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ABSTRACT

In the US and UK the existing infrastructure is aging and the safety is
sometimes questioned. Of all bridges in the US, constructed with reinforced
concrete (RC), around 10% are classified as structurally deficient or
functionally obsolete.

After the collapse of the de la Concorde Overpass (Quebec, Canada), the
shear resistance of half-joints has come under intense scrutiny. A half-joint is
a particular type of RC structure. The advantages include a level running
surface along the bridge deck and support spans, and precast beams that can
be easily lifted into place during construction. However, a major
disadvantage are the problems associated with leakage through the joint.
When assessing the remaining bearing capacity of half-joint structures, the
deterioration is often disregarded as current code provisions do not provide
guidance to take strength loss into consideration. Above that, available design
rules and guidelines differ significantly. In cases where assessors do consider
the deterioration, it is unclear to which extent.

This paper aims to provide guidance on how deterioration processes can
influence the mechanical and structural behaviour thereby facilitating a more
accurate assessment of half-joint structures.
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INTRODUCTION

In the UK, the existing infrastructure is aging and the safety of tunnels, bridges, dams, etc. is
sometimes questioned. The road network managed by the UK Highways Agency (HA) alone
is valued at around £85 billion' and the entire transport network includes approximately
150.000 bridges®. Many bridges in the UK are constructed using reinforced concrete (RC) or
prestressed concrete (PC). Concrete is a common construction material in other countries as
well, such as the US and Canada. Of the over 535.000 bridges in the US, around 19% have
been classified as either structurally deficient or functionally obsolete (non-compliance with
functionality or geometry requirements). For reinforced concrete bridges approx. 10% are
considered structurally deficient®.

A half-joint (sometimes also referred to as dapped end) is a particular type of RC structure
(Figure 1) that was introduced into bridge decks as a means of simplifying design and
construction operations. It is a support detail where an L-shaped ledge supports an inverted
ledge of a drop-in span. The advantages of this structural form include a level running
surface along the bridge deck and the support spans, and precast beams can be easily lifted
into place and supported during construction.
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Figure 1: Typical half-joint geometry (based on [1])

However, a major disadvantage are the problems associated with leakage through the joint.
For example, chloride rich seepage can cause concrete deterioration and corrosion of the
reinforcement. Loss of part of the reinforcement bar cross-section due to corrosion can
induce higher stresses in certain regions of the structural member and significantly reduce the
safety margins®. TS Interim Amendment No. 20° states: ‘Half-joints are a particular concern
because they are not easily accessible for inspection or maintenance and they are mostly
located over or under live traffic lanes.’
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After the collapse of the de la Concorde Overpass, over Quebec AutoRoute 19 in Laval
(Canada), the shear resistance of half-joints has come under intense scrutiny. Five people
were killed and six others injured as a result of the collapse. A Commission of Inquiry®
conducted a thorough investigation concluded that the bridge was sufficient to carry the
applied loads and generally complied with design guidance at the time of construction,
although not with current guidelines and standards. However, the concrete freeze-thaw
resistance was deficient and the detailing did not comply with best practice. Those detailing
vulnerabilities may have been exacerbated during construction when some reinforcing bars
were misplaced. Above that, repair interventions, during which regions of concrete were
removed and replaced, could have had a negative impact as well.

This incident clearly shows that the load capacity of half-joint structures can be influenced to
a significant extent by improper execution during the construction of a bridge, deterioration
processes, repair works, etc.

ASSESSING REINFORCED CONCRETE HALF-JOINTS

New half-joint structures are typically modelled using strut-and-tie methods. Analytical
approaches (e.g. Finite Element Calculations) are sometimes used for new construction as
well, however these assume that structures are detailed properly.

When assessing the load bearing capacity of existing half-joint structures, deterioration and
repair works are often disregarded as current code provisions or guidelines do not provide
guidance to allow for any strength loss due to these factors. Furthermore, available design
rules and guidelines have changed over the last decades’ and there are significant differences
between the design approaches. In cases where assessors do consider the deterioration, it is
unclear to which extent.

With respect to assessments, strut-and-tie methods are often used® but can be overly
conservative leading to unnecessary assessment failures. A structure with noncompliant
details may still be serviceable, but there is a distinct lack of validated tools to accurately
predict the residual capacity.

In the past, a number of experimental studies on half-joint beams have been conducted®® but
those have typically focussed on new construction. Older structures with non-compliant
details represent an additional challenge. The two main shear failure planes in a half-joint
structure are a full slab failure and a failure at the re-entrant corner (Figure 2). But there are
complex interactions between them and, above that, the modes are sensitive to small changes
in the detailing and/or strength reductions due to concrete deterioration.

A first step in the development of better assessment techniques for reinforced concrete half-
joint structures, is to determine the effect of deterioration processes on the mechanical
properties of RC structures. This aspect will be the focus of the current work.
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Figure 2: Potential failure modes in half-joint connections (based on [2])

INFLUENCE OF DETERIORATION PROCESSES

Until a few decades ago, it was assumed that reinforced concrete structures were
maintenance-free and had an almost unlimited life time. Unfortunately, over the last 30 to 40
years this assumption has shown to be wrong. Severe problems including reinforcement
corrosion, chemical deterioration of the cement matrix in aggressive environments and
destructive chemical reactions between the concrete constituents have led to costly
interventions and/or reduced service lives.

The durability of a material is determined by the speed at which the structure of the material
is changing, in other words by the speed at which the material is being degraded®. This
degradation is the result of physical, physiochemical or chemical processes.

With respect to reinforced concrete, the common deterioration processes can be classified
into two distinct groups:

- Direct deterioration of the concrete due to internal or external causes
- Indirect deterioration of the concrete due to the deterioration of reinforcement located
inside the concrete

This classification suggests that some substances can be aggressive towards the
reinforcement but not towards the concrete itself. As long as these substances do not reach
the level of the reinforcement, the half-joint will not degrade.

The main focus of the research into deterioration processes in concrete has been, and still is,
on the durability and the reduction of the remaining service life'®. Less attention is given to
the impact of deterioration mechanisms on the structural behaviour. As the aim of this study
is the assessment of existing half-joint structures, the discussion below will focus primarily
on the impact of deterioration processes on the mechanical properties and overall structural
behaviour of concrete elements.
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DIRECT DETERIORATION PROCESSES
Carbonation

Carbonation is often referred to as an indirect deterioration process, however the chemical
reactions corresponding to carbonation can alter the properties of the concrete itself and in
this sense is classified as a direct process. It is one of the most common types of deterioration
and is frequently detected during half-joint inspections. The extent of carbonation, however,
can differ significantly based on the local exposure conditions, concrete conditions, concrete
composition, etc.

Carbonation is a reaction of carbon dioxide in the environment with the calcium hydroxide in
the cement paste'®. The reaction produces calcium carbonate and water, and lowers the pH of
the concrete. Several factors influence the speed and extent of carbonation in concrete
structures™ including the material properties (W/C-ratio, cement quantity and type, etc.),
environment (relative humidity, temperature, pressure, etc.) and construction (vibration,
curing, etc.).

The number of studies focussing on the changes in physico-mechanical properties of
carbonated concrete are limited. By testing prism, cylinder and cube specimens of four
different concrete compositions, Jerga™® looked into the influence of carbonation on strength,
density and the deformation properties. The changes in these properties due to carbonation
were proportional to the cement content and were significant. With respect to the
compressive strength, higher values of f. were measured for carbonated concrete. The
authors attribute this increase to the formation of water due to carbonation which leads to an
enhanced hydration of the cement. An increase in compressive strength due to carbonation
has also been reported by Rigo da Silva et al.'” (22% to 78%) and Aguilera et al.'®. As the
strength increases with carbonation, the stress-strain curve becomes steeper, leading to a
more brittle behaviour and increased modulus of elasticity'®. The density was found to
increase by 40 kg/m® (concrete with W/C-ratio of 0.8) up to 85 kg/m® (concrete with W/C-
ratio of 0.47) after 100 days. After 100 days the increases in density were small*®.

Xiao et al.® studied large scale beams and columns under accelerated carbonation. They
conclude that the load bearing capacity of concrete columns and beams is increased after
carbonation of the concrete cover, but the deformation capacity is decreased (increase of
modulus of elasticity) and a more brittle failure is observed. The increase in ultimate flexural
capacity was approx. 7%.

It should be noted that the re-alkalisation of carbonated concrete (a possible rehabilitation
technique) leads to a deposition of material in the pore structure and hence densification.
This leads to a further increase in compressive strength, flexural strength and modulus of
elasticity™.
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Overall it can be stated that the direct effect of carbonation on strength and Young modulus
is an increase in both. Depending on the source (and so the concrete composition and other
parameters), this increase ranges from a few up to more than 50% in the carbonated zones.

Chloride Attack

As with carbonation, the influence of chloride ingress is mostly through the indirect
deterioration of the concrete. It is rather unclear if the diffusion of chloride ions into concrete
has a direct effect as well. In half-joints, problems with chloride ingress are mostly found on
the inner corners of the L-shaped ledge due to leakage through the joint. Chloride rich
seepage stagnates on the bearing seat of the dapped end, causing the chlorides to migrate into
the concrete.

Chloride transport in concrete is a rather complicated process®. It involves ion diffusion,
capillary suction and convective flow with water, accompanied by physical and chemical
binding. Other mechanisms such as absorption, permeability and wicking action may also
contribute to chloride transport. Chloride ions can be present in the concrete due to being
deliberately included in the mixture in the fresh state (to enhance the hydration process) or
through the introduction of chlorides from an external environment?. Although the deliberate
inclusion in the mix is discouraged in current standards (in the UK their use has been
prohibited since 1976), existing half-joint bridges constructed in the late 60’s and early 70’s
sometimes had chlorides mixed into the concrete. Chlorides can also enter the structure from
an external source. Amongst these sources are seawater in marine environments and de-icing
salts used in the winter on roads and bridges®.

Barberon et al.?? studied the interaction between chloride and cement-paste materials by
means of nuclear magnetic resonance (NMR). They noticed that exposure of concrete to a
NaCl solution leads to a rehydration of the residual cement. While not explicitly tested, this
suggests Cl™-ions increase the concrete strength to a small extent.

A study performed by Tirkmen® however contradicts this finding. By comparing strength
results obtained on standard cylinders stored in lime-saturated water for 400 days and
specimens stored in a 5% NaCl solution, they detected strength reductions due to NaCl of 13
to 15% for pure Portland cement concretes with a W/C-ratio ranging from 0.35 to 0.45. For
concretes with 10% replacement of cement by silica fume (SF) similar results were obtained,
while in case of a 10% SF mix combined with 40% blast furnace slag (BFS) replacement the
reduction increased to 24 to 30%. It has to be emphasized that, in this study, the specimens
were exposed to a 5% NaCl solution for over a year. This content is much higher than that
regularly found in actual structures which typically reach chloride contents of up to 1% on
bridges and parking lots in marine environments*.

Despite these contradictory results, the majority of researchers®® % still believe that, in
normal circumstances, chloride itself does not result directly in any damage to the concrete. It
can however induce corrosion of the reinforcing steel. Technical report No. 54 of the
Concrete Society™, agrees with this, and states that chlorides have little effect on the concrete
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itself (though large quantities may cause some surface dampness). The most significant
consequence of chlorides in concrete is to increase the risk of the corrosion of the
reinforcement.

Cracking

Cracks in concrete can be caused by a wide range of different causes. The ones discussed in
this section are related to direct impacts on the concrete. Even before loading or any
environmental effects, micro-cracks exist at the cement paste — aggregate interfaces. These
are mostly formed due to drying and thermal shrinkage mismatches of aggregate particles
and the matrix. Over time these cracks will grow in length and number due to loading and
external effects.

Different types of cracks occur at different times in the life time of a (reinforced) concrete
structure e.g. Figure 3. Although many cracks are not structural and are considered to be
aesthetic, they can influence the durability. Examples of non-structural cracks are plastic
shrinkage, crazing and drying cracks™. As reinforced concrete is designed on the assumption
that the concrete has no significant tensile strength and the reinforcement carries the tensile
forces, members subjected to bending, shear and torsion will always show cracking to some
degree. Load-induced cracks or cracks due to structural design inadequacies can have an
impact on the load capacity. A further category of structural cracks in existing concrete
structures are those induced by deterioration processes (e.g. ASR) and repair works.
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Figure 3: Examples of intrinsic cracks in hypothetical structure (based on [3])

Cracks in concrete do not have smooth surfaces and so the crack width is variable along the
length. The maximum allowable widths under service loads are given in codes and depend on
what is considered to be aesthetically acceptable, durable and watertight (if required).
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However, some cracks will be wider than the maximum specified in codes, nevertheless this
should not necessarily cause concern unless the wider cracks are at critical locations. ACI
224.1R* points specifically to the importance of a proper design and detailing of re-entrant
corners as these provide locations for stress concentrations and therefore the initiation of
cracks.

An overview of different crack origins and their appearance is given in Table 1.

Table 1: Overview of different crack origins and patterns (based on [4] and [5])

Origin Formation Appearance Width
(time after casting)
Plastic settlement First hours Along rebars or cross-sectional changes  Large
Plastic shrinkage First hours Random pattern, corners of plates 2to 4 mm
Early thermal contraction  First days Large cracks forming natural joints f(A)
Drying shrinkage Several months to years  Similar to tension and bending cracks Small
ASR Several years Random pattern Large
Load-induced Several months to years ~ Depending on load condition Small*
Displacement / settlement  Several months to years ~ Depending on extend of displacement Large
Impact Unknown Unknown, depends on cause of impact Large

* Highly dependent on proper design of the structure. In case of improper design, crack widths can become
large.

The extent to which cracking will have an influence on the structural response of a reinforced
half-joint is highly dependent on the crack widths, the number of cracks and the location of
the crack.

Other Deterioration Processes

There is a variety of other deterioration processes that can have a significant influence on the
structural integrity of reinforced concrete elements. These processes can either be internally
initiated, or can be caused by an environmental attack on the surface of the concrete inducing
migration / diffusion into the RC element.

One of the most striking examples of an internally initiated deterioration process, that can
highly affect the mechanical properties of concrete, is Alkali-Silica-Reaction.

Some aggregates exhibit the ability to initiate expansive reactions under certain
environmental conditions. This interaction is caused by a reaction of the aggregates in the
concrete and the alkalis in the cement. Mostly silica-based aggregates are vulnerable,
although cases of reactions with carbonate-based aggregates have also been reported. For
silica-based aggregates the associated deterioration processes are referred to as Alkali-Silica-
Reaction (ASR).

The changes detected in concrete due to ASR are:
- Expansion of the concrete
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- Formation of cracks at the surface
- Spalling of concrete
- Secretion of alkali-silica gel

As the reaction products are extracting water, local stress concentrations are built up leading
to swelling and eventually cracking. This crack formation has a strong influence on the
mechanical and structural behaviour of ASR affected concrete members.

Ahmed et al.*® performed research into the impact of ASR on the compressive strength,
tensile strength and the modulus of elasticity. Results of three different concretes were
compared: one reference mix without reactive aggregates, one with solely reactive aggregates
and one with a mix of reactive and non-reactive aggregates. With respect to the compressive
strength, a reduction in strength was observed in specimens with reactive aggregates. The
reduction varied between 7.5% and 12.4% at 28 days, and 12.7% and 59.4% after one year
(depending on the amount of reactive aggregates). On average the strength reduction was
22.5%. Clark®! and Clayton et al.** found similar reductions of about 25% and 23.8%. In a
few cases the compressive strength increased after the initial decrease, but did not reach the
strength of the reference concrete. This can be attributed to the continued hydration and
filling of the cracks with ASR-gel. The recorded drops in tensile strengths were higher than
the reductions in compressive strength. After one year reductions of up to 60.0% in tensile
splitting strength and 86.0% in flexural strength were reported. The reduction in direct tensile
strength was 48.8% after 3 months and increased to 82.1% after one year. The reductions in
modulus of elasticity were as high as 95.3%.

For reactive aggregate concrete, Giacco et al.* report almost no strength increase over time
and a significant reduction in modulus of elasticity and Poisson’s ratio. For concrete with a
less reactive coarse aggregate, a strength increase was detected but the strength gain was at a
slower pace than the reference mixture (without reactive aggregates) resulting in lower
compressive strength results at all ages. The elastic properties of concrete with reactive
aggregates are also highly affected.

Huang et al.** studied the influence of hydrochloric acid and state that H-CI corrosion leads
to a flexural and compressive strength loss and affects the elastic modulus. By testing 360-
days old specimens, that have been submersed in an H-CI solution for 24h prior to testing, a
clear influence of the H-CI concentration and concrete strength grade on the strength
degradation was measured. Higher initial concrete strength lead to higher strength reductions
due to acid attack. A reduction of approx. 16% in flexural strength was noticed for C25 after
submersion in a 20% H-CI solution, while the reduction was as much as 35% for C55
concrete. Reductions in the dynamic modulus of elasticity varied between 15% and 40%.

Other processes such as thaumasite formation, sulphates, freeze-thaw damage, etc. also have
a significant influence on the mechanical properties of half-joint structures and reinforced
concrete in general. These deterioration mechanisms are either rare in a UK environment, are
rather uncommon in bridge environments or are deterioration mechanisms that were initiated
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by an impropriate design of the concrete composition. Therefore these processes will not be
considered further in this paper.

INDIRECT DETERIORATION PROCESSES

Indirect deterioration processes are mechanisms that do not directly have an impact on the
concrete properties. However they attack components within the concrete which eventually
will lead to the deterioration of the concrete itself. The most common type of indirect
deterioration is reinforcement corrosion.

Corrosion of the Reinforcement Bars

Bond between reinforcement and concrete is essential in the force transfer between the two
materials and the composite action of a reinforced concrete element®. In design this force
transfer is often simplified as a shear stress over the surface of the bar. Initially, the bond
strength comes from weak chemical bonds between the reinforcing bars and the surrounding
concrete. This resistance is broken down at very low stress levels after which a small slip is
noted and the bond transfer is provided by friction (plain rebars) and through mechanical
interlock between the ribs of the rebar and the surrounding concrete (ribbed bars). However,
corrosion can influence the force transfer to a great extent.

Most research into the corrosion of reinforcement in concrete is aimed at the causes and
mechanisms of corrosion, and the durability of repair materials. Much less attention is given
to the residual strength of deteriorated structures, although this is a major concern for those
responsible for the assessment and maintenance of half-joints®. This paper focusses on the
available information on the changes in bond characteristics induced by corrosion and the
consequences of that reduction on the residual loading capacity of RC elements. Further
details about other aspects related to bond can be found elsewhere e.g. [36].

In freshly cast concrete, the alkaline environment created by the hydrating cement results in
the formation of a passivating layer on the surface of the reinforcing bar. This passivating
layer (a stable oxide layer) prevents the rebar from corroding and is formed due to the large
amount of calcium hydroxide resulting in a pH of about 12.5*. However, over time, this
layer can be broken down due to environmental influences. The most common processes
leading to depassivation are®:

- Carbonation
The reaction of carbon dioxide in the environment with calcium hydroxide in the
cement paste. This reaction produces calcium carbonate and lowers the pH to about 9.
At this value the protective oxide layer breaks down and corrosion of the reinforcing
bar becomes possible*.
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- Penetration of chlorides
Chlorides do not reduce the background pH, but inhibit the mechanism by which the
protective oxide layer is maintained.

- Sulphide ion attack
This type of corrosion is less common and mostly found in sewers, tanks and
equipment treating waste water that contains dissolved sulphide. The biological
activity of the anaerobic bacteria results in the formation of sulphide which is
released to the atmosphere as hydrogen sulphide acid. The acid attacks unprotected
surfaces of iron, steel and copper®’.

- Stray DC electrical currents
The origin of stray currents can be natural (e.g. variation in the earth’s magnetic field)
or man-made from extra-high-voltage power lines, DC tram or railway systems or
adjoining cathodic protection systems. The corrosion in this case is initiated by the
flow of external current from the environment®.

Depassivation does not automatically lead to corrosion of the reinforcing bars. In addition to
a depassivated environment, oxygen and water (moisture) have to be available to initiate the
corrosion process. The ferrous hydroxide Fe(OH), formed during the corrosion reaction has a
volume which is about 3.5 times the volume of the original Fe molecule, leading to severe
problgsms when reinforcement is embedded in concrete. Corrosion affects bond in several
ways™:

- An increase in bar diameter due to the expansive nature of the corrosion reaction
initially increases the frictional component of bond. Over time, due to the formation
of further corrosion products, the radial stresses increase and induce longitudinal
cracking in the concrete which leads to a reduction in the resistance to the hoop forces
generated by bond action.

- The friction at the interface of the rebar and concrete is affected by the corrosion
products. These products provide a weak and friable material layer which will
partially reduce the bond strength.

- The ribs of the rebars may be reduced in height due to corrosion. This effect is
insignificant at early stages but can become more significant at advanced stages of the
COrrosion process.

- The layer of corrosion products formed by oxidation of the steel may force the
concrete away from the bar. The effective bearing area of the ribs is reduced.

Fib bulletin 10 summarizes these schematically in a flow diagram (Figure 4).

In many research projects the corrosion process is accelerated. Bond tests are often
performed on bars which were corroded by exposure to a chloride salt solution and
acceleration by electrical polarisation. In this technique a positive electrical potential is
applied to the bars to make the reinforcement anodic and encourage dissolution of Fe?*-ions.
During the tests, the specimens are submersed in or sprayed with a salt solution. Submersion

10
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of the specimens restricts the availability of oxygen which influences the corrosion process
and the expansive force development. In this way unrepresentative test results can be
obtained when compared to field conditions where wetting and drying cycles are recorded.
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Figure 4: Effects of corrosion on the residual load carrying capacity (based on [6])

As soon as the concrete cracks (due to the expansive nature of the corrosion products
formed), the bond strength reduces significantly. This reduction can be higher than 50%. Fib
bulletin 10 on Bond in Concrete®® summarises results by researchers all over the world. The
measured bond strengths vary significantly and values between 0% (complete loss of bond)
and 110% (a small gain in bond strength) have been observed. Any strength gain is mostly
noticed at very low levels of corrosion where the corrosion products have not yet induced
cracking, and provide a kind of extra confinement to the rebar by filling the gaps between the
ribs and the surrounding concrete (e.g. gaps due to entrapped air underneath the ribs of the
bar caused during vibration).

No clear pattern of the key parameters that influence the strength loss due to corrosion
emerges from these studies, however, in most cases the reduction in bond strength exceeds
the reduction in tensile strength of the rebar due to a loss of section. This means that it is
much more likely the bar will lose its bond to the surrounding concrete before reaching the
yield strength of the steel.

Based on a statistical analysis of gathered test results, fib bulletin 10 proposes an empirical
expression for the characteristic bond strength f, as a function of the bar radius reduction x
(in mm) and the ratio p of the transverse reinforcement area at the anchorage length (taking
into account the reduction in diameter of these bars due to corrosion) to the area of the
longitudinal reinforcement:

11
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- In cases, where p > 0.25
f, =4.75-4.64x 1)
- Incases, where p < 0.25

f, =10.04 + (- 6.62+1.98(p, /0.25))1.14 + X) )

These equations are only applicable to situations where cracking due to corrosion has
occurred since the initial gain in bond strength at very low levels of corrosion is not reflected
in the expressions.

External pressure significantly enhances the bond. In anchorage zones above supports this
external pressure provides a confinement to the bars, in the case of a half-joint similar
pressures would exist at the bearing pads. During assessments and loading tests, on elements
before demolishment, it is noted that the rebars in these zones still have some anchorage
capacity even though the stirrups can show significant corrosion or can be completely
broken. Based on tests performed on beams designed to fail at the anchorage zone, the
following expression has been derived for the characteristic residual bond strength f, in
anchorage zones with an external pressure p (in MPa).

g (475-4.64%) 3)
(1-0.08p)

This expression has been found to be independent of the amount of stirrups and the level of
stirrup corrosion®.

Equations 1 to 3 are derived from a rather limited set of data and are purely empirical. A
better understanding of the mechanism(s) through which bond is affected by corrosion is
necessary to develop more effective models and reliable assessments. Furthermore most test
data relates to ribbed bars while in practice a lot of older bridges are constructed with smooth
plain rebars. The aim of a test programme currently being conducted by the authors is to
provide more information on these aspects and will lead to clearer guidance on the
assessment of half-joints with corroded rebars.

CONCLUSIONS

A half-joint is a particular type of RC structure that has a number of advantages. However,
major disadvantages are potential of leakage through the joint and the lack of access for
inspection. Loss of part of the rebar section through corrosion can induce higher stresses in
certain regions of the structural member and reduce the safety margins.

12
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The assessment of existing structures is not straight forward as there are no clear guidelines
or methods to consider the full impact of deterioration. Deterioration processes can act in a
direct (e.g. carbonation and chloride ingress) or indirect way (e.g. reinforcement corrosion) to
alter the mechanical and structural behaviour of the half-joint.

Based on research performed to quantify the effect of deterioration processes, the following
conclusions can be drawn:

Carbonation:

The direct effect of carbonation is an increase in strength of the concrete of up to
50%. However it should be emphasised that corrosion induced by carbonation can
lead to severe cracking causing a significant strength loss. If a beneficial concrete
strength increase due to carbonation is taken into account it should be done with care
and only in regions where there is no corrosion.

Chloride ingress:

The effect of chloride ingress on the mechanical properties of concrete is limited. As
is the case for carbonation, chloride ingress can cause severe reinforcement corrosion
which leads to a reduction in the loading capacity. However the presence of chlorides
in the concrete as such does not influence concrete strength and elasticity to a
significant level for common levels of chloride content.

Cracking:

The extent of cracking can be significantly different from one structure to another.
Most cracking observed during assessments are non-structural cracks which will not
lead to significant reductions in the load capacity. However, they may enhance
durability processes which will cause problems over time. Cracks should be taken
into consideration when performing assessments of half-joint structures, especially if
they occur at critical sections. The extent to which they influence the load capacity,
however, will very largely with the case specific crack pattern.

Corrosion:

Corrosion can cause significant reductions in the load bearing capacity of reinforced
concrete half-joints. In addition the formation of a weak interface zone between the
reinforcing bar and the concrete, and a reduction in the bar diameter, the expansive
nature of the corrosion process induces cracking. These cracks can be as significant as
a loss of parts of the concrete cross section. Specific guidance is available in terms of
the reduction of bond strength due to corrosion. However more research in this area is
needed (e.g. the bond reduction in cases of severe cracking and spalling, bond of
smooth corroded bars, etc.) to provide proper guidance on how to take corrosion into
account during the assessment of reinforced concrete half-joints.

ACKNOWLEDGEMENTS

13



Desnerck, Lees and Morley 2014 PCI/NBC

The authors would like to acknowledge the financial support of EPSRC — the Engineering
and Physical Sciences Research Council (UK) through the EPSRC Project ‘Reinforced
concrete half-joint structures: Structural integrity implications of reinforcement detailing and
deterioration’ [Grant no. EP/K016148/1].

REFERENCES

[1]. Loudon, N., and Bell, B., “FRP Strengthening of Concrete Road and Rail Bridges in
the UK,” Magazine of Concrete Research, V. 62, No. 4, 2010, pp. 243-252.

[2]. Middleton, C. R., “Concrete Bridge Assessment: An Alternative Approach,” The
Structural Engineer, V. 75, No. 23-24, 1997, pp. 403-409.

[3]. Federal Highway Administration, “National Bridge Inventory (NBI),” U.S.
Department of Transportation, 2013.

[4]. Boothman,D., Leckie, S., MacGregor, I., and Brodie, A., “Assessment of Concrete
Half-Joints using Non-Linear Analysis,” Bridge Engineering, V. 161, No. BE3, 2008,
pp. 141-150.

[5]. Transport Scotland, “TS Interim Amendment No. 20 - Concrete Half-Joint Deck
Structures”, 2006, p. 23.

[6]. Johnson, P.M., Couture, A., and Nicolet, R., “Commission of Inquiry into the
Collapse of a Portion of the de la Concorde Overpass,” Gouvernement du Quebec,
2007.

[7]. Mitchell, D., Cook, W. D., and Peng, T., “Paper 14: Importance of Reinforcement
Detailing,” ACI SP-273 Further Examples for the Design of Structural Concrete with
Strut-and-Tie Models, 2012, p. 12.

[8]. Highways Agency, “Design Manual for Roads and Bridges Volume 3 Highway
Structures: Inspection and Maintenance Section 4 Assessment, Part 6, BA 39/93,
Assessment of Reinforced Concrete Half Joints,” 1993.

[9]. Nanni, A., and Huang, P.-C., “Validation of an Alternative Reinforcing Detail for the
Dapped Ends of Prestressed Double Tees,” PCI Journal, 2002, pp. 38-50.

[10]. Clark, L. A., and Thorogood, P., “Serviceability Behaviour of Reinforced Concrete
Half Joints,” The Structural Engineer, V. 66, No. 18, 1988, pp. 295-302.

[11]. Precast/Prestressed Concrete Institute (PCI), “PCI Design Handbook - Precast and
Prestressed Concrete - 7th Edition”, Chicago: PCI, 2010, p. 828.

[12]. CUR, “CUR 172 - Durability and Maintenance of Concrete Structures (in Dutch:
Duurzaamheid en onderhoud van betonconstructies),” CUR, 1994.

[13]. Kovler, K., “Proceedings pro066: 2nd RILEM International Workshop on Concrete

[14].

[15].

Durability and Service Life Planning - ConcreteLife'09”, Haifa (Israel): RILEM,
2009, p. 626.

The Concrete Society, “Technical Report No. 54 - Diagnosis of Deterioration in
Concrete Structures”, the Concrete Society, 2000, p. 72.

Xiao, J., Li, J., Zhu, B., and Fan, Z., “Experimental Study on Strength and Ductility
of Carbonated Concrete Elements,” Construction and Building Materials, vol. 16, pp.
187-192, 2002.

14



Desnerck, Lees and Morley 2014 PCI/NBC

[16].

[17].

[18].

[19].
[20].
[21].

[22].

[23].

[24].

[25].
[26].
[27].

[28].

[29].

[30].

[31].

[32].

Jerga, J., “Physico-Mechanical Properties of Carbonated Concrete,” Construction and
Building Materials, V. 18, 2004, pp. 645-652.

Rigo da Silva, C.A., Pedrosa Reis, R.J., Soares Lameiras, F., and Luiz Vasconcelos,
W., “Carbonation-Related Microstructural Changes in Long-Term Durability
Concrete,” Materials Research, V. 5, No. 3, 2002, pp. 287-293.

Aguilera, J., Martinez-Ramirez, S., Pajares-Colomo, I., and Blanco-Varela, M.T.,
“Formation of Thaumasite in Carbonated Mortars,” Cement & Concrete Composites,
V. 25, 2003, pp. 991-996.

Banfill, P. F. G., “Re-Alkalisation of Carbonated Concrete - Effect on Concrete
Properties,” Construction and Building Materials, V. 11, No. 4, 1997, pp. 255-258.
Luping, T., Nilsson, L.-O., and Basheer, P.A.M., “Resistance of Concrete to Chloride
Ingress - Testing and Modelling”, London: Spon Press, 2012, p. 241.

Berkeley, K. G. C., and Pathmanaban, S., “Cathodic Protection of Reinforcement
Steel in Concrete”, London: Butterworth & Co. Ltd, 1990, p. 158.

Barberon, F., Baroghel-Bouny, V., Zanni, H., Bresson, B., d'Espinose de la Caillerie,
J.-B., Malosse, L., and Gan, Z., “Interactions between Chloride and Cement-Paste
Materials,” Magnetic Resonance Imaging, V. 23, 2005, pp. 267-272.

Tiirkmen, “Influence of Different Curing Conditions on the Physical and Mechanical
Properties of Concretes with Admixtures of Silica Fume and Blast Furnace Slag,”
Materials Letters, V. 55, 2003, pp. 4560-4569.

Bentz, E.C., Thomas, M.D.A., and Ehlen, M.A., “Life-365 Service Life Prediction
Model and Computer Program for Predicting the Service Life and Life-Cycle Cost of
Reinforced Concrete Exposed to Chlorides,” Life-365 Consortium |1, 2012.

De Schutter, G., and Audenaert, K., “Durability of Self-Compacting Concrete - State-
of-the-Art Report of RILEM”, RILEM Technical Committee 205-DSC, 2007, p. 208.
Soroushian, P., and Elzafraney, M., “Damage Effects on Concrete Performance and
Microstructure,” Cement & Concrete Composites, V. 26, 2004, pp. 853-859.

The Concrete Society, “Technical Report 22 - Non-Structural Cracks on Concrete,
3rd ed., the Concrete Society”, 1992, p. 48.

American Concrete Institute - Committee 224, “ACI 224.1R-07 - Causes, Evaluation,
and Repair of Cracks in Concrete Structures,” American Concrete Institute,
Farmington Hills, 2007.

Van Nieuwenburg, D., “Influence of Crack Formation and Importance of Concrete
Cover (In Dutch: Invloed van Scheurvorming en Belang van Betondekking)”, Ghent
University, p. 13.

Ahmed, T., Burley, E., Rigden, S., and Abu-Tair, A.l. “The Effect of Alkali
Reactivity on the Mechanical Properties of Concrete,” Construction and Building
Materials, V. 17, 2003, pp. 123-144.

Clark, L., “A Critical Review of the Structural Implications of the Alkali-Silica
Reaction in Concrete,” Transport and Road Research Laboratory, 1989.

Clayton, L.A., Currie, K.J., and Ross, R.M., “The Effect of Alkali Silica Reaction on
the Strength of Pre-Stressed Concrete Beams,” Journal of Structural Engineering,
V. 68, No. 15, 1990, pp. 287-292.

15



Desnerck, Lees and Morley 2014 PCI/NBC

[33]

[34].

[35].

[36].

[37].

[38].

[39].

Giaccio, G., Zerbino, R., Ponce, J.M., and Batic, O.R., “Mechanical Behavior of
Concretes damaged by Alkali-Silica Reaction,” Cement and Concrete Research, V.
38, 2008, pp. 994-1004.

Huang, P., Bao, Y., and Yao, Y., “Influence of HCI Corrosion on the Mechanical
Properties of Concrete,” Cement and Concrete Research, V. 35, 2005, pp. 584-589.
CEB fib - Federation International du Beton, “Bulletin 10 - State-of-the-art Report -
Bond of Reinforcement in Concrete,” International Federation for Structural
Concrete, Lausane, 2000.

Cairns, W., Metelli, G., and Pizzari, G.A., “Bond in Concrete - Bond, Anchorage,
Detailing - Proceedings of the Fourth International Symposium”, Brescia - Italy:
Publisher Creations, 2012,

Office of Wastewater Enforcement and Compliance, “Detection, Control, and
Correction of Hydrogen Sulfide Corrosion in Existing Wastewater Systems,” EPA -
United States Environmental Protection Agency, Washington, DC, 1992.

Berkeley, G.C., and Pathmanaban, S., “Cathodic Protection of Reinforcement Steel in
Concrete”, London: Butterworth & Co. Publishers, 1990, p. 158.

Bhide, S. “Material Usage and Condition of Existing Bridges in the US,” Portland
Cement Association (PCA), Skokie (IL), 2004.

16



