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1 INTRODUCTION

1.1 General

Concrete is the most widely used construction riadtar the world, and its rise to
this position has played a major part in the sh@gpincivilisation from as long ago
as 7000 BC.

Concrete is a building material composed of cemamnished rock or gravel, sand
and water, often with chemical admixtures and othaterials. It was known to the
Romans, the Egyptians and to even earlier Neolittiiclisations. After the
collapse of the Roman Empire its secrets were dlingg only to be rediscovered
in more recent times. Indeed its modern developsigans no more than 184 years
- 1824 is the date on the patent for the manufactdirthe first Portland cement,
one of the most important milestones in concréiist®ry [30].

In recent years the deterioration of 20th centeigforced concrete buildings has
become a significant problem. Deterioration may ngjeathe appearance of a
structure, and affect its behaviour under normaking conditions or its structural
safety. Before diagnosing the causes of determratr failure of a concrete
structure, a sound understanding of the physitemical and mechanical actions
that lead to defects is necessary. Over the ydastype and quality of concrete
materials and methods of construction have vargiderably. Deterioration can
result from a range of factors, including desigongtruction practice, materials,
lack of maintenance, the environment and loadingglied to the structure.
Evidence of deterioration may be visible, suchrasling or excessive deflections
caused by reinforcement corrosion, fire or overilogdor may be identified during
inspection.

It would be simplistic to suggest that it will begsible to identify a specific, single
cause of deterioration for every symptom detectadnd an evaluation of a
structure. In most cases, the damage detectedbavithe result of more than one
mechanism. For example, corrosion of reinforciregkimay open cracks that allow
moisture greater access to the interior of the i@ac This moisture could lead to
additional damage by freezing and thawing. In spftéhe complexity of several
causes working simultaneously, given a basic utaleding of the various damage
causing mechanisms, it should be possible, in wexss, to determine the primary
cause or causes of the damage seen on a parstuleture and to make intelligent
choices concerning selection of repair materiatsraethods.

Generally, only after the cause or causes are kreamrrational decisions be made
concerning the selection of a proper method ofiregad in determining how to
avoid a repetition of the circumstances that leth&oproblem.

This doctoral thesis focuses on the causes of quade duration of old damaged
reinforced concrete structures. Also, an estimadiaoth analysis of residual carrying
capacity is presented. As a result of the stugiessible restoration solutions on
the example of the Tallinn hydroplane hangar aceided.



1.2 Aims of the research work

To study and analyze reasons of inadequate dusalwfi reinforced
concrete in the area of old (historic) damaged foeted concrete
structures and to present an analysis of the estimand studies.

To investigate the technical condition of materialsd structures of
reinforced concrete along with the analysis ofcheal carrying capacity
on the selected historic Tallinn and Papisaaredpldne hangars:

- materials studies of reinforced concrete,

- studies and assessment of residual carriyng cgpaicreinforced
concrete constructions.

To conduct an analysis of possible restoration tewia for supporting
structures of Tallinn hydroplane hangars that djeats of heritage value
and to describe applicability of the selected medion solutions on those
objects, taking into account the results from tielies described above.

To study methods that are needed for assessmetrucfural condition of
old reinforced concrete constructions and theirseovation and prolong
their lifetime.
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2 LITERATURE REVIEW
2.1 Durability of concrete

Durability is one of the two most important propest of concrete, the other one
being compressive strength. A.M. Neuville [1].

It is essential that every concrete structure shoahtinue to perform its intended
functions, that is maintain its required strengtid eserviceability, during the
specified or traditionally expected service life.

Traditionally, reinforced concrete has been comsideas a highly durable
structural material requiring little or no maintesa over many decades. In fact, it
is this, together with its versatility, that malascrete the most popular structural
material in many parts of the world. But, like aother material, concrete is not
completely inert to chemical action or immune frphysical deterioration arising
from climatic changes, abrasion, damage from higloaity water, fire, impact,
explosion, foundation failure or overloading.

There was an assumption that ““strong concreteuiabte concrete™, the only
special considerations being the effects of altergafreezing and thawing and
some forms of chemical attack. It is now know thatr, many conditions of
exposure of concrete structures, both strengthdanability have to be considered
explicitly at the design state [1].

Concrete durability has been defined by the Ameri€oncrete Institute as its
resistance to weathering action, chemical attabkasaon and other degradation
processes [12].

Causes of inadequate durability of concrete

All materials deteriorate: that is not a defect kaiher inherent characteristics. The
total deterioration of material can expressed danation of the environment,
design, workmanship, material properties, andses[3].

Concrete has the potential of an almost unlimiiézl Linless it is subjected to
chemical attack by an aggressive environment desusome physical damage.
Serious carbonation, chemical attack on the coacoeacking and spalling due to
poor quality materials or workmanship, and/or csioo of the reinforcement are
all signs of distress that indicate to a concrétew durability.

Inadequate durability manifests itself by detetiimra which can be due either to
external factors or to internal causes within ceteitself. The various actions can
be physical, chemical, or mechanical.

Mechanical damage is caused by impact, overloadyement, explosion or
vibration.

Chemical causes of deterioration include the alitita and alkali carbonate
reactions. External chemical attack occurs mainitgugh the action of aggressive



ions, such as chlorides, sulfates, or of carbonide as well as many natural or
industrial liquids or gases.

Physical causes of deterioration include the effext shrinkage, erosion, wear,
high temperature or of differences in the thermagla@sion of the aggregate and
the hardened cement paste. An important causemégla is alternating freezing
and thawing of concrete and the associated acfide-&ing salts (see Table 2.1).

With the exception of mechanical damage, all theeesk influences on durability
involve the transport of fluids through the conerefThere are three fluids
principally relevant to durability which can entncrete: water, pure or carrying
aggressive ions, carbon dioxide, and oxygen. Tlayrmove through the concrete
in different ways, but all the transport dependsnprily on the structure of the
hydrated cement paste.

Durability of concrete largely depends on the eaik which fluids, both liquids
and gases, can enter into, and move through, there; this is commonly
referred to as permeability of concrete.

Table 2.1 Common causes of defects [22]

| Defects in Concrete | | Reinforcement Corrosion |

| Mechanical || Chemical || Physical | | |

| [ | Carbonation Corro'swe Stray currents
contaminants

O Impact 0 Alkali-aggregate 0 Freeze/thaw
a Overload reaction Q Thermal
0 Movement 0O Aggressive agents [ Salt ‘ At mixing ‘ Fron.1 external
(e.g. settlement) e.g. sulphates,soft crystallization environment
: water, salts .
o Expl 3 0 Shrink
xplosion . - rinkage o Sodium Chloride @ Sodium Chloride
O Vibration 3 Biological activities g Erosion
a Calcium Chloride o Other
o Wear

contaminants
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Permeability of concrete

A concrete of low permeability is generally morerahle than the one which is
highly permeable [3].

The aspect of the structure of hardened cemeng palstvant to permeability is the
nature of the pore system within the bulk of thedbaed cement paste and also in
the zone near the interface between cement padtéharaggregate. The interface
zone occupies as much as one-third to one-halh@ftdtal volume of hardened
cement paste in concrete and is known to havefereiift microstructure from the
bulk of the hardened cement paste. For these reasom interface zone can be
expected to contribute significantly to the permigginf concrete. However, Larbi
[14] found that, despite the higher porosity of thierface zone, the permeability
of concrete is controlled by the hardened cemersttepawhich is the only
continuous phase in concrete.

Larbi’'s views are supported by the fact that thergability of hardened cement is
not lower than that of concrete made with a singlment paste.

The permeability of concrete is a function of iwrgsity as well as of the size,
distribution, shape, tortuosity and continuity lé tpores [3]. If the porosity is high

and the pores are interconnected, they contrilautlee transport of fluids through

concrete so that its permeability is also highthé pores are discontinuous or
otherwise ineffective with respect to transporterththe permeability of the

concrete is low, even if its porosity is high.

The pores relevant to permeability are those witlaeneter of at least 120 or 160
nm. These pores have to be continuous. Pores wanécmeffective with respect to
flow, that is to permeability, include, in additidon discontinuous pores, those
which contain adsorbed water and those which havarr@w entrance, even if the
pores themselves are large (see Figure 2.1).

11
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Figure 2.1 Diagrammic representation of the porsesy in hydrated cement paste based
on Rahman’s model [13]

Aggregate can also contain pores, but these am@lysliscontinuous. Moreover,
aggregate particles are enveloped by the cemen¢ gasthat the pores in the
aggregate do not contribute to the permeabilitgaricrete. The same applies to

discrete air voids, such as entrained-air bubllps [

Structure of hydrated cement

Many of the mechanical properties of hardened céraad concrete appear to
depend not as much on the chemical compositiohehydrated cement as on the
physical structure of the products of hydratiorewed at the level of colloidal

dimensions.
Four compounds listed in Table 2.2 are usually ndggh as the major constituents
of cement.

Tabel 2.2 Main compounds of Portland cement

12



There exist minor compounds, such as MgO, ,Tikdn,0;, K,O and NgO; that
usually amount to no more than a few per cent®itlass of cement.

A general idea of the composition of cement presgbint Tabel 2.3, provides oxide
composition limits of Portland cements.

Tabel 2.3 Usual composition limits of Portland caine

I'#1$
% # &
#
"&H#I"
0 e#
* 4 " #%
"# &

The pattern of formation and hydration of cemershiswn schematically in Figure
2.2.

<4—

6731 -32
) 6, |
Figure 2.2 Schematic representation of the formadiad hydration of Portland cement [1]
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Fresh cement paste is a plastic network of cenmewater, but once the paste has
set, its apparent or cross volume remains apprdgignaonstant. At any stage of
hydration, the hardened paste consists of very lpamystallized hydrates of
various compounds referred to collectively as gélcrystals of Ca(OH) some
minor components, unhydrated cement, and the resiflthe water-filled spaces
in the fresh paste. These voids are called capipfares but within the gel itself,
there exist interstitial voids called gel poreseTominal diameter of gel pores is
about 3 nm while capillary pores are one or tweeosdf magnitude larger. Thus,
in the hydrated paste there are two distinct ckaseé pores represented
diagrammatically in Figure 2.3.

Figure 2.3 Simplified model of paste structure.i®&dbts represent gel particles; interstitial
spaces are gel pores; spaces such as those magted:@pillary pores. Size of a gel pore is
exaggerated [1]

14



Structure of the cement stone is shown in Figute 2.

TTTT T T T T T
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Figure 2.4 Structure of the cement stone: 1 —dégstdetween the layers of C-S-H crystals;
2 —capillary pores; 3 — C-S-H crystals; 4 — Ca(©¢ttystals and crystals of mono sulfate; 5
— entrained air; 6 — air bubbles [10]

Hydrated calcium silicates (C-S-H)

Water permeability in concrete

The hardened cement paste is composed of partiolesected over only a small
fraction of their total surface. For this reasomaat of the water is within the field
of force of the solid phase; it is adsorbed. Theter has high viscosity but is,
nevertheless, mobile and takes part in the flowhdigh the cement gel has a
porosity of 28 per cent, its permeability is onboat 7x10'° m/s [1]. This is due to
the extremely fine texture of hardened cement pasee pores and the solid
particles are very small and numerous, whereasdkst the pores, though fewer in
number, are much larger and lead to a higher péititgaFor the same reason,
water can flow more easily through the capillaryrgsothan through the much
smaller gel pores: the cement paste as a wholé te 200 times more permeable
than the gel itself [1]. It follows that the perrbdiy of hardened cement paste is
controlled by its capillary porosity (see Figurg)2.
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For the cement pastes hydrated to the same ddfgeepermeability is lower the
higher the cement content of the paste, the lohenater/cement ratio.

Figure 2.6 shows values obtained for pastes intwBg& percent of the cement has
hydrated [1].
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Figure 2.6 Relation between permeability and weggnkent ratio for mature cement pastes
(93% of cement hydrated)
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The slope of the line is considerably lower for gastes with water/cement ratios
below about 0.6. Figure 2.6 shows also that a témuof water/cement ratio, for

example, from 0.7 to 0.3 lowers the coefficienipermeability by three orders of
magnitude.

Permeability of concrete is also of interest iratieh to water-tightness of liquid-
retaining and some other structures, and also vetérence to the problem of
hydrostatic pressure in the interior of dams. Fenrtiore, ingress of moisture into
concrete affects its thermal insulation properigs

In general terms, it is possible to say that thghéi the strength of hardened
cement paste the lower its permeability (becausength is a function of the
relative volume of gel in the space available }o it

Air and vapour permeability

The ease in which air, some gases and water vagaoupenetrate into concrete is
relevant to the durability of concrete under vasiconditions of exposure.

When transport of a gas or a vapour through coacist the result of a
concentration gradient and not of a pressure d@iffigal, diffusion takes place. As
far as the diffusion of gases is concerned, carioxide and oxygen are of
primary interest: the former leads to carbonatibhyalrated cement paste, and the
latter makes the progress of corrosion of embedtkssl possible.

Papadikis [15] has presented expressions for tleetafe diffusion coefficient of
carbon dioxide as a function of the relative hutyidif the air and of the porosity
of hardened cement paste or of the compressivegilr®f concrete. The diffusion
through water is four orders of magnitude slowemthhrough air. It should be
noted that the diffusion coefficient changes witje é@ecause the pore system in
concrete changes with time, especially when hyoinatf concrete continues.

Oxygen diffusion through concrete is strongly atéeicby moist curing, prolonged
curing reducing the diffusion coefficient by a factof about 6. The moisture
condition of the concrete also has a large infleehecause water in the pores
significantly reduces the diffusion; therefore permeability is strongly affected
by its moisture content [1].

Movement of water vapour through concrete can oasua result of a humidity
differential on its two opposite sides. Water vaptnansmission of concrete is
generally affected in a similar manner to air peahiky.

17



According to L.H. Son [3], factors contributing tbe degree of permeability of
concrete include the following:

- The quality of cement: for the same water: cematibf coarse cement
tends to produce a paste with a higher porosity ghiner cement.

- The permeability of the aggregate itself affects behaviour of concrete:
if the aggregate has a low permeability, its presemduces the effective
area over which flow can take place.

- The quality and quantity of the cement paste: thality of cement paste
depends on the amount of cement in the mix, thenvaement ratio and
the degree of hydration of cement. Permeabilityreses rapidly with the
progress of hydration and it is also lower if tlen@nt content of the paste
is increased.

- The degree of compaction of concrete: a well-cortgzhconcrete reduces
the porosity and hence the permeability of concrete

- The standard of curing: permeability of steam-curedcrete is generally
higher than that of wet-cured concrete.

- The characteristics of any admixtures used in tlve air-entraining is
expected to increase the permeability of concrédtieoagh it reduces
segregation and bleeding, and improves workability.

- The presence of cracks allows direct entry of nioést

Corrosion of reinforcement

Corrosion of reinforcement is one of the major easusf deterioration of reinforced
concrete structures in many locations.

Mechanism of attack

The protective passivity layer on the surface ofbedded steel, which is
selfgenerated soon after the hydration of cemeatdtarted, consists of y®;
tightly adhering to the steel. As long as that exiithm is present, the steel remains
intact.

Corrosion of steel is a electro-chemical proceastbquires an oxidizing, moisture
and electron flow within the metal. When there txia difference in electrical
potential along the steel in concrete, an elecentbal cell is set up: there from
anodic and cathodic regions, connected by therelgtz in the form of the pore
water in the hardened cement paste. The positoleyged ferrous ions Feat the
anode pass into the solution while the negativélsirged free electrons pass
through the steel into the cathode where they laseraed by the constituents of
the electrolyte and combine with water and oxygefotm hydroxyl ions (OH).

18



These travel through the electrolyte and combingh whe ferrous ions to form
ferric hydroxide which is converted by further oiithn to rust (see Figure 2.7).

Water Oxygen

Concrete surface

Shwe T TUTRGst L v
uthoé/I\éoz SRS e ) ! ;
G Fe(OH), : o 3 2y | Moist concrete

as an electrolyte

Steel
reinforcement

Figure 2.7 Simplified model of the corrosion prace$reinforcement steel in concrete

The reactions involved are as follows:
Anodic reactions:
FeFe™ +2e
Fe+2(OH)  Fe(OH) (ferrous hydroxide)
4Fe(OHM 2H,0 + O,  4Fe(OH} (ferric hydroxide)

Cathodic reaction:
4¢ O, + H,O 4(OH)

It can be seen that oxygen is consumed and wategénerated but it is needed for
the process to continue. Thus, there is no comogip dry concrete, probably

below a relative humidity of 60 per cent; nor igrh corrosion in concrete fully

immersed in water, except when water can entrajriai example by wave action.

The optimum relative humidity for corrosion is @80 per cent. At higher relative

humidities, the diffusion of oxygen through conerit considerably reduced.

Because the electrochemical cell requires a coiumebetween the anode and the
cathode by the pore water, as well as by the rainfg steel itself, the pore system
in hardened cement paste is a major factor inflisgncorrosion. In electrical

terms, it is the resistance of the ““connectiohfough concrete that controls the
flow of the current. The electrical resistivity fncrete is greatly influenced by its

19



moisture content, by the ionic composition of tleegowater, and by the continuity
of the pore system in the hardened cement paste.

There are two consequences of corrosion of stésk, fhe products of corrosion
occupy a volume several times larger than the maigsteel so that their formation
results in cracking (characteristically paralleltb@ reinforcement), spalling or in
delamination of concrete (see Figure 2.8). This esak easier for aggressive
agents to ingress toward the steel, with a consgquerease in the rate of
corrosion.

Second, the progress of corrosion at the anodecesdilne cross-sectional area of
the steel, thus reducing its load-carrying capacity

Cracks {ultimately resulting in

Volume of reinforcing spalling and lamination)
bar ofter corrosion

ik -'"_.

Bursting forces

Cracking Spalling Larninaticn

Different forms of Corrosion damaoge

Figure 2.8 Cracking and spalling of concrete caumsedorrosion of the reinforcement [3]
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Protection of steel

When steel is embedded in concrete, the concreter quovides a mechanical
barrier to the movement of water and oxygen tostieel. This barrier is more or
less effective depending on the quality of congretat is, its permeability and the
thickness of the cover.

When concrete sets, the calcium hydroxide or limesdpced by hydration goes
into the pores of the set cement gel as a strdadimé solution with high pH value
between 12.5 and 13.5. This, in turn, forms a ey film of oxide on the surface
of the reinforcing steel and protects the latteziagt corrosion.

Reinforcement will not corrode as long as the hédkalinity in the concrete is
maintained. This phenomenon is generally knownaasigation of the steel by the
alkaline concrete environment.

The corrosion reaction, however, can still procgseg Figure 2.9) when [3]:

- Chloride or carbon dioxide penetrates through tbecrete cover to the
reinforcement and destroys the natural passiviviged by free lime in
the hydrated cement.

- Low concrete resistivity allows electrolytic cells be established at the
steel surface.

- Oxygen penetrates through the cover to fuel theos@n process.

Carbon dioxide Chlorides Water Oxygen
Steel Lower resistivity Fuel for the
depassivation of concrete corrosion process

Concrete cover

#.5teel paossivation lay

X g

' R P
é é reinforcement

Figure 2.9 Critical environmental factors on coioosof steel reinforcement
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Carbonation of concrete

Discussion of the behaviour of concrete is gengetadised on the assumption that
the ambient medium is air which does not react Withhydrated cement paste. In
reality air contains COwhich, in presence of moisture, reacts with hyaftat
cement.

Of the hydrates in the cement paste, the one wigigbts with C@ most readily is
Ca(OHy), the product of the reaction being CafBut the other hydrates are also
decomposed, hydrated silica, alumina, and ferrideeing produced. In the
concrete containing Portland cement only, it islgothe carbonation of Ca(OH)
that is of interest.

Effects of carbonation

Carbonation does not cause deterioration of comdat it has important effects.
With respect to durability, the importance of caration lies in the fact that it
reduces the pH of the pore water in the hardenetlaRd cement paste from 12.6
to 13.5, to a value of about 9. When all of Ca(©hBs become carbonated (see
Figure 2.10), the value of pH reduces to 8.3 [1].

Figure 2.10 Transition over carbonated (left- whitenon carbonated
zone (right—dark) of the cement stone under theraacope [8]
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The significance of lowering of the pH is as folmwSteel embedded in the
hydrating cement paste rapidly forms a thin pagslayer of oxide which strongly
adheres to the under laying steel and gives it ¢et@protection from reaction
with oxygen and water, that is from the formatidmust or corrosion. This state of
steel is known as passivation. Maintenance of pasien is conditional on an
adequately high pH of the pore water in contachlite passivating layer. Thus,
when the low pH reaches the vicinity of the surfatehe reinforced steel, the
protective oxide film is removed and corrosion ¢ake place, provided oxygen
and moisture necessary for the reactions of camogie present.

For this reason, it is important to know the depttcarbonation and specifically
whether the carbonation front has reached the sidathe embedded steel.

It should also be noted that if cracks are preseé¥, can ingress through them so
that the front advances locally from the penetratedks.

Rate of carbonation

Carbonation occurs progressively from the outsideoocrete exposed to Gbut
does so at decreasing rate because &0 to diffuse the pore system, including
the surface zone of concrete already carbonateazh iffusion is a slow process if
the pores in the hydrated cement paste are filiddwater because the diffusion of
CO; in water is four orders of magnitude slower thamir. If there is insufficient
water in the pores, GOremains in gaseous form and does not react with th
hydrated cement.

It follows that the rate of carbonation dependstib@ moisture content of the
concrete, which varies with the distance from itface. If the surface of concrete
is exposed to a variable humidity, with periodicttivegy, the rate of carbonation is
reduced because of a slowing down of the diffusib@0, through saturated pores
in the hardened cement paste. Conversely, shelfaed of a structure undergo
carbonation at a faster rate than those exposedirip which significantly slows

down the progress of carbonation. In the interiérbaildings, the rates of

carbonation can be high, but there are no ill cgnsaces of this in so far as
carbonation of embedded steel is concerned unhesscarbonated concrete is
subsequently wetted.

An example [19] of the progress of carbonation aveeriod of 16 years is shown
in Figure 2.11.

The highest rate of carbonation occurs at a redtivmidity from 50 to 70 per cent

[1]
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Figure 2.11 Progress of carbonation with time gfesure under different conditions: (A)
20°C and 65% relative humidity; (B) outdoors, protechs a roof; (C) horizontal surface
outdoors in Germany. The values are averages focretes with water/cement ratios of

0.45, 0.60 and 0.80, wet-cured for 7 days (bas€d @f)

The rate of carbonation is also dependent on ti@xfimg factors [3]:

- Concentration of carbon dioxide in the atmospheate increases with
increasing carbon dioxide concentration in the air.

- Condition of concrete cover: any imperfections ke tcover such as
segregation, poor compaction or cracking enablbaration to progress
more rapidly.

Factors influencing carbonation

The fundamental factor controlling carbonationhie tiffusivity of the hardened
cement paste. The diffusivity is a function of there system of the hardened
cement paste during the period when the diffusib@®©, takes place. It follows
that the type of cement, the water/cement ratidl, #we degree of hydration are
relevant. All these influence also the strengtlhef concrete containing any given
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hardened cement paste. For this reason, it is stighthat the rate of carbonation
is simply the function of the strength of concrete.

Alternatives to use of strength as a parameteudckexpressing carbonation as a
function of the water/cement ratio or of the cememitent. Neither strength nor
water/cement ratio is informative about the mianesture of the hardened cement
paste in the surface zone of concrete while thieigsidn CQ takes place. A factor
which has a great influence on the outer zonedgtiing history of concrete.

Despite the considerable variability in the rateafbonation in different locations,
typical values reported by Parrott [17] and showntdbles 2.4 and 2.5 are of
interest.

Table 2.4 Depth of carbonation as a function adrsjth [17]

Exposur: Depth of carbonation after 50 yeamm

25 MPa Concre 50 MPa Concre
Sheltered outdoors 60 to 70 20to 30
Exposed to rain 10to 20 lto2

The values of Table 2.4 must not be treated asthm. For sheltered concrete
outdoors in the United Kingdom or a similar climate90% of cases, the depth of
carbonation will not exceed the values shown inld akb.

Table 2.5 Maximundepth ofcarbonation irshelteret
concrete outdoors in the United Kingdom [17]
"5 )8 8 "5

%$




Further aspects of carbonation

Carbonation has some positive consequences. BeGa@ occupies a greater
volume than Ca(OH) carbonation may help the hydration of hitherthiydrated
cement. These changes are beneficial and theyt iesatreased surface hardness,
increased strength at the surface, reduced supceeability, reduced moisture
movement, and increased resistance to those fofratdack which are controlled
by permeability [1].

Carbonation accelerates chloride-induced corrosforinfocement.

Unlike Portland cement concrete, with supersulfatethent there is a loss of
strength on carbonation, but, because this apptethe surface zone of the
concrete only, the loss is not structurally sigrafit.

Because carbonation affects the porosity and ah&o pore size distribution
(causing a decrease in the volume of pores, edlyecfahe smaller ones) of the
outer zone of concrete, the penetration of paiot @goncrete will vary [1]

Sakuta [16] has proposed the additives to be ussdabsorb carbon dioxide which
has entered the concrete, thereby preventing catioon

Chloride attack

When the chloride concrentration exceeds of 0.4%véight of cement if chlorides
are cast into concrete and 0.2% if they diffuseciorrosion of reinforcement is
observed [18].

This concentration of chloride ions in concrete panetrate into and break down
the protective film which forms on the reinforcerhamnan alkaline solution.

The consequent effects are to reduce the alkalioftyhe concrete to pH=6,
increase the flow of corrosion currents and petesttee passivating iron oxide film
on the steel surface. Chloride ions activate thdasa of the steel to form an
anode, the passivated surface being the cathode.rddctions involved are as
follows:

F& +2CI  FeCh
FeCl+2H,0 Fe(OH) +2HCI

Thus, Cl is regenerated so that the rust contains no ddpmlthough ferrous
chloride is formed at the intermediate stage.

The anode is much smaller in area than the cathndeas a result, the formation
of the ferrous ions in the anode extends deeperdasger, and pit is formed (see
Figure 2.12).
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Figure 2.12 Pitting corrosion caused by chlorides

The resultant expanded products cause crackingspalling of the surrounding
concrete which, in turn, promotes chloride intrasémd further corrosion.

Only soluble chlorides are involved in the corrosjrocess. They are, therefore,
compounded where the concrete is porous and wet.

From the fresh concrete, the mix materials mayuigested to various degrees of
contamination associated with chlorides derivedhftbe aggregates, the water, de-
icing salts or the use of calcium chloride as aseksrating agent in concrete. From
external environments, the problem is aggravatetighly polluted areas. Also,
the presence of cracks in the concrete structule okiviously increase the
penetration of chlorides and hasten the corrosidheoreinforcement.

It should be noted that, in practice, it is possitd have both carbonation and
chloride attack taking place simultaneously. Thek of corrosion in this case is
very much dependent on the chloride ion content #medrate of carbonation
(Figure 2.13).
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Chloride ion content
as percentage of cement content

Carbonation

Low (up to 0.4)

———- Low risk of corrosion in all-environmental conditions

-------- Moderate risk of corrosion in damp conditions

——  High risk of corrosion exacerbated by damp conditions and
poor concrete quality

Figure 2.13 Risk of corrosion in relation to coreranalysis [3]

Chemical attack on concrete
Acid attack

Concrete is generally well resistant to chemictadd, provided an appropriate mix
is used and the concrete is properly compacted.

Generally speaking, chemical attack of concretaiecby way of decomposition
of the products of hydration and formation of nesmpounds which, if soluble,
may be leached out and, if not soluble, may beugtsre in situ. The attacking
compunds must be in solution. The most vulnerabheent hydrate is Ca(OH)

A limited list of substances which attack conciistgiven in Table 2.6 .

Table 2.6 A list of some substances that causaseemical attack of
concrete [1]

Acids
Inorganic Organic
Carbonit Acetic
Hydrochloric Citric
Hydrofluoric Formic
Nitric Humic
Sulfuric Lactic
Phosphori Tannic
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Other substanc

Aluminium chloride Vegetable and animal fi
Ammonium salts Vegetable oils
Hydrogen sulfide Sulfates

Inorganic, or mineral, acids are manufactured pctsland are mainly solutions of
gases in water. Hydrochloric, sulfuric, nitric apdosphoric acids produced and
used in large amounts, present a more seriousofiglontamination of soils and

water. Only sulfuric acid may occur naturally inls@nd ground water.

Organic acids are those which have their originsyéure. They are far more
numereous than the inorganic acids and their effentconcrete are much more
difficult to predict. Organic acids are widely dibuted in nature, occuring in
living plants and as decomposition products of ta&gle and animal matter [2].

Concrete can by attacked by acid liquids with avaltle below 6.5 but the attack
is severe only at a pH below 5.5; below 4.5, theacht is very severe. A
concentration of Coof 30 to 60 ppm results in a severe attack, amdals0 ppm
a very severe attack occurs[3].

Sulfate attack

Solid salts do not attack concrete but, when pitasesolution, they can react with
the hydrated cement paste. Particularly commorsalfates of sodium, potassium,
magnesium, and calcium which occur in soil, grouahy; and industrial waste,
sea-water, in clays or in acid rains.

The attack occurs only when the concentration ef ghlfates exceeds a certain
threeshold. Above that, the rate of sulfate atiackeases with an increase in the
strength of the solution, but beyond a concentnadioabout 0.5% of MgS£or 1%

of NaSQ the rate of increase in the intensity of the &ttaecomes smaller [1].

The reaction of the various sulfates with the haedecement paste are follows:
1) Sodium sulfate attacks Ca(O)
Ca(OH)} + N&SQO,.10H,O  CaSQ.2H,0 +2NaOH + 8HO.

In flowing water, Ca(OH) can be completely leached out but if NaOH
accumulates, equilibrium is reached, only a pathefSQ being deposited
as gypsum.
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2) Calcium sulfate attacks only calcium aluminate layely forming calcium
sulfoaluminate (3Ca0.AD;.3CaSQ.32H,0), known as ettringite.

The reaction with calcium aluminate hydrate cafdomulated as follows:
2(3Ca0.A}0:.12H,0) + 3(NaS0,.10H:,0)
3Ca0.Al0;.3CaSQ.32H,0 + 2AI(OH); + 6NaOH + 17H0.

3) Magnesium sulfate attacks calcium silicate hydratesell as Ca(OH)
and calcium aluminate hydrate. The pattern of reads:

3Ca0.2Si@.aq + 3MgSQ.7H,0
3CaSH,0 + 3Mg(OH), + 2Si0.aq + xHO

The resulting crystallized products from the reatt{ettringite) cause an increase
in the volume of hardened concrete and contribuiaternal disruption or spalling
of the surface. The change in solid volume for tieas with sulfates can be
calculated from the densities and molecular volugiesn in Table 2.7 [2].

Table 2.7 Molecular volumes of concrete compougqig]

Molecular Molecular volume
Compound weight Density| (mL)
Ca(OH) 74.1 2.23 33.2
Mg(OH), 58.3 2.38 24.5
CaS(.2H,0 2722 2.32 74.2
3Ca0.ALO;.6H,0 378.2 2.52 150.1
4Ca0.A03.19H,0 668.3 1.81 369.2
3Ca0.A;0;.CaS.12H,0 622.3 1.9¢ 3127
3Ca0.A}0;.3CaSQ.31H,0 1236.6 1.73 714.9

The consequences of sulfate attack include alsodbstrength of concrete due to
the loss of cohesion in the hydrated cement pasieoh adhesion between it and

the aggregate particles. Concrete attacked byteslfaas a characteristic whitish
appearance.
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The intensity and rate of sulfate attack depend anmber of factors, the principal
ones being [3]:

- The percentage of tricalcium aluminate in the cemeate of attack is
faster when there is a higher amount of tricalcalominate.

- The permeability of concrete.
- The solubility of the sulfates.
- Concentration of the solution.

- The rate at which the sulfate is removed by theti@a with the cement
can be replenished: concrete which is exposeddmthssure of sufate-
bearing water on one side experiences a higheofatttack.

The damage usually starts at edges and cornergsafaflowed by progressive
cracking and spalling which reduce the concrete fitable or even soft state.

The vulnerability of concrete to sulfate attack tenreduced by the use of cement
low in tricalcium aluminate, such as sulfate-résgtement etc.

In addition, every effort must be made to produceimpermeable concrete. For
concrete structures in sulfate bearing soils, ptote coatings such as bitumens,
tars and epoxy resins could be applied on extstidiaces.

Leaching of lime

Leaching of lime compounds, mentioned earlier, raagler some circumstances
lead to the formation of salt deposits on the serfaf the concrete, known as
efflorescence. This is found, for instance, whenewpercolates through poorly
compacted concrete or through cracks along badlgemmints, and when
evaporation takes place at the surface of the etmcin the process of cement
hydration, soluble calcium hydroxide is formed. 9 material is easily dissolved
by water that is lime-free and contains dissolvadaon dioxide. As a result of this
action, water will slowly leach out the lime frofmetconcrete and in doing so will
weaken the hydraulic bond and etch the surfacehétsurface, reaction between
Ca(OH) with CO, will cause precipitation of the white deposit odlaum
carbonate [1].

Generally, this type of leaching does not resuldriy serious problem; the loss of
strength is not substantial, but the porosity afarete is increased and its capacity
for holding water is thus greater. The consequésn@epossibility of corrosion of
the reinforcement.

A homogeneous and dense concrete with a low peiitgaignificantly reduces
the effectiveness of the leaching action.

Early efflorescence can be removed with a brush @adn water. But heavy
deposits of salt may require acid treatment witlutei hydrochloric acid. Since
lime is removed by the acid, the surface of thecoete becomes darker.
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Alkali-aggregate reaction

Alkali-aggregate reactivity is a particular mectsmniof deterioration in concrete
which may occur when alkali solutions present imest react with certain forms
of silica in the aggregate to produce an alkalcate gel. The gel, being
hygroscopic, absorbs water, and this results irexansion of the volume that
creates tensile stresses within the concrete amgksacracking.

The main external evidence for deterioration ofarete due to alkali-aggregate
reactivity is the development of cracking. In utra®ed members this appears as
characteristic randomly distributed cracks, butconcrete where the expansive
forces are restrained by, for example, reinforcemntee pattern of cracking will be
modified and cracks tend to run parallel to reioilog bars. Other signs of the
problem are weeping of the gel from cracks.

Another form of alkali-aggregate reaction is thattveen some dolomitic
limestone aggregates and the alkalis in the cerii&xetmain effect is expansion of
concrete similar to that occurring as a result talasilica reaction. One

distinction between the two types of alkali-aggteg@actions is that in the alkali-
carbonate reaction, the alkali is regenerated.

The main factors influencing the progress of thalalaggregate reaction includes
the presence of non-evaporable water in the pasie,the permeability of the
paste. Moisture is necessary for initiating andpsufing the reaction which is
accelerated under conditions of alternating wetéing drying.

To obviate the problem it is necessary to reducteemiagress to the concrete so
that although gelling will still be present, it cant imbibe water and exert and
expansive force.

Effects of freezing and thawing

Frost damage is a major cause of lack of durabdityconcrete unless proper
precaution is taken.

Action of frost

A brief description of frost action is as followAs the temperature of saturated
concrete in service is lowered, the water heldhandapillary pores in the hardened
cement paste freezes in a manner similar to thezifrg in the pores in rock, and
expansion of the concrete takes place. If subsegheming is followed by re-
freezing, further expansion takes place, so thpeated cycles of freezing and
thawing have a cumulative effect. The action tailese mainly in the hardened
cement paste; the larger voids in concrete arismg incomplete compaction, are
usually air-filled and, therefore, not appreciaslipject to the action of frost.

Each cycle of freezing causes a migration of wettdocations where it can freeze.
These locations include fine cracks which beconlarged by the pressure of the
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ice and remain enlarged during thawing when thegobee filled with water.
Subsequent freezing repeats the development adyreeand its consequences.

Freezing is a gradual process, partly becauseeofate of heat transfer through
concrete, partly because of a progressive incrigatbee concentration of dissolved
salts in the still unfrozen pore water (which deges the freezing point), and
partly because the freezing point varies with thee ©f the pore. Because the
surface tension of the bodies of ice in the capilfzores puts them under pressure
that is higher the smaller the body, freezing starthe largest pores and gradually
extends to smaller ones. Gel pores are too smaletmit the formation of nuclei
of ice at temperatures higher than °@8so that in practice no ice is formed in
them [1]. However, with a fall in temperature, besa of the difference in entropy
of gel water and ice, the gel water acquires amggngotential enabling it to move
into the capillary pores containing ice. The diftusof gel water which takes place
leads to a growth of the ice body and to expansion.

There are two possible sources of dilating presstiret, freezing of water results
in an increase in volume of approximately 9%, sat tthe excess water in the
cavity is expelled. The second dilating force ima®te is caused by diffusion of
water leading to the growth of a relatively smalimber of bodies of ice. This
diffusion is caused by osmotic pressure broughtiabg local increases in solute
concentration due to the separation of frozen (pweger from the pore water.

When dilating pressure in the concrete exceedsiitsle strength, damage occurs.
The extent of damage varies from surface scalingptoplete disintegration as ice
is formed, starting at the exposed surface of @iacand progressing through its
depth.

The expansion of the hardened cement paste oealggregate, can be determined
by cooling the specimen through the freezing razgg measuring the change in
volume: frost resistant concrete will contract wiveatter is transferred by osmosis
from the hardened cement paste to the air bubbl#syulnerable concrete will
dilate, as shown in Figure 2.14.

While the resistance of freezing and thawing depentits various properties (e.qg.
strength of the hardened cement paste, extengjtalitd creep), the main factors
are the degree of saturation and the pore systetheohardened cement paste.
Figure 2.15 shows the general effect of the absmr@f concrete on its resistance
to freezing and thawing.
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Physical damages
Below a brief overview of some of the physical dgemis introduced.
Wear
Abrasion

Under many circumstances, concrete surfaces ajecsed) to wear. This may be
due to attrition by sliding, scraping or percussion

Resistance of concrete to abrasion is difficultassess because the damaging
effects depend on the exact cause of wear. Buadtbeen established that the
compression strength of concrete is the paramoadatorf in determining the
abrasion resistance of the concrete surface. Taverdt is obvious that lightweight
concrete is unsuitable when surface wear is expecte

The aggregate properties also have some influen@brasion resistance, but this
is only significant if the aggregate quality is pao especially good. For improved
resistance, however, it is possible to treat thecate surface with a suitable
finish.

Erosion

Erosion of concrete is another type of wear whichuos in concrete in contact
with flowing water containing solid particles otitgr

The rate of erosion depends on a number of factdrsyhich the following are
more important [3]:

- The quality of the concrete in terms of its comphes strength and cement
content.

- The quality of the aggregate: concrete with larggragates erodes less
than the mortar of equal strength, and hard agtgedmprove the erosion
resistance.

- The velocity of the flowing water.

- The quantity, shape, size and hardness of the patiitles carried by the
flowing water.

-  The flow characteristics, that is, whether the flasv continuous or
intermittent.

In all cases, it is only the quality of the conergt the surface zone that is relevant,
but even the best concrete will rarely withstandese erosion over prolonged
periods [1].



Cavitation

A high-velocity jet of water striking a concreterface leads to erosion of the
cement paste, resulting in the loosening of the éind coarse aggregate. Repeated
erosion of the concrete creates holes and pits.

Generally, damage by cavitation is found on thdaser of aprons and tunnels
carrying high-velocity water. Cavitation damageeasily distinguishable from
normal erosion by its jagged appearance, in canteathe smooth worn surface
eroded by water-borne particles.

Best resistance to cavitation damage is obtainedhbyuse of high strength
concrete, possibly formed by an absorptive lininghi¢h reduces the local
water/cement ratio). The maximum size of aggregai the surface should not
exceed 20 mm because cavitation tends to remoge faarticles. Use of polymers,
steel fibres or resilient coatings may improve ¢heitation resistance [1; 9].

Good bonding between the aggregate and mortarsisngal. In addition, it is
necessary to provide smooth and well-aligned sasfdicee from irregularities,
such as depressions, projection, joints and abecbphges of profile, to ensure
uninterrupted hydraulic flow.

Cracking

Because cracking may impair the durability of ceterallowing ingress of
aggressive agents, it is relevant to give a bneindew of the types and causes of
cracking.

In addition, cracking may adversely affect the wategghtness or sound
transmission of structures or their appearancehWéspect to appearance, the
acceptable crack width depends on the distance ¥vbith it is viewed and on the
function of the structure.

Cracking occurring in fresh concrete is plasticirdtage cracking and plastic
settlement cracking. Another type of early plasgéttlement cracking is known as
crazing, which can occur on slabs or walls whenstiface zone of concrete has
higher water content than that deeper in the iotefihe pattern of crazing looks
like an irregular network with spacing of up to ab@€00 mm.

In addition, a somewhat different kind of surfagmdge, known as blisters, can
occur if some bleed water or large air bubblegraggped just below the surface of
the concrete by a thin layer of laitance inducedilighing. Blisters are 10 to 100
mm in diameter and 2 to 10 mm thick [20].

In hardened concrete, cracking may be caused bggishrinkage or by restrained
early-age thermal movement. The various type norestral cracks are listed in
Table 2.8 and schematically in Figure 2.16 [20]sluseful to note that, whereas
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one particular cause may initiate a crack, its bgreent can be due to another
cause.

We should note that from energy considerationis é@asier to extend an existing
crack than to form a new one. This explains whyeunaih applied load, each
subsequent crack occurs under a higher load tleapréteding one.

The importance of cracking, and the minimum widtkvhich a crack is considered
significant, depend on the function of the struatimembers and on the conditions
of exposure of the concrete. Reis [21] suggestedfdhowing permissible crack
widths, which still offer good guidance:

- Interior members: 0.35mm
- Exterior members under normal exposure conditiOr&Zsmm
- Exterior members exposed to particularly aggressivéronment: 0.15mm

Various specialized techniques, such as electrowdive paint and light-
dependent resistors-, make it possible to deteritiiaedevelopment of cracking.
However, very fine cracks are very common but rentful, so that intensive
searching for cracks serves no purpose.
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Table 2.8 Classification of intrinsic cracks [20]
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Figure 2.16 Schematic representation of the vartgpes of cracking which can occur in
concrete (see Table 2.8) [20]

Human factors causing concrete failures
Faulty design

The effects of unsatisfactory design and/or detgilinclude poor appearance,
inability to continue its function and catastropfédure. These problems can be
minimized only by a thorough understanding of stuced behaviour in its broadest
sense.

Errors in design and detailing that may result imaaceptable cracking include
improper selection and/or detailing of reinforcemenestraint of members
subjected to volume changes caused by variatiorteriperature and moisture,
lack of adequate contraction/expansion joints, iamatoper design of foundations,
resulting in differential movement within the struie.

Poor construction practices

A wide variety of poor construction practices casult in cracking in concrete
structures.
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Malpractices on the site include the following [3]:
- faulty formwork construction leading to grout leglka
- inadequate vibration, causing honeycombs;
- misplacement of steel which reduces the specifietiete cover;

- improper placing of concrete, such as dropping mecfrom a great
height to cause segregation;

- lack of curing, causing incomplete hydration of e
- poor construction joints.

All these malpractises can lead to significant deepa from the specification and
hence considerable reduction in the durability af @herwise well-designed
structure.

Poor-quality materials

Even with good constituent materials, concrete ohik@o long before use can
cause difficulties in placing and compacting. Wrqrgportioning of constituent
materials, as for example, insufficient cement,hhaggregate content or high
water/cement ratio, could lead to inferior concrete

Reinforcement bars with high salt or silt contémmpy cement and polluted water
used for mixing all result in poor quality concrete

Use of the structure

Changes in the use of structures, such as buildingsehouses can lead to
overloading. With the thrust on improved produdjiviand mechanization
involving the use of heavier equipment and cargodhiag machinery, live and
wheel loads have increased considerably over thesy&hese, in turn, contribute
to greater impact and dynamic loading which areimental to the structures that
were not designed and constructed for such purposes

In particular, excessive loads beyond the elagtndt lof concrete may result in
creep. For example, the development of micro-cragkind shortening of columns
may create a chain-reaction effect that can spteadther structural members
causing ultimate collapse.

Other common defects in concrete as a result oflaaging include spalling,
cracking, flexural and shear fractures, and logahtegration.
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2.2 Structural condition assessment
2.2.1 Assessment of historic buildings

Structural condition assessment of historic buddimequires a different level of
expertise and experience than that for conventiomadern buildings. There are
several factors that distinguish historic strucsui®m their modern counterparts.
Historic structures were built by design standaadd construction methods that
were vastly different than those of the modern @tse engineer conducting an
evaluation of a historic structure must be fullyaaes of the parameters under
which the structure was designed and constructigihally. The original structural
design theory, the intended building use, and cooson practices are all
important conditions that need to be studied arakrstood in order to address the
current condition of a historic structure approgiia Unlike in modern buildings,
structural material properties often are unknown historic structures, and
drawings defining the structural system may betbohior may not exist at all. The
fact that a building is designated as ““histor&lSo means that it is statistically
more prone to have developed long-term structurablpms than younger
buildings, and greater care must be taken to ifgegst possible deterioration [24].
Lastly, engineer must be more sensitive to the itaciural fabric of historic
structures as compared with modern buildings whealuating them because
preservation of the original materials and finistsegaramount.

Some countries generally take 50 years as the mimirage for designating a
structure as historic [24].

2.2.2 Process of assessment

Table 2.1 shows common causes of defects accotditige European Standard of
EN 1504-9 [22]. With respect to later planning epairs, generally defects in
concrete and defects caused by reinforcement ¢onrahould be distinguished.
The purpose of main assessments is [11]:

- toidentify the cause or causes of defects;

- to establish the extent of defects;

- to establish where the defects can be expectegrend to parts of the

structure, that are at present unaffected,;
- to assess the effect of defects on structuralysafet
- toidentify all locations, where protection or répaay be needed.

More details on the requirements for assessmergiaea in EN 1504-9 [22].
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2.2.3 Inspection and diagnosis of concrete defects

There is a need for a regular system of inspe¢dera Figure 2.17) of all reinfoced

concrete structures so that any deterioration eanldiected and recorded at its
early stages, and a decision then taken on whadiatworks, if any, should be

carried out. However, it must be noted that theectpf periodic inspections is to

arrest deterioration at its early stages and iidrway implies that such structures
are especially vulnerable to structural failure [3]

The survey

The objectives of a structural survey are obvioulbtated by the requirements.
Whether the survey is to satisfy a mandatory regouént or to assess the strength
of the structural members after a fire, the undeglyequirement for the following
is to be identified.

What is the present state of deterioration and itendf the member?
What will be the future rate of deterioration?

Are repairs required urgently?

Concrete Defects — Inspection and Diagnosis

1

PLANNING

Establish aims and
infarmation requirec J

Documentation Survey

Stage
n

N
VISUAL INsPECTION  No structural survey

necessary?

Analysis, Interpretation and Reporting

Stage
i}

TESTING

Non-destructive tests

Conclusions

—-4 Action plans

Figure 2.17 Flowchart to illustrate the inspectwocess [3]
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Selection of test methods

Test selection is based on a combination of facioch as:

The availability and reliability of calibrations;
- The effects and acceptability of surface damage;

Practical limitations such as member size and tgpeface condition,
depth of test zone required, location of reinforeatrand accessibility;

The degree of accuracy required;

- Economic consideration of the value of work underestigation and
the cost of delays in relation to the cost of &t program.

Generally, the complexity of calibration tends ® dreatest for those tests which
cause the least damage. For example, while sutfamdness and pulse velocity
tests cause no damage, are cheap and quick, arideatefor comparative and
uniformity assessments, their calibration for abolstrength estimates poses
many problems. Core tests, on the other hand, geothe most reliable
information, but also cause the most damage anslaneand expensive.

When a comparison with concretes of similar quaktyall that is necessary, the
choice of the test method is governed primarily gmactical limitations. For
example, the surface hardness test may be usew¥orconcrete, while ultrasonic
is selected where two opposite faces of the melautgeaccessible.

The test program is also influenced by the costhefests in relation to the value
of the project involved, the costs of delays tostorction and of possible remedial
works.

An overview of the tests related to reinforced cete aging studies is available in
literature [3; 9; 26].

Interpretation of results

It is essential that there is agreement on the thai/results should be interpreted
in order to avoid disputes. Interpretation shoualketinto account the capabilities
and accuracies possible from the tests, as welerasronmental effects and
practical difficulties.

Examples of environmental factors include differ@ntates of weathering and
chemical attack between parts of existing strustues well as the influence of
moisture conditions. The last factor is particylamnportant for permeability,
integrity and strength tests, because the caltmatiprepared under laboratory
conditions may not be the same as those for sitdittons.

Assessment of moisture conditions internally witboncrete is often beset with
difficulties, such as variations of in-place conerstrength and mix proportions,
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and the influence of reinforcing steel on test itssurhese factors will affect the
locations and the number of individual tests taleied out, which is very often a
compromise between accuracy and cost.

Having established and agreed on the procedurdse tadopted, interpretation
should be on-going throughout testing by an expegd engineer. In this way, the
program may be modified as necessary.

Recommendations for action

If a visual inspection has not shown any signs igfrelss or deterioration, the
structure may be assumed to be safe, and non-diéatrtesting is unnecessary. At
best, it is only necessary to check all the stmattoalculations and details, and
construction records. If the check reveals defidies in design or construction,
doubts arise as to why there are no symptoms. fotigh structural check may be
required in this case.

If there are signs of distress, deterioration oncttiral malfunction, the engineer
has to make the crucial recommendation as to whetiee building should be
demolished, or its structure repaired and stremgithe

If there are signs of severe distress in a strectitimay be better to evacuate the
building, particularly if monitoring indicates thatracks are widening and the
deformations are increasing.

2.3 Concrete repair

Phases of repair projects
The phases of repair projects follow a logical ssme, which is dominated by
engineering aspects. Table 2.3.1 gives a gendnehse according to the European
Standard EN 1504-9 [22]. This figure shows the kvedlvn elements, such as
assessment, planning, design and quality control.
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Table 2.3.1 The phases of repair projects [22]
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Options, principles, and methods for protection andepair
The rules for the use of products and systemsramteption and repair of concrete
structures are based on a hierarchy of differerglée namely options, principles
and methods.
According to EN 1504-9 [22], the following optioskall be taken into account in
deciding the appropriate action to meet the fureguirements for the life of the
structures:
a) do nothing for a certain time;
b) re-analysis of structural capacity, possibly legdio downgrading of the
function of the concrete structure;
c) prevention or reduction of further deterioratiorih@iut improvement of
the concrete structure;
d) improvement, strengthening or refurbishment obalparts of the concrete
structure;
e) reconstruction of part or all of the concrete stuue;
f) demolition of all or part of the concrete structure

For protection and repair, different principles édveen defined, separately for
repair and protection of damages to the concret® @ammages induced by
reinforcement corrosion.

Tables 2.3.2 and 2.3.3 show the six principlegpfotection and repair of concrete
and the five principles to prevent damages due dofarcement corrosion,
respectively. To protect or repair a concrete stmeg according to the principles,
different methods are available. These principled methods are based on the
European Standard EN 1504-9 [22]. The system abogt principles and methods
is the basis for product selection by the designer.

Table 2.3.2 Principles for repair and protectiondamages of concrete

Principle no. Principle and its definition
Principle 1 [PI Protection against ingre
Principle 2 [MC] | Moisture control
Principle 3 [CR] Concrete restoration
Principle 4 [SS] Structural strengthening
Principle 5 [PR] Physical resistance
Principle 6 [RC] Resistance to chemicals
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Table 2.3.3 Principles for protection against r@inément corrosion

Principle No.
Principle 7 [RP]
Principle 8 [IR]
Principle 9 [CC]
Principle 10 [CF
Principle 11 [CA

Principle and its definition
Preserving or restoring passivity
Increasing resistivity

Cathodic control
Cathodicprotectior
Controlling ofanodic ares

REHABCON provides a manual for users to chooseadesgty for the rehabilitation
of concrete structures (Figure 2.3.1) [23].

o ————

of repair system

1

- [

REHABCON project ‘
1

Economical Asset Maintenance Execution Actualization
investment inventory policy mpair work of investment
Urgency of
Asscssment —ce— Y
intervention
-
. - 3 '
Non-technical Technical Repair [
requirements requirements systems :
1 1
1
Optimum selection | | 1 Strategy of

=~ intervention

Figure 2.3.1 Scheme of general procedure deschiibéee manual

There are various methods and materials availaileepair or rehabilitation of
concrete structures; they may not be used dirécthroject specifications because
each repair project may require unique remediaact

Concrete material and methods for repair and réitetlon are described more
precisely in literature [5; 6; 7; 9; 22; 23; 40-49]
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Planning and selection of products

Table 2.3.4 shows the systematics of planning adegrto EN 1504-9 [22]. As
already shown in Table 2.3.1, planning starts i assessment of the status of
the structure. The following is to be selected:iamyg (repair strategy), repair
principles and repair method, as defined in theviptess section. Based on this
selection scheme, the repair materials can be phoB& 1504-9 defines
performance characteristics for every repair mettsmparately for all intended
uses and for certain intended uses [11].

Table 2.3.4 Systematics of planning according tol584-9 [22]

Assessment of the status of the structure (defects ...)

y
Elaboration of the repair strategy (do nothing, repair, ..., demolition)

hJ
Definition of the repair principles (e.g. protection against ingress ...)

v
Selection of the repair method (e. g. impregnation ...)

Y
Definition of the repair materials (strength, modulus, adhesion, etc.)

X
Definition of inspection and maintance requirements

The conditions under which the repair material Wil placed and the anticipated
service or exposure conditions can have a majoaatnpn the design of a repair
and selection of the repair material. The followfagtors should be considered in
planning a repair strategy [11]: 1) application ditions (geometry, temperature,
moisture, location), 2) service conditions (temp&e chemical attack, chemical
attack, appearance, service life).

Most repair projects will have unigue conditionsdaspecial requirements that
must be thoroughly examined before the final repaaterial criteria can be

established. Once the criteria for a dimensionatynpatible repair have been
established, materials with the properties necgdsameet these criteria should be
identified. A variety of repair materials have bdemmulated to provide a wide

range of properties. Since these properties wilcafthe performance of a repair,
selecting the correct material for a specific aggilon requires careful study.
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Properties of the materials under consideratiorafgiven repair may be obtained
from manufacturer's data sheets, evaluation repodstact with suppliers, or by
conducting tests [11].

Factors affecting the durability of concrete repairsystems

To achieve durable repairs it is necessary to densihe factors affecting the
design and selection of repair systems as parscoimposite system. Selection of
a repair material is one of the many interrelategs equally important are surface
preparation, the method of application, construcpoactices, and inspection. The
critical factors that largely govern the durabildf concrete repairs in practice are
shown in Figure 2.3.2. These factors must be censitlin the design process so
that a repair material compatible with the existiogncrete substrate can be
selected. Compatibility is defined as the balan€eploysical, chemical, and
electrochemical properties and dimensions betwéenrépair material and the
concrete substrate. This balance is necessarg ifefbair system is to withstand all
anticipated stresses induced by volume changeslaical and electrochemical
effects without distress or deterioration in a ¢jEat environment over a
designated period of time. For detailed discussafinsompatibility issues and the
need for a rational approach to durable concratairg see Emmons, Vaysburd,
and McDonald (1993 and 1994) [9]. Dimensional cotityiiity is one of the most
critical components of concrete repair. Restraioedtraction of repair materials,
the restraint being provided through bond to théstag concrete substrate,
significantly increases the complexity of repairjpcts as compared to new
construction. Cracking and debonding of the repsiterial are often the result of
restrained contractions caused by volume chandesrefore, the specified repair
material must be dimensionally compatible with &xésting concrete substrate to
minimize the potential for failure. Those materiptoperties that influence
dimensional compatibility include drying shrinkageermal expansion, modulus
of elasticity, and creep.
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Figure 2.3.2 Factors affecting the durability oficcete repair systems according to
Emmons and Vaysburd 1995 [9]

Properties of repair materials

In addition to conventional Portland-cement corer@nd mortar, there are
hundreds of proprietary repair materials on the ketarand new materials are
continually being introduced. This wide varietyhaith specialty and conventional
repair materials provides a greater opportunitynttch material properties with
specific project requirements; however, it can aepease the chances of selecting
an inappropriate material. No matter how carefalyepair is made, use of the
wrong material will likely lead to early repair kaie. These properties should be
considered before any material is selected for arsea repair or rehabilitation
project as follows: compressive strength, modulfiselasticity, coefficient of
thermal expansion, adhesion/bond, drying shrinkageep, and permeability.

Repair of cracking
The wide variety of types of cracking describe@®atction 2.1 suggests that there is
no single repair method that will work in all instees. A repair method that is
appropriate in one instance may be ineffectivevenedetrimental in another. For
example, if a cracked section requires tensilefoetement or posttensioning to be
able to carry imposed loads, routing and sealirgctiacks with a sealer would be
ineffective. On the other hand, if a concrete secthas cracked because of
incorrect spacing of contraction joints, fillingethcracks with a high-strength
material, such as epoxy will only cause new craghkaoccur as the concrete goes
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through its next contraction cycle. Potential repaaterials and methods may be
selected with the procedures shown in Figures 28d32.3.4.

ACTIVE CRACKS

PATTERN * P ISOLATED
CRALKS CRACKS

STRENGTHENING
REQUIRED?

STRENGTHENING
REQUIRED?

1. STITCHING 1. FLEXIBLE SEALING
2 ADDITIONAL 2. DRILLING ANO
REINFORCEMENT PLUGGING
IMPROBABLE UNBONDED
OCCURRENGE OVERLAY

Figure 2.3.3 Selection of repair method for actixecks after Johnson [9]

DOARMANT CRACKS

PATTERN CRACKS

ISGLATED CRACKS

TRENGTHENINI
REQUIRED ?

STRENGTHEN N
AEQUIRED?

IMPROBABLE
QGCURRENCE

SEVERE

1. EPOXY
sevens INJECTION
2. ROUTING AND 1 EPOXY
SEALING INJECTION
3. BROUTING 2 ROUTING AND
4. AUTOGENOUS SEALING
1. ROUTING ANO SEALING 1. DveALAY 1. ADDITIONAL REINF HEALING 3. GROUTING
2 JUDICIOUS NEGLECT 2 POLYMER IMPREGNATION e tiniigriag 5. ﬂ%‘&g?s 4 FlexsLe
DR ROUs MEALIG 7. AUTOGENOUS 6. FLEXIALE 5. JUDICIOUS
4 OVERLAY HEALING SEALING NEGLECT
8 FOLYMER IMPREGNATION 7. DRILLING AND 6. AUTOGENDUS
PLUGGING HEALING
1. EPOXY INJECTION 8. DAY PACKING 7 DPSLLG*G"‘“:G‘“D
2. STITCHING
3. AUTOGENOUS ADDITIONAL
HEALING REINFQRCEMENT
4. ADDITIONAL + EPOXY INJECTION
REINFORCEMENT

FLEXIBLE SEALING

Figure 2.3.4 Selection of repair method for dormaatks after Johnson [9]
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Repair of spalling and disintegration
Spalling and disintegration are only symptoms ohyngypes of concrete distress.
There is no single repair method that will alwapplg. For example, placing an
air-entrained concrete over the entire surface micrete that is deteriorating
because of freezing and thawing may be a soundrremahod. Use of the same
technique on concrete deteriorating from strond atiack may not be effective.
General repair approach can be selected from Takde5, which presents a
comparison of the possible causes of spalling asidtdgration symptoms and the
general repair approaches that may be appropdatath case. Table 2.3.7 relates
the repair approaches shown in Table 2.3.6.

Table 2.3.6 Causes and repair approaches forrpaliid disintegration [9]

Deterioration
likely Repair approach
Cause to continue
Yes No
1 | Erosion (abrasion, cavitation) X Partial replaent
Surface coatings
Accidental loading (impac
2 | earthquake) X Partial replacement
3 | Chemical reactions
Internal X No action
Total replacement
External X X Partial replacemen
Surface coatings
4 | Construction errors (compaction, X Partial agpiment
curing, finishing) Surface coatings
No action
5 | Corrosion X Partial replacement
6 | Design errors X X Partial or total
replacement based
on future activity
7 | Temperature changes X Redesign to incldide
(excessive expansion caused by adequate jirat
elevated temperature and partial replacement
inadequate expansion joints)
8 | Freezing and thawing X Partial replacement
No action
Note: This table is intended to serve as a gégeide only. It should be
recognized that there are probably exceptiomsl tof the items listed.
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Table 2.3.7 Repair methods for spalling and digirgtgon [9]

Repair approach Repair method

1 | No action Judicious neglect

2 | Partial replacement Conventional concrete placéme
(replacement of only damaged Drypacking
concrete) Jacketing

Preplaced-aggregate concrete
Polymer impregnation
Overlay

Shotcrete

High-strength concrete

3 | Surface coating Coatings

Overlays

4 | Total replacement of Remove and replace
structure

Concrete removal and preparation for repair.

Most repair projects involve removal of distressed deteriorated concrete.
Regardless of the cost or complexity of the repaégthod or of the material
selected, the care with which deteriorated condeetemoved and with which a
concrete surface is prepared will often determimetiver a repair project will be
successful.

Concrete removal and preparation procedures as matérial and methods for
repair and rehabilitation are described more pedcim literature [5; 6; 7; 9; 22;
23; 40 - 49].

2.4 Conclusion

To summarize coverage in literature, it should bdearlined that in spite of quite
deep analysis of differente types of damages, ®osate investigations reporting
on old, 90-years of age or more reinforced concsgigctures were found. One of
the aims of this thesis is to study the latter.



3 METHODS USED IN THE THESIS

The methods presented below are based on the nsetised in the investigation,
analyses and restoration in the case studies d¢hifand Papisaare hydroplane
hangars.

3.1 Methods for structural condition assessments

The following methods were used in the structursdeasments of hydroplane
hangars:

- The history, location, the composition of the mialer and building
technology used were introduced.

- Elements and geometry of carrying structures weseribed.
- Visual investigation of damaged structures was done

- Materials studies were made according to the mathddosen and
described in Section 5.4.

- Summary and conclusions concerning structural sgnere made.
3.2 Methods for assessment of residual carrying capagitanalysis

The assessment and analysis of residual carryipgcig of hydroplane hangars
were made according to the following methods:

- The performance of the structures was analyzedhbyfinite element
method using contemporary calculation programs.

- Strength calculations were done according to thenscand standards in
force.

- Summary and conclusions of assessment of resicurayilmg capacity
studies were made.

3.3 Methods for restoration

Restoration of reinforced concrete structures ofddpyane hangars was
accomplished by the following methods:

- On the basis of structural assessments and stadéeanalyses of residual
carrying capacity of structures and elements ragyifiast restoration were
selected.

- Proper structural solutions for the restoratiorthef selected objects were
chosen.

- Structural solutions and their applicability on tiigects were proposed.

- Summary and conclusions of selection of restoragolutions and their
applicability on the objects were made.
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4 HISTORY OF STUDIED OBJECTS

The object of study of this thesis is the hydroplaangars in Tallinn and Papisaare
(Saaremaa). Below a brief history of these objisciistroduced.

Brief history of Tallinn hydroplane hangars

Between the years 1916-17 a hangar for hydroplaassdesigned and erected in
Tallinn, Estonia (Figures 4.1 — 4.4). This largearspstructure, courageous and
advanced in its time, consists of three spheriodl seven cylindrical reinforced
concrete roof shells and four double-decker toweis.the first implemented early
20" century concrete structure of this type in the lhoorld. No drawings or
calculations have been preserved.

Only a few essential historic facts are describethis thesis. A detailed historic
account can be found in literature [32].

In 1907 a defence plan was developed in Russipdaméd by the Czar Nicholas
II'in 1911 (strategic principles of the Tallinn-Rkala line were vital for Estonia),
according to which a naval operative base had tbuie by 1916. Originally, the
Czarist defence plan did not include air force baseut due to the fast
development of air force during World War |, thfaee plan was amended. In



accordance with the new plan, the new defence biashsled placements for
airplanes.

The hydroplane hangars in Tallinn and Papisaar¢hareone element in a holistic
defence /fortification system for the Baltic Seaacreated by Czarist Russia in the
first decades of the 1900s - just in advance ofBhkshevist coup d'etat, in the
shadow of which the Baltic countries succeedecstaring/rebringing themselves
among the independent European states.

Figure 4.2 Hydroplanes inside the hangars in ti2919

The preparation work for this naval base constonctor seaplanes started in 1913
by research and financial calculation. March 1941 loe considered a starting shot
for design: then 11 construction companies weréedwvto participate in a design
winner was the Danish company Christian& Nielsees{gner Sven Schultz). The
same company also acquired the building contract.

The project consisted of two groups of hangarse-fitist had three and the second
one two hangars. Construction started in July 1846 lasted up to 13 October
1917. Due to the October Revolution in Russia, le& Russian government

ordered Christian & Nielsen to terminate the workl dinished the contract. By

that time the construction of the first group ohbars was practically completed.
In the second group of hangars basement had bestrecied.
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Figure 4.3 Hydroplane hangars in Tallinn, view frme north in the 1930s

During 85 years no substantial repairs were peréormhich would prolong the
lifetime of the reinforced concrete roof shellsigivally, the upper surface of the
hangar shells was covered with a kind of tar paipés, however, not clear which
material exactly was used. Mentions can only badofriom the year 1938 when
the old isolation was scrabbled from the brokercgdaand the concrete cracks
were filled with tar. After that the shell was cose with bitumen previously
heated to 1. Before lubrication the shell was covered wittloye unbleached
cloth. Sand was poured into hot bitumen. The measooncerned only one shell
which faces the city. The two remaining shellstigcihe sea were tarred. Later, in
the 1960s all the reinforced concrete roof shelisanarred.
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Figure 4.4 View from the west

The building has attracted attention of severarimdtional organizations, such as
the International Association for Shell and SpaB#iucture (IASS), International

Federation of Concrete Fib (CEP-FIP), and the hatonal Committee for the

Conservation of the Industrial Heritage (TICCIHDhe building is under the

protection of antiquities as Estonian National Heyé object No 452 and is well
known at least in the Nordic Countries.

In 2001, an investigation was ordered by Tallinnt@al Heritage Department
from Tallinn University of Technology (TUT) to anake the actual technical
condition of the structure, its stress and stra@tiesand to design a restoration
project. On the basis of this project, inevitabépairs were performed on the
middle roof that was in the worst condition. Howe¥erther work no financing
sources were available.
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Brief history of the Papisaare hydroplane hangarsn Saaremaa

According to the historic studies [32] Papisaaraaf®maa), hydroplane hangars
(Figure 4.5) belonged to the Tallinn Porkala deéetioe described above that
composed a so-called pre-station.

The researchers [32]ere not able to collect detailed data concernireghtistory of
the structure, designers and builders of the hangaoperties of the materials
used, etc.

In spite of that it can be assumed that the hangeme designed and built
according to the requirements existent at that (isee p. 5.4.1.1)), in view of the
properties of materials and structural conditiofisat was also confirmed by the
materials studies conducted with reinforced stedimthis research.

= s S
Figure 4.5 Papisaare hydroplane hangars, view thenmorth
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5 CASE STUDIES OF STRUCTURAL CONDITION
ASSESSMENT

5.1 Introduction

This research focused on the structural conditiminghe Tallinn and Papisaare
hydroplane hangars.

The geometry of structures and principles of behaviin terms of carrying

capacity were specified and visual and materiakearch was conducted for
structural condition assessments. Materials rekeancluded the following:

properties and chemical composition of reinforcégels compressive strength,
frost resistance, water absorption of concrete;aX-ranalysis of cement
composition; analysis of concerete structure bycted@ microscopy, and
assessment of the extent of carbonation.

The methods used in materials research are dedarnitike relevant subsections.

The results of the studies completed are desciitbékde conclusions in the final
part of this chapter.

5.2 Geometry and design
Tallinn hydroplane hangars

The hydroplane hangar consists of three 36.4 x 86id plan reinforced concrete
spherical shells and seven short cylindrical she8s4 x 6.8 m connected with
them. In every corner there are two storey toweBsx66.8 m in plan (see Figure
5.1). At the top of each spherical shell - thera i2-sided lightning window with a
diameter of 10 m. The internal bearing distanckli®.0 x 36.4 m, the height of the
doors is 10.0 m.
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Figure 5.1 Dimensions of the hangar

The whole structure is carried by 24 columns andridle braces (Figure 5.2). The
columns are supported on the piled foundation. Adiog to the original project,
the piles are connected to a horizontal reinforcgncencrete tie beam to receive
the horizontal support reaction. More precise @dtaut the quantity, parameters
and foundation plate thickness of the reinforcemeoricrete pile are missing.
Cross-section of the column and angle braces vgdsgt 0.60 — 1.30 m.

Lower beams of all cylindrical shells are equippeth two angle braces to receive
the horizontal side wind load. Through those arigkces the wind load will be
transferred to the edge of the spherical shelluieigs.3). Cross-section of the
tension beams is 0.4 x 0.6 From the west and north side, the cylindrical shell
are restricted with fulfilled reinforced concretedgr, east and south side the area
between reinforced concrete girder braces are edverith a wood slat. The
southern part of the building houses a single-astbworkshop.

The shell structure has edge elements of a crat®s®.60 x 0.75 m (Figure 5.4).
The diameter of reinforcing bars of columns, ariglaces and edge elements is ~
25 mm.
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1N A
Figure 5.2 Reinforced concrete columns and angleds

&

2 ﬁf;“ﬂ‘ i

Figure 5.3 Reinforced concrete angle braces ustakéowind loads
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Figure 5.4 Edge element of the shells and girdeera by timber slatings

The corner towers and wall columns are connectéd avhorizontal reinforcement
concrete beam.

Hangar walls are constructed of concrete small Kslo€Certain parts of load
resistance are taken by those walls and columnicrease wind load resistance,
the reinforcement concrete columns and wall bloaks connected with metal
braces. Thickness of external concrete walls ismd,3here are columns with a
spacing of 6.0 m and a cross-section of 0.30 x &dBetween the walls (Figure
5.5).

Figure 5.5 Concrete block wall, view from the east
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From the engineering point of view, the most ingéirgy part of the construction is
the reinforced concrete roof shell of the hang@he height of the shell edge from
the floor is 10 m. The maximal height of the spbtarishells under the lightening
The maximum rise of spherical shells is 12 m arlthdyical ones 6 m. Spherical
and cylindrical shells have the curvature radiu8@b m. The thickness of shells
is 80...150 mm (in corner areas 400...720 mm).

The ratio between thickness t (~110 mm) and beayag

t 110 1

L 36400 331,

would be rather small in today’s terms.

The shells described are thin as can be seen frematio

t 1

=
Rrire 20,

where Ry, is the curvature radius.

Papisaare hydroplane hangars

The hydroplane hangar consists of three 22.0 x g1.&ee Figure 5.6) in plan
reinforced concrete frames (24 columns and 18 beam®rmation about the
foundation the quantity, parameters and foundatmate thickness of the
reinforcement concrete pile are missing.

The internal bearing distance is 22.0 x 21.8 mhight of the doors is 5.15 m.

The whole structure is carried by 24 columns andb&8ms. The columns are
supported on the piled foundation. Cross-sectiothefcolumns is 0.30 — 0.45 m
and that of the beams is between 0.30 — 1.40 me3ist deformations caused by
temperature variations there are deformation joimtthe middle opening of the
hangar (Figure 5.7).

The second hangar consists of two 22.0 x 21.8 rarete frames.

64



Figure 5.6 Dimensions of the hangar

Figure 5.7 Deformation joint
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5.3 A visual inspection of the deteriorated reinforcecconcrete
construction

A visual inspection of the exposed concrete is finst step in an on-site
examination of a structure. The purpose of suclexamination is to locate and
define areas of distress or deterioration.

Tallinn hydroplane hangars

Because of very poor maintenance during the lasadbs and due to the absence
of roofing, windows and doors, water and moistusis penetrated in the concrete
surface, causing moisture and frost damages of remncand corrosion of
reinforcement and washing out of binder.

In some places corrosion of reinforcement is seresite that only prints of the
corrosion are left. On the lower surface of thdlshreearby 50 % of the cover layer
is absent and some pieces of concrete cover atmgously falling down.

Due to the missing cover layer (Figure 5.8) andrekesing cross section of
reinforcement, the reinforcement does not servepitgpose in receiving the
internal forces. The condition of the upper surfatéhe shells is better, due to the
thicker cover layer of concrete.

Extensive damages are seen everywhere (columng eldgnents, diagonals;
figure 5.9). Restoration and reinforcement is sidtessary.

Central spherical shell has an area of (~3where part of the shell was broken,
settled downward ~ 70 mm (Figure 5.10, area A).

The crack between the spherical and cylindricallskes formed both in the north
side and middle shells (Figure 5.10, area B). Thesgnt dangerous situation is
reduced on the middle shells.
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Figure 5.8 Shell coverage

Figure 5.9 Damages of the lower surface
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Many cracks have emerged on the top surface ofsshihe total length of the

cracks is about 600 m (see Figure 5.10) and mostesh pervade the shells. The
cracks have been caused by temperature and hurstttyges; possibly also by
the shrinking concrete volume (the 100 m long aasibn has no temperature

joints).

All three shells have rounded cracks, caused by3jants originating from the
erection.

Now the upper surface of the shell is covered qastly with oxidized bitumen.
Most upper surfaces of the shell have been wasligbdrain and are cracked. In
autumn 2001, the central part of the sphericall stmel two cylindrical shells were
covered with SBS type roofing.
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Figure 5.10 Cracks and deformed areas in the mei@fboconcrete roof



Papisaare hydroplane hangars

Damages are seen everywhere (columns, beams; FBdute Due to the missing
cover layer and decreasing cross section of raafoent, the reinforcement does
not serve its purpose in receiving the internatésr Restoration and reinforcement
is still necessary.

The reason of the damages is poor maintenancegdilmnlast decades and due to
the absence of roofing, widows and doors, waternaoigture has penetrated in the
concrete surface, causing moisture and frost dasnaigeoncrete and corrosion of
reinforcement and washing out of binder.

Figure 5.11 Damages of the hangar frame
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5.4 Materials research concerning reinforced concrete

In order to analyze the condition of concrete aidforcement, materialesearch
was performed in the Center for Materials Reseakeiioratory of Mechanical
Testing and Metrology, Testing Laboratory of Builgi Materials of TUT and
ETUI BetonTEST OU. During the research the causdéen¢ and nature of
corrosion were determined. According to the resaftthe analysis, a restoration
solution was developed.

5.4.1 Materials used according to the initial project
1) Tallinn hydroplane hangars

The hangars had to be built according to the desggms valid in Czarist Russia.
On the bases of those norms materials were chos®rtalculations were made:
concrete 1:2:3 with allowed 28-day concrete congivesstrength at least 150
kglcn?; the allowed strength for walls - 30 kgfgmtension strength of
reinforcement steel bars - 1000 kgfcamd shear strength - 800 kgfcreolume
weight of reinforcement concrete - 2400 kg/molume weight of concrete - 2200
kg/m®; and design wind load - 200 kgfm

2) Saaremaa Papisaare hydroplane hangars

Construction works of Saaremaa Papisaare hydroplangars were ordered by the
naval construction division of Czarist Russia. Hfiere, in spite of absence of
archival data, it is assumed that the requiremsetdor materials of the erected
reinforced concrete hangars were in compliancééocbnditions set to the builder
of Tallinn hydroplane hangars ( see section 5.1 1

5.4.2 Compressive strength of concrete

Compressive strength of concrete of the Tallinn hywplane hangar
construction

The compressive strength of concrete was determyetivo different methods:
the indirect (“no smashing” method) and the direethod.

a) Indirect method

The compressive strength of concrete by the intlimeethod was determined by
the SCHMIDT’I strength impact hammer type N acaogdio the standard EN
12398. According to the methods eight tests werdethout in each measuring
point and the mean measuring result was calculatethe basis of six tests (the
highest and the lowest value were subtracted). l@nbasis of the graph (by
interpolating between vertical and horizontal regd), on the mean measuring
result, the mean compressive strength,qf,.0f the specimen of 200 x 200 x 200
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mm was determined. The shape factor in the tramsfégre sample dimensions 150
x 150 x 150 mm is= 1.05 and the time correction factor js 0.7.

Results

Table 5.1 presents summary results of the detetiminaf compressive strength of
concrete.

Table 5.1 Determined compressive strengths of epacr

Pos. | Element/paramete Spherical Cilindrical | Edge Area Area
shells shells elements
A B
1 Number of 16 21 21 1 1

measuring points

2 Average
compressive
strengthfey cube
N/mn? 12.2 14.4 21.9 350 | 332

Sample

200 x 200 x 200
mm

3 Mean compressive
strengthfe, cube
N/mn?

Sample 12.8 15.1 23.0 36.7 34.9
150 x 150 x 150
mm

4 Class according to] C 8/10 C 12/15 C16/20 C25/30 C25/80
EN 206-1

Area A is additionally reinforced in the middle gpical shell (see Figure 5.10).
Area B is additionally reinforced in the cylindrichell (see Figure 5.10).

b) Direct method

The compressive strength of concrete was determbyedhe CORE---CASE
device of the Danish German Instruments Ltd. Thesick is used to drill out
concrete samples — centre punches of a cross#sexftie0 mm and depth of 50-90
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mm from a studied concerete structure. End face® weoothed plane parallel,
measured, weighed and steel cylinders of 50 mm glele to the faces. After one
to two days under the compression machine, the lssnigsted were subjected to
compression up to breaking.

The breaking compression stress was calculatechgakito account sample
dimensions according to the British Standard (B&118S 6089 clause 7).

On the basis of the statistical procedure, the delksity and compressive strength
of concrete in each sample and the correspondibig compressive strength cube
and the mean compressive strength of sample setgslard deviation and the
variation factor were calculated. On the basishelsé data, class C (according to
EN norms) of concrete compressive strength ofeébk&etl structural element(s) was
determined.

Results

Table 5.2 presents summary results of the detetioimef the class of concrete
compressive strength.

Tabel 5.2
Pos.| Element/ Shell Edge Columns
elements,
girders
Parameter
1 Number of center punches 12 7 3
2 Mean bulk density, g/cin 1.94 2.05 2.32
3 Standard deviation -"- 0.05 0.06 0.03
4 Variation factor % 2.46 3.08 1.08
5 Mean compressive strength| 12.9 20.5 28.0
foto cube N/MINT
6 Same, kg/ch 129 205 280
7 Standard deviation, N/nfm 1.4 1.5 0.9
8 Variation factor, % 10.7 7.3 3.0
9 Class according to EN 206-1 C8/10 C16/20 C20/25




Concrete compressive strength of Papisaare hydroph® hangars
Methods of determination of concrete compressive rgngth

The compressive strength of the samples was detednaccording to the
requirements of the standard EVS-EN 12390:2002. Tancrete pieces were
selected as samples for testing, one of which \alient from the reinfornced
concrete column and the other from the main beanthé laboratory two testing
sample cubes of the dimensions 10x10x10 cm and77gi@#xwere sawn out from
the concrete pieces.

Results

The compressive strength of the testing samplescshen out is shown in Table
5.3.

Table 5.3
Compressive
Testing Dimensions, A, Mass, Apparent- F, | strength,
Sample
denotation mm ch | kg density kN fek, cub
a ‘ b | h kg/rh N/mnt
1| 101.0/ 103. 101.0 104)0 2\3 2180.0 201.0 19.5
Papisaare| 2 685 730 735 50.0 D.8 2180.0 1p0.0 .0 24
Mean compressive strength,N/lam  21.8
Class according to EN 206-[L: C16/20
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5.4.3 Frost resistance
Methods for the determination of concrete frost restance
Samples were as follows:

1. Two concrete cylindrical samples of the diamete®@fmm and L=60 mm
and L=80 mm drilled out of reinforced concrete Ehelf the Tallinn
hydroplane hangar.

2. Two concrete pieces out of which one was taken ftbm reinforced
concrete column and the other from the main beamvedeas testing
samples for the Papisaare hydroplane hangars. dnlathoratory four
cubic testing samples of the dimensions of 50x100xhm were sawn
out.

Frost resistance of concrete testing sample noad determined according to the
requirements of the standard GOST 10060-87 I.

To determine frost resistance, two cylindrical ceaenples with the diameter of 90
mm and depth of 60 and 80 mm were drilled out. €rsmples were drilled out
exactly on the places, which were repaired by tstig dogs and glued cracks.
According to those methods concrete cylinders wiesgen in a thermoclave
“Neva” with enforced air circulation at the tempter@ from 18+ to -2 from 2.5
to 16 hours and melted in ordinary water at thepenatures +(18+-3¢ from 2.0
(+-0,5) hours. One freezing cycle consisted of Zieg and melting, thus one
freezing cycle lasted from 4.5 to 18.5 hours (firegz melting).

The frost resistance of concrete was assessecebwthber of cycles during which
mass loss of the testing samples did not exceedBte initial mass. At the

beginning of the test and after each of the fiveefing cycles, an external
observation of concrete cylinders was done and rohaeges were determined.
Concrete frost resistance was assessed throughm#es change at testing
according to the GOST 10060-87 Il method.

Frost resistance of testing samples no. 2 wasrdited according to the standard
EVS 814:2003.

Papisaare testing samples were sawn out from denpreces such that the outer
surface of the structure remained the outer surdétle testing sample during the
freezing-melting testing. Testing sample dimensiang densities are presented in
Table 5.5.

The testing samples sawn out were kept in a clim@ie at the temperature (20+-
2)°C and relative moisture (65+-5)% up to the begigrif freezing-melting. On

the 3°-5" day, a rubber cover was glued to the testing sesnplhereas the edge of
the cover extended 20 mm over the edge of the sanipls enabling freezing
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substance to be retained on the surface of the lsanmpaddition, sides of the
sample and the lower part were insulated by a takmsulation material. On the
7" day of maintenance, a 3 mm layer of distilled watethe temperature (20+-
2)°C w;s poured on the sample and it was kept for-@)2ours at the temperature
(20+-2)C.

Distilled water was replaced by a 3 mm thick fregzsubstance — new distilled
water layer at the temperature (20+@pefore sample was placed into the froster.
To avoid freezing substance vaporization, the rigsiample was covered by a
polyethylene film. Freezing and melting were catrieut according to the
conditions provided in the standard in the climateamber with enforced air
circulation. One freezing-melting cycle lasted 22 hours. After 7, 14, 28, 42, 56
cycles the quantity of material spalling on theeoigurface of the testing sample
was determined. To remove the whole of the spallthg material was poured
from the surface of the testing sample to a coetaingether with the freezing
substance, followed by surface cleaning by watesysprhe material spalling was
separated from the liquid by filtration, then driadd weighted. For subsequent
cycles, a new quantity of freezing substances wasgal on the sample.

After completion of the above cycles, mass losgath sample was determined
and the summary spalling quantityM (g) and the summary mass loss per unit of
area - S (kg/nf) were calculated. To assess frost resistancentan mass loss
per unit of area of four testing samples was cateal.

Results

Frost resistance of concrete for reinforced concretshells of Tallinn
hydroplane hangars

Mass loss of 3% was exceeded for the first conagiader after 110 and for the
second after 150 freezing cycles.

Table 5.4 presents changes in concrete cylinders nraghe determined frost
resistance of up to 150 freezing cycles.
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Table 5.4 Changes of concrete cylinder mass irdétermined frost resistance of
up to 150 freezing cycles

Sample mass, g; sample mass change %, afterdgistance cycle

Sample 0 5 10 15 20 25

No. g % g % g % g % g % g %
1 752.4| 0.0| 7525 0. 7523 0j0  752. p.0 7919 1 {0752.0] -0.1
2 950.9| 0.0 951.7 0. 9510 0/0  950. D.0 950.5 0951.2 0.0

N

~

Sample mass, g; sample mass change %, afterdgistance cycle

Sample 30 35 40 45 50 55

No. g % g % g % g % g % g %
1 751.0| -0.2| 7509 -0.2 7503 -0{3 7489 -0.5 746.9.8| 745.3| -0.9
2 950.5| 0.0| 951.1 0. 950.8 00 950.2 -0.1 950.7 0 [0950.3| -0.1

Sample mass, g; sample mass change %, afterdgistance cycle

Sample 60 65 70 75 80 85

No. g % g % g % s} % g % g %)
1 745.6| -0.9| 7434 -12 7442 -1j1 7395 -1.7 737.4L.0| 7368 -2.1
2 950.0| -0.1| 950.1 0. 9519 0j1 950.1 -0.1 950.10.1  950,4| -0.1

Sample mass, g; sample mass change %, afterésistance cycle

Sample 90 100 105 110 115 120

No. g % g % g % g % g % g %
1 736.4| -2.1| 7343 -24 7314 -2/8 7219 -B3 716.%.8| 679.7] -9.7
2 950.6| 0.0| 950.9 0. 9514 0{1 9513 D.0  950.9 0950.9 0.0

Sample mass, g; sample mass change %, afterésistance cycle
Sample 125 130 135 140 145 150
No. g % g % g % g % g % g %)

1 676.3| 10.1 | 668.3] 11.2| 666.9| 11.4| 661.8| 12.0| 664.3] 11.7 | 645.9| 14.2
2 950.9| 0.0| 950.9 0. 9510 0j0 9365 -1.5 938.2.319228| -3.0

Frost resistance of concrete for reinforced concretbeams and
columns of Papisaare hydroplane hangars

- Frost resistance tests carried out in distilledewatccording to the
requirements of EVS 814:2003 showed that the @acsamples
sawn out had a mass loss of 0.01 kg/m? after 5i@syc

- The result obtained is in compliance with class KfXoncrete frost
resistance of the standard EVS 814:2003 require®st0.20 kg/mi.
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Sample mass loss in the determined frost resistarficap to 56
freezing cyles is shown in Tables 5.5, 5.6.

Table 5.5 Dimensions, mass and density of consat®les of Papisaare
hydroplane hangars before frost resistance tests

Sample Sample dimensions, mm Masgs, Density, Kg/m
No. a b h hy hs hy | hmear g single| mean
1 102.0f 107.0 50.7 514 510 494 50.6 1186 2150
2 101.0f 112.g 51.2 51p 515 51.7 51.4 1240 2130 6021
3 128.0/ 102.5 51.0 50.6 502 5Q.2 50.5 1467 2210
4 130.5| 101.5 50.5 505 50/6 50.5 50.5 1441 2150

Table 5.6 Sample mass loss of the Papisaare hys@plangar in the determined
frost resistance according to the requirementsus B14:2003

Sample mass lost after frost
Dimensions, Area Mass losg resistance cycle

Sample mm A | unit 7| 14] 28] 4d 54
No. a b | crh

1 102.0f 107.0 109.1 M,g 0.0 0.0 0.1 0.1 0.2

S, kg/nt | 0.00| 0.00| 0.01] 0.01 0.0p

2 101.0f 112.0 1131 M,g 0.0 0.0 0.0 0.1 0.1

S, kg/mt | 0.00| 0.00| 0.00 0.01 0.01

3 128.0| 102.5 1312 M,g 0.0 0.0 0.1 0.1 0.2

S, kg/nt | 0.00| 0.00| 0.01] 0.01 0.0p

4 130.5| 101.5 1325 M,g 0.0 0.0 0.0 0.0 0.0

S, kg/nt | 0.00| 0.00| 0.000 0.00 0.0p

Mean M, g 0.0 0.0 0.1 0.1 0.1]

S, kg/nt | 0.00| 0.00| 0.01] 0.01 0.01
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5.4.4 Mineralogical composition of cement stone of concte

An overview of the mineralogical composition of aamhstone of concrete allows
for assessments of extent and reasons for cormatasion occurrence.

X ray fraction analysis of cement stone

X ray fraction analysis was used to find the milegial composition of the
cement stone of concrete. X ray analysis enablestometermine existence
and quantity of substances of crystal structurimcrete.

Implementation of X ray fraction analysis methods
Samples for X ray analysis were taken as follows:

1) from reinforced concrete shells in the depth46f50 mm of the outer
surface in Tallinn hydroplane hangars;

2) seven samples from a reinforced column in thehdef 0-150 mm from the
outer surface in the Tallinn hydroplane hangar.oharete sample of L=150
mm of a diameter of 70 mm sawn out was cut intogasnof 20 mm in

thickness, a total of 7 samples, out of which Senstudied from the outer
surface of the column towards the centre, samples L5;

3) seven samples from a reinforced concrete coliantime depth of 0-150 mm
from the outer surface in the case of the Papishgdeoplane hangar. A
cylindrical sample of L=150 mm of a diameter of M sawn out was cut
into samples of 20 mm in thickness, a total of M@as, out of which 5 were
studied from the outer surface of the column towahe& centre, samples P1 —
P5.

For this research concrete samples were enriclratefoent stone by ca 50%,
i.e. the sample was crushed in a muller and in ashnas possible the
amorphic part was sieved out.

A detailed account of physical aspects of X ragticm analysis can be found
in literature [27].
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Results

Since the minerals of cement stone are X ray amo(gticl. Ca(OH)), X ray
fraction analysis provides information about theteot of secondary crystal
substances and minerals of cement clinker if néicserit contact with water
has been reached in the concrete production process

Thus, based on the X ray analysis results, in tesfraxtent of (reinforced)
concrete corrosion and reason of occurrence, théhde concrete carbonation
(content of Ca(OH)) and structure (porosity) are of interest..

Concrete sample of Tallinn hydroplane hangar shell

As a result of X ray analysis the following crysglbstances were found in the
cement stone:

- Quartz — Si@— aggregate (main component of sand),

- Calcite — CaC@- product of cement stone carbonation, aggregate,
Portlandite - Ca(OH)- calcium hydroxide, in cement stone,
Microcline — KAISkOg— granite component is contained in quartz sand,
Anorthite — CaAJSi,Og — is contained in quartz sand.

In the sample studied, no crystal substanes contpgulphate were found.

As a result of X ray analysis, it was found thalodlde content in cement stone
stays below the sensitivity of 0.5% and the contdrtorrosion product ettringite
(3Ca0*AlL04*3CaSQ*21H,0) is below 3% .

Powder difractogram of concrete X ray analysis @alliin hydroplane hangar
shells is shown in Figure 5.12.
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Concrete samples of the Tallinn hydroplane hangaraumn

X ray analysis results showed the content of thleviang crystal substances in the
concrete stone:

- Quartz — SiQ— aggregate (main component of sand),
Calcite — CaC@- carbonation product of cement stone,
Portlandite - Ca(OH)- calcium hydroxide, in cement stone,
Ettringite — corrosion product of cement stone;ément stone,
Halite — NaCl — is contained in sand.

No crystal substances containing sulphite weredanrthe samples studied.
Chloride content was found on the boundary of m@agsensitivity.

Ca(OH) concentration was found increasing in samples L5,+.e.from the outer
surface of the column towards the centre.

Powder difractograms of X ray analysis of the hypilroe hangar column are
presented in Figures 5.13, 5.14 (samples L1-L2L&hd4-L5) and in Figure 5.15
Ca(OH) relative concentrations in samples L1- L5 are show
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Figure5.15 Powder difractogram of X ray analysishef Tallinn hydroplane hangar column
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surface (sample L1) up to 100 mm of depth on therirsurface (sample L5)

Concrete sample of the Papisaare hydroplane hangaolumn

As a result of X ray analysis, the following cryssabstances were found in the
cement stone:

- Quartz — SiQ— aggregate (main component of sand),

- Calcite — CaC@- carbonation product of cement stone,

- Portlandite - Ca(OH)- calcium hydroxide, in cement stone,
- Ettringite — corrosion product of cement stonezément stone,
- Halite — NaCl — is contained in sand,

- Dolomite — CaMg(C@),— aggregate (is contained in sand).

No crystal substances containing sulphates wemdfguthe samples studied.
Chloride content was found on the boundary of mesmant accuracy.

The results showed Ca(OHh samples P1, P2 to be on the boundary of meaguri
accuracy sensitivity and in extremely small quanitit sample P3. In samples P4
and P5, Ca(OH)concentration had increased.

Powder difractograms of X ray analysis of Papisdeegar column concrete are
shown in Figures 5.16 and 5.17.(samples P1-P2 8rd4PP5) and in Figure 5.18

relative concentrations of Ca(OHh samples P1- P5.
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Figure 5.18 Powder difractogram of X ray analydisPapisaare hydroplane hangar
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5.4.5 Carbonation depth of concrete
Methods of assessment of concrete carbonation depth

Laboratory techniques which can be used to deterrtiie depth of carbonation
include chemical analysis, X-ray diffraction, inded spectroscopy, and
thermogravimetric analysis.

Since limestone was used as an aggregate in thereterboth for Tallinn and
Papisaare hydroplane hangars, it is not possibledi@rmine the extent of
carbonation based on the CaL€bntent.Carbonation extent can be assessed
according to Ca(OH)content in the cement stone of concrete by comgagsults

of concrete samples in different depths obtainedhayquantitative X-ray phase
analysis (see Section 5.4.4).

Carbonation depth can be determined approximatstyising the phenolphthalein
(Cx0H1404) solution. In the alkaline environment (Ca(@Kphenolphalein solution
turns rosy, in the case of pH < 8.5 cement stonepntrete is carbonated, neutral
and no solution colouring occurs.

Results
Concrete sample of Tallinna hydroplane hangar reinbrced concrete shells

Powder X-ray difractogram of Tallinn hydroplane anshell concrete is shown
in Figure 5.12.

A relatively small part of Ca(OH)n the depth of outer surface in the cross-section
of 40-50 mm showed approximately that concreteaga@nated on the whole
extent of reinforced concrete cross-section.

The result obtained was confirmed by a subsequeatification with
phenolphlatein.

Concrete samples of Tallinn hydroplane hangar reirdrced column

Powder X-ray difractogram of Tallinn hydroplane ban column concrete is
presented in Figures 5.13 and 5.14 (samples L1-BZ;4-L5) and in Figure 5.15
Ca(OH) relative concentrations in samples L1- L5.

The relatively large part of Ca(OHjncreasing from the outer surface of the
column to the centre (samples L1, L2, L3, L4, LByws approximately that in the
column studied no carbonation of concrete occubeddw 20 mm from the outer
surface.

The result obtained was confirmed by subsequeificaion by phenolphthalein.
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Concrete samples of Saaremaa hydroplane hangar rdorced concrete
columns
Powder X-ray difractogram of Saaremaa hydroplarmeg&ia column concrete is

presented in Figures 5.16 and 5.17 (samples PRBP4-P5) and in Figure 5.18
relative concentrations of Ca(OHh samples P1- P5 are shown.

A relatively small part of Ca(OH)n samples P1 and P2 close to outer surface, and
at the same time increasing towards the centreplesnP3, P4, P5) shows that
concrete carbonation occurred from the outer sarfaevards the centre of the

column up to 40mm.

The result obtained was confirmed by subsequeiificegion with phenolphlatein
and loose and concrete spalling around the reiafoent steel bars.

Figure 5.19 Stalactides suspending from the Ishell surface

* Water flowing through concrete dissolves calciimthe form of Ca(OH)that is
quickly carbonated in the air, resulting in thenfation of stalactides (Figure

5.19).
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5.4.6 Morphology studies of concrete fracture surface

Morphology studies of concrete fracture surfacesbgnning electronmicroscopy
enable one to determine existence of both struttucaystalline and amorfous
substances in concrete [36; 37; 38], obtain infeionaabout porosity and the
character and extent of corrosion.

Procedures for morphology studies methods of conde fracture surfaces

The following concrete samples were used to detegrtiie character of concrete
fracture surface by electronmicroscopy:

1) concrete samples from the depth of 40-50 mmhefl ®uter surface in the case
of Tallinn hydroplane hangar reinforced concretellsh

2) two samples were taken from Tallinn hydroplarendar reinforced

concrete column. A cylindrical shell of 70 mm iradieter, L=150 mm, drilled

out was sawn into 7 samples of 20 mm, out of wRiddamples were studied
from the outer surface towards the centre of tHenen, 20-40 mm (L2) and

in the depth of 80-100 mm (L5);

3) two samples were taken from Papisaare hydroplarear reinforced
concrete column. A cylindrical sample of 70 mm iardeter, L=150 mm,
drilled out was sawn into a total of 7 samples 6fr@m, out of which 2
samples were studied from the outer surface towhedsentre of the column,
20-40 mm (P2) and 80-100 mm (P5) in depth.

Results
Samples of Tallinn hydroplane hangar reinforced coorete shells

On the basis of Figures 5.20 — 5.24 made by electicroscopy it is clear that the
following substances have been identified by exqme® in the concrete of
hydroplane hangar shells:

- calcite (CaCQ@) crystals, Figures 5.20, 5.24;

- portlandite (Ca(OH) crystals, Figure 5.22;

- it may be concluded by the Figures 5.21, 5.22 a@8 fhat it is the case
with ettringite (3CaO*AJO;*3CaSQ*21H,0), although it was not
confirmed by the X-ray analysis (see Section 5;4.4)

- aluminate crystals or allides in Figures 5.20, 5.24

- amorfous substance in Figures 5.21, 5.22 and 5.23.
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Figure 5.20 Concrete fracture surface taken irdeqh of 40-50 mm
of the hydroplane hangar shell

Figure 5.21 Concrete fracture surface taken irdtqh of 40-50 mm
of the hydroplane hangar shell
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Figure 5.22 Concrete fracture surface taken irdéqh of 40-50mm
of the hydroplane hangar shell

Figure 5.23 Concrete fracture surface taken irdeqh of 40-50 mm
of the hydroplane hangar shell
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Figure 5.24 Concrete fracture surface taken irdéquth of 40-50 mm of
the hydroplane hangar shell

Samples of reinforced columns of the Tallinn hydrofane hangar

Only a few photos are presented here to charaet&dncrete from reinforced
concrete columns of Tallinn hydroplane hangardhedepth of 20-40 mm and 80-
100 mm from the outer surface of the column. Figug5 shows a general view of
the concrete, giving evidence of porous concretecreas pores are filled with
crystals. The general view presented in Figure §i2&s evidence of high density
cement stone, revealing few pores.

According to the photos made by electron microscdipg following substances
can be identified by experience in the concretenffballinn hydroplane hangar
reinforced concrete columns:

calcite (CaC@) crystals, Figures 5.26, 5.28;

portlandite (Ca(OH) crystals, Figures 5.26, 5.28;

ettringite (3Ca0*A}0;*3CaSQ*21H,0) crystals, Figures 5.26, 5.28;

on the basis of the photos it could be concludatl ahuminide crystals or
allites can also be found in the samples, althatiglas not confirmed by
X-ray analysis, Figures 5.26, 5.28.
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Figure 5.25 Concrete fracture surface taken irdgqh of 20-40 mm
(sample L2) of the hydroplane hangar reinforcectoete column

Figure 5.26 Concrete fracture surface taken irdgqh of 20-40 mm
(sample L2) of the hydroplane hangar reinforcectoete column



Figure 5.27 Concrete fracture surface taken irdégth of 80-100 mm
(sample L5) of the hydroplane hangar reinforced o

Figure 5.28 Concrete fracture surface taken irdéqh of 80-100 mm
(sample L5) of the hydroplane hangar reinforcectoete column
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Samples of Papisaare hydroplane hangar reinforcedacrete columns

Only a few photos are presented here to charaetéhie concrete of Papisaare
hydroplane hangar reinforced concrete columnsendigpth of 20-40 mm and 80-
100 mm from the outer surface of the column. A gangiew of concrete is
presented in Figures 5.29 and 5.32, giving evideidew pores and high density
binder that is surrounding the aggregate partichkdsthe same time there is a
fracture between the binder and the aggregate.

According to the Figures taken by electronmicrogcdpe following substances
were identified by experience in the concrete opifaare hydroplane hangar
reinforced concrete column:

calcite (CaC@) crystals, Figure 5.32;

portlandite (Ca(OH) crystals, Figure 5.32;

ettringite (3Ca0*A}0;*3CaSQ*21H,0) crystals, Figures 5.30; 5.32;

on the basis of Figure 5.32 it may be concluded tha samples also
contain aluminide crystals or allides, although ay-ranalysis did not
confirm that.

Figure 5.29 Concrete fracture surface taken irdgqh of 20-40 mm
(sample P2) of the Papisaare hydroplane hangdoreéd concrete column



Figure 5.30 Concrete fracture surface taken irdtqh of 20-40 mm
(sample P2) of the Papisaare hydroplane hangdoreéd concrete column

Figure 5.31 Concrete fracture surface taken irdéqh of 80-100 mm
(sample P5) of the Papisaare hydroplane hangdoregd concrete column
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Figure 5.32 Concrete fracture surface taken irdégth of 80-100 mm
(sample P5) of the Papisaare hydroplane hangdoreéd concrete column

5.4.7 Water absorption of concrete
Methods of determination of water absorption of comrete

Water absorption is a property that enables ombaoacterize porosity of concrete.
The following parameters are essential in the egion of porosity:

1. water absorption in relation to dry mass of a samnpl
2. speed of water absorption.

Absolute water absorption was determined accortbnthe German DIN 52 103
norm and the Finnish standard of SFS 5513.

Since neither the estimation of water absorptiocafcrete in percentage nor the
resulting porosity have been standardized accortingformation available, the
estimation is made through expert estimates (basexkperience).

For purposes of comparison, in addition to the wabesorption of concrete from
Tallinn and Papisaare hydroplane hangars, the vedisorption of concrete from
the Helsinki Olympic Stadium (built in the 1930spsvestimated. The stadium
originates from the same period and is likely teehbeen constructed from similar
components and by a similar technology.
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Sample parameters were as follows:

1. cubes of 20 x 20 x 20 mm sawn from reinforced cetgcishells of the
Tallinn hydroplane hangar;

2. cylinders drilled out of a diameter of 45 mm, sagspL =12 mm sawn
from the reinforced concrete frame of the Helsi@kimpic Stadium;

3. seven samples from the depth of 0-150 mm of retefrconcerete
column of the Tallinn hydroplane hangar. A sample76 mm in
diameter,L=150 mm was drilled out of the column, then sawto in
samples of 20 mm in thickness, a total of 7 samtesn the outer
surface towards the centre L1- L7;

4. seven samples from the depth of 0-150 mm of theforeied concrete
column of the Papisaare hydroplane hangar. A sammpl@0 mm in
diameter. =150 mm was drilled out of the column, then savin samples
20 mm in thickness, a total of 7 samples were studifrom the outer
surface of the column towards the centre P1 — P7.

Water absorption of the samples p. 1, 2 was deteinaccording to the German
norm DIN 52103. The procedure was as follows:

1. drying in the thermostat at 105 and weighing (dry weight);

2. placing to water, the outer surface of the sampking 1-2 mm above the water
level;

3. visual inspection after damping (samples hadtedefrom the edge to the
centre), re-weighting (wet weight);

4. sample placing time into water and damping tingge recorded, accordingly,
the mean water absorption time was determinedimsho

Water absorption of samples p. 3, 4 was determmed non-standard testing
method, proceeding from a modified Finnish stand&f@S 5513 [39], the
procedure being as follows:

1. the sample was broken;

2. a water drop was spilled by a pipet on the ceérsteme fracture surface and the
absorption time, the speed of water absorptioreaosds, was measured by a stop
watch.
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Results

Concrete samples of the reinforced concrete shelt$ the Tallinn
hydroplane hangar

Table 5.7 shows the results of water absorptiordiasu of concrete from
hydroplane hangars.

The mean water absorption time of the hydroplamgaashell concrete was 0.7
hours.

Table 5.7 Water absorption of concrete in reinfdrcencrete shells of the Tallinn
hydroplane hangar

No | Wet weight, g | Dry weight,g| 49,9 | %

1. | 20.00 18.69 1.31 7.0
2. |15.05 14.02 1.03 7.3
3. |16.86 15.73 1.13 7.2
4. |16.95 15.84 1.11 7.0
5. |16.57 15.60 0.97 6.2
6. |12.38 11.79 0.59 5.0
7. |15.16 13.98 1.18 8.4
8. |14.88 13.98 0.90 6.4
9. [12.30 11.61 0.69 5.9
10. | 12.93 11.98 095| 7.9
11. | 13.42 12.32 1.10| 8.9
12. | 7.58 7.20 0.38 | 5.3
13. | 11.50 10.74 0.74 7.1

Water absorption, % 6.9 +/- 1.1
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Samples of concrete of the reinforced concrete fraenfrom the Helsinki
Olympic Stadium

Table 5.8 shows the results of water absorptiomiesuof concrete from the
reinforced concrete frame of the Helsinki Olymptadum.

The mean water absorption time of concrete fromHb&sinki Olympic Stadium
was 16 hours.

Table 5.8 Water absorption of concrete from thesid&l Olympic Stadium

No Wet weight, g| Dry weight, g| H,0, g %
1. 52.30 50.09 221 4.4
2. 51.35 49.38 1.97 4.0
3. 48.24 46.17 2.07 4.5
4. 52.74 50.59 2.15 4.2
5. 51.52 49.10 2.42 4.9
Water absorption, % 4.4
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Samples of concrete from the reinforced concrete womn of the Tallinn
hydroplane hangar

The mean speed of water absorption of concrete &oeinforced concrete column
of the Tallinn hydroplane hangar was 2—4 seconds.

Table 5.9 shows the results of water absorptiodiasuof concrete from a
reinforced concrete column of the Tallinna hydrogl&angar.

Table 5.9 Water absorption of concrete from a oggdd concrete column of the
Tallinn hydroplane hangar

Tallinn hydroplane hangar

Test no. 1| 2| 31 4 $ éi 7 Mean water absorption

Sample

no. Speed of water absorption, sec speed, sec
1] 3 2 2 3 3 2 2 2
2| 1 1 1 1 2 1 2 1
3| 2 3 2 2 2 1 1 2
4| 4 5 5 3 3 3 4 4

Fine fraction from sample no. 5 increased
5| 5 4 4 3 4 4 5 4
6| 3 4 4 3 3 3 4 3
7| 4 3 5 3 3 3 3 3
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Samples of concrete from a reinforced concrete caton of the Papisaare
hydroplane hangar

The mean speed of water absorption of concrete &oeinforced concrete column
of the Papisaare hydroplane hangar in sample PB®&agconds, in sample P2 21
seconds and from sample P3 on up to P7 it was &cehsls.

Table 5.10 shows study results of water absorptipeed for the Papisaare
hydroplane hangar.

Table 5.10 Water absorption of concrete from afoeted concrete column of the
Saaremaa hydroplane hangar

Saaremaa hydroplane
hangar
Mean water

Test no. 1 2 3 4 5 6 7 | absorption
Sample
no. Speed of water absorption, sec speed, sec

1] 45| 9€| 85 82 94 79 81 8C

2| 26| 28] 20 13 26 23 13 21

3| 11| 1c 8 9 10 13 5 9

4 9 6 4 5 9 5 6 6

5 3 3 6 6 4 3 6 4

6 1 2 1 4 4 4 2 3

7 2 1 2 2 1 2 1 2
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5.4.8 Mechanical properties and chemical composition of @inforced
steel

Studies of chemical composition of reinforced steeld tensile tests were
conducted according to the standard EVS-EN1002-d raethods of Spectro
guidelines.

Study results are presented in Tables 5.11 and 5.12

Table 5.11 Mechanical properties of reinforced IsiaeTallinn and Papisaare
hydroplane hangars

Papisaart
hydroplane hangar
Sample
Relative
Cross Load on elongation
Dimensions,| section| Max | Tensile | yielding Yielding | by
Mark | mm area load | strength| point point fracture
S R Rel,
Diameter | mm? | P, N | N'mm2 | Py, N N/mm? | A %
N1 14 | 154 | 4500 292 2950 191 11
Tallinn hydroplane
hangar
Sampl
Relative
Cross Load on elongation
Dimensions,| section| Max | Tensile | yielding | Yielding | by
Mark | mm area load | strength| point point fracture
Sl le Rel:
Diameter | mm? | P, N | N'mm2 | Py, N N/mm?é | A %
N1 18 | 254 | 830( 32¢€ 700C 27E 7
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Table 5.12 Chemical composition of reinfoced stedlallinn and Papisaare

hydroplane hangars

Tallinn hydroplane hangar

diam. 18mm, number of samples 3

C Si Mn P S Cr Mo Ni Al Co Cu
% % % % % % % % % % %
0.03 <0.01 0.13 0.012 0.019 0.14 <0.01 0.37 <0.00100.11 0.04
Nb Ti Vv W Pb Sn As Ca Ce Sb Se
% % % % % % % % % % %
<0.00 <0.0010 <0.00 <0.01]  <0.00p 0.00p 0.01  0.0002<0.002 0.001 <0.0010

Te B Zn Fe N

% % % % [cnt]
<0.001 | <0.0003| <0.001q >99.1p 577

Papisaare hydroplane hangar

diam. 14mm, number of samples 3

C Si Mn P S Cr Mo Ni Al Co Cu
% % % % % % % % % % %
0.16 <0.01 0.60 0.014 0.064 0.02 <0.01 0.02 <0.0010<0.01 <0.01
Nb Ti \4 W Pb Sn As Ca Ce Sb Se
% % % % % % % % % % %
<0.00 <0.0010 <0.00 <0.01] <0.00p <0.001  0.0p3  ®BO(PO <0.002 <0.001| <0.001(

Te B Zn Fe N

% % % % [cnt]

<0.001 | <0.0003| <0.001q >99.09 356

On the basis of the studies, a conclusion can bdenthat the properties of
reinforcement steel bars comply with the requineiseset in original design
conditions.

Mechanical properties and chemical composition hef teinforced steel of the
Tallinn and hydroplane hangar is comparable tocibreesponding parameters of
the contemporary reinforcement steel Fe 360B.

A low content of carbon (C) is characteristic of apisaare as well of the Tallinn
hydroplane hangars.
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5.4.9 Summary

Materials studies both in the Tallinn and Papisaaréroplane hangars may be
summarized as follows:

The cubic compressive strength of main girders,mseand columns of
Tallinn and Papisaare hydroplane hangars exceeldedlower value of
compressive strength of 15 N/mMmas required in the original design
conditions, the actual compressive strength oediffit elements ranging from
12.9 — 28 N/mrh

Water absorption of concrete from reinforced cotecighells of the Tallinn
hydroplane hangar is higher by 2.5 % and the mpaadsof water absorption
is 32 times higher than that of concrete from tleéstiki Olympic Stadium.
The mean speed of water absorption of concrete fxaminforced concrete
column of the Tallinn hydroplane hangar was 2-4osds, that is an
indication of high concrete porosity.

Mean speeds of water absorption found for concfeten a reinforced
concrete columns of the Papisaare hydroplane hangay from 80 up to 2
seconds from the outer surface of the column tosvird centre. The speed of
water absorption in samples P1, P2 (i.e. from tterosurface of the column
into a depth of 40 mm) was low, from sample P3 loa $peed of water
absorption was increasing.

Frost resistance of concrete samples from therifaliydroplane hangars was
110 and 150 cycles, respectively. For a comparigoogrding to the standard
EVS 814:2003, F150 is comparable to frost resigta@ss KK3 and F110 to
class KK2 (the highest required class being KK4).

Concrete from the Papisaare hydroplane hangars lesmpvith the
requirements of frost resistance set for class Ki&80.20 kg/m.

According to the results of X-ray and chemical gs@l, concrete from
reinforced concrete shells of the Tallinn hydroplahangar was found
carbonized across the whole cross-section, confmate reinforced concrete
columns was found carbonized up to 20 mm fronothter surface

On the basis of X-ray and chemical analysis coacfetm a reinforced
concrete column of the Papisaare hydroplane hamgsifound carbonized up
to 40 mm from the outer surface of the column talsahe centre.

The photos taken by an electron microscope conthien results of water
absorption, frost resistance as well as the resfiliray analysis concerning
concrete from reinforced concrete shells and cokiras follows: cement
stone is of relatively high porosity; it is chamxized by high content of
amorphous crystals.

Photos taken by an electron microscope confirm tbsults of water
absorption, frost resistance and X-ray analysisasfcrete from columns of
the Papisaare hydroplane hangar as follows: ther aurface of the cement
stone is of high density, higher porosity occurstloa inner surface; crystals
of the binder are distorted by shape.
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- Strength properties of reinforced steel comply wiith terms set in the design
requirements.

5.5 Summary and conclusion

Based on the structural condition assessment amdmtterials analysis of the
Tallinn and Papisaare hydroplane hangars, thewollp conclusions can be drawn:

Reinforced concrete structures of Tallinn hydroplare hangars:

The reason of early damage formation and the esiltconcrete from

reinforced concrete shells is that the shell stmast have no acting roof
covering, as a result, corrosion of cement stormircrete has occurred.
As a result of corrosion, cement stone had decoetjosoncrete

porosity had increased, carbonation had speed ngidsrably, and thus
an extensive corrosion of the reinforcment and tdgsrotective layer of

concrete on all the structural elements had ocdurre

As a result of concrete porosity, carbonation ohept stone has occurred

across the whole extent of the sample (shell cseston) and therefore
no protective (alkaline) environment is presentstop corrosion in

progress in the reinforced steel; the corrosioredpef the reinforced

steel depends in the main on the access,@nd moisture (water) open
to it.

Because of high porosity of shell concrete, its ponents (cement stone

and aggregate material) will be moisturized rapidlgontact with water
and that leads to ever increasing decompositioreioforced steel and
cement stone.

Concrete from reinforced concrete columns was cwatsnl across the

outer surface area of 20 mm, as a result, corrosforeinforced steel
occurred and the reinforcement lost its protectasger. In addition,

concrete is characterized by high water absorpiwoth frost resistance.
However, the compressive strength of concrete ebscd®at required in
the original design conditions.

Along with the decomposition of cement stone milsgreontact between

the aggregate and the binder material has weakamédhell concrete
strength has decreased. In spite of that, accotdinge calculations of
strength made, concrete compressive strength, piepe of
reinforcement steel bars are satisfactory to ensasgtoration works and
prolong service life of hydroplane hangars.

Urgent action should be taken to start restoratvorks of the hydroplane

hangars in order to avoid rapid further corrosibithe reinforced steel,
measures should be taken to restrict access ofr watthe reinforced
steel bars — install a roof covering to the shalsl a water outflow
system and cover the lower shell surface with arlay spray concrete.
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- The compressive strength of concrete and the piiepef reinforced steel

bars are adequate to ensure restoration works @ndl@ng service life
of hydroplane hangar structures.

Reinforced concrete structures of Papisaare hydrophe hangars:

Based on the studies carried out, a conclusion lErdrawn that
concrete from reinforced concrete structures ofid2ape hydroplane
hangars is carbonated across cross-sections grélaeof 40 mm from
the outer surface. That has led to extensive comasf the reinforced
steel and loss of the protective layer on all $tmad elements.

Water absorption of the outer surface of concretslaw, porosity is
higher and frost resistance has increased. It wased by the
technology of concrete manufacture, the conteraiggfegate material
and the structure of higher density resulting fréme carbonation
process, cement stone pores of concrete are filidbdCaCQ crystals
the volume of which is larger than that of the agpble Ca(OH) (this
process was also confirmed by the X-ray analysis).

Compressive strength of concrete exceeds the mmiwalue required
in the design conditions.

Compressive strength of concrete and the progesfi¢he reinforced
steel bars are adequate to ensure restoration va#isa prolong
service life of hydroplane hangar structures.
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6 ASSESSMENT OF RESIDUAL CARRYING
CAPACITY: CASE STUDIES

6.1 Introduction

Prior to erecting hangar structures no complicatddulations in terms of today’s
shell theories, neither those of complex shellsgvweade. These shells were
probably designed according to simpler calculatim@ihods [31pased on the
membrane theory. Unfortunately the statics andhgtrecalculations of hangars
have not preserved.

In this thesis the method of finite elements acicaydo the linear-elastic
calculation scheme in compliance with the STAAD/Bnol Robot Millenium
programs was used to determine the stress and stede of the shell roof.

6.2 The stress and strain state calculations and analigs
6.2.1 Introduction to the verification of the carrying capacity

The carrying capacity of reinforced concrete stitet in the hydroplane hangars
in Tallinn and Papisaare was verified in termshaf persistent design situation of
the ultimate limiting state of the carrying capgcéccording to the European
standard EN 1990:2002 p.6.4.2 3 [50]. The limitstates of breaking for the cross-
section, the structural member or the joint weketanto account to verify that:

B¢ Ry

6.2.2 Actions and combinations of actions

General actions - self-weight, densities, snowwaimitl loads and the classification
of loads were determined according to the Eurojstandards EN 1991-1-1:2002;
EN 1991-1-3:2003; EN 1991-1-4:2005 [ 51; 52; 53].

Design values of actions were found according te HN 1990:200250],
Appendix NA, Table NA.1.2 (B) as follows:

- permanent actions gj, sup= 1.20

Gj, inf =1.00
- variable actions 01=1.50
Q.i— 1.50

Calculation results concerning the ultimate lingtstate of the carrying capacity of
the action combination of the persistent desigmasibn were verified according to
the European Standard EN 1990:2002, p. 6.4.3.2 [50]

- design value of the dominant variable actions
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- values of the combination of non-dominant variadgons:
E= «FE( giGj oP; 01 Q1 i 0iQc) ] 1;i>1

6.2.3 The stress and strain state calculations using FEMccording
Staad/Pro and Robot Millenium

Shell roofs and the reinforced steel of the Tallammd Papisaare hangars were
divided into finite elements in the geometry of daculation scheme made in the
AutoCAD program. In the programs Staad/Pro, Robdtelhium the stress and
strain state was determined according to the Fiiegnent Method (FEM), the
linear elastic calculation scheme (Figures 6.1).6.2

The calculations were made taking into accountefifect of the calculation loads
and load combinations described in Section 6.2.2.

The elasticity module of reinforced concrete takeas 25 KN/mri and the
Poisson’s ratio was 0.17.

6.2.4 Results of calculation
Tallinna hydroplane hangar

Resulting from the large number and high volumeinbérnal forces and stress
diagrams of the shell roof found in the determmatdf the stress and strain state,
as an example, the values of normal stresses ardifigemoments are presented
here as diagrams in Figures 6.3 and 6.4.

Maximal calculated internal forces and stresses:

1) carrying columns and —angle braces, in the amglee in the axis D-1-2, Figure
5.10,

normal force Ng= 7200 kN.

2) in area A of the shell roof, Figure 6.5.
normal stresseb= 1.61 N/mn
normal force Ngg= 161 KN/m
bending momewits;= 1.23 kNm/m
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Papisaare hydroplane hangar
Maximal calculated internal forces and stresses:
1) carrying columns, column no. 9, Figure 5.6
normal force Ngg= 760 kN
2) in main beams, main beam no. 2, Figure 5.6
bending momém;= 850 kNm

6.2.5 Summary

As a result of the calculations of internal forcesesses and strains in Tallinn
hydroplane hangars and comparisons in the caséffefetit actions and action
combinations it was found that the bending momemdsmal, shear stresses and
principal stresses of the majority of elementsratatively small. According to the
calculation results the wind load does not havegaifscant effect on the work of
hydroplane hangars. Structural carrying capacitys warified based on the
calculation results from the action combinatiorself-weight and snow load.

The internal forces and stresses in the framewérRapisaare hangar were as
expected. Structural carrying capacity was verifieded on the calculation results
from the load combination of self-weight, snow avidd load.

Figure 6.1 Calculation scheme of Tallinn hydroplaaagars in the Robot Millennium
program
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Figure 6.2 Calculation scheme of Tallinn hydroplaaegars in the Staad/Pro program

Figure 6.3 Diagram of the normal streskes
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Figure 6.4 Calculation scheme of Papisaare hydnepengars in the Robot Millennium
program

6.3 Verification of the residual carrying capacity

The residual capacity of both the Tallinn and Pagrie hydroplane hangars was
verified according to the European Standards ENOZEW?2 [50]; EN 1992-1-
1:2007 [54] requirements of verifying the carryiegpacity provided that the
geometry of reinforced concrete structures hasepved as in the original design
without any damage: reinforced steel has preseitgeprotective layer, the bond
between the steel bars and the concrete has beserped and the cross-section of
the reinforced steel bars has preserved its ofligingension. In the damaged zones
and elements of reinforced concrete structuresiedfu@feinforced steel bars has
lost its protective layer, it has corroded) it ist possible to verify the carrying
capacity according to the norms established, acoprb the norms the residual
carrying capacity is not ensured.

Source data used to verify the calculations ofrdsedual carrying capacity were
the results obtained from materials research (smtidh 5) of the properties of
reinforced concrete and reinforced steel.

According to literature [32] and the results of #tedy show that the spacing of
both the lower and upper reinforcement steel bitiseoshell roof of Tallinn
hydroplane hangars is ~ 200 x 200 mm. The sampiésddout show that the
diameter of the steel bars is 8-10 mm.
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Tallinn hydroplane hangar

1) The carrying capacity of the reinforced concretellsirea A (Figure 6.5) was
verified as an eccentrically stressed cross-section

Data:

Cross-sectional dimensions (Figure 6.6x 1000 mmh=100 mm,d;= 77 mm,
d,= 23 mm;A= 10 *10 mn?

Reinforcement:fy, = 275 MPa; ;= 1.15; f,4=fu/ s= 275/1.15 = 239 MPa
f,i= fyea= 239 MPa; reinforcement 6@84= Ag= 301.4 mm);
Concrete: (C8/100 e 12.8 MPa; .=1.50;f4 =f./ —=12,8/1.5 = 8.5 MPa;
Calculated internal forces and stresses in thesesestion:

normal stresdes 1.61 N/mni

normal fordés; = 161 kN/m

bending momevit,ys= 1.23 KNm/m

Calculated carrying capacity:

(NOre= & foby(dh — 0.5)) + dioAo(dh - dy) = 7.31 kKNm

The moment of the longitudinal force caused by Itiea in relation to the axis
through the centre of gravity of reinforcemégtis

(N&)sq= Mg + Neg(d — 0.51) = 2.61 KNm < e)re= 7.31 kNm

Thus, the carrying capacity of the cross-sectie@nsured.
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Figure 6.5 Reinforced concrete shell roof — area A

Figure 6.6 Reinforced concrete shell roof — area A

Net 200x200; f8-10mm

di=77
A

" |

Net 200x200; B8-10mm

Figure 6.7 Section of the reinforced concrete sioeif
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2) Verification of the carrying capacity of the crassetion of reinforced concrete
shell area A for principal stresses

According to literature [32] and this study thegtiaal reinforcement required to
receive principal tensile stresses is absent omrdges of the shell roof. Therefore
the principal tensile stresses were divided int@wdocomponents and the cross-
section was verified as drawn eccentrically.

Strength verification for principal stresses wardiected in area A (Figure 6.5) by
dividing the principal tensile stresseg.SqiNto components Ry komp(Figure 6.6).
Data:

Cross-sectional dimensions (Figure 6.9)= 1000 mmh = 100 mm,d;= 77 mm,
dy= 23 mm;A.= 10 *1C mn?;

Reinforcement:f,= 275 MPa;g=1.15 f,4=f,/g=275/1.15 = 239 MPa
f,0 = f,e= 239 MPajreinforcement &10 (Aq= Ao =471 mni);
Concrete: (C8/100 cubs 12.8 MPa g=1.50;f.4=fo/¢=12.8/1.5= 8.5 MPa;
Calculated internal forces and stresses in thesesestion:
Max principal streSs..= 3.06 N/mm,
Component of the principal Str&$s. komy Snax* Sin 45'=2.16 N/mn,
Component force of the principaess:
Nsd = Snax; komp*® A = 216 KN/m
Bending momeh 4= 1.23 kNm/m

Calculated carrying capacity:

(Né) Rd= fydAsl(dl' dz) =6.07 kNm

(N&)ra= fyeAc(d: - dz) = 6.07 kNm
The moment caused by the external forces:
(N&s¢= Nsg* €= 5.81 KNm < Kle)rg= 6.07 kNm

(Ne’)s(j: Nsg* €=5.83 KNm < |(\|é) ra= 6.07 KNm

Thus, the carrying capacity of the cross-sectie@nsured.
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3) Verification of the carrying capacity of reinforcedncrete angle brace no. 1

The carrying capacity of reinforced concrete atgbee no 1 (see Figure 5.10, axis
D-1-2) was verified by taking angle brace as a rigaity stressed column in a
fixed structure. The cross-section was verifiechaseccentrically stressed cross-
section and the general eccentricity was found asm of the eccentricity that
caused the residual and the second order eccgntggi= e;te, 20 mm).

Data:

Cross-sectional dimensiong:= h= 1300 mmgd;= 1250 mmgd,= 50 mm;

A.= 1690 *16 mn;

Reinforcement:f,,= 275 MPa;g= 1.15;f,4=f/@= 275/1.15 = 239 MPa

f,a= fyca= 239 MPa; reinforcementd25 (Aq= Ao= 3456 mm);

Concrete: (C20/25)y cune 28.0 MPag=1.5Q f4=fu/g = 28.0/1.5 = 18.6 MPa;

Calculated internal forces in the cross-section:
normal ford&s~ 7200 kN

Structure imperfectiory? =1/400

Calculation length of the angle brdge 6* I,,= 0.7 *12.1= 8.47m
b= factor depending on the type of attachment ottiiemn
and its locatidime angle brace inspected had an joint on
one end and adixonnection on the other in the structure
thué 0.7.
lcor= actual length of the angle brace (distance batvike end

nodes).
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Calculated carrying capacity:
(Ners a fedby(di — 0.5) + fycdPo(ds - d) = 14259 kKNm

Eccentricity of the longitudinal force in relatidn the centre of gravity of the
tensile reinforcement:

e=g+d;—0,h=0.665m
(N€sg= Ngg*e= 4788 KNmM < N€)rq= 14259 kNm

Thus, the carrying capacity of the cross-sectie@nsured.

Papisaare hydroplane hangar

1) Verification of the carrying capacity of the ssasection of main beam no. 2
(Figure 5.6)

Data:
Cross-sectional dimensions= 450 mmh=1400 mmgd;= 1350 mmgd,= 50 mm;
Reinforcementf,, = 191 MPa;@=1.15 fy4=f,/g= 191/1.15 = 166 MPa
fya= fyca= 166 MPajreinforcementd/AE30 (Aq= Ao= 2826 mrﬁ);
Concrete: (C16/20)y cupe 16 MPa g=1.50;f4= fu/ ¢=16.0/1.5= 10.7 MPa;
Calculated internal forces in the cross-section:

bending moméevit,= 850 kNm

Calculated carrying capacity:

Mg = afecby (dy — 0.5)) + fyeehe(dh —dp) = 1509 kNm

Thus, the carrying capacity of the cross-sectie@nsured.
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2) Verification of the carrying capacity of reiné@d concrete column no. 9 (see
Figure 5.6)

The carrying capacity of reinforced concrete coluigee Figure 5.6) was verified
by taking the column as a centrically stressed malun a fixed structure. The
cross-section was verified as an excentricallyssed cross-section and the general
eccentricity was found as a sum of the excentritigt caused the residual and the
second order eccentricitgf= e,te;  20mm).

Data:

Cross-sectional dimension:= h= 450 mmd;= 400 mmd,= 50 mm;
Reinforcementf,=191 MPa,g=1.15 f,+ fi/@=191/1.15= 166 MPa

fya= fyc= 166 MPa; reinforcement#B0 (Aq= Ao= 2826 mrﬁ);

Concrete: (C16/20)y cupe 16.0 MPag=1.5Q foq=fu/q = 16,0/1.5 = 10.7 MPa;

Calculated internal forces in the cross-section:
normal fordé,;= 760 kN

Calculated carrying capacity:
(NerF @ fedby(d; — 0.5)) + fycoPo(dh - dy) =1050 KNm

Eccentricity of the longitudinal force in relatidn the centre of gravity of the
tensile reinforcement:

e=g+d;—0,5=0.065+0.40-0.225=0.240 m,
(N&sg= Nsg* €= 760*0.240 = 182 kNm <Nere~ 1050 kNm
Thus, the carrying capacity of the cross-sectie@nsured.
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6.3.1 Summary

Verification of the residual carrying capacity obtb, Tallinn and Papisaare

hydroplane hangars, was conducted provided thagéoenetry of the reinforced

concrete structures has preserved as in origiraguaevithout any damage — the
reinforced steel has preserved its original state wo damage — the reinforced
steel has not lost its protective layer, the boativeen the reinforcement and the
concrete has been preserved, and the cross-seftibe reinforced steel bars has
preserved its original diameter.

In this study the verification of the carrying cajg was conducted according to
the conditions described above. In the elementszames studied, the carrying
capacity of the reinforced concrete structures hie fallinn and Papisaare
hydroplane hangars is ensured and the residuglimgrcapacity is sufficient to do
the restoration works.

In the elements and zones in which the preconditadrove are not satisfied, a pre-
failure state exists and the residual carrying cip# not ensured.

6.4 Summary and conclusions

On the basis of the stress and strain state anahtigsis of strength calculations it
can be concluded that the bending moments, nosheagr and principal stresses of
the majority of elements of the Tallinn and Papieahydroplane hangars are
relatively small. For these reasons, in spite démsive damage neither local nor
overall collapse has taken place. At the same ftimghould be stressed that
verification of actual strength in each smalleraaige almost impossible since in
spite of everything the source data are not acewadl the whole of the remaining
reinforcement, the strength of concrete and thekingrcross-section are variable.
Thus, only a general assessment can be provided loasthe data of some zones.

As a result of the verification of the carrying eajty of the Tallinna and Papisaare
hydroplane hangars it can be concluded that iretbments and zones where the
geometry of reinforced concrete structures hasepved as in the original design,
without any damage, the carrying capacity of threicstire or its elements is
ensured and the residual carrying capacity is stifficient to do the restoration
works. In the damaged areas a pre-failure stat@basgred, the residual carrying
capacity of the structure is not ensured and imateditrengthening in these zones
is required.

119



7 CASE STUDY - RESTORATION OF THE
HYDROPLANE HANGARS IN TALLINN

7.1 Introduction

So far it has not been possible to perform a comaplestoration of the hydroplane
hangars.In the autumn of 2001, the restoration procesdestawith the middle
shell, because that shell was in the worst conditioit only inevitable repairs were
carried out then. Taking into account the finangassibilities it was decided to
repair the area settled down by stitching cracksng the cracks with epoxy resin
and by installing a roof coverage.

Damaged concrete was cleaned, renovation works wengared, materials and
methods to be used were selected according todaberigtion in Section 2.3 and
literature reports in [5; 6; 7; 9; 22; 23; 40-49].

7.2 Structural solutions of restoration works and their application on
the site

Reinforcement of deformed areas

The area A of the spherical shell, which was sétdewn and shifted (Figure
5.10), was reinforced with a rebars of BS0O0OK & 3 amd & 5 mm, with a spacing
of 100 mm (Figure 7.2). Reinforcement bars-ancherewfixed to canals (Figure
7.2, 7.7), which were milled from one side and diXeom the other side to drilled
holes with a glue mixture. Then the shell, previpusom old damaged roof
coverage, was covered with bond varnish and mdmalitwith special mortar
(Figures 7.1 — 7.7). In the same way - the moniblitty of the crack-hole of the
joint cylindrical and spherical shell (area B imiie 5.10) was reinforced.

Figure 7.1 Supports to the deformed area of the
spherical shell
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Figure 7.2 Structural solution — deformed area A

Figure 7.3 Reinforcement bars-anchor fixed to #eat by glue mixture in the deformed
spherical shell area
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Figure 7.4 Reinforced and monolithic area of defation in the spherical shell

Figure 7.5 Reinforcement of the interface area
of the spherical and cylindrical shell
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Figure 7.6 Monolithicizing of the interface of
the spherical and cylindrical shell

Stiching and injecting the cracks

Before stitching and injection, the cracks wereapkrl and treated with a
biological repellent. Then the cracks were covereith bond varnish.
Reinforcement bars-anchors of @ 5 mm were fixedatwals with a spacing of 250
mm. Reinforcement bars-anchavsre milled on one side and fixed on other side
to the drilled holes with a glue mixture. Then timacks were injected with epoxy
resin (Figures 7.7 — 7.11).



Figure 7.7 Reinforcement and injection of cracks

Figure 7.8 Canal milling to the shell surface
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Figure 7.9 Cleaning of cracks in the shell befojedtion of epoxyl resin

Figure 7.10 Crack injection by epoxyl resin
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Figure 7.11 Cracks stitched and injected by epoesin

Installation of reinforcement on the lower shell suface

Protective layer spalling and plaster are to beonard from the inner surface,
according to the methods described below in therda spray works. Next, an
additional reinforcement net of @ 3 mm with a sbéd50 x 150 mm, with dowels
of @ 4 mm, a step of 750 x 750 mm shot in is insthl

Because of possible electro-chemical corrosion éeitwcarbon-steel reinforcement
in the shell coverage and the new reinforced steelbe installed, it is
recommended [28; 29; 33; 34] to use a net fromkgss steel number EN1.4301
or EN1.4401 as a new reinforcement on conditiohiteaheir relative total area is
smaller than that of the carbon-steel reinforcemddcause of the dangers
described above, in any case use of carbon-fibeafifg) as additional
reinforcement must be excluded.

The sprayed concrete layer should be sprayed oshblé ground layer according
to the technology reported in [5; 6; 7; 9; 22; 23:49].
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Restoration of reinforced concrete columns, angle rhces, tensile
beams and girders

Protective layer spalling and plaster must be resddvom the reinforced concrete
elements according to the gunning method desciileéalv. If the cross-section of
reinforcement of the reinforced elements has dsece@aver 20 % as a result of
corrosion, additional reinforcement is to be irlstalor the corroded reinforcing
rods are to be replaced. Each of the corrosiorscatsauld be considered separately
and a relevant solution should be proposed by ¢is@yder in the work process.

Installing the roof cover

Before covering the shells with the SBS type rao¥ering, the old bitumen was
scratched out and the fogged areas were treatédawitological repellent (Figure
7.12). The cleaned shells were covered with bardish. The new SBS type roof
cover had two layers: it was armed with polyesiteerfand covered with bulk. The
roof covering was fixed additionally from edgestwitvets (spacing 0.5 m) in the
parts of shell, which had larger incline and windagtting surroundings (Figures
7.13, 7.14). Additionally, the water drain systeraswepaired and new pipes were
installed. The edge elements of the cylindricalllshevere rimmed with sheet
metal.

Figure 7.12 Cleaning of shell cover from old roofrerage
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Figure 7.13 Installation of roof cover

Figure 7.14 Shell coverage with SBS roof coverirggerials

7.3 Summary and conclusions

All of the restauration solutions selected and wedrlout by us were verified in
reality in the site and can be used in further wadrkthe future.
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8 CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER WORK

8.1 CONCLUSIONS
The aims of the work were achieved:

Reasons of inadequate durability of reinforced cetecwere studied in the zone of
old damaged reinforced concrete structures andhalyss of their estimation and
study is presented. The object of studies wasttiietaral conditions of reinforced
concrete material and structures on the examplehef historic Tallinn and
Papisaare hydroplane hangars as well as an assgsspferesidual carrying
capacity. Taking into consideration the resultshaf studies above, an analysis of
possible restoration solutions for the supportitrgctures of Tallinn hydroplane
hangars was made and the applicability of the sslestoration solutions on the
site is described.

Statements:

Before diagnosing the causes of deterioration duréa of a concrete
structure, a sound understanding of the physibamical and mechanical
actions that lead to defects is necessary.

Methods for studies of the structural condition amsidual carrying
capacity should be composed separate for eachtwsteudaking into
account the properties of the materials, calcubatieethods, designed
exploitation purposes applicable in the period oilding, extent of
damage and a possible effect on the carrying cgpaicihe structure.

Reinforced concrete durability is influenced by tomal maintenance
level and compliance of the conditions of concreteloitation and
designed environment.

The main impact factor of reinforced concrete ammposite material is
air, gases and water (vapour) permeability in tiiesurface open to the
environment. Permeability of the outer surface ofmethe environment,
in turn, is influenced by the following factorsrigtture of concrete stone,
properties of constituents, strength, and congregparation technology.

Reinforced concrete carbonation, however, has gmsiéive effects: outer
surface of concrete is strengthened, permeabifitthe outer surface is
decreased, moisture transport in the cement steneeduced and
resistance to those attacks which are controlled pgeymeability
(incl.carbonation speed etc.) is increased.

In terms of the carrying capacity of reinforced cite structures, the
geometry of structures, as well as physical-medadrproperties of the
constituents of reinforced concrete as a compositeerial are the factors
that the durability of structures depends on.
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At the beginning of the 2Dcentury, sufficiently good knowledge of how
roof shell structures work had been acquired. Thas confirmed by

calculations made by help of the LEM method usethyo proceeding

from the actual dimensions of our protypes, otharameters and

structures.

It is obvious that the engineer who had designetlinfahydroplane
hangars had made his calculations in view of sualisiaeserve, since in
spite of considerable damage of concrete and nei@foent, the shell
structure with its favourable geometry is still ypa#ing.

In the analysis of shell structures (incl domesgitury ago and earlier, an
analysis method based on the membrane theory vesdywised, allowing
for the studies of the behaviour of these strustubd the same time, it
should be noted that the theory did not take ictmant, satisfactorily the
influence of the bending moments and cutting fofaeserms of principal
stresses) in the area of edge members. Thus, dtanice, edge zones of
the hydroplane hangar spherical shells studiedhis work were not
adequately reinforced to receive the tension cabyeclitting forces. At
the same time, no fractures caused by the forcestioned were
observed, that resulting from the fact that a suiislly higher shell
thickness than in other zones was found there.

Only after the cause or causes are known can edtietisions be made
concerning the selection of a proper method ofiregyad in determination
of how to avoid a repetition of the circumstandes ted to the problem.

Structural restoration should take into consideratithe following:
preservation of the geometry of the structure atingrto that designed,
physical-mechanical properties of reinforced cotec(strength, porosity,
properties of steel), and the extent of damage.

On the basis of our studies it can be stated aadldibe emphasized that
it is of prime importance to protect such kind ddtbric structures direct
from rain, as over the time water will dissolve stituents of cement
stone from concrete, resulting in increased coecprosity, reduced
compressive strength, accelerated carbonationndite corrosion of

reinforced steel. To sum up, the carrying capaaitthe whole structure

will thus be decreased.

In spite of previous inadequate maintenance anenskte damages
formed in the cases considered as well as in m#mr gimilar instances
relating to reinforced concrete structures from 1B80s, it is possible to
extend their service life (use) for decades, atdhme time essentially
preserving their architectural appearance.
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8.2 RECOMMENDATIONS FOR FURTHER WORK

To have more conformity between the suggested aed restoration solutions
described, after their realization it is necesgargxamine their reliability in
exploitation conditions.

In the future the behaviour of long-span reinforcehcrete structures in the
absence of thermal joints should be studied (etieshrinkage etc.).

It is necessary to elaborate more exact methodthéassessment of damaged
reinforced concrete structures.
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9 KOKKUVOTE

TO0 eesmargid on saavutatud:

On uuritud ning analtisitud raudbetooni puudulikestkuse pdhjuseid vanade
kahjustustega raudbetookonstruktsioonide valdkonmasg esitatud nende
hindamise ja uurimise vastav analliis. Teostatudimisobjektiks valitud
ajalooliste Tallinna ja Papisaare vesilennukite aamgle néaitel raudbetooni
materjali- ning konstruktsiooni tehnilise seisundiringud koos jadkkandevdime
hindamisega. Arvestades eelpool kirjeldatud uutiegiu saadud tulemusi on
teostatud Tallinna vesilennukite angaaride kandstkoktsioonide v@imalike
restaureerimise lahenduste analtis ning kirjeldatudvalitud
restaureerimislahenduste rakendatavust objektil.

Jareldused:

Enne raudbetoonkonstruktsioonide kahjustuste himgtaon vajalik omada
Ulevaadet fuusilistest, keemilistest ning mehastait mojuritest, mis
pdhjustavad defekte.

Tehnilise seisundi ja jadkandevfime uuringu metkeduleb koostada
igale objektile eraldi, arvestades ehituse ehitamagjéargul kasutusel
olnud materjalide  omadusi, arvutusmetoodikat, tejeritud

kasutusotstarvet,  kahjustuste ulatust ning vdirkalik mdju

konstruktsiooni kandevdimele.

Raudbetooni kestvust mgjutab konstruktsiooni jadepa hooldamise tase
ning  ekspluateerimisel betooni  kasutus- ja  projetited
keskkonnatingimustele vastavus.

Raudbetooni, kui komposiitmaterjali kestvuse peakgsmodjufaktoriks on
betooni keskkonnale avatud valispinna labitavudeéjtgraasidele ja veele
(veeaurule). Seejuures betooni keskkonnale avadilidpinna labitavust
mdjutavad jargnevad faktorid: betoonkivi struktuukoostisosade
omadused, tugevus ning betooni valmistamise telogado

Raudbetooni karboniseerumisel on ka postiivsed jdggd: suureneb
betooni valispinna tugevus, vaheneb betooni vélispiabitavus, vaheneb
niiskuse liikkumine betoonkivis ning suureneb vagtapus kahjustustele,
mis on mgjutatavad betooni labitavusega (naitekbdeaEiseerumise kiirus
jm.).

Raudbetoonkonstruktsioonide kandevdime osas on iselul kohal
konstruktsioonide geomeetria, samuti raudbetoanikkmposiitmaterjali
koostisosade fllUsikalis-mehaanikalistel omadustslllest soéltub ka
konstruktsioonide kestvus.

19.-nda sajandi 16pul ja 20.-nda sajandi algulpdbavalt hea ettekujutus
katuse koorikkonstruktsioonide to6st, mida kinrnidasarvutused
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tanapdeval kasutatava LEM meetodi abil, lahtudese nprototlilbi
tegelikest md6tmetest, muudest parameetritestrjatkaktsioonist.

limselt arvestas Tallinna vesilennukite angaaridjgkteerinud insener
arvutuste teostamisel markimisvaarse varuga, sestamata betooni ja
sarruse  olulistele  kahjustustele  plsib  soodsa  gewiaga
koorikkonstruktsiooni veel pusti.

Sajand ja vanemate koorikkonstruktsioonide (sh ikejpl kasutati
laialdaselt membraanteooriale rajatud analliUsi og#eimis kajastas sna
hasti nende konstruktsioonide t66d. Samas tulelkiddiret see teooria ei
arvestanud vajalikul maaral aareliikmete piirkonpasndemomentide ja
I6ikejdbudude (peapingete osas) mdjuga. Nii naitekele ka meie poolt
uuritud vesilennukite angaaride sfaarilisete kaaeknurkade piirkonnad
vajalikult ~ armeeritud  I6ikejdududest  tekkivate  tGejudude
vastuvdtmiseks. Samas ei ole margata nimetatudujiesi tekkinud
pragusid, mis tuleneb sellest, et nendes piirkoeslac ka kooriku paksus
oluliselt suurem, kui muus osas.

Alles peale kahjustuste p6hjuste vélja selgitammst/dimalik valida sobiv
restaureerimismeetod ning otsustada, kuidas vatatigustuste kordumist
tulevikus.

Konstruktsioonide restaureerimislahenduste valikilleb arvestada:
konstruktsiooni projektikohase geomeetria sdilisega, raudbetooni
fuusikali-mehaaniliste omadustega (tugevus, poortrase omadused),
kahjustuste ulatusega.

Meie uuringute alusel v8ib vdita ja tuleb réhutada,esmane llesanne
seda tllpi ajalooliste konstruktsioonide puhul aitdta neid otsese
vihma eest, kuna see vesi lahustab aja jooksul etstkini koostisosi
betoonist vélja, mille tulemusena suureneb betgomdrsus, vaheneb
survetugevus, kiireneb karboniseerumine, intersiN terasarmatuuri
korrodeerumine. Kokkuvdttes alaneb kogu konstrokitsi kandevdime.

Vaatamata eelnenud puudulikule hooldusele ning iteik ulatuslikele
kahjustustele on meil vaadeldud juhtumitel, aga pedjudel muudel
taoliselt juhtumitel, kus tegemist ajaloolist végtt omavate 90 aastaste
raudbetoonkonstruktsioonidega, saavutada veel Iméite mdistlike
vahenditega selle eluea (kasutuse) pikendaminaldasheteks, seejuures
tema arhitektuurilist valisilmet oluliselt muutmata
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