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1. INTRODUCTION

“Durability” of concrete is a well-known term that expresses the ability of this material
to keep its original properties unchanged over time.

The term “service life” has a wider meaning since it defines the time throughout which
the whole structure will keep its serviceability, i.e. the service that will be rendered
above an acceptable level over an anticipated period.

The term “service life” has become popular in relatively recent time when the research
studies carried out on several structures suffering severe damage until failure evidenced
that concrete had not deteriorated.

This fact, along with the existence of 100-year-old buildings and bridges that are still in
service, is the best proof that structure stability does not depend only on concrete
durability. In other terms, durability of concrete affects the service life of a structure but
must not be confused with it.

Nowadays, it is generally acknowledged that the service life of a structure essentially
depends on the optimization of four principal factors as follows:

e materials durability,

e structural and mix design,

e construction process,

e maintenance.

These factors are closely interrelated so that the service life of a structure will be
strongly reduced if the quality of only one of them is poor (see sketch in figure 1).

Strictly speaking, concrete durability and maintenance are no independent variables
since they are determined by the design and the construction process. Nevertheless, a
good knowledge of the factors that might potentially affect concrete durability helps one
execute a correct structural design and concrete placing.

In the following pages, the most common causes for damage and failure of concrete
structures are indicated along with the measures that must be taken to prevent them.



2. DURABILITY

Concrete structures are generally placed in hostile environments that may generate
many types of attacks (external attack). Deterioration of concrete can also be due to
some harmful reactions occurring among the concrete components (internal attack). The
attack can be chemical, physical or a combination of the two.

Concrete durability has been extensively studied for more than a century, therefore the
origin and the progress of all types of attack are now rather well known. Investigations
have also permitted establishing the rules for preventing or, at least, strongly hindering
concrete deterioration. The rules are simple and easy to apply and do not require any
particular materials or methods.

As a corollary, when construction does not comply with these regulations, the service
life of a structure will be strongly reduced.

For these reasons, concrete deterioration is not the consequence of unforeseeable events
but rather the result of mistakes that could have been avoided during the design and
construction steps.

2.1. Internal chemical attack

Some chemical reactions occurring between the concrete constituents can produce
expansion and cracking of the hardened material.

The most common reaction is the one between some forms of silica, (opal, chalcedony
and tridymite) present in certain aggregates, and the alkalis of Portland cement. A silica
gel containing calcium and alkalis is formed that tends to absorb water from the
surrounding environment and to swell. Swelling causes stresses: concrete cracking
occurs when stresses exceed the tensile strength of the paste.

Changing the aggregate or the cement can solve the problem. In fact, deleterious
expansion is prevented by:

e replacing reactive aggregates with non-reactive ones,

e using Portland cement with low alkali content,

e using pozzolanic cement or blast furnace cement.

Figure 2 shows that 30-40% pozzolana replacement for Portland cement prevents
expansion induced by alkali-silica reaction (1).

The formation of the so-called secondary ettringite in steam-cured concrete is another
inner cause of deterioration. At the end of 1980°s, many steam-cured concrete elements
had been showing expansion and cracking some time after storage or commissioning.
Investigations proved that deterioration was associated with the delayed formation of
ettringite since this compound was not present immediately after steam curing but it
would form after months or years of storage or use.

Ettringite formation in already hardened concrete gives rise to expansion and, because
of the resulting stresses, to diffused cracking.



The mechanism through which the formation of secondary ettringite gives rise to
expansion until cracking has not been fully explained yet. However, several measures
can be taken for preventing deterioration of steam-cured concrete, including the use of
Portland cement with low C;A, alkali and gypsum contents. Blends of Portland cements
and pozzolanas, blast furnace slag or limestone are also effective for preventing
expansion induced by delayed ettringite formation. The effect of pozzolana and blast
furnace slag is shown in Figure 3 (3).

2.2. External chemical attack

The atmosphere and water constitute a hostile environment for both plain and reinforced
concrete as they contain some harmful chemical agents.

Aggressive atmospheric agents are oxygen and carbon dioxide. The former is harmless
to plain concrete but corrodes the reinforcement in the presence of water. The latter
reacts with all the compounds of the cement paste and changes the pH of the pore
solution surrounding the reinforcement from protective to aggressive.

Water attacks the cement paste since it dissolves Portlandite and triggers the hydrolysis
of calcium silicate hydrates. Moreover, several chemical compounds dissolved in the
water are very dangerous for concrete. The most common are:

e chlorides,

e sulphates, and

e the salts dissolved in seawater.

The intensity of the anion attack depends on the nature of the associated cations. The
same agents are, to a different extent, harmful also to the reinforcement since they may
impair the protection given by the concrete cover.

It is apparent how depth and rate of deterioration increase, the more easily external
aggressive agents can penetrate inside the concrete. Therefore, permeability can be
considered a general cause of concrete deterioration as induced by chemical attacks.
Consequently, the first protective measure that must be taken to counteract
environmental attacks is to use impervious concrete.

2.2.1. Concrete permeability

The resistance of concrete to the environmental aggressiveness mainly depends on its
porosity or, better, its permeability.

Although correlated properties, porosity and permeability are found to differ in that the
former comprises all of the pores while the latter depends only on the interconnected
capillary ones. For this reason, gas and water can flow more easily through Portland
cement paste than through pozzolanic cement one, as the former has lower porosity but
less segmented pores (see table 1) (3).

Since concrete is intrinsically porous and permeable, only an impermeable coating can
prevent the ingress of external chemical agents. The application of a waterproof coating
to concrete is possible but, for many reasons, not practically feasible. However, through



simple preventive actions, it is possible to reduce permeability strongly and to limit the
penetration of the aggressive agent to an acceptable level hence ensuring a long service
life to the structure.

Although aggregate grading, cement content and cement type affect permeability to
such an extent that they must be optimized for improving concrete performance, the
general key factors acting on permeability are the w/c ratio and curing. Figures 4 (4) and
5 (4) show the importance of both a low w/c ratio and prolonged moist curing on the
permeability of concrete.

The cement type plays an important role (see table 2) (5) but it is not a factor as
determining as the w/c ratio and curing length are.

As a first approximation, the factors that influence the strength of concrete also
influence its permeability since strength and permeability are connected with each other
through the capillary porosity. For this reason, complex permeability tests could be
replaced by a simpler determination of compressive strength. Figure 6 shows that
oxygen permeability quickly decreases with increasing compressive strength. The
relationship is good when compressive strength is higher than 30 MPa but it is less
significant for lower strength values. This may possibly occur because determinations
on lean mixes are more sensitive to specimens and test conditions (6).

As Figure 6 confirms, permeability is still perceptible also in high strength concretes.
2.2.2. Carbon dioxide

Atmospheric carbon dioxide attacks all the hydrated compounds of cement thus forming
calcium carbonate. This compound decreases permeability and increases strength of
already dense and compact concrete by obstructing the smaller capillary-interconnected
pores, but it does not improve the properties of porous concrete. Carbonation affects
both strong and weak concrete. However, in case of strong concrete, it changes the pH
only at a surface level, whereas with weak concretes, it penetrates deeply and changes
the pH of the innermost internal layer, i.e. the one near the reinforcement. As Figure 7
(7) schematically shows, steel is no longer protected and corrodes in the presence of
oxygen if the pH becomes less than 11.6.

Concrete is permeable, so preventing carbonation is impossible: however, the more
compact and stronger the concrete, the smaller the carbonation depth. Figure 7 also
shows that the cover thickness should be always greater than the carbonation depth.

2.2.3. Soft and acidic waters

Many concrete structures such as bridges, roads, dams, aqueducts, etc., are permanently
or occasionally in contact with water. Pure and acidic waters attack the cement paste by
initially leaching the calcium hydroxide and then decomposing the other hydrated
compounds. The lime loss results in greater permeability and lower strength of concrete.
Leaching cannot be completely prevented but it can be strongly limited if compact and
strong concrete, possibly made with pozzolanic cements, is used (see figure 8) (8).



2.2.4. Waters containing chlorides

In winter, chlorides are spread on roads and bridges as deicing agents. Salts form
concentrated solutions that are very harmful to the concrete since they facilitate lime
leaching and cause expansion and disintegration of the material.

Penetration of chloride is dangerous also for the reinforcement. Steel corrosion occurs
when the OH /Cl ratio of the pore solution wetting the steel becomes less than 0.3: in
this condition, the alkaline environment no longer passivates the steel and corrosion
starts (9).

CI" penetrates concrete by diffusion and for this reason, cover must be little permeable
and sufficiently thick. Pozzolanic and blast furnace slag cements improve the steel
protection since they decrease the effective diffusion coefficient of Cl in concrete (see
table 3) (10). In turn, a sufficiently thick cover keeps the dangerous values of OH/CI’
ratio far from the reinforcement for many years.

2.2.5. Waters containing sulphates

Calcium, sodium, magnesium and ammonium sulphates attack the cement paste
forming, according to the circumstances, gypsum (CaSO42H,0O) and ettringite
(3Ca0-Al,03-3CaS04-32H,0). Formation of both compounds is associated with
expansion that can cause diffuse cracks.

Expansive reactions are due to the presence of calcium aluminate hydrates; thus, the use
of Ferrari-type cements, i.e. cements without C3A, can prevent them from occurring.

Figure 9 (11) shows that the use of pozzolanic cements is a good defense against the
calcium and sodium sulphate attacks. However, this type of cements is less effective
when the attack comes from magnesium and ammonium sulphates. The behavior of
high slag cements is similar. Ferrari cement opposes magnesium and ammonium
sulphates better, but it cannot guarantee long-term protection.

In all cases, as figure 10 (12) shows, low permeability is the first requirement for
hindering the sulphate attack of concrete.

2.2.6. Sea water

Sea water is dangerous for both plain and reinforced concrete because of its high salt
content (about 3.5%), but in fact the attack is far less serious than expected since
deterioration appears to be due more to weight loss than to expansion and cracking.

Chloride increases the rate of leaching of portlandite and, consequently, porosity. High
porosity is harmful to the reinforcement and thus the protection of steel requires very
compact concrete and adequate cover. As a supplementary protection, the use of
pozzolanic cements and high slag cements is recommended since their pastes have a
lower portlandite content and are less permeable to ions (see figure 11) ( 13).



2.3. Physical attack

Throughout its service life, concrete is subjected to thermal and hygrometric variations
caused by the heat of hydration of cement and the changes in temperature and humidity
of the environment. Another deterioration factor is the crystallization of salts into the
concrete pores.

Variations of the thermal and hygrometric conditions of concrete and crystallization of
salts give rise to differential stresses in the material: every time the stress becomes
stronger than tensile strength, concrete cracks (see figure 12) (14). Stresses caused by
slow thermal or hygrometric changes are relieved by concrete creep, but those due to
rapid changes increase the cracking risk. This depends on some typical properties of
concrete, 1.e.:

thermal conductivity,
water diffusion coefficient,
modulus of elasticity,
tensile strength.

2.3.1. Hydration of cement is always associated with heat development. The heat of
hydration of cement has a positive effect on thin structural elements since it increases
the hardening rate without increasing the concrete temperature too much. However, it
can affect mass structures detrimentally.

The internal temperature rise in a concrete structure is due to the amount of developed
heat, the specific heat of concrete and to the thermal conductivity. Thermal conductivity
of ordinary concrete depends also on its composition, but when concrete is saturated, it
generally ranges between about 1.29 and 1.66 W/m? °C. These values appear to be very
low when compared with the thermal conductivity of steel, which ranges between 46.5-
58.9 W/m’ °C.

Depending on the type of cement and the concrete composition, nearly adiabatic
temperature rise as high as about 50°C has been recorded inside large concrete masses
for prolonged periods. Figure 13 shows average temperature rise curves recorded on
several dams.

High temperature differences between concrete surface and concrete core can have
dramatic consequences on such large works as dams: lowering the cement content and
selecting the most suitable cement type minimize them. The use of pozzolanic cements
is generally recommended because of

e the lower heat of hydration,

o the lower rate of heat development and, also,

e the higher tensile strength/compressive strength ratio.

The effect of pozzolana replacement for Portland cement on the hydration heat of
cement is shown in figure 14 (16).

2.3.2. Daily and seasonal climatic variations strongly affect the mechanical behavior of
structures like bridges, tall buildings and roads. These variations depend on direct and



diffusive solar radiation, wind velocity, and air temperature, under both shaded and sun-
exposed conditions.

Under the effect of temperature gradients, road slabs may suffer longitudinal and
transverse deformations, which are alternatively concave (at night) and convex (during
the day). Thermal stresses may create distortions in the structure of bridges and trigger
large cracks that will give way to corrosion of the reinforcement.

Freezing of pore solution is associated with expansion since ice is 9% greater in volume
than water. In this case, too, the structure is subjected to stress, which can cause
cracking of concrete. Repeated freezing and thawing cycles accelerate the decay of the
structure.

Resistance to freezing increases as strength of concrete increases but the improvement is
very limited. Introducing small air bubbles in the concrete solves the problem. Table 4
shows that the presence of entrained air is more effective than high compressive
strength (17).

2.3.3. The water content of fresh concrete is higher than that required for the complete
hydration of the cement. Therefore, when the structure gets in contact with the
atmosphere at normal humidity, it loses the water in excess.

The evaporation of water in well-cured, strong concrete does not give rise to any
appreciable consequence, but early evaporation in weak concrete causes the onset of
differential shrinkage between the surface and the core as well as the formation of
stresses that favor cracking.

At a later stage, the humidity variations in concrete will follow the changes occurring in
the surrounding ambient and, as is the case with pavements, also in the moisture of the
layers beneath. Stresses following humidity variations are less strong than stresses
caused by drying shrinkage since, in moderate climates, humidity variations in the
atmosphere involve concrete to a depth of barely 15 mm.

2.3.4. In the portions of concrete structures that are placed above the water or at the
ground level, humidity increases by capillary suction until reaching a level at which it
evaporates. Evaporation causes the crystallization of the dissolved salts into the concrete
pores. The gradual growth of the salt crystals gives rise to stresses that break down
concrete when they become greater than concrete strength.

The salt transported as aerosol from the sea to the surface of concrete structures has
similar effects.

Again, strong and compact concrete can oppose this cause of deterioration at best.

3. STRUCTURAL DESIGN

Correct design is the first requirement for a long service life of structures. Any mistake
or inadequacy will shorten the serviceability of the final structures.
Deficiencies in design mainly depend on:



¢ inadequate professional preparation of designers,
¢ inadequate information on load and environmental conditions,
e inadequate standard specifications.

3.1. Education of designers

Most civil engineers are well prepared on structural design but they often lack of the
necessary knowledge of the behavior of concrete in service. As a matter of fact,
numerous cases of short “service life” of concrete structures built in the second half of
the last century were recognized to be due to an incorrect mix design since mixes had
been selected on the basis of 28-day strength alone and not also on the basis of
durability. Generally, designers do not possess a good knowledge of the chemical and
physical phenomena arising out of the interaction between concrete and its surrounding
environment.

For changing this situation, universities and high schools should devote more time and
resources to teaching science and technology of materials. As an alternative, involving
a material specialist in the design step would help solve the problem, but this
opportunity has often been missed.

3.2. Underestimate of loads and environmental aggressiveness

Deficiencies in design can depend on an inaccurate appraisal of loads and
environmental conditions to which the structure will be subjected or the lack of relevant
data.

3.2.1. Although cases of structures injured because of underestimated loads are recorded
everywhere, they cannot be considered usual. On the contrary, damage until failure of
concrete structures due to loads other than those expected in the design stage is more
frequent.

Roads, motorways and bridges that suffered severe structural deterioration induced by
greater axial loads and higher traffic frequency offer a typical example of this.

Needless to say, structures designed by taking expected load increases in due account
can withstand any change well. In Germany, a large portion of the existing motorway
system dates back to the 1930’s: constructed for the light traffic of that time, it had been
designed in anticipation of the heavier traffic conditions of the years to come. This is
why overall service conditions are still good.

3.2.2. Structures injured as a result of an incorrect evaluation of the environmental
aggressiveness are numerous worldwide. In Italy, highways had been originally
designed without taking into account the negative effect of freezing and de-icing salts
on the durability of concrete, which the use of air-entrained concrete could have solved.
The consequences were severe damage to many structures, limitations on traffic and
then expensive repair and rehabilitation campaigns.

However, the lack of entrained air probably is not the sole cause of concrete damage.
As an example, a Great Lake dock (Detroit, Michigan, USA) built in 1909 without
resorting to air entraining, showed to be in need of important repairs only eighty years
later, as a consequence of increased traffic loads, large impact loads and the chemical



attack by the aggressive environment. Therefore, it seems that the early deterioration of
strong concrete structures as observed on some Italian highways is also due to other
reasons and, primarily, to insufficient cover. To tell the truth, at that time in Italy the
national standards failed to consider in detail the risk of freezing since the concrete
roads were just a few. However, referring to the experience and standards existing in
other countries, the problem could have been coped with correctly.

3.2.3. Inappropriate design of reinforcement is another cause of deterioration.
Congestion of reinforcement can lead to difficult casting conditions, thus causing bad
compaction and honeycombing.

Complexity in structural forms increases the risk of structural deterioration. This is the
reason why buildings with a low exposed surface/concrete volume ratio can better
oppose the penetration of dangerous substances.

Loads and shrinkage cracks favor the penetration of aggressive agents, hence corrosion
of reinforcement. According to the rules of good practice, crack width should be
limited to between 0.1 and 0.3 mm, depending on the severity of exposure and the
thickness of the cover. Therefore, the crack width should control the permissible steel
stress in tension.

3.3. Lack or inadequacy of technical specifications

Structural design is sometimes inappropriate because standards and technical
regulations are inadequate.

As mentioned before, the lack of national standard specifications regarding the use of
air-entraining admixtures in concrete has been a determining cause of a too early
deterioration of many concrete structures located in a frost environment.

Alkali-silica reaction and delayed ettringite formation in steam-cured concrete are other
well-known examples of inadequate specifications, which had caused stability problems
in many structures until appropriate provisions were introduced into standards for
preventing expansion and cracking.

Earthquakes and fires are occasional and unforeseeable events that may cause severe
damage to structures as well as heavy casualties. Fire effects on structures can be
investigated in the laboratory. However, the nature of earthquakes is such that they
cannot be easily reproduced and studied in the laboratory. Nevertheless, the experience
gained in the field and accurate modeling have allowed establishing the measures that
must be taken for preventing or minimizing damage of structures. Actually, better
specifications and strict enforcement thereof have gradually, but remarkably, improved
safety of buildings.

The first engineering recommendation for designing earthquake-resistant structure dates
back to the years after the Messina earthquake (1908). Since then, the rules have
evolved by taking into account worldwide experience. In Japan, damage has been
progressively reduced with the improvement of national building codes. Figure 15
shows that buildings erected after implementation of the stricter 1971 Seismic Design
Code have suffered less than those built before (19).



The earthquake that struck Erzincan (Turkey) in 1992 caused limited damage to recent
buildings that had enforced the structural design codes for seismic regions but it had
ruinous effects on contemporary structures that had failed to comply with those very
same codes (20).

4. THE CONSTRUCTION PROCESS

Excellent structural design can be in vain if the execution of the structure is not a
skillful one. If that is the case, it is most obvious that the service life of the structure will
be shorter than expected.

The list of mistakes that might potentially occur during construction is a long one and
includes mix composition and construction operations. The most common mistakes
concern:

e the cement content,

the cement type,

the aggregate nature,

the w/c ratio,

the cover thickness,

mixing,

placing,

compacting, and

curing.

Each of the above listed factors is one link in the chain resembling the service life of a
structure. It is therefore apparent how inadequacy of just one link is detrimental to the
entire life of the structure.

4.1. Cement content

The durability of concrete structures started to be a problem around the 1960°s when
cement properties attained the high present levels. Early and 28-day strength increased
while standard deviations decreased because of improved manufacturing processes
(Figure 16).

This happened when the prescriptive specifications of mix properties were replaced by
strength specifications. In other terms, the concrete producer was asked to supply
concrete having a given 28-day strength but, at the same time, he was not obliged to
obtain it by means of a determined mix formulation. Owing to the increase in the 28-
day strength of cement and the diffusion of mechanical compaction, the prescribed 28-
day strength of concrete could have been obtained with lower cement contents and
higher w/c ratios than before.

Table 5 (21) shows that, between 1930 and 1980, the mean cement content of concrete
had decreased by about 100 kg/m” and that the w/c ratio increased. It is worth of note
that, at the same time, the generalized reduction of maximum aggregate size should
have required higher cement contents.



This trend did not reverse in the subsequent years and Figure 17 (22) shows that the
average cement content at ready mix batching plants generally decreased between 1985
and 2002.

4.2. Cement type

Most concrete structures are placed in normally aggressive environments, so that the use
of a special type of cement is not necessary. However, in particular cases such as mass
concrete, road concrete or sea concrete, the use of particular types of cement is
advisable.

Should these special products be not available, the use of another cement type is
inevitable. Generally, this is not a problem on condition that the original mix design is
reconsidered and adapted to the available cement type.

4.3. Nature of the aggregates

Aggregates represent about 75% of the hardened concrete by mass and therefore affect
the concrete properties. Aggregate selection criteria mainly concern mineral nature,
grading and shape. There are plenty of detailed standard specifications for selecting the
most appropriate aggregate to optimize the final concrete properties but, for general
applications, the essential requirements are just a few and generally can be complied
with rather easily.

Deviations from these criteria cause concrete properties, including workability, to
worsen.

4.4. Water/cement ratio

Limitation of the w/c ratio is perhaps the most important specification affecting strength
and durability of concrete but it is the least respected one. The actual w/c ratio of cast
concrete is very often higher than the level established by the standards and the rules of
good practice, since excess water improves the workability of mixes. Of course,
workers are conscious that workability can be improved by increasing the cement
content or by adding superplasticizers, but increasing the w/c ratio is considered less
expensive than the two former remedies.

Consequences of a high w/c ratio are:
e lower strength,

e greater permeability,

1.e. lower durability.

4.5. Mixing, placing and compacting
The three operations require time, personnel and equipment; i.e. they are a cost. Cost
reduction attempts are therefore justified, but any solution possibly chosen should not

reduce the durability of concrete and the service life of the structure.

The development of the so-called self-compacting concrete (SCC) appears to be an
excellent solution. This type of concrete requires little labor, no compaction, and



reduces noise levels. Time, personnel and equipment can be saved, but SCC nonetheless
requires accurate selection of aggregates, relatively high cement contents, the use of
superplasticizers, and a diligent control of mix composition.

4.6. Curing

Curing aims at giving concrete the best final performance and it must be correctly
carried out taking into account that the environmental conditions of the structure are not
the same as those of a laboratory. Proper curing involves primarily the preservation of
the moisture content in the concrete until hydration has sufficiently progressed as well
as the maintenance of a suitable temperature.

Normal concrete contains enough water for hydrating cement. However, when thin
sections are involved, e.g. floors and roads, slabs, retaining walls and thin beams, the
concrete may undergo rapid surface drying so that its surface will be drawing water
from the inside by suction pressure. Concrete may then become sufficiently dried for
hydration to cease.

Drying of green concrete causes shrinkage first, and then micro-cracking. Consequently,
permeability increases and durability decreases.

Correct curing must take into account that minimum curing time depends also on the
type of cement used, as pozzolanic and slag cements harden slower than Portland
cement, and on the environmental conditions.

Curing rules for obtaining compact and little permeable concrete are well known, but
they are often neglected with the consequence that durability of concrete and service life
of the structure are lowered.

Monitoring the curing phase carefully can prevent a too early deterioration of both
concrete and the resulting structure as induced by shrinkage.

4.7. Cover

The primary purpose of the concrete cover is to protect the reinforcement from a hostile
environment, so it must be compact, strong and thick. For this reason, standards specify
not only the concrete properties but also the minimum cover thickness. Cover thickness
should be related to the environmental aggressiveness but this requirement is very often
neglected. As a consequence, since concrete is always permeable, aggressive substances
may penetrate a thin cover easily and reach the steel quickly, so that the environment
changes from protective to corrosive. If everything goes well, the term “minimum” is
intended as ”medium” cover. We can affirm that insufficient cover thickness is the most
frequent cause of deterioration of concrete structures.

It is no fortuitous event that a research study carried out in Australia found out that the
distribution of cover depth at 227 fault locations was a major problem associated with
failures. The mean cover found at the above locations was about 5.5 mm compared to a
“recommended” standard value of 25 to 30 mm! Figure 18 shows that only 38% of
buildings and 51% of bridges investigated had a cover corresponding to the nominal
thickness (23).



The occurrence of an excessive cover is very little likely. Nevertheless, excess cover
must be avoided to prevent the outer portion of the concrete member from being, in fact,
non-reinforced and liable to shrinkage-induced cracking.

Highly permeable concrete dramatically increases the negative effect of an insufficient
cover thickness, as Figure 19 clearly shows (24). In the figure, the height of the prisms
indicates the relative amount of corrosion that had occurred since the end of the
exposure period. The horizontal axes indicate the cover depth and the w/c ratio used in
preparing the concrete samples. Data shows that no corrosion occurred when the w/c
ratio was less than 0.5 and the cover thickness was not less than about 50 mm.

The limits can change according to different mixes and different experimental
conditions but the dramatic importance of the cover thickness and w/c ratio for the
protection of steel in reinforced concrete is certain.

It is also apparent that only diligent surveillance can prevent this frequent mistake from
occurring during the construction process.

5. MAINTENANCE

Concrete is made of an artificial stone that, like stone does, deteriorates when it is
placed into an aggressive environment or if the stresses it is subjected to exceed its
strength. However, in spite of the environmental aggressiveness, concrete structures can
long perform well if they undergo a suitable maintenance program.

Maintenance of concrete structure is not intended to keep unaltered the original
performance as long as possible but to keep it at a level allowing for the safe use of the
structure.

Maintenance includes either regular inspections, or continuous monitoring of the
structure, as well as repair and rehabilitation, as the case may be.

Inspections should identify any sign of deterioration before the degenerative process
becomes too advanced. Therefore, inspection frequency should be calculated based on
actual loads and environmental conditions. Most evidently, the cost of repair is the
lower, the earlier the “disease” diagnosis is made, and the better the design and
construction steps have been executed.

Well-designed and well-constructed structures are relatively maintenance-free, whereas
low quality structures deteriorate prematurely. Low-quality structures are the
consequence of an exasperated wish to reduce construction costs.

In turn, too much low initial costs are very likely to lead to expensive maintenance and
repair during the service life of a structure. The costs of repair and rehabilitation are
often neglected when calculating the construction budget, so that they are poured on the
coming generations.

Data on maintenance costs are few since they are rarely shown after repair and
rehabilitation is completed, nevertheless the information available is sufficient to
underline the importance of those two operations.



According to some investigations carried out in Italy, the initial cost of good concrete is
about 20% higher than that of low quality concrete. However, taking into account repair
and rehabilitation, the final cost can be more than 300 % of the initial cost (see Figure
20) (25).

An investigation involving ninety-five buildings in Sydney (Australia) showed that the
repair costs for a fifteen-year-old, six-story building would account for more than 34%
of the initial cost of design, fabrication, reinforcement placement and supervision (23).
This cost is very high and seems incredible when considering that for building the same
structure better, the additional cost would have been just a few percent greater.

6. CONCLUSION

Well-designed and well-constructed concrete has a long service life: this is finally
evidenced by the number of buildings, bridges, and dams in the world that are still in
service in spite of their age. An exemplifying selection of structures about one century
old is shown in Figures 21 through 24.

These works prove that concrete is a durable material and that serious deterioration of
concrete structures is due either to exceptional events or to exquisitely human factors
like the lack of knowledge or negligence. This opinion is strengthened by the fact that
over the last fifty years science and technology of materials have developed gradually
so that cement and concrete performance has appreciably increased.

Therefore, a longer service life of concrete structures does not generally depend on
concrete durability. Rather, it is subordinate to the other three factors pointed out in
figure 1, i.e. accurate structural and mix design, careful construction process, and
diligent maintenance.

These factors are related to human behavior and their improvement requires that
engineers and their staff were better educated in relation to the materials properties, with
more attention being devoted to surveillance of construction steps and maintenance.

Finally, all people involved in construction science and industry should be convinced
that a long service life of concrete structure could be easily achieved with simple
methods and at negligible costs. As far as durability of concrete is concerned, Figures
25 and 26 display two concrete samples that were cast 20 and 1930 years ago
respectively. None of them shows any sign of deterioration.



TABLE 1: Porosity (%) and permeability coefficients (m?) of cement pastes (3)

CURING
Cement 7 days 7 months
Porosity Permeability Porosity Permeability
OPC 19.70 2.36-1077 15.10 3.00- 107"
100
OPC: Filler 26.10 1.29-10" 15.30 1.26 - 10"
70: 30
OPC: Fly Ash 31.90 1.70 - 107" 17.40 0.51-10™"
70: 30
OPC: Bacoli Pozz. 26.60 1.92-10" 16.30 0.77 - 1077
70: 30

Samples dried at 70°C for 16 hours under vacuum at the residual pressure of 5

mBar

TABLE 2: Relative depth of penetration of water into hydrated cement pastes
(mm). Portland cement blended with Santorin earth (5).

Hydration age Ptl cement 10% pozzolana | 20% pozzolana | 30% pozzolana
28 days 26 24 25 25
90 days 25 23 23 22
1 year 25 23 18 15




TABLE 3: Coefficients for diffusion of chloride ion into cement pastes and

concretes (108 . cm2/s) (10)

Temperature (°C)

Sample 10 25 40
Portland cement paste 1.23 2.51 4.85
Pozzolanic cement paste 0.83 0.90 0.97

(vibrated) (non vibrated)
Portland cement concrete 0.65 1.05
Pozzolanic cement concrete 1.05

TABLE 4: Freeze/thaw resistance of concretes 28 day cured at 20°C and > 95 %
R.H. Freeze/thaw resistant aggregates (17)

Cement Cement Characteristic Entrained Sustained
Type w/c content strength of Air Freeze/thaw
concrete cycles
Kg/m® N/mm* %
<0.5 > 350 > 30 >4 > 300
All
<0.5 > 350 > 40 - > 50
TABLE 5: Evolution of some properties of fresh concrete (21)
Period Cement Water w/c ratio Slump Compaction
(kg/m3) (I/m3) (cm) method
1930 350 - 400 + 140 0.35-0.40 0 Tamping
1955 325-350 +175 + 0.50 +5 Vibration
1980 <300 + 200 > 0.65 > 15.65 Flow
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FIG. 19: Relative corrosion of reinforcement in function of cover and w/c ratio (24)
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FIG. 21: Corn silos, Port of Genoa, 1899

FIG. 22: Risorgimento Bridge, Rome, 1911
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