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Abstract

Axial compression performance of concrete columns reinforced with 2304 solid stainless bars and spirals, carbon
steel bars and spirals, and 316 L stainless steel clad bars is examined after the columns are exposed to severe
corrosion. Two groups of columns were investigated: a control group, and a group submerged in a 5.0% by weight
chloride solution subjected to accelerated corrosion. A relatively high impressed current density of 8.5 μA/mm2 was
used and after 60 days of accelerated corrosion the columns were tested to failure under axial compression. In
terms of mass loss per unit of corrosion energy, columns reinforced with stainless steel spirals and either solid
stainless or stainless clad vertical bars were 197% more corrosion resistant than carbon steel. Bars made with 2304
solid stainless steel and 316 L stainless clad materials developed localized pitting corrosion that led to degradation
of the concrete cover and a larger drop in axial compression than carbon steel reinforced columns. However, the
carbon steel reinforced columns reached lower failure displacements and a corroded carbon steel reinforced
column was the only column to experience sudden failure prior to reaching its theoretical maximum axial
compression capacity. Axial compression capacity of the columns in both the control and corroded conditions was
modeled using concrete confinement models that produced good agreement with the experimental results.

Keywords: Carbon steel, Column, Compression test, Concrete, Confinement, Corrosion test, Stainless clad, Stainless
steel

Introduction
Concrete structures reinforced with conventional carbon
steel are susceptible to corrosion. This research applies
to areas where concrete structures face severe deterior-
ation due to corrosion of reinforcement, such as: (1)
areas where the service-environment for concrete struc-
tures near seawater is characterized by adverse climatic
conditions, namely severe salinity and high temperature-
humidity; and (2) areas where anti-icing and de-icing
brines used during harsh winter seasons cause prema-
ture degradation of the highway infrastructure. To miti-
gate or control corrosion, stainless steel bars, stainless

clad bars that have a carbon steel core with stainless
cladding, and glass fiber reinforced polymer (GFRP)
composite bars are currently being considered as alter-
native reinforcing materials. The initial cost of such
corrosion-resistant bars is greater than carbon steel;
however, the life-cycle cost including maintenance and
repair might eventually be less.
Reinforcement with a carbon steel core and outer aus-

tenitic stainless steel cladding and stainless steel with a
dual-phase austenitic and ferritic microstructure, is re-
ported to resist corrosion better than carbon steel or
epoxy coated carbon steel bars [1]. Another option for
corrosion-resistant reinforcement is 2304 solid stainless
steel (alloy including 23% chromium and 4% nickel); this
material is reported to have higher corrosion resistance
than carbon steel and lower cost than stainless steel bars
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and stainless clad bars [2]. Similar performance has been
reported regarding stainless clad bars and solid stainless
bars; stainless clad bars with 0.25 mm to 0.8 mm thick
316 L austenitic stainless steel cladding have been re-
ported as providing the best performance [3].
Results of an experimental study on the corrosion of

S11203 stainless steel bar under different strain levels
have been presented [4]; the strain level affected the de-
gree of corrosion of stainless steel bar in that the higher
the strain, the higher the degree of corrosion. The de-
gree of corrosion of the specimen under a strain of 1.0 ×
10− 3 was 9% higher than that of under zero strain. The
degradation rate of nominal strength and elongation of
stainless steel bars were higher than those of ordinary
steel bars. However, even when the degree of corrosion
reached 25%, the nominal strength of stainless steel bars
was generally higher than most ordinary steel bars.
Accelerated corrosion tests of S23043 in a chloride en-

vironment and tensile tests of the corroded steel bars
were carried out to investigate the effect of strain level
on the corrosion degree and mechanical properties [5].
The corrosion of S23043 was non-uniform, mainly pit
corrosion; with increasing time, corrosion pits showed a
tendency to form mutual connections but strain levels
had no effect on the corrosion morphology. Compared
with the mechanical properties of ordinary steel bars
after corrosion, as the corrosion degree increased, the
yield strength and ultimate strength of S23043 degraded
more quickly than that of ordinary steel bars, and the
elongation of S23043 degraded more quickly than that
of ordinary steel bars.
The corrosion behavior of 304 L and 316LN stainless

steel clad reinforcing bars has been studied [6]. Bars
tested in cracked concrete showed active corrosion at
the base of the crack, which extended along the rebar
length. There was no significant difference in the active
and passive corrosion rates between the clad and the
solid stainless steel bars in cracked concrete after expos-
ure to 21% chloride brine.
It has been projected that GFRP bars encased in con-

crete could retain over 70% of their tensile capacity, after
continued submersion in tap and salt water for a 100-
year service life [7]. Degradation of GFRP bars from ex-
posure to chlorides has been reported to be insignificant
[8]; moreover, immersion of GFRP reinforced columns
in distilled water and chloride saturated water showed
superior retention of long term capacity compared to
carbon steel reinforced columns [9]. Concrete columns
reinforced with carbon steel longitudinal bars and GFRP
spiral had very little corrosion compared to carbon steel
columns [10]. Confinement using GFRP spiral differs
from confinement using a carbon steel spiral because
the modulus of elasticity of GFRP is low; however, this is
a promising reinforcing option and analytical models

have been proposed to predict the efficiency of GFRP
spiral for concrete confinement [11].
This research aims to show whether 316 L stainless clad

reinforcing bars could provide similar corrosion resistance
as 2304 solid stainless bars in concrete columns exposed
to aggressive environments. Specifically, the loss in axial
load capacity of corroded concrete columns reinforced
with 316 L stainless clad or 2304 solid stainless bars is in-
vestigated. Moreover, the axial load performance of
columns reinforced with 316 L stainless clad or 2304 solid
stainless bars is compared to that of columns reinforced
with carbon steel under both uncorroded and corroded
conditions. The study examines the axial capacity of cor-
roded concrete columns rather than the deterioration of
individual bars. Greater use of corrosion resistant
reinforcement is anticipated and this research highlights
the performance of two economical reinforcement options
under aggressive environments. The potential for delam-
ination of the cladding from the core of stainless clad bars
under axial compression for corroded concrete columns
has not been studied widely.
The performance of corrosion-resistant metallic

reinforcement is investigated using accelerated corrosion
tests followed by concentric axial compression tests to fail-
ure. Three categories of medium-scale concrete column
specimens were tested: (a) columns reinforced with 2304
solid stainless steel vertical bars and spirals; (b) columns rein-
forced with 316 L stainless steel clad vertical bars and 2304
solid stainless steel spirals; and (c) columns reinforced with
carbon steel vertical bars and spirals; the latter series was
tested for comparison to the corrosion-resistant reinforced
columns. Accelerated corrosion was achieved by subjecting
the concrete column specimens to 60 days of corrosion with
impressed direct current potential. Concrete cracking and
spalling were recorded and compared during the accelerated
corrosion experiments. The amount of theoretical mass loss
based on recorded current was obtained from Faraday’s law.
After the 60-day accelerated corrosion process, the speci-
mens from the three column series were tested under
concentric axial compression; this also enabled close examin-
ation of the degree of corrosion of the reinforcement. Cor-
roded as well as control columns were tested for the three
series; the theoretical capacity of control and corroded con-
crete columns was determined using the model proposed by
Mander et al. [12]. The overall performance of corroded col-
umns was compared as a function of the total corrosion en-
ergy experienced by the reinforcement.
The main objective of this study was to investigate the

serviceability and performance of concrete columns rein-
forced with carbon steel, 2304 solid stainless steel, and
316 L stainless steel clad bars and spirals under corrosive
conditions. A second objective was to investigate the
axial compressive strength of corroded and control
medium-scale columns reinforced with 2304 solid
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stainless steel bars and spirals, columns reinforced with
316 L stainless clad vertical bars and 2304 solid stainless
steel spirals, and columns reinforced with carbon steel
vertical bars and spirals. A third objective was to predict
the axial compressive strength of corroded and control
columns using concrete confinement models.

Material selection and specimen design
The medium-scale columns were 810 mm tall with a
305 mm diameter. The columns were cast with pea-
gravel concrete and cured for 28 days. The concrete mix
design is given in Table 1. Concrete cylinders 203 mm
tall with a 102 mm diameter were cast; the 28-day con-
crete compressive strength was found as 29MPa. The
column axial compression tests were carried 300 days
after casting the concrete; the compressive strength of
the concrete cylinders at 300 days was 45MPa.
Carbon steel bars and spirals were Grade 60

reinforcement. The carbon steel bars and spirals were
the first series of columns (BB series); 2304 solid stain-
less steel bars and spirals comprised the second series
(NN series), whereas 316 L stainless steel clad bars and
2304 solid stainless steel spirals was the third series (CN
series). A total of 11 columns were cast, six of which
were subjected to current-accelerated corrosion (referred
to as corrosion or “R” specimens); the remaining five col-
umns were subjected to room temperature conditions
(referred to as control or “C” specimens). Figure 1 shows
the dimensions of a typical concrete column and
reinforcement details. All vertical bars were 16mm in
diameter; both carbon steel and 2304 solid stainless steel
spiral reinforcement had a 13 mm diameter. The spirals
had an external diameter of 211 mm and a pitch equal
to 57 mm. The reinforcement combinations are given in
Table 2. Each corroded specimen had copper wires at-
tached to the reinforcement connected to a power sup-
ply during the corrosion period, as shown in Fig. 2.

Current-accelerated corrosion experiments
A method similar to the Florida Department of Trans-
portation procedure was used to accelerate corrosion of
the reinforcement of the concrete column specimens
[13, 14]; in this method, the specimens were submerged
up to half their height in a 5.0% by weight NaCl salt-
water solution and an electrical potential was applied to

the metallic reinforcement. The rate of corrosion was
regulated using current density; this is defined as the
amount of induced current divided by the surface area
of steel exposed to the chloride solution. It is well
known that a 2.0 μA/mm2 current density induces sig-
nificant acceleration in the rate of strain-crack formation
in concrete [14]. High levels of impressed current dens-
ity have been used in accelerated corrosion tests by sev-
eral researchers for the following reasons: (1) on the
basis of pilot tests to provide desired levels of corrosion
in a reasonable time; and (2) for corrosion tests of speci-
mens constructed with steel fiber-reinforced concrete,
where the current density can reach up to many times
higher than the current density for conventional con-
crete specimens.
The effect of varying the impressed current density

level on concrete strain, crack width, and mass loss of
reinforcing bars due to expansive stresses caused by cor-
rosion products in concrete prisms has been studied
[14]; it was concluded that: (1) current density levels be-
tween 1.0 and 5.0 μA/mm2 had no effect on the concrete
side strain response up to 0.8% mass loss but at higher
degrees of corrosion, increasing the current density level
above 2.0 μA/mm2 resulted in a significant increase in
the concrete side strain; and (2) inducing corrosion
using low current density levels requires a longer corro-
sion period than that required to reach the same per-
centage of mass loss at higher current density levels. A
current density of 20.0 μA/mm2 has been used on the
basis of pilot tests to provide desired levels of corrosion
in a reasonable time [15]; pullout and beam tests were
carried out to study the influence of reinforcing bar cor-
rosion and cracking on bond behavior and bond
strength of reinforced concrete members. The critical
slip in the post-cracking corrosion stage for the

Table 1 Mix design of concrete per 1 m3

Components Weight, kg

Cement Type II 328.7

Water 119.7

Coarse aggregate Pea gravel mix 658.9

Sand 1047.0

Fly ash 72.93

Fig. 1 Concrete column specimen dimensions and reinforcement
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maximum corrosion level studied was found to be about
10 times the value at the normal zero corrosion
situation.
A current density of 30.0 μA/mm2 was used to study the

effect of corrosion on flexural behavior of slabs [16]; in slabs
with corroded bars, in the post-cracking stage, a bond-shear
type of failure was indicated. Spalling of the concrete cover
was basically due to the conjoint effect of shear cracks and
transverse cracks caused by reinforcement corrosion. The ul-
timate flexural strength of slabs decreased progressively with
the degree of corrosion of the embedded steel; reduction in
the ultimate flexural strength of slabs with 5% reinforcement
corrosion was 25%, while it was 60% in slabs with 25%
reinforcement corrosion. A current density of 104.0 μA/mm2

was used to study the effect of corrosion on bond strength
[17]; at 7% rebar corrosion, the rib profile loss was about
45%, whereas at 12% rebar corrosion, the loss in rib profile
was around 70%; this explains the bar slippage mode of fail-
ure at about 12% corrosion level. Corrosion levels between 5
and 7% were observed to cause significant increase in crack
width as well as loss of rib profile; this explains the sharp

reduction in the bond strength from 30 to 70% in this range
of corrosion.
In accelerated corrosion tests of cylindrical concrete

specimens with a reinforcement diameter of 16 mm, the
corrosion current density of the steel fiber-reinforced
concrete was up to 3.3 times higher than that of conven-
tional concrete; this was because the connectivity of the
reinforcement was extended to the steel fibers on the
surface of the specimen, which affected the corrosion
current density of the reinforcement [18].
Since the present study is targeting applications where

concrete or fiber reinforced concrete structures are
under severe deterioration due to corrosion under a lon-
ger time span within an accelerated time frame, a rela-
tively high impressed current density of 8.5 μA/mm2 was
used. By driving the corrosion in this manner and at this
rate, the case where the protective chromium oxide pat-
ina could not be maintained on the stainless steel and
stainless clad reinforcement could be examined; this
simulates a worst-case scenario of aggressive environ-
mental conditions and allows stainless steel and stainless

Table 2 Summary of specimen materials and dimensions

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 2 316 L Stainless Clad 2304 Stainless

CN-C 1 316 L Stainless Clad 2304 Stainless

R Corroded, C Control

Fig. 2 Reinforcement of corroded specimens: a BB series; b CN series; c NN series
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clad bars to be tested in conditions where corrosion is
guaranteed.
To allow infiltration of the electrolyte in the

reinforcement before electrical potential was applied, the
columns were submerged in saltwater (5% by weight
chloride solution) for a period of 2 weeks. Moreover, to
complete the circuit through the electrolyte, a galvanized
steel grate was placed at the bottom of the tank.
Throughout the actual 60-day corrosion period, the tar-
get current density was maintained by measuring the
current several times a week and adjusting the power.
The average applied current was maintained to be within
15.0% of the target current. Voltage was read from the
power supply and a constant rate of corrosion was main-
tained, with the measured current accounting for the po-
tential applied by the power supply and the potential
created by the internal corrosion cell of the corroding
reinforcement.
The theoretical mass loss was calculated using Fara-

day’s law from the average measured current as:

Mth ¼ MAIappT
vF

ð1Þ

where Mth = theoretical mass loss in grams; atomic mass
of the alloy MA, was taken for carbon steel as 55.845, the
atomic mass of iron; for alloyed steel the weighted aver-
age atomic weight of individual components was used
[19]; MA = 56.352 for 2304 solid stainless steel, and MA =
57.936 for 316 L stainless steel clad bars; Iapp is the aver-
age applied current in amps; T is the total time of
current application in seconds; v is the valency of the
corrosion product equal to 2.0; and F = 96487 amp-sec
or Faraday’s constant. It is well known that this method
overestimates actual mass loss by a factor of 1.2; this
was considered when finding the mass loss in Table 3
designated as the adjusted theoretical mass loss [20].
The measured voltage and current were used to calcu-

late the total applied corrosion energy for each speci-
men, in terms of kilowatt hours using the following
equation:

Etotal ¼ VavgIavgT ð2Þ

where Vavg is the average applied voltage for the series
during the testing period in kilovolts, Iavg is the average
measured current, and T is the duration of testing
period in hours. The corrosion resistance of each speci-
men in terms of mass loss per unit of applied energy is
expressed as:

CRmass ¼ %mass loss
Etotal

ð3Þ

This value is calculated and shown in Table 3. Mate-
rials that exhibit a higher degree of mass loss per unit
corrosion energy are less corrosion resistant for cases
where other factors that contribute to total resistance in
the system, such as depth of concrete cover, are similar.
It is clear from Table 3 that columns reinforced with
carbon steel have a higher degree of mass loss per unit
corrosion energy by a factor of 1.9 compared to columns
reinforced with stainless bars and spirals and columns
reinforced with stainless clad vertical bars and stainless
steel spirals.
The voltage fluctuated throughout the corrosion

period, as conditions changed, and Fig. 3 illustrates the
change in voltage over time. A drop in voltage occurred
between day 5 and day 9, with the voltage for the clad-
stainless (CN) series and stainless-stainless (NN) series
dropping from 14.0 to 10.0 V and the carbon steel-
carbon steel (BB) series dropping from 13.6 to 9.2 V.
This occurred as the concrete cover experienced split-
ting cracks due to radial stress, thus lowering the resist-
ance required to maintain constant current density.
Cracking of the columns was observed on day 7, when

specimens began to show outward signs of corrosion,
most notably NN-R-2 and BB-R-1, as shown in Fig. 4,
where iron oxide effluent is deposited around the
cracked concrete. Initial splitting cracks drive corrosion
throughout the remainder of the test; this is true for
stainless clad and stainless steel reinforcement where
localized corrosion developed in regions where splitting
cracks penetrated the concrete cover to the
reinforcement. After the initial drop, between day 11
and 16, the amount of voltage required to sustain the
same rate of current-accelerated corrosion was much

Table 3 Summary of corrosion analysis

Specimen Target Current
Density (μA/mm2)

Measured Average Current
Density (μA/mm2)

Adj. Theoretical
Mass Loss (kg)

Adj. Theoretical %
Mass Loss (%)

Mass Loss /Corrosion
Energy (%/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
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higher for the CN and NN series specimens at approxi-
mately 12 times the amount required for the BB series,
even after similar amounts of cracking had occurred.
The CN and NN series manifested another voltage drop
between day 29 and 43, as shown in Fig. 3. Coloration
observed from day 30 suggests that dissolved chromium
or nickel was ejected as effluent. The development of
more severe exterior cracking tended to precede large
voltage drops, and in addition to the silver-colored efflu-
ent observed in the CN and NN series specimens, iron
oxide effluent began forming between days 7 and 11, as
noted in detail in Fig. 5.
After the 60-day corrosion period a wide extent of

cracking was observed at the base of the NN and CN
columns. Reconstitution of the cracked column bases in-
volved reattachment of the cracked concrete pieces with
grout and Carbon FRP wraps applied at the top and bot-
tom 200mm of the columns to ensure that failure would
occur at the middle of the column height in the axial
compression tests.

Examination of the specimens after testing confirmed
that corrosion of stainless steel and stainless clad
reinforcement was concentrated in smaller regions,
whereas carbon steel experienced corrosion evenly over
its surface. Much of the surface of stainless steel was un-
affected, but there were regions in each of the stainless
steel spirals where over 50% of the cross-sectional area
had corroded. Figure 6 shows the distribution of these
local pitting patterns on the spiral from column speci-
men NN-R-2, and a single corrosion pit in detail.
Prior to carrying out the axial compression tests, de-

scribed in Section 4, it was observed that corroded speci-
mens had external cracks extending at least into the
middle third of the column height. After destructive
testing, it was revealed that the degree of corrosion was
greater along these cracks, especially in the spiral, as
shown for specimen CN-R-1 in Fig. 7a. The affected
points on the spiral were weak in resisting concrete dila-
tion, as spirals with this corrosion pattern experienced
sudden failure due to stress concentration at the thinner

Fig. 3 Change in voltage over time

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

Wright and Pantelides Journal of Infrastructure Preservation and Resilience             (2021) 2:2 Page 6 of 15



areas where necking had occurred as shown in Fig. 7b.
The degree of corrosion was not as severe in vertical
stainless steel and stainless clad bars when compared to
stainless steel spirals within the same column. Localized
corrosion in the stainless steel spirals accounted for
most of the mass loss, especially at the bottom portion
of the columns.
The stainless steel end caps used to protect the core of

the stainless clad bars corroded heavily. Figure 7c shows
the leftover epoxy, the remaining portion of the stainless
steel cap, and the core of the stainless clad bar, which
had no sign of severe corrosion. The end caps acted as
sacrificial anodes, which preserved the extreme ends of
the stainless clad bars. No delamination of the cladding
and core of stainless clad bar under axial compression in
a concrete column under corrosion was observed. In this
aggressive simulated environment there was no loss of
capacity as a result of end cap failure, since concrete
spalling in columns reinforced with stainless clad vertical

bars was also present in all-stainless reinforced columns.
In terms of total mass loss per unit of applied energy,
the all-stainless steel columns and the columns with
stainless clad vertical bars and stainless steel spirals ex-
perienced approximately half the mass loss per kilowatt
hour of specimens reinforced with grade 60 carbon steel,
as shown in Table 3.

Experimental results of axial compression tests
The axial compressive strength of each column was
compared for the corroded and control specimens of the
three series. Corrosion was prevalent in the bottom 66%
of the column height; CFRP was applied at the two ends
for a height of 25% of the column height; hence the mid-
dle half of the column was corroded and not covered
with CFRP or grout. The loading procedure was as fol-
lows: a concentric axial monotonic load was applied
using displacement control at a rate of 2.54 mm/min.
The critical displacement was measured at failure, de-
fined here as the point after peak strength where the
stress drops to 85% of the peak strength. Displacement
measurements were taken from a pair of external
LVDT’s held with springs between two L-brackets,
which were glued to the column surface, as shown in
Fig. 8. Tables 4 and 5 summarize the quantitative results
and relative capacities of the control and corrosion spec-
imens, respectively.
An average maximum compression force equal to

3255 kN was achieved for the control carbon steel rein-
forced specimens, as shown in Table 4, while the cor-
roded specimens averaged 3021 kN, as shown in
Table 5. This amounts to a 7.0% loss in maximum axial
compressive strength, accompanied by a 15.0% reduction
in average displacement at failure between the control
and corroded specimens.
The axial compression force versus axial displacement

for the control and corroded specimens is shown in
Figs. 9 and 10, respectively. In addition to reaching a
lower ultimate force capacity, the corroded columns had

Fig. 5 External signs of corrosion on day 11 for specimen NN-R-1

Fig. 6 Localized pitting on stainless steel spiral of specimen NN-R-2: a general view; b detailed view of single corrosion pit
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lower ultimate displacement capacity prior to failure,
exhibiting lower ductility. Many corroded columns
showed a more severe drop in axial compressive ultim-
ate force after initial yielding than the control columns,
indicating that greater damage had likely occurred as a
result of reinforcement yielding due to corrosion prior
to the confined concrete strength being fully developed.
BB-R-2 reached a similar force at the point of yielding

when compared to the control specimens as shown in
Fig. 11. This specimen is of note as it was the only speci-
men in the study that failed suddenly at a much lower
displacement than any of the other specimens, failing
prior to reaching its projected maximum axial compres-
sion capacity, as seen by the trajectory of its plot in
Fig. 11. BB-R-1 yielded at a lower force but reached a
higher maximum force than the other corroded speci-
men at a failure displacement that was comparable to
the control columns. Despite lower losses in axial cap-
acity overall, the BB series showed a risk for failure at
low displacements, and even BB-R-1 reached a lower
failure displacement than all specimens except NN-R-2,
the most heavily corroded of the remaining specimens.
Failure of specimen BB-R-1 is shown in Fig. 12c.
The higher ultimate strength of 2304 solid stainless

steel enabled the control NN specimens to achieve an
average compression capacity of 3548 kN and displace-
ment of 45 mm. However, it is clear that the corroded
NN columns were affected by mass loss more than the
carbon steel BB columns. The corroded NN columns
achieved an average compression capacity of 2932 kN,
with an average loss of strength more than twice that of
the BB columns. The average displacement of corroded

Fig. 7 Corrosion of specimen CN-R-1: a vertical concrete cracks; b necking of stainless steel spiral; c stainless steel end cap on stainless clad vertical bar

Fig. 8 Axial compression test setup with two LVDTs
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NN columns was 33 mm or 27% less than the control
specimens, largely driven by the especially low displace-
ment reached by NN-R-2, as illustrated in Fig. 13; the
figure also shows how NN-R-2 yielded at a much lower
force when compared to the other corroded and control
specimens in the NN series. Figure 12a shows column
NN-R-1 which experienced sudden failure as the spiral
broke at multiple places due to localized corrosion, thus
becoming ineffective in restraining elastic bar buckling
of the vertical bars; however, this failure was not as pre-
mature as that experienced by the carbon steel specimen
BB-R-2. This mode of failure due to spiral fracture was
also present in column NN-R-2. Corrosion of the stain-
less steel spiral reinforcement was the cause of capacity
loss.
Specimens with stainless clad verticals and stainless

steel spirals (CN) performed similarly to the NN series,
with control CN-C-1 specimen achieving a 3291 kN
compression capacity and 43mm displacement. Speci-
men CN-R-2 showed greater compressive strength than
CN-R-1 consistent with its lower theoretical mass loss;
both exhibited a similar displacement at failure, but the
more heavily corroded CN-R-2 failed suddenly while
CN-R-1 failed gradually even after the spiral broke. Fig-
ure 14 shows how both corroded CN series specimens
exhibited sharper drops in compression force after initial
yielding, although they retained a greater degree of duc-
tility than the corroded BB and NN series specimens;
this is also shown in Fig. 10. Specimen CN-R-2 is illus-
trated at failure in Fig. 12b. Despite experiencing similar
levels of mass loss as the BB series, the CN and NN

series corroded specimens experienced greater reduction
in axial compression capacity and displacement.

Theoretical axial compression capacity of column
specimens and comparison to experimental
results
Axial compression capacity of reinforced concrete col-
umns is obtained as the sum of the compression capacity
of the confined concrete and the longitudinal steel bars.
The important parameter in this analysis is the confined
concrete compressive strength contribution from spiral
reinforcement; this is the case because the spiral material
and its state of corrosion have the greatest influence on
the overall column compression capacity.

Theoretical models for confinement of concrete with
spirals
For carbon-steel reinforcement, the confinement model
proposed by Mander et al. [12] gives accurate estimates of
confined concrete strength. It is assumed that the stainless
steel spiral performs similar to carbon steel and the Man-
der et al. [12] model applies. The model is given as:

f
0
cc ¼ f

0
co − 1:254þ 2:254

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 7:94 f

0
l

f
0
co

s
− 2

f
0
l

f
0
co

 !

ð4Þ

where f
0
co is the unconfined concrete compressive

strength; the confining pressure f
0
l is defined as:

Table 4 Comparison of axial compressive capacity of control specimens using experimental results and theoretical capacity from Eq.
(7)

Specimen Theo. Capacity (kN) Exp. Capacity (kN) Capacity Diff. (%) Exp. Critical Displ. (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

Table 5 Comparison of axial compressive capacity of corroded specimens using experimental results and theoretical capacity from
Eq. (9)

Specimen Theo. Cap.
(kN)

Exp. Cap.
(kN)

Cap. Diff.
(%)

Mass Loss
(%)

Theo. Cap. Drop
(%)

Exp. Cap. Drop
(%)

Cap. Loss/Energy
(%/kwh)

Exp. Crit. Displ.
(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
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f
0
l ¼

2 f yhAsp

D
0
s

ke ð5Þ

where fyh is the yield strength of the transverse
reinforcement, Asp is the area of the steel spiral, D′ is
the interior diameter of the spiral, s is the spiral pitch,
and ke, is the confinement effectiveness given as:

ke ¼
1 −

s
2ds

1 − ρcc

ð6Þ

where ρcc is the longitudinal reinforcement ratio with re-
spect to the concrete core enclosed by the centerline of
the spiral. For all-metallic reinforced columns ke is equal
to 0.907.
Once the confined concrete strength was found using

the Mander et al. [12] model, the overall axial compres-
sion capacity of the columns Pn was determined as:

Pn ¼ 0:85 0:85 f
0
cc Ag − As
� �þ f yAs

h i
ð7Þ

The theoretical capacity of the control specimens is
presented in Table 4, as well as the difference from the
experimental average. In general, good agreement is ob-
served between Eq. (7) and the experimental capacity;
columns reinforced with carbon steel vertical bars and
spirals showed a larger difference between theoretical
and experimental capacity compared to columns rein-
forced with stainless steel and stainless clad vertical bars
and stainless steel spirals.
For the corroded columns, the theoretical mass loss

was used to determine the percentage of steel mass loss
(or area), and confinement was calculated using the ad-
justed value. Corrosion had occurred mainly in the
spiral; it was assumed that all of the corrosion-induced
reduction in cross-sectional area occurred in the spiral.

Fig. 9 Compression force versus axial displacement of control specimens

Fig. 10 Compression force versus axial displacement of corroded specimens
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The expression used for the confining pressure of cor-
roded metallic spirals is:

f
0
lc ¼

2 f yh Asp� 1 −Mlð Þ� �

D
0
s

ke ð8Þ

where Ml is the theoretical percent of mass loss as a re-
sult of corrosion. The term f

0
lc in Eq. (8) replaces f

0
l in

Eq. (4), with the modified confined concrete strength
substituted into Eq. (7) to account for the reduced spiral
section due to corrosion. Reducing the theoretical axial
compressive capacity proportionally to the vertical
reinforcement area loss results in:

Pn ¼ 0:85 0:85 f
0
cc Ag − As
� �þ f yAs 1 −Mlð Þ

h i
ð9Þ

The theoretical column capacity for the corroded col-
umns is shown in Table 5, along with the difference
from the experiments. In general, good agreement is ob-
served between Eq. (9) and the experimental capacity;

columns reinforced with carbon steel vertical bars and
spirals showed a larger difference between theoretical
and experimental capacity compared to columns rein-
forced with stainless steel and stainless clad vertical bars
and stainless steel spirals.

Comparison of theoretical to experimental axial
compression capacity
Theoretical predictions were for the most part quite ac-
curate. The Mander et al. [12] model predicted a similar
difference in capacity for control and corroded speci-
mens. Axial compression capacity reduction was deter-
mined by comparing the theoretical values for corroded
and control specimens and is summarized in Tables 4
and 5. The experimental capacity exceeded the analytical
estimate for all specimens except one of the corroded
all-stainless steel specimens (NN-R-2), which overpre-
dicted the experimental performance by 3.5%. This spe-
cimen in particular experienced the second highest mass
loss, concentrated in various regions in the spiral,

Fig. 11 Compression force versus axial displacement for BB series specimens with carbon steel vertical bars and carbon steel spiral

Fig. 12 Failure modes after axial compression tests: a multiple spiral fractures in NN-R-1; b spiral fracture and buckled vertical bars in CN-R-2; c
fractured spiral in BB-R-1
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leading to a disproportionate drop in axial compressive
capacity; a 22.3% drop in experimental compression cap-
acity was measured for the all-stainless column NN-R-2,
which was over twice the theoretical value of 10.3%. The
stainless steel spiral failed at discrete locations where
most localized mass loss had occurred and is the cause
of this discrepancy. This effect was observed for the CN
series with stainless clad verticals and stainless steel
spiral reinforcement. Compression capacity reduction in
these specimens is not proportional to loss in spiral
cross section beyond 18% mass loss. Equation (8) applies
only for cases where mass loss is below 18% in columns
reinforced with 2304 solid stainless steel spiral.
The possibility that the axial compression capacity of

the solid stainless steel bars could be sensitive even to
low amounts of mass loss is obvious. This contrasts with
the stainless clad verticals, which showed no such sensi-
tivity, and had no compression capacity reduction com-
pared to the control specimens.

In terms of total mass loss per unit of energy, all-
stainless and stainless/clad reinforced columns had ap-
proximately half of the mass loss per kilowatt hour of
specimens reinforced with carbon steel. Localized con-
centration of mass loss had a profound impact on the
performance of the all-stainless and stainless clad/stain-
less columns. The percentage of axial compression cap-
acity reduction between corroded and control columns
in terms of total corrosion energy is expressed as:

CRcc ¼ %axial load capacity drop
Etotal

ð10Þ

The results are summarized in Table 5 and Fig. 15
which show axial compression capacity reduction as a
function of total corrosion energy. Axial compression
capacity reduction was severe as the amount of corro-
sion energy increased; the increase is much more pro-
nounced for the NN series and CN series specimens.

Fig. 13 Compression force versus axial displacement for NN series specimens with stainless steel vertical bars and stainless steel spiral

Fig. 14 Compression force versus axial displacement for CN series specimens with stainless clad vertical bars and stainless steel spiral
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Columns BB-R-1, CN-R-2, and NN-R-1 have a similar
percentage of capacity loss due to corrosion, while the
amount of energy required to cause that loss was 9.4,
10.1, and 12.5 kW h, respectively. This represents 17%
more energy for the CN series specimen and 34% more
energy for the NN series specimen when compared to
carbon steel specimens. Neither of the carbon steel rein-
forced specimens experienced more than 9.4 kwh of
total corrosion energy, while specimens CN-R-1 and
NN-R-2 experienced 14.3 kwh and 15.3 kwh,

respectively, which caused higher axial compression cap-
acity reduction.
Figure 16 shows the axial compression capacity reduc-

tion as a function of mass loss; the axial compression
capacity of stainless (NN) and stainless clad columns
(CN) is more sensitive to mass loss when the latter ex-
ceeds 18%. Localized areas of section loss in the stainless
steel spiral had a greater impact on axial compression
capacity than the distributed corrosion experienced by
carbon steel spirals.

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

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

Wright and Pantelides Journal of Infrastructure Preservation and Resilience             (2021) 2:2 Page 13 of 15



Conclusions
The corrosion performance and axial compression cap-
acity of medium-scale concrete columns reinforced with
combinations of corrosion-resistant reinforcement was
investigated. The specimens reinforced with corrosion-
resistant reinforcement were compared to specimens re-
inforced with conventional carbon steel.
The specimens were subjected to accelerated corrosion

at an impressed current density of 8.5 μA/mm2 for 60
days; the following conclusions are reached: (1) stainless
steel and stainless clad vertical reinforcement had very
similar performance in axial compression; both
reinforcement types contributed to greater capacity overall
than traditional carbon steel; (2) no delamination of the
cladding from the core of 316 L stainless clad bars under
axial compression in a concrete column under corrosion
was observed, however, mechanical crimping is required
to ensure integrity of stainless steel caps employed to pro-
tect 316 L stainless clad bars; (3) 2304 solid stainless steel
reinforcement experienced corrosion and localized pitting,
which caused localized concrete spalling; concrete cover
was compromised when mass loss of stainless steel
reinforcement exceeded 6.0%; (4) in terms of mass loss
per unit of corrosion energy, columns reinforced with
2304 solid stainless steel vertical bars and spirals, and col-
umns with 316 L stainless clad verticals and 2304 solid
stainless steel spirals exhibited 197% the corrosion resist-
ance of carbon steel; (5) carbon steel reinforced specimens
reached lower failure displacements and a corroded car-
bon steel specimen was the only one to experience sudden
failure prior to reaching its theoretical maximum com-
pression capacity; (6) corroded specimens reinforced with
316 L stainless clad verticals and 2304 solid stainless steel
spirals retained greater ductility compared to both all-
stainless steel and carbon steel reinforced specimens; (7)
when mass loss exceeded 18%, 2304 solid stainless steel
and 316 L stainless clad reinforced columns experienced
150% to 250% greater loss in axial capacity than those re-
inforced with carbon steel; (8) the theoretical concrete
confinement model underpredicted the axial compression
capacity of control and corroded columns by an amount
of 4% to 17%.
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