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ABSTRACT

The deterioration of highway structures in Ontario due to the use of de-icing salts
during winter maintenance operations has resulted in costly rehabilitations or replacements
of structures in as linle as 15 years after the time of construction. This has prompied
several organizations to search for new materials and methods of design and construction
to increase durability. The need to maintin existing structures, and lengthen the long-term
service of new strucrures, has become increasingly important. The inventory of bridges
continues to grow, but at an ever-slowing pace as the highway infrastructure nears
completion. Yet, as the population becomes more mobile and the dependence on rail
ransportation diminishes, the burden on the highway system will only increase. Therefore
maintenance of the existing highway structures is of grear importance. This thesis is
written with the intent to aid the Ontario Ministry of Transportation in their quest to
manage and maintain the provincial highway system through utilizing the data collected
during the detailed bridge deck condition surveys to determine the most economical time
to rehabilitate or replace a structure. The Ministry of Transportation of Ontario presently
has jurisdiction over approximately 3,200 of the bridges in Ontario. Approximately one
third have been rehabilitaied in the last decade. The approximate cost, of these
rehabilitation projects varied from a high of $68 million in 1982 10 a low of $36 million
in 1983 and $550 million in the last decade (amounts in 1990 dollars). Appropriate

assessment of deterioration conditions and the ability to predict the proper timing for
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rehabilitative intervention to most effectively preserve and maintain Ontario’s highway
infrasmucture is of great concemn to the Ontario Ministry of Transportation.

Bridge decks are subject to severe environme.tal influences such as cycles of
freeze-thaw, de-icing salts and wear and tear from waffic use, and it 1s a horizontal
surface where moisture can readily pond. The heavy use of de-icing salts during winter
snow and ice storms increases the probability of deterioration of concrete bridge decks
because it introduces an aggressive ion to the surface of the concrete deck. When the salt
solution penetrates the concrete surface and initiates corrosion of the reinforcing steel,
cracking, followed by rupture of the concrete and eventual spalling of the concrete surface
occurs. Once this process has started it is irreversible and if ieft unattended, may cause
structural failure.

It is accepted that the economic life of a structure can be extended through timely
maintenance intervention based on expected deterioration levels extrapolated from the
quantity of deterioration measured in the detailed condition surveys. The detailea
condition surveys conducted by thc Ministry from 1978 through 1990 were used as the
data source. The data was input into a database and analyzed to develop deterioration
curves to estimate future deterioration levels for three types of bridge deck protection,
namely: exposed concrete, asphalt covered, and asphalt with waterproofing. The database
presently contains 640 structures with 175 of these containing the data collected from two
consecutive detailed condition surveys. Of these 175 structures, 131 contained information

that was useful for this thesis.
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Three sets of curves were developed: Detzrioratdon versus Age, Deterioration and
Concrete Cover Contours, and Rate of Deterioration versus Age. For the development of
these curves deterioration was defined as the percentage of the deck area with embedded
reinforcing steel undergoing active corrosion {(half-cell potental measurements more
negative than -0.35 volts indicates a 90% probability that corrosion of the reinforcing steel
1s occurting at the time of testing). The Deterioration and Concrete Cover Contours and
the Rate of Deterioration versus Age curve considers the effects of age, concrete cover.
and the type of deck surface protection on the corrosion of the deck reinforcament.

The shapes of these curves indicates that corrosion of the concrete deck
reinforcement occurs more rapidly if the deck surface is left unprotected. The results from
the various regression analyses conducted for all of the curves developed emphasized the
stong influence of "age" on the progression of deterioration and that the reladonship is
not linear.

Several recommendations can be made consequent 1o from the process of gathering
data for the development of the deterioration curves in this study:

- use the detericration curves developed as an aid in selecting the
appropriate time and method to rehabilitate a bridge deck

- use the deterioration curves for estimating the quantity of concrete
removals and areas of repair for future rehabilitation projects.

- better storage of structural condition records
- revise OSIS (Ontario Structure Inventory System)
to include specific results of condition surveys or implement

use of the database file presented in this thesis at Regional and Distr'.t
levels

It should be note that engineering judgement is, and will always be, an integral part of
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these decisions. These curves should be used by enginzers as a tool to confinm decisions
to commit structures to the rehabilitation program.

It is also recommended that another study be conducted utilizing the data presently
collected which would involve analyzing the growth of the probable corrosion potensal
range. This range of corrosion potentials is the percentage of the deck area with half-cell
measurements between -0.20 V and -0.35 V. It appears that the decks which recorded an
apparent drop in the active corrosion potential range had a large increase in the uncertain
corrosion potental range. If "Toral Corrosion Rate of Deterioration” curves are developed
for the combinations of the percentage of the deck area in the uncertain range and in the
active range of comosion, subtracting the "total corrosion” rate curve from the actve
corrosion rate curve, the growth of the uncertain corrosion active range could be
estimated. The growth of this range could then be related to the future rehabilitation needs
of Ontario bridge decks.

In summary, this study can help the Ontario Ministry of Transportation make
better decisions on the prioritizadon of bridge deck rehabilitations. The programs
presently in place at the Ministry are effective in attempting to address the ever growing
problem of deterioration of Ontario bridge decks. The Bridge Management Section has
adopted a benefit/cost analysis to ensure that budgets for rehabilitating swuctures are
effectively spent, as provincial funding for rehabilitations is not adequate to repair all
deteriorated structures. Nevertheless, some method of prioritization must be utilized which
considers both the level of deterioration of the bridge deck and the money available for

rehabilitations.
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CHAPTER 1

INTRODUCTION

The deterioration of highway structures in Canada is a fact of life particularly in
areas where de-icing salts are used. The resulting cost to rehabilitate or replace these
structures has prompted several organizations to search for new materials and methods
of design and construction to increase durability. These organizatons have also been
involved in developing bridge management systems to monitor the condition of existing
sauctures. The need to maintain these smuctures, and lengthen the long-term service of
new suuctures, has become increasingly important. The inventory of bridges continues
to grow, but at an ever-slowing pace as the highway infrastructure nears completion. Yet,
as the population becomes more mobile and the dependence on rail transportation
diminishes, the burden on the highway system will only increase. Therefore maintenance
of the existing highway structures is of great importance. Since fewer new structures are
being built and fewer new routes and alignment changes on existing highways are
planned, there is a wemendous need to rehabilitate existing structures.

The Ontario Ministty of Transportation presently has jurisdiction over
approximately 3,200 of the bridges (span over 6 metres) in Ontario. Approximately one

third have been rehabilitated in the last decade. Figure 1.1 shows that the fewest number
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of bridges rehabilitated in any one year was 73 in 19835, The most rehabilitated in one
vear was 133 in 1989. The approximate cost, (shown in Figure 1.2 in 1990 dollars) of
these rehabilitation projects varied from a high of $68 million in 1982 (102 rehabilitation
contracts) to a low of $36 million in 1983 (84 rehabilitation contracts). The approximate
cost (1990 dollars) of all the rehabilitations conducted in the last decade is $550 million
(see Figure 1.2). This figure illustrates the magnitude of the deterioration problem in
Ontario. Appropriate assessment of deterioration conditions and the ability to predict the
appropriate timing for rehabilitative intervention to most effectively preserve and maintain
Ontario’s highway infrastructure is of great concermn to the Ministry.

The bridge deck component experiences the most severe environment of all
components of the bridge. A bridge deck is subject to freeze-thaw cycles, de-icing salts,
wear and tear from traffic use, and it is a horizontal surface where moisture can readily
pond. Deterioration of bridge deck systems may be caused, singly or in combination, by
the following: galvanic corrosion of the embedded reinforcing steel, alkali-aggregate
reactions, cycles of freeze-thaw, fatigue, and excessive stresses due o the overloading of
the stucture.

Galvanic corrosion of the embedded reinforcing steel is discussed in detail in
Chapter 4 as it is the most prevalent damaging type of deterioration in Ontario. The
heavy use of de-icing salts during winter snow and ice storms increases the deterioration
of concrete bridge decks, no matter what type, because it introduces an aggressive ion o
the surface of the concrete deck. When the salt solution penetrates the concrete surface

and initiates corrosion of the reinforcing steel, cracking, followed by rupture of the
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concrete and eventual spalling of the concrete surface occurs. This tvpe of corrosion is
dependent on the presence of moisture, oxygen, and an aggressive chloride ion. such as
that found in de-icing salts, at the level of a depassivated laver of reinforcement. Once
this process has started it is irreversible and, if left unattended, may cause structural
failure.

Alkali aggregate reactions can lead to expansion of concrete and the subsequent
cracking of concrete. There are two types of alkali-aggregate reactions: alkali-
silica/silicate and alkali-carbonate. The more common of the two is the alkali-silica
reaction which is caused by the reaction of reactive silica, which is present in the
aggregate used in the concrete mix, and sodium and potassium alkalies which are present
in portland cement and water. The reaction produces an alkali-silica gel which has
unlimited swelling capabilidies. The increased volume of the gel in the concrete voids
creates an internal pressure and causes 2 series of cracks to form in the unrestrained
surface concrete. The alkali-carbonate reaction is the reaction which occurs when some
types of dolomitic limestone aggregates come in contact with the alkalis in portland
cement. The expansion of the concrete is similar to that of the alkali-silica reaction as
the dolomite and calcium silicate hydrate produce magnesium hydroxide silica ge! and
calcium carbonate which yields a volume increase of approximately 4% (Reference 28).
Cracks form around the reactive aggregates. This eventually leads to a loss of bond
between the aggregate and the cement paste. This reaction is thought to be linked to the
presence of clay in the aggregate. The Ontario Ministry of Transporation has strict

specifications concerning aggregaie types and sources. However, in some areas of the
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province reacrive aggregate sources have been used and severe cracking, and in some
cases loss of stength, has resulted. This type of deterioration is not considered to be the
major source of bridge deck deterioration for any of the stuctures included in this thesis,

Concrete’s ability to resist freeze-thaw deterioration depends on the concree’s
capacity for and probability of containing freezable water. In order for a concrete deck
to be damaged from freeze-thaw cycles, voids within the concrete must be samrated at
the time of freezing. As the water freezes in the voids and expands, pressure develops
within the concrete matrix and damnage resuits. The absorption of de-iciers may also
cause deterioration due to freeze-thaw as they mslt snow and ice at the deck surface
which keeps the concrete in a saturated state. In addition, de-iciers cause 2 conceawation
of chiorides to develop in the capillary cﬁvitics creating osmotic flows within the concrete
which also induces pressure within the concrete. Air-entrainment of concrete produces
an excellent pore distribution network so that water expelled from the freezing sites will
be taken up in these larger voids. Although air-entrainment of concrete was first
introduced into the Ontario highway system in 1958, analysis of the structure data
indicates that an effective method was not developed until about 1964 (see Chapter 6).

Scaling of the concrete surface is the most common type of freeze-thaw
deterioration. In the early 1960s the major source of deterioration of bridge decks was
severe scaling due to the effects of freeze-thaw. Scaling is thought to be caused by any
of the following: (Reference 11)

- pressure from water flowing from porous aggregates

- hydraulic pressure which develops in the capillary voids just below the
surface of the concrete
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- accurnulation of moisture in capillary voids below the surface freezes 1o
form ice crystals

- osmodc pressure due to the presence of salts in thw capillary voids
immediately below the surface

- improper surface finishing causing surface concrete to differ in nature
from underlying concrete

- use of de-icing salts which causes surface snow and ice to melt on the
surface remewing moisture for additional freezing of surface and
subsurface ice crystals

- ardficial surface compaction which occurs during finishing.

This thesis is written with the intent to aid the Ontario Ministry of Transportaton
10 manage and maintain the provincial highway system. The development of three sets
of deterioration curves, namely; deterioration versus age, deterioration and concrete cover
contour lines, and rate of deterioration versus age, using actual structure condition survey
data will help detemine the most economical time 10 rehabilitate or replace a structure,

The author organized a four month contract in fall 1990 with the Ministoy 0
develop and update a database which stores structure deterioration condition information.
This thesis concentrates on the measurements made during the detiled bridge deck
condiion surveys. The deterioratdon data was stored and analyzed to develop
deterioration curves to estimate the future deterioration levels for thres types of bridge
deck protection, namely: exposed concrete, asphalt covered. and asphalt with
waterproofing. The detailed condition surveys conducted by the Ministry from 1978
through 1990 were used as the data source. The Ministry’s database presently contains

640 structures with 175 of these containing the data coliected from two consecutive
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detailed conditon surveys. Structures with more than one set of detailed condition survey
data were seclected so that rates of deterioration could be assessed. Of these 173
structures, 131 contained information that was useful for this thesis.

The Ministry is divided into five Regions: Southwestern, Central, Eastern,
Northern, and Northwestern. Each Region is subsequenty split into Districts which
number 18 in total. Figures 1.3 and 1.4 show the percentage of structures included in this
thesis in the respective Regions and Districts and the boundaries of the Regions and
Districts in Ontario are listed in Table 1.i. Eastern and Central Regions combined
represent 64.1% of the structures used.

The remaining chapters of this thesis outline the processes undertaken to develop
the various sets of deterioration curves based on actual deterioration data collected from

the Ontario bridge population.
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Table 1.1 Location of Ontario Regions and Districts

NAME OFFICE LOCATION
Southwestern Region London
Cenrral Region Toronto
Eastemn Region Kingston
Northern Region North Bay
Northwestermn Region Thunder Bay
District 1 Chatham
District 2 London
Distict 3 Stratford
District 4 Burlington
District 5 Owen Sound
District 6 Toronto
District 7 Port Hope
District 8 Kingston
District 9 Ottawa
District 10 Bancroft
District 11 Huntsville
Diswict 13 North Bay
District 14 New Liskeard
Disuict 16 Cochrane
District 17 Sudbury
District 18 Sault Ste. Marie
District 19 Thunder Bay
District 20 Kenora

_————,—,, . —————)

11



CHAPTER 2

ONTARIO MINISTRY OF TRANSPORTATION

BRIDGE MANAGEMENT POLICIES

The Bridge Management Section of the Ontario Ministry of Transportation is in
the process of developing a Bridge Management System at a network level for the
provincially-owned highway structures. This process has been a lengthy one with several
stages of development. Established in 1985, the Bridge Management Secton is a
relatively new section of the Ministry. |

For many years the Ministry relied heavily upon the experience and knowledge
of its own personnel to prioritize rehabilitation needs and funds. Each Region would
designate inspectors within their respective Districts to visually inspect bridges within the
regional boundaries. These inspections included a visual inspection of all the elements
of the structure and photographic documentation of the deteriorated arsas. These were
summarized in an inspection summary sheet. The inspections were conducted biannually
so that progressive deterioration could be monitored. These inspections were used 10
develop a priority system for futre repair contracts. However, this method of
prioritization can cause problems if inspectors rate similarly deteriorated conditions

differently. Furthermore, the future cost of repairing one structure versus another was not
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taken inio consideradon. Before 1980, and in some cases since. some structures were
rehabilitated because paving contracts were scheduled for the stretch of highway crossing
the soucture or realignments of the highway were scheduled. In some instances,
rehabilitations were planned because it was considered more economical to repair
structures in close proximity to one another at the same time. This method of
prioritization proved not to always be the most cost effective. Some structures on
highways of higher priority with higher levels of deterioration were nor repaired and this
led to further deterioration. In other cases, the deterioration increased to the extent that
a more costly rehabilitaton had 1o be implemented.

In 1986 the Ministry implemented the Ontario Structure Inspection Manual, OSIM
(Reference 9), 10 standardize iﬁSpccﬁon methods, introduce rating systems for material
and performance defects and to develop a computer inventory system incorporating all
structural rehabilitation needs. In Part 1 of the manual, detailed descriptions of the
different stages of material and performance defects of the various bridge components are
defined and illusrated. Part 2 of the manual outlines the inspection rating systems used
to assess material and performance defects for each component of the stucture. Each
component of the structures (ie., substructure, superstructure, concrete barrier walls, etc.)
is assigned a rating between 1 and 6. A rating of 1 indicates that the component is in
poor condition with severe material defects and in critical or inadequate performance
condition. A rating of 6 indicates that the component is in like new material condition
and is in very good performance condition. The entire range of ratings for material

defects and performance condition, 1 to 6, are found in Figure 2.2 and Table 2.3 in Part
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2 of OSIM respectively, see Appendix A, Figures A-1 and A-2.

These ratngs are then used 10 determine the dme period in which the structure
will require repairs or rehabilitation. The ratings and the suggested time periods for
rehabilitation are outlined in Table 1.3 of Part 3 of OSIM’s (see Appendix A, Figure A-
3).

A disadvantage to this system of prioritizing for rehabilitation contracts is that the
level of service expected from the highway that crossed the structure is not taken into
account and benefit/cost rados for repairs are not considered. Furthermore, the level of
service expected varies with location. For example, it would be difficult to compare the
level of service required on the Burlington Bay Skyway to the level of service expected
on a two lane highway in the northern part of the province which crosses a creek (culvert
type structure). If the culvert received a performance rating of 2 and the Skyway received
a rating.of 3, the culvert would be chosen for rehabilitation prior to the Skyway. If a
benefit/cost analysis was conducted the Skyway would likely be repaired in spite of the
lower performance rating and further deterioration of the culvert. Currently the Ministry
is adopting a new system which takes into account the material and performance ratings
of the structure and a financial analysis comparing the various types of rehabilitation
options is conducted. A present value analysis or an incremental benefit/cost rado
analysis is used to make decisions on which alternatives to choose at the project level for
cach structure. An incremental benefit/cost rato is used at thc' network level within each
Region in the Province as a whole, to make decisions amongst all the structures submitted

by the five Regions that require repair or replacement. The addition of financial analyses
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to aid in the decision making process, of which tvpe of rehabilitation method 10
implement and which structure to rehabilitate, will enable both the Regions and the Head
Office to make more economical and cost effective decisions. This financial anaivsis
system is outlined in the Swucmral Financial Analysis Manual, Reference 26.

The present bridge management program spans five years, which corresponds to
a performance rating of 4 for a structure which indicates repairs will be required in 3 to
5 years. Each Region is stll responsible for biannual visual inspections to rate the
condition of the structure under the 6 point system. Once fully operatonal, this new
system will require each Region to conduct its own benefit/cost analysis to prioritize the
stuctures requiring rehabilitadon. The Region then decides which structures to
recommend to Head Office to include in the Ministry’s rehabilitation program. Head
Office typically summarizes all Regional recommendations, and either agrees or disagrees
with the types of rehabilitation methods proposed and to the urgency for action. Funds
for the rehabilitation of all provincially owned structures are all;)cated through the
Transportation Capital Branch of the Ministry.

At the project level, a detailed deck condition survey is conducted two years
before any rehabilitation is undertaken. In Table 1.2, Part 3 of OSIM’s, (see Appendix
A, Figure A-3) a guideline is suggested for when bridge decks require detailed condition
surveys based on the material condition rating (1 to 6) that the deck receives during the
biannual inspections. Detailed bridge deck condition surveys are also required two years
prior to a paving contract on the approaches to a bridge. A detailed bridge deck condition

survey includes both visual and physical inspections of all components of the structure.
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The Minisoy has set guidelines as to how these surveys are to be conducted and
documented. This informaton can be found in Reference 8, Structure Rehabilitadon
Manual, Part 1, Condition Surveys. The standard measurements of deterioration recorded
in this survey are used to help select the most suitable repair method, calculate the
removal quantties at the time of contract, and prepare the contract drawings. Briefly, a
detailed deck condition survey involves visual documentation of all physical defects such
as cracks (widths and types), spalls, surface delaminations, damp areas, and efflorescence
stains/deposits on all exposed concrete surfaces. The condition of all expansion joints,
bearings, and hand rails are also recorded. Concrete cores are extracted in order to
visually asses the condition of the concrete deck. Some of these cores are later tested in
the laboratory to determine specific properties of the deck concrete and the extent of
deterioration. If more than four years passes before the structure is rehabilitated a second
condition survey must be conducted.
There are several factors which influence the priority for repair and the selection
of the repair method:
- location of the structure and its importance in the highway network.
Traffic volumes, size of structure, importance of the highway,
accessibility of detour routes and impact of lane closures on traffic flow
are all contributing parameters in determining the importance of the
structure

- type and geometry of the structure

- nature of deterioration, type, location, extent and the causes of the
deterioration

- projected service life of the structure
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- load carrying capacity of the stucture
- cost of repairs and availability of funds
- future reconstruction program. This effects the tming of the
rehabilitation as most rehabilitations are scheduled in conjunction with
highway improvement contracts

- local experience and contractor expertise

- social and environmental concerns such that the inconvenience to the
public is kept to0 2 minimum.

Higher priority is given to certain structures like thick slab structures and some box and
tee girder bridges where the deck is an integral part of the main structural members.
Approximately 9% of the bridge decks used in this thesis fall into this category. Tables
3.1 through 3.3 of the Stucture Rehabilitation Manual, Reference 8 (see Appendix B,
Figures B-1, B-2, B-3), outlines the technical considerations in the selection process for
repair and rehabilitation contracts. These tables summarize the different defects and
deterioration usually found in concrete stuctures and the alternative methods for repair
and rehabilitation that are most appropriate for each.

Physical testing is conducted so that an accurate assessment of the internal
concrete deterioration can be made. On asphalt covered decks, sawn asphalt sample areas
are removed and the conditions of the waterproofing layer, concrete deck surface, and
asphalt are recorded. Concrete cover to the reinforcing steel is measured by taking
pachometer readings in the area of the removed asphalt. Concrete cores are also removed
from the deck and the visual quality of the concrete, including any defects, are recorded.
For exposed concrete deck surfaces concrete cover pachometer readings are taken at each

intersection of the grid laid out on the deck surface in addition to the tests conducted on
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asphalt covered decks. Also, a delaminadon survey is conducted using the chain drag
method. Some of the cores removed are assessed for compressive strength, air void

distribution and chlonde content.

2.1 Compressive Strength
Compressive strength is measured to assess the quality of the concrete. A 28 day
strength of 30 MPa is presently specified for all newly consmucted bridge decks. Several

structures included in this study had compressive strengths between 20 and 30 MPa.

2.2 Air-Void Content

The air-void content test is conducted in order to estimate the adequacy or
existence of air entrainment in the concrete (Reference 3, ASTM C 457-82a). If this test
indicates an air content exceeding 3%, a spacing factor less than 0.20 mm, and a specific
surface exceeding 24 mm?/mme’, the concrete is deemed to have been properly air

entrained at the time of construction.

2.3 Chloride Ion Content

The third test conducted on the concrete core samples is the chloride ion content
test. This test measures the depth at which chloride ions have penetrated into the concrete
at the tume the sample was removed. Since 1979, the "water-soluble chloride ion content
test” has been used to measure the chloride ion content at various depths from the surface

of the concrete core. The water-soluble chioride content is defined as the amount of
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chloride which is exmractable in water under specified conditions. The chloride threshold
value necessary i0 depassivate the reinforcing steel layer, initiating corrosion, is defined
to be 0.02% by mass of concrete (concrete with a cement factor of 300 kg/m®) or 0.15%
by mass of cement content. Most decks requiring repair have surpassed the threshold
value for chloride ion concentration. In the fall of 1990, the Ministry changed the testing
procedure requirements for the chloride content to the acid-soluble chloride content. This
test method measures the amount of chloride that is soluble in nitric acid. This test is
more reliable than the water-soluble test for estimating chloride ion content at different

depths from the concrete surface of the extracted cores.

2.4 Electrochemical Testing

Electrochemical testing is also conducted during detailed deck condition surveys.
This involves the use of a copper-copper sulphate half-cell as discussed in Chapter 4.
The cell measures the probable corrosion activity of the reinforcing steel at the time of
testing. This test is carried out in accordance with ASTM C 876-87 (Reference 4). The
other half of the cell is the reinforcement and the concrete. When connected, these two
cells form a complete electrical cell which generates 2 potential thar is measured with a
high-impedance millivoluneter. These readings are taken at the intersection points of a
grid pattern laid out on the bridge prior to the beginning of the test in accordance with
Reference 8. When the test is completed, the results are plotted on the grid system and
potential contours are drawn around the points measured to form a "potential” map of the

corrosion of the reinforcing steel.
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Potential measurements do not indicate the rate of corrosion. Rather, they measure
the probability that the reinforcement is actively corroding at the ime the measurements
were taken. A good zround connection directly connected to the reinforcing steel or to
a component that is in direct contact with the reinforcing steel is essential. The surface
of the deck must be dry at the time of testing but not so dry that the passage of current
to the reinforcing steel is inhibited. To maintain a constant potential drop through the
concrete portion of the circuit, an electrical contact solution is used to wet the concrete
surface and the conductive end of the probe. Chapter 4 outlines the accepted
interpretations of these test results.

The measurements obtained from this procedure are generally reliable but the
results are influenced by temperature, a reliable ground to reinforcement being obtained,
and a continuous circuit in the layer of reinforcement that is being tested. In the author’s
opinion, the reliability of the corrosion potential also depends on the experience of the
individual conducting the test. The Ministry published the findings of a 1988 smdy
(Reference 17), which compared the removal of deteriorated concrete areas during
rehabilitation contracts to the areas denoted as undergoing active corrosion during the
previously conducted detailed deck condition surveys (more negative than -0.35 V cse,
cse denotes testing results from a copper-copper sulphate half-cell). The stmudy
demonstrated that there was good correlation between the delaminated concrete areas and
the areas with high corrosion potential. The swdy indicated that areas with potental
measurements more negative than -0.35 V cse represented areas of the deck which

contained corroding reinforcing steel. However, composite concrete-timber decks showed



21

poor correlation between the actual areas of deterioration at the time of rehabilitaton and
the predicted areas of deterioration measured during the detailed condition survey. This
discrepancy was atributed to the fact that this type of deck has only a single layer of
nominal reinforcement with usually inadequate concrete cover.

Recendy, the Ministry introduced another stage to predict which structures would
require a detailed deck conditon survey. This new step involves the use of radar-
waveforms to detect faults in the deck. This test method is referred to as a "DART"
survey. This survey is conducted prior to the detailed deck condition surveys and is used
in the decision-making process to determine which stuctures to add to the rehabilitation
program. The DART involves analyzing the readings taken by an impulse radar with a
computer (Reference 6). By analyzing the differences in the amplitudes of the peak
excursions, delaminations, debonding and scaling of the concrete surface, concrete cover

to the reinforcement, and asphalt thickness can be measured.



CHAPTER 3

DETERIORATION STUDIES

Numerous papers address the development of bridge management systems (BMS)
and the service life of several types of rehabilitaton methods but few concentrate on
methods in which the service life of a bridge may be estimated. At the Fifth Annual
Workshop on Bridge Management Systems titled "Bridge Deterioration Rates and
Models™ held in Washington, D.C., on January 13th 1991, some papers were presented
that relate to this thesis (References 16 and 20).

In Reference 5, a bridge management system is defined:

A bridge management system (BMS) is a rational and
systematic approach to organizing and carrying out all the
activities related to providing programs for bridges vital to
the transportation infrastructure. The activities include: (1)
predicting bridge needs, (2) defining bridge conditions,
(3)...(10) monitoring and rating bridges, and (11)
maintaining an appropriate data base of information. A
BMS should assist decision-makers at all bridge
management levels to select optimum solutions from an
array of cost-effective alternatives for every action needed
to achieve the desired levels of service within the funds
allocated and to identify future funding requirements.

This thesis concentrates on the monitoring and rating of bridges in reference to the

potential of the reinforcing steel embedded in a concrete bridge deck to corrode to the



2

1,2

extent that deck rehabilitation is required. The data collected and analyzed in this thesis
fulfil the requirements of the historical data analysis module of a BMS. Predicting
deterioration rates will decrease errors and improve reliability in estimating the type of
rehabilitaton that should be implemented. It will also help improve the accuracy of the
cost/benefit ratio comparisons of performing rehabilitations on one structure versus
another. A good BMS meets the following objectives:

- improves the type and quality of the data collected as well as the way it
is stored, managed, and used in the analysis

- supplies a logical method for setting priorities for current needs
- permits reliable and realistic forecasts of future needs to be made
- fosters changes in management ideology and goals.

In Appendix D of Reference 27, the authors discuss the bridge management
systems currendy in place in the United States. In 1987, California, Illinois, Maryland,
New Mexico, New York, North Carolina, Pennsylvania, Texas, and Wisconsin had bridge
management systems. Some of these systems were still in their early stages while others
were advanced and fully operational. It should be noted here that the American
deterioration conditon rating system differs from the Canadian system. The Federal
Highway Administration (FHWA), the governing federal body in the United States, uses
a 9 point rating system. A rating of 9 represents no deterioration and a ratng of 3
recommends deck replacement. However, New York uses a 7 point rating system where
a rating of 0 means the structure is fully deteriorated and a 7 represents no deterioration.
Each State has adopted the FWHA'’s recommendations and has developed their own

system of applying weights to the different components of the bridge as a way to
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prioritize rehabilitations. All of the American studies referenced used a numerical rating
as a quantitative measure of the deterioration of the szuctures in the development of their
respective deterioration curves.

Reference 20, summarizes deterioration studies conducted in the United States up
to the end of 1989. It is understood that this report will be updated in the near future.
The objective of this report was to supply guidelines for bridge management systems so
that sound, cost-effective, and consistent decisions set the priorities and options for the
rchabilitztion of American highway bridges. In each case, "rate of deterioraton” is
calculated from the historical data available. The report referenced devotes an entire
'
chapter to bridge service life predicdon models. It cmph;sizes the importance of
estimating the remaining bridge service life and the life expectancy of maintenance and
rehabilitative measures as a part of the decision-making process for fund allocation for

present and future rehabilitation projects.

3.1 Service Life

To gain full advantage from any set of deterioraton curves, the definiton of
"service life” and the parameters that measure service life must be defined. Service life
can be defined as the dme it takes for the performance indicator of a bridge component
1o reach its "unit failure”. The magnitude of the performance indicator that represents the
need for rehabilitation is referred to as the "unit failure”. Performance indicators are
physically measured forms of deterioration such as delaminations and spalls on an

exposed concrete deck. An example of this would be how the Ministry uses specific
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percentages of the deck surface area that have undergone spalling and delaminations as
part of the decision process for the type of rehabilitation to use on a deteriorated deck
(see Appendix B, Figure B-4).

In Reference 20 service life is defined in three ways. The "useful hife” is defined
as the number of years 2 bridge serves before it becomes structurally inadequate or
unsafe. The "functional life” 15 defined as the number of vears before a bridge becomes
functionally obsolete. The third definition, "economic life", is the number of vears before

replacement becomes more cost effective than continued rehabilitaton and maintenance.,

taking into account life cycle and user costs.

3.2 Summary of Deterioration Studies

All of the studies summarized aided in setting the basis for the analysis conducted

in this thesis.

3.2.1 Factors Influencing Deterioration
The factors outlined in several of the reference studies which influence the length
of a structures service life are as follows:
1/ age of the structure
2/ quality of design
3/ quality of construction
4/ environmental conditions and

5/ external influences such as traffic volumes and/or the use of de-icing
salts.
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In Reference 20, deterioration curves are presented by the Transportation Systems
Centre (TSC), Massachussetts Institute of Technology (MIT), Wisconsin Department of
Transportation (WisDOT), New York State Department of Transportation (NYSDOT) and
the Federal Highway Administration, Demonstration Projects Divisicn (FHWA). In the
study by the TSC, the influence on deterioration of several independent variables was
assessed. Age, maffic volumes, locatton (State), type of bridge, maintenance records,
number of spans and skews were all considered. All of the studies referenced reviewed
the factors which influence deterioration. Little variation was found in those factors listed
in References 7, 12, 16, 20, 21, 23, and 27. Age is undoubtedly the most important factor
with strong correlations. Traffic volumes was noted as the second important influence.

These were common results in all the studies referenced.

3.2.2 Method of Analyses

Darta was eliminated from these studies if data entries were implausible or if some
of the information was missing. Linear regression analysis techniques were used in five
of the nine studies. The MIT study incorporated a single binary linear probability method
of analysis. This analysis depicted the non-linear reladonship between age and
deterioration. A drawback to this study was that it did not use the condition rating of the
structures analyzed as the dependent variable but instead used a probability between 0 and
1 that a specific condition rating would occur. This makes the results difficult to
interpret.

Three of the studies used a piece-wise approach in their regressions. Piece-wise
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regression analysis involves separating the data according to their scatter and developing
separate regression lines for each group. These separate lines were then connected in
segments of straight lines which resulted in different rates of deterioration for the varving
£roup separations.

The calculated correlation coefficient for most of these regression studies was
quite high, between 0.6 and 0.8. These good correlations are most likely due to the large
number of structures included in the studies. The numbers were significant enough to
develop deterioration trends with fairly good confidence. The number of the structures
analyzed in each study far exceeds the number of structures available for analysis in this
thesis. The TSC and MIT studies involved 151,933 bridges and in the WisDOT study
4,463 bridges were included. The majority of these studies forced the y-intercept of the
regression analysis to the value representing no deterioration at the time of construction.

In Reference 16, the New York State Thruway Authority (NYSTA) developed a
computer-aided bridge needs project system (CABNPS). The rate of bridge deck
deterioration was established by using data collected from biannual surveys in the

following empirical equation:

DR, = d&(/d, = (r; - 1/t - 1) (3.1)
where DR, = deterioration rate
I, = ratng at ime ¢,
I, =rating at time y
The rating values ranged from 1, fully deteriorated, to 7, no deterioration. Average DR’s

were calculated for each possible condition rating, For example, for all the bridge decks
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which inidally received a condition ratng of 5, the sum of the numerical values of their
individual rating changes (delta-r) was divided by the sum of the ume periods involved
(delta-t), which yielded an average DR for bridges rated a 5. This process was repeated
for each possible rating (1 through 7) and a series of system average DRs were calculated.
The inverse of DR represented the time required for a bridge deck to change by one
condition rating. The cumulative total of the inverse of DR for each individual rating was
then plotted and a system population average deterioration curve was developed.

A Swedish study also took the approach of developing an empirical formula
(Reference 21). The following equation was developed for estmating a bridge

deterioration index (Bp,):

1 = AFSTP/100 (32)
where A = average age of bridges incorporated in the study, study
conducted on all city owned bridges in several Swedish cities
F = number of freeze-thaw cycles per year '
S = amount of de-icing salt spread out per year

T = traffic volume in total amount of vehicle-kilometres per m? street
area

P = percentage of bridge deck area constructed before 1965.
The reason for the 1965 separation is that prior to 1965 air-entrainment was not
used in typical concrete construction. Also, the pre-1965 water/cement ratio was 0.6
whereas after 1965, it was decreased to 0.5. These factors would significantly increase
the durability of the concrete with respect to its resistance to freeze-thaw cycles. In the
concluding remarks of this report it is suggested that for decks experiencing problems

with reinforcement corrosion, the parameter P may be redefined as the critical age or



service life expected for deterioraton due to corrosion.

The two Canadian studies referenced did not use regression analvsis to assess data.
In the Alberta study, (Reference 7) deterioration was measured by the percentage of the
deck area which contained cse readings more negative than -0.35 volts. This test method
is explained in detail in Chapter 4. This thesis used this method for measuring corrosion.
The deterioration expressed as a percentage of deck area was then plotted against the age
of the structures.

The second Canadian study took a different approach in estimating deterioration
of bridge decks. This paper was presented at the International Conference on Short and
Medium Span Bridges held in Toronto, in 1982 by the Ministry’s Materials Office. In
this report, a condition rating (CR) was assigned for the concrete bridge decks surveyed.
The CR values (1 to 6) represented a timeframe for replacement or rehabilitation based
on the deterioration described in the general condition survey conducted for each
individual structure. If the CR was equal 10 1, the deck required replacement. A CR of
3 indicated the need for rehabilitation within three years while a CR value of 6 indicated
that a rehabilitation was not required. The CR values assigned to the bridge decks were
based on the assumption that slabs with the most serious deterioration should be
rehabilitated first. This is not always the case as the benefit/cost analysis may indicate
that for the more seriously deteriorated structures it would be more economical 1o let

them deteriorate until a full deck replacement is required.
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.2.3 Summary of Significant Findings

Although the results of each of these studies varied somewhat, they share some

common conclusions.

3.2.3.1 TSC Study

The TSC study indicates that skewed decks deteriorate more quickly than non-
skewed decks and that multi-spanned decks deteriorate more quickly than single span
decks. It was also noted that the type of wearing surface influenced the rate of
deterioration. The decks protected with asphaltic concrete and a waterproofing membrane
deteriorated slower than exposed concrete decks and asphaltic concrete covered decks

without waterproofing membranes.

3.2.3.2 WisDOT Study

The WisDOT study used the piece-wise method of regression analysis and
concentrated on comparisons of the condition rating between 0 and 9 to the age of the
structure. The study concluded that deterioration increased by 0.07 points (9 point rating
system) per year berween ages 1 to 25 years. The slope of the regression line flattened
out between 26 and 45 years of age. Deterioration began to increase after 45 years of age
by 0.19 points pcr year. This study also included separate curves for the different bridge
types sarveyed. These curves shared similar shapes indicating similar vulnerability to

deterioration.
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3.2.3.3 NYSDOT Study

The NYSDOT swudy also used piece-wise regression analvsis. A mate of
deterioraton was estimated by plotting the conditdon rating versus age for two inspection
cycles spaced two years apart. Deterioration increased in this two year span as shown by
the later, second curve, which plotied to the left of the first curve. This indicated an
average drop in the condition rating of 0.122 condition points per year. For these curves,
the y-intercept was forced to 7. It should be noted here that the condition rating axis

ascends up the y-axis with the undeteriorated condition at the top of the axis.

3.2.3.4 FHWA Study

A piece-wise regression analysis was used in this study. The results indicated that
the average deck condition declined at a rate of 0.104 condition points (9 point system)
per year for the first ten years and then slowed down to 0.025 condition points per year
for the remaining years. Maintenance and rehabilitations were not identified in this study,

which is possibly the reason for the significant drop in the deterioraton rate after some

ten years of service.

3.2.3.5 Dunker and Rabbat Study

Dunker and Rabbat used 296,668 structures from the U.S. National Bridge
Inventory to undertake their smudy (Reference 12). They reported that climare,
environment, and traffic volumes did not have a major influence on the deterioration of

the structures analyzed. Dunker and Rabbat suspected that local de-icing applicatons,
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design and construction practice and maintenance programs, and funding were the reasons
for this observation.

The bridges were separated into twelve different “"type” categories, and it was
found that the timber stringer type structures were the most deficient. It was also
observed that continuous structures showed better performance than simple supported
structures. Dunker and Rabbat concluded that tmber stringer type structures performed
the worst and prestressed concrete slab or stringer and continuous reinforced concrete slab

or concrete tees performed the best.

3.2.3.6 CABNPS Study

The deterioraton curves developed in the CABNPS study indicated that
deterioration increased exponentially with time. The curve was S-shaped with an increase
in the rawe of deterioration beginning after 5 years of service, coincident to 'a deck
condition rating of 5.5. The curve indicated that after 30 years of service, the average
bridge condition rating would drop to a rating of 1. The bridge would then be closed and
replacement would be recommended. This 1ating was artained as early as 20 years in the
curves representing the ranges of deterioraton for the individual decks. This report
emphasizes that the curves developed can only be considered o represent the average for

the thruway structure bridge population.
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3.2.3.7 SNRA Study

The resultant bridge deterioration indexes calculated (B, from equation 3.2) in the
SNRA (Swedish National Road Administration) study varied from 3.7x10° in the city of
Solna to 55.1x10° in Stockholm. These values were then input into another empirical
equaton which estimated the annual bridge maintenance cost index:

Bya = 83.4 Y(logBy, - 6.45) (3.3)

The units of measure for the Byqy are in Swedish Kronor/m® of Uridge deck. This
equation was used to aid in the financial planning of operational and maintenance budgets

of the specific cities included in the study.

3.2.3.8 Carter Study

The deterioration curve develcped in the Carter study was S-shaped and depicted
a deterioration rate between eight and ten percent per year after more than 20 percent of
deck area had corrosion potential readings more negative than -0.35 volts. This level of
deterioration was reached after some 15 years of service. It should be noted that all of
the structures included in this smdy were built before 1975, not protected with 2
waterproofing membrane at the time of construction, and are located on the primary

highway system (highly salted sites) in Alberta.

3.2.3.9 MTO Study
In the MTO (Ontario Ministry of Transportation) study, the conditon ratings

assigned to the 642 bridge decks were proportionately extrapolated (within each Region)
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to the entire population which indicated thar 360 bridge decks would require replacement
or rehabilitation within one year and 1356 within five years. This represents a need to
rehabilitate 249 bridges/year over four consecutive years. This number of bridge decks
could not possibly be rehabilitated as funds are not available. The report concluded that
bridge decks on Ministry owned highways exhibit significant deterioraton.
Unfortunately, this study made no allowance for the increased deterioration of decks with

time and it made no comparison of the measured deterioration to time.
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CHAPTER 4

CORROSION PROCESS OF ONTARIO BRIDGE
DECKS

The main cause of deterioration of Ontario bridge decks is the corrosion of the
reinforcing steel due to the penetration of chlorides at concentrations in excess of the
threshold value where corrosion is initiated. This chapter describes the corrosion process,
the factors which influence it and the methods used in Ontario to measure corrosion of

existing bridge decks.

4.1 Corrosion of Steel in Concrete

Corrosion is defined as "the degradaton of a material by reacting with its
environment” (Reference 27). The material most commonly referred to when discussing
corrosion is steel. Corrosion can occur by either wet or dry reactions. Dry corrosion of
reinforcing steel takes place in the presence of oxygen. The iron and oxygen ions react
at the surface of the reinforcing steel resulting in the formation of an oxide layer. This
oxide layer varies from a brown rust layer which is formed at ambient wemperatures to
a three-layered millscale which forms at high emperatures followed by a cooling period.

The formation of these oxide layers hinders the oxygen from penetrating the surface of
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the steel. Thus, the rate of reaction is slowed as the layers increase in thickness. These
oxide layers generally make the reinforcing steel passive prior to placement in a concrete
structure.

The process of corrosion of metals in solution under the influence of a self-
induced clectrical current is known as wet, or electrochemical corrosion (galvanic
corrosion). For the electrochemical reaction to occur, a flow of current from an anode
site, where oxidation of the metal takes place, to a cathode site, where a reducton takes
place, is required. The reactions at the anodes and cathodes are called “half-cell
reactions” and may occur at different locations along the same length of a reinforcing bar.
The reaction taking place at the anode is known as oxidation: Fe — Fe™ + 2¢". The
electropositive ferrous ions pass into solution in the electrolyte while the electrons remain
in the steel bar and migrate to the cathode site. At the cathode consumption (reduction)
of the electrons released at the anode occurs: 2H,0 + O, + 4¢ — 40H. The electrons
react with the oxygen present in the electrolyte and produce electronegative hydroxyl ions.
Both oxygen and water must be present for the anodic and cathodic reactions to develop.
These reactions will continue as the oppositely charged Fe™ ions and the 40H' ions react
to produce ferrous hydroxide, Fe(OH),, (beuer known as "rust"). Rust is insoluble in
water and is precipitated at some point between the anode and the cathode sites. This rust
does not offer any protection to the reinforcing steel and its increased volume develops
expansive pressures in the concrete surrounding the steel.

The corrosion process is relatively slow in water that does not contain dissolved

salts. When sufficient quantities of soluble chloride ions are present in the water, its ionic
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concentration, and thus its electrical conductvity, increases. In this case, the corrosion
process in the presence of oxygen is much faster. In 2 concrete environment, the pore
water is highly alkaline and it contains readily available hydroxy! ions for the reaction to
continue. The high alkaline environment is created when the cement is mixed with water
and the calcium silicates react to form the alkaline byproducts of sodium, potassium. and
calcium hydroxides. A protective layer or passivating film of either ferrous hydroxide
or lime-rich iron oxide forms on the surface of the steel when it reacts with the alkaline
pore water, pH greater than 12.5. When chloride ions penetrate the concrete, they reduce
the alkalinity of the pore water such that the passive layer surrounding the reinforcing is
deswoyed. Once the passive layer is destroyed, the reinforcing steel will corrode in an
elecrochemical manner in the presence of both water and oxygen. The reaction of the
steel with the chloride ions forms either FeCl,, FeCl* or FeCl, ions. It has also been
postulated, (References 13 and 19) that the iron chloride complex reacts with the hydroxyl
ions and forms ferrous hydroxide and chloride ions. The use of de-icing salts on bridge
decks will increase the amount of chioride ions in solution, which in wrm, increases the
risk of corrosion of the deck reinforcing,

As reinforced concrete is not 2 homogenous material, electrical potential
differences can occur between areas with different moisture contents or concentrations of
c;xygcn, areas where cracks have evolved, or in areas with different residual stresses in
the steel. Therefore, a bridge deck may contain several different sites where anodic and
cathodic reactions are taking place.

Another mechanism which encourages the corrosion of reinforcing steel is
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"carbonation”. Carbonation occurs when carbon dioxide gas dissolves into solution and
reacts with the hydration products of cement to form calcium carbonate. In the formation
of calcium carbonate, calcium hydroxide is depleted. This lowers the relative Ph or
alkalinity of the concrete. Reinforcing steel located within this layer of carbonated
concrete will no longer be protected and corrosion of the steel in the presence of water
and oxygen is highly likely. Carbonation is not normally a problem in Ontario concrete
as high quality cement, low water/cement ratio mixes are used and relatively low levels

of carbon dioxide pollution are present in Cntario’s environment

4.2 Factors Influencing Corrosion
Several factors influence the development of corrosion: age, quality of concrete,
concrete cover to the reinforcing steel, nature of the environment, and design and

construction practces.

4.2.1 Quality of Concrete

4.2.1.1 Portland Cement

Portland cement offers an alkaline environment which protects and pacifies
embedded reinforcing steel. The use of some biended cements may prove to be damaging
because they can cause a reduction in the alkalinity of the final concrete product.
However, the use of blended cements can reduce concrete permeability and increase the

elecrrical resisuvity when the water/cement rado is lowered. The reduction in
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permeability of concrete may be grear enough to increase its resistance to chlonde
penetration by five times when blended cements are incorporated in the mix as opposed
to the use of plain portland cement. The permeability of the concrete is one of the most
important characteristics in preventing the egress of chlorides to the level of the
reinforcing steel. The most effective way to conuol permeability is to limit the
water/cement ratio. Through experiment, (Reference 22) it was found that a concrete with
a water/cement ratio of 0.40 combined with a concrete cover of 40 mm successfully
prevented corrosion of reinforcing steel after 800 applications of salt. When 70 mm or
90 mm of cover were used, the water/cement ratio could be increased to 0.50 and 0.60
respectively in order to obtin the same value of corrosion protection. A low
water/cement ratio reduces the porosity of the concrete while increasing its strength,

Tricalcium aluminate (C,A), a component of portland cement can react with
diffusing chlorides through a chemical binding process and reduce the amount of “free
chlorides” available for depassivaton. The amount of ticalcium aluminate in the
concrete is a function of the type of cement used. Referring to Mehta's research,
(Reference 25) for the chemical binding of penetrating chlorides to occur, the content of

C,A must be greater than 8%.

4.2.1.2 Aggregates
Aggregates used in concrete mixes should be free from chloride salt
contamination. Contamination is likely when sand is dredged from the sea or arid

locations. When concrete is mixed, care should be taken not to use admixti:res which
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contain chlorides. Porous aggregates, usually used when mixing lightweight concretes,

are noted for their ability to absorb large quantities of salt.

4.2.1.3 Water

If the moisture content is high, the diffusion rate of carbon dioxide will be
substantially reduced which reduces the rate of carbonation of the concrete. It has also
been found, experimentally, that the process of gradual drying of initially water-saturated
concrete may possibly increase its electrical resistivity to the point where corrosion is
negligible. This level of electrical resistivity is approximately 50 to 70 X 10° ohm-cm
(Reference 1). Concrete with a low permeability and low porosity allows less water to
enter or remain in the concrete. Therefore, this concrete will likely have a low electrical

conductivity, and it will also better resist the penetration of salts.

4.2.1.4 Admixtures
The use of chemical admixtures to inhibit the corrosion process has not been t0o
successful. Some admixtures have side effects such as low strength, erratic setting times,

efflorescence, and an increased incidence of alkali-aggregate reaction (References 1, 25

and 28).

4.2.2 Rate of Chloride Penetration
The three stages of corrosion are as follows:

- ingress of chloride ions until the critical chloride concentration is reached
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- corrosion of steel at a constant rate until the expansive forces tnduced on
the concrete by the volume of the corrosion products (rusted rebar takes
up more volume than an unrusted rebar) causes cracking and the evenrual
delamination of the concrete

- the corrosion rate is increased due to the increase in the oxygen supply
through the detenorated concrete.

Reference 2 noted that it is difficult to estimate when concrete containing
actvely corroding steel will crack. The time to delamination is approximately 1 to 5
years after the corrosion process begins. The exact timing is dependent on concrete cover
and other factors such as the permeability of the concrete and extenal temperatures. It
is estimaied, that corrosion rates double for every 10 °C temperature increase above
10 °C. At low temperatures, the corrosion rate diminishes to almost zero. For this
reason, in warmer climate regions like Florida, which is also a high chloride moist
environment, corrosion rates are much higher than in Ontario. It could be assumed that
corrosion rates in the Southern Region of the province are higher than corrosion ratwes in
the Northwestern Region where there is lower relative humidity and cooler temperatures.
This is discussed further in Chapter 6.

Another factor affecting the rate of corrosion is the resistance of the electrolyte.
which is affected by the composition of the pore water within the concrete. The rate of
corrosion is a function of the cell current berween the anode and the cathode. The cell
current is a function of the potential and the combined resistance of the electrolyte and
the connecting steel. Significant corrosion of the reinforcing steel only occurs when the

resistivity of the concrete is less than approximately 10,000 ohm-cm?S.



.2.2.1 Initial Phase

In Reference 30, Slater refers to experiments which determine the chloride
threshold level at which the breakdown of the passive film on the steel occurs. This leval
was found to be directly related to the amount of cement used in the concete mix. The
experiments suggested 0.025% to 0.035% of chloride by weight of concrete as the
threshold value for a cement content of 350 kg/m’. These experiments suggest there is
a threshold value for chlorides at the level of the reinforcement which must be met in
order for corrosion to take place. Several of the other reports referenced also conclude
that the rate of chloride penetration is a function of the water/cement ratio. Therefore,
the diffusion rate of chlorides ions should be inhibited as much as possible.

The presence of varying levels of diffused oxygen and chloride ions at different
sites within the concrete establishes differential cells referred 1o as "microconcentration
cells”. These cells begin the corrosion process once the chloride threshold level is
exceeded. If the concrete undergoes drying, the pH at the anode is lowered. When
further cycles of moisture/oxygen occur, this lower pH allows the corrosion process to
continue. However, this initial corrosion is nor the primary damaging mechanism. The

formation of “macrocells” induces corrosion at 2 much greater rate.

.2.2.2 Propagation Phase
Macrocells are created within the concrete between areas of different concrete
covers, different pH levels of the antacking solution, and where different concentrations

of chloride ions initiate corrosion of the reinforcing steel due to variations in the quality
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of the concrete. The conwolling reaction ar the cathode is the reduction of oxvgen.
Therefore, oxygen diffusion 10 the cathodic sites is a major factor influencing the
propagation tume of corrosion. It is highly likely that most reinforced concrete structures
contain two different depths of reinforcing steel which are electrically connected.
Furthermore, it is highly probable that two different concenmartions of chloride occurs at
these two depths. This also creates a macrocell (active/passive cell). A similar circuit
is developed when coated reinforcing steel is connected to and in close contact with
uncoated steel. In this case, corrosion occurs at breaks in the coating. This circuit can
contain large driving voltages and large cathode to anode ratios which will accelerate the

rate of corrosion of the steel. This macrocell theory is supported in experiments

referenced in Reference 30.

4.23 Concrete Cover to Reinforcing Steel
The concrete cover to the reinforcing steel offers more than a linear amount of

protection. In Reference 19, Hope postulates that the diffusion of chlorides follows Fick's
diffusion law:

8C/6t = D.5°C/8x? 4.1

where C = chloride ion concentration at a distance "x" from the concrete

surface after time "t" .
D, = chloride diffusion coefficient
= 0.1x10® w0 10x10* cm?/sec for w/c of 0.4 to 0.7 respectively

Under application of Fick’s law, the depth of concrete cover to the reinforcing steel must

be increased by a factor of approximately 2 for each order of magnitude increase in the
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diffusion coefficient for it to take the same amount of time for the chlorides to reach a
specific concentration level.

A similar observation is made in Reference 27. This report states that corrosion
varies with the square of the clear concrete cover to the reinforcing steel and furthermore,
that corrosion protection increases with the ratio of the clear cover to the bar diameter
(C/D). In Reference 27 it is assumed that good protection is provided when the C/D ratio

is equal to or greater than 3.0.

4.2.4 Environment

The physical environment in which concrete is to be used is 2 key factor in
estimating its potential to corrode. The use of de-icing salts on highway bridge decks for
maintenance makes for an aggressive environment in Ontario. If concrete is continuously
saturated, it will be protected from corrosion through a lack of oxygen. However, on the
Ontario highway system only the foundation of a bridge may possibly be continuously
sawrated. The intermittent snow storms and use of de-icing salts before, during, and after
a storm create an ideal environment for corrosion to take place. Not only is the chloride
ion in a soluble state, but cycles of wewing (where moisture is supplied) and cycles of
drying (where oxygen is supplied) occur.

Oricntation is another environmental factor. As a bridge deck is horizontally
oriented, there is more time for water and chloride ions to penetrate as snow and de-icing
salts build up on the surface.

Cyclic loading, including fatigue and impact, and the environment supplied for the
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reinforcement, are also considered as environmental faciors. The internal environment
supplied for the reinforcement is sometimes congested as minimum deck thicknesses are
used. This internal space is shared with cables, anchorages and usually two mats of
reinforcing steel (four layers). This results in minimum concrete cover protecting the
reinforcement. Combined. the above conditions make the bridge deck’s environment very

severe,
4.2.5 Design and Construction

4.2.5.1 Design
Design practices should incorporate adequate cover, increased concrete

permeability by specifying low water/cement ratios, and good quality high stwength

concretes, to inhibit early deterioration.

4.2.5.2 Construction

Faulty construction practices are noted as one of the most common causes of early
deterioration (Reference 2). Consmruction faults such as inadequate compaction, improper
placement of reinforcing steel, and the use of poor quality, high water/cement ratio
concretes which result in an inadequate protection for the reinforcing steel. Surface
finishing can also contribute to early deterioration of a bridge deck. Excessive rowelling
of the surface and improper vibration of the placed concrete can lead to surface bleeding.

This creates a britde thin layer ar the deck’s surface consisting mainly of the cement paste
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which is easily delaminated. These faults can result in corrosion of the reinforcing steel

in almost any environment after the passive layer surrounding the steel is depassivated.

4.2.6 Chioride Contamination

There are two common sources of chloride contamination in concrete. Chlorides
can be added 1o the concrete through the mixing process itself or applied externally and
diffuse down 10 level of the reinforcing steel. In Reference 30, researchers concluded that
up to a certain level, chlorides present during the curing process can be absorbed by
combining with the tricalcium aluminates to form insoluble compounds. Chlorides added
to the mix will also be relatively uniformly dispersed and thus have a smaller tendency
10 Create a concentraton cell. In Ontario, the Ministy provides and enforces the use of
contract specifications to control the types and amounts of admixtures, aggregates,
cement. and all aspects of the concrete mix design 10 ensure that good quality concrete
is placed in all of its stuctures. For this reason, internal sources of chlorides are not
usually a problem.

When the chloride penetrates from external sources, uniform concentrations will
not exist at the level of reinforcement as discussed in Section 4.2.2.2. Different
concentrations of the chlorides exist at the surface as a result of either poor drainage,
uneven concrete surface finishing, or snow being piled up along the curb line throughout
the winter months. This latter practice causes a build up of moisture and 2 much higher
concentraton of de-icier salts along the curb line. When warmer temperatures arrive, this

combination of ice, snow, and de-icing salts melts and corrosion will (undoubtedly) occur.



4.2.7 Epoxy Coated Reinforcing Steel

The use of epoxy coated reinforcing steel as a means of protecting the reinforcing
steel from corrosion due to chloride ion penetration is a cause of concern. The epoxy
coating offers a stable, impermeable coating which prevents the egress of both moisture
and soluble chlorides. However, the amount of damage the bars suffer during
transportation and storage at the site (ie., cuts and nicks in the coating exposing uncoated
steel) before they are incorporated into the stucture is a problem. It is thought that these
small cuts and nicked areas will increase the intensity of corrosion in the bar.
Experiments to test this theory concluded that the damage due to transportation and
storage does not effectively increase the intensity of corrosion of epoxy coated bars.
However, the electrical coupling of an uncoated and coated mat in a deck can induce
accelerated corrosion. This appeared only to be the case when the area of defects in the
coating exceeded 0.24% of the coated steel. It was also noted that when a waterproofing
membrane was used in conjunction with the epoxy coated steel, the protection offered by

the epoxy coating was extended considerably as the chloride penerration time to the

reinforcing steel was increased.

4.3 Types of Deterioration due to Chiloride Penetration
Some concrete deterioration has been linked to the penetration of chloride ions.
Delamination and spalling are two of the most common types of deterioration due 1o

chloride penetration. Cracks are not caused by chloride ion amack but they do assist in

the deterioration due 1o chloride ions.
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4.3.1 Cracking
Cracking is characteristic of all concrete because it goes through large volume
changes with changes i the relative humidity and temperature (shrinkage cracking). As
well, conceete has a very low resistance to tensile stresses and straiils. Map or patiern
cracking is genera’ly caused by the use of reactve aggregates in the concrete mix.
Structural cracks are more of 2 problem as some of them undergo significant movements
which makes repair method selection difficult. Reference 27 states that the amount of
corrosion required to cause cracking is quite small. A pit depth of 0.03 mm was found
1o be sufficient to crack a concrete cover of 22 mm. Cracks oriented perpendicular to the
reinforcing steel are known to accelerate the corrosion of the intercepted bars by
supplying easy access for moisture, oxygen, and chloride ions to penewrate 10 the level of
the steel. Cracks that are oriented along the reinforcing steel are a more serious threat
and cause much greater amounts of corrosion as the length of the bar equal to the length
of the crack will corrode and the resistance of the concrete to spalling is reduced.
Crack widths less than 0.3 mm have little effect on the corrosion of the steel.
After several years, even wider cracks have little influence on the extent of corrosion.
This impact decreases because once the steel begins to corrode, as long as moisture and
oxygen are available, the process will continue throughout the deck whether or not cracks

are located above the reinforcing steel because a "macrocell” has already been developed.



19

4.3.2 Spalls and Delaminations

Spalling results from the corrosion of reinforcing steel due 10 the ingress of
chloride ions or rather the use of de-icing salts on Ontario bridge decks. Spalling is the
most severe deterioration caused by chloride jon attack. and it may involve significant
amounts and thicknesses of concrete.

The spalling process begins with the development of delaminated surfaces. First,
small cracks develop in the concrete surface providing the chlorides, moisture and oxygen
access to the interior of the concrete deck. Once the chloride threshold level for steel
corrosion is reached and in the presence of oxygen and moisture, corrosion of the
reinforcing steel begins. Horizontal cracks develop in the concrete above the corroding
steel bars due to the build up of iron oxides on the steel surfaces. Reference 27 reported
that these oxides can take up as much as 2.2 to 13 times the volume of the original
reinforcing steel. These horizontal cracks create fracture planes, commonly referred to
as "delaminations”. When deck surfaces are surveyed, delaminations are detected by
dragging a specific size chain across the surface. Delaminated areas are detected when
a hollow sounding area of concrete is found. Spalls form when the concrete in these
delaminated areas pops off the surface. The spall can be caused by either the repetitive
motion of vehicles driving over the delaminated area or from the action of water going
through freeze-thaw cycles under the fracture plane. The ice takes up a larger volume
than the water in the cracked plane creating pressure. When the pressure is large enough,

the concrete above the fracture plane pops off.
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4.4 Measurement of Corrosion of Reinforcing Steel

The Ontario Ministty of Transportation relies on a method of corrosion
measurement that utdlizes an external half-cell to assess the point at which the rate of
oxidation of the steel exactly equals the rate of the reduction at the cathode. This method
of measuring corrosion activity was first reported in 1973 but was not implemented by
the Ministry untl 1979 (Reference 24).

When the oxide film protecting the reinforcing steel is destroyed, the electrical
potential of the steel is different from the situation where the oxide layer is intact. This
occurrence makes it possible to use electrical measurements on the surface of the concrete
to measure the potential risk of corrosion of the steel in various locations throughout the
surface. This test is usually conducted at points on a closely spaced grid (see Structure
Rehabilitation Manual, Reference 8, for specific grid distances). If the concrete surface
is covered with asphalt, holes are drilled through the asphalt layer to expose the concrete
surface in order for measurements to be taken (the holes are filled with soapy water
which acts as the elecrolyte). In order to take these measurements, electrical connections
have to be made with the reinforcemsnt and the concrete surrounding it. The connection
is achieved by breaking out the concrete cover at a reinforcing bar locadon and
connecting a lead wire to it The lead wire is connected to the reinforcing steel by
screwing a self-tapping screw into the top of the bar or by soldering the wire to the
reinforcement. The connection with the concrete is achieved through the use of an
electrolyte which wets both the concrete and the conductor which is connected to another

wire. The electrolyte most commonly used is potable water mixed with dish washing
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detergent. The probe is held on the concrete surface at the previously laid out and
intersection points. This probe is referred to as a half-cell or reference cell.

The other half of the cell is the reinforcement and the concrete. In all Ministry
inspections the reference cell is a copper rod immersed in a saturated solution of copper
sulphate. When in contact with the probe, these two cells form a complete electrical cell
that represents a constant electrical potential. The electrical potential of the reference cell
is compared to that of the steel embedded in the concrete. They are connected through
a high-impedance millivolaneter. The readings from the voltmeter are a measurement of
the total potential difference between the reinforcement relative to the pore fluid and ths
potential of the probe.

The measurements presented in References 1 and 4 are accepted by the Ministoy

and are interpreted as follows:

- Potentals more negadve than -0.35 V, (V = volts) indicate high
probability of active corrosion of reinforcement

- Potentials in the range of -0.20 V to0 -0.35 V, indicate an uncertainty as
to whether or not corrosion acgvity is taking place

- Potentialy more positive than -0.20 V, indicate a high probability that no

corrosion activity is taking place.
The corrosion potentials are plotted on the points of measure and contours are drawn at
the limits specified above i.e. -0.20 V, -0.35 V, and -0.45 V. The deck area can then be
measured within each of the contours to estimate a percentage of the deck area
undergoing active corrosion. These potential measurements are not indicators of the raie

of corrosion or of corrosion activity (related to the current flow) but rather measure the
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probability that corrosion of the reinforcement is taking place at the ume that the
measurements are taken.

It should be noted here that since the steel in a bridge deck is easily oxidized and
is considered to be an active metal and the copper in the reference cell is considered a
more noble meral, the corrosion potential of the reinforcing sieel is more negative than
the reference cell. Therefore, the readings from the volumeter are recorded as being

negative.,
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CHAPTER 5

DATABASE DEVELOPMENT

Using DBASE 1l software, ( DBASE is a proprietary system by Ashton-Tate
Corporatoin) the Bridge Management Section of the Ontario Ministry of Transportation
developed a 32 fieid database file to record incoming information from the deck condition
surveys. This database was developed in summer 1990 to make record maintenance
easier and information more readily available to those involved in the rehabilitation design
phase.

In Webster’s New World Dictionary, a database is defined, as "a large collection
of dara in 2 computer, organized so that it can be expanded, updated, and retrieved rapidly
for various uses” (Reference 18). In DBASE, a field is a column where elements are
defined in a consistent manner. Fields can be entered either in numeric, character,
true/false question, or in 2 memo field form. Memo fields allow the storage of as many
lines of text as is necessary to describe an element of the file. The database presented
in this thesis uses DBASE IV software and was derived from the Minisy’s original 32
field DBASE I file. It should be noted here that no detailed deck condition survey

information had been input into the DBASE III file as it was stll in the developmental

stage. Seventeen (17) fields from this original database were used and 19 new fields were
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developed for the purpose of this study and the use of the Minisay. This new format will
allow future studies to be conducted without a lengthy data collection/input phase. Field
descriptions are outlined in Table 5.1 and a printout of the database file is located in
Appendix C. The information input into the database was located within the detailed
deck condition survey files which had to be taken out of storage and in some ¢ases came
from storage files in the Ministy’s Materials Deparmment.

An explanation of several of the fields is outlined to give the reader an
understanding of the terms used by the Minisoy and how the data input value was
determined. In Field 6, the AADT recorded is the most recent measurement taken and
is not necessarily the 1990 average. AADT represents the annual average daily maffic
which is the twenty-four hour, two-way maffic count berween January 1st to December
31st of the year it is recorded. This field is required to analyze any effects of waffic
volumes on the deterioration of Onmrio bridge decks. Field 8 records the type of

superstructure built. Ten (10) types of stuctures were observed as follows:

TYPE NUMBER DESCRIPTION

Rigid frame

Concrete slab on beam/girder steel or concrete)
Post tension deck slab

Voided slab

Box beam/girder (steel or concrete)

T-Beam

Truss

Culvert

Arch (steel or concrete)

Concrete/timber deck

=000~ WL
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Table 5.1

DESCRIPTION OF DATABASE FILE

FIELD No. FIELD NAME FIELD DESCRIP 'TON
[ 1 SITE Structure site number

2 NAME Structure name/bridge #

3 REG Region

4 DIST District

5 HWY Road that bridge carries

6 AADT Average Annual Daily Traffic

7 YR_CONS Year ctructure was built

8 TYPE Number assigned to a specific type of structure

9 MTY?SE Description ~f type of structure

10 NO_SPAN Number cf spans

11 DECK_AREA | Deck area

12 SURFACE Type of surface; asphalt or concrete

13 WPM Structure waterproofed or not

14 N_C_SURV Total number of condition surveys for site
structure

15 YEAR_F_C_S | Year first condition survey conducted

16 YEAR_S_C_S | Year second condition survey conducted

17 CONC_COVER | Average cover 1o reinforcing steel

18 COMP_STR Average compressive strength
AIr entrainment, consider

19 AIR_CONT air content, specific surface and spacing factor
Percentage of deck area with half-cells more

20 APOTEN]1 negative than -0.35 V cse, first survey




(Table 5.1 continued)

56

FIELD No. FIELD NAME FIELD DESCRIPTION

Percentage of deck area with half-cells

21 APOTEN2 between -0.2 and -0.35 V cse, first survey

22 ADEL_AREA | Area of delaminations, spalls and patches, first
survey

23 ACHLORIDE | If chlorides have penetrated to level of steel,
the input is, True

24 DEPTHCHLA | Average depth of chloride penetration, first
survey
Percentage of deck area with half-cells more

25 BPOTEN]1 negative than -0.35 V cse, second survey

26 BPOTEN2 Percentage of deck area with half-cells
between -0.2 and -0.35 V cse, second survey

27 BDEL_AREA | Area of delaminations, spalls and patches,
second survey

28 BCHLORIDE | If chiorides have penetrated to level of steel,
the input is true

29 DEPTHCHLEB | Average depth of chloride penetration, second
survey
Percentage of deck area with half-cells more

30 RPOTEN!1 negative than -0.35 V cse, measured during
rehab. const.
Percentage of deck area with half-cells

31 RPOTEN2 between -0.2 and -0.35 V cse, measured
during rehab. const.
Area of delaminadions, spalls and patches,

32 REH_DEL measured during rehab. const.

33 REHAB_YR Year deck was rehabilitated

34 METHOD_REH | Short form types of rehabilitation
Demails from condition surveys, cover, air

35 REMARKS content, see remarks memo outline sheet

36 DART Information from DART report
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Field 8 allows the results to be sorted and analvzed by stucture tyvpe. Field 13
indicates whether the bridge deck had a waterproofing membrane at the time of the
condition survey. The date that the waterproofing membrane was applied (during original
construction or during a subsequent repaving project) was not recorded as it was not
available. Maintenance of the membrane was also not available. The type of
waterproofing observed at the time of the survey was recorded in Field 35, Remarks.

Field 14 represents the total number of detailed condinon surveys that have been
conducted on the specific smucture. This thesis only utilizes those structures with an
input value of "2" or greater in Field 14. It should be noted here that a "2” in this field
does not necessarily indicate that more than one condition survey was required before
rehabilitation took place. A "2" is also placed in this field for stuctures which had an
nitial detailed deck condition survey and a set of half-cell measurements taken during the
rehabilitative construction contract. This practice is relatively ncw and was initially used
by the Ministry 1c evaluate the reliability of the half-cell surveys (Reference 17). Field
14 was created such that these structures with two surveys could be sorted from the main
file which contained more than 600 structures.

Field 17 was calculated by taking an average of all concrete cover to reinforcing
steel measurements taken from the concrete cores and in the sawn asphalt sample areas.
The maximum and minimum covers are recorded in Field 35. The compressive suength
measurements were also recorded in Field 35, and the average measurement was recorded
in Field 18. In Field 19, the measured air content is recorded 1o ascertain whether the

concrete was properly air entrained at the time of placement. Air entrainment of concrete
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was not practised widely in Ontario until after 1958. Consequertly, the Ministry does not
require air content tests on stuctures built before 1958.

Two separate fields were developed for monitoring the results of the half-cell tests.
Fields were created for the percent of deck area with measurements more negative than
-0.35 V cse (90% probability of active corrosion, POTEN1) and areas which lie between
-0.20 and -0.35 V cse (uncertain corrosion zone, POTEN2). The first survey was labelled
survey "A" and the second survey, "B". The information gathered during the
rehabilitation contracts was labelled with an "R". The information stored in these fields
is the basic measure of corrosion used in developing the deterioration curves presented
in this thesis. These results are presented in six possible fields: APOTEN] & 2,
BPOTEN1 & 2, and RPOTEN1 & 2. The APOTEN field is completed for each structure.
The BPOTEN is completed if a second condition survey was required before rehabilitation
took place. The RPOTEN is completed if a second survey was not conducted but 2
survey was done during the rehabilitadon contract. Until recently, the Ministry did not
take half-cell readings when a structure was rehabilitated. Twenty (20) of the structures
presented in this thesis had half-cell measurements which were taken during rehabilitative
construction. In some cases, the measurements were only measured for half of the
structure. The percentage was then extrapolated and applied 10 the entire deck area.

Fields 23 and 27 indicate the depth of the chloride penetration measured during
the chloride content testing. These figures vary between surveys and do not always depict
an increase in the penetration of chlorides in the second survey. This is the result of core

samples being extracted in different locations on the deck surface. For a proper
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comparison to be made berween condition surveys regarding the penemation depth of
chlorides, cores must be drilled adjacent 10 one another. Cores should also be retrieved
from areas which show lirtle deterioradon with low half-cell measurements as well as in
areas of deterioration with high half-cell measurements.

Fields 28, 29 and 33 are memo type fields where paragraphs of information can
be stored. ADELL_ARFEA, BDEL_AREA and REH_DEL are memo fields which contain
information for exposed concrete decks only. On an exposed concrete deck. a
delamination survey (chain-drag) is carried out during the derailed condition survey. This
survey reveals areas where the concrete is thought to be dcboridcd from the reinforcing
steel. This creates an area of deterioration referred to as a "delamination”. Areas of
delamination usually correspond to areas with high negative half-cell measurements where
the steel is actively corroding. Of the exposed concrete decks used in this study, 73%
include these results. If results were not made available or were not applicable, a N/A
was input into the database file. This component of the survey can not be conducted on
asphalt covered decks. However, in 1986, the first DART surveys were conducted which
measures delaminated and debonded areas for asphalt covered decks (see explanation of
Field 36). Approximately 10 DART surveys were conducted each year up to 1989 when
approximately 100 surveys were conducted.

The method of rehabilitation, once construction has been completed, was also input
into the database. This information will be useful for furure studies. Acronyms were

used to depict the following types of rehabilitation:



ACRONYM DESCRIPTION

P.W.P. Patch, waterproof and
paving

O/LAY(N) Normal slump concrete
overlay

O/LAY(L) Latex modified concrete
overlay

Cp Cathodic protection

RD Replace deck.

The final two fields are both memo fields with paragraphs of informaton. Field
35 gives a summary of the key findings of the detailed bridge deck condidon survey. The
results from concrete tests are noted as well as the conditon of the asphalt and the
waterproofing membrane (see Appendix B). Field 36 is a summary of the results of the
DART survey. Debonded and delaminated areas, areas of scaling, average concrete cover,

and average depth of asphalt are all recorded

5.1 Data Collection

The data collected for this study is a pordon of the information gathered in the
detailed deck condition surveys conducted by the Minisuy between 1978-0. As
previously discussed, this injects a bias into the information gathered. In order for a
detailed deck condition survey to be conducted on a structure, that structure must already
show advanced signs of deterioration. The condition survey is usually conducted two
years prior to any rehabilitation contract. Therefore, structures with lirde visual

deterioration are generally not a part of the five year rehabilitation program and are not
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included in the data presented. However, it must also be remembered that some of the
rehabilitadon contracts were scheduled due to the presence of paving contracts or
realignments of the roadway crossing over the structure; therefore. a few structures
without advanced signs of deterioration are also included in this study.

The second criteria used in the data collection process involved segregating the
structures which had more than one set of results from the detailed deck condition
surveys. This limited the number of files to be reviewed. This introduced another bias
into the data collection process. The intent of the five year program set out by the
Ministry is for a detailed condition survey to be conducted only on structures scheduled
to be rehabilitated within two years. Because of lack of funds and at times the large
number of structures requiring repair, a lapse of two years passes with some of the
rehabilitations not being completed. In this case, a second detailed condition survey must
be conducted, if four years has passed since the first survey to identfy further
deterioration and verify the type of rehabilitaton proposed for the structure. The
structures which are rehabilitated within the two year time limit are frequentiy those
which require immediate anenton. Therefore, only 2 few structures with extreme
deteriorated conditions requiring immediate repair are represented in the data collected.

The data gatheringfinput time was also limited. Darta was collected over a four
month period, when the author worked on contract for the Ontario Minisay of
Transportation. The first month was spent revising the database which the Ministry had
developed, setting standards for input of memo fields, and sorting through information.

The author also made contact with the Ministry’s five Regioral Structural Heads in an
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arempt to generate a preliminary list of smructures which had more than one set of
detailed conditioned survey results available for input into the database. Approximately
175 structures had more than one set of condition survey results. Of these, 44 were found
not to be useful for the following reasons:
- first condition survey completed before 1981 and could not be located
- second condition survey could not be located

- second condition survey only included measurements of expansion joints
and a few concrere core samples, no half-cell measurements

- structure had concrete slabs on timber decking. Found that results were
obscured by either the thin slab, presence of only one layer of reinforcing
steel or by the effect of the creosote penetrating the underside of the
concrete slab.

The earliest year where data was available in the form of a detailed deck condition
survey was 1978. The first few years (1978 to 1981) of this data contained some dubious
results. The problem lies in the accuracy of the corrosion potential test. In some cases
it is thought that this test was not conducted accurately. In the field it is difficult to
decipher whether the holes drilled for the half-cell tests have penetrated the pavement to
the concrete deck surface. If the holes have not penetrated the asphalt, or the
waterproofing layer, inaccurate measurements will result. Usually the drill operator looks
for a white powder w0 appear at the point where the drill bit is lodged into the asphalt.
This powder usually indicates that the concrete surface has been penetrated. The drill
operator also looks for a rubbery ring to come out of the hole along the drill bit. This

rubbery ring is the waterproofing membrane. Better controls are presently in place as all

hole depths are measured and compared to the thickness of the asphalt layers recorded
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from both nearby concrete cores and sawn asphalt samples. This studv directly relies on

Ly

the experience of the personnel in charge of conducting the half-cell test. The regression
analysis results for the asphalt covered and asphalt with waterproofing covered decks
should take into account the number of surveys conducted in the initial vears when the

quality control for the half-cell testing was not as good.
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CHAPTER 6

DEVELOPMENT OF DETERIORATION CURVES

This chapter outlines the analyses performed on the database. As discussed in
Section 6.4, preliminary studies, were conducted to assess the effects of several influences
before developing the final deterioration curves. Three final sets of deterioration curves
were developed for each type of deck protection (exposed concrete decks, asphalt covered
decks and asphalt with waterproofing decks) which are as follows:

1/ Deterioration versus Age
2/ Deterioraton and Concrete Cover Contours
3/ Rate of Deterioration versus Age.
The development of these three sets of curves is discussed in Section 6.5 of this chapter.

The deterioraton of bridge decks in Onmario is a function of age, surface
protection, concrete cover 1o the reinforcing steel, taffic volume, and the heavy use of
de-icing salts to maintain bare pavement throughout winter months. Some of these
parameters of deterioration are somewhat dependent on each other. For instance,
important motorways have higher waffic volumes, which can mean more frequent and
heavier applicatons of de-icing salts during the winter months. Quality of construction

and design will depend on when the bridge was built. Over time, the quality of concrete
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and of construction practices tends to improve as better products. admixtures. and
specifications become available.

The measuremsnt of the corrosion potential of reinforcing steel, through half-cell
testng, is an integral component in determining the level of deterioration of bridge decks
in Onwario. The type of rehabilitation undertaken by the Ontario Ministry of
Transportation depends on the percentage of the deck surface area undergoing active
corrosion, together with measurements of concrete cover and surface deterioration.
Specific guidelines for choosing the type of rehabilitation to be implemented are outlined
in Reference 8, Tables 3.1, 3.2, 3.3, 3.4 (see Appendix B, Figures B-1 to B-5). The
measure of deterioration used by the Ministry is the percentage of the deck area that has
potential measurements more negative than -0.35 V, this indicates the deck is undergoing
active reinforcement corrosion. Corrosion potential measurements and average concrete

covers were essential pieces of information for the development of deterioration curves

in this thesis.

6.1 Method of Analyses

This study used a piece-wise method of linear regression analysis to give more
reliable results as opposed to doing a regression analysis on the whole population.
Several methods were attempted before this method was found to be the most useful. A
regression analysis finds a model in which the dependent variable (y) is approximated by
a linear combination of the independent variables (x,,X,,...,x,), with a constant term, C in

the form of y = C + Ajx, + Ayx, +...+ Ax,. The regression analysis finds the values of
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the coefficients of the "x" variables, A}, A......Ak,, and the constant C, such that for each
value of "y", the values of Ajx; +..+ Ax; + C are as close to the values of "y" as
possible in a least square sense. The correladon coefficient, R*, measures the validity of
the model which indicates how well the least-squares regression line fits the data. R is
equal to the ratio of the sum of squares due to the regression to the sum of squares about
the mean. The sum of squares about tie mean shows that the variaton in the "y’s” about
their mean can be atributed to the regression line and to the fact that the actual
observations do not all lie on the regression line. A value of 1 or -1 is optimal as it
indicates that the total variation is all explained by the regression line and that perfect
linear correlation of the dara exists. A value of 0 indicates that there are largs variances
of the data points from the regression line and the total variation is all unexpleined by
linear analysis. A standard error is calculated for the estumate of the "y" value and of the
coefficients calculated for each independent variable. The least square regression curve
produces the smallest standard error of the estimate. The standard error of the "y" values
represents the deviaton of the observed "y" values from the values of the linear
combinations, A;x, +..+ Ax, + C. The standard error of the coe.ficients of the
independent variables gives an error estimate of the coefficients calculated in the
regression analysis. The coefficients should be interpreted as the given "X" coefticient
value plus or minus the corresponding standard error of the coefficient. When one
standard error is applied, the resulting range of the y-value will contain 68% of the data
points. When two or three standard errors are applied, 95% and 99.7% of the data points

will be within the estimated range of the y-value.
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6.2 Age

The ages of the structures, at the tme of their respective detailed condition
surveys, used in this study range from 8 to 72 years. It has been suggested in previous
studies that different constuction practices and changes in the quality of concrete
produced can sometimes be discerned through data gathered during the detailed deck
condition surveys. These changes in construction practices include different types of
surface protection applied to the concrete deck surface as discussed in Section 6.3. In
1977/1978 the Ministry adopted a multiple approach to protect the embedded reinforcing
steel from corroding. Concrete cover to the reinforcing steel was increased, the use of
epoxy coated reinforcing steel was implemented and the use of waterproofing membranes
under the asphalt wearing course was continued.

In the development the first two sets of curves, Deterioration versus Age and
Deterioradon and Concrétc Cover Contours, the reselts from both sets of detailed
condition surveys were combined, regardless of structure. In developing the third set of
curves, Rate of Deterioration versus Age, averages of all the deterioration measurements
for specific age intervals were used regardless of stmucture. Therefore, different

construction practices are not a determining factor i the prediction of deterioration using

these three sets of curves.

6.3 Deck Surface Protection Groups

Three deck surfaces are prevalent throughout the province of Ontario; namely,

exposed concrete decks, asphalt covered decks, and decks which have waterproofing
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membranes between the asphalt wearing course and the concrete deck. Before 1960,
decks were either left as exposed concrete decks i.e. concrete box girders where the top
surface of the box was used as the riding surface, or the decks were covered with a
nominal layer of asphalt. In 1963 the first unprotected exposed concrete deck, that was
not an integral part of the superstructure, was constructed. This came about because of
difficultes encountered when inspecting the top of the concrete deck surface for the
asphalt covered decks being constructed. The exposed concrete deck surface became the
norm by 1965 and continued to be constructed undl 1972, During this period the
highway network in Ontario expanded rapidly and subsequentally 25% of Ontario’s
provincially owned bridges were constructed with exposed concrete deck surfaces. In the
early 1970s, increased deterioration due to chioride penetration of de-icing salts, corrosion
of the embedded reinforcing steel, was observed on exposed concrete deck surfaces. This
led the Ministry to the decision to apply waterproofing membranes and an asphalt wearing
course to all newly built bridge decks. It should be noted here some decks still have
exposed concrete surfaces. Most of these surfaces are actually the surfaces of concrete
overlays which were placed on 1op of the original deck surface. The chronological
history of the various types of waterproofing membranes used i< as follows:

- deck sealers; no longer used

- mastic membranes; no longer used

- asphaltic membranes; no longer used

- hot applied membranes covered with a layer of protection board (to

prevent the penemration of aggregates into the membrane);presentl
specified. Y :
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The structures included in the database were separated into three deck surtace protection
groups: exposed concrete (no protection). asphalt covered. and asphalt covered with

waterproofing,

6.4 Preliminary Studies

Three preliminary smudies were conducted in order to assess the influences of
maffic volumes, use of de-icing chemicals, and air enmainment on the levels of
deterioration (percentage of deck area undergoing active corrosion) measured. These
studies individually have merit in supporting specific practises of the Ministry. The low
percentages of the structures within each protection group with valid information for these
studies indjcates that these factors can not be used as parameters in the development of

the deterioraticn curves.

6.4.1 Traffic Volume

Previous researchers have surmised that deterioration is a function of maffic
volume (References 7, 12, 16. 20, 21, 23 and 27). I is thought that higher volume
motorways and emergency routes within communities i.e. 1o hospitals, demand a higher
level of daily service than others. Heavier travelled roads and those on eMETgency routes
are assumed 10 be given first priority to cleaning during winter storms and are usually the
most frequently salted. By implication, higher concentrations of de-icing chlorides are
available to increase the rate of corrosion of the embedded reinforcing steel as described

in Chapter 4. To verify these assumptions, a separate analysis was conducted for the
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exposed concrete deck group which correlated affic volume. in the form of AADTs. age.
and corrosion potential measurements. Twenty five structures were included in this
group; but 7 (28%) of these did not have AADTs available for the analysis. A multple
lineas regression analysis was conducted with AADT and age representing the
independent variables and corrosion potential as the dependent variable. The AADTSs in
the database file represent the most recent value recorded. For this reason the corrosion
potenual measurements used in the regression analysis were only taken from the second
set of detailed condition survey data. The correlation coefficient (R®) was 0.14 and the
following equation was developed:
Y = 8.31 + 2.5x10"(AGE) + 5.7x10*(AADT) 6.1)

where "y" represents the estimated percentage of deck area that is actively corroding. The
AADT coefficient is so small that the AADT term is an order of magnitude smaller than
the AGE term. It is therefore concluded that AADT or waffic volume has little effect on
the deterioration of the stuctures in this study. A review of the data collected in the
remaining deck protection groups led to the same conclusion. Appendix C contains the
three plots of AADT versus corrosion potential ror all three of the deck protection groups.
These plots indic:;:c that as AADT increases the level of deterioration generally decreases.
It is believed that this conclusion is due to the fact that the AADT’s recorded in the
detailed deck condition surveys are the values which were last recorded. In many cases
these AADT’s were taken between two and five years earlier than the detailed condition
surveys. This makes the AADT swudy irrelevant in the development of the deterioration

curves.
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6.4.2 Use of De-icing Chemicals

The use of de-icing chemicals on Ontario highways and roadways during the
winter months is considered necessary to maintain safe conditions for the transport of
goods and foremost, the public. Sodium chloride and calcium chloride are the most
commonly used de-icing chemicals. The latter is the most effective at lower temperatures
but is more expensive than sodium chloride. Sodium chloride is more widely used as a
de-icier in Ontario. Studies conducted by the Ministry indicate that salt use in Ontario
has been increasing on average, since 1974 (References 14 and 15). There are several
explanations for this increase: the number of days where the high temperature s
conducive to salt use has increased significantly over the past few years, the number of
storms has increased but have been of lesser severity, and a higher level of service is
required on lower volume roads. Another important reason for an increase in salt usage
is that maintenance line supervisors may be prosecuted and charged as being "negligent”
in their duties if they do not follow the "bure pavement” policy. Thus, patrol supervisors
tend to err on the side of caution and oversalt the roadways under their supervision.

The increase in usage appears 1o be consistent throughout the province (sece
Appendix D for salt usage comparisons for the province and its Districts: these were
prepared by the Ministry). Districts 1,3,6,9, and 16 to 20 show 2 more rapid increase in
salt use than the remaining 13 Districts. In 1989/90, the most salt used per salable two
lane kilometre occurred in District 16 (59 tonnes), District 18 (53 tonnes) and District §
(47 ronnes). The average amount of salt used throughout the province between the 1974

and 1981 winters was 412 tonnes and the average between the 1981 and 1989 winters was
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557 tonnes. This represents a 35.2% increase in the average consumption of de-icier salts
in Ontario over the st five years.

Where concrete cores were tested for chloride content, the concentration of
chlorides was recorded as part of the detailed deck condition surveys. To make us¢ of
this information, if the concentration of chlorides was above the threshold value (0.02%)
to initiate corrosion at the average depth of the concrete cover to the reinforcing steel, it
was assumed the chlorides had penetrated to this level (these decks are referred 10 as
"penetrated” for the remainder of this thesis). Separate comparisons were made for each
surface protection group. These are tabulated in Table 6.1. As expected the average age
for a given penetration increased with increased deck surface protecton. However, the
average percentage of deck area assumed to be undergoing active corrosion is
proportionately higher for the asphalt covered decks than for the exposed concrete decks
penetrated by chlorides. The average age of the decks which indicated that the chlorides
did not penetrate to the level of the reinforcement was approximately the same as for
those that indicated penetration had occurred. The average concrete cover to the
reinforcing steel for all protection groups was 10 mm deeper for the decks that had not
been penetrated by chlorides:

Penerrated decks Unpenetrated decks

Exposed concrete decks 55 mm 65 mm
Asphalt covered decks 49 mm 85 mm

Asphalt with waterproofing decks 54 mm 64 mm



Table 6.1

CHLORIDE PENETRATION SUMMARY

EXPOSED ASPHALT ASPHALT WITH
CONCRETE | COVERED | WATERPROOFING
% of souctures with data 46 71 74
available

% of structures where
chlorides penetrated to the 61 54 58
level of steel

avg. age (yrs.) of stuctures
where chlorides penerrated to 16 28 30
the level of the steel

avg. % deck area with
corrosion potentials more
negadve than -0.35 V, on 10 25 15
structures where chlorides
penetrated to the level of the
steel

earliest age (yrs.) that

chloride penetration was 13 14 19
noted
latest age (yrs.) that chloride 17 49 29

penetration was noted

avg. age (yrs.) of structures
where chlorides did not 17 29 28
penetrate to the level of the
steel

avg. % deck area with
corrosion potentials more
negative than -0.35 V, on 13 16 6
structures where chlorides
did not penetrate to the level
of the steel
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In the case of both the asphalt covered and asphalt with waterproofing decks, as
expected, the percentage of deck area assumed to be undergoing active corrosion was less
for the decks where chlorides did not penetrate to the level of the reinforcing steel. The
percentage of the deck area undergoing actve corrosion for these decks was
approximately half the value of those decks that evidenced chloride penetration to the
reinforcing steel. In the case of the exposed concrete decks, the percentage of deck area
assumed to be undergoing active corrosion for the non-chloride penemated decks is
actually higher than for the decks with chloride penetradon. The structures recorded as
being the earliest and latest to indicate chloride penetraton for each deck protection
group, exposed concrete, asphalt and asphalt with waterproofing, were located in Districts
4.9.1 and 19,7, and 20 respectively. These results are not consistent with the list of
Districts which showed more rapid increases in their use of de-icing chemicals. Perhaps
these results indicate that the small difference in the amount of de-icing salts applied to
the various highways under the Ministry’s supervision does not significantly affect the
rate of deterioration of the bridge decks. The data under consideration here did not
include the individual amounts of de-icing salts applied to different swetches of the
highways; therefore, separate correlations of deterioradon rates to the quantity of de-icier
salts applied to the decks could not be conducted.

The average age of the decks which were penetrated by chlorides increased, as
expected, with increased deck protection. This indicates that the decks with more
protection generally do not show signs of deterioration as early as the unprotected decks.

The age differences between the earliest deck to be penetrated by chiorides compared to
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the latest deck to be penetrated can be explained by reviewing the average covers of these
particular decks. For the exposed concrete decks, the deck at 13 years of age with
chloride penetration has an average concrete cover of only 33 mm. whereas the deck at
17 years of age, latest age of penetradon, has an average cover of 58 mm. A similar

pattern was observed for both the asphalt covered and asphalt with waterproofing decks.

6.4.3 Air Entrainment

Entaining concrete with air voids has proven useful in preventing the deterioration
of concrete and has been used in Ontario since 1958, Thirty five of the 131 structures
~ included in this study were found to be properly air entrained. The Ministry considers
a concrete deck to be properly air entrained when the air content exceeds 3%, the spacing
factor between air voids is less than 0.20 mm, and the specific surface exceeds 24
mm’/mm® (Reference 3). The data collected suggests that proper air entrainment of
concrete decks was not achieved consistently unzl 1964. Seventy-one percent of the
decks surveyed that were constructed between 1758 and 1964 were not properly air
entrained as compared to only 39% of the decks constructed after 1964 which were not
properly air entrained. In the case of exposed concrete decks, 50% of the decks surveyed
were properly air entrained. Only 14% of asphalt covered decks and 25% of asphalt with
waterproofing covered decks were properly air entrained. Table 6.2 presents a summary
of air entrainment and the tendencies towards deterioration.

‘thn the percentages of the deck area undergoing active corrosion for the decks

without air entrainment are linearly extrapolated 1o the average ages of those decks with
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Table 6.2

AIR ENTRAINMENT SUMMARY

EXPOSED | ASPHALT ASPHALT WITH
CONCRETE | COVERED | WATERPROOFING

% of structures with data 50 14 25
available
avg. age (yrs.) of structures 15 19 17

with proper air entrainment

avg. % deck area with
corrosion potendals more 12
negative than -0.35 V, with
proper air entrainment

(8]
w

avg. age (yrs.) of structures
without proper air 17 26 29
entrainment

avg. % deck area with
corrosion potentials more
negative than -0.35 V, 17 17 9
without proper air
entrainment

e
—

|
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air entrainment, the amount of deterioration can be compared. A 235% increase in
deterioration is measured for the exposed concrete decks without air entminment. A
320% increase in deterioradon for the asphalt covered decks and 77% for the asphalt with
waterproofing decks without air entrainment. The advantages gained by air entrainment
are the least for the exposed concrete deck protection group. It should be noted that the
average cover for this group of decks is 54 mm. Average concrete cover for asphalt
covered and asphalt with waterproofing decks is 71 mm and 58 mm respectively.

The results from the asphalt with waterproofing group are suspect. The data was
subdivided into two groups, those decks with over 40 years of service and those with less
than 40 years of service. An average of only 1% of the deck area was undergoing active
corrosion for those bridge decks over 40 years of age compared t0 an average of 11% for
the younger decks. These results are contrary to what is expected as the decks with over
40 years of service were not air entrained at the tme of construction. A possible
explanation for this discrepancy is construction and design practises for the structures
older than 40 years entailed the use of only one layer of reinforcing steel in the middle
of the deck. This resulted in significant concrete covers to the reinforcing steel.
Presently two mats of reinforcing steel are placed in slightly thicker decks. The concrete
cover achieved during construction to the top mat of steel is less than that achieved 1o the
one layer of steel in the older decks. As previously mentioned increasing the concrete
cover greatly decreases the rate of chloride penetration to the level of the reinforcing
steel. This indicates that the influence of air entrainment is not as important as the

concrete cover to the reinforcing steel.
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This preliminary study illustrates the importance of air entrainment in increasing
the service life of concrete decks. However, there is not a significant number of data
points available for analysis within each deck protecton group to include air entrainment

as a parameter in the development of the deterioration curves.

6.5 Deterioration Curves

Three sets of deterioration curves were developed for each type of deck protection
(exposed concrete decks, asphalt covered decks, asphalt with waterproofing decks) as
follows:

1/ Deterioration versus Age: Figures 6.1 () and (b), 6.2 (2) and (b),
6.3 (2) and (b).

2/ Deterioration and Concrete Cover Contours: Figures 6.4 (a) and (b),
6.5 (a) and (b),
6.6 (2) and (b)-
3/ Rate of Deterioration versus Age: Figures 6.7 (a) and (b),
6.8 () and (b),
6.9 (a) and (b).
These sets of curves do not consider the influence of waffic volume, depth of chloride
penetration (chloride ion content), or air entrainment as the preliminary studies indicated
that these parameters either did not have measurable effects on the deterioration of the
bridge decks included in this study or there were too few structures to make a proper
comparison. The curves do consider the influences of deck surface protection and age.

The latter two curves also consider the influence of concrete cover on the deterioration

process. Each set of curves is separated into the three deck protection groups. The
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Detwerioration versus Age Curves were used as a starting point for analvsis of the data
collected. The resulting regression equations had relatvely low correlation coefficients
for all three types of protection groups and are not that useful.

A single variable piece-wise linear regression analysis was conducted in order to
develop the Deterioration versus Age set of curves. A multiple regression analvsis was
conducted in the development of the contour line graphs. Age was found to be the most
important parameter in the corrosion process of the embedded reinforcing steel. Note that
age does not represent the age of the structures at the time this study was conducted
(1991) but rather the age of each individual structure at the tme of the detailed condition
survey or rehabilitation construction. This principle is true for all three sets of curves
where age appears as an axis of the graph. The Rate of Deterioration versus Age Curves
did not involve a separate regression analysis but represent a numerical derivation of the
data. These rate curves are the most useful for estimating future deterioration tends
within the respective deck protection groups. The following sections c;utlinc the sieps

taken in the development of the three individual sets of curves.

6.5.1 Deterioration versus Age

In the development of this set of curves, the percentage of deck area which
contained corrosion potential readings more negative than -0.35 V (actively corroding at
tme of measurement) was plotted against the age (at the time of the detailed condition
survey) for each of the structures. The results of the first and second detailed condition

surveys (or corrosion potential measurements taken during rehabilitation) were plotied
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regardless of smucture. This increased the number of data points for the analysis but did
not allow a "rate of deterioradon” for the individual bridge decks to be esiimated as the
points plotted were not identified by site number.

In figure (a) for each deck protection group, the darta points which are circles were
excluded from the piece-wise linear regression analysis. In figure (b) for each deck
protection group, the mean age and one standard deviation (plus and minus), based on a
normal distribution curve, are located. The limits of the one standard deviation represents

the age range where 68% of the data points are distributed.

6.5.1.1 Exposed Concrete Decks: Figures 6.1 (a) and (b)

Twenty four structures with exposed concrete riding surfaces were available for
analysis. For the curve developed in Figure 6.1 (2), the data points were plotted and a
piece-wise linear regression analysis was conducted for various age groups. These age
groups were selected by visually assessing the plotted data and conducting several
regression analyses to find the best fit curve (high;est correlation coefficient). Data points
which skewed the results were excluded from the equation derivation. These data points
were from sites which either had results that indicated very high corrosion at early ages
or very low levels of deterioration at later ages. For example, site 07-098 had corrosion
potentials more negative than -0.35 V over 90.3% of ifs deck area after only 13 years of
service. This particular structure was not air entrained and had an average concrete cover
of only 45 mm. Site 48C-102 had low levels of deterioration and only 4.1% of its deck

area had corrosion potentials more negative than -0.35 V after 22 years of service. This
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structure was also not air entrained but had an average concrete cover of 63 mm. It
should be noted that this structure is a post-tensioned deck and only nominal reinforcing
steel was used, which would explain the relatively low levels of deterioration observed.

The age group separations were chosen as follows: 9-135 years, 16-20 years, and
greater than 21 years. In Figure 6.1 (a), the resulting regression equations are depicted
by the donted line. The solid line represents the final deterioration curve. The individual
regression cquation's for the piece-wise regression analysis are listed in Table 6.3.

All the data points were used in calculating the mean age and respective standard

deviation illustrated in Figure 6.1 (b).

6.5.1.2 Asphalt Covered Decks: Figure 6.2 (a) and (b)

Thirty six stuctures with an asphalt riding surface without 2 waterproofing
membrane at the interface between the concrete and the asphalt were available for
analysis. Site number 31-101 was excluded from the results as this structure had received
a 160 mm concrete overlay as 2 rehabilitative measure. Rehabilitated decks are not a part
of this study anu warrant a separate deterioration study.

The age group separations chosen for the development of the curves illustrated in
Figure 6.2 () were as follows: 17-25 years, 26-30 years, 31-40 years and greater than 41
years. The individual regression equations for the piece-wise regression analysis are listed
in Table 6.3 and the subsequent deterioration curve for this deck surface group is
illustrated in Figure 6.2 (a) as the dotted curve. The two solid curves represent the two

deterioration curves which were ultimately derived from the regression analysis.



Table 6.3

DETERIORATION vs. AGE REGRESSION EQUATIONS

A/ EXPOSED CONCRETE DECKS

FI

#
AGE EQUATION R* ERR ERR DATA
AGE % PTS.
513 | =-174 + 22(A 43 | 087 | 351 | 10 |
1630 % = 429 + 3.6(AGE) 17 27 g3 I
>20 % = 14.1 + 0./(AGE) 0.04 2.1 5.0 3
B/ ASPHALT COVERED DECKS
" ~STD #
AGE EQUATION R? ERR ERR | DATA
AGE % POINT
S
- =-40 +0. ) A 32 [ 26 |
26-30 % = -25.6 + 1.5(AGE) 0.02 23 162 e
31-30 % = 4.13 + 2.2AGE) 028 2.1 139 5
>a0 % = -83.9 + 2.3(AGE) 0.97 0.40 1.4 3
C/ ASPHALT WITH WATERPROOFING
STD | SID | # |
AGE EQUATION R? ERR | ERR | DATA
AGE % POINTS
10-16 no equation available N/A A A -
1724 % = 3.9 + 0.04(AGE) 0.004 | 040 | 3.7 33
25-29 % = -16.7 + 0.94(AGE) 0.016 1.5 10.3 27
30-39 % = -93.1 + 3.2(AGE) 037 [ 089 | 110 24
>39 % = -21.9 + 0.31(AGE) 0.061 [ 0382 [ I7.1 I7
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Curve 1 represents the more rapidly deteriorating decks vounger than 40 years of age and
curve 2 represents the slower deteriorating decks, including those exceeding 40 vears.
Concrete covers varied from a low of 38 mm to a high of 110 mm Some of these
structures were likely put on the Minisory’s rehabilitation program because road work was
being done in the area whereas only a few of the structures over 40 years of age were
chosen because of their levels of deterioration.

All the data points, excluding site 31-101, were used in calculating the mean age

and respective standard deviation illustrated in Figure 6.2 (b).

6.5.1.3 Asphalt with Waterproofing Covered Decks: Figure 6.3 (a) and (b)

Sixty nine structures with an asphalt riding surface and a waterproofing membrane
between the concrete deck and asphalt wearing course are included in this deck protection
group. No accurate record could be found as to when the waterproofing layers were
applied to the various bridge decks. Therefore, these results tend to have large variations.
As well, larger stanciard errors were calculated for both the independent and dependent
variables in the piece-wise linear regression analysis. If available, the type of
waterproofing found under the asphalt was recorded in Field 35 (REMARKS) of the
database.

The age group sc;;ararions for the development of the curves in Figure 6.3 (a)
were more difficult to distinguish for this set of data because of the large number of "zero
values”. The data indicated that many of the structures did not contain actively corroding

reinforcing steel for up to 30 years of age, and in one case, 70 years. Nineteen of the 69
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stuctures had zero values for the percentage of the deck area undergoing acrive corrosion
of the reinforcing steel. Forty of the 69 structures had their first detailed condition
surveys conducted in 1981 or earlier. Of these 40 bridge decks. 24 had active corrosion
measurements over less than 1% of the deck area. These 24 bridge decks and other
bridge decks with erratic data points wers removed from the regression analysis. Such
data points included bridge decks with very high corrosion potentials (above 50% of the
deck area was actively corroding) at relatively young ages. Again, the data is very "age”
sensiive.  When the age groups are expanded or reduced by one year, the correlation
factor, R%, dccrcasc‘s for the model. The individual regression equations for the piecce-
wise regression analysis are listed in Table 6.3. Two deterioation curves were also
developed for this deck protecton group (see Figure 6.3 (a)). Curve 1 represents the
more rapidly deteriorating decks younger than 40 vears of age and curve 2 represents the
slower deteriorating decks, including those exceeding 40 years. The concrete covers
varied from a low of 30 mm to a high of 105 mm. As remarked in section 6.5.1.2, some
of these structures were likely put on the Ministry’s rehabilitation program because of
roadwork being done in the vicinity of the bridge deck. Another explanation for the two
distinct curves presented is that certain types of waterproofing membranes are more
effective than others. Also, some of the structures with lower levels of deterioration
could have been waterproofed eariier in their service life than others. These two factors

were not readily extractable from the data collected or were simply not available.
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6.52 Deterioration and Concrete Cover Contours: Figures 6.4 (a) and (b),
6.5 (a) and (b}, 6.6 (a) and (b)

These graphs were developed such that the age of the structure and the concrete
cover to the top mat of reinforcing steel and the type of deck protection could be
considered joint factors in the determination of the level of corrosion of the reinforcing
steel. Several steps were taken in the development of the regression equations to derive
both sets of contour lines. First, the concrete cover was plotted against age for all data
points coliected. These points were plotted regardless of swucture to allow for the
assessment of the level of deterioration of various covers at different ages. Initial
regressions were conducted using the percentage of the deck area undergoing active
corrosion as the main data separator. The data was separated according to the amount of
deck area undergoing active corrosion, i.e. less than 5%, between 5 and 10%, between 10
and 20%, and between 20 and 30%. These percentages correspond with the percentages
outlined in part two of the Szucture Rehabilitation Manual (Reference 8) for the various
types of rehabilitations. Several other parameters such as the area of the deck surface that
has delaminated and spalled, are taken into account in the flow charts developed by the
Ministry. These parameters are not part of this study. The three types of rehabilitation

methods presented in the flow charts are as follows:

P.W.P. - Patch, waterproof, and pave; 5 10 10% of the deck surface has
corrosion potential measurements more negative than -0.35 V and
areas of concrete cover to reinforcing steel of less than 20 mm
extends over less than 10% of the deck surface area.
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O/LAY - Latex modified or normai stlump concrete overlay: more than 10%
of deck surface has corrosion potential measurements more negative
than -0.35 V or area of the deck with concrete cover to reinforcing
steel; less than 20 mm extends over more than 10% of the deck

surface area.

C.P. - Cathodic protection: more than 20% of deck surface has corrosion
potenual more negative than -0.35 V with the majority of the
concrete in this area being sound.

Therefore, "deterioration contour lines™ were developed at 5, 10, and 20% respectively.
Dara points were deleted in the original regressions in order to obtain the highest possible
correlation coefficient for each of the "percentage” groups.

A multiple linear regression analysis of all the remaining data points was then
conducted. One equation was developed for each of the three of deck protection groups.
These equations are presented in Table 6.4. The correlation coefficients for this set of
curves improved from the first set of curves but were stll less than 0.5. The contour
lines for 5, 10, 20, and in the asphalt covered and asphalt with waterproofing covered
decks, 30%, were then plotted. For the concrete cover contours, the same regression
equations were used but the graph was revised so that the y-axis represented the
percentage of deck area undergoing active corrosion. The concrete cover contour lines
were plotted illustrating the equations derived in Table 6.4 for various average concrete
covers, 20 mm, 40 mm, 60 mm, 80 mm and 100 mm (see Figures 6.4(b), 6.5(b), and
6.6(b)).



Table 6.4

CONTOUR LINE REGRESSION EQUATIONS
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STD | SID [ SID | # |
EXPOSURE EQUATION R? | ERR ERR ERR | DATA
CLASS AGE | COVER Y PTS.
Exposed % =-15.3+22(AGE) [ 40 [ 031 | O.11 | 32 | 33 |
Concrete -0.14(COVER)
Asphalt % =-5.9+1.9(AGE) |.40| 0.33 0.10 20.2 65
Covered -0.46(COVER)
Asphait o = 122+0.6(AGE) [.14
with -0.34(COVER) 0.17 0.10 159 102

Waterproofing
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6.5.3 Rate of Deterioration versus Age: Figures 6.7, 6.8 and §.9

In developing the Rate of Deterioratior versus Age Curves, the deterioration over
tme for a specific structure was assessed individually within each deck protection group.
Regression analysis methods were not used for the development of this set of curves. A
linear rate of deterioration was interpreted for each individual structure in intervals of five
years. The value of the rate at the end of the five year divisions was assigned as the final
rate for that division. The resulting rates are tabulated in Appendix E, Tables E-1, E-2,
and E-3. These rates were calculated for the final year of the five year division and were
multiplied by a factor of 100 in order to avoid decimal places in the Tables. If rates were
not available for the final year of a five year division the last year rate available was
used. The individual rates were then averaged within each deck protection group to artain
an average rate of deterioration at the average age of each five year interval. The
resultng Rate of Deterioration Curves are illustrated in Figures 6.7, 6.8, and 6.9. Only
data from one structure was omitted from each of the exposed concrete and asphalt
covered deck protection groups, and eight were omitted from the asphalt with
waterproofing group. These structures were deleted because their rate of deterioration
was much faster tilan the remaining structures in their respective protection groups. The
deletion of these structures improved the shape of the Rate of Deterioration Curves.

The “rate of deterioration” has two stages. The inidal rate of deterioration is
defined in this swdy as the amount of deterioration measured at the time of the first
condition survey as compared to no deterioration at the time of the initial construction.

The second stage is the amount of deterioration which occurred betwesn the two detailed
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deck condition surveys or between the first condition survey and the subsequent
rehabilitadon contract. The data was again grouped according to the type of deck surface
protection. Three separate curves were developed. The population of the individual deck
protection groups were analyzed as a group and then split further into different concrete
cover groups; such as, average concrete cover being either less than or equal to 50 mm.
between 50 mm and 100 mm (greater than 50 mm for the exposed concrete exposure
category) or greater than or equal to 100 mm.

The individual rate curves were then plotted for each deck protection group. A
final overall average curve was drawn through the plots of the individual curves. This
curve is representative of the average rate of deterioratdon of the population of data
utilized in this study. The rates calculated in Tables E-1, E-2 and E-3 after 27 years of
age for both the asphalt covered and asphalt with waterproofing decks were not plotted
as the number of data points with informaton in these age intervals was only 20 to 30%
of the original number of data points available.

The rates were calculated as follows:

1/ RATE - is the value of the percent of the deck area with corrosion
potential measurements more negative than -0.35 V in the first condition survey divided
by the age of the structure at the time of the first condition survey (nomenclature fro:n
Table 5.1, APOTENI/Y_F_C_S - YR_CONS]). It was assumed that this inital
deterioration occurred at a constant linear rate from the day of construction. This initial
rate, RATEI, was then prorated in five year divisions with the year of construction as age

zero up to the age of the first condition survey.
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2/ RATE] - is the difference in the percentage of the deck area with
corrosion potential measurements more negative than -0.35 V between the first detailed
condition survey and the second detailed condition survey divided by the number of years
between the subsequent surveys (nomenclature from Table 5.1, [BPOTENI-
APOTENIJ[Y_S_C_S -Y_F_C_S]). This deterioration was also prorated linearly over
the time between the two condition surveys. If the first condition survey was conducted
within one of the five year divisions, the results from the RATEI and the RATE:
calculations were proportoned to calculate the rate for the final year of the five year
division. In some instances, the RATEI value was less than the RATEI value, or even
negative. The lower RATE] value indicates that the imitial deterioration was more rapid
and slowed down in the years following the first deck condition survey. The negatve
results indicate that one of the deck condition surveys may not have been conducted
properly. A poor ground may have been used for the corrosion potential tests, or perhaps
there were large variations in the deck temperature berween the two tests. The presence
of moisture is also an important factor as a very dry concrete deck will result in lower
corrosion potential measurements. This is clearly one of the drawbacks of relying so
heavily on the results from the corrosion potential tests. The negative rates were not used
in the study. If the value of RATE1 was negative or lower than RATE], a secondary rate,

RATE?2, was calculated and used.
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3/ RATE2 - is the difference in the percentage of the deck area with
corrosion potentials more negative than -0.35 V from the second condition survey divided
by the age ar the time of the second conditton survey (nomenclature from Table 5.1,
[BPOTEN1/(Y_S_C_S_- YR_CONS]). RATE2 was only calculated if RATE! was less
than RATEI or negative. RATE2 was often less than the RATE] but was stll utilized by

proportioning the two rates in order to extend the data across as many of the five year

divisions as possible.
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CHAPTER 7

CURVE APPLICATION AND DISCUSSION

Chapters 5 and 6 outlined the steps taken to develop the damabase and the
deterioration curves. In all cases, the deterioration is defined as the percentage of the
deck area undergoing active corrosion at the time of measurement. Three sets of
deterioration curves were developed to facilitate the estimation of future deterioration of
Ontario bridge decks:

1/ Deterioration versus Age
2/ Deterioration and Concrete Cover Contours
3/ Rate of Deterioration versus Agé.
All of the curves take into account two separate factors which influence deterioration:
1/ Deck surface protection i.c. exposed concrete decks, asphalt covered
decks, or asphalt with waterproofing decks

2/ age of the structure

The two latter deterioration curves also take into account the effects of different depths

of concrete cover. Subgroups were derived based on the average concrete covers to the

reinforcing steel.



7.1 Deterioration versus Age

The correlaton coefficients for all the curves developed through linear regression
analyses are close to zero. This indicates that the relationship between age and the
percentage of bridge deck area undergoing active corrosion is not linear for the data
collected. The exposed concrete and the asphalt covered decks vield better results than
did the asphalt with waterproofing data group. The shape of the curves indicate that the
deterioration process begins relatively slowly but increases rapidly once a certain level
of deterioraton is reached. The rate of deterioration of a bridge deck will appear to slow
down as more ;)f the deck deteriorates, less area available for deterioration. Therefore the
expected shape of a deterioration curve would be in the form of an "S". The only
deterioration curve that resembles this S-shape is the one for the exposed concrete deck
protection group.

For the exposed concrete deck group, Figure 6.1 (a), inital deterioration begins
to accelerate at ten years of age, with only 4% of the deck area undergoing active
corrosion. The curve becomes steeper at approximately 16 years of age when 15% of the
deck area is actively corroding. The deterioration begins to slow after 20 years of age
at which point 29% of the deck area is actively corroding.

For the asphalt covered decks, Figure 6.2 (a), two deterioration curves were
developed. Curve 1 does not show accelerated corrosion until approximately 25 years of
age when just less than 5% of the deck is actively corroding. This curve indicates that
deterioration accelerates rapidly and contdnuously. Curve 2 illustrates a much slower rate

of deterioration with deterioration not beginning until 35 years of age. At this point,
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deterioration steadily accelerates until 50 years of age and a corresponding 32% of the
deck area is undergoing active corrosion. The existence of this second curve indicates
that age is not the only determining parameter when estimating the extent of deterioration
of asphalt covered decks. An explanation for the existence of this second curve is that
older bridge decks were constructed and designed with one mat of reinforcing steel placed
in the centre of the slab thickness. The newer bridge decks are constructed and designed
with two layers of reinforcing steel in a slightly thicker deck. The actual concrete cover
achieved to the reinforcing steel is larger for the older decks than for the newer decks as
the internal environment is more crowded in the newer decks. The smaller cover in the
rewer decks means earlier chloride contamination at the level of the reinforcing steel and
higher percentages of the deck area undergoing active corrosion.

It is interesting to note that deterioration accelerates at approximately the same
percentage of deck area, 5%, as when the type of rehabilitation recommended is patch,
waterproof and paving. This is the case for both the exposed concrete and asphalt
covered -(curve 1) decks. As expected this point is reached later than for exposed
concrete decks. Another important point is that for both these deck surfaces, the
deterioration levelled off approximately 10 years after it began.

The asphalt with waterproofing membrane decks, Figure 6.3 (a), also yielded two
deterioration curves. The development of the two curves indicates that some decks were
waterproofed earlier than others and perhaps some types of waterproofing worked better
than others or the applications of the membranes are benter in some Disticts. The

explanation of larger concrete covers to the reinforcing steel for the older bridge decks
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as explained in the previous paragraphs may also be relevant for the asphalt with
waterproofing decks. It was not possible to separate the waterproofed decks into age
groups of when the waterproofing membranes were applied to the decks as this data was
not available.

Figures 6.1 (), 6.2 (b) and 6.3 (b) illustrates that exposed concrete decks
deteriorate quicker than the asphalt and asphalt with waterproofing decks. There is a 68%
(one standard deviadon) probability that deterioration will occur on an exposed concrete
deck within 14 to 20 years of construction. Whereas, both groups of protected decks,
asphalt and asphalt with waterproofing, deteriorate later, 19 to 37 years and 18 to 40

years after construction, respectively.

7.2 Deterioration Contours

The multiple regression analyses conducted to develop the Deterioration and
Concrete Cover Contours yielded higher correlation coefficients. This indicates that the
relationship between both concrets cover and age w0 the percentage of bridge deck
undergoing active corrosion is more linear than the relationship of the level of
deterioration with only age. Two sets of contours have been derived for all three duck

surfaces:

Set A - the contour lines developed represent different percentages of deck
area undergoing active corrosion (5, 10, 20, and for the asphalt and
asphalt with waterproofing groups 30%)

Set B - the contour lines developed represent different conérctc covers to
the top layer of deck reinforcement (20, 40, 60, 80, and 100 mm).

The progression of these contour lines to the right follows engineering logic. As concrete
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The progression of these contour lines to the right follows engineening logic. As concrete
cover increases, the expected corrosion activity at the top layer of reinforcement at a
specific age decreases. Likewise, as age increases the expected corrosion activity
increases for a specified cover. The slopes of the contour lines also follows the expected
progression as the steepest slope (fastest deterioration rate) is illustrated in the exposed
concrete deck group and the flattest (slowest deterioration ratwe) is illustrated by the
asphalt with waterproofing deck group. The calculated slopes for the percentage deck
area undergoing active corrosion contours are as follows (Figures 6.4 (a), 6.5 (a), 6.6 (a)):

- exposed concrete, m = 15.71 mm/yr.

- asphalt covered, m = 4.04 mm/yr.

- asphalt with waterproofing, m = 1.77 mm/yr.
Where "m" represents the slope of the contour line. The units of these slopes, mm/yr are
the units of concrete cover and age. This does not permit deterioration rate interpretations
which would be measured as percentage deck area (undergoing active corrosion) per year.
Deterioration rate interpretations can be measured if the concrete cover deterioration
contours are used (see Figures 6.4(b) t 6.6(b)) where the units of the slope of the contour
lines are in percentage deck area undergoing active corrosion per year. The calculated
slopes of these concrete cover contour lines are as follows:

- exposed concrete, m = 2.2 %/yr.

- asphalt covered, m = 1.9 %/yr.

- asphalt with waterproofing, m = 0.6 %/yr.
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To determine the deterioration of a specific bridge deck. the average concrete
cover and the age of the bridge are required. This information is available in the DART
surveys. The expected level of deterioration (the amount of the bridge deck surface that
is actively undergoing corrosion) can be estimated using either set of contour lines. This
process can be used to assist engineers in their decisions as to which structures should be
added to the rehabilitation program. The accuracy of the corrosion estimated is not high
as the number of bridge decks available for analyses was relatively small. However, the
curves can help enhance engineering judgement which is currently used as a decision tool
for committing structures to the rehabilitation program.

The resuits from the regression analysis also indicates that the age of a bridge
deck has a greater influence on the level of deterioraton than the concrete cover to the
reinforcing steel (higher coefficient). If average cover is estimated to be 50 mm, it will
only take 4.6 years for a 10% increase in the percentage of the deck area undergoing
active corrosion for the exposed concrete deck protection group. For asphalt covered
decks it will take 5.2 years and 16.6 years for asphalt with waterproofing dechs.

For an asphalt covered deck with an average concrete cover of 70 mm and 25
years of age, using the contour lines in set A, the expected percentage of deck area
undergoing active corrosion of the reinforcing steel is approximately 7%. However, the
standard error calculated for this regression line is 20.2%. Therefore the percentage of
the deck actively corroding could be between 0% and 27.2% of the deck area. This wide
range encompasses the percentage of deck area criteria for all three types of

rehabilitations available. Hence, engineers interpreting this data need 10 be knowledgable
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about deterioratdon trends in the specific Ontario District in which the specific bridge deck

is located.

7.3 Rate of Deterioration versus Age
The data gathered in the exposed concrete and asphalt covered deck groups
developed more realistic curve shapes than for the asphalt with waterproofing deck data
group. All but one of the asphalt with waterproofing curves corresponds to logic. In
these graphs the data was divided into groups according to the average concrete cover to
the reinforcing steel. Curves were developed for each of these concrete cover groups.
The age of the structure must be known to estimate future percentages of the deck
area that will be undergoing active corrosion from these curves. If the average concrete
cover to the reinforcing steel is known, a more realistic estimate can be made. To make
cstimates, the following steps must be taken:
- Average cover and age are taken from the information gathered from the
detailed bridge deck investigation and DART surveys
- the appropriate set of curves for the type of deck surface is chosen. Note,
for asphalt with waterproofing decks, the rate curves for asphalt covered
decks can be used in conjunction with the asphalt with waterproofing
curves and an average rate can be established between these two sets of
curves
- enter the curve at the appropriate agc; intersect the appropriate rate curve

and connect 2 horizontal line to the y-axis and record the rate found as
"R"

- in order to predict the actual percentage of the deck undergoing active
corrosion
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R= (Pest.-Pmeas.)/{Aest.-Ameas.) a7.n
where R = rate from y-axis
Pest. = unknown

Pmeas. = percentage of deck undergoing active
corrosion, potential more negative than
-0.35 V cse,in last detailed deck condition survey
Aest. = age of the structure in the year where trying 10
estimate the percentage of the deck that will either
Tequire repair or that will be undergoing active
corrosion
Ameas. =age of the structure at the tme of the last detailed
condition survey.

The curve labelled "FINAL" represents a best fit overall rate of deterioration curve. This
curve for all of the data collected within each deck protection group. Similarly, the
average concrete cover shown is the average cover for all of the structures utilized within

each protection group.

7.3.1 Exposed Concrete Decks

For exposed concrete decks, Figure 6.7, all the curves illustrated deterioration in
a logically successive order. Bridge decks with lower concrete covers deteriorated more
rapidly than decks with greater covers. The curve representing cover less than or equal
to 50 mm is to the right of the curves representing decks with covers greater than 50 mm.
This indicates faster deterioration rates for decks with less concrete cover to the
reinforcing steel. The curves intersect at 16 years of age. This possibly indicates that
after 16 years of age, the rate of deterioration is affected by factors other than concrete

cover and age of the structure. The curves are similar to the beginning of an S-shaped
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curve with the maximum rate of deterioration occurring at approximately 18 years of age,

with a rate of deterioration between 2.2 %/yr. t0 2.5 %/yr.

7.3.2 Asphalt Covered Decks

The curves in this deck protection group, Figure 6.8, also developed in a
successively logical order. The rates caiculated in Table E-2 after 27 years of age were
not plotted as the number of data points with information in these age intervals was only
20 to 30% of the original number of data points available. The rates calculated in Table
E-2 indicates that the rate curves for all the structures would take an unexpected dip at
37 years of age. This is likely due to the low number of data points available at this age.

The curve representing concrete covers greater than or equal to 100 mm plotted
to the left of all of the curves. This indicates a greater rate of deterioration for greater
concrete covers. This occurrence can be explained by the fact that not many of the
structures used in this study fall into this concrete cover group. Therefore, only a small
number of data points were available. As well, at depths greater than 100 mm, the
corrosion potental test may lose some of its accuracy or the datz may have been
inadequately collected. Also, the bias of the data collected is evident as the detailed
condition surveys werc conducted only on swuctures which were scheduled for
rehabilitation. Perhaps the structures which had concrete covers greater than 100 mm
were added to the rehabilitation program as a result of paving contracts or similar
rehabilitation work on other structures being conducted in the area.

The slope of the curves are relatively flat up 1o approximately 17 years of age and
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a rate of deterioration of 5.0 %/yr. At this point, the slopes become steeper in aimost a

linear fashion.

7.3.3 Asphalt with Waterproofing Decks

The location of the curves relative 1o one another for this protection group. Figure
6.9, also follow reasonable logic. However, the data tabulated in Table E-3 is only
plotted up to 27 years of age. The dawm tabulated after 27 years of age indicates that at
30 years, the less than or equal to 50 mm cover rate of deterioration falls below the rate
of deterioration for all the structures regardless of cover. The rate of deterioration for this
cover group then takes an extreme jump with an increase in the rate of deterioration to
3.75 %l/yr. at 40 years of age. The rate of deterioration for concrete cover greater than
or equal 10 100 mm undergoes a large increase, up to 5.0 %/yr. within 2 years, after 33
years of age and a corresponding rate of 4.0 %/yr. Again, the rates calculated in Table
E-3 after 27 years of age were not plotted as the number of data points with information
in these age intervals was only 20 to 30% of the original number of data points availabie.

Implementing the three final rate curves would require Tables Al-1 to Al-4 of
Part 3, Contract Preparation, of the Structure Rehabilitation Manual (see Appendix B,
Figures B-5 and B-6) to be updated. When contracts are prepared at present, the quantity
calculation for concrete removal is such tha.t an increase of 10 % (1.1°) is assumed for
every year between the year of the condition survey and rehabilitaton. This 10% is
added in order to take into account any deterioration that occurs during that period. From

the Rate of Deterioration versus Age curves, a more accurate estimate may be obtained.
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This would require estimators to use the curves and calculate "Pest.” from equation 7.1,
The curves developed indicate that the rate of deterioration is not linear. Rather, the rate
varies depending on age, type of surface protection on the deck, and concrete cover.
The percentage increase in the rate of deterioration for the exposed concrete decks
varies at 25 %/yr between ages of 8 and 10 years and 23 %/yr between 14 and 16 years.
These figures were calculated using the FINAL curve which represents a best fit curve
utilizing all the data in this protection group regardless of concrete cover. The FINAL
curve within the asphalt covered deck group shows a percentage increase in the rate of
deterioration of 8 %/yr between 13 and 17 years of age. This percentage increase in rate
escalates quickly 17 years after construction. Between 23 and 27 years of age, the
percentage increase in the rate is 20 %/yr. The percentage increase in the rates of
deterioration for the asphalt with waterproofing protection group is also gradual in the
earlier years. The increase between 13 and 17 years of age is only 8 %/yr whereas
between 23 and 30 years of age the increase is 19 %/yr. These results indicate that the
rate of deterioration is greatly reduced with deck protection. It is therefore felt that a
standard increase of 10% is not an accurate assumption of the increase in deterioration

that would occur within the time period previously specified.
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CHAPTER 8

CONCLUSIONS and RECOMMENDATIONS

Approximately 8% of the Ontario bridge deck population that has been surveyed
by a detailed deck condition survey has been included in the study conducted in this
thesis. This represents approximately 131 structures. It is recognized that the database
available was relatively small and perhaps too small to accurately assess the influences
of wraffic volumes, air entrainment, or the use of de-icing salts during winter maintenance
programs on the deterioration process. Generally, the air entrainment study conducted
within does support the well documented facts that air entrainment slows the deterioration
process. The influence of the quantity of de-icing salts on the rate of the corrosion
process could not properly be assessed as information on the amount of de-icing salts
applied to the individual bridge decks was not available. As so little information was
available, it ‘was not possible to assess the relationship between traffic volumes and
deterioration nor to conduct 2 proper comparison of deterioration rates within the various
Regions of the province.

The curves developed and conclusions drawn can only be applied to bridge decks
which serve their lives in a comparable environment. Ontario winters siow the

deterioration process as the temperatures are 00 cold for the electrochemical corrosion
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of the concrete reinforcement to progress. However, during these winter months bridge
decks are subjected to large amounts of chlorides and cycles of thawing which encourage
this corrosion process and contaminate the surface of the concrete with chlorides which
can become active when warmer weather arrives. Also, Ontario is a relatively humid
province where moisture is readily available for the electrochemical corrosion process to
take place. Therefore, care should be taken in extrapolating the deterioration curves

developed to other geographical locations.

8.1 Conclusions

8.1.1 Preliminary Studies

Three preliminary studies were conducted to assess the influence of traffic
volumes, use of de-icing chemicals, and air entrainment on the amount of corrosion of
the reinforcing steel. Unformmnately not all the structures had the proper data available
for analysis in these preliminary studies. It was therefor not possible to effectively assess
the influences of de-icing salts, AADT and air entrainment on the deterioration Pprocess

of reinforced concrete bridge decks.

8.1.2 Deck Protection
The development of the three sets of deterioration curves, Deterioration versus
Age, Deterioration Contours, and Rate of Deterioration versus Age, indicates that

corrosion of the concrete deck reinforcement occurs more rapidly if the deck surface is
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left unprotected. For the Deterioration versus Age curves, which consider the effects of
age and type of deck protection on corrosion of the deck reinforcing, the exposed concrete
decks indicated that 5% of the deck was undergoing active corrosion as early as 10 vears
after construction. Asphalt covered decks and asphalt with waterproofing decks did not
reach this 5% level until 20 years after constructon. Similarly. higher levels of corrosion
were experienced at earlier ages for the exposed concrete decks.

The Deterioration and Concrete Cover Contours, which consider the effects of age,
concrete cover, and the type of deck surface protection on the corrosion of the deck
reinforcement gave similar results. The slope of the contour lines became flatter with
increased protection of the concrete decks. This indicates that higher levels of
deterioration are attained earlier for the unprotected decks, exposed concrete data group,
and progressively later for the protected decks, asphalt covered and asphalt with
waterproofing decks.

The Rate of Deterioration versus Age curves also indicate that the more protected
the deck surface, the slower the rate of deterioration at the same structure age. A rate of
2.0 %/yr was reached after only 17 years of service life for the exposed concrete decks,
but not undl 27 and 33 years for the asphalt covered and asphalt with waterproofing
decks respectively. It is therefore concluded here that the use of waterproofing

membranes and asphalt wearing courses significantly improvas the service life of concrete

decks.
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8.1.3 Factors Influencing Deterioration
The results from the various regression analyses conducted for all of the curves
developed emphasized the stong influence of "age” on the progression of deterioration.
All the coefficients for age as an independent variable were an order of magnitude larger
than other independent variables included in the multple regression analyses. The low
value of the correlaton coefficient for the first set of curves implies that the relationship
between age and deterioration is not linear and other factors must also influence the

deterioration of bridge decks in Ontario.

8.1.4 Ministry Policies

It is concluded here that the programs presently in place at the Ministry are
effective in attempting to address the ever growing problem of deterioration of Ontario
bridge decks. The Bridge Managcmcr;t Section’s adoption of a benefit/cost analysis to
ensure that budgets for rehabilitating structures are effectively spent is appropriate, as
provincial funding for rehabilitations is not adequate to repair all deteriorzted structures.
Nevertheless, some method of prioritization must be utilized which considers both the

level of deterioration of the bridge deck and the money available for rehabilitatons.

.2 Recommendations

Several recommendations can be drawn from the process of gathering data to the

development of the deterioration curves in this study.
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8.2.1 Utilization of Deterioration Curves

8.2.1.1 Rehabilitation Recommendation

It is recommended that two of the deterioration curves developed in this report
(Deterioration and Concrete Cover Contours and the Rate of Deterioration versus Age)
be included in Parts 2 and 3, Rehabilitation Selection and Contract Preparation, of the
Structure Rehabilitation Manual, Reference 8. In selecting the time and method to
rehabilitate a bridge deck, future deterioration trends must also be considered. In some
cases, delaying rehabilitation will allow the deterioration to progress to the extent that a
more costly rehabilitation would be required within a few years time. By interpreting
future deterioration trends, through the use of both sets of these curves, prioritizing the

order in which structures are rehabilitated may assist in preventing the need for costly

future repairs.

8.2.1.2 Quantity of Repair

The Rate of Deterioration versus Age and Deterioration and Concrete Cover
Contour curves can be used to more accurately estimate the quantity of concrete removals
and patching required during rehabilitation contracts (Tables Al-1 1o Al-4 Structure
Rehabilitation Manual, see Appendix B). When contracts are presently prepared, the
quantity calculation for concrete removal is such that an increase of 10% (1.1") is
assumed for each year berween the year of the condition survey and the rehabilitation.

The curves developed indicate that for the exposed concrete decks, depending on the age
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of the structure, 0.4 %/yr to 2.5 %/yr rate of deterioration can be expected. For the
asphalt covered and asphalt with waterproofing decks, these rates are reached but at much
later ages. This indicates that a standard increase of 10 %/yr is not an accurate
assumption of the increase in deterioration that would occur within the two year period
between the detailed conditon surveys and the rehabilitation contracts. The shape of all
of the Rate of Deterioration versus Age curves indicates that the deterioration process is
not linearly related with time. Each type of deck protection should be assessed
individually and the effects of the average concrete cover and age of the deck should be
jointly considered. It should be said here that engineering judgement is, and will always
be, an integral part of these decisions. These curves should be used by engineers as 2

tool to confirm decisions to commit structures to the rehabilitation program.

8.22 Information Storage System

Throughout the data collection stage, it was found that the Ministry’s present filing
system rcqmrcs revisions. Files for many of the structures that were surveyed prior to
1985 were not easily located, and in some cases never found, by either Head Office or
the Regional Offices. Better storage of structural records should be adopted. The District
and Regional Offices of the Ministry should try 1o computerize their condition rating and
detailed bridge deck condition surveys in such a way that pertinent information can be
ransferred to Head Office with minimal paperwork. The present mainframe database file
OSIS (Ontario Structure Inventory System, Reference 29) should be revised to include the

inspection fields utilized in this study.
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8.2.3 Utilization of DBASE IV File

If adding the detailed deck condition survey information to OSIS is not possible
due to restricions in human resources and computing power, it is recommended that the
DBASE 1V file developed during the data collection for this study be used to store all
detailed conditdon survey information beginning with the 1991 inspections. If the
database file is distributed to each Region and staff members are properly instructed on
input procedures, the detailed condition surveys could be input by Regional staff, Only
the diskettes and a hard copy of the Regional summary would need to be sent to Head
Office. Head Office could then review the surveys and keep the diskettes filed on a
regional basis. This would reduce the amount of work required by Head Office and make
the information readily available for sub-studies and setting the rehabilitaton program.
Regional staff could reduce their workload by requiring Consultants hired to conduct the
detailed deck condition surveys to use the DBASE IV file for recording information.
Drawings of the deck surface, and soffit deterioration, and the corrosion potentials could

be submitted to the Region under separate cover or in the form of diskettes if CAD

drawings are produced.

8.2.4 Maintenance Record Storage
Maintenance records should include the exact date and a documented description

of the type of maintenance conducted so that the performances of the maintenance

systems can be monitored.



8.2.5 Future Studies

It is recommended that another study be conducted utlizing the data presently
collected which would involve analyzing the growth of the probable corrosion potendal
range. This range of corrosion potendals, which is measured during the detailed deck
condition surveys, is the percentage of the deck area with half-cell measurements between
-020 V and -0.35 V. As noted in Chapter 4, corrosion potentals in the range of -0.20
V to -0.35 V indicate an uncertainty as to whether or not corrosion activity is taking
place. It appears as though the decks which recorded a drop in the active corrosion
potential range had a large increase in the uncertain corrosion potental range. If “Total
Corrosion Rate of Deterioration” curves are developed for the combinations of the
percentage of the deck area in the uncertain range and in the active range of corrosion,
subtracting the “total corrosion” rate curve from the active corrosion rate curve, the
growth of the uncertain corrosion active range could be estimated. The growth of this
range could then be related to the future rehabilitation needs of Ontario bridge decks.
The final recommendation is that a larger study should be conducted which includes the
information from all the structures that have been detail condition surveyed to date. This
would entail computerizing the data from an additional 700 1o 800 files. Data from an
additional 600 structures would reduce the uncermainty of the curves presented. This was
not done as part of this thesis as the time for the data collection was limited and this
thesis concentrated on those structures which had been detail condition surveyed more

than once.

In conclusion, this study can help the Ministry make better decisions on bridge
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deck deterioration. In the past, these decisions have been made under both financtal and
operational restraints and on the basis of inadequate performance data. Sound engineering
Judgement, a systematic approach, consideration of all the parameters influencing
deterioration, and an appreciation of available rehabilitation funds, are fundamental to

identifying the most appropriate time and method to rehabilitate a bridge deck.
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Guidelines for Approximte
Ratirng| Performance Reduction in the Capacity of
Candition of the Corponent to Perform
Camponentsg its Intended Function
Primary Secondary Apdliary
Caxponents Camponernts Cxponents
6 Very good 0to 1% 0 to 2% 0 to 5%
5 Good l1to 5% 2 to 10% 5 to 20%
4 5 to 10% 10 to 20% 20 to 40%
3 Poor 10 to 1=% 20 to 30% 40 to 60t
2 Urgent, 15 to 20t 30 to 40% 60 to 80%
Inadequate
1l Critical, Qver 20t Over 40t Over 80t
Inadecpiate
Table 2.3 Performance Codition Rating of Components
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Material conditien Suggested Time Periods for Concrete
Rating of Oncrete Deck Condition Surveys
Deck
6 &xﬂit:imsurveymtmquj.redforatleastsyears'.
5 Oordition survey required in 4 to 8 years.
4 Condition survey required in 1 to 3 years.
3 Cordition survey required now.
2amd ) My not have sufficient time to carry cut comdition
survey.

Table 1.2 Suggested Guidelines for Concrete Deck Condition Surveys

Material or Performance
Condition Rating

Suggested Time Pericds for Repairs or
Rehabilitation

W & U

Repairs should not be required for 10 years.
Repairs required in 6 to 10 years.

Repairs required in 3 to S years.
Repairs required in 1 to 2 years.
Repairs required within 1 year.
Fepairs required immediately.

Table 1.3  Suggested Time Pericds for Repairs or Rehabilitation

Figure A-3
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/Guidalines for Selecting the Combination of Overlay and Wataerproofiny Treatments

TABIE 3.2

without transverss post-tensioning becausa of its
better performance cver cracks,

pimilar

can be achieved with normal concreta

overlay, and load capacity of solid thick slabs is
affected by tha additional thickneas.

Additional cost of latex modified concrete is
offset by increased service life and reduced
traffic control costa. In solid thick slabe

not usually

sarvice life

tax Mcdified Concreta
Overlay Plus

Round volded structines|latex modified concreta used on round voided decks

post-tensioning.

All structures except
solid thick slaba.

Normal OConcrete Overlay|la

Plus

Haterproof and Pave [Waterproof and Pave

All structures except

without transverse
post-.tmsimmg.

Tratfic Vi

‘ol
per lane

AADT <10,000 |round voided structures|without transverse

AADT 510,000 |Solid thick slabs.
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Table Al = 1 - Expoced Coocrete Decks
Concreta Removal Based on Corrveicn Potential and Delaminaticn Surveys
(Table shall not be used for cathedic protection rehabilitation)

Calculate ARBQ' the area, mz, of concrete to be removed below rebar.®

Apsm = oy * A = Apap) X 117

Calcuiate V., the volume, n3, of concrete to be removed from the deck.

Vik = Prgr X Dapg) + (A, X Do)

Table Al - 2 - Bxposed Concrete Decks
Concrets Remcval Based on Delamination Burvey

Caladate ARB!' the area, mz, of concrete to be removed to below rebar.*

Apgp = 1-1 Ay X 11"

Calculate Vm, the volume, m3, of concrete to be removed from the deck.

Vg ™ Ao X Opyg? + (Agey, X D)

Table AL - 3 = Asphalt Covered Decks
Concrets Removal Based on Corresico Potential and Delamination Surveys
(Table shall not be used for cathodic protection rehabilitation)

Calaulate ARE!' the area, nz, of concrete to be removed to below rebar.+

Mogg ™ 11 Ap X 11"

Calculate vu(, the volume, m?‘, of concrete to be removed from the deck.

i = 2aem X O
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Table A2 ~ 4 = 2Asphalt Coversd Decks
Cancreta Removal Based on Dalsmination Survey

Estimate A.P.theama, mz, ofmmnﬂcamteinamahcp

Detemineﬂr-thetmalnmberotcomsa:ﬂsamsanplestakmin
Np-therl.mberotcoresarﬂsawnsan'ples indicating
delaminated or detericrated concrete in area A__.

CP
Calailate Ap - "P/N‘r X '\CP {(use a minimm value of 0.5 for NP/H.I. if
insufficient cores or sawn samples have been taken)

Calculate ARER' the area, mz, of concrete to be removed to below rebar.*

= [0.1A_ + 11"
Arer cp * Apl

Calculate VDK' the volume, m3, of concrete to be removed from the deck.

i ™ Mrer X Oawg
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EXPOSED CONCRETE DECK
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ASPHALT COVERED DECK
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ASPHALT WITH WATERPROOFING DECK
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APPENDIX D

Salt Usage Comparison Figures
for the Province of Ontario

prepared by:
Brian Gaston
Maintenance Operations Office
Ministry of Transportation, Ontario
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APPENDIX E

Tabulated Data used in the Development of the
Rate of Deterioration vs Age set of Curves



SITE ICOVER] 0-5 6-10 11 - 15 16 - 20 21-25 |
05-186 40 0.0 0.0 449 157.0 -
07-098 45 N/A N/A N/A N/A N/A
18-191 47 29.0 58.0 87.0 190.0 -
24-106 45 15.4 30.8 75.0 - -
34-210 45 55.0 110.0 165.0 132.0 -
37-324#2 45 20 40 6.0 137.0 -
37-320#5 41 5.0 10.0 15.0 13.0 -
37-723 50 80.0 160.0 176.0 118.0 1310
37-805 50 16.5 33.1 61.4 133.0 -
40-082 43 6.0 12.0 18.0 210.0 -
42-149 34 332 66.4 375.0 750.0 -
44.018 44 31.1 56.0 233.0 - -
46N-219 50 86.2 172.3 2586 344.8 360.0
18-192 55 19 3.8 33.1 116.0 -
22-113 54 39.6 792 103.0 97.0 -
24-214 72 N/A N/A N/A N/A N/A
34-193A 60 814 162.0 - . -
36-096 63 9.7 19.3 29.0 367.0 -
37-230EB 67 15 56.0 84.0 527.0 -
37-230WB 63 213 427 64.0 957.0 -
37-322 86 15 29 44 171.2 470.0
37-341EB 80 375 75.0 1125 150.0 147.0
37-341EB 80 21.7 433 65.0 78.0 -
48C-098 70 53 10.6 15.9 18.0 42.0
48C-102 63 53 10.6 15.9 18.0 2.0
SUM 586.1 1218.0 2041.7 4684.0 1172.0
AVG.ALL 255 53.0 92.8 234.2 195.3
AVG. CC<=50 323 59.4 126.2 218.5 245.5
AVG. CC>50 20.6 45.9 52.7 249.9 165.0

Table E-1

Average Rate of Deterioration Calculations

E-1



25 V= [ XRIY] 11 R ey ey U BN ST I E T
et «d, - - - - -
©ons 36 0 0 31 124 . . . . .
U220 44 0 0 0 244 7 - . - .
14-233 33 669 1318 2008 2677 36 343 - . .
16130 & &1 122 183 317 161.9 185 . - .
16137 49 0 0 0 43 108 - . . .
19230 36 25 $ 7.5 10 113 10 . . .
21-159 16 0 0 0 11 3.1 “ - - .
2247 2% 311 6l 932 1243 1554 396 920 . .
R4 44 249 497 Tab 9.4 1246 1491 169 626 -
2005 42 2wl 66.1 88.1 12 2074 au .
2065 46 0 0 0 113 17 . - . -
33-151 3 1 2 3 4 s 516 . . .
385001 48 0 0 0 186 93 167 . . .
38s.258 38 NA  NA N/A NIA N/A N/A N/A NIA NIA
48C-100 41 53 106 159 205 34 - . - .
01056 75 0 0 0 0 162 pot . .
16018 61 6 12 181 242 493 7963 929 . .
17061 70 0 0 0 0 12 140 - - -
1314 &0 42 84 126 16.8 21 252 29.4 336 3
19-374 80 0 0 0 0 0 0 - . -
21074 S8 57 14 17.1 28 2856 343 40 8.7 918
200 5 196 392 588 784 98 122 . . .
234 T 44 288 @2 576 72 68 . . .
24211 5§ NA N N/A N/A N/A NIA N/A N/A NIA
31-101 70 0 0 0 0 0 0 0 - .
3150 53 109 218 327 436 1347 385 . -
33-175 57 177 354 8 70.8 885 3253 - .
35002 59 0 9 0 0 196 44 - . .
09044 100  $36 1073 1609 215 43 75 . . .
28011 10 0 0 0 0 0 0 0 0 .
30208 130 0 0 0 0 0 0 0 0 .
3148 110 0 0 0 0 n 33 - . .
33149 130 12 2.4 36 48 410 767 - .
34 < nd P 42 2 X] v 4qk 4 ~Q 401
o u X . YL S 4
AVG ALL 95 190 303 96 23 2088 2680 1458 4884
AVG. CCe=50 106 276 357 49.0 9.2 2197 5110 . .
AVG_S0<CC<100 5.1 13.1 19.6 262 533 1633 2496 - .
AVGCO=100 127 254 780 0% 1617 2m7 40 € %5 4012

Table E-2
Average Rate of Deterioration Calculations



W 0. 3 . - 5.
, 4y 5 - n - .
-] 13. 0.7 n3 - . -

JO3- 243 L L5 ] 174 3 1524 - . - - . . -
08-099 » an T ] -1 a3 10 - - - . . .
08120 40 3] oo o0 [T} - . - - - . -
7099 n oa ¥ ] 4 32 223 3600 - - - . -
7009 43 oS 10 3 0 3 30 i - - - -
07070 “ 1.2 34 31 (o3 11 200 - . - - -
o7-am, < 00 a0 on [-1-] o0 13 B0 - - - -
09002 43 T on [T-] Y] an - - - - - -
11.019 2 [ 5 124 s 3 1§ ] n2 aa 214 3.0 - -
12-0n0 L] 44 13 ] na2 b7 =0 A ¥ oan - - -
1613 3 on o0 -T-] .7 ] 1] LT ] on en m2 340 -
16124 “ T ] 1] 1] Y] 5.2 a0 - - - - -
16155 «0 N NA N/A NA NA NA N NA N/A NA Nia,
1229 » o0 T ] 00 00 p .t - - - - . -
19309 9 2 40 [ Y] .0 100 A0 50 - - - -
15312 40 [-F] on [-F-] T} 40 1000 - - - - -
26081 a3 20 40 a0 0 4190 - . - - - -
26-(L n NaA NIA NA NA NeA NiA NeA NA NiA Nra, N/A
2056 4] Nea Na NA NA Nia NA Nia NA NiA NA NA
.20 < bL 30 13 180 o - - - - - -
.32 0 1-] -1 ] -] 1024 a1 Xno - - - - .
31-M1 kL 7] 1] e o8 1] - - . - - -
31202 L] 20 LT 00 13 20 - - - - - -
31-243 -] on 1] on a0 -] - - - - - -
170 “ -] [T ] o 7] - F-] - %] - - . - -
317 43 3 0 73 160 133 p 1] - - - - -
35-008 » 1o 20 po ¥ 440 30 D 20 - - - -
3194 n Mo NA NIA NA NA N N Na NiA N/A Nfa
¥2-31163 » 15 2 4“3 33 23 32 - - . - -
¥2-31108 43 1 a2 [ & 70 aso 20 - - - - -
37233 » 16 L 43 L 1900 - - - - - -
[anC.08 a3 .3 114 D4 20 p-»1 - - - - - -
[4BC-011 » 3 40 "3 "o M0 11840 - - - - -
48C0D 4“4 pr2 ] E-1 »n? ns 58 =40 . - - - -
| 48C.030 kL] s @2 ”a 1304 1514 4500 - - - -
AE-008 0 Na Na Na NA NiA NaA N/A Nia NiA NA NA
a3-0%0 - a0 1] 73 o5 730 - - - - - -
Ll ] 37 L] ab 1] 1] os -} ] [-T:] 1] 19 a0 -
07054 3 oD [T ] 1. ] 1] oo op V-] -1 ] ap .o ao
10160 s [} ] o0 oo 1] a0 o0 -5 .o Y- ] 800 -
11-104 " on [T} 20 00 w 182 170 - - - -
11174 0 [-T] 1] 1] -] -] 83 p-1.] - - -
10.257 - 5. ] [-1-] V-] &0 - - - . - - -
12088 ” o8 16 24 2 0 43 18 A 12 1 0L
13009 n 7 ”»a "y %3 jFa L) M2 s e, 7-4 136.0 -
1788 ”» o0 ab V-] [T} oL an »o 16919 - -
17-088 [ ] Q0 on LY. ] -] [T:] - . . . N .
17014 ] [T oD o0 oD Do - - - - .
V3o [ 00 an en on 1] 1] - - B -
149 L. NA NA NA NA NA N/A Na NA Nra N/A A
o2 a3 43 ” ns no 3 1830 - - - - -
26-080 n (1] oD 1] on 0 -] - - . - -
N.102 m o4 [} 12 18 20 nz 1200 - - . .
31243 - -7 3 n2 ns I L .t - - - - - -
36-03 0 LT ) -} ] 1] 05 %0 - - - - - -
[415-004 0 [T-] 1] [-F-] oo o0 1] o0 LI 4250 7o -
42079 n 70 140 30 20 no 82 pekt. - . - -
43113 L) 138 ns 53 [~73 T3S %0 - - - - -
44073 s Nia, N/A N/A NA Na N/A NiA NA NA NIA NiA
[44-085 n s 12 143 24 «s 1600 - - - . .
44-164 » 13 24 s 4“4 no - - - - - .
45800 33 00 1] -7 ] on -] oo o0 T} 33 Do -
B0 0 NA NIA Nea NeA N/A, NA N/A NiA NA N/A NA
07004 1o 33 15 Ha B2 2.4 =3 Qs 10008 - - -

1. [-1:] 1) 00 L1+ 00 0.0 o0 o0 0.0 4.6 (]
AVO ALL b2 [t -1 A A 2z 0L 13 3 1.4 437
AV CCend) [ X} 2?7 143 353 7 ms 33 paril 064 .1 .
AVGI0CCAm 2 i 21 3 M 00 n2 433 ”i 230 00
AVEG. CCw=100 19 33 57 7.8 35 114 WA Mo - 14 4 510

N ————

Table E-3
Average Rate of Deterioration Calculations






