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ABSTRACT: On the background of scarce public resources, life cycle management of infrastructure systems
has gained increasing importance. This paper presents the core components of a state-of-the-art life cycle
management system for newly-completed structures. A service life design is one of the key elements. Depending on the governing deterioration mechanisms, it can be carried out on different levels of detail. Quality
control tools during construction and after completion allow for an assessment of the actual quality of the
structure. The results of the design and construction stage are then summarized in a so-called birth certificate
which forms the basis for future inspection and maintenance planning. The use of monitoring data gathered
during the use of the structure to update the original service life design is demonstrated in part II of this paper.
1 INTRODUCTION
The repair of damages on infrastructure systems,
which are due to an inadequate concrete cover, inappropriate choice of construction materials or neglecting of the actual exposure conditions, causes annual
costs of more than 250 Mio. € in Germany alone.
Despite the major importance of durability aspects
for the maintenance of structures, the durability design of newly built structures is still chiefly carried
out according to empirical ‘deemed-to-satisfy’ approaches. However, the development of full-probabilistic
service life models nowadays allows for a durability
design with consideration of both the actual environmental stresses and the material resistances
(Gehlen 2000). The parameters to describe the material resistance can be determined during compliance
testing and the uniformity of the concrete can be
checked continuously during the construction stage
and after the structure is completed. The material resistance parameters together with inspection results
during the use of the structure, which will yield additional information on the structure-environment interaction, can then be implemented to update and
improve the original service life prognosis.
Service life design, quality control during the
construction and after completion, cyclic inspections
during the use and planning tools for scheduling of
maintenance/repair measures are the core elements
of modern life cycle management systems (LCMS)

for reinforced concrete structures (Gehlen et al.
2008). The different steps to be carried out during
planning and construction stage are displayed in
Figure 1 and will be described in detail in the following sections. Their results will be summarized in
a so-called birth certificate which forms the basis for
future inspection and maintenance planning.

Figure 1. Flowchart for the development of a birth certificate.

2 CORE ELEMENTS OF A LIFE CYCLE
MANAGEMENT SYSTEM
2.1 Service life design
The service life design forms the core element of
every LCMS. Depending on the complexity of the
structure, the deterioration mechanism and the
owner’s requirements it can be carried out on different levels of detail, as for instance:
- full probabilistic service life design
- semi probabilistic service life design
(partial safety factor approach)
- ‚deemed to satisfy’ approach
- avoidance of damage/environmental stresses
Further information on the different levels of detail can for instance be found in the fib Model Code
for Service Life Design (2006). For deterioration
mechanisms as ASR or freeze-thaw-attack a service
life design can only be carried out according to
‘deemed to satisfy’ approaches or by avoiding any
environmental loads, as there are currently no adequate deterioration models available. For carbonation-induced and chloride-induced reinforcement
corrosion however, sufficiently well validated, full
probabilistic design approaches are available. They
have already been applied successfully over the last
decade, as for instance for the Western Scheldt tunnel in the Netherlands, the parking garage of the Allianz Arena in Munich or currently the QatarBahrain-Causeway, an appr. 40 km long bridge system between Qatar and Bahrain which is scheduled
to be executed within the next few years (Breitenbücher et al. 1999, Mayer et al. 2008). Accordingly,
the main focus of this paper is set on these full probabilistic service life design approaches. As a result,
for every limit state under consideration (i.e. depassivation of reinforcement due to chloride ingress)
these approaches will yield a certain failure probability pf and a corresponding safety index ß over the
remaining service life. The failure probability pf indicates the probability that this specific limit state
will be exceeded at time t.
The following example is intended to illustrate
the general procedure of full probabilistic service
life modelling: The parking deck of a parking garage
was constructed with concrete (CEM I, w/c = 0.50)
without any additional surface coatings. This concrete displays a comparably high
chloride migration
coefficient of appr. 15.8 x 10-12 m²/s and thus a relatively low chloride diffusion resistivity. The parking
deck was constructed with a nominal concrete cover
of cnom = 55 mm and an average scatter of the concrete cover of s = 6 mm (normal distribution). The
chloride load can be assumed from comparable
structures to be app. 2.0 M.-%/cem (Raupach et al.
2007, Gehlen et al. 2008). The limit state under consideration is the depassivation of the reinforcement
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The water content w can be expressed as the sum
of the evaporable water we (capillary water, water
vapor, and adsorbed water) and the non-evaporable
(chemically bound) water wn (Mills 1966,
Pantazopoulo & Mills 1995). It is reasonable to
assume that the evaporable water is a function of
relative humidity, h, degree of hydration, αc, and
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs)
= age-dependent sorption/desorption isotherm
(Norling Mjonell 1997). Under this assumption and
by substituting Equation 1 into Equation 2 one
obtains
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
The relation between the amount of evaporable
water and relative humidity is called ‘‘adsorption
isotherm” if measured with increasing relativity
humidity and ‘‘desorption isotherm” in the opposite
case. Neglecting their difference (Xi et al. 1994), in
the following, ‘‘sorption isotherm” will be used with
reference to both sorption and desorption conditions.
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where the first term (gel isotherm) represents the
physically bound (adsorbed) water and the second
term (capillary isotherm) represents the capillary
water. This expression is valid only for low content
of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
Mjornell 1997) as
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where kcvg and ksvg are material parameters. From the
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thaw test’) appear to be adequate test methods. Due
to the lack of deterioration models for these mechanisms, durability design with respect to freeze- and
freeze-thaw-impact is still limited to ‘deemed-tosatisfy’ approaches (Schiessl & Mayer 2007).
The results of compliance testing can be used for
a first update of the original deterioration prognosis.
If the concrete properties determined in the tests are
not sufficient to satisfy the requirements specified
during design stage, an adjustment of the original
concrete mix design has to be made or changes in
the structural design itself (increase of concrete
cover, application of coating) have to be considered.
The integration of a monitoring system will not directly lead to an increase of the structural reliability,
but it will enable the owner to continuously observe
the current condition state of the structure while it is
in use. In case the monitoring results indicate an
unwanted condition state, corresponding rehabilitation measures can be scheduled in time. Therefore
monitoring can be considered as an alternative, as
well. Further information on this topic can be found
in part II of this paper.
2.4
Another major advantage of the predictive lifecycle-management approach developed in this paper
is the possibility to regularly update the original service life design with the results of inspections carried out directly after the structure is completed or
during the service life of the structure. While the inspection directly after completion will only render
information on structural and material properties, the
inspections while the structure is in use will enable
the owner to assess the actual environmental loads
and the structure-environment interactions. Thus, inspections and inspection planning play a vital part in
the life cycle management.
The inspection plan has to be formulated during
the design stage already. It contains specifications
concerning the parameters to be assessed, the inspection methods and the inspection intervals. The
use of non-destructive testing methods as for instance corrosion potential mapping, concrete cover
mapping or the determination of carbonation depth
and chloride profiles is essential for a predictive life
cycle management, as visual inspections alone - as
they are still common today – will only allow to
identify potential damages once they are already
visible on the concrete surface. At this stage, the
range of possible rehabilitation measures is normally
already very limited.
There are two possibilities for the definition of
inspection intervals:
Adaptation of the inspection intervals according
to the predicted condition state development of the
structure,
Inspection planning

J = − D ( h, T intervals
) ∇h
1. Constant inspection
and adaptation
of inspection methods/extent according to the
predicted condition
state development
of the D(h,T)
The proportionality
coefficient
structure. moisture permeability and it is a nonlinea
The second approach
appearshumidity
to be more
reasonof the relative
h and
temperature
able, as the responsibilities
for
the
inspections
are balanc
& Najjar 1972). The moisture mass
defined more clearly.
In
Germany,
the
normal
that the variation in time of the inwater mas
spection intervalsvolume
according
to the German
standardw) be eq
of concrete
(water content
DIN 1076 are three
and sixofyears,
respectively.
divergence
the moisture
flux J In
order to reduce the inspection costs, a multi-stage
procedure is most∂ cost-effective (Schiessl et al.
= ∇•J
2007). During the−first
∂ stage, comparably simple inspection methods with a small inspection extent are
chosen. These tests The
are for
orientation
so
water
content wpurposes,
can be expressed
a
fairly conservative
threshold
values
should
be
apof the evaporable water we (capillary wa
plied to make surevapor,
that no
statewater)
of theand
strucandcritical
adsorbed
the non-e
ture can be missed.
If these threshold
(chemically
bound)values
waterare not
wn (Mil
exceeded, no further
inspections
Pantazopoulo
& are
Millsnecessary.
1995). ItIf is reas
they are exceeded,
more
sophisticated
and
assume that the evaporablecomplex
water is a fu
test methods (andrelative
correspondingly
less
conservative
humidity, h, degree of hydration
threshold values) should
applied
the next
stages.αs, i.e. we=w
degreebeof
silicaonfume
reaction,
In addition to =cyclic
inspections
of
the
structure
age-dependent sorption/desorption
monitoring systems
can
be
installed.
Monitoring
(Norling Mjonell 1997). Under this assum
sensors are particularly
useful inEquation
areas which
can Equati
by substituting
1 into
only be inspectedobtains
with a considerable effort, or in
structural elements which require closer attention either because they are
to very∂whigh envi∂w
we subjected
∂hare of major structural
e α& + ime α& + w
ronmental loads or− ∂they
+ ∇ • ( D ∇h ) =
c
h
∂
α
∂
α
∂
∂
h
t
portance. There are both sensor systemsc for thes s
installation during the construction phase and for the
installation whilewhere
the structure
is already in use. Fure/∂h is the slope of the sorption/
ther information isotherm
on the∂w
sensor
systems,
the
use of capac
(also
called
moisture
the sensor data for
the update
of the (Equation
service life3)degoverning
equation
must be
sign and examples
for
monitoring
systems
asinitial
eleby
appropriate
boundary
and
conditi
ments of a life cycle
management
system
are
preThepaper.
relation between the amount of e
sented in part II ofwater
this
and relative humidity is called ‘‘
isotherm” if measured with increasing
humidity and ‘‘desorption isotherm” in th
2.5
case.is Neglecting
their that
difference
(Xi et al.
Compliance testing
used to ‘‘sorption
verify
the conthe
following,
isotherm”
crete meets the reference
requirements
when
produced
andwill bec
to
both
sorption
and
desorption
tested under lab conditions.
Unfortunately,
the prop-of the
By the
way,
if thetheconcrete
hysteresis
erties of the concrete
produced
in
plant two
isotherm
would be
taken
into account,
or on site can differ
significantly
from
concrete
pro- humi
relation,
evaporable
water
vs
relative
duced in the lab. be
Toused
become
a valuable
tool
according
to
the
signfor
ofthe
the varia
quality control during
construction,
the
birth
certifirelativity
humidity.
The
shape
of the
cate also has to provide
test
methods
in
order
to
confor HPC
is influenced
by many p
trol the regularityisotherm
of the concrete
used
on site. extent
especially
those
that
influence
and
It is obvious chemical
that for quality
control
purposes
reactions
and,
in
turn,
determ
simple, easy-to-use
test methods
todistribution
be chosen (waterstructure
andregular
porehave
size
that can be included
in
the
control
procecement
chemical composition,
SF
dures which haveratio,
already
been
established
for
com- mix
curing
time
and
method,
temperature,
pressive strengthetc.).
testing.
resistivity
InbetheanElectrolytic
literature
various
formulatio
measurement appears
to
adequate
test
method
found
to
describe
the
sorption
isotherm
as it can be conducted
on
the
same
concrete
cubes
(Xi et al.strength
1994). However,
already producedconcrete
for compressive
testing. inproth
paper
the
semi-empirical
expression
Even though theNorling
electrolytic
resistivity
was isclassiMjornell
(1997)
adopted b
fied as inappropriate for compliance
testing,
it is sufw
t

Quality control during the construction phase

Proceedings of FraMCoS-7, May 23-28, 2010

J = − D (to
h, Tassess
) ∇h
ficient
the regularity of the concrete pro(1)
duction. Test series conducted earlier indicated that
onceThetheproportionality
characteristic coefficient
properties D(h,T)
of the isconcrete
called
with
respect
to
the
prevailing
exposure
classes
have
moisture permeability and it is a nonlinear
function
been
the electrolytic
resistivityT (Bažant
can be
of theidentified,
relative humidity
h and temperature
used
as
a
conformity
indicator
for
concretes
exposed
& Najjar 1972). The moisture mass balance requires
to
ingress,in carbonation,
freeze-mass
and per
freezethatchloride
the variation
time of the water
unit
thaw-attack.
Different
test
methods
can
be
used
volume of concrete (water content w) be equal to for
the
the
determination
of theflux
electrolytic
resistivity.
divergence
of the moisture
J
Among them, the Wenner-probe-method and the
two-electrode-method
are the most common ones
(2)
− ∂ = ∇ • et
J al. 2006, Polder 2001).
(Büteführ
∂
In order to gain a correlation between the resistivitiesThe
measured
on site,wthe
of the quality
water content
canresults
be expressed
as the consum
trol
during
construction
and
the
results
of
the water
comof the evaporable water we (capillary water,
pliance
testing,
the actual
content of the
vapor, and
adsorbed
water)moisture
and the non-evaporable
concrete
at thebound)
time of measurement
to be taken
(Mills
1966,
(chemically
water wn has
into
account.
For
this
purpose,
Figure
6
displays
a
possible test
Pantazopoulo & Mills 1995). It is reasonable
to
procedure
whichthe
consists
of five testwater
stages:is a function of
assume that
evaporable
1. Electrolytic
measurement
lab
relative
humidity, hresistivity
, degree of
hydration, αonc, and
during
compliance
(water
degreespecimens
of silica fume
reaction,
αs, i.e. wtesting
e=we(h,αc,αs)
stored),
= age-dependent sorption/desorption isotherm
2. Electrolytic
resistivity
on and
lab
(Norling
Mjonell 1997).
Undermeasurement
this assumption
specimens
during
quality
control
(water
by substituting Equation 1 into Equation 2 one
obtainsstored),
3. Electrolytic resistivity measurement on lab
specimens at time
of acceptance
inspection
∂w
∂w
∂w ∂h
e
e
e
(lab
specimens
stored
under
water
for
α&c +
α&s + w&n 28 days
+ ∇ • ( D ∇h ) =
−
(3)
∂α
∂
α
∂h and
∂t on siteh afterwards
– test series
A),
c
s
4. Electrolytic resistivity measurement on lab
at slope
time of
acceptance
inspection
is the
of under
the
sorption/desorption
where specimens
∂we/∂h
(lab
specimens
stored
water
for
theThe
reisotherm
(also
called
moisture
capacity).
quired
curing (Equation
period and3)onmust
site be
afterwards
–
governing
equation
completed
test
series
B)
and
comparison
with
the
results
by appropriate
boundary
and
initial
conditions.the inof
test
series
A
in
order
to
determine
Thefluence
relationof between
the amount of evaporable
curing,
water
and
relative
humidity
is called ‘‘adsorption
5. Electrolytic
resistivity
measurement
on surisotherm”
if
measured
with
increasing
relativity
faces
of
the
structure
at
time
of
acceptance
inhumidity
and ‘‘desorption
isotherm”
in the opposite
spection
(test
series
C)
and
comparison
with
case. Neglecting
theirtest
difference
et al. 1994),
in
results of‘‘sorption
the
series B(Xi
inwill
order
to deterthe following,
isotherm”
be
used
with
mineto the
thedesorption
execution conditions.
quality.
reference
bothinfluence
sorptionof
and
This
quality
control
procedure
is
comparably
By the way, ifandtheexpensive,
hysteresisbutofit gives
the moisture
time-consuming
a comisotherm
wouldandbe documentation
taken into account,
twoexecution
different
plete
control
of
the
relation,Ifevaporable
water vs relative
humidity, from
must
quality.
these measurements
yield
deviations
be
used
according
to
the
sign
of
the
variation
of
the
the
expected
quality, The
corresponding
rehabilitation
relativity
humidity.
shape
of
the
sorption
measures
takeniseven
before theby
structure
in use.
isothermcan
forbeHPC
influenced
manyisparameters,
especially those that influence extent and rate of the
chemical
and, completion
in turn, determine pore
2.6
Qualityreactions
control after
structure
and
pore
size
distribution
(water-to-cement
The
inspections
carried
out
after
the
completion
of
ratio,structure
cementresemble
chemicalthecomposition,
SF content,
the
classical
acceptance
incuring time
method,
temperature,
additives,
spection.
Theand
major
difference
isformulations
that mix
the deterioraetc.).
In
the
literature
various
can albe
tion
modelling
carried
out
duringisotherm
the designofstage
found
to
describe
the
sorption
normal
lows
for (Xia etmore
durability-oriented
inspection
concrete
al. 1994).
However,performed
in the
present
planning.
In
contrast
to
inspections
while
paper
the
semi-empirical
expression
proposed
by
the
structure
is already
in use,
quality control
diNorling
Mjornell
(1997)
is
adopted
because
rectly after completion yields no information aboutit
w
t

Proceedings of FraMCoS-7, May 23-28, 2010

explicitly
accountsstresses
for thethat
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sorption isotherm
ject
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structure-environment
so that
readsthe structural resistance can be assessed. Thereonly
fore, a number of inspection techniques as for instance potential mapping,⎡ determination of ⎤chloride
profile
etc. cannot be used at this early stage
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of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
Mjornell 1997) as
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where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
can calculate K1 as one obtains
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
Figure
6. Electrolytic
resistivity
test procedure
to determine the
various
ages (Di Luzio
& Cusatis
2009b).
execution quality during and after construction.
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Besides,
even
very
smallhydration
surface-near
cracks
can
associated
with
cement
and
SF
reaction
strongly
influence
the
test
results.
Despite
these
are exothermic,
the temperature
field isare
notused
uniform
drawbacks
permeability
measurements
exfor non-adiabatic
systems
even if thefor
environmental
tensively
for
instance
in
Switzerland
the
evaluatemperature
is constant.
Heat
conduction
be
tion
of theincover
concrete
quality
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etc. (Roelfstra
al. 2004).
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& quantitative
Kaplan 1996),
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Visual
inspections
yield
no
results
Fourier’s
law, which
for
the update
of thereads
deterioration prognosis. Still,
they
form an important part of the acceptance inq = − λ ∇T
(7)
spection
as they help to identify potential ‘hot spots’
due to cracking, risk of ponding or other irregulariwhereTheqresults
is the
heatacceptance
flux, T inspections
is the absolute
ties.
of the
can be
temperature,
and
λ
is
the
heat
conductivity;
in this
used to update the original prognosis. If the update
leads to a significant decrease of the expected life

time for single elements or the visual examination
shows damages as described above, remedial measures have to be taken or an intensified inspection
plan to monitor the future development has to be
agreed upon.
2.7
Throughout all the realization stages all the relevant
information with respect to durability - from the
original service life design, inspection plan and results of compliance testing and quality control to the
results of the acceptance inspection and the update
of the service life design - is collected and summarized in a central document, the so-called Birth Certificate. This Birth Certificate forms the basis for all
the maintenance activities during the future use of
the structure. The inspection plan will be updated after every inspection and defines future inspection intervals, methods and extent depending on the predicted condition state development. The Birth
Certificate itself will be updated continuously with
the results of inspections and documentation of
maintenance measures. This way, all the relevant information for the life cycle management of the structure is always available even in case the owner of
the structure changes.
Birth certificate

3 CONCLUSIONS
The need to maintain ageing building stocks with
scarce budget resources has caused an increasing
need for life cycle management systems. In this context, the “birth certificate” can form a valuable tool
for the life cycle management of newly completed
structures. Ideally, life cycle management already
starts during the planning stage, as most of the crucial decisions concerning durability (e.g. geometry
of the structure, concrete cover or concrete mix design) have to be taken at this early stage and can thus
be assessed by means of preliminary durability calculations. This way, different durability concepts
can be compared quantitatively and the optimization
potentials of concrete mix optimization can be utilized. Compliance testing employing accelerated test
methods allows for a first update of the original calculations and an evaluation whether the materials intended for use are suitable or not. During the construction phase, simple and easy-to-use test methods
should be integrated into the quality control procedures. Electrolytic resistivity measurements have
been proven to yield sufficiently good information
on the regularity und uniformity of the concrete used
on site.
After completion of the structure, the acceptance
inspection renders important information on the actual construction quality. Possible non-destructive
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