spectra of SCR in concrete (interpreted using the equivalent circuit 

in Figure 2b). An example of EIS results in SCS is shown for comparison.  
 

MODELING 
 

The SCR lateral surface, or SCR terminated by a SS cap or a welding overlay showed high 
corrosion resistance in the tests to date. However, as expected, CS exposed at cladding breaks corroded 
actively in chloride-contaminated media. This corrosion problem could be even more serious in field 
applications because of the formation of a galvanic cell with a large cathode/anode ratio. To investigate 
the possible extent of corrosion, a numerical model was developed to calculate the current distribution 
between a small anodic spot and the large surrounding cathodic area. This break could represent, for 
example, a small residual flaw where a weld overlay failed to completely cover a rebar cut end.   

 
The system studied was a reinforced concrete cylinder with an SCR element embedded axially 

(Figure 18). The concrete cover was 7.5 cm everywhere. It was assumed that there was a 
circular cladding break at the center of the cut-end termination, as it may take place due to a small 
closure weld imperfection. The exposed CS was assumed to be already undercut by some corrosion so 
that a CS area 4 times that of the break was exposed to the internal electrolyte, as in Figure 13 b. The 
rest of the SS rebar surface was considered to be passive. The concrete was treated as homogeneous with 
uniform effective oxygen diffusion coefficient Do2 and electrical conductivity σc 

(19). The effective 
oxygen concentration was considered to be constant on all the external surface of concrete cylinder. The 
concrete cylinder was truncated at 1m away from the end of cylinder, at which distance the results 
showed that macrocell coupling effect became much smaller.  

 
The CS exposed by the clad break was assumed to be in the active condition, due to chloride 

contamination of the adjacent concrete and chloride accumulation inside the undercut. The net current 
density ia of the CS inside the undercut and the net cathodic current density ic on the SS surface were 
assumed to be given respectively by:  
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so that both the CS anodic and the SS cathodic processes were considered to be determined by Butler-
Volmer kinetics, with Tafel slopes ba and bc, exchange current densities ioa and ioc, equilibrium potentials 
Eoa and Eoc and local electrode potentials E. The cathodic reaction rate included oxygen concentration 
dependence with Cs as the concentration at the SS surface and Co the concentration at the external 
concrete surface (oxygen concentration is expressed in terms of mole per cubic meter of pore water, as 
in Ref. 19). A passive anodic dissolution current density ip was assumed to be present at the SS surface. 
Results from the electrochemical measurements were used to abstract input values (shown in Table 2) of 
the electrochemical parameters except for the anodic reaction for which a nominal Tafel slope of 0.06 
V/dec was assumed. The ioa value was then adjusted to obtain a corrosion current matching that 
estimated from the EIS tests (at the appropriate potential). All magnitudes were assigned the appropriate 
sign as needed. 

 
It was assumed that both the oxygen concentration and electrical potential distributions had 

reached a steady state. Given that electrical conductivity and oxygen diffusion coefficient were assumed 
to be constants, the Laplace equation applied to both variables: 

 
0E2 =∇           (3)   

 
0C2 =∇           (4) 

 
Boundary conditions were applied linking diffusional oxygen flux at the metal surface with the 

concentration and potential dependant rate in Eq. (2), as well as applying ohm's law at each point of the 
surface to match the difference in net current densities given by Eqs. (1) and (2) as described in earlier 
publications (19). Conditions at the break were implemented by treating the exposed CS as being flush 
with the rest of the surface, but assigning to that region an exchange current density i'oa four times 
greater than ioa to reflect the greater area of the undercut. This approximation reflects the assumption 
that inside the undercut electrolytic conductivity is expected to be high and more or less equipotential 
conditions apply. The model calculations were implemented using a finite difference method formulated 
for cylindrical coordinates as described elsewhere (19, 20).  

 
The base case was chosen to represent a system with large cathode/anode ratio and high quality 

concrete: ρ =30 kΩ.cm, DO2=10-4 cm2/s, Co=3·10-7 mol/cm3, and ro=0.05 cm. The assumed nominal 
anodic passive current density at the SS surface was ip=4·10-9 µA/cm2. This value, combined with the 
choice of cathodic polarization parameters, would yield an Eoc=-0.16 V for the SS surface if it were 
subject only to local cell action (roughly approximating the experimental values for sound surface 
specimens). The variables σc, ro , ioa and ioc were parameterized to examine the sensitivity of corrosion 
rate to these factors.  

 
Calculation Results and Discussion 
 

Figure 19 shows the calculated potential distribution and the corresponding current densities 
along the SCR surface. As shown in Figure 19.a, the potential increases rapidly from ~-0.5 V at the 
anodic break region to -0.2V at the perimeter of the rebar termination. Consequently, as shown in Figure 
19.b, the cathodic current density decreases dramatically with distance to the anode. The anodic current 
density at the break is in the order of 100 µA/cm2, in agreement with EIS results and mass loss 
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estimation. When the distance to the anode increases further along the bar in longitudinal direction, 
(Figure 19.c and d), the potential changes slowly and the cathodic current density gradually decreases to 
approach the value of ip.  

 
The corrosion at the break is expected to result in accumulation of expansive corrosion products 

and eventual damage of the surrounding concrete. The actual form that long term corrosion product 
accumulation will take is not known, but a working hypothesis will be made that the products would 
spread around the break over a region comparable to the size of the rebar diameter. Thus the expansion-
related damage will be calculated as if it would result from spreading the total metal loss at the break 
over an area equal to that of the cut end of the rebar.  Consequently, the calculated anodic current at the 
break was divided by πφ2/4 to obtain a nominal corrosion rate in which was calculated for each case and 
shown in Figure 20 as function of cladding break radius and concrete resistivity. The value of in 
increased with increasing break size, and decreased with increasing concrete resistivity, in both instances 
following roughly a power law with exponent close to unity indicating that these parameters are critical 
to the predicted rate of damage. The sensitivity of the output to the assumed value of ioa or ioc was 
evaluated with results shown Figure 21, showing relatively minor effects compared to those from 
changing concrete resistivity or size of cladding break. 

 
The present resistivity and size dependence trends are in agreement with our previous work in 

which a cruder model for evaluating macrocell coupling was used (18). However, mainly because of 
coarser discretization, the total anodic break current estimated by the previous model was consistently 
about 2 to 3 times greater than in the present case.  The present calculations consider coupling of the 
break only with a 1m portion of the rebar assembly, and a relatively small volume of concrete.  
However, as the macrocell currents decay very rapidly with distance to the break, only marginal gain in 
significance is expected by extending the model to a larger size assembly especially considering the 
inherent uncertainty in the values of all the other parameters. It may be argued also that small cladding 
breaks are likely to occur in multiple spots in a typical structural element, so that characteristic distances 
between breaks in the order of 1 m would be likely thus justifying limiting the simulated region size 
accordingly.  

 
Service Life Implications 
 

The service life T of a reinforced concrete structure is often estimated using the general approach 
proposed by Tuutti (21): 
 

T=T1 + T2          (5) 
 
where T1 is the length of the corrosion initiation period, and T2 is the corrosion propagation time (from 
start of active corrosion until cracking of the concrete cover is observed). 
 

A rough estimate of T2 may be made by   
 

    
weff

crits
2 Ai

X2F
T

ρ
=                     (6) 

 
where Xcrit is the amount of corrosion penetration needed to cause an observable crack (22), ieff is the 
average rate of corrosion of a rebar, F is Faraday’s constant, and ρS and AW are the density and atomic 
weight of iron, which is assumed to corrode as divalent cations. There is little information on the value 
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of Xcrit under corrosion localization conditions, but recent work has shown that for a limited range of 
dimensions and for corrosion occurring on the side surface of a rebar: 
 

 
8.1)1

cL

C
()

C
(0.011~critX +⋅
φ

⋅   (mm)             (7)  

      
where C is the concrete cover thickness, φ is rebar diameter and Lc is length of the corroding rebar 
section. (18,22) 

 
Assuming that the rebar-end corrosion effects are roughly similar to those of corrosion on the 

side surface, application of Eq. (7) to the base case (C=7.5 cm, φ =Lc=2 cm and ro=0.05 cm) and 
assuming ieff = in, yields Xcrit~0.7 mm. This value is only nominal as it involves extrapolation beyond the 
range of conditions used to develop Eq. (7). Nevertheless, the large estimated value of Xcrit reflects the 
mitigating effect of limiting corrosion to a relatively small area beneath a thick concrete cover (22). For 
the base case with high quality concrete of ρ=30 kΩ.cm, Eqs (6) and (7) project a value T2~100 years. 
This good prognosis derates rapidly if ro increases or ρ decreases. Thus, tolerance to a cladding break 
appears promising as long as the break is small (e.g. <1 mm diameter) and the concrete resistivity is 
high. The potential beneficial effects of corrosion product plugging of the break will be discussed in Ref. 
20. 
 

The above analysis represents sweeping assumptions that need refinement in the future. To that 
effect, continuing detailed characterization of the corrosion behavior of SCR in actual concrete service is 
needed. Corrosion product-induced changes in concrete resistivity around the break, which may 
significantly affect the extent of macrocell coupling, should be examined. The projection to obtain Xcrit 
involved large extrapolation and assumed that the accumulation of corrosion products in the present case 
roughly corresponded to that used to formulate Eq. (7). An actual system would deviate greatly from the 
assumed case; for example rebar cut ends often face away from the concrete surface, which would result 
in a less severe situation than assumed. Other factors, such as preexisting concrete cracking could 
represent instead an aggravating factor not considered here. Additional testing and modeling is in 
progress to address some of these issues. 
 

CONCLUSIONS 
 
1. Stainless steel clad rebar (SCR) with isolated ends or terminated with either a stainless steel (SS) 

cap or welding overlay had high corrosion resistance in liquid solution with extremely high 
chloride levels (~5M Cl-). SCR with isolated ends or terminated with a SS cap remained passive 
in concrete with up to 8% Cl- by weight of cement for about 1 year.  

 
2. Stainless steel clad rebar with isolated ends in saturated Ca(OH)2 solution with ~5M Cl- at 40 oC 

remained passive for more than 6 months. The potentials in concrete with 8% (of cement weight) 
chloride dropped significantly after they were moved from room temperature exposure into a 40 
oC chamber at 100% RH. However, no other evidence of active corrosion was detected during 
the limited subsequent test period. Testing under these conditions continues. 

 
3. Stainless steel clad rebar with 1 mm φ hole drilled through the cladding corroded actively in 

saturated Ca(OH)2 solution with ~5M Cl-. In concrete with 8% chloride, only one of a duplicate 
pair of specimens with clad breaks showed clear signs of corrosion initiation after 100 days, and 
even in that case there were signs of subsequent recovery.  
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4. Modeling calculations indicated that the corrosion rate of exposed carbon steel in stainless steel 
clad rebar depended strongly on resistivity of concrete and clad break size. Better quality (higher 
resistivity, e.g. ≥30 kΩ.cm) concrete and smaller imperfection sizes were projected to 
significantly reduce corrosion. The calculations suggested that widely spaced cladding breaks of 
sub-millimeter size would be tolerable in concrete that retains high resistivity.  
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TABLE 1  

CHEMICAL COMPOSITION AND PH VALUES OF TEST SOLUTIONS (g/L) 
 

 Ca(OH)2
* NaOH KOH** Na2CO3 NaHCO3 pH*** 

SCS 2.0 - - - - 12.6 
SPS 2.0 8.33 23.3 - - 13.6 
CPS - - - 4.21 2.66 9.7 

*Most of the Ca(OH)2 was not dissolved 
**Reagent grade KOH had only a purity of 85.3% 
*** These are pH values before addition of Cl-  
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TABLE 2 
POLARIZATION PARAMETERS CHOSEN FOR THE CALCULATIONS 

 
 Eoa,c (V vs SCE) ioa,c (µA/cm2) ba,c (V/dec) 

Anodic -0.86 5·10-5 * 0.06 
Cathodic 0.10 1·10-5 0.10 

  * i'oa = 4ioa (see text) 
 

   (a)     (b)    (c) 
 

 
 (d)        (e) 
 
 
 
 
 
 
 
 
 

(f) 
         
 
 
 
 
 
 
 
FIGURE 1- SCR specimens, classified based on cut-end termination methods (Each specimen has one 
cut-end terminated with a mortar cap): a, Type A—terminated with a SS cap; b, Type B—terminated 
with a welding overlay; c, Type C—End isolated with a mortar cap; d, End isolation detail; e, a typical 
welding overlay; f, a typical SS cap 
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(a)               (b)  
 
 
 
 
 
 
 

 
 
 
 
Rs:     solution resistance   Rh: resistance of solution at the small hole 
Rcs:    polarization resistance of CS  Rss: polarization resistance of SS 
Rrust:  resistance of corrosion product 
CPE:  constant phase-angle element (Z=Yo

-1(jω)-n), cs-carbon steel, ss-stainless steel,  
 
 
 
FIGURE 2 - Equivalent circuit used to interpret the EIS results: a, model for passive SCR with cladding 
breaks; b, model for SCR with a 1mm φ hole  
 
 
 
(a)     (b) 
 
 
   
  
 
 
 
 
 
 
 
 
 
              
 
 
 
 
FIGURE 3- Concrete specimen layout: a, SCR without cladding break; b, SCR with a 1mm φ hole  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4- Eoc of SCR with isolated ends in various solutions: a, SCS-pH~12.6; b, CPS-pH~10;  
SPS-pH~13.6. Solid step lines denote chloride concentration (right ordinate axis). 
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FIGURE 5- Eoc of SCR with isolated ends in liquid solutions illustrating behavior with and without 
chloride ions. Solid step line denotes chloride concentration (right ordinate axis). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6- Eoc of SCR with different end termination methods immersed in SCS. Solid step line denotes 
chloride concentration (right ordinate axis). 

-400

-350

-300

-250

-200

-150

-100

-50

0

0 50 100 150 200 250 300 350 400

Time (days) 

P
o

te
n

tia
l (

m
V

 v
s 

S
C

E
)

0

2

4

6

8

10

12

14

16

C
l-   (

w
t%

)

SCS+Cl-

SCS-no Cl-

Cl-

Average of duplicate specimens

5M

-400

-350

-300

-250

-200

-150

-100

-50

0

0 50 100 150 200 250 300 350 400

Time (days) 

P
o

te
n

tia
l (

m
V

 v
s 

S
C

E
)

0

2

4

6

8

10

12

14

16

C
l-   (

w
t%

)SS cap

Welding overlay

Cl-

Average of duplicate specimens

5M



 16

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 7- Eoc of SCR with isolated ends in SCS at different temperatures. Solid step lines denote 
chloride concentration (right ordinate axis). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 8-Eoc of SCR in concrete with 5% chloride (no cladding breaks) 
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FIGURE 9-Eoc of SCR in concrete with 8% chloride (no cladding breaks) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 10-Typical EIS of SCR with isolated ends (surface area is ~40 cm2) 
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FIGURE 11- Eoc of SCR with 1mm φ hole in SCS with 15 wt% chloride. Solid step line denotes chloride 
concentration (right ordinate axis). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 12-Corrosion behavior of SCR with 1mm φ hole in SCS with 15% chloride. Solid step line 
denotes chloride concentration (right ordinate axis). 
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(a)      (b) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 13-a, the corrosion appearance of SCR; b, metallographic cross-section of the drilled at the end 
of test (test solution was SCS with 15% chloride, specimen A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 14- Eoc of SCR with 1mm φ hole in concrete with 8% chloride  
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FIGURE 15- Corrosion behavior of SCR with 1mm φ hole in concrete with 8% chloride 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 16-Calculated concrete resistance at the anode, Rh 
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FIGURE 17-Typical EIS diagram of SCR with 1mm φ hole: a, SCR in concrete, surface is ~40 cm2; b, 
SCR in SCS+15 % Cl-, surface is ~20 cm2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 18-Longitudinal cross-section of the cylindrical reinforced concrete system for modeling 
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FIGURE 19-a, potential distribution at bar end; b, current density distribution at bar end; c, potential 
distribution at bar side surface; d, current density distribution at bar side surface (control case) 
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 FIGURE 20-Effect of concrete resistivity and break size on the nominal corrosion rate of the rebar end 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 21-Effect of exchange current density of anode and cathode on the nominal corrosion rate of 
the rebar end  
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