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ARTICLE INFO ABSTRACT

Keywords: Managers of ageing structures aim to extend their service life through timely inspections and
Reinforced concrete preventive maintenance. Currently, planning and decisions on maintenance activities are based
Dura_bﬂ.ity on condition assessment methods that rely primarily on visual inspections. However, experience
(P;;(Eicttif: indicates that the deterioration is already in an advanced state at the appearance of the first visual
Bridge signs of distress and precludes timely preventive maintenance interventions. In addition, the

analysis of a sequence of ratings solely based on the evolution of visually based ratings provides
very little insight on the rate of the deterioration, and the estimation of residual service life. The
objective of this paper is to propose a procedure that supplements visual inspection reports based
on structure specific nonlinear simulations of deteriorations associated with the ingress of chlo-
ride ions, corrosion of the reinforcing steel, and the cracking and spalling of concrete. Structure-
specific simulations are obtained though a model that uses site-specific hourly historical mete-
orological data, and concrete properties from non-destructive permeability and resistivity mea-
surements. The model is used to estimate the time to the initiation of corrosion as well as the time
to the first corrosion-induced cracks to anticipate and evaluate pre-visual conditions. The pro-
posed methodology is demonstrated for an ageing structure in Montreal (Canada). The results
show that visual inspections fail in detecting the onset of corrosion for preventive maintenance,
and result in prematurely deficient structures. Model simulations suggest that preventive main-
tenance on the bridge at year 20, corresponding to the bifurcation point of accelerated deterio-
ration rates, would have been optimal.
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1. Introduction

The durability of concrete structures in North America is closely associated to climatic and environmental conditions and the need
to maintain road safety during winter periods with de-icing salts (NaCl, MgCly and CaCly). Chlorides in de-icing salts are highly
corrosive and lead to a rapid degradation of the road network infrastructure [65]. The chlorides migrate into the concrete cover,
destroy the passive oxide layer that protects the reinforcing steel and exposes the reinforcing steel to corrosion [36,76], which can
significantly reduce the service life of structures [10,43]. Most bridges in North America were built between 1950 and 1975, resulting
in a large cohort of bridges between 47 and 72 years of service [48].

Older bridges in North America are assumed to have been designed for a service life of approximately 50 years. Currently 42 % of
the 617,084 US highway bridges are over 50 years old and 12 % are over 80 years old, and require major rehabilitation or replacement
[5].

In 2018, Canada numbered 51,717 publicly owned bridges, Ontario having the most (15534), followed by Alberta (9400). A
quarter of the bridges on local roads and rural highways were over 50 years old, with 16 % of bridges on local roads and 14 % of bridges
on rural highways in poor or very poor condition [67].

For these ageing concrete structures, it is essential that maintenance and rehabilitation strategies are planned appropriately. Over
the last decade, there has been increasing interest in bridge condition assessment and residual life prediction models. These models are
used to develop optimal maintenance and replacement policies to extend the service life and to optimise the allocation of financial and
technical resources [35,52,58,80]. For ageing structures, non-destructive testing methods are available for assessing the degree of
corrosion of the reinforcing steel [14,47,69]. These measurements are used to estimate in a proactive (rather than reactive) way, the
deterioration of a bridge during its life cycle. Managers aim to inspect and maintain the infrastructure while minimizing traffic in-
terruptions or impairments [8,13,45,81].

Most deterioration prediction models in bridge management systems are derived from inspection records and derived condition
states. Popular methods for this purpose include Markov chain models and Bayesian belief networks using transition or conditional
probabilities [28,63]. Engineers have relied on these records but several limitations of these data have been identified [40]. Visual
inspection provide only information on visible defects and the ratings are subjective and influenced by the bias of individual in-
spectors, which can result in erroneous condition assessments [2,39]. Previous research on condition ratings from inspections focussed
on methods to analyse and predict visually-based condition ratings [77,60], and more recently by using machine learning and deep
learning for the prediction of condition states of individual bridges [62,41], and for optimizing interventions at the network level [50,
51]. These methods are fitted to historical data bases on visually-based condition ratings and would not improve the prediction for the
initiation of corrosion. A recent review article on condition rating of bridges [30] highlights these shortcomings and suggests that
future improvements should incorporate both physically-based models, and structure-specific inputs from non-destructive testing. The
proposed method addresses both avenues, and a means to improve current condition rating systems.

A Markov chain is typically used to define transition probabilities for states defined by the classification system (usually 4-5
classes) for time steps corresponding to the statutory frequency of inspections (1-5 years) [46]. The Markov process assumes that the
future condition state depends only on the present state and not on the past history of condition states [56]. For example, in
Switzerland, deterioration curves were established from the damage inventory obtained according to the type of structure, the age, the
material, and the type of element [49]. The model does not consider the physicochemical phenomena of internal deterioration or the
properties of the materials. Therefore, the approach is purely statistical and dependant of the classification of structures or structural
components into homogeneous classes.

Several models for the transport of chloride ions and the corrosion of reinforcing steel have been proposed in the literature. Most
consider simplified climatic and environmental exposure conditions and do not consider the effect of capillarity in the presence of
liquid water [22] or the multi-ionic actions [18,72]. When probabilistic approaches are implemented with Monte Carlo simulation, the
models are typically even more simplified [44,64]. It has been shown that these simplified models are applicable only to idealized cases
and may lead to erroneous results in real applications [42,54], it is for all of these reasons that TransChlor® model was used in this
application. In addition to laboratory validation, this model has been used for detailed analyses by Steel Swiss AG [22], the Swiss
highway authority (canton of Vaud), and the ETH team to assess degradation pathologies, specifically in tunnel entrances in
Switzerland [15]. Current work includes simulations for the Champlain Bridge in Canada by Jacques Cartier and Champlain Bridges
Incorporated (PJCCI).

The objective of this paper is to propose a procedure that supplements visual inspection reports based on structure specific
nonlinear simulations of deteriorations associated with the ingress of chloride ions with TransChlor®, corrosion of the reinforcing
steel, and the cracking and spalling of concrete. Structure-specific simulations, starting from the initial date of construction, are ob-
tained though a model that uses site-specific hourly historical meteorological data and concrete properties from non-destructive
permeability and resistivity measurements. The model is used to estimate the time to the initiation of corrosion as well as the time
to the first corrosion-induced cracks to anticipate and evaluate pre-visual conditions. Condition states based on the degree of corrosion
are used to predict the structure residual life.

The proposed model is first described, followed by its demonstration for an existing bridge in Montreal, Canada. The description of
the bridge and the methodology are described in 2. The simulation of condition states of various structural elements was performed
using historical climatic data, and the element-specific exposure conditions (direct, splash or mist) are described in 3. The condition
states for the components are combined through a hierarchical event tree to obtain the condition state at the level of the entire
structure (3.1). The influence of repairs on the component and structural condition states are evaluated in 3.2 and the condition ratings
based on visual inspection and results from non-destructive tests are described in 3.3. The results demonstrate that a comprehensive



A.S. Bah et al. Case Studies in Construction Materials 22 (2025) e04766

description of environmental exposure and exposure conditions of structural elements can accurately predict the early stages of
degradation of structures, and can enable proactive preventive maintenance.

2. Methodology for assessing the bridge condition state

The bridge used for the demonstration of the methodology was built in 1959 in Montreal and consists of a symmetrical two-span
portico (the free span is 11.4 m). The deck is a thick slab with a thickness of 1 m at the supports and 0.6 m at its centre. The side
supports and the central pier are continuous across the entire width of the structure (Fig. 1). Data on the concrete was obtained from in-
situ non-destructive tests.

2.1. Deterioration model

The evaluation of the condition state of components is obtained using a deterioration model that considers the hourly microclimate
and environmental exposures as boundary conditions [22]. The boundary conditions of the model comprise precipitation, solar ra-
diation, air temperature, and relative humidity. For the demonstration structure, historical climatic data is obtained from the Dorval
Airport weather station at a distance of 15 km from the structure [8]. The environmental exposure consists of the presence of de-icing
salts on the road surface. The contact time of salt with structural elements considers the frequency of de-icing trucks triggered by
climatic conditions (rain/snowfall or high relative humidity below a threshold temperature, snowfall) and local spreading protocols
(time interval between salt-spreading truck passages and volume per m?) (Fig. 2).

The presence of water or humidity at the surface of elements is essential to the penetration of chloride ions in the concrete elements.
Chloride migration into concrete is accelerated in the presence of water due to capillary suction and chloride advection by water.
Consequently, liquid water contact time is the dominant factor in chloride migration, which varies as a function of the type of
exposure. For direct exposure, liquid water contact time is defined as periods of precipitation, which is extended to overnight periods
when precipitation occurs after sunset. For splash exposure, the water contact is assumed to start one hour after the start of precip-
itation and end simultaneously with the end of precipitation. Finally, for salt-laden mist exposure, there is no contact with liquid water
and the water content in concrete pores is in equilibrium with the relative humidity of air [21]. Chloride transport parameters of
concrete depend on its permeability [24,23]. Air permeability and electrical resistivity, obtained through non-destructive tests,
provide the properties of these parameters for different structural elements of the bridge (slab, front wall and retaining walls) [8].

A database compiled by Conciatori et al., [23] is used to define concrete properties for covers classified as either low, moderate, or
high permeability. These properties include the water-cement ratio (W/C), the water vapor diffusion coefficient Dy, the transport
coefficient of liquid water by capillarity D.q, and the diffusion coefficient of chloride ions D¢; [8].

The uncertainties in material properties are propagated in the TransChlor model by using the Rosenblueth point estimation method
for the conditional mean and variance of the chloride content as a function of time and depth, which is assumed to follow a lognormal
distribution [20]. The conditional probability of corrosion initiation as a function of time at the level of the reinforcing steel is
calculated by convolution between the conditional distribution of chloride content and the (lognormal) distribution for the resistance
of the steel to corrosion.

Two models are proposed. Model 1 evaluates the serviceability of the structure by quantifying the state of the material with a
material index m;. The material index is currently evaluated qualitatively by the Ministry of Transport [55] from visual inspections
reports. A detailed physically-based model [8] is proposed as an alternative to objectively estimate this index from the results of the
TransChlor ion transport model, which can predict more accurately the early stages of material deterioration prior to noticing visual
observations of internal deteriorations. Model 2 assesses the safety of the structure against structural deteriorations such as delami-
nation and spalling due to corrosion of the reinforcing steel. The model considers the various stages for delamination and spalling:
depassivation, loss of cross-sectional area due to corrosion, expansion of corrosion products, cracking and delamination of the concrete
cover. This model is used to improve the second parameter currently used by the Ministry of Transport, the behavior index b; which
rates the severity of observed physical distresses (e.g. width and length of cracks among others). The models that are proposed are
general and can be extended to visually-based rating systems used by other agencies (e.g. [31,32,33]).

2.2. Model 1: evaluation of service life

The condition of a structural element is first evaluated for structural serviceability by using the probability of initiation of
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Fig. 1. Profile of the bridge (city of Montreal).
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Fig. 2. Modeling of climatic and environmental actions and the passage of de-icing trucks in TransChlor®.

corrosion. To complement the visual inspection index, the state (m;) of each element (i) is then combined considering the vulnerability
of each element with a decision tree analysis to obtain the serviceability (I;) index for the entire structure. This model 1 is described in
detail in [8]. The evolution of structural deterioration in time is typically characterized by a bifurcation point that corresponds to a
transition from a slow rate of deterioration to a rapid rate of deterioration, which can be estimated with the proposed methodology
[25]. This point is highlighted in the Tutti diagram (Fig. 3), which corresponds to the time of corrosion initiation. The bifurcation point
in time is critical for timing preventive maintenance and occurs at a level of deterioration when visual signs are not observable. In this
study, the bifurcation point is assumed to correspond to the time of initiation of corrosion (T;), which is estimated probabilistically [8].

In the management of a network of structures, the scheduling of interventions or surveillance has important financial implications
and the number of interventions options becomes considerable [34,57] even for a moderately large network. A management policy is
often necessary in order to reduce the number of feasible scenarios to investigate [1,3].

2.3. Model 2: evaluating service life to ultimate limit state

The depassivation of the surface layer of the reinforcing steel results in the corrosion of the steel in concrete structures [37,61,75].
The corrosion of the reinforcement produces corrosion products (i.e., rust) and a reduction of the cross-sectional area of steel. The
volume of rust is expansive and causes pressure on the concrete, which eventually cracks and spalls [9,11]. The bond between concrete
and reinforcement is also compromised resulting in a reduction of the strength and ductility of the reinforced concrete element [4,16,
791.

The accurate estimation of the corrosion rate is difficult since it depends on the amount of oxygen and moisture available, which are
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Fig. 3. Definition of condition states of a reinforced concrete bridge.
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both highly variable. Prediction models based on molecular equations that convert the rate of oxygen diffusion to steel corrosion rates
have been proposed [74]. However, the corrosion current density obtained from experiments or field measurements are considered to
provide the most accurate estimates of corrosion rates [68]. In this research, a simple model for the corrosion rate as a function of
ambient temperature is used [29].

Je(t) = Jrao[1+Ke(T(t) - 20) ] @

where J; 5 is the corrosion rate at 20°C, T(t) is the temperature at time t (in °C), and K. is a factor that depends on the temperature (K.
= 0.025 if T(t) < 20°C, K. = 0.073 if T(t) > 20°C and K. = 0 if T(t) < -20°C). Other more comprehensive models can be used for the
rate of corrosion, which consider the moisture in the concrete pores, the chloride concentration, temperature, etc. (e.g. ISO 9223 1992
[E]. Corrosion of Metals and Alloys. Classification of Corrosivity of Atmospheres). However, for the purpose of assessing the condition
of a bridge for planning maintenance and repairs operations, the time to the initiation of corrosion is the most critical. The rate of
corrosion that follows the time to initiation of corrosion is typically faster, and is considered an advanced stage of deterioration. The
objective of the proposed rating system is to put the emphasis on intervention as early as possible to minimize the extent of repairs
required.

Simplified models for corrosion-induced delamination and spalling of the concrete cover were proposed by Bazant [12] and Lounis
and Daigle [53]. Once an internal crack has propagated through the depth of the concrete cover, the stresses resulting from corrosion
products are assumed to remain constant until the cover delaminates or spalls off. Lounis and Daigle [53] propose the following
equation for the time from corrosion initiation to the start of spalling (i.e., propagation corrosion time related to spalling):

d2
2c(c+d)

T

25j, [;i - ;}

(2cd + d2)f,
E,

t,(sp) = 1+v+ (2)

where S is the spacing of reinforcing steek; p; is the density of corrosion products (assumed at 3600 kg/m? for Fe(OH)s; ps is the density
of steel (7860 kg/m3); a is the molecular weight ratio of metal iron to the corrosion product (assumed at 0.52); and j, is the corrosion
production rate per unit area (0.8 pA/sz) [12].

This model is used to relate changes in the diameter of steel rebars to corrosion-induced damage limit states [52]. The random
variables that are considered in the model are the spacing or the reinforcement and the thickness of the concrete cover, which are
assumed to be lognormally distributed (Table 1). In this study, the total time for the onset of spalling is defined as:

Tt = Ti + Tp (3)

where T; is the corrosion initiation time, and T, the propagation of corrosion time up to spalling. The cumulative distribution function
of T; is obtained from,

Folt) =Plate) <t = [ foo) [ Snwdids = [ 5 (o) Falu—t)ae @

where fr,(t;) and fr, (t,) are the probability density functions for the time to initiation of corrosion and the time for corrosion prop-
agation, respectively.

Since the time between corrosion initiation and spalling is generally long, and crack growth models are mostly linear functions of
time [80], the stages of deterioration are divided into state (I) corresponding to the beginning of the service life of the structure until
the initiation of corrosion. The period between corrosion initiation and midpoint in time when concrete cover spalls is defined as state
(II) corresponding to the appearance of the first cracks. The state (III) describes advanced states of corrosion preceding concrete cover
spalling, and finally state (IV) corresponds to spalling of the concrete cover (Fig. 3). These four condition states correspond to the
ratings used by the Ministry of Transportation of Quebec (MTQ) to classify the condition of bridge elements following a visual in-
spection. The probabilistic functions of the characteristic periods of these different stages are presented in Egs. (5)-(8) [80]:

Pi(t)=P(t< ty) (5)
Table 1
Random variables of the propagation model.
Exposures Bar spacing** Strength*** Bar diameter (mm)  Cover thickness**, c;
Mean (mm) standard deviation (mm)  f, (MPa) Ec (GPa) Mean (mm) standard Exposure
deviation
(mm)
Topside of slab 180 30 41.6 21,1 30 271* 108+ Direct
Underside of slab 180 30 30 50 10 Mist
Front wall 605 65 33.4 16.94 15 46 12 Splash

* The bitumen layer is considered, ** cover thickness was obtained from georadar, *** ten cores from the slab, and three cores from the front wall.
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Py(t) = P[(ti + % > ti) ] (6)
Py(t) = P{(ti + % <t<t + tp) ] )
Py(t)=P[(t>t + )] (©))

Specific actions, maintenance or rehabilitation, are proposed as a function of the ratings Pi(t) to Pry(t) of each structural element
(Table 2) (Fig. 3). The rating A, B, C and D used by the MTQ (Transportation Ministry of Quebec) for visual inspections are respectively
for intact surface, the presence of small cracks, presence of concrete spalling and disintegration of the concrete surface, and the
numbers correspond to the percentage of the surface of an element in each category.

3. Determination of condition states of the bridge in Montreal

Visual inspections are the primary means to currently assess the condition state of a bridge. Resulting condition states are not
reliable indicators of the initial stages of deterioration and are not good predictors of future states given the difficulty of grouping
structures into homogenous groups and also due to the non-stationarity of climate and traffic conditions [21,36]. Current visual in-
spection assessment procedures are first applied on the demonstration bridge to determine the condition states of its components and
of the overall structure. This is followed by condition states inferred from the proposed model of deterioration.

Concrete permeability or materials properties for TransChlor® model are obtained from non destructive tests. Air permeability kr
of the concrete cover is obtained with the Torrent® permeability device [70,26], whereas the electrical resistivity p of concrete is
measured with the device of Wenner [6,20,27,38]. Measurements at different locations on the bridge are used to determine the
concrete cover quality (Fig. 4). The tests were performed in the summer with an air temperature of 20°C, atmospheric humidity below
70 %, and no precipitation in the days preceding the test and indicate that the concrete cover is mostly of low quality.

Simulations with TranChlor® used boundary conditions of Fig. 2, and materials properties of Fig. 4. A comparison of simulation
results to chloride concentration profiles from cores from the underside and topside of the slab show good agreement (Fig. 5). The
simulation results are obtained from predictions based solely on meteorological data (exposure), and material properties inferred from
non-destructive tests, and are not adjusted to match observed profiles [42,54]. As reported in ACI Manual of Practice, 1989 edition
Guide of concrete bridge (ACI 546.1 R), studies performed by the US Federal Highway Administration (FHWA) indicate that in the
presence of moisture and oxygen, rebar corrosion is initiated at a soluble chloride content of 0.025-0.030 % of the weight of the
concrete, as shown by a dash line in Fig. 5.

3.1. Model 1: evolution of the local material index (m;) and global material index (IM)

The model simulations suggest that the best time for major preventive slab repairs should have occurred at year 12 corresponding
to the bifurcation point of accelerated deterioration rates (Fig. 6). For the front wall exposed to splashing, the model suggests that an
early intervention at year 8 would be optimal [8]. Management policies based solely on visual inspections favor rehabilitations when
degradation has extended well beyond the bifurcation point. With the prediction of the model, a rehabilitation of the slab could have
been anticipated because the internal damage at 20 years was already significant, although not visible to the naked eye (Fig. 6a). These
results show that visual inspection does not provide the means to anticipate a repair and may result in a structurally deficient state of
the structure.

From the state indices for each element, the overall index of the structure can be evaluated by considering the impact of the failure
of the elements with an event tree presented in [8]. Fig. 6b shows the model simulation of the evolution of the material IM
(serviceability) condition index of the structure without repairs. The structural condition index indicates a rapid rate of deterioration
early in the service life of the abutments walls and piers in the splash zones due to capillary suction [19,24,66].

The model simulations indicate a rapid degradation of the front walls and abutments at year 8. To maintain a high rating, minor
work on the front walls and abutments and the lower portions of the piers could have been performed. After 8 years, the overall
deterioration rate slows down, and the serviceability and safety indexes stabilize up to year 18 (Fig. 6). Starting at year 18, the front
wall has reached the lower limit of the indices, resulting in a phase between about years 20 and 35 when the slab deteriorates at a
slower rate. From year 35 onwards, the rate of deterioration of the slab is slower. At year 45, the overall ratings are approaching the
Pyi(t)-rating zone. This corresponds to the beginning of detachment of concrete fragments from under the slab (Model 2 in the next
section) (Fig. 9b) that has motivated the managers to intervene on the structure. Degradation to the Pyy(t)-rating occurs at around year

Table 2

City of Montreal Asset Management Criteria [73].
Ratings Condition index m; of the structure (%) Descriptions
A >75 No intervention required
B > 40 and < 75 Requiring repairs
C > 30 and < 40 Requiring major repairs
D <30 Requiring replacement
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60.

At year 45, the level of degradation is high and visible on the surface of the concrete cover [7,17,78]. To improve the condition of
structures, corrective and preventive repair strategies are required [59,71]. An example of preventive repair of a major structural
element and its effect in improving the overall structural performance is demonstrated next for the slab.
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3.2. Model 1: influence of slab repair

The model can be used to simulate the effect of repairs at different times during the service life. For example, if a repair is done at
year 51 by partially demolishing the concrete cover and repairing with new concrete on the top of the slab, and with shotcrete for its
underside. The top and bottom slab repairs were modeled, and the concentration profiles of total chloride ions before and after the slab
repair are presented in Fig. 7. The model considers a demolition of the concrete cover of 50 mm at the underside of the slab and 78 mm
at the topside of the slab The threshold limit for corrosion initiation is between 0.025 % and 0.03 % by mass of concrete. These profiles
indicate that following the repair, the chloride front again reaches the corrosion threshold 21 years after the repair.

The influence of this repair also has an impact on the overall index of the structure. The pre-repair and post-repair material indices
(i.e.: IM, IM (Repair), are shown in Fig. 8. The slab is a main element of the structure, after its repair, the overall condition index ratings
is improved by 13.50 % for the material condition IM of the structure and remains in the state II.

3.3. Model 2: visual Inspections and predictions model

The historical ratings from inspection reports for the demonstration bridge are summarized in Table 3 and illustrated in Fig. 9.
Vertical lines in Fig. 9 indicate the times (45 and 58 years) at which rehabilitation was done to the front wall, the underside and the
topside of the slab.

The modeling of the bridge shows significant deterioration of the slab (Fig. 9a and Fig. 9b) after of 35 years of service. Curve P(t)
shows the probability of corrosion initiation: the bifurcation point for the top of the slab, is within the first 10 years of service (Fig. 9a),
while for the underside of the slab with mist exposure, it is around 20 years of service (Fig. 9b) due to the high relative humidity and
concrete porosity. Capillary suction contributes to a faster deterioration rate in the splash zone (Fig. 9c) with corrosion initiation after
5 years of service life. The model indicates that the slab reaches an advanced state of degradation with the development of cracks
(curve Py (t)) followed by spalling (curve Pr(t)) after 35 years (Fig. 9a). The effects of capillary suction and diffusion on deterioration
are more rapid and significant in the splash zone and spalling and cracking (state Py;(t)) appear after 8 years followed by disintegration
of the concrete cover, and exposure of the reinforcing bars (state Pry(t)) (Fig. 9c). The high rate of deterioration observed in the splash
zone is also related to the high permeability of the concrete of the structure (Fig. 4). The high concentration of chloride ions measured
in the slab and visible signs of corrosion are consistent with the absence of a waterproofing membrane on the top of the slab.

Comparing the model results with visual inspection records, the following observations can be made:

1. At 45 years of service, the internal faces of the abutment walls (splash and salt laden mist exposure) were demolished and repaired.
A concrete thickness of about ten centimeters was added in the splash zones (bottom of the wall) and, above, the damaged zones
were repaired with a thin layer of projected concrete. With this restoration, the condition of the front wall (Table 3) returns to Py(t)
= 100 % rating. Thereafter, the front wall degrades again, with the apparition of 50 % of the surface with a state Py;(t) at 52 years,
(i.e., 7 years later), and again a rehabilitation at 57 years, (i.e., 12 years later).

The repair did not remove all chloride ions in the concrete cover after the first intervention at 45 years since the deterioration
kinetics are faster 12 years after the first intervention (Table 3), due to chloride remaining in the old concrete. Thus, visual in-
spections have limitations since the Pyj(t) = 100 % rating after the first repair should be lower due to the presence of chloride ions in
the concrete cover. The model simulations show that after 20 years the wall was in very poor condition at the time of the first
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Fig. 8. Evolution of the global index of the structure before repair (IM) and after slab repair IM(Repair).

Table 3
Historical visual inspection data of the bridge under study.
Time Visual inspection (%)
(Year) . :
Front wall Underside of the slab Topside of the slab
I I 111 v 1 I III v I 11 111 v
0 1 0 0 0 1 0 0 0 1 0 0 0
44 0 0 0.05 0.95 0 0.6 0.1 0.3 - -
45 1 0 0 0 1 0 0 0 1 0 0 0
47 0.8 0.2 0 0 - - - - 1 0 0 0
52 0.5 0.5 0 0 0.7 0.3 0 0 1 0 0 0
57 0.99 0 0.1 0 0.99 0.01 0 0 0.8 0.2 0 0
58 1 0 0 0 1 0 0 0 1 0 0 0

intervention with the reinforcement exposed. Specifically, it shows that the wall has a local index of Pyy(t) = 95 % before repair to
Pi(t) = 100 % after repair at 45 years and Pyy(t) = 10 % at 57 years.

2. At 45 years of service, the slab was partially demolished on its top side and repaired, without installing a waterproofing membrane.
As before, the repair improved the condition of the slab to a rating of Pi(t) = 100 %. In contrast, the condition of the topside of the
slab is not inspectable before the intervention. No deterioration is noted for the next 7 years and 5 years later, the loss is minimal
with 20 % of the surface with a rating Pj(t). Nonetheless, the managers repaired the slab 13 years after the first intervention by
adding a waterproofing membrane (Table 3). The model simulations predict a decrease in condition rating of about 50 % at the
time of the first repair. Although the condition of the topside of the slab was still in good condition, the condition of the underside
has certainly motivated the managers to intervene on the whole structure. In this case, repair work on the topside of the slab could
have been avoided at 57 years; however, it was more prudent to carry out this work with the addition of a waterproofing membrane
to ensure greater slab durability, as good practice demanded at the time.

3. The underside of the slab was repaired with projected concrete at year 45. Before this repair, 40 % of the surface had a Py(t) rating,
10 % Pyyi(t), and 30 % Pry(t) and the remaining 20 % is in good condition. After repair, the P(t) rating is restored to 100 % of the
surface. The Py(t) rating is obtained only on 30 % of the surface 7 years after the repair and second rehabilitation is carried out 5
years later to restore the Pi(t) rating. The model simulations show that at the time of the first repair at year 45, 35 % of the surface
has a rating of Py;(t) and a rating Pry(t) expected at year 47. Again, the model showed a similar rate of degradation at 45 years as
observed visually and accelerated kinetics up to 57 years. Considering this result, a repair of the entire contaminated surface would
have been preferable at 45 years and would have avoided additional work at 57 years.

In the hypothetical repair in 3.2, the repair of the underside and topside of the slab was performed at year 51 (Fig. 7) to restore the
underside and topside of the slab to (Py(t) = 100 %). The condition of the underside of the slab was downrated to (P;(t) = 0.7 %) and
(P(t) = 0.3 %), while the topside of the slab retained a rating (P;(t) = 100 %) based on a visual inspection (Table 3). This rehabili-
tation of the slab of the structure therefore raises the condition of the structure slightly away from the Pyy(t) rating; however, without
returning to the Py(t) rating. The Py(t) condition is a characteristic of structures in good condition requiring additional repair work
corresponding to the criteria of the Quebec infrastructure inventory (Table 2). For the structure, to recover an Py(t) rating, additional
repair work is required on important elements such as the piers.

At the level of the reinforcing steel, the concentration can vary rapidly, increasing or decreasing according to fluctuating boundary
conditions and the movement of water in the concrete interstices. The various probabilities are calculated on the assumption that the
chloride concentration does not decrease at the level of the reinforcing steel, which explains the long durations of constant probability
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followed by staircase-like fluctuation in the Fig. 6.

The results of visual inspection cannot identify early degradations and may lead to a prematurely structurally deficient state of the
structure. Model simulations based on the local microclimate history enable us to anticipate preventive repairs early in the service life
of the structure (Fig. 3) and avoid major repairs that could have significant financial and social impacts in the middle and long term.

Conclusions

In this study, a probabilistic temporal prediction model of the serviceability and structural behaviour in a severe climatic envi-
ronment was proposed. The modeling uses non-destructive evaluation to estimate material properties and a model of chloride
transport depending on aging concrete structures exposed to climatic and environmental action over time. In addition to the prediction
of the condition of structures, the effects of maintenance actions on the chloride transport in concrete, and their influence on the
structural behaviour and serviceability of structures, were also discussed. Using the proposed modeling approach, the following
conclusions can be drawn:

e The proposed methodology improves the current bridge inspection and condition assessment methodologies, which are primarily
based on visual inspections. The methodology is implemented by proposing simple non-destructive permeability and resistivity
tests, which provide structure-specific material information as input for a chloride-ingress model as a function of winter-time
exposure. This information is essential for the early detection of the onset of corrosion and its inclusion in the rating system.
The objective of the paper is to present the method and a detailed example for a bridge. The approach has been applied to other
bridges (e.g. Champlain Bridge in Montreal) and is now mentioned in the manuscript. We would recommend that the procedure
could be applied broadly to classes of structures that share similar construction practices, history and exposure. The NDT tests are
easy to perform, and the model for chloride ingress can be used over large regions with similar climatology.

For aging structures, the degradation of the structures increases more rapidly in the presence of corrosion products. The assessment
of the durability of a structure can be improved with a probabilistic model coupled with non-destructive testing to detect early
deterioration contrary to visual inspection. The results from the model in this case study indicates that the condition of this
structure built in the 1950s was significantly degraded after 50 years. This reflects the design concept of these aging structures
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which currently have an average lifespan of 60 years. The results indicate that a strategy of early intervention would have been
effective din extending the service life of the structure before major interventions.

A comparison of historical visual inspection reports with ratings derived from the proposed model, demonstrates the benefits of the
latter to predict the deterioration bifurcation point for preventive maintenance. The benefits of early intervention were demon-
strated by simulating the effect of early repairs instead of delaying a response until major repairs were the only remaining option.
Given the statistics that aging structures are in poor or very poor condition in North America, it is interesting to note that the global
index of the structure also allows to have a subjective idea on the extent of the degradations and thus of the works to be carried out
in a global way. This index makes it possible to detect whether the structures in a network need earlier interventions.

The methodology of this research integrates decision making from visual inspection and a prediction model. However, it is
interesting to note that the choice of the model is not limitative and that the proposed method is feasible for any other type of
degradation on structures and for any type of construction material used.

The strong growth of civil engineering infrastructure networks and the delayed intervention time highlight the need to consider
structural safety risks at the local and the network scales.
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