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Abstract: There has been some debate in Australia about the applicability of a chloride threshold in
modelling service life of concrete structures. Recent experiences with concrete with high chloride contents
not corroding are cited. However, this is not a new finding. In 1973 Stratfull noted that chloride concentration
was not all that controlled corrosion in chloride environments.

The paper details how the critical chloride (C,) has been developed since the 1970’s. It shows that chloride
induced corrosion initiation modelling based on C is not intended as a sole durability assessment tool for
structures exposed to chloride. It is recognised that voids, moisture, and chlorides are all pre-requisites for
corrosion to occur. However, low voids or moisture limitation are generally not viable durability verification
methods. Regardless of their potential ability to control corrosion, durability verification of chloride-initiated
corrosion must be based on restricting chloride penetration to an acceptable level.

Although C;; has a wide distribution its use in modelling provides greater design flexibility, and improved
confidence, compared to code limited Deemed to Satisfy (DtS) rules.

Because of the limitations in DtS provisions, modelling provides more effective designs using a broad range
of materials and construction methods. Modelling is then a way to provide improved DtS requirements where
modelling is not a feasible option. This paper provides a range of potential C.; distributions for different
situations and indicates paths for improving the precision of C; distributions.
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1. Introduction

From 1960-1980 it was increasingly recognised that there was a critical chloride content, that chlorides
diffuse through concrete, and that design life could be defined as initiation and propagation phases (T0+T1).
From 1980-2005 empirical models to describe corrosion processes were developed and, towards the end
of that period variables were more properly described as distributions rather than discrete numbers. From
2005 various researchers endeavoured to more accurately describe these distributions, and a key one of
those is the critical chloride content. In 2022 a working party (fib TG 8.9.3) was formed to try and better
develop Cg;t values for use in modelling new structures and assessing existing structures. The author is co-
chair of TG 8.9.3. and this paper outlines some of the ideas discussed to date. TG8.9.3 is due to report by
the end of 2023.

2. Background and Work of fib WP 8.9.3

In 2022 the task groups of fib Commission 8 were rearranged. A Task Group on ‘Reinforcement’ that focused
on the critical chloride level’ was made working party 3 of TG 8.9 dealing with Deterioration Mechanisms.
The scope of TG 8.9.3 is:
e discuss the subject of the corrosion onset due to chlorides and to update the knowledge through
fib,
e gather information on corrosion resistant bars as means for avoidance of corrosion,
derive revised design rules and recommended cover depths for the different types of bars,
to make examples and case studies of application

The objectives are:
e Provide background to the range of critical chloride levels that should be used in design.
o Identify limitations of the critical chloride levels provided.
e Provide other corrosion protection design guidance that is critical to using the critical chloride levels
(e.g. cracking, galvanic cells, exposures, pitting)
o Identify any issues with steel/galvanising composition.
e Provide QA recommendations when using the materials discussed.

In October 2022 a kick off meeting was held where various parties presented issues for discussion. These
comprised:

Mr F. Papworth — A discussion paper, prepared as a basis for a fib Bulletin, was presented, including
possible C;;; values for different metals, cements and exposures.



Prof. R. Melchers - Examples where C.; is irrelevant for good quality, well compacted, concretes were
shown. It was proposed that only in poor quality concrete is chloride a concern and this throws doubt on the
use of a general Cg;;in modelling.

Prof F. Lollini - The measurement of Cg; through different types of test and for different supplementary
materials was outlined.

Prof Carmen Andrade — She summarised early 1970’s work and noted Hausmann had established the limit
in relation to OH (CI/OH ratio) as a probability of depassivation for maximum chlorides added in the mixing
water. This is different to a long term Cg;; due to chloride ingress. For the C. related to service life Andrade
has tested with sets of identical specimens obtaining a statistical distribution close to that of Breit and
Markeset as “lower bound concentration” but there is an “upper bound C.;; concentration with an averaged
of 1.53% for bars polarized at cathodic potentials (below -200 SCE).

Prof G. Markeset — Data on Cg;obtained on existing structures was discussed.
Prof. M. Gastaldi - The measurement of C; for different types of stainless steel rebars was outlined.

This gave a broad background to views on C;; The European perspective was very much on the need for
far better guidance on the use of C;now that modelling is finding wide usage amongst engineers with little
research background. It was necessary to ensure designs were safe but not overly conservative.

One of the lead C.; researchers, Ueli Angst, was unable to attend but he submitted two of his published
papers on the many factors that affect C.. In one paper (1) it is proposed that rather than continuing to
focus on corrosion as TO + T1, with C;; related to TO, the corrosion process be considered as one continuum
including initiation and propagation. In the other (2) a review of factors at the steel concrete interface that
affect Ctis given. He summarises these as:
e The degree to which steel is polished, the steel metallurgy, and the moisture content at the SClI are
by far the most dominant influencing characteristics.
e Cement type and w/b ratio have comparatively small effects.
e Corrosion at macroscopic interfacial voids depends on the moisture states, with partially filled voids
representing the worst case.
e The relative degree of corrosion sometime after initiation can be affected by propagation as well as
initiation. Reported advanced corrosion at bleed lenses, for example, are more a function of high
propagation rates than low Cg;.

The papers draw the conclusion that it is not possible at this stage to provide a relationship between all the
factors affecting Cqt and Cgi The best that can be expected is to place limits of application on Cg
distributions proposed. The lack of limits is seen as a flaw in the fib Bulletin 34 (3) C. distribution.

The papers gave good insight into the issues of developing Cg; for different situations that would find
acceptance.

3. Historical Values for C;

A common discrete value quoted in the literature for Cis 0.4 wt % cement. Generally, it is not noted what
statistic this represents but it is consistent with distributions given in fi> 34 when considered as a
characteristic value with a 95% chance of being exceeded. It has been reported that reinforcement in some
structures show no signs of corrosion long after the 0.4 wt % cement Ccrit is reached. This may be largely
due to the fact that 95% of structures should show no corrosion at this chloride level. However, there are
other reasons why the critical chloride level could be higher that the current values in fib 34.

Gulikers (4) reviewed the critical chlorides giving in fib Bulletin’s 34 and 76 (5) and those given in Duracrete.
The fib values were as proposed by C.Gehlen (6). Originally values for the mean (0.5% wt % cement) and
standard deviation (0.15%), came from the experimental work by Breit (7) on ‘lollipop’ samples. However,
Gehlen, considered 0.5% too conservative/unrealistic for practice. Therefore, he increased the mean from
0.5% to 0.6%, but maintained the same value for the standard deviation. The limits on the beta distribution
are 0.2 and 2 wt% cement. Gehlen gives no further support or experimental evidence for the increase by
0.1% although various papers by authors he associated with suggest much higher values occur. The only
limitation given for C. is that it applies to mild steel only.

Gulikers also notes Duracrete (8) had C.; distributions for different exposures and w/c as shown in Table
1. These were values based on visible concrete damage. This raises the question as to why different values



are not published in fib for different concrete qualities and exposures. Given the low C; for concrete with a
w/c of 0.5, and that in practice concrete with a w/c ratio of 0.5 should not be used in marine concrete, it
might be reasonable to propose C; for splash zone for high performance and moderate performance
concrete, coinciding with w/c ratios of 0.3-0.35 and 0.35-0.4, at a much higher mean value than currently
given in fib 34.

Table 1: C,i From Duracrete R9 Based on Time to Concrete Damage

w/c 0.3 0.4 0.5
Submerged n=2.3; 6=0.2 n=2.1; 6=0.2 n=1.6; 6=0.2
Splash/Tidal u=0.9; 6=0.15 u=0.8; 6=0.1 p=0.5; 6=0.1

Notably no values are given for coastal concrete.

Even before publication of fib 34 there had been extensive research on values for C;. Since fib 34 there
has been much more research. Yet, or maybe because, there has been no unifying 6

4. Methods of Measuring C.,;

In this paper only the general principles of measuring Ccrit are reviewed. Figure 1a shows a theoretical
TO+T1 graph showing corrosion degree with time for concrete with a long propagation period. This could be
representative of a dry coastal region such a Coral Bay which only has 10-15 rain days /year. Overlain is a
graph of chloride concentration at the reinforcement depth with time. The shape is typical of that to give a
critical chloride level of 0.6wt % cement when corrosion initiates. The intention is to relate the chloride level
to the progress of corrosion.
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Figure 1: Variations of T0+T1 Corrosion Model Incorporating Chloride Level at Reinforcement and
Various Possible Depassivation Measurements

Shown on this graph are potential points when different measurement methods might detect corrosion (A,
to A,”’) and demonstrates why the different methods might lead to significant differences in Ccrit, particularly
if methods based on visible concrete damage are included. Clearly if design life is to be assessed based on
initiation plus propagation the onset of corrosion in relation to these periods is critical.

Figure 1a also shows various other important consideration in relation to detecting ongoing corrosion.
Melchers presentation noted that corrosion might start (A) and then the reinforcement might permanently
re-passivate (A,) or temporarily repassivate (Az). The point here is that any method of measurement should
not suggest corrosion before these points may have been reached. Andrade noted that the polarisation
resistance method with a corrosion current set sufficiently high (A1” and A3”) would achieve that goal.

In splash zones the TO+T1 diagram might look like Figure 1b while in wet areas, like Darwin and Melbourne,
with over 100 rain days/yr the graph might be close to that in Figure 1b.

These graphs show that the chloride ingress rate and corrosion rate are not directly linked as the latter is
more dependent on moisture content then chloride content. That means that where the propagation period
is long there will also be a high build up of chlorides at the bar between initiation and first crack. Hence,



Ccrit values obtained based on concrete damage (first crack) will be significantly higher than Ccrit values
obtained by non-destructive testing. Conversely, where the propagation period is short the difference in
Ccrit for any of the measurement method will be insignificant in terms of modelling errors.

5. Recent Research on C;

Based on her paper (9) Andrade noted that the fib 34 criteria on C were supported by other authors and
hence fib 34 could be used even though higher distribution are found in the literature (Figure 2). In some
cases the reasons for the higher values are unclear (Angst) while in others it is known (Izquierdo <-200 mv).
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Angst cited his paper (10) highlighting three studies shown in red, three in yellow and two in blue (Figure 3)
showing different clusters for higher C.; distributions. This suggest three studies cannot be randomly picked
as agreeing and are therefore C,;. Andrade noted it was reasonable for engineers to use higher distributions
if they were sure they applied to their situation. The more general view was that the experts should set the
criteria and apply appropriate boundaries and limitations.

6. Different C., for Different Qualities.

WP 8.9.3 had considerable discussion on the fib C.;; distribution as discussed in Section 6. A particular
issue was how fib34’s wide distribution could be reasonably applied for all concrete. Figure 4a shows five
distributions based on a single contrived data set for C.;;. The whole data set is used for fib’ and it fits the
distribution given in fib Bulletin 34. The other four distributions take a portion of the whole date set splitting
the data into four sets potentially representing different qualities. The meaning of quality is deliberately not
defined and could be aspects of the interface and/or the mix. This was so that an assessment of the
influence of quality on Ccrit could be made by using the various distributions to assess the reliability of a
structure where all the other inputs were held constant in a full probabilistic analysis (Figure 4b).
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Figure 4: Comparison of data giving fib's Crit with same data as 4 different quality concretes

Figure 4b shows the fib 34 distribution gives a reliability of 1.4 at 100 years and this might be taken as just
less than ideal where a target reliability of 1.5 would be required for a first crack limit state, i.e. for example
a minor increase in cover might be required. If the distribution actually represent concrete at the poor and
high end of the quality spectrums the reliability was around 1.1 and 1.7 respectively. That represents a
significant difference in cover required. As noted earlier there was already concern that the fib 34 Ccrit
distribution underestimated the resistance to chloride in some situations and strengthened the idea that
different distributions should be used for different qualities, if those qualities could be defined.

7. Application Limits for Ccrit

Possible Cg values were tabled, together with potential limitations of use, (Table 2) for TG 8.9.3

consideration.

Table 2: Circular for TG8.9.3 Members on C.i;s and Their Limitations

Moderate quality

High quality

Exposure Saturated Splash Atmos. Saturated Splash Atmos.
Ceit' Beta (1.9; | Beta (0.7; | Beta (1.5; Beta (2.2; Beta (0.8; | Beta (1.8;
0.2;1.0; 0.1;0.2; 0.2; 1.0; 0.15; 0.2; 0.1; 0.4; 0.2;1.0;
3.5) 1.5) 3.0) 3.5) 2.5) 3.5)

D, NT Build 443 (max)

<4 x10'?2m?/s

<2 x10?2m?/s

Number of samples

Rep. trial block 2 2

18t Pour & ea 1000m3 1 1
w/c ratio (max) 0.45 0.38
Voids No abnormal voidage. No abnormal voidage.
Porosity VPV cores <14% VPV cores <13%
Potential vs CuSO, <-300mv | N/A <-300mv | N/A
Cover (min) 40 50
Target Reliability <1.5 for 15t crack
RH NA | NA | <65% | N/A | NA | <65%
Cement OPC>5% C5A including with SCM

Steel composition

e.g. Sulphur; Nickle

Steel surface condition

Mill scale only, no active corrosion

Diffusion coefficient was included as a general measure of quality as it is a test likely to be required for
chloride environments as a measure of chloride ingress rate. The requirement for testing on representative




trial blocks and first pours was an attempt to ensure assessment was based on site concrete rather than
laboratory samples. Voids and porosity were intended to give some measure of voidage at the SCI while
steel composition and surface condition were an attempt to bring in other SCI properties.

Strong responses to the possible limits in Table 2 were:
a) Itthe SCI that is responsible for Ccrit and the measures in Table 2 mainly considered the
concrete’s general quality, and they would not deal adequately with qualifying the interface.
b) In terms of general concrete quality the normal requirements for concrete for each exposure were
adequate. No additional restrictions are required.
c) Any measure for C.; needed to be based on the real as placed concrete and not laboratory
samples.

It is clear that the influencing factors has to be drawn from the SCI and proxy measures of concrete mix or
insitu performance of the bulk concrete would not provide realistic limitations. A detailed report (11) on
methods of characterising the SCI outlines “current methods (laboratory or field-based) for characterising
local properties of the SCI that have been identified as governing factors affecting corrosion initiation. These
properties include characteristics of the steel such as mill scale and rust layers, and characteristics of the
concrete such as interfacial voids, microstructure and moisture content.” It notes various limitation for a full
characterisation of the SCI but more positively notes “established techniques are available for direct
quantitative characterisation of selected features, namely mill scale and rust layers on the steel surface, and
the interfacial voids and microstructure of the cementitious matrix at the SCI.”

While SCI characterisation is as yet imperfect some of the key aspects for which tests are available might
at least be required additional tests when establishing Ccrit. These might include pH, Interface Voids,
Potentials, Temperature, Relative Humidity

8. Under Water Zone

The corrosion of steel in immersed concrete is not well understood. It is often stated that oxygen starvation
of the cathodic areas in underwater concrete means corrosion is not an issue. Papworth (12) notes that
this might not be the cause of the lack of corrosion. It might be that in pores saturated with highly alkaline
seawater the high pH leads to a high critical chloride level consistent with Pourbaix. Various authors (13,14)
report mean critical chloride levels of around 2% by weight cement in immersed zones compared to 0.6%
by weight cement given in fib 34 for atmospheric zones.

The chloride profiles of immersed seawater exposed structures differ to those of above water structure
significantly. Browne (15)Error! Bookmark not defined. ghowed a flatter chloride profile for immersed concrete
than splash zone concrete (Figure 5a). Even though the surface chloride in the underwater zone was less
than half that in the splash zone the chloride level at 150mm deep was higher after 34 years. The chloride
levels found by Walsh after 60 years (Figure 5b) were virtually flat having reached a maximum at 9-12kg/m3.
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weight of cement =7kg/m?3 approx. (Browne, shape is attributed to close approximation to saturation with
15) chlorides and rapid diffusion due to saturation (Walsh, 16)

Figure 5: Chloride Profiles for Immersed Concrete



The chloride profiles and critical chloride level are significant as they show the care required when applying
the chloride ingress models.

Walsh reports that he examined sections from submerged piles in the laboratory and there was extensive
localised corrosion on the face of many bars that faced the exposed surface (Figure 32a). The corrosion
products had not caused spalling but had migrated away from the bar (Figure 32b). The resulting perimeter-
averaged values for the corroding regions typically ranged from 5 ym/y to 35 pm/y and were randomly
distributed and considered to occur at local concrete deficiencies. In Walsh’s piles corrosion was limited to
6% and 12% of the bar lengths in two piles. Walsh notes that Beaton’s results were similar.

Figure 6: Localised Corrosion and Corrosion Product Distribution in Underwater Structures.
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The importance of this is that it shows that where concrete is locally deficient, such as at honeycombing,
corrosion can occur, but the corrosion rate will be low. However, at honeycombed concrete corrosion
initiation would be expected to occur in the early life and hence the corrosion rate would apply over virtually
the whole design life. The corrosion rate can be taken to be 5-35 ym/y. Over a 160 year design life this
would translate to 0.8-5.6mm averaged around the bar (i.e. thicker loss expected but only on one side) and
apply in limited areas of honey combing. The corrosion will not result in spalling but in migration of iron ions
away from the reinforcement.

Walsh (16) states “Consequently, if corrosion at a spot in the submerged region started relatively early in
the life of the structure, e.qg., as a result of a local concrete deficiency, that spot may tend to remain a
relatively stable feature over a long period of time. Such a situation would be consistent with the field
observations noted ... where relatively small localized corroding regions were found to be surrounded by
large amounts of non-corroding steel, much of which exhibited an undisturbed surface appearance.”

Although slow the corrosion in immersed zones may lead to significant localised corrosion over a 100 year
design life. Because the corrosion rate will be slow, and the corrosion products are not expansive, this is
not likely to be a structural issue for many decades.

9. Conclusions & Recommendations

Use of current Ccrit values in fib 34 are likely to be conservative in most situations. Higher distributions can
be used if the user has sufficient expertise to know they are valid. However TG 8.9.3 is working to providing
additional distributions for general use in durability design.
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