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In Part 1 of this treatise, a fuzzy-probabilistic approach for assessing the durability of SHCC exposed to
chlorides is introduced. This approach may be considered as a framework for durability concepts for
novel types of cementitious materials and different forms of environmental action. In this second part
an application of this concept to crack-free SHCC exposed to a North Sea marine environment is pre-
sented. Special emphasis has been given to the transparent and reproducible quantification of input vari-
ables based on limited experimental investigations, literature review, and expert assessment. Based on
these input variables, the buildup of chlorides at the depth of the steel bar reinforcement and develop-
ment of the probability of corrosion initiation of the steel reinforcement over time were computed. It
was found that the non-stochastic uncertainty due to information deficit is still significant. This currently
precludes the concept from being used as a practical design tool. However, with the help of sensitivity
analyses it was possible to identify the most influential input variables. It could be shown that with a
reduction of this uncertainty, long service lives for SHCC members may be correctly demonstrated. This
identification furthermore allows a targeting of future research efforts to reduce uncertainty in the most
economical way.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In Part 1 of this work strain-hardening cement-based compos-
ites (SHCC) are introduced, which are characterised by their pseu-
do strain-hardening tensile behaviour, resulting in ultimate strains
of up to and beyond 3%. This ductile behaviour results from pro-
gressive multiple cracking achieved by the optimised crack-bridg-
ing action of short, thin, well distributed polymeric fibres [1].

To utilise the promising durability properties of this material
fully, a performance-based durability concept is required. Based on
the DuraCrete approach [2] and using fuzzy probability theory to
deal with the lack of available information typical for any new mate-
rial, such a concept was developed for chloride-induced corrosion.

Structural SHCC members will typically contain steel bar rein-
forcement [3,4]. The limit state for chloride-induced corrosion of
this reinforcement can be written as

~gðx ¼ c; tÞ ¼ Ccrit � ~Cðx ¼ c; tÞ ð1Þ

with the variables as per Table 1. The tildes indicate fuzzy or fuzzy-
stochastic uncertainty modelling. The time-dependent chloride
concentration at the depth of the steel reinforcement is given by:
ll rights reserved.
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with the apparent diffusion coefficient
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The temperature influence is considered via the factor

ke ¼ exp be
1

Tref
� 1

Treal

� �� �
: ð6Þ

Here in the second part of the paper, the fuzzy-probabilistic
durability concept developed in Part 1 is used to determine the
time-dependent probability of failure of a crack-free SHCC member
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Table 1
Definition of variables and functions.

g(c, t) Limit state function for the end of the initiation period of chloride-induced steel reinforcement corrosion; for g(c, t) < 0 steel corrosion may occur
Ccrit Critical chloride concentration (% by mass of binder)
C(x, t) Chloride concentration at depth x and time t
C0 Initial chloride content (% by mass of binder)
CS,Dx Chloride content at depth Dx (% by mass of binder)
x Depth from surface (mm)
c Concrete cover (mm)
Dx Convection zone (mm)
Da(t) Apparent diffusion coefficient (10�12 m2/s)
Dex,0,cf Diffusion coefficient of crack-free SHCC under laboratory conditions at time t00 (10�12 m2/s)
Dex,0,cr Contribution of cracks to the diffusion coefficient of cracked SHCC under laboratory conditions at the time t00 (10�12 m2/s)
erfc Complementary error function
ke Temperature factor (–)
kt Transfer (regression) factor (–)
kc Curing factor
kcr Crack intensity factor (–)
t00 Reference time (years)
t0ex Concrete age at first exposure (years)
t Duration of exposure (concrete age – t0ex)
ncf Age factor for crack-free material
ncr Age factor for crack contribution to diffusion

Table 2
SHCC composition.

(kg/m3)

Portland cement 321
Fly ash (FA) 749
Fine sand 535
Water 335
Superplasticiser 16.6
Viscosity agent 3.2
PVA-fibres (l = 12 mm) 29.3
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exposed to a North Sea marine environment. The analyses were
performed using the software WinFuz, developed at the Institute
for Structural Analysis, Technische Universität Dresden.

The purpose of this example is to show how the concept can be
applied to real structural members subject to field exposure condi-
tions, to demonstrate its capabilities and limitations, and to iden-
tify areas requiring further research.

The concept requires two models, one for the deterioration pro-
cess (here: chloride ingress), and the other for the uncertainty
associated with the deterioration model and its input variables.
Compared to the concept developed in the DuraCrete project and
its derivatives, both models in the concept discussed in this trea-
tise are more complex. This is due to the fact that the deterioration
model must consider the influence of cracks, and because compar-
atively little information is available about chloride ingress into
SHCC and the quantitative influence of cracks.

The changes to the uncertainty model are more profound. They
increase the complexity of the concept more than the changes to
the deterioration model, and they are more difficult to understand.
To give sufficient room to the discussion of the consequences of the
fuzzy-probabilistic uncertainty model, it is helpful to consider an
example in which only the uncertainty but not the deterioration
model has been changed. Hence, a crack-free member will be
investigated, and special emphasis is given to a transparent and
reproducible quantification of input variables based on the avail-
able information and knowledge.

2. R/SHCC member exposed to seawater

2.1. Material details and exposure conditions

In Japan, SHCC has been successfully used for the waterproofing
of dams and other water retaining structures such as water chan-
nels [5]. This experience makes the material interesting for similar
applications in marine environments, where steel corrosion due to
chloride ingress is a critical deterioration mechanism.

It is assumed that the member in question contains steel rebars
with a nominal cover depth of c = 50 mm, that it is crack-free and
submerged in the North Sea with a mean water temperature of Treal

10 �C, a coefficient of variation of CoVTreal = 0.02 [6] and a salinity of
20 g/l [7]. The SHCC used in this example is given in Table 2. Its
mechanical performance is described in detail in [1].

Crack-free conditions were chosen deliberately despite SHCC
components’ typically exhibiting cracks in actual application under
service loads. This limitation of input variables allows a detailed
description of their quantification. An example of cracked SHCC,
focussing only on the determination of the contribution of the bulk
material and the cracks to the diffusion coefficient can be found in
[8]. Here, most space is given to the age factor ~ncf , which is of crit-
ical importance to the expected failure probability.

2.2. Chloride concentration ~CS;Dx

Under submersion, it is Dx = 0 mm, and the chloride concentra-
tion ~CS;Dx becomes the surface chloride concentration. It is assumed
constant in Eq. (2) and depends not only on the salinity of the sea-
water but also on the binding capacity of the SHCC. ~CS;Dx can be
determined based on the mixture composition, the binding capac-
ity of the matrix, and the seawater salinity according to the follow-
ing equation [9]:

CS;Dx ¼ Cbound þ Vpore � cCl ð7Þ

with cCl (g/l) the chloride concentration in the solution and Vpore (–)
the pore volume fraction. The concentration of bound chlorides
Cbound (kg/m3) is calculated by determining the hardened cement
paste fraction of SHCC and multiplying it by a binding isotherm.
According to [9], the Freundlich isotherm

Cbound ¼
ð1þw0

nÞfcah

1þw0
nfcah

� �
� fbcb
� �

ð8Þ

provides the best fit for concrete submerged in seawater. In Eq. (8),
it is w0

n = 0.25, the weight of chemically bound water for each unit
weight of hydraulically active binder and full hydration according
to Powers, fc = wbinder/(wbinder + waggregates), the fraction of binder rel-
ative to the solids in the composition and ah, the degree of hydra-
tion. The parameters fb and b of the Freundlich isotherm are



Table 3
Age factor conversion.

ncf (t0ex ,t)

n t0ex = 50 d, t = 20 years t0ex = 50 d, t = 100 years

0.48 0.63 0.60
0.60 0.81 0.77
0.91 1.42 1.39
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tabulated in [9] for Portland and blended cements. For a blended ce-
ment with 30% fly ash, it is fb = 5.77 and b = 0.29.

With a hydraulically active binder content of wbinder = wce-

ment + 0.4�wfly ash 6 1.33 wcement following [10] and the mixture
composition according to Table 2, the surface chloride concentra-
tion can be calculated. For fully hydrated binder, a conservative
assumption, it is CS,Dx = 2.91% by mass of binder.

It must be noted that this binding isotherm is an empirical func-
tion with no clear physical and chemical meaning for the individ-
ual parameters, which were quantified based on a limited number
of observations. The associated uncertainty is not separately quan-
tified but considered through conservative assumptions regarding
the distribution of ~CS;Dx.

In probabilistic concepts, the distribution type and the standard
deviation of ~CS;Dx are even less well-established and, often, a con-
servative assumption is made for the coefficient of variation due
to a lack of available information [7]. In the concept presented
here, fuzzy-probability theory is used to avoid having to estimate
certain parameters. Thus, the uncertainty associated with ~CS;Dx is
reflected by a fuzzy quantification with a triangular membership
function. The above result represents the apex of this membership
function.

The surface chloride concentration cannot be lower than for a
matrix without binding capacity, in which only the pores are filled
with the saline solution. According to Eq. (7), this yields a lower
bound of 1.30% by mass of binder.

The upper bound of the fuzzy value for the surface chloride con-
centration can be determined based on experiments in which spec-
imens were exposed to saline solution with cCl = 165 g/l [8]. Since
the binding capacity of the matrix increases with increasing salin-
ity, the experimental results provide a conservative upper bound
for the actual chloride binding. To avoid being overconservative,
the experimentally derived value is adjusted to account for a salin-
ity of the pore solution of 20 g/l instead of 165 g/l. This results in an
upper bound of the surface chloride concentration of 10.05% by
mass of binder.

2.3. Age factor ~ncf

Chloride diffusion in cementitious materials is a time-depen-
dent phenomenon characterised by a decrease of the diffusion
coefficient over time. While this time dependence is not fully
understood at present, ongoing hydration and time-dependent
chloride binding are generally considered to be the primary causes
[11–14].

The age factor used to describe this phenomenon is usually
determined empirically based on a large number of data from short-
and long-term exposures. Especially for long-term exposure, there
are often very few data available. For this reason only the age factors
for concrete with ordinary Portland cement and concrete containing
silica fume were quantified based on such data in the DuraCrete pro-
ject. In contrast, the age factors for fly ash and slag cement concrete
were determined based on expert judgement. It is obvious that for
new materials such as SHCC even less information is available,
which complicates a reliable quantification of the age factor.

Since ongoing hydration is one of the primary reasons for
changes of the diffusion coefficient, data obtained from RCM-Tests
[15] on concrete at young ages has been used to supplement re-
sults of long-term field observations [16]. In the absence of such
field data for SHCC, a first estimate for the age factor can be ob-
tained from RCM-Test results. For the SHCC composition given in
Table 2, RCM-Tests were performed on specimens aged between
7 and 119 days. From the development of the chloride migration
coefficient, an age factor of ncf = 1.23 was determined [17].

To date it has not been possible to establish clear correlations
between parameters such as binder content or water-to-cement
ratio [18,19] and the age factor. Nonetheless, it is helpful to supple-
ment the RCM-Test results with values for the age factor of ordin-
ary fly ash concrete.

For the apparent diffusion coefficient

Da ¼ kektkcDRCM;0
t00

t þ t0ex

� �n

; ð9Þ

Gehlen [7] quantified the age factor of ordinary fly ash concrete as
beta-distributed with a mean value of m = 0.60, a standard devia-
tion of s = 0.15, and lower and upper bounds of 0.0 and 1.0. This re-
sult is in good agreement with typical values to be found in the
literature, which range from 0.60 to 0.70 [12,13,20]. It also agrees
well with the expert opinion-based beta-distribution with a mean
value m = 0.69 in the DuraCrete project [18]. The largest outliers
were reported in [12], in which values between 0.48 and 0.91 for
the age factor based on experiments with short exposure times be-
tween 40 and 365 days were determined.

As outlined in Part 1 of the publication, age factors determined
for Eq. (9) need to be converted to be used in conjunction with Eqs.
(4) and (5). Results of the conversion are given in Table 3.

With small values for ncf resulting in a smaller reduction of the
diffusion coefficient over time, it is reasonable and conservative to
assume that the outliers reported for ordinary fly ash concrete are
also possible realisations for SHCC. However, the possibility that
the age factor shows values typical for ordinary fly ash concrete
or determined from RCM-Tests on SHCC specimens is significantly
higher. Thus, the age factor may be quantified as shown in Fig. 1 as

~ncf ¼ h0:60; 0:77; 1:23; 1:42i: ð10Þ
2.4. Chloride diffusion coefficient ~Dex;0;cf

The diffusion coefficient of the crack-free material under labo-
ratory conditions ~Dex;0;cf was determined based on immersion
experiments according to NT BUILD 443 [21]. For crack-free spec-
imens and areas with few or no apparent cracks in pre-strained
specimens, the results given in Table 4 were obtained.

The diffusion coefficients Dex,n,cf given in Table 4 must not be
confused with Dex,0,cf determined at the reference time t00 = 28d.
This result is due to the time-dependence of the diffusion coeffi-
cient. However, Dex,0,cf can be determined from those values
according to

Dex;0;cf ¼
t00
t0n

 !ncf

Dex;n;cf ; ð11Þ

if the age factor ncf is known (cf. Table 4).
From these results, it is possible to quantify the mean value of

the fuzzy-probabilistic variable ~Dex;0;cf as a fuzzy value with a trap-
ezoidal membership function l ~mðDex;0;cf Þ. The highest and lowest
values for a given realisation of ~ncf define the upper and lower
boundaries (l = 0) of possible realisations for the diffusion coeffi-
cient. The range of values for the highest possibility of realisation
(l = 1) is given by the second-highest and -lowest tabulated values,
respectively (cf. Fig. 2).
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Since this quantification of the mean value is based on the
experimental procedure as outlined in NT BUILD 443, the quantifi-
cation of the stochastic uncertainty given there can be assumed to
apply for Dex,0,cf. Thus, the variable is assumed to be normally dis-
tributed with a coefficient of variation CoV = 0.15.
2.5. Critical chloride concentration Ccrit

In line with the fib Model Code [22], the critical chloride con-
centration Ccrit is defined as that total chloride concentration at
which the steel reinforcement is depassivated and steel corrosion
may begin. It thus defines the end of the initiation stage and the
beginning of corrosion propagation.

As a recent review of the state-of-the-art [23] showed, there is
currently no general agreement on a critical chloride concentration
in ordinary concrete. Values reported in the literature range from
0.04% to 1.30% total chloride by weight of cement under sub-
merged conditions, and despite significant efforts no clear correla-
tion between binder types and other aspects of the mixture
composition and Ccrit could be established.

The fib Model Code, the DARTS project [24] and Gehlen [7]
quantify Ccrit for ordinary concrete based on two experimental
investigations and literature reviews [25,26] as beta-distributed
with lower and upper boundaries of 0.2% and 2.0%, a mean value
of m = 0.60% and a standard deviation of s = 0.15%. However, under
permanent submersion the propagation of corrosion is very slow,
and for this reason higher values for Ccrit may be permissible [7].
This result would suggest a higher mean value and is reflected in
the quantifications in [27] (Normal distribution, m = 2.0%,
s = 0.15%) and the DuraCrete project [18] (Normal distribution,
m = 1.60%, s = 0.20%).

So far, no systematic research has been carried out to determine
Ccrit in SHCC. Thus, its quantification in this example is based only
on investigations of ordinary concrete. Due to the lack of further
information, it was decided to adopt the fib Model Code quantifica-
tion for ordinary concrete, which is the most conservative of the gi-
ven stochastic quantifications and the only one with a lower bound,
which is more realistic than the possibility of negative values for
Ccrit in the other quantifications. While some threshold values
Table 4
Experimentally determined diffusion coefficients Dex,n,cf and surface chloride concentration
specimens (A, B) [8,17].

Specimen t0n (d) Dex,n,cf (10�12 m2/s) Cs (% by mass of bind

A 120 4.58 8.56
B 121 5.09 8.97
P1 97 5.71 7.70
P2 119 4.54 8.36
P3 154 2.00 9.47
P4 154 2.74 7.87
below this lower bound are reported in [23], they were determined
using methods deemed unreliable by the authors, and it was
decided to disregard them in the quantification for Ccrit for SHCC.

Considering that the decision to adopt the fib Model Code val-
ues is based on expert judgement, it may be argued that this
should be reflected in a fuzzy or fuzzy-probabilistic quantification.
While not realised here, this could be done in a similar fashion as
has been done for the age factor.

2.6. Further variables

The age at first exposure t0ex = 50 d was chosen based on a Danish
report recommending an age at first exposure t0ex > 42 d for ordin-
ary Portland cement concrete [14]. In the absence of further infor-
mation and in line with customary assumptions, the initial chloride
content C0 prior to exposure to seawater has been assumed to be 0%
by mass of binder. For the same reason, the influence of curing has
been ignored in this example. Furthermore, the depth of the con-
vection zone in the permanently submerged condition is
Dx = 0 mm.

For the scatter of the cover depth c, no substantial differences
between RC and R/SHCC members and structures are expected.
Thus, it can be quantified based on the fib Model Code as being
log-normal distributed and, assuming good execution quality, hav-
ing a standard deviation of 6 mm.

As in the DuraCrete concept, the temperature influence is ac-
counted for with the help of an environment factor

ke ¼ exp be
1

Tref
� 1

Treal

� �� �
ð12Þ

where be is the regression parameter quantified for ordinary Port-
land cement concrete [7], Tref the reference temperature and Treal

is the actual temperature according to Chapter 2.1. Since this influ-
ence is independent of the mix design, no changes are necessary to
apply it to SHCC.

The transfer factor kt = 1.0 is a regression parameter to deter-
mine the age factor [7]. Since ~ncf has been determined partly based
on this source but without any other regression analysis, no
changes with respect to the parameter are required.
s Cs at the age t0n for crack-free (P�) specimens and near crack-free areas of pre-strained

er) Dex,0,cf (10�12 m2/s)

ncf = 0.60 ncf = 0.77 ncf = 1.23 ncf = 1.42

8.69 10.37 16.59 20.07
9.68 11.57 18.55 22.44
10.05 11.77 17.94 21.30
8.59 10.24 16.36 19.77
4.70 5.97 11.38 14.82
6.44 8.18 15.59 20.31



Table 5
Quantification of input variables for SHCC submerged in a North Sea marine environment.

Nr Variable Unit Distribution function Mean value CoV

1 Ccrit % by mass of binder Beta, a = 0.2, b = 2.0 0.60 0.25
2 C0 % by mass of binder – 0 –
3 ~CS;Dx % by mass of binder – <1.30; 2.91; 10.05> –

4 c mm Log-normal 50 0.12
5 Dx mm – 0 –
6 ~ncf – Fuzzy <0.60; 0.77; 1.23; 1.42>
7 ~Dex;0;cf 10�12 m2/s Normal ncf = 0.60: <4.40; 6.44; 9.68; 10.05> 0.15

ncf = 0.77: <5.97; 8.18; 11.57; 11.77>
ncf = 1.23: <11.38; 15.59; 17.97; 18.55>
ncf = 1.42: <14.82; 19.77; 21.30; 22.44>

8 be (ke) K Normal 4800 0.15
9 Tref (ke) K – 293 –

10 Treal (ke) K Normal 283 0.02
11 kt – – 1 –
12 kc – – 1 –
13 t00 d – 28 –
14 t0ex d – 50 –
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3. Results and discussion

3.1. Chloride concentration

With the input variables given in Table 5, the time-dependent
total chloride concentration at the depth of the reinforcement
~Cðc; tÞ was determined for ages at first exposure t0ex = 25, 50, 75 d.
Only very small differences between the results for different t0ex

could be observed. However, these results cannot be extrapolated
to shorter times until first exposure. The results for t0ex = 50 d are
shown in Figs. 3 and 4. As in Fig. 5, only the upper boundaries of
the fuzzy result value for each a-level are shown since the values
of the lower boundaries are so small that they are hidden by the
time-axis. It can be seen that the results entail significant non-sto-
chastic as well as stochastic uncertainty. This is not surprising, con-
sidering the uncertainty of the input variables.

According to Table 5, the mean value of the critical chloride
concentration is mCcrit = 0.60% by mass of binder with a lower
bound of 0.20% for the probability density function. Thus, for lower
values of the membership function l~Cðc;tÞ there is a significant like-
lihood that the limit state function ~gðc; tÞ becomes negative after
less than 30 years. This likelihood is expressed as the probability
of failure ~pf .
3.2. Probability of failure

The probability of failure expresses the stochastic uncertainty if
g(c, t)< 0 with a certain value. If imprecision and variability are
quantified with fuzzy random input variables, the resulting proba-
bility of failure is also fuzzy (cf. Fig. 7 in Part 1). Thus, imprecision
remains visible in Fig. 5, which shows that the possibility exists
that the probability of failure after 100 years of exposure is close
to unity, which would mean certain failure. However, it is equally
possible that the probability of failure ~pf < 10�6, which is much
smaller than the acceptable failure probability ~pf = 10�1 recom-
mended in the fib Model Code for this limit state.

This pronounced non-stochastic uncertainty might suggest that
the proposed durability concept does not yield meaningful results.
In fact, the opposite is true: It could be shown that even with a very
limited database, a transparent determination of the probability of
failure is possible. Still further, the upper bound of ~pf ðl ¼ 0Þ is rea-
lised for ncf = 0.60, the conservative lower bound for the age factor
based on an outlier reported for ordinary fly ash concrete. The pos-
sibility is much higher (l = 1) that ~pf < 10�2, which is realised for
ncf P 0.77. This value is still much lower than the experimentally
determined age factor ncf = 1.23 for the SHCC in question.
From these observations it is obvious that a reduction of the
non-stochastic uncertainties associated with the age factor is likely
to result in significantly reduced values for the upper boundary of
the fuzzy failure probability. However, to target future research ef-
forts most effectively, the dominant variables must be identified
with the help of sensitivity analysis.

3.3. Sensitivity analysis

To assess the sensitivity of the chloride concentration ~Cðc; tÞ to
changes of the input variables, the coefficients of correlation be-
tween the input variables and the resulting chloride concentration
r~Cðc;tÞxi

(see Chapter 4 in Part 1) were computed.
These coefficients of correlation must be interpreted with some

caution since they only yield linear correlations. Furthermore, they
cannot be determined for variables with only fuzzy uncertainty,
and the fuzzy uncertainty of any input variable results in fuzzy
coefficients of correlation. Hence, the interpretation of the results
given in Fig. 6 is not straightforward. It is worthy of note but not
visible in the figure, for instance, that the highest correlation for
c and Treal, respectively, was achieved for ncf = 1.42.

It is thus helpful to consider the fuzzy variables as equally dis-
tributed over the interval defined by the membership function. In this
case, this means CS,Dx = [1.30; 10.05], ncf = [0.60; 1.42], m~Dex;0;cf

ðncf ¼ 0:60Þ = [4.40; 10.05], m~Dex;0;cf
ðncf ¼ 0:77Þ = [5.97; 11.77],

m~Dex;0;cf
ðncf ¼ 1:23Þ = [11.38; 18.55] and m~Dex;0;cf

ðncf ¼ 1:42Þ =

[14.82; 22.44].
This quantification leads to certain coefficients of correlation

(cf. Fig. 7) but gives undue weight to extreme realisations of fuzzy
variables and may thus result in an overestimation of the weight of
these variables. By quantifying stochastic variables equally distrib-
uted on the interval [m � 3s; m + 3s] with m: the mean and s: the
standard deviation of the respective variable, this undue weight
may to a certain degree be ameliorated (cf. Fig. 8).

As seen in Figs. 7 and 8, the sensitivity of the chloride concen-
tration with respect to changes in the input variables is time-
dependent. Especially the correlation between ~Cðc; tÞ and ~ncf

increases over time.
The absolute values of the coefficients of correlation can be norma-

lised, which allows their ranking according to relative weight. Fig. 9
shows the result for the same variable quantifications used to
generate Fig. 8 and t = 90 years. The influence of the considered range
of value of the input variables on the correlation coefficient can be
seen by comparing Fig. 9a and b, for which only the quantification
of ncf has been changed, with the influence of variables quantifying
material properties becoming smaller as the age factor increases.



Fig. 3. (a) Fuzzy mean value of the total chloride concentration at ~x = 50 mm from the surface for t0ex = 50 d and (b) Fuzzy probability density distribution of the chloride
concentration ~Cðc; t ¼ 100 yearsÞ for the mean value.

Fig. 4. (a) Fuzzy 95% quantile of the total chloride concentration at ~x = 50 mm from the surface for t0ex = 50 d and (b) membership function for t = 100 years.
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Fig. 6. Fuzzy coefficient of correlation q of input variables and the chloride
concentration C(c, t) for t0ex = 50 d, t = 50 years and all other variables as per Table 5.
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It is evident from the remarks and figures above that the results
of a sensitivity analysis must be interpreted in light of the chosen
method and value range of input parameters. For instance, the ac-
tual correlation between individual input variables and ~Cðc; tÞmay
be stronger than suggested by the results in Figs. 6–9 due to non-
linear effects not reflected in the coefficient of correlation.

Nonetheless, some conclusions can be drawn from the results
given in Figs. 6–9. For high values of ~ncf , the cover depth and the
temperature, both not material-specific, are the dominant vari-
ables while otherwise the chloride concentration is most sensitive
to changes in the age factor. This finding supports the results of
Chapter 3.2 and is in good agreement with results for ordinary
fly ash concrete reported elsewhere [7,24]. Thus, research efforts
aimed at reducing the uncertainty associated with this variable
are likely to have the biggest impact on reducing the uncertainty
associated with the probability of failure ~pf .

Other variables which are well correlated with the chloride con-
centration ~Cðc; tÞ are the cover c and the temperature Treal, while
~Cðc; tÞ seems to be less sensitive to changes in the most-studied
variable, the diffusion coefficient.
4. Conclusions

As outlined in Part 1 of this work, the inherent durability of
SHCC and other new materials with similarly promising properties
such as textile-reinforced concrete (TRC) [28] can be best demon-
strated using a performance-based durability concept. In the first
part of this treatise a fuzzy-probabilistic durability concept for
SHCC exposed to chlorides was introduced, which is a suitable
template for other load cases as well as for durability concepts
for materials like TRC. In this second part, the durability concept
was applied to a crack-free R/SHCC member submerged in
seawater.

Input variables were transparently quantified based on the lim-
ited information available for chloride ingress into SHCC and on ex-
pert assessment of information on chloride ingress in ordinary fly
ash concrete and the underlying physical and chemical processes.

From these the accumulation of chlorides at the depth of the
steel reinforcement over time and the time-dependent fuzzy prob-
ability of the onset of corrosion propagation were calculated. Still
further, a sensitivity analysis was performed for the chloride con-
centration to determine the most critical variables.

It was found that the chloride concentration at the depth of the
reinforcement is most sensitive to the age factor ~ncf and the non-
material-specific cover depth and temperature, while the much
more widely investigated diffusion coefficient is of lesser
importance.
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The failure probability ~pf shows significant non-stochastic
uncertainty, currently precluding the concept from being used as
a practical design tool. This is especially the case since the end of
the service life of a member is typically deemed to be reached if
the highest possible, and, thus, most conservative, realisation of
~pf exceeds the maximum permissible failure probability.

The age factor exhibits the highest uncertainty due to a lack of
information of the dominant variables. Thus, targeted research to
reduce the information deficit regarding the age factor is likely to
have the most pronounced effect on the probability of failure.
However, further investigations are required to determine if these
conclusions hold for other realistic combinations of input variables.
Based on the results of such a parameter study, it will be possible
systematically to target experimental investigations so as to yield
the maximum benefit with regard to durability design.

In addition, although disregarded in this example, significant ef-
fort will be required to determine and describe the influence of
cracks on chloride ingress as transparently and precisely as
required.

Despite the uncertainty associated with the failure probability,
the significant potential of the approach is evident: It could be
shown that fuzzy parameter quantification is practicable and
transparent and that the concept allows the determination of the
desired output variables, in this case the chloride concentration
~Cðc; tÞ and the probability of steel corrosion ~pf . With the help of
the results of sensitivity analyses, it is furthermore possible to opti-
mally target future research efforts to reduce the uncertainty of ~pf .
This approach will help develop the concept presented in this pa-
per into a practicable service life design tool.
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