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IN CONCRETES EXPOSED TO MARINE ENVIRONMENTS
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Abstract
Many studies have corroborated the use of Stainless Steel Reinforcements (SSR) for
structures in corrosive environments. However, even though the conditions for their
employment are specified in different standards, their use is always tied to the same
requirements for standard carbon steel rebars (B500SD), among which an equivalent
carbon content for weldability that is inappropriate for SSR. Further studies are
therefore needed to develop suitable standards that will focus on addressing not only the
content, but also the technical advantages of SSR for structural engineering under
specific conditions. The results of this study show improvements in the maximum bond
strength behaviour of different SSRs in simulated marine environments, in comparison
with B500SD, in terms of several variables: Bond index, curing time, w/c ratio, and
corrosion. Specifically, the test results showed that: (a) the Bond index was not a
suitable parameter for the evaluation of the bonding strength of SSR; (b) the curing time
increased the bonding strength of Lean Duplex Stainless Steel (LDSS); (c) a higher w/c
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ratio tended to decrease bond strength, although less so in LDSS; and, (d) corrosion
reduced bond strength, especially in B500SD.
Keywords: Bond Strength, Corrosion, Stainless Steel Rebar, Chlorides.
Highlights







Rebar-concrete adherence studied in simulated marine environments.
Influence of stainless steel rebars: 304, 316, 2001, 2205, 2304.
Influence of rebar diameter: 12 and 25 mm
Effects of cement content and w/c ratio related to alkalinity and porosity
Adherence loss due to of corrosion over time

1. Introduction
Structures are designed to withstand the loadings in their construction plans. In a
structure made of reinforced concrete, the concrete is capable of withstanding
compressive stress, while the steel is capable of withstanding the tensile stresses that a
concrete structure alone could not otherwise withstand. Good bonding strength between
rebars and concrete is essential to ensure the reliable performance of reinforced
concrete. Different mechanisms are responsible for bonding strength: chemical adhesion
between steel and concrete, friction between concrete and the rebar surface and, finally,
and most importantly, mechanical interaction between the rebar rib of corrugated steel
rebars and the concrete, [1,2]. The Bond index is defined by the rib surface geometry of
a rebar, in terms of the relative area of the rib over the nominal size of the bar [3]; a
parameter that implies a similar bond strength for rebars with similar values.
Nevertheless, concrete-rebar interaction depends not only on the Bond index, but also
on concrete compressive strength, curing time, the concrete mixture, the number of
brackets, braces, and stirrups, and the environment of the structure [2,4-8].
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The corrosion of rebars embedded in concrete is very common in structures exposed
to aggressive environments. The behaviour of the rust layer that can form around the
reinforcement is twofold. In a first stage, the bond strength increases slightly due to the
radial pressure caused by the expansive corrosion products and the increased roughness
of the rebar. However, in a second stage, as the corrosion process continues, these
products reduce the relative size of the ribbing, decreasing the bond strength [4,9,10].
Many solutions have been developed to correct problems of corrosion, some of
which add components that improve the behaviour of concretes exposed to corrosive
environments. Other solutions include coating structural elements to prevent the access
of corrosive electrolytes, such as chloride in marine environments. Additionally, there
are other treatments that can be applied to the steel such as coating, epoxy, and hot-dip
galvanizing systems [11-19]. Epoxy coatings enhance the corrosion performance of
rebars. Nevertheless, once coated and subjected to loadings, the reinforcements can in
some cases show weaker corrosion resistance than the uncoated reinforcements [20].
However, the main weak point is bond strength, as epoxy will usually reduce adherence
by between 6.5% to 20-25%, and even by up to 42% [21-25], accompanied by a 10%
reduction in bond strength. The epoxy solution only delays corrosion activation of the
substrate steel in hot-dip zinc galvanized reinforcements. This delay is because the
chloride concentration needed for acute corrosion in poorly alkaline carbonated concrete
is quite low (0.29 wt.%) [21,26-29] and expansive compounds, such as insoluble zinc,
formed on the bar-concrete interface can cause concrete spalling, even before the
appearance of red rust stains [30].
Therefore, in view of the weakened bond strengths that alter the performance of the
reinforced structures when coatings are applied to reinforcements, the use of stainless
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steel as a reinforcing steel has become a promising alternative solution over recent
years. Many investigations have provided evidence in support of these alloys and their
good performance in marine environments [31-35]. However, stainless steel can be
more expensive than carbon steel, due to the higher costs of the alloys that improve its
performance. Nevertheless, if considering the whole Life-Cycle Costs (LCC) coupled
with an intelligent strategy towards the use of stainless steel, not only could the excess
cost be reduced, but the retrofitting costs could also be cut back by 20-25%, making
stainless steel rebars a cost-effective solution [36,37]. In the initial tests, austenitic
stainless steel -AISI 304 and AISI 316- was used. However, modern duplex stainless
steel has been developed (2205 DSS) to optimize nickel content and thereby reduce
costs while improving yield stress, resistance to localized corrosion and SCC
performance [38-41]. Current research has been studying the behaviour of Lean Duplex
Stainless Steel, such as 2001 LDSS, with even lower nickel percentages than DSS that
is well balanced with manganese content to maintain good mechanical properties [4246].
As previously stated, a good bond strength is required for the acceptable performance
of reinforced concrete and corrosive processes weaken that strength and the behaviour
of the reinforcement inside the concrete. Abundant research has been focused on the
behaviour of corroded carbon reinforcement. A similar performance is noted which can
be divided into two stages [9,10]: firstly, the bond strength increases, due to the pressure
that rusting products apply to concrete when bulking. Then, when the corrosion level
exceeds a critical value, the bond strength decreases exponentially within a range of
between 0.5% and 4% [4]. Nevertheless, the bond strength of stainless steel rebars has
not been widely studied [47]. Following a commitment to research this underinvestigated field, the bond behaviour of different stainless steel rebars following their
4

exposure to simulated tidal environments is analysed in the present paper. Various
specimens with different concrete dosages were cast, to study the importance of
alkalinity and rebar passivation, diffusion, and porosity.
2. Experimental procedure
2.1 Materials

Different concrete mixtures with dosages designed for different environments were
studied [48,49]: XS1 (on shore, atmospheric exposure), XS3 (tidal zone), and XC3
(interior standard). The water-to-cement (w/c) ratio affects the bond strength of the
reinforced concrete, the diffusion of chlorides, and concrete porosity [8,50-52]. Cement
content and the w/c ratio for each concrete are summarized in Table 1. These values are
related with concrete porosity and alkalinity and therefore affect the corrosion
dynamics, while other relevant parameters such as aggregate amount and proportion,
cement type, etc. are important to predict bond strength, but not only to compare bond
strength behaviour, provided they are kept constant: XS3 shows the lowest w/c ratio
(0.45) while XC3 has the highest (0.55), the value of XS1 was 0.5. Six different steels
were studied as reinforcements: standard carbon steel rebars (B500SD) were used as the
reference specimens, the others were stainless steel (SS) rebars, two austenitic SS (304
ASS and 316 ASS), one duplex SS (2205DSS), and two types of lean duplex SS (2304
LDSS and 2001 LDSS) bars. Table 2 summarizes the chemical composition of the
different steel rebars in weight %, according to the procedures detailed in EN
10080:2005 and EN 10088-1:2006 [53,54]. The low nickel content of LDSS may be
seen that has 55%-70% less nickel when compared with austenitic stainless steel and
46%-15% less nickel than duplex stainless steel. 2001 LDSS has the lowest nickel
content making it the most suitable from an economic point of view.
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Table 1 properties of concrete mixtures.
XC3

XS1

XS3

0.55

0.5

0.45

Cement [kg/m ]

300

300

350

Concrete Class

C30/37

C30/37

C35/45

fck [MPa]

30

30

35

fctk [MPa]

2

2

2.2

w/c
3

Table 2 Chemical composition of stainless steel reinforcements (weight %).
C

Si

Mn

Pmax

S

Cr

Ni

Mo

N

Cu

B500SD

Yield
Stress
[MPa]
500

0.22

0.22

0.72

0.01

0.022

0.13

0.13

--

--

0.18

304 ASS

380

≤0.07

≤0.075

≤2

0.04

0.02-0.03

18-19

8-9

--

--

--

316 ASS

380

≤0.07

≤0.075

≤2

0.04

0.02-0.03

16.5-18

10-12

2-2.5

--

--

2205 DSS

450

≤0.03

≤1

≤2

0.035

≤0.015

21-23

4.5-6.5

2.5 - 3.5

0.1-0.22

--

2304 LDSS

400

≤0.03

≤1

≤2

0.035

≤0.015

3.5-5.5

0.1-0.6

0.05-0.25

0.1-0.6

2001 LDSS

500

≤0,03

≤1

4.0-6.0

0.035

≤0.03

22-24
19.521.5

1.5-3.5

0.1 - 0.6

0.05 - 0.25

≤1

Steel

2.2 Test details

Specimens for pull-out tests were taken to test the design specifications in EN
10080:2006 [54]. The bond length in the test has to be 5 times the nominal diameter,
which implies 125 mm, in the case of a 25 mm diameter reinforcing bar, and 60 mm in
the case of a 12 mm diameter reinforcing bar. The sides of each specimen have to be 10
times the nominal diameter and never less than 200 mm.
A schematic diagram is shown in Fig. 1a of the dimensions of the test setup and
Table 3 summarizes the dimensions of each specimen. A schematic diagram is shown in
Fig. 1a of the dimensions of the test setup and Table 3 summarizes the dimensions of
each specimen. The free adherence length, shown in Fig. 1b, is required to prevent any
compression lines from clamping the rebar. Fig. 1b also shows the same specimen
detailed in Fig. 1a, but rotated 180º, so as to view the test position, with the
displacement reader at the bottom of the rebar and the pull exerted by the hydraulic
6

piston. Finally, a photograph of the actual test set-up is shown in Fig. 1c. The specimen
was placed on a tripod, then a rubber sheet and a steel plate disk with a central opening
was placed on top of the specimen to distribute the load. Subsequently, a hydraulic
piston and a second steel plate disk was placed above it, also for load distribution, in
contact with the pressure cell, and a third steel plate disk above the cell, for added
stiffness. Finally, a nut+wedge system secured the rebar in place. Besides, an LDTV
system was placed at the opposite end of the rebar to measure displacement.
Before the pull-out test, some of the specimens had been exposed to simulated tidal
marine environments, for 9 months, in order to analyse the effect of corrosion on bond
strength. The seawater chloride content surrounding a structure in a tidal zone was
assumed to be 3.5% [55]. The specimens were equally divided and placed in two PVC
tubs. Then, using automated pumping equipment and a timer; one tub was filled with
water for 6 hours while the other was left empty, exposed only to the atmosphere in the
laboratory at 20ºC. After 6 hours, the water was pumped into the empty tub, thereby
simulating the conditions of a structure in a tidal zone. Fig. 2 shows the experimental
setup of the corrosive environment.

Fig. 1. Sketches and photo of the pull-out test.
a) Test setup dimensions; b) Loading system; c) Loading device.
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Table 3 Specimen dimensions
d (mm)
12
25

a (mm)
60
125

b (mm)
140
125

Fig. 2. a) PVC tubs filled with specimens. b) pumping equipment.

Once the corrosion tests had ended, pull-out tests of all specimens were performed.
These tests consisted of applying a tensile load (Fa, kN) at one end of the reinforcing bar
that increased throughout the test up until failure, due to debonding, concrete cracking,
and even rebar breaking. Eq. (1) bond stress was defined on the basis of both the
recorded displacement and the applied load. The load rate (ν, N/s) depends on the
diameter of reinforcement, as defined by Eq. (2):

(1)

(2)

where, τdm is the bond stress, MPa; d is the steel rebar diameter, mm; fcm is the concrete
design compression strength, 25MPa; and fc is the mean concrete compression
resistance, in MPa. After each test, τmax is derived as the maximum recorded τdm value
of the whole test.
Portable equipment (Fig. 1c) was used to apply the load, due to the weight of the
specimens. A 200 kN capacity load cell and a linear variable differential transformer
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(LVDT), with a measurement range of 10 mm and an accuracy of 0.001 were used to
measure the applied load and the displacement of the rebar.
3. Results and discussion
In this section, the results of the pull-out test of reinforced concrete specimens in a
corrosive marine environment are reported. First of all, the corrosion results are shown
and then the bond behaviour is analysed considering the effect of the following
parameters: Bond index, curing time, w/c ratio, and corrosion.
3.1 Corrosion study
Fig. 3 shows the icorr values for the different rebars embedded in a concrete mixture
with w/c of 0.5 under simulated tidal zone conditions for 6 months. The values obtained
for the specimens that had not been exposed to a corrosive environment are plotted as
reference values. The overall result shown in this figure clearly shows the superior
behaviour of the stainless steel rebars compared to the B500SD rebars with an icorr mean
value of 0.245 μA/cm2. The specific chemistry of the austenitic and the duplex types of
stainless steel grades presented in this manuscript, shown in Table 2, and their
microstructures, make them especially suitable for reinforced concrete structures in
marine environments.
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Fig. 3. icorr values for different rebars after 6 months exposure to tidal zone conditions at a w/c
ratio of 0.5 and in a non-corrosive environment.

European standard EN-206 [49] limits the maximum w/c value in accordance with
each particular environment, such that the maximum w/c is fixed at 0.45 for tidal zones.
However, the use of stainless steel as a reinforcement may reduce the required concrete
strength and inspection during installation. Likewise, icorr was measured in specimens
with different concrete mixtures but in the same corrosive environment, simulating a
tidal zone. Fig. 4 shows the corrosion current density at different w/c ratios, where each
point represents the averaged value of 2 corroded specimens for greater clarity, after
taking 5 corrosion measurements, each for a total of 100 measurements; the higher the
w/c ratio of the concrete mixture, the higher the corrosion current density, an
observation that was all the more remarkable for B500SD, in which a value of 0.12
μA/cm2 was measured at a w/c value of 0.45. Taking those values as a baseline, when
the w/c ratio was increased to 0.5 and then to 0.55, the icorr values were respectively, 2
times and 3.5 times higher. While the B500SD had an almost negligible-very low
corrosion limit at a w/c ratio of 0.45, the carbon steel reinforcement had low-near
10

moderate corrosion levels at a w/c ratio of 0.55. The effects of the w/c ratios reported
here are similar to those in Rivera-Corral et al [30].
With regard to the 2205 DSS rebars, the w/c ratio hardly affected icorr, and although
the w/c ratio was of the same proportions for B500SD, 2304 LDSS, and 2001 LDSS,
the most affected was 2001 LDSS, for which the icorr (0.135 μA/cm2) value was 4 times
higher at a w/c ratio of 0.5 than at one of 0.45. However, when comparing B500SD and
2001 LDSS, the icorr value obtained for 2001 LDSS at a w/c ratio of 0.5 was similar to
the icorr value of B500SD, at a w/c of 0.45.

Fig. 4. Corrosion current density for different concrete mixture.

So, in view of the effect of the w/c ratio on the icorr values, the use of stainless steel
rebars will reduce inspection costs and concrete requirements.
3.2 Adherence assessment
As already stated in the introduction, bond strength depends on many factors:
confinement, compressive strength of concrete, w/c ratio, corrosion level, embedded
11

lengths.[4-7]. Therefore, the effects of the bond index (fr), curing time, and the concrete
mixture on bond strength were all analysed in this paper before studying the corrosive
effects of different stainless-steel reinforcements on bond strength.
The Bond index is used to compare reinforced concrete bond strength; the higher the
index, the higher the theoretical bond strength. Thus, the average strength values of the
Bond index for each reinforcement allow us to assume that the Bond index of the
stainless-steel rebars are far lower than those of the carbon steel B500SD rebars.
Moreover, it can be seen that a higher fr value in the case of B500SD yields a higher
bond strength, while there is no relation between fr and τmax for the stainless-steel rebars,
see Fig. 5. The scatter results obtained for stainless steel demonstrates that fr defined in
UNE-EN ISO 15630-1:2011 [3] is not a valid parameter to estimate bond strength in the
case of SSR and that a new one should be defined. In fact, the specimens used in Fig. 5
are characterized by different concrete mixtures, and hence some other parameter may
have much more influence than the Bond index.

Fig. 5. Bond strength corresponding to different bond indexes.
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A further variable that must be taken into account is the curing time that can also
modify the maximum bond strength; the qualitative results of this effect on the bond
strength of various 12 mm rebar steels are summarized in Fig. 6, after curing times of 3
and 9 months in a XS1 concrete, taking only the average values of 3 tests performed at
3 months and 2 tests performed at 9 months. The bond strength of B500SD decreased
by 11.6% as the curing time lengthened and the same was true of 304 ASS where it
decreased by 18.6%. The bond strength was not altered by the curing time in the case of
2205 DSS. The reinforcement bond strength was higher for the other specimens when
cured over nine months. The maximum bond strength values were obtained for 2001
LDSS after 9 months curing time, for which a value of 27.43 MPa was recorded,
showing an increase of 11.8%. In some cases, the resulting bond strength decreased
with time, which happens because bond stress is not really uniform on the rebar surfaceconcrete interface. The bond stress is in fact higher in the rebar parts that are closer to
the surface rather than deeper in the specimen. The higher the concrete stiffness, the
lower the load distribution on the rebar surface. In this sense, other than simply
increasing its strength, a longer curing time has additional effects on the concrete that
include shrinkage, cracking, changing the strain-stress diagram, and stiffening. On the
one hand, it means higher concrete strength, but on the other hand, less load
redistribution on the rebar surface and progressive concrete failure that starts from the
exterior. Thus, the final result, expressed only in terms of bond strength, depends on a
balance between both concrete stiffness and curing time.
Another parameter under analysis was the concrete mixture. Fig. 7 summarizes the
bond strength for different w/c ratios. The data plotted in the figure are the averaged
values for 3 specimens, with different concrete w/c ratios after 3 months curing, with 12
mm rebar diameter, corresponding to a total of 18 pull out tests. In the B500SD
13

reinforcements, the reduction of bond strength as the w/c ratio increased was notorious
[56,57]: the τmax of B500SD decreased by 28%, while 2205 DSS almost maintained its
bond strength when w/c increased from 0.45 to 0.5, however τmax decreased by 11%
when the w/c ratio was increased to 0.55; a tendency that was also noted in [5] when
testing GFRP bars in different types of concrete.

Fig. 6. Bond strength for different curing times.
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Fig. 7. Bond strengths of different concrete mixture.

Many research projects have studied the corrosive effects of bond strength, most of
which studied the behaviour of B500SD. They all showed the same tendency; bond
strength increased in the first stages of corrosion due to the tensile strength created by
rust in the concrete; but, once the critical corrosion level had been reached, the bonding
strength started to decrease [4,9,10].
Fig. 8 shows the icorr values in relation to τmax. It summarizes the pull-out test results
of specimens that were not exposed to tidal environments and after 6 months in a tidal
environment at a w/c ratio of 0.5. Examining the results of B500SD during the
corrosion test, the icorr values increased by 226%, moving from a zone of negligible
corrosion to one of almost moderate corrosion. There was no increase in τmax, despite the
increased corrosion level; in fact, the bond strength decreased by 13%, suggesting that
following a six-month period of exposure, the critical threshold value beyond which
τmax starts to decrease had been exceeded. The corrosion risk was evaluated in
accordance with UNE 112072 [58] that assigns a corrosion risk in a concrete rebar
15

depending on corrosion potential measurements based on ASTM Standard G102 [59],
in this case taken by means of a Gecor8 Corrosimeter from GEOCISA. The state of
corrosion was then derived from those measurements and the results are summarized in
Table 4.
Table 4. Corrosion criteria for concrete rebars based on ASTM C876-91 and UNE 112072.
Resistivity
[kΩ·cm]

Corrosion current
density
[µA/cm2]

Associated
Risk

Corrosion
State

> 50

< 0.1

low

Passive

20 to 50

0,1 to 0,5

medium

Transition

< 20

0,5 to 1

High

Active

>1

Very High

Very Active

Apart from 304 ASS, the τmax and the icorr values of which increased by 53% and by
71%, respectively, the results obtained for the SS reinforcements were similar to those
of B500SD. After 6 months exposure, the lowest reductions were obtained for 2205
DSS, while 2001 LDSS had an icorr value that was three times higher, causing a decrease
of 12% in τmax. In the case of 2304 LDSS, a twofold increase in the icorr values caused a
reduction of 7.5% in τmax.
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Fig. 8. Relation between bond strength and corrosion current density.

Bond failure can be due to three different mechanisms: rebar fracture (reinforcement
fracture outside concrete), concrete splitting failure, and bar pull-out failure. The first
failure mechanism is most likely to happen with high le/db values [47]. Besides, no
specimen developed rebar fracture failure mode, which might be because le/db,
anchorage length divided by rebar diameter, was quite low (le/db=5), although additional
variables might be related with the absence of this failure mode. As observed in other
studies [5,60], most specimens failed in the rebar pull-out tests (Fig. 9a). However,
concrete splitting failure mode was detected in some specimens (Fig. 9b). It occurred in
some of the first reference tests with 25 mm rebars, i.e. the 3 specimens of carbon steel
rebars, 1 specimen of 2001 LDSS and 1 specimen of 2205 DSS. Besides, after 9 months
of marine exposure, splitting also occurred in the 2 specimens of carbon steel and one of
2001 LDSS. The volume of this reinforcement rib was greater than the others and a
higher bond strength that the concrete cannot support might have developed, causing
concrete splitting. As observed in [47], some of the 25mm diameter stainless steel
specimens failed due to concrete splitting.
17

Fig. 9. a) Bar pull-out failure of two 2001 LDSS specimens after 3 months of exposure. b) A
piece of the concrete specimen following splitting failure after the pull-out test on a 25mm
diameter B500SD rebar.

4. Conclusions
The results of the pull-out tests have been presented, in a comparative analysis of the
behaviour of various stainless steel rebars and standard B500SD rebars, having left the
concrete specimens periodically in water with a chloride content of 3.5%, in a
simulation of a tidal zone. The influence of curing time, concrete mixture (w/c ratio and
cement content), rebar geometry, and different stainless-steel compositions have been
considered in this study to assess their effects on bond strength.
1. Analysing the fr factor, no relationship between fr and τmax was obtained for SS
reinforcements. Although τmax is assumed to increase with fr, the results have
shown that fr is not a suitable test for SS reinforcement and that a new one should
be developed. It appears to be defined as leverage for the use of carbon steel
rebars and is not necessarily supported by a corresponding increase in τmax during
the service life of the structure.
2. The corrosion test results showed weaker improvements in the performance of
2001 LDSS when compared with the other SSR with higher nickel contents.
However, the almost negligible icorr values were within low corrosion limits,
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demonstrating the suitability of 2001 LDSS as a reinforcement in marine
environments.
3. When comparing the effects of curing time on τmax, the latter parameter following
longer curing times rose in LDSS, showing increases of 11.8% and of 16% in the
respective cases of 2001 LDSS and 2304 LDSS
4. The analysis of the w/c ratio showed that an increased w/c ratio weakened the
bond strengths of both B500SD and SSR. Compared with SSR, the strength of
B500SD was twice as weak, showing a much worse behaviour throughout its
service life.
5. Apart from 304 ASS which increased its τmax after the corrosion test, probably in
an initial stage of corrosion, corrosion decreased τmax in the rest of specimens.
Among the SSR specimens, the bond strength of 2001 and 2304 LDSS was
weaker, even at higher icorr values. This result suggests a better performance
during service life in terms of bond strength, although all the SSR showed a τmax
over the required value.
6. Rebar pull-out failure was the main fracture mode observed in the tested
specimens. However, concrete splitting failure mode was also detected in some
specimens. It occurred in some of the first reference tests with 25 mm rebars, i.e.
the 3 specimens of carbon steel rebars, 1 specimen of 2001 LDSS and 1 specimen
of 2205 DSS. Besides, after 9 months of marine exposure, splitting also occurred
in the 2 carbon steel specimens and one of the 2001 LDSS specimens.
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