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Distributor: Červenka Consulting
http://www.cervenka.cz

Written by:
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INTRODUCTION

Integrated Design and its subset, Performance-Based Design (PBD) are leading trends in
structural engineering design at present; these approaches deal with durability and reliability issues, both of which are among the decisive structural performance characteristics.
More speciﬁcally:
Assessment, together with inspection, maintenance and/or reconstruction plans, must
guarantee the correct performance of a structure during its intended or residual service
life. This time, tS , is deﬁned as the assumed period of time, for which the structure will
continue to serve its purposes. The intended service life, agreed by the client and justiﬁed
on the basis of socio-economic criteria, is the design life tD . This is decided on a case by
case basis.
A design or assessment process must always deﬁne: (i) the reliability (or safety) level of
the relevant limit states; (ii) the service life inherent to the ﬁnal results; (iii) the conclusions
and possible optimization to be carried out for the structure under consideration.

1.1

Safety formats

The safety formats which are commonly used in structure engineering for the purpose of
design or safety assessment are based on the concept of limit states. Conceptual models
used for this consideration include load transfer, based mainly on statics and dynamics, and
the mechanisms of changes in stress and strain ﬁelds (yielding, crushing, buckling, cracking
or deformation) resulting in failure - more generally: the loss of required performance. The
same concept applies to durability: the conceptual models for durability relate to the
mechanisms that transform environmental actions (performed over time) into cumulative,
time-related degradation that results in damage mechanisms causing failure (the loss of
required performance).
Traditionally, when dealing with design issues, the main attention is focused on mechanical design, because of structural safety reasons and the serious consequences of structural failure for human beings. However, degradation and obsolescence together are the
most important causes of the need for refurbishment or demolition, and therefore have
great economic consequences. Therefore, it is important to develop rational and systematic methodologies and methods for controlling all these types of limit states in the lifetime
planning, design and management processes for civil infrastructures.
Suitable methods for the monitoring and reliable mathematical modelling of associated
eﬀects are needed - better knowledge in this respect provides the basis for a practical
and proactive strategy when designing and maintaining concrete structures. This is also
reﬂected in recent international standards and documents - e.g. [5] and [9] and the trend
is fully employed in FReET-D. Two safety format categories may be considered: Service
life format and Limit state format.
1.1.1

Service Life Format

The service life format consists of determining the remaining design service life, tD , of a
component or structure, by assessing its predicted service life, tS . The predicted service
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live, tS , of the structure and its components should meet or exceed their design live, tD ,
i.e.
tS ≥ tD

(1)

Within the probability framework: the following probability is compared to a speciﬁed
target probability
P {f ailure} at tD = P {tS (Xi , t) < tD } ≤ Ptarget

(2)

The tS is a predicted value modeled as a function of basic variables, Xi and t.
In the case where a structural component is protected against degrading agents (e.g.
the concrete cover of reinforcement, the zinc coating of steel), tS can be determined as a
sum of two service-life predictors (often called the initiation period and the propagation
period), see also Fig. 1:
tS = ti + tp

(3)

corrosion
propagation

where ti , the time to the initiation of degradation, is modeled as a function of the basic
variables for agent transfer, Xi and t. Time tp , the service life after the initiation of
degradation (the propagation period), is a function of certain basic variables for damage
or resistance and t. Basically, the variables Xi are random variables, though some of them
might be treated as deterministic values in certain situations. It should be recognized
that the service lifef tS can be considered as a random variable having its own probability
density function.

tp

ti

t

Figure 1: Exposure time periods.

1.1.2

Limit State Format

Ultimate Limit State: The basic requirement for the ultimate limit state during the
design service life of the component, tD , is
R(tD ) ≥ S(tD )

(4)

where R(tD ) is the resistance capacity of the structural component at the end of its design
life, tD , and S(tD ) represents the cumulative degradation of the component at the end of
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its design life, tD . R(t) and S(t) are modeled as functions of the basic variables, Xi and
t. The ULS condition, Eq. (4), is ensured by checking that
P {f ailure} at tD = P {R (tD ) − S (tD ) < 0} ≤ Ptarget

(5)

Either the resistance R or the load action S or both can be time-dependent quantities.
Thus the failure probability is also a time dependent quantity. The above formulation
applies to material deterioration and deformation which is cumulative, and, in cases where
the functions R and S are considered to be monotonous.
Serviceability Limit States: The basic requirement for the serviceability limit states
during the residual design life of the component, tD , is
S(tD ) ≥ Slim

(6)

where Slim represents the serviceability limit. The SLS condition, Eq. (6), is ensured by
checking that
P {f ailure} at tD = P {Slim − S (tD ) < 0} ≤ Ptarget

(7)

In several SLS situations it might be advisable to use a conservatively deﬁned limit
state expressed by the simpliﬁed equation Eq. (8) instead of Eq. (3):
tS = ti

(8)

This kind of limit state precedes the occurrence of other SLSs or ULSs and represents
a simpliﬁed limit state intended to prevent the onset of deterioration; it is based on the
initiation of deterioration and will be called a Durability Limit State (DLS).
Note: Apart from the probability of failure the reliability index β can be used as
an alternative, with both values being related by the formula
β = −ϕ−1 (P {f ailure})

(9)

where ϕ is the cumulative distribution function of the standardized Normal distribution.

1.2

Objective of the program

Unfortunately, the prescriptive approach of current standards (Eurocodes) does not allow
for design focused on speciﬁc service life and/or a speciﬁc level of reliability. Therefore, the
utilization of stochastic approaches (a combination of analytical models and simulation
techniques) and specialized software tools for assessing newly designed as well as existing
concrete structures is needed. FReET-D provides:
1. modelling of degradation phenomena in concrete structures, and statistical and sensitivity analyses;
2. assessment of service life;
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3. assessment of reliability measures.
For the purposes of options 2 and 3 the user may create diﬀerent simple limit conditions,
e.g. the evaluation of service life could be based on Eq. (6):
carbonation depth = concrete cover thickness

(10)

Thus, FReET-D provides a tool necessary to perform design or safety assessment
under the safety formats described above. The name of the software reﬂects the purpose
and strategy: FReET-D is the acronym for Feasible REliability Engineering Tool for
Degradation eﬀects assessment.
FReET-D is developed on the basis of the multipurpose probabilistic software FReET.
It might be useful to consult the FReET manuals about simulation techniques, statistical
sensitivity, and reliability analyses, and the statistical dependence of variables [18].
The input data for FReET-D are considered to be statistically independent random
variables (optionally the deterministic values for individual variable may be chosen too;
in special cases the statistical dependence of mutual variables may also be treated). In
this way, the inherent uncertainties in inputs are accounted for and via statistical analysis
(utilizing simulation techniques) the realistic scatter of output values is assessed; the
randomised form of all degradation eﬀects is introduced.
Degradation models are time dependent mathematical functions that show the average
increase of degradation with time. These models are parameterized with several material,
structural and environmental parameters. The main criteria in selecting the degradation
model for each speciﬁc use are e. g.:
- type of relevant limit state and exposure conditions;
- availability of statistical data or the testing method for the variables of each model;
- accuracy of the model when using the available data in relation to the required
accuracy level.
For existing concrete structures a purely theoretical prediction by degradation modeling may be considerably improved in cases when some in–situ measurements of degradation eﬀects are available (including results of health monitoring methods). Such ”short–
time” measurement results are statistically elaborated (”a priori information”) and then
utilized for Bayesian updating process; thus gaining ”a posterior information”. FReET
provides such procedure. The description of this updating approach is also published in
[11]. Considering the updated results of variables entering the limiting condition also the
enhancement of reliability information may be gained.

2

CARBONATION OF CONCRETE

Concrete carbonation is chosen as a degradation process. It is a chemical process in
concrete driven by ambient CO2 penetrating from the surface and decreasing pH to a
value approximately equal to 9. When the carbonation depth xc equals the cover, a,
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the steel is depassivated and corrosion may start (see also the initiation period explained
above).
The process includes the diﬀusion of CO2 in the gaseous phase into the concrete pores,
its dissolution in the aqueous ﬁlm of these pores, the dissolution of solid Ca(OH)2 in the
water of the pores, the diﬀusion of dissolved Ca(OH)2 in pore water, its reaction with the
dissolved CO2 , and the reaction of CO2 with CSH (hydrated calcium silicate) and with
the yet unhydrated C3 S (tricalcium silicate) and C2 S (dicalcium silicate). In addition,
there is a parallel process. This process includes the hydration of cementitious materials
and the reduction of concrete porosity.
The carbonation process indicates that the factors controlling carbonation are the
diﬀusivity of CO2 and the reactivity of CO2 with concrete. The diﬀusivity of CO2 depends
upon the pore system of hardened concrete and the exposure condition. The pore system
of concrete depends upon the type and the content of binder, the water/binder ratio, and
the degree of hydration. The main exposure conditions related to the carbonation are
the concentration of CO2 and the relative humidity. The reactivity of CO2 with concrete
depends mainly upon the type and content of binder, and the degree of hydration. Thus,
the main factors aﬀecting concrete carbonation are the type and content of binder, the
water/binder ratio, the degree of hydration, the concentration of CO2 , and the relative
humidity. From this also follows: a general concrete property inﬂuencing carbonation rate
is the pore structure. The rate of carbonation is also aﬀected by the water and cement
content, by the type of cement, the ground ﬁneness of the materials, the temperature,
curing and also by the alkali content and the presence of damaged zones and cracks.

2.1

Limit-state functions

Models concerning the carbonation of concrete can be utilized for evaluation of the limitstate equation (steel depassivation) in which the concrete cover, a, is compared to the
carbonation depth, xc , over time t - see also Eq. (10). As an alternative a critical initiation
period ti may be compared to design service life tD . Please note, that in the following
section introducing carbonation models only formulas for calculation of xc are presented.
An alternative output ti may be derived by a simple inversion of individual equations.
Note also that the uncertainty factor ψ which is used as a multiplier of output xc is not
inverted in any model thus the output time ti is also multiplied by this factor.

2.2
2.2.1

Carbonation models
Carb1a

Formulae and input data
The model of the time-dependent carbonation depth xc of OPC concrete developed by
Papadakis et al. [13] is an analytical model based on the mass conservation of CO2 ,
Ca(OH)2 and CSH in any control volume of a concrete mass. The simpliﬁed carbonation
depth formula for OPC concrete is expressed here as:
(w

)

− 0.3
xc = ψ 0.35 ρc (
ρc w ) f (RH)
1 + 1000
c
c

√(

ρc w
ρc a1,2,3
1+
+
1000 c
ρa c

6

)

CCO2

24 −6
10 t (11)
44
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where xc is the carbonation depth [mm] for time of exposure t [years], ρc , ρa are the speciﬁc
gravities of cement and aggregates [kg/m3 ], respectively, w, c, a1,2,3 are the unit contents of
water, cement and aggregates [kg/m3 ], respectively, RH is the ambient relative humidity
[%], CCO2 is the CO2 content in the atmosphere [mg/m3 ] and ψ is the uncertainty factor
of the model [-]. The unit contents of aggregates a1,2,3 are calculated using the equation:
a1,2,3 = a1 + a2 + a3

(12)

where a1 , a2 , a3 are the unit contents of aggregates I - III [kg/m3 ]. Then, the speciﬁc
gravity of the aggregates can be expressed as:
a1,2,3
ρa = a 1
(13)
a2
a3
+
ρa
ρa + ρa
1

2

3

where ρa1 , ρa2 , ρa3 are the speciﬁc gravities of aggregates I - III [kg/m3 ].
In its original form [13] the model was furnished by a linear function f (RH) describing
the inﬂuence of relative humidity RH (for RH > 50 %, maximum at 50 % - see Fig. 2 dashed line), which does not provide satisfactory results for high values of RH according
to some experimental ﬁndings. This has been overcome in the following model, Carb1b.
0.5

RH function [-]

0.4

0.3

0.2
alternative function
Papadakis et al. (1992)
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Figure 2: Two types of f (RH) function.

2.2.2

Carb1b

Formulae and input data
To the authors best knowledge Carb1a does not provide satisfactory results for higher
values of RH. This has been overcome by implementing the alternative function f (RH)
based on combination of experimental works - see Fig. 2, solid line. In this way the model
Carb1b has been created which is similar to model Carb1a, i.e. Eqs. (11), (12) and (13).
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Verification
A comparison of analytical results with the ﬁndings of tests carried out on an existing
structure now follows: an RC cooling tower was investigated at the age of 19 years (the
depth of carbonation was measured at 75 locations, both on internal and external surfaces)
- for more details see [11]. Tab. 1 lists the results together with the analytical ones gained
by Carb1b. The agreement is favorable, albeit the results of measurements being somewhat
disqualiﬁed due to the well known inaccuracy of phenolphthalein tests.
Table 1: Carbonation depth after 19 years of exposure time

Surface

Mean value [mm]
COV [%]
measured
model
measured model
External (RH= 70 %)
14.9
13.2
56
18
Internal (RH= 97 %)
8
8.2
29
18

3

INGRESS OF CHLORIDE IONS

Corrosion of reinforcement is certainly one of the most limiting factors for the service life
of reinforced concrete structures. Steel bars are passive, as far as corrosion in the presence
of oxygen and moisture is concerned, thanks to a microscopically thin oxide layer which
forms on their surface due to the alkalinity of the surrounding concrete. This protective
layer is dissolved if the alkalinity of the concrete is lost due to carbonation. However,
in marine and coastal environments, or in the presence of deicing salt (NaCl), it can be
destroyed by chloride ions dissolved in pore water.
The chloride level at the reinforcement surface which results in a signiﬁcant corrosion
rate leading to reinforcement corrosion in concrete may be called the critical chloride
concentration (the chloride threshold concentration). Corrosion rates exceeding values of
1-2 µA/cm2 are often regarded as being signiﬁcant on reinforcing steel [7].
The chloride threshold concentration is preferably presented by means of the total
amount of chloride by weight of cement, amount of a free chloride, a concentration ratio
of free chloride ions to hydroxyl ions or ratio of acid soluble chloride content and the
acid neutralization capacity (the content of acid needed to reduce the pH of concrete and
cement paste suspended in water up to particular value) [1]. In terms of currently used
representations, the total chloride content related to the cement weight is considered as
the best alternative. This representation results in reduction in the range of determined
values of the critical chloride concentration and represents the total potential aggressive
ion content expressed relatively to the total potential inhibitor content [1, 4, 6, 7].
One reason for the lack of agreement among the measured values of the critical chloride
concentration is the inﬂuence of several factors such as chloride binding, chloride mobility,
steel interface (voidage, pre-rusting), cementitious binder (type of binder, C3A content,
pH), concrete barrier (cement type, amount of cement, w/c ratio, curing, concrete cover),
and environmental factors (relative humidity, temperature, chloride type). The key factor
was found to be a physical condition of the steel-concrete interface [1, 6]. Another reason is
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the diﬀerence among the methods of measurement of the chloride threshold concentration,
the chloride content at the steel surface and the time of onset of corrosion. The onset
of corrosion may be detected by measuring half-cell potential, monitoring the macrocell
current between an anode and a cathode, monitoring the corrosion rate measured by the
polarisation technique or AC impedance method, or visual inspection.

3.1

Limit-state functions

Models concerning the ingress of chloride ions can be utilized for evaluation of the limitstate equation (steel depassivation) in which the critical chloride concentration Ccr is
compared to the actual chloride concentration C(x = a, t) at depth a of the reinforcing steel
at time t (models Chlor2 and Chlor3 ), i.e. limit condition as Eq. (7). As an alternative a
critical time to depassivation ti is compared to design service life tD (Chlor1 ), i.e. condition
given by Eq. (2). Chlor1 also allows for the computation of the depth of chlorination from
the surface xCl in an arbitrary time, t.

3.2

Models for chloride ingress

Several diﬀerent approaches exist for description of the time-dependent process of chloride
ingress in concrete. Many authors have based their calculations on Fick’s 2nd law of
diﬀusion, taking into account the fact that observations indicate mainly diﬀusion controlled
transport of chlorides in concrete, and the convection zone being relatively small [8], the
Crank solution is often applied.
Although the models based on en error function complement solution are widely used
by engineers in practical applications due to their relatively simple mathematical expressions, the ignorance of chloride binding is perhaps a weakness of these models. The models
proposed by Papadakis et al. [15] diﬀer from pure Fick’s 2nd law just in the way that
they also account for the processes of chloride adsorption and binding in the solid phase.
3.2.1

Chlor1a

Formulae and input data
A general model of the physicochemical processes of the diﬀusion-adsorption of chlorides
in concrete has been developed by Papadakis et al. [15]. The model allows for prediction
of the chloride concentration in the solid (s) and liquid (aq) phases of concrete ([Cl− (s)]
and [Cl− (aq)] in mol/m3 of concrete and mol/m3 of pore water, respectively) as a function
of the initial concentration of chlorides C0 , the concentration of chlorides on the nearest
concrete surface CS,0 [mol/m3 ], their distance x [mm] from the nearest concrete surface,
and time t [years]. The model can be simpliﬁed into a nonlinear diﬀerential equation for
[Cl− (aq)] and an algebraic one for [Cl− (s)]:
D

−

e,Cl
(1 + εf Keq [Cl− (aq)])
∂ [Cl− (aq)]
∂ 2 [Cl− (aq)]
εf
=
∂t
∂x2
Keq Csat + (1 + εf Keq [Cl− (aq)])2

[Cl− (s)] =

2

εf Keq Csat [Cl− (aq)]
1 + εf Keq [Cl− (aq)]

(14)

(15)
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with the initial condition: [Cl− (aq)] = C0 at t = 0, and boundary conditions [Cl− (aq)] = CS,0
at x = 0 and [Cl− (aq)]/∂x = 0. In these equations De,Cl− denotes the eﬀective diﬀusivity of
Cl− in concrete [m2 /s], Keq the equilibrium constant for Cl− binding [m3 of concrete/mol],
Csat the saturation concentration of Cl− in the solid phase [m3 of concrete/mol], ε the
concrete porosity and f the degree of pore saturation with water.
Eq. (14) can be solved only numerically. A simple analytical approximation can be
developed, if we make the assumption of the formation of a moving ”chlorination front”,
where the concentration of [Cl− (aq)] decreases to zero. Then, the concentration of Cl−
in the liquid phase of concrete decreases linearly from CS,0 on the nearest surface to zero
at the chlorination front. The distance from the nearest surface to the chlorination front
(the depth of chlorination xCl [mm]) is given by the following expression:
√

xCl = ψ 1000

3.1536 · 2De,Cl− · CS,0
t · 107
Csat

(16)

where ψ is the uncertainty factor of the model [-], other symbols have the same descriptions
and units as in Eqs. (14) and (15). In fully saturated and fully hydrated OPC concrete,
the eﬀective diﬀusivity De,Cl− is given by the following semi-empirical expression:
De,Cl− = 0.15

ρc w
1000 c
ρc w
ρc a1,2,3
1000 c + ρa ·
c

1+

1+

[

ρc w
1000 c

1+

− 0.85
ρc w
1000 c

]3

DCl− ,H2 O

(17)

where DCl− ,H2 O denotes the diﬀusion coeﬃcient of Cl− in an ”inﬁnite solution” [m2 /s]
(1.6·10−9 m2 /s and 1.3·10−9 m2 /s in the case of NaCl and CaCl2 , respectively), ρc and ρa
(see Eq. (13)) are the speciﬁc gravities of cement and aggregate [kg/m3 ], respectively, and
w, c and a1,2,3 (see Eq. (12)) represent the unit contents of water, cement and aggregates
[kg/m3 ], respectively.
If Ccr indicates the threshold concentration of Cl− in the aqueous phase [mol/m3 ]
required for the depassivation of steel bars (13.4 mol/m3 in the case of NaCl), a is the
concrete cover [mm] and ψ is the uncertainty factor of the model [-], then time ti [years]
to depassivation is given by:
ti = ψ

Csat (a/1000)2
3.1536 ·

107

(

· 2De,Cl− · CS,0 1 −

Ccr
CS,0

)2

(18)

The saturation concentration of Cl− in the solid phase Csat can be determined from
the slope of the straight lines ﬁtted to the test data on the steady-state values of [Cl− (aq)]
and [Cl− (s)] in concrete samples with known initial concentrations C0 , see [14, 16].
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4
4.1

EXAMPLES
Example 1 – General utilization of FReET-D (Carb1b)

An elementary example of FReET-D utilization is shown in this section. The goal of the
analysis is to predict a depth of carbonated concrete layer after 50 years of service life,
using a simple carbonation model. Typical progress of analysis processing is introduced in
subsequent steps corresponding to key entries of the main program tree. Details to each
step of an analysis performed using the software FReET can be found in FReET Program
Documentation – Part 2 – FReET M/A User Manual [12].
Random Variables: After initialization of the program FReET, the template carb.fre
ﬁle is opened from certain location of user’s hard drive, where the FReET-D ﬁles
have been copied. After ﬁle opening, the program proceeds to the Part “Stochastic
Model”, Item “Random Variables” of the Main Programme Tree (MPT), on a sheet
corresponding to ﬁrst category of random variables (in this case the category sheet
of models Carb1a Carb1b), as shown in Fig. 3.

Figure 3: Opening of template carb.fre ﬁle

Values of input variables can be changed on this sheet. In presented example, the
input values as well as their distributions are kept default within this example.

11
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We are interested in the progress of carbonation in time. Therefore the input variable
time t [years] is multiplied by a parameter deﬁned as a set of values from 0.2 to 2
with step 0.2, as shown in Fig. 4. In this way the analysis will be performed for
times 10, 20, . . . , 50, . . . , 100 years.

Figure 4: Deﬁnition of parameter

Statistical Correlation: Statistical correlation among input random variables could be
imposed in the window appearing after double-clicking on Item “Statistical Correlation” within Part “Stochastic Model” of MPT. In the case of the model Carb1b
the correlation of input variables would not be real. Therefore it is not shown here;
details concerning the statistical correlation can be found in FReET Program Documentation – Part 2 – FReET M/A User Manual [12].
General Data: Simulation of random variables is run in the window appearing after
double-clicking on Item “General Data” in Part “Sampling / Simulation” of MPT.
The number of simulations is set to 1000 for this analysis. The real simulation is
launched by clicking on the “Run” button. Random input parameters are generated according to their PDFs using Monte Carlo type simulation and samples are
reordered by simulated annealing approach in order to match required correlation
matrix as close as possible. The information about achieved accuracy is displayed
after simulated annealing process, as shown in Fig. 5. For more information see
FReET Program Documentation – Part 2 – FReET M/A User Manual [12].
Check Samples: The generated random realization of input random variables can be
checked under Item “Check Samples” of MPT on category sheet Carb1a Carb1b.
When user clicks outside of diagonal of the correlation matrix displayed in the table
part of main graphic display, the upper graphical part shows the image of sampled
values in Cartesian, as shown in Fig. 6.
Check Variables Data: Individual values of sampled realizations of each input random
variable can be examined in the table in the lower part of main graphic display. The
table can be enlarged by dragging its upper edge for more convenient treatment, as
shown in Fig. 7. If needed, the values can be easily exported from this table simply
by copying and pasting to a spreadsheet program (e.g. MS Excel).
Model Analysis: The window “Model Analysis” appears after double-clicking on the
fourth item of Part “Sampling / Simulation” of MPT. Clicking on the button “New
Model Function” adds new row in the table in the lower part of the main program
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Figure 5: Sampling of random variables and statistical correlation imposing by simulated annealing
approach

window. By clicking on “...” button in this row, FReET will open a browse window
to input a ﬁle with DLL function which contains desired model function(s), in this
case carb1b.dll, as shown in Fig. 8. The carb1b xc option is to be chosen from the
two available ones oﬀered in the pull-down menu in the column “Exported functions”
(see Fig. 9). The default result name Xlimit 1 in the last column of the table can be
renamed to xc [mm] – carbonation depth, as the carbonation depth is the selected
output of the model function programmed in carb1b.dll. The model analysis is
started by button “Run Model Analysis”.
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Figure 6: Sampled values of random variables in Cartesian coordinates
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Figure 7: Sampled values of random variables

The user should verify, if a text ﬁle err carb1b.txt has been generated to a directory,
from which the carb1b.dll ﬁle was loaded for the model analysis. A message e.g.
’2. variable ”CO2 content in the atmosphere” is not correct (cannot be negative)‘
may occur several times in the error ﬁle. In such a case it is recommended to
change the type of distribution of the indicated input variable (e.g. CO2 content in
the atmosphere) to other appropriate one to avoid the simulation of unreal values
(for CO2 content in the atmosphere e.g. OneBounded Normal distribution with
unchanged M ean and Std and bound set to 0 can be suitable).
Histograms: The distribution of output of the model analysis is displayed in the window
“Histograms” of Part “Simulation Results” of MPT. The distribution of the output
random variable corresponding to a time point appropriate to a particular value
of the parameter selected in the combo box “Parameter” is displayed. Probability
distribution function of the carbonation depth at time t = 50 years (for value of
parameter equal to 1) with relevant distribution details, is shown in Fig. 10.
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Figure 8: Loading of carb1b.dll ﬁle with deﬁned model function for model analysis

Figure 9: Selecting the appropriate model function for carbonation depth analysis
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LSF Definition: The entry “LSF Deﬁnition” of Part “Simulation Results” of MPT enables user to deﬁne limit state function for sensitivity and reliability analysis. After
clicking on the button “New LSF” a new row appears in the table part of the main
graphic display, where the limit state function is deﬁned as a combination of output
of the model analysis and appropriate comparative value. In presented example,
the limit state function is deﬁned as a diﬀerence between concrete cover a [mm] and
carbonation depth xc [mm], as shown in Fig. 11. Default comparative value included
in the template ﬁle carb.fre is used for the deﬁnition in this case.

Figure 11: Deﬁnition of limit state function

Sensitivity Analysis: Item “Sensitivity Analysis” of MPT opens a window, where sensitivity of input parameters is evaluated. Factors in columns “+sensi” and “−sensi”
represent the sensitivity of the inputs of individual deterioration models on results of
model analysis or deﬁned limit state functions. In this case only parameters appropriate to models Carb1a Carb1b are relevant, as emphasized in Fig. 12. The time
point of the analysis can be changed using the combo box “Parameter”. Detailed
description of Item “Sensitivity Analysis” of MPT is included in FReET Program
Documentation – Part 2 – FReET M/A User Manual [12].
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Figure 12: Sensitivity of input parameters on the carbonation depth

Reliability: The entry “Reliability” of Part “Simulation Results” of MPT opens a window for reliability assessment of performed analysis. If a particular value of the
parameter is entered by the combo box “Parameter”, the distributions of output
of model analysis or deﬁned limit state function is displayed in the main graphic
display. Fig. 13 shows the PDF of deﬁned limit state function at time t = 50 years
(value of parameter is equal to 1). Let us note, that the reliability parameters
Cornell-β and corresponding pf can be alternatively to the LHS method, applied in
this case, obtained by using the FORM method under the item “FORM” of MPT,
moreover, the latter method leads to more accurate results. Comparison of the reliability parameters obtained via LHS and FORM can be made in Fig. 13 and Fig. 14,
respectively.
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Figure 13: PDF of deﬁned limit state function at time t = 50 years
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Figure 14: Reliability analysis using FORM method at time t = 50 years

Parametric Analysis: Time series of statistical and reliability parameters of outputs of
model analysis or limit state functions can be displayed under this item of MPT. If
the output of model analysis is chosen in the combo box “Result & LSF” (the carbonation depth xc [mm] in this case), a curve of M ean (mean value) and M ean±Std
(Std stands for standard deviation) of the output random variable as a function of
parameterized input variable (time t in this case) is drawn in the graphical part of
the main window, as shown in Fig. 15. The table part lists statistical and reliability
parameters of the output variable for each deﬁned value of the parameter (in each
time step from 10 to 100 years in this case). The display stay unchanged, when clicking in the statistical section of the table part of the main window (8 columns from
“Mean” to “Range”) for any value of the parameter. When the click is targeted to
the reliability section (columns presenting Cornell’s reliability index Cornell-β, corresponding failure probability pf , the failure probability estimation based on curve
ﬁtting CF-pf , and the failure probability estimation based on classical frequency
deﬁnition of probability Nf /Ntot ), nothing is displayed in the main graphical window in this case as these parameters lack sense for the model function in this type
of analysis.
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Figure 15: Time series of M ean value and M ean ± Std value of carbonation depth

If the deﬁned limit state function is chosen in the combo box “Result & LSF”, a
time dependence of M ean and M ean ± Std of this LSF is displayed in the main
graphical window, as shown in Fig. 16. When clicking in the reliability section of
the table part of the main window, a time dependence of the reliability parameter
appropriate to the selected column is drawn in the main graphic window. Time
series of Cornell-β deﬁned within presented example is shown in Fig. 17.
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Figure 16: Time series of M ean value and M ean ± Std value of deﬁned limit state function
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Figure 17: Time series of Cornell’s reliability index Cornell-β for deﬁned limit state function
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Example 2 – Time to reinforcement depassivation (Carb1b, Chlor1a)

This example illustrates the calculation of time to reinforcement depassivation ti (initiation
time) due to carbonation and/or chloride ingress dependent on the concrete cover thickness
a (this quantity being assumed here in the range from 25 to 75 mm). The full description
of all input values is given in Tab. 8.
Reflection
of
Models

Variable
uncertainty factor of model
CO2 content in the atmosphere

Environment

Concrete
mix

Other

relative humidity
−

concentration of Cl on nearest
concrete surface
unit content of OPC cement
unit content of water
unit content of aggregate
(0–4 mm)
unit content of aggregate
(4–8 mm)
unit content of aggregate
(8–16 mm)
speciﬁc gravity of cement
speciﬁc gravity of aggregate
(0–4 mm)
speciﬁc gravity of aggregate
(4–8 mm)
speciﬁc gravity of aggregate
(8–16 mm)
concrete cover
saturation concentration of Cl−
in solid phase
threshold concentration of Cl−
in liquid phase
diﬀusion coeﬃcient of Cl−
in inﬁnite solution

Unit

Mean

COV

-

1

0.15

mg/m3

820

0.12

%

70

0.07

mol/m3

50

-

Deterministic

kg/m3
kg/m3

313
185

0.03
0.03

Normal
Normal

kg/m3

847

0.03

Normal

kg/m3

386

0.03

Normal

kg/m3

PDF
Lognormal
(2par)
Normal
Beta (a = 0,
b = 100)

625

0.03

Normal

3

3100

0.02

Normal

kg/m3

2590

0.02

Normal

kg/m3

2540

0.02

Normal

kg/m3

2660

0.02

Normal

mm

kg/m

25–75

-

Deterministic

3

mol/m

140

-

Deterministic

mol/m3

13.4

-

Deterministic

m2 /s

1.6e-9

-

Deterministic

Table 2: Input parameters for the calculation of time to reinforcement depassivation (models
Carb1b and Chlor1a)

Let us comment here the most important ones. For carbonation it is the CO2 content in
the atmosphere (Normal distribution, M ean = 820, Std = 98.4) [mg/m3 ] and the relative
humidity RH (Beta distribution, M ean = 70, a = 0, b = 100) [%]. For chloride ingress it
is the concentration of chlorides (de-icing salts) on the concrete surface CS,0 assumed by
the deterministic value of 50 [mol/m3 ] and the critical concentration of Cl in pore solution
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Ccr taken by the deterministic value of 13.4 [mol/m3 ]. The results of performed statistical
analysis are shown in Fig. 18, where mean values together with standard deviations are
plotted. Let us focus on a concrete cover a = 45 mm and apply following conditions:
Pf (tD ) = P {a − xc (tD ) ≤ 0} ≤ Pd ,

(19)

Pf (tD ) = P {Ccr − Ca (tD ) ≤ 0} ≤ Pd ,

(20)

Time to depassivation, ti [-]

where tD is the target design life of considered value 50 years. We obtain β = 2.85
(Pf = 2 × 103 ) and β = 0.7 (Pf = 2 × 101 , not an acceptable value) for depassivation
due to carbonation and chloride ingress, respectively. The well known fact that the rate
of chloride ingress is greater compared to the carbonation rate with respect to time to
depassivation is also evident from this example. The best probability density function
(PDF) ﬁtted for resulting times is Lognormal (2par).

600
500
400
300
200
100
0

Carb1b
Chlor1a

25 30 35 40 45 50 55 60 65 70 75
Concrete cover [mm]

Figure 18: Time to depassivation (mean value ± standard deviation) due to carbonation and
chloride ingress vs. concrete cover
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