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Abstract

A considerable percentage of highway bridges in North America is in a structurally/functionally deficient
state due to aging, aggressive environment and increased traffic load and volume. The consequences of
this deficiency are numerous, including reduced safety, serviceability and service life, which lead to
increased risk of injuries and fatalities; and increased maintenance costs and user costs. Reliable
predictions of life cycle performance are critical to the optimization of their design and maintenance that
will lead to reduced risks of failure and life cycle costs.

This paper provides an overview of the reliability-based life cycle performance and life cycle cost analysis
models developed at NRC-IRC. These models can be used to predict the service life and cost of highway
bridge decks built in corrosive environments. The service life prediction models predict the time
dependent probability of damage initiation and accumulation in bridge decks, from chloride ingress to
spalling and/or delamination of the concrete cover. The life cycle cost analysis model provides predictions
of the total costs incurred over the life cycles of bridge decks, which include the costs of design,
construction, maintenance and repair activities, as well as user costs. These models have been integrated
into a decision support software tool called “SLAB-D”. A case study outlines the main capabilities of the
models and decision support tool for the life cycle-based design and management of bridge decks. This
tool can be used to help bridge designers and managers quantify and visualize how changes to the bridge
deck design and maintenance will affect its service life and life cycle cost.
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1. Introduction

The reinforced concrete (RC) deck slab-on-girder system is one of the most common bridge superstructure
systems in North America. Deck slabs provide a smooth riding surface and transfer the truck load to the girders
and diaphragms. They are directly exposed to traffic and to the aggressive effects of the environment and hence
are the most deteriorated elements of the highway bridge network. This extensive deterioration is mainly caused
by chloride-induced corrosion of the reinforcement. The primary source of chlorides derives from deicing salts
applied to roadways and bridges during winter. Given this predominant deterioration mechanism, most RC
bridge deck failures are due to loss of serviceability and functionality and not loss of strength and collapse. It is
estimated that about one-third to one-half of all bridge rehabilitation costs in North America are related to bridge
deck deterioration [1,2].

The selection of an optimal design or rehabilitation alternative for a concrete bridge deck requires a
reliable estimate of the owner and users costs that will be incurred throughout its life cycle. The evaluation
of the life cycle cost requires a reliable prediction of the life cycle performance of the deck including the
service life of for all competing design and rehabilitation alternatives. EXisting deterministic service life
prediction models cannot consider explicitly the uncertainty associated with the values of governing
parameters (depth of the concrete cover, chloride diffusivity into concrete, chloride concentration at the
surface, chloride threshold level for corrosion) as well as the uncertainty associated with the physical
models. As a result, they cannot capture the variability in the times at which the deck starts deteriorating
and reaches different thresholds of damage.

Recognizing the limitations of the deterministic methods, the development of a more reliable service life
prediction model that includes uncertainty of all parameters that affect the deck performance was the
primary objective of a comprehensive NRC-IRC led research project. The second objective was to
integrate service life prediction and life cycle costing models into user-friendly software, referred to as
“SLAB-D”, for the life cycle analysis of concrete bridge decks. The concepts, models and decision support
tools developed to predict service life and estimate life cycle cost of bridge decks are presented hereafter.



A case study is included to illustrate the main features and capabilities of the predictive models and
software.

2. Quantitative Service Life Prediction Models

Highway bridge decks slabs are directly exposed to chlorides from deicing salts, which penetrate the
concrete cover and initiate corrosion of the reinforcing steel, once their concentration reaches a threshold
level. The corrosion of the reinforcing steel leads to the formation of corrosion products, which is
accompanied by an increase in volume. This volume increase induces tensile and compressive stresses in
the concrete cover. Once the maximum tensile stress reaches the tensile strength of concrete, internal
cracks are initiated at the steel/concrete interface (Fig. 1-a). After the accumulation of additional corrosion
products, the cracks start to propagate. Depending on the design of the deck, the cracks may propagate in
three different ways: i) vertically until they reach the deck surface, thus leading to the formation of
longitudinal cracks (Fig. 1-b), ii) at an angle (about 45°) that lead to the spalling of the cover (Fig. 1-c)
and, iii) horizontally leading to the delamination of the cover (Fig. 1-d). As proposed by Tuutti [3], the
service life of concrete structures built in a corrosive environment is modeled as a two-period process
(Fig. 2) and is expressed as follows:

tp =t +1), 1)

The service life (#7) is defined as the time it takes for the concrete deck to degrade to a condition state that
reaches a critical level of serviceability that can be defined as the minimum performance level. Based on the
AASHTO guide [4], the condition state description of RC deck slabs refer to the evaluation of the percentage of
deck area that is spalled or delaminated. On a scale of 1 to 5, condition state 1 corresponds to a deck with a
surface in excellent condition and condition state 5 is described as a deck presenting a combined area of distress
(spall + delamination + patches) of more than 50%. The prescribed minimum level of serviceability is set by
bridge owners based on their rehabilitation and maintenance policies. The corrosion initiation time () is the
period during which chlorides penetrate and contaminate the concrete. The reinforcing steel remains in a passive
state for a relatively long period of time. Once the chloride ions reach the reinforcing steel and accumulate
beyond the threshold chloride content, the corrosion of steel is initiated. The corrosion propagation (z,) is the
period during which the corrosion products accumulate and induce increasing tensile stresses in the concrete
cover, which lead to the deterioration of the concrete cover as illustrated in Fig. 1.

The developed service life models can predict the time it takes to reach anyone of the following six limit states:

1) Critical chloride contamination of the deck

2) Corrosion initiation

3) Onset of internal cracking at the steel/concrete interface
4) Onset of surface cracking

5) Onset of spalling

6) Onset of delamination
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Fig. 1. Schematic presentation of corrosion-induced failure modes of RC bridge deck slabs.
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Fig. 2. Service life of reinforced concrete bridge deck slabs.

2.1 Chloride contamination and corrosion initiation

Crank's solution [5] of Fick's second law of diffusion is used to predict the chloride ingress into the
concrete cover, which is given by:

C(x,t)=CS!1erf£2\/)lc)_J] ()

where C (x,#) = chloride concentration at depth x after time ¢
C, = chloride concentration at the deck surface
D, = coefficient of diffusion of chloride ions into concrete
erf = error function

In this chloride contamination model, both the diffusion coefficient D, and the surface concentration C;
are assumed to be constant in space and time. To account for the difference between the model



assumptions and real case situations where C, and D, vary with time and space, “apparent” values of
surface chloride concentration and diffusion coefficient are used.

The surface chloride concentration varies with time and with the drying and wetting cycles of the concrete
deck surface. At a shallow depth, the chloride concentration reaches a maximum value that can be
assumed quasi-constant after an initial exposure time [2]. This value is referred to as the "apparent”
surface chloride concentration. It is generally obtained from regression analysis as the best fit of Crank's
equation to the chloride profiles obtain from field data. Weyers et al. [2] graded the severity of the
corrosive environments to which bridge decks are exposed into four categories and provided the
corresponding range of values and mean value of the apparent surface chloride concentration.

The rate of chloride diffusion in concrete, usually measured by the chloride diffusion coefficient, depends
on many other concrete properties (water-to-cement ratio, temperature, cement type, age, moisture, etc.).
An apparent value of the chloride diffusion coefficient can be obtained in the field from cored concrete
samples of the investigated deck. A regression analysis is performed to best fit the chloride profiles
measured from these cores with Crank's equation. The apparent diffusion coefficient thus obtained
implicitly includes the effects of the influencing parameters mentioned above and can vary with time,
especially during the first 5-10 years after the deck construction or if the environmental conditions change.
Chloride diffusion coefficients found in the literature are measured in the laboratory (standard ambient
temperature), in outdoor testing conditions or are taken from field measurements. Their values can vary by
more than one order of magnitude due to the diversity of the mixes tested and difference in ages, curing
and testing conditions. The two variables recognized to have the most influence on the coefficient of
diffusion are the water-cement ratio and the presence of supplementary cementing materials [2, 6, 7].
Since chloride profile measurements of the deck under analysis are not always possible or economical,
databases of chloride diffusion coefficient values have been generated to help in the selection of an
appropriate apparent chloride coefficient of diffusion and implemented in “SLAB-D” software [8].
Depending on the testing conditions of the coefficients selected from the databases, temperature and/or
time correction(s) may be needed. The correction factors are assumed to be independent and are applied to
the coefficient of diffusion as follows:

Dceor = Do (T (1) 3)

where Dc,,, = corrected apparent chloride diffusion coefficient
D, = apparent chloride diffusion coefficient from the database
T, = temperature correction factor
t,,= time correction factor

If the time or temperature correction is not applied, the corresponding correction factor is set to 1. The
temperature correction factor is dependent on the bridge location and should be applied to coefficients of
diffusion that were measured in a laboratory at room temperature. Temperature correction factors were
derived for different cities across Canada as function of the water-to-cementitious materials ratio (w/cm).
Time correction can be applied to account for the dependence of the chloride diffusion coefficient on the
time of exposure, especially if the reference value taken for chloride coefficient of diffusion was measured
after a short exposure time. The time correction factor is determined as follows [9, 10, 11]:

ter = (to/t)" 4

where ¢~ time correction factor
tr = reference time (exposure time of reference value from database)
t = exposure time (of deck under analysis)
m = age reduction factor



The age reduction factor is taken from a review of published data for different concrete mixes [9].

When chlorides penetrate the concrete deck slab, they eventually reach the top reinforcing steel. Although
the steel is initially protected by a thin passive film, as the chloride concentration increases with time, it
will lead to a break down of this protective passive film and initiate corrosion of the reinforcing steel. The
amount of chlorides that initiates corrosion is known as the threshold chloride concentration or level (Cy).
To predict the time of corrosion initiation (tj), the chloride concentration is set equal to the chloride
threshold value Cy, at which corrosion initiation is expected to occur, and the variable x (the depth from
the surface) is set equal to the effective cover depth of the reinforcing steel, c. Equation (2) becomes:
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The values of chloride threshold content proposed in the literature cover a wide range and depend on
several parameters. The factors that affect the threshold chloride concentration include [12]:

= Condition of the steel/concrete interface (type of reinforcing steel, presence of corrosion inhibitors)
= Properties of concrete
= Exposure conditions (source and type of chloride contamination, temperature, moisture content)

The threshold chloride content typically used in North America is 0.6 kg/m® to 0.9 kg/m® or 0.17% to
0.26% of cementitious material weight. However, a wider range of chloride threshold values, expressed as
total chlorides, is reported in the literature for different testing conditions. SLAB-D on-line help gives
reference values of threshold chloride for different types of reinforcing steel and for cases where a
corrosion inhibitor is used.

2.2 Corrosion-induced damage
The corrosion propagation time (t,) is the time required, after the onset of corrosion, to induce high tensile

stresses in the concrete cover, which lead to its fracture through internal cracks, surface cracks,
delamination and spalling. It is given by the following equation:

() = ﬂdiAd) )
sl
Pr  Ps

where Ad = increase in rebar diameter due to corrosion build-up
d = rebar diameter
S = rebar spacing
ps = density of steel
P, = density of corrosion product
o = molecular weight ratio of metal iron to the corrosion product
j- = rate of rust production per unit area

In SLAB-D, the default values for p,, p, and « are assumed equal to 7860 kg/m?, 3600 kg/m? (for Fe(OH);
the assumed corrosion product), and 0.52, respectively. The rate of rust production per unit area (j,) [13] is



calculated based on Andrade and Alonso [14] relationship between the rate of radius loss and corrosion
rate, a user input data given in pA/cm?.

Assuming that concrete is a homogeneous elastic material with a tensile strength 7°; and that rust products
are equally distributed around the perimeter of the reinforcing bars [13], stresses generated in the concrete
deck by corrosion built-up products are estimated based on the thick-wall cylinder model [15] (Fig. 3).
This model allows the calculation of the rebar diameter increase (Ad) related to the different corrosion-
induced damage limit states and associated propagation time with equation (6). Complete development of
the thick-wall cylinder equations as applied to the different stages of reinforced concrete deterioration is
presented in Lounis et al. [16].
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Fig. 3. Thick-wall cylinder model of corroding RC deck: a) Tensile stresses developed at crack initiation,
b) Propagation of internal cracks in thick-wall concrete cylinder (adapted from [16]).

3. Reliability-Based Service Life Analysis

A concrete bridge deck is a structure with a heterogeneous material having variable properties
(permeability, diffusion coefficient, chloride threshold level, strength), variable dimensions (concrete
cover, bar spacing), and is exposed to a variable corrosive environment (chloride concentration on the
deck surface from de-icing salts). The reliability-based service life analysis includes this variability and
uncertainty in the prediction of the time to reach the different limit states. The parameters that describe the
different mechanisms of deterioration of RC decks and known to possibly have a considerable level of
variability [1,2] are modeled as random variables described by an average value and its associated
coefficient of variation (COV) that characterizes the level of dispersion of the parameter.

For illustration purposes, consider the example of the limit state of corrosion initiation of reinforcing steel.
If after a reference period of time, the mean value of chloride concentration at the steel level (Cy), is found
lower than the mean value of chloride threshold level (Cy), as shown in Fig. 4, the deterministic model
predicts no corrosion (the steel is in the passive state). In actual field conditions, after the measurements of
chloride concentrations at the steel from several samples taken randomly over the bridge deck, it is found
that a number of samples have chloride concentrations that are either higher or lower than the mean value
as illustrated by the frequency distribution or probability density function (pdf) of the chloride
concentration shown in Fig. 4. Similarly, the threshold chloride concentration has also a scattered
distribution with a pdf as shown in Fig. 4. The probability of corrosion is given by the shaded area (Fig.
4), where Cq > Cy. The extent of corrosion initiation is neither zero nor 100%, as predicted by the
deterministic models, but is equal to a finite value, which starts at zero at the beginning of the chloride
ingress stage and increases with time to ultimately reach 100%. Therefore, at a given time in the service
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Fig. 4. Deterministic vs. probabilistic predictions of corrosion initiation in RC decks.

life of an RC deck, corrosion will be started on a certain percentage of the total reinforcing steel while the
remaining percentage will be in the passive state. Similarly, for a given period of time, a certain
proportion of the deck surface will have cracks, and/or delaminations, and/or spalls, and the remaining
proportion of the deck surface will be damage-free.

The chloride contamination and corrosion-induced deterioration stages of reinforced concrete deck are
modeled using the limit state formulation. The limit state of a system is reached when the load (S) is equal
to the resistance (R). The adequate performance of such a system is achieved when R>S and inversely,
R<S would indicate its failure. Referring to the reliability-based approach and the example presented
previously, the term “resistance” refers to the chloride threshold and the term “load” refers to the chloride
concentration at steel level. The failure is the event of chloride concentration at steel level exceeding the
chloride threshold. The probability of failure (Py) is the probability that the load is greater than the
resistance (P=P[S>R]) at a given time. All deterioration stages have been formulated using this load-
resistance approach where the values of both S and R are functions of several variables. In the corrosion
propagation stages, the load or “load effect” is defined as the stresses induced by corrosion build-up
products (Fig. 3) that lead to cracking, spalling and delamination. The resistance refers to the resistance of
the concrete cover to a level of tensile stresses that would cause cracking, spalling and delamination.

4. Life Cycle Cost Analysis Model

The developed life cycle cost analysis (LCCA) model enables to compare the economic performance of
different bridge deck alternatives that meet the same requirements and fulfill the same objectives over a
common analysis period or life cycle. This model includes all agency and users costs incurred during
design, construction, maintenance and rehabilitation/replacement activities (MR&R) over the entire deck
life cycle and is implemented in the SLAB-D software.

4.1 Present value approach

The LCCA model is based on the concept of “the time value of money”. Costs occurring at different
points in time during the life cycle are converted to their equivalent present value by a process known as
discounting as follows:
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where P = present value of an expense occurring in (¢) years
F = future cost (express in constant dollars)
r = discount rate

The resulting or total cost of a bridge deck alternative is known as the Present Value Life Cycle Cost (PVLCC)
and it is used to compare two or more alternative designs. The PVLCC of a bridge deck is given by:

PVLCC =Cq + PVyrra + PVyrrU — PVRes 8)

where C, = Construction cost
PVyrra= Present value of all MR&R activities agency costs
PVyrru= Present value of all MR&R activities user costs
PVxes = Present residual value

and,
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where C, = Cost of a single occurrence of a MR&R activity (agency and/or user cost)
r = Discount rate (assumed to be constant within analysis time)
t, = Time of activity occurrence, t is smaller or equal to analysis period (life cycle)

Costs of all occurrences of all defined activities are summed up. The costs of MR&R activities are
expressed in today’s dollar value. The discount rate (») represents an estimate of the average rate of return
on private investment, before taxes and after inflation. As stated before, all deck alternatives are compared
on the same analysis time regardless of their possibly different predicted service lives. The service life of
one alternative may be shorter than the analysis time and, for this case, rehabilitation or replacement
activity must be scheduled to extend the service life to cover or extend beyond the analysis period. If the
deck service life extends beyond the analysis period, it will have a residual service life equal to the
difference between the service life of the deck and the analysis period. The residual value (Vzes),
sometimes called “salvage value”, is calculated based on the value of the remaining service life (residual
life) and converted to present value (PVx.s) using Eq. 6. The present residual value is subtracted form the
PVLCC since it is considered as a remaining benefit for the agency at the end of the analysis period as
opposed to a cost.

4.2 Costs

The categories of costs considered have a great impact on the results of the economic analysis. Over the
life cycle of a bridge deck, different types of costs are incurred. These costs can be classified according to
their time of incurrence or according to the entity that incurs them. In SLAB-D, the latter approach was
chosen and both agency and user costs are considered.

Agency/Direct costs

Agency costs are the costs associated with the design, construction, inspection, routine maintenance,
repair, rehabilitation, and replacement of a given bridge deck. They consist primarily of the in-place costs



of materials and labor for the different actions performed on a bridge deck within its life cycle. These are
tangible costs measurable with monetary values [17]. The design cost includes the costs of all studies,
environmental and other reviews, and consultant contracts prior to solicitation of construction bids for a
new bridge deck or major rehabilitation of an existing bridge deck. The construction costs include the
administrative and contract costs of the deck and ancillary facilities such as approach slabs. Unit costs and
bills of quantities are the most widely used basis for developing construction costs estimates [17].

The inspection, maintenance, repair and rehabilitation costs include:

= Costs of routine (visual) inspections of the bridge deck;

= Costs of periodic or special inspections using non-destructive and semi-destructive evaluation
(NDE) methods such as the techniques of half-cell potential, radar, chloride content analysis;

= Costs of routine maintenance, which include the costs of asphalt overlays with or without
membranes, crack sealing, minor patch repairs, deck washing, and maintenance of drainage and
deck joints;

= Patch repair and rehabilitation costs refer to the costs of major patch repairs and concrete overlays
of decks using latex modified concrete, low-slum dense concrete, or microsilica concrete. These
costs include the costs of removal of spalled, delaminated and critically chloride contaminated
concrete; and

= Replacement cost includes the cost of demolition and removal in addition to costs similar to the
costs discussed above, i.e. costs of design and construction.

User/Indirect costs

User costs are those costs associated with traffic disruption due to inspection, maintenance, repair,
rehabilitation, and replacement of the bridge deck. For bridges carrying a high volume of traffic, the user
costs might be substantially larger than agency costs. User costs include the travel delay costs, vehicle-
operating costs (VOC) and accident/crash costs [17, 18, 19]. The user costs increase with increasing traffic
volume and increasing duration and disruption of the maintenance or rehabilitation activity. In SLAB-D,
the economic analysis can be performed with or without the user costs. When included, the user costs are
presented separately from the agency costs. The user cost model used is based on the methodology of
CALTRANS [18].

Travel delay costs are the costs imposed on bridge users due to temporary closures of bridge lane(s) for a
MR&R activity that causes traffic congestion. Delay costs are calculated using:

TDC = (Si - Si)z e |ADT - ADTT)Cquo +(ADTT)Clet | (10

a n

where TDC = travel delay costs
L= length of affected roadway on which vehicles drive
S, = traffic speed during MRR activity
S, = normal traffic speed
ADT =average daily traffic (number of vehicle per day, including trucks)
ADTT = average daily truck traffic
turr = duration of MRR activity;
Cielay = hourly time value of drivers (automobile or truck)

The vehicle operating costs are the costs incurred by vehicle drivers crossing a bridge that is affected by a

given MR&R activity. These costs include accelerated vehicle depreciation, increased vehicle repair costs,
increased fuel consumption, and increased tire wear.

10



voc = (SA—SA)(ADT%WCM (11)
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where VOC=vehicle operating costs
Cvoc = hourly vehicle operating cost

Accident or crash costs are those costs incurred due to an increase in the accident rate during MR&R
activities on bridge decks. The user costs reflect the loss of life, injuries, and damage to property. Such
costs may be quite high and depend primarily on the traffic volume and the increase in the accident rate
induced by the work on the bridge deck. This cost can be estimated as follows [17, 18, 19, 20]:

AC = L(ADT)(A, = A )t,xC e (12)

where AC= accident costs
A,=accident rate during MR&R activities (in number of accidents/million vehicles.km)
A,=normal accident rate (per million vehicles.km)
C,cc=average cost per accident

The statistics collected by the insurance industry and accident rates maintained by the provincial
transportation agencies, police departments, and national agencies may be used to extract data on accident
rates and costs. Reference values for Cyoc and Ce,, can be found in [19, 20].

Delay costs and vehicle operating costs can also be due to poor condition of the driving surface of the
bridge deck and not be associated to a particular MR&R activity event. These costs are on-going user
costs that start when the bridge deck condition reaches a critical state and usually degrades with time until
some repair, rehabilitation or replacement activity takes place. LCCA module of SL4B-D does not include
this type of user costs.

5. Case Study - Life Cycle-Based Design of Bridge Deck Replacement

In the following case study, a comparison of life cycle designs for the replacement of a damaged bridge
deck is carried out. Although many design alternatives could be compared (different cover depth, different
rebar material, etc.), two alternatives based on a different concrete mix were chosen for simplicity.

5.1 Service Life Prediction

The first alternative is to replace the bridge deck using normal performance concrete (NPC) with a
water/cement ratio of 0.4 and a 28-day compressive strength of 30 MPa. The reinforcement consists of
#10M conventional black steel rebars with a yield strength of 400 MPa. The second rehabilitation
alternative is to use high performance concrete (HPC) containing 25% of fly ash with a 28-day
compressive strength of 45 MPa. Dimensions and traffic data (Table 1) are similar to those of a highway
bridge located on A-20 over Henri River in the municipality of Val-Alain in Québec [21, 22, 23]. The data
for the service life parameters of both replacement alternatives are given in Table 2.
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Table 1. General information on investigated highway bridge.

Bridge width 1257 m
Bridge length 475 m
Deck thickness 225 mm
Isotropic reinforcement percentage for both mats 0.3%
Annual Average Daily Traffic (AADT) 22000
Annual Average Daily Truck Traffic (AADTT) 4500
Normal traffic speed (km/hr) 100

Table 2. Service life parameters.

Parameter Mean value COV" (%)

Concrete cover depth (mm) 70 25
Bar spacing (mm) 150 5
Bar diameter (mm) 9.5 -
Surface chloride content (kg/m°) 6 25
Chloride (apparent) coefficient of 0.40 25
diffusion (cm?/year) - NPC

Chloride (apparent) coefficient of 0.20 25
diffusion (cm%year) - HPC

Threshold chloride content (kg/m®) 0.70 20
Corrosion rate (pA/cm?) 0.5 20

: COV = coefficient of variation

The mean value of the first three parameters in Table 2 are taken from the construction specifications and
variations can be estimated based on the quality control of workmanship. The surface chloride content is
assumed to be taken from chloride profile measurements performed on the old deck. The chloride
diffusion coefficients are estimated using reference values and correction factors [8]. For NPC with a
w/cm ratio of 0.4, a chloride diffusion coefficient of 0.4 cm?/year is found in the database, typical values
vary between 0.3 and 0.5 cm?/year after the correction for time exposure is applied (COV of 25%).
Temperature correction is not necessary since testing conditions of the coefficient selected from the
database (-15°C to 25°C) approximate temperature variations experienced in Canada. The same approach
is used to estimate the coefficient of diffusion and associated COV of HPC. The chloride threshold is
taken as 0.70 kg/m® with a COV of 20%. If different types of top steel reinforcement were used, different
threshold chloride values would be used for each type of steel.

Figure 5 presents the time-dependent probability of failure associated to the five limit states (corrosion
initiation, onset of internal, onset of surface cracking, spalling and delamination) for both alternatives as
calculated the developed reliability-based models. A 30% probability of failure due to spalling is reached
after 22 years for the NPC deck and after 40 years for the HPC deck, which in this case study is
considered to be the end of service life. In the SLP module, parameters and COV included in Table 2 can
easily be modified (user-input) to analyze their influence on the service life and improve the alternatives
design. SLAB-D allows the comparison of up to five different design alternatives at the same time and can
also perform deterministic service life analyzes where the predicted times to reach the different limit states

12



represent average values for each alternative. To include the effect of construction, material and
environment variability in a deterministic service life analysis, a sensitivity analysis can be performed on
each of the governing parameters as shown in Fig. 6. As an Example, the variation of concrete cover depth
from 50 to 80 mm increases the time to onset of corrosion from 12 to 32 years, respectively, for the NPC
alternative.
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Fig. 5. Reliability-based service life predictions of NPC and HPC bridge decks.
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Fig. 6. Sensitivity of the time to reach the onset of corrosion to variations in concrete cover depth.
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5.2 Life Cycle Cost Analysis

The analysis time period (or life cycle) is taken as 40 years and the discount rate used is 3%. The
components of the initial construction costs (in-place costs for the steel and concrete mixes) of the two
alternatives are listed in Table 3. Additional construction costs are not specified for the two alternatives as
they are considered to be approximately the same.

Table 3. In-place costs of materials.
Material Unit Cost
Normal concrete (NPC) 460 ($/m°)
High performance concrete (HPC) 620 ($/m°)
Conventional (“black”) steel 1.80 ($/kg)
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Fig.7. Initial agency costs of the two bridge deck alternatives.

As expected, on the basis of the initial construction costs only, the use of NPC with conventional steel is a
more cost-effective alternative ($133/m?) than the HPC deck ($146/m?). Figure 8 summarizes the timing
and costs of the different MR&R activities of both alternatives. The cost and time data presented in this
example are taken from various sources [2, 17,19, 24, 25] or assumed. The cost of the patch repairs
includes:

= Cost of removing the contaminated or deteriorated concrete
= Cost of concrete patching
= Cost of traffic control when the bridge is partially opened to traffic

In this case study, patch repairs are made when the probability of spalling reaches 10% and 20% and that
the end of life criterion is defined as the time to reach a 30% probability of spalling. Times corresponding
to these probabilities are predicted using the reliability-based service life models [16] (Fig. 5) for both
alternatives. It is assumed that after 22 years, the damaged NPC deck is replaced with a similar type of
deck (i.e. normal concrete with black steel reinforcement in both top and bottom mats). The replacement
cost includes the initial construction cost and the costs of demolition and disposal that were assumed equal
to $70/m?. Since the end of life of the HPC deck is equal to the analysis period, its replacement is not
included in the life cycle cost analysis (LCCA). At the end of the analysis period, the HPC alternative will
have no residual service life or value. For the NPC alternative, the schedules of MR&R activities for the
replacement deck (year 22 and after) are similar to those of the initial deck construction (up to year 22).
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Users costs are included in the analysis after the estimated values of the duration of each (MR&R) activity
(average for both ways), the length of affected road during the activity (average for both ways), and the
reduced traffic speed during the activity (Table 4) are used. These values are considered to be the same for
both deck alternatives except for the replacement that is only affecting the NPC deck. The different unit or
hourly user costs as well as traffic information are shown in figure 9. Accident costs and the normal
accident rate are taken from statistics published by Transport Canada and Statistics Canada [26, 27, 28].
Considering the lack of statistical data on accident in work zones, a rule of thumb of three times the
normal accident rates is used as suggested by Walls and Smith [20]. Details on user cost estimation are
found in Daigle and Lounis [29].

NPC i HPC

v v v v v v
] | ] ] | | | | | | ]
LA AR B SR Lk S B B A AE LA R R B SR R S R S R

t t f t t t t t t t 1
0 5 10 13 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Time (years) Time (years)
m Replacement $203/m2*
& Patch Repair $240/m2*
w Asphalt Overlay $25/m2*
B NDE §15/m2*
# Routine Inspection $1000*

*tost of each occurence

Fig. 8. Costs and schedule of inspection and repair activities for NPC and HPC decks over 40 years.

Table 4. Data related to user cost calculation.

Activities Duration Length Traffic speed
(days)  affected (km) reduced to (km/hr)

Routine inspection 0.35 0.1 80
Detailed inspection 0.5 0.5 50
(potential survey )

Asphalt overlay 15 1 40

Patch repair 2.5 1 30
Replacement 15 1 30

Based on the PVLCC [Eq. 7], the HPC deck alternative is 25% more cost-effective than the NPC deck
alternative when the comparison is made considering the agency costs (Fig. 10). In terms of user costs, the
PVLCC of the HPC deck alternative represent only a fraction (37%) of the users costs associated with the
NPC deck alternative (Fig. 11). The replacement of the NPC deck after 22 years of the 40-year analysis
period accounts for 50% of the estimated user costs. The remaining difference between the two
alternatives is associated with the earlier and more frequent patch repairs of the NPC deck. The HPC deck
alternative incurs lower life cycle agency and user costs than the normal concrete deck alternative. Hence,
based on the information data of the presented case study, the HPC deck alternative is more cost-effective
than the NPC deck alternative in terms of life cycle agency costs and user costs.
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Unit cost ($/m?)

Select Type(s) of User Costs to be Included in Life Cycle Cost Analysis

v Delay Costs v Vehicle Operating Costs v Crash Costs
Traffic Information
Average Daily Traffic (ADT) 2200

Cost Information

Percentage (%) of Truck in ADT
Maormal Trafic Speed (km/hr)

Mormal Accident Rate (/million vehicles x km)

14358

Accident Rate during Construction, Maintenance,
Repair or Rehab Activities (/million vehicles x km)

Save as
Average Value of Driver's time [$/hr): Defaults

Automobile 12 Truck 20

Vehicle Oprerating Cost ($/hr):

Automobile | 885 Truck W
Average Cost per Accident (3) 33000

Close

500.

Fig.9. Traffic information, unit user costs and accident rates.
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200.
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Fig.

NPC HPC

B Agency Costs ] User Costs
10. Life cycle costs of NPC and HPC bridge deck alternatives.
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5.3 Sensitivity Analysis

The LCCA module of SLAB-D includes a sensitivity analysis function that can be applied to practically
all the parameters used in the LCCA where the effect of the varying parameter on either the agency costs
or the users costs can be displayed. Based on the case study data, figure 11-a) shows the effect of the
discount rate variation (from 2% to 6%) on the present value agency costs. Even with a discount rate of
6%, the HPC alternative is more cost-effective than the NPC alternative, although the difference between
the two has been reduced. The effect of the variation of the accident rate during MR&R activities on the
users costs is illustrated in figure 11-b. A reduction of the MRR accident rate to 2.5/million vehicles-km

compared to an initial value of 6/million vehicles-km, generates a reduction of 33% of the user costs for
both deck alternatives.

a) b)
& 500 ;g 250
B 450 e | = 225
S ] =
8 400 ] ¢ 200 Emn
£ 350 e & 175 ]
= Tr———— F— > /____’-—
o 300 = ] £ 150 B
% a 2 Rt
2 280 B 125
& 200 ﬂl- 100
2 150 f 75
Q 0 bt
7 100 § =0 e ]
& 50 % 25
=2} %3]
L g 2 0
2 24 28 32 36 4 44 48 52 56 6 25 285 32 355 39 425 46 495 53 565 6
Discount Rate - % Accident Rate during MRR - /million vehicles * km
— NPC — HEG — NPC —: HPE

Fig. 11. LCCA Sensitivity analyses: a) Influence of discount rate on agency costs;
b) Influence of accident rate during MRR on Users Costs.

6. Conclusions

In order to select the most cost-effective strategy for maintenance and design of concrete bridge decks,
owners must predict the service life and total life-cycle costs of bridge decks. The developed service life

prediction models offer unique capabilities in the reliability-based prediction of life cycle performance and
cost of concrete bridge deck.

The multi-stage physical models of concrete deterioration, due to corrosion, provide a complete analysis
of the deck service life from the onset of chloride ingress to the deck spalling or delamination. The
uncertainty of the key parameters being considered, the resulting service life predictions are presented for
each deterioration stages or limit states as time-dependent probabilities. These time-dependent
probabilities reflect better the actual condition of concrete decks that do not uniformly deteriorate with

time due to the variable properties of its heterogeneous materials, variable dimensions and variable
corrosive environment.

The life cycle cost analysis model is a convenient tool for comparing life cycle costs of different deck
design or maintenance alternatives. Users costs are presented separately from agency costs as they tend to
have a more significant influence than in the past in the decision-making process. The integration of the
service life prediction and life cycle cost analysis models into SLAB-D software provides bridge owners
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with a reliable and effective decision support tool for the selection of cost-effective options for the design
and rehabilitation of bridge decks.
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