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Abstract 12 

Axial compression performance of concrete columns reinforced with 2304 duplex stainless bars 13 

and spirals, carbon steel bars and spirals, and 316L stainless steel clad bars, in varying 14 

combinations is examined when the columns are exposed to corrosion. Two groups of columns 15 

were investigated: a control group, and a group submerged in a 5.0% by weight chloride solution 16 

subjected to accelerated corrosion. A relatively high corrosion rate of 8.5 μA/mm2 was used. After 17 

60 days of corrosion the columns were tested to failure under axial compression. In terms of mass 18 

loss per unit of corrosion energy, columns reinforced with stainless steel spirals and either solid 19 

stainless or stainless clad vertical bars were 197% more corrosion resistant than carbon steel. Bars 20 

made with 2304 stainless steel and 316L stainless clad materials developed localized pitting 21 

corrosion that led to degradation of the concrete cover and a larger drop in axial compression than 22 

carbon steel reinforced columns. However, the all-carbon steel reinforced columns reached lower 23 
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failure displacements and a corroded carbon steel reinforced column was the only column to 24 

experience sudden failure prior to reaching its theoretical maximum axial compression capacity. 25 

Axial compression capacity of the columns in both the control and corroded conditions was 26 

modeled using concrete confinement models that produced very good agreement with the 27 

experimental results. 28 

Keywords: carbon steel, column, compression test, concrete, confinement, corrosion test, stainless 29 

clad, stainless steel. 30 

1. Introduction 31 

Concrete structures reinforced with carbon steel or epoxy coated carbon steel 32 

reinforcement are susceptible to corrosion; chlorides from de-icing salts and saltwater penetrate 33 

concrete surfaces and accelerate corrosion of the reinforcement. To mitigate or control corrosion, 34 

stainless steel bars, stainless clad bars that have a carbon steel core with stainless cladding, and 35 

glass fiber reinforced polymer (GFRP) composite bars are currently being considered as alternative 36 

reinforcing materials. The initial cost of such corrosion-resistant bars is greater than carbon steel; 37 

however, the life-cycle cost including maintenance and repair might eventually be less. 38 

Reinforcement with a carbon steel core and outer austenitic stainless steel cladding and stainless 39 

steel with a dual-phase austenitic and ferritic microstructure, is reported to resist corrosion better 40 

than carbon steel or epoxy coated carbon steel bars [1]. Another option for corrosion-resistant 41 

reinforcement is 2304 stainless steel (alloy including 23% chromium and 4% nickel); this material 42 

is reported to have higher corrosion resistance than carbon steel and lower cost than stainless steel 43 

bars and stainless clad bars [2]. Similar performance has been reported regarding stainless clad 44 

bars and solid stainless bars; stainless clad bars with 0.25 mm to 0.8 mm thick 316L austenitic 45 

stainless steel cladding have been reported as providing the best performance [3]. 46 



3 

It has been projected that GFRP bars encased in concrete could retain over 70% of their 47 

tensile capacity, after continued submersion in tap and salt water for a 100-year service life [4]. 48 

Degradation of GFRP bars from exposure to chlorides has been reported to be insignificant [5]; 49 

moreover, immersion of GFRP reinforced columns in distilled water and chloride saturated water 50 

showed superior retention of long term capacity compared to carbon steel reinforced columns [6]. 51 

Concrete columns reinforced with carbon steel longitudinal bars and GFRP spiral had very little 52 

corrosion compared to all-carbon steel columns [7]. Confinement using GFRP spiral differs from 53 

confinement using a carbon steel spiral because the modulus of elasticity of GFRP is low; however, 54 

this is a promising reinforcing option and analytical models have been proposed to predict the 55 

efficiency of GFRP spiral for concrete confinement [8]. 56 

In this research, the performance of corrosion-resistant metallic reinforcement is 57 

investigated using accelerated corrosion tests followed by concentric axial compression tests to 58 

failure. Three categories of medium-scale concrete column specimens were tested: (a) columns 59 

reinforced with 2304 stainless-steel vertical bars and spirals; (b) columns reinforced with 316L 60 

stainless steel clad vertical bars and 2304 stainless steel spirals; and (c) columns reinforced with 61 

carbon steel vertical bars and spirals; the latter series was tested for comparison to the corrosion-62 

resistant reinforced columns. Accelerated corrosion was achieved by subjecting the concrete 63 

column specimens to 60 days of corrosion with impressed direct current potential. Concrete 64 

cracking and spalling were recorded and compared during the accelerated corrosion experiments. 65 

The amount of theoretical mass loss based on recorded current was obtained from Faraday’s law. 66 

After the 60-day accelerated corrosion process, the specimens from the three column series were 67 

tested under concentric axial compression, and their axial compression strength and displacement 68 

capacity were compared; this also enabled close examination of the degree of corrosion of the 69 
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reinforcement. Corroded as well as control columns were tested for the three series; the theoretical 70 

capacity of control and corroded concrete columns was determined using the model proposed by 71 

Mander et al. [9]. The overall performance of corroded columns was compared as a function of 72 

the total corrosion energy experienced by the reinforcement.  73 

The main objective of this study was to investigate the serviceability and performance of 74 

concrete columns reinforced with carbon steel, 2304 stainless steel, and 316L stainless steel clad 75 

bars and spirals under corrosive conditions. A second objective was to investigate the axial 76 

compressive strength of corroded and control medium-scale columns reinforced with 2304 77 

stainless steel bars and spirals, columns reinforced with 316L stainless clad vertical bars and 2304 78 

stainless steel spirals, and columns reinforced with carbon steel vertical bars and spirals. A third 79 

objective was to predict the axial compressive strength of corroded and control columns using 80 

concrete confinement models. 81 

 82 

2. Material selection and specimen design 83 

The medium-scale columns were 813 mm tall with a 305 mm diameter. The columns were 84 

cast with pea-gravel concrete and cured for 28 days. Concrete cylinders 203 mm tall with a 102 85 

mm diameter were cast and tested at 28 days; the concrete compressive strength was found as 29 86 

MPa, however, on the day of testing the compressive strength was 45 MPa.  Carbon steel bars and 87 

spirals were Grade 60 reinforcement. The carbon steel bars and spirals were the first series of 88 

columns (BB series); 2304 stainless steel bars and spirals comprised the second series (NN series), 89 

whereas 316L stainless steel clad bars and 2304 stainless steel spirals was the third series (CN 90 

series). A total of eleven columns were cast, five of which were subjected to current-accelerated 91 

corrosion (referred to as corrosion or “R” specimens); the remaining six columns were subjected 92 
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to room temperature conditions (referred to as control or “C” specimens).  Figure 1 shows the 93 

dimensions of a typical concrete column and reinforcement details. All vertical bars were 16 mm 94 

in diameter; both carbon steel and 2304 stainless steel spiral reinforcement had a 13 mm diameter. 95 

The spirals had an external diameter of 197 mm and a pitch equal to 57 mm. The reinforcement 96 

combinations are given in Table 1. Each corroded specimen had copper wires attached to the 97 

reinforcement connected to a power supply during the corrosion period, as shown in Fig. 2. 98 

  Table 1  99 

  Summary of specimen materials and dimensions 100 

Specimen 

Type 

Number of 

Specimens 
Vertical Bar Spiral Material 

        

BB-R 2 Carbon Steel Carbon Steel 

BB-C 2 Carbon Steel Carbon Steel 

NN-R 2 2304 Stainless 2304 Stainless 

NN-C 2 2304 Stainless 2304 Stainless 

CN-R 1 316L Stainless Clad 2304 Stainless 

CN-C 2 316L Stainless Clad 2304 Stainless 

   Note: R=corroded; C=control 101 

 102 

3. Current-accelerated corrosion experiments 103 

A method similar to the Florida Department of Transportation procedure was used to 104 

accelerate corrosion of the reinforcement of the concrete column specimens [10,11]; in this 105 

method, the specimens were submerged up to half their height in a 5.0% by weight NaCl saltwater 106 

solution and an electrical potential was applied to the metallic reinforcement. The rate of corrosion 107 

was regulated using current density; this is defined as the amount of induced current divided by 108 

the surface area of steel exposed to the chloride solution. It is well known that a 2.0 μA/mm2 109 

current density induces significant acceleration in the rate of strain-crack formation in concrete 110 

[11]. In the present research, a relatively high rate of corrosion equal to 8.5 μA/mm2 was utilized. 111 
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By driving the corrosion in this manner and at this rate, the case where the protective chromium 112 

oxide patina could not be maintained on the stainless steel and stainless clad reinforcement could 113 

be examined; this simulates a worst-case scenario of aggressive environmental conditions and 114 

allows stainless steel and stainless clad bars to be tested in conditions where corrosion is 115 

guaranteed.  116 

To allow infiltration of the electrolyte in the reinforcement before electrical potential was 117 

applied, the columns were submerged in saltwater solution for a period of two weeks. Moreover, 118 

to complete the circuit through the electrolyte, a galvanized steel grate was placed at the bottom 119 

of the tank. Throughout the 60-day corrosion period, the target current density was maintained by 120 

measuring the current several times a week and adjusting the power. The average applied current 121 

was maintained to be within 15.0% of the target current. Voltage was read from the power supply 122 

and a constant rate of corrosion was maintained, with the measured current accounting for the 123 

potential applied by the power supply and the potential created by the internal corrosion cell of the 124 

corroding reinforcement. 125 

The theoretical mass loss was calculated using Faraday’s law from the average measured 126 

current as: 127 

𝑀𝑡ℎ =
𝑀𝐴𝐼𝑎𝑝𝑝𝑇

𝑣𝐹
(1) 128 

where 𝑀𝑡ℎ = theoretical mass loss in grams; atomic mass of the alloy 𝑀𝐴, was taken for carbon 129 

steel as 55.845, the atomic mass of iron; for alloyed steel the weighted average atomic weight of 130 

individual components was used [12]; 𝑀𝐴 = 56.352 for 2304 duplex stainless steel, and 𝑀𝐴 =131 

57.936 for 316L stainless steel clad bars; 𝐼𝑎𝑝𝑝 is the average applied current in amps; 𝑇 is the total 132 

time of current application in seconds; 𝑣 is the valency of the corrosion product equal to 2.0; and 133 

𝐹 = 96487 amp-sec or Faraday’s constant. It is well known that this method overestimates actual 134 
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mass loss by a factor of 1.2; this was considered when finding the mass loss in Table 2 designated 135 

as the adjusted theoretical mass loss [13]. 136 

  Table 2 137 

  Summary of corrosion analysis 138 

Specimen 

Target 

Current 

Density 

Measured 

Average 

Current 

Density 

Adj. 

Theoretical 

Mass Loss 

Adj. 

Theoretical 

% Mass 

Loss 

Mass Loss 

/Corrosion 

Energy 
 (μA/mm2) (μA/mm2) (kg) (%) (%/Kwh) 

CN-R-1 8.50 8.89 1.53 21.0 1.5 

CN-R-2 8.50 6.82 1.18 16.1 1.5 

NN-R-1 8.50 7.75 1.34 18.4 1.5 

NN-R-2 8.50 9.53 1.64 22.6 1.5 

BB-R-1 8.50 11.52 1.99 27.2 2.9 

BB-R-2 8.50 7.80 1.38 18.9 2.9 

 139 

The measured voltage and current were used to calculate the total applied corrosion energy 140 

for each specimen, in terms of kilowatt hours using the following equation: 141 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑎𝑣𝑔𝐼𝑎𝑣𝑔𝑇 (2) 142 

where 𝑉𝑎𝑣𝑔 is the average applied voltage for the series during the testing period in kilovolts, 𝐼𝑎𝑣𝑔 143 

is the average measured current, and T is the duration of testing period in hours. The corrosion 144 

resistance of each specimen in terms of mass loss per unit of applied energy is expressed as:  145 

𝐶𝑅𝑚𝑎𝑠𝑠 =
% 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠

𝐸𝑡𝑜𝑡𝑎𝑙
(3) 146 

This value is calculated and shown in Table 2. Materials that exhibit a higher degree of mass loss 147 

per unit corrosion energy are less corrosion resistant for cases where other factors that contribute 148 

to total resistance in the system, such as depth of concrete cover, are similar. It is clear from Table 149 

2 that columns reinforced with carbon steel have a higher degree of mass loss per unit corrosion 150 
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energy by a factor of 1.9 compared to columns reinforced with stainless bars and spirals and 151 

columns reinforced with stainless clad vertical bars and stainless steel spirals. 152 

 153 

The voltage fluctuated throughout the corrosion period, as conditions changed, and Fig. 3 154 

illustrates the change in voltage over time. A drop in voltage occurred between day 5 and day 9, 155 

with the voltage for the clad-stainless (CN) series and stainless-stainless (NN) series dropping 156 

from 14.0 to 10.0 volts and the carbon steel-carbon steel (BB) series dropping from 13.6 to 9.2 157 

volts. This occurred as the concrete cover experienced splitting cracks due to radial stress, thus 158 

lowering the resistance required to maintain constant current density.  159 

Cracking of the columns was observed on day 7, when specimens began to show outward 160 

signs of corrosion, most notably NN-R-2 and BB-R-1, as shown in Fig. 4, where iron oxide effluent 161 

is deposited around the cracked concrete. Initial splitting cracks drive corrosion throughout the 162 

remainder of the test; this is true for stainless clad and stainless steel reinforcement where localized 163 

corrosion developed in regions where splitting cracks penetrated the concrete cover to the 164 

reinforcement. After the initial drop, between day 11 and 16, the amount of voltage required to 165 

sustain the same rate of current-accelerated corrosion was much higher for the CN and NN series 166 

specimens at approximately 12 times the amount required for the BB series, even after similar 167 

amounts of cracking had occurred. The CN and NN series manifested another voltage drop 168 

between day 29 and 43, as shown in Fig. 3. Coloration observed from day 30 suggests that 169 

dissolved chromium or nickel was ejected as effluent. The development of more severe exterior 170 

cracking tended to precede large voltage drops, and in addition to the silver-colored effluent 171 

observed in the CN and NN series specimens, iron oxide effluent began forming between days 7 172 

and 11, as noted in detail in Fig. 5.  173 
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After the 60-day corrosion period a wide extent of cracking was observed at the base of the 174 

NN and CN columns. Reconstitution of the cracked column bases involved reattachment of the 175 

cracked concrete pieces with grout and Carbon FRP wraps applied at the top and bottom 200 mm  176 

of the columns to ensure that failure would occur at the middle third of the column height in the 177 

axial compression tests.  178 

Examination of the specimens after testing confirmed that corrosion of stainless steel and 179 

stainless clad reinforcement was concentrated in smaller regions, whereas carbon steel experienced 180 

corrosion evenly over its surface. Much of the surface of stainless steel was unaffected, but there 181 

were regions in each of the stainless steel spirals where over 50% of the cross-sectional area had 182 

corroded. Figure 6 shows the distribution of these local pitting patterns on the spiral from column 183 

specimen NN-R-2, and a single corrosion pit in detail.  184 

Prior to carrying out the axial compression tests, described in Section 4, it was observed 185 

that corroded specimens had external cracks extending at least into the middle third of the column 186 

height. After destructive testing, it was revealed that the degree of corrosion was greater along 187 

these cracks, especially in the spiral, as shown for specimen CN-R-1 in Fig. 7(a). The affected 188 

points on the spiral were weak in resisting concrete dilation, as spirals with this corrosion pattern 189 

experienced sudden failure due to stress concentration at the thinner areas where necking had 190 

occurred as shown in Fig. 7(b). The degree of corrosion was not as severe in vertical stainless steel 191 

and stainless clad bars when compared to stainless steel spirals within the same column. Localized 192 

corrosion in the stainless steel spirals accounted for most of the mass loss, especially at the bottom 193 

portion of the columns. 194 

The stainless steel end caps used to protect the core of the stainless clad bars corroded 195 

heavily. Figure 7(c) shows the leftover epoxy, the remaining portion of the stainless steel cap, and 196 
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the core of the stainless clad bar, which had no sign of severe corrosion. The end caps acted as 197 

sacrificial anodes, which preserved the extreme ends of the stainless clad bars. In this aggressive 198 

simulated environment there was no loss of capacity as a result of end cap failure, since concrete 199 

spalling in columns reinforced with stainless clad vertical bars was also present in all-stainless 200 

reinforced columns. In terms of total mass loss per unit of applied energy, the all-stainless steel 201 

columns and the columns with stainless clad vertical bars and stainless steel spirals experienced 202 

approximately half the mass loss per kilowatt hour of specimens reinforced with grade 60 carbon 203 

steel, as shown in Table 2.  204 

 205 

     4.  Experimental results of axial compression tests  206 

The axial compressive strength of each column was compared for the corroded and control 207 

specimens of the three series. The critical displacement was measured at failure, defined here as 208 

the point after peak strength where the stress drops to 85% of the peak strength. Displacement 209 

measurements were taken from a pair of external LVDT’s held with springs between two L-210 

brackets, which were glued to the column surface, as shown in Fig. 8. Tables 3 and 4 summarize 211 

the quantitative results and relative capacities of the control and corrosion specimens, respectively.  212 

An average maximum compression force equal to 3255 kN was achieved for the control 213 

all-carbon steel reinforced specimens, as shown in Table 3, while the corroded specimens 214 

averaged 3021 kN, as shown in Table 4. This amounts to a 7.0% loss in maximum axial 215 

compressive strength, accompanied by a 15.0% reduction in average displacement at failure 216 

between the control and corroded specimens.  217 

 218 

 219 
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  Table 3 220 

  Comparison of axial compressive capacity of control specimens using experimental results  221 

  and theoretical capacity 222 

Specimen 
Theo. 

Capacity 

Exp. 

Capacity 

Percent 

Diff. 

Exp. Critical 

Displ. 

  (kN) (kN) (%) (mm) 

BB-C-1 2740 3191 -14.1 28.7 

BB-C-2 2740 3320 -17.4 35.8 

NN-C-1 3150 3464 -9.1 47.8 

NN-C-2 3150 3452 -8.7 42.7 

CN-C-1 2988 3291 -9.2 42.9 

 223 

  Table 4 224 

  Comparison of axial compressive capacity of corroded specimens using experimental  225 

  results and theoretical capacity from Eqs. (7) and (9) 226 

Specimen 
Theo. 

Cap. 

Exp. 

Cap. 

Percent 

Diff. 

Mass 

Loss 

Theo. 

Cap. 

Drop 

Exp. 

Cap. 

Drop 

Cap. 

Loss/ 

Energy 

Exp. 

Crit. 

Displ. 

  (kN) (kN) (%) (%) (%) (%) (%/kwh) (mm) 

BB-R-1 2470 2981 -17.1 27.2 9.9 8.4 0.90 26 

BB-R-2 2557 3061 -16.5 18.9 6.7 6.0 0.60 37 

NN-R-1 2875 3132 -8.2 18.4 8.7 10.0 0.80 36 

NN-R-2 2827 2732 3.5 22.6 10.3 22.3 1.5 31 

CN-R-1 2760 2872 -3.9 21.0 7.6 12.7 0.89 39 

CN-R-2 2816 3044 -7.5 16.1 5.8 7.5 0.69 35 

 227 

The axial compression force versus axial displacement for the control and corroded 228 

specimens is shown in Figs. 9 and 10, respectively. In addition to reaching a lower ultimate force 229 

capacity, the corroded columns had lower ultimate displacement capacity prior to failure, 230 

exhibiting lower ductility. Many corroded columns showed a more severe drop in axial 231 

compressive ultimate force after initial yielding than the control columns, indicating that greater 232 
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damage had likely occurred as a result of reinforcement yielding due to corrosion prior to the 233 

confined concrete strength being fully developed. 234 

BB-R-2 reached a similar force at the point of yielding when compared to the control 235 

specimens as shown in Fig. 13. This specimen is of note as it was the only specimen in the study 236 

that failed suddenly at a much lower displacement than any of the other specimens, failing prior to 237 

reaching its projected maximum axial compression capacity, as seen by the trajectory of its plot in 238 

Fig. 13. BB-R-1 yielded at a lower force but reached a higher maximum force than the other 239 

corroded specimen at a failure displacement that was comparable to the control columns. Despite 240 

lower losses in axial capacity overall, the BB series showed a risk for failure at low displacements, 241 

and even BB-R-1 reached a lower failure displacement than all specimens except NN-R-2, the 242 

most heavily corroded of the remaining specimens. Failure of specimen BB-R-1 is shown in Fig. 243 

14(c). 244 

 The higher ultimate strength of 2304 stainless steel enabled the control NN specimens to 245 

achieve an average compression capacity of 3548 kN and displacement of 45 mm. However, it is 246 

clear that the corroded NN columns were affected by mass loss more than the all-carbon steel BB 247 

columns. The corroded NN columns achieved an average compression capacity of 2932 kN, with 248 

an average loss of strength more than twice that of the BB columns. The average displacement of 249 

corroded NN columns was 33 mm or 27% less than the control specimens, largely driven by the 250 

especially low displacement reached by NN-R-2, as illustrated in Fig. 11; the figure also shows 251 

how NN-R-2 yielded at a much lower force when compared to the other corroded and control 252 

specimens in the NN series.  Figure 14(a) shows column NN-R-1 which experienced sudden 253 

failure as the spiral broke at multiple places due to localized corrosion, thus becoming ineffective 254 

in restraining elastic bar buckling of the vertical bars; however, this failure was not as premature 255 
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as that experienced by the all-carbon steel specimen BB-R-2. This mode of failure due to spiral 256 

fracture was also present in column NN-R-2. Corrosion of the stainless steel spiral reinforcement 257 

was the cause of capacity loss. 258 

 Specimens with stainless clad verticals and stainless steel spirals (CN) performed similarly 259 

to the NN series, with control CN-C-1 specimen achieving a 3291 kN compression capacity and 260 

43 mm displacement. Specimen CN-R-2 showed greater compressive strength than CN-R-1 261 

consistent with its lower theoretical mass loss; both exhibited a similar displacement at failure, but 262 

the more heavily corroded CN-R-2 failed suddenly while CN-R-1 failed gradually even after the 263 

spiral broke. Figure 12 shows how both corroded CN series specimens exhibited sharper drops in 264 

compression force after initial yielding, although they retained a greater degree of ductility than 265 

the corroded BB and NN series specimens; this is also shown in Fig. 10. Specimen CN-R-2 is 266 

illustrated at failure in Fig. 14(b). Despite experiencing similar levels of mass loss as the BB series, 267 

the CN and NN series corroded specimens experienced greater reduction in axial compression 268 

capacity and displacement.  269 

 270 

5. Theoretical axial compression capacity of column specimens and comparison to 271 

experimental results 272 

Axial compression capacity of reinforced concrete columns is obtained as the sum of the 273 

compression capacity of the confined concrete and the longitudinal steel bars. The important 274 

parameter in this analysis is the confined concrete compressive strength contribution from spiral 275 

reinforcement; this is the case because the spiral material and its state of corrosion have the greatest 276 

influence on the overall column compression capacity.  277 

 278 
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5.1. Theoretical models for confinement of concrete with spirals 279 

For carbon-steel reinforcement, the confinement model proposed by Mander et al. [9] gives 280 

accurate estimates of confined concrete strength. It is assumed that the stainless steel spiral 281 

performs similar to carbon steel and the Mander et al. [9] model applies. The model is given as: 282 

𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ (−1.254 + 2.254√1 +
7.94𝑓𝑙

′

𝑓′
𝑐𝑜

− 2
𝑓𝑙

′

𝑓𝑐𝑜
′

) (4) 283 

where 𝑓𝑐𝑜
′  is the unconfined concrete compressive strength; the confining pressure 𝑓𝑙

′ is defined as: 284 

𝑓𝑙
′ =

2𝑓𝑦ℎ𝐴𝑠𝑝

𝐷′𝑠
𝑘𝑒 (5) 285 

where 𝑓𝑦ℎ is the yield strength of the transverse reinforcement, 𝐴𝑠𝑝 is the area of the steel spiral, 286 

𝐷′ is the interior diameter of the spiral, 𝑠 is the spiral pitch, and 𝑘𝑒, is the confinement effectiveness 287 

given as: 288 

𝑘𝑒 =
1 −

𝑠
2𝑑𝑠

1 − 𝜌𝑐𝑐
(6) 289 

where 𝜌𝑐𝑐 is the longitudinal reinforcement ratio with respect to the concrete core enclosed by the 290 

centerline of the spiral. For all-metallic reinforced columns 𝑘𝑒 is equal to 0.907.  291 

 Once the confined concrete strength was found using the Mander et al. [9] model, the 292 

overall axial compression capacity of the columns 𝑃𝑛 was determined as: 293 

𝑃𝑛 = 0.85[0.85𝑓𝑐𝑐
′ (𝐴𝑔 − 𝐴𝑠) + 𝑓𝑦𝐴𝑠] (7) 294 

The theoretical capacity of the control specimens is presented in Table 3, as well as the difference 295 

from the experimental average. In general, good agreement is observed between Eq. (7) and the 296 

experimental capacity; columns reinforced with carbon steel vertical bars and spirals showed a 297 

larger difference between theoretical and experimental capacity compared to columns reinforced 298 

with stainless steel and stainless clad vertical bars and stainless steel spirals.  299 
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For the corroded columns, the theoretical mass loss was used to determine the percentage 300 

of steel mass loss (or area), and confinement was calculated using the adjusted value. Corrosion 301 

had occurred mainly in the spiral; it was assumed that all of the corrosion-induced reduction in 302 

cross-sectional area occurred in the spiral. The expression used for the confining pressure of 303 

corroded metallic spirals is:  304 

𝑓𝑙𝑐
′ =

2𝑓𝑦ℎ[𝐴𝑠𝑝 ∗ (1 − 𝑀𝑙)]

𝐷′𝑠
𝑘𝑒 (8) 305 

where 𝑀𝑙 is the theoretical percent of mass loss as a result of corrosion. The term 𝑓𝑙𝑐
′  in Eq. (8) 306 

replaces 𝑓𝑙
′ in Eq. (4), with the modified confined concrete strength substituted into Eq. (7) to 307 

account for the reduced spiral section due to corrosion. Reducing the theoretical axial compressive 308 

capacity proportionally to the vertical reinforcement area loss results in: 309 

𝑃𝑛 = 0.85[0.85𝑓𝑐𝑐
′ (𝐴𝑔 − 𝐴𝑠) + 𝑓𝑦𝐴𝑠(1 − 𝑀𝑙)] (9) 310 

The theoretical column capacity for the corroded columns is shown in Table 4, along with the 311 

difference from the experiments. In general, good agreement is observed between Eq. (9) and the 312 

experimental capacity; columns reinforced with carbon steel vertical bars and spirals showed a 313 

larger difference between theoretical and experimental capacity compared to columns reinforced 314 

with stainless steel and stainless clad vertical bars and stainless steel spirals.  315 

 316 

5.2. Comparison of theoretical to experimental axial compression capacity 317 

Theoretical predictions were for the most part quite accurate. The Mander et al. [9] model 318 

predicted a similar difference in capacity for control and corroded specimens. Axial compression 319 

capacity reduction was determined by comparing the theoretical values for corroded and control 320 

specimens and is summarized in Tables 3 and 4. The experimental capacity exceeded the 321 

analytical estimate for all specimens except one of the corroded all-stainless steel specimens    322 
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(NN-R-2), which overpredicted the experimental performance by 3.5%. This specimen in 323 

particular experienced the second highest mass loss, concentrated in various regions in the spiral, 324 

leading to a disproportionate drop in axial compressive capacity; a 22.3% drop in experimental 325 

compression capacity was measured for the all-stainless column NN-R-2, which was over twice 326 

the theoretical value of 10.3%. The stainless steel spiral failed at discrete locations where most 327 

localized mass loss had occurred and is the cause of this discrepancy. This effect was observed for 328 

the CN series with stainless clad verticals and stainless steel spiral reinforcement. Compression 329 

capacity reduction in these specimens is not proportional to loss in spiral cross section beyond 330 

18% mass loss. Eq. (8) applies only for cases where mass loss is below 18% in columns reinforced 331 

with 2304 duplex stainless steel spiral.  332 

The possibility that the axial compression capacity of the solid stainless steel bars could be 333 

sensitive even to low amounts of mass loss is obvious. This contrasts with the stainless clad 334 

verticals, which showed no such sensitivity, and had no compression capacity reduction compared 335 

to the control specimens.  336 

In terms of total mass loss per unit of energy, all-stainless and stainless/clad reinforced 337 

columns had approximately half of the mass loss per kilowatt hour of specimens reinforced with 338 

carbon steel. Localized concentration of mass loss had a profound impact on the performance of 339 

the all-stainless and stainless clad/stainless columns. The percentage of axial compression capacity 340 

reduction between corroded and control columns in terms of total corrosion energy is expressed 341 

as: 342 

𝐶𝑅𝑐𝑐 =
% 𝑎𝑥𝑖𝑎𝑙 𝑙𝑜𝑎𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑑𝑟𝑜𝑝

𝐸𝑡𝑜𝑡𝑎𝑙
(10) 343 

 344 
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The results are summarized in Table 4 and Fig. 15 which show axial compression capacity 345 

reduction as a function of total corrosion energy. Axial compression capacity reduction was severe 346 

as the amount of corrosion energy increased; the increase is much more pronounced for the NN 347 

series and CN series specimens. Columns BB-R-1, CN-R-2, and NN-R-1 have a similar percentage 348 

of capacity loss due to corrosion, while the amount of energy required to cause that loss was 9.4, 349 

10.1, and 12.5 kilowatt hours, respectively. This represents 17% more energy for the CN series 350 

specimen and 34% more energy for the NN series specimen when compared to all-carbon steel 351 

specimens. Neither of the all-carbon steel reinforced specimens experienced more than 9.4 kwh of 352 

total corrosion energy, while specimens CN-R-1 and NN-R-2 experienced 14.3 kwh and 15.3 kwh, 353 

respectively, which caused higher axial compression capacity reduction. 354 

Figure 16 shows the axial compression capacity reduction as a function of mass loss; the 355 

axial compression capacity of stainless (NN) and stainless clad columns (CN) is more sensitive to 356 

mass loss when the latter exceeds 18%. Localized areas of section loss in the stainless steel spiral 357 

had a greater impact on axial compression capacity than the distributed corrosion experienced by 358 

carbon steel spirals. 359 

 360 

6. Conclusions 361 

Corrosion performance and axial compression capacity of medium-scale concrete columns 362 

reinforced with combinations of corrosion-resistant reinforcement was investigated. The columns 363 

reinforced with corrosion-resistant reinforcement were compared to specimens reinforced with 364 

conventional carbon steel. The columns were subjected to accelerated corrosion for 60 days. 365 

For specimens subjected to a corrosion rate of 8.5 μA/mm2 the following conclusions are 366 

reached: (1) stainless steel and stainless clad vertical reinforcement had very similar performance 367 
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in axial compression; both reinforcement types contributed to greater capacity overall than 368 

traditional Grade 60 carbon steel; (2) mechanical crimping is required to ensure integrity of 369 

stainless steel caps employed to protect 316L stainless clad bars; (3) 2304 stainless steel 370 

reinforcement experienced corrosion and localized pitting, which caused localized concrete 371 

spalling; concrete cover was compromised when mass loss of stainless steel reinforcement 372 

exceeded 6.0%; (4) in terms of mass loss per unit of corrosion energy, columns reinforced with 373 

2304 stainless steel vertical bars and spirals, and columns with 316L stainless clad verticals and 374 

2304 stainless steel spirals exhibited 197% the corrosion resistance of carbon steel; (5) all-carbon 375 

steel reinforced specimens reached lower failure displacements and a corroded carbon steel 376 

specimen was the only one to experience sudden failure prior to reaching its theoretical maximum 377 

compression capacity; (6) corroded specimens reinforced with 316L stainless clad verticals and 378 

2304 stainless steel spirals retained greater ductility compared to both all-stainless steel and all-379 

carbon steel reinforced specimens; (7) when mass loss exceeded 18%, 2304 stainless steel and 380 

316L stainless clad reinforced columns experienced 150% to 250% greater loss in axial capacity 381 

than those reinforced with carbon steel; (8) the theoretical concrete confinement model 382 

underpredicted the axial compression capacity of control and corroded columns with metallic 383 

reinforcement. 384 

 385 

 386 

 387 

 388 

 389 

 390 
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List of Abbreviations  437 

Ag : gross area of column 438 

As : area of vertical reinforcement 439 

Asp : cross-sectional area of spiral reinforcement 440 

CRcc : percentage of drop in axial compression capacity per unit corrosion energy 441 

CRmass : corrosion resistance in terms of mass loss per unit energy 442 

D’ : Interior diameter of spiral 443 

ds : diameter of reinforcing spiral 444 

Etotal : total corrosion energy 445 

F : Faraday’s constant 446 

f ’cc : confined concrete strength 447 

f ’co : unconfined concrete strength  448 

f ’l – confining pressure  449 

f ’lc : confining pressure from corroded transverse reinforcement 450 

fy : yield stress of metallic reinforcement 451 

fyh : yield strength of transverse reinforcement 452 

Iapp : average applied current 453 

Iavg : average current 454 

ke : confinement effectiveness ratio 455 

MA : atomic mass 456 

Mth : theoretical mass loss 457 

Ml : theoretical mass loss percentage 458 

Pn : axial compression capacity 459 
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s : spiral pitch 460 

T : time 461 

𝑣 : valency 462 

Vavg : average applied voltage 463 

𝜌𝑐𝑐 : longitudinal reinforcement ratio 464 

 465 
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  524 

Fig. 1. Concrete column specimen dimensions and reinforcement. 525 
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     541 
                                         (a)                                   (b)                              (c)                                           542 

Fig. 2. Reinforcement of corroded specimens: (a) BB series; (b) CN series; (c) NN series. 543 
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 561 

Fig. 3. Change in voltage over time. 562 
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   576 
(a)                                    (b) 577 

 578 

Fig. 4. External signs of corrosion on day 7: (a) specimen NN-R-2; (b) specimen BB-R-1. 579 
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   598 

Fig. 5. External signs of corrosion on day 11 for specimen NN-R-1. 599 
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   615 
(a)                                          (b) 616 

Fig. 6. Localized pitting on stainless steel spiral of specimen NN-R-2: (a) general view;             617 

(b) detailed view of single corrosion pit. 618 
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     633 
                                            (a)                           (b)                            (c) 634 

Fig. 7. Corrosion of specimen CN-R-1: (a) vertical concrete cracks; (b) necking of stainless steel 635 

spiral; (c) stainless steel end cap on stainless clad vertical bar. 636 
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   649 

Fig. 8. Axial compression test setup with two LVDTs.  650 
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 668 

 669 

Fig. 9. Compression force versus axial displacement of control specimens. 670 
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 679 

 680 

Fig. 10. Compression force versus axial displacement of corroded specimens.  681 
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 696 
 697 

Fig. 11. Compression force versus axial displacement for NN series specimens with stainless steel 698 

vertical bars and stainless steel spiral. 699 
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 707 
 708 

Fig. 12. Compression force versus axial displacement for CN series specimens with stainless 709 

clad vertical bars and stainless steel spiral.  710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

5 10 15 20 25 30 35 40 45 50 55 60

500

1000

1500

2000

2500

3000

3500

4000

Fo
rc

e
 (

kN
)

Displacement (mm)

CN-C-1 CN-R-1

CN-R-2



37 

 718 
 719 

Fig. 13. Compression force versus axial displacement for BB series specimens with carbons steel 720 

vertical bars and carbon steel spiral.  721 
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     733 
  (a)                                              (b)                                         (c) 734 

 735 

Fig. 14. Failure modes after axial compression tests: (a) multiple spiral fractures in NN-R-1;     736 

(b) spiral fracture and buckled vertical bars in CN-R-2; (c) fractured spiral in BB-R-1. 737 
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 754 

Fig. 15. Axial compression capacity loss in terms of total corrosion energy. 755 
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 756 

Fig. 16. Axial compression capacity loss in term of mass loss. 757 
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