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The mZst widely used cement is portland cement. The four major Bogue cli>er phases present in portland cement are tricalcium
silicate (C,S), dicalcium silicate (C,S), tricalcium aluminate (C,A), and tetracalcium aluminoferrite (C,AF); the clinker is ground with
gypsum (C H,). The formulae in parentheses use the standard cement chemistry abbreviations: C = CaO, S = SiO, A =ALO ,, F =
Fe,O,, =S80, and H=H,O. Densities and molar volumes for all phases relevant to our models, taken from the cement Ilterature
(Lu et al 1993, Mlndess and Young 1981, Young and Hansen 1987), are given in table 1.

Table 1: Densities and molar volumes of cementitious

materials
Compound Name Compound Density Molar
Formula (gcm3)  Volume
(cm3 mol-
"
Tricalcium silicate CS 3.21 71
Dicalcium silicate CS 3.28 52.4
Tricalcium aluminate CA 3.03 89.1
Tetracalcium CAF 3.73 128
aluminoferrite
Gypsum CH, 2.32 74.2
Calcium silicate hydrate C.SH. 1.85 124
Pozzolanic C-S-H C..SH.,, 1.97 81
Calcium hydroxide CH 2.24 331
Ettringite CAH, 1.75 715
Monosulphate CAH, 1.99 313
Hydrogarnet C.AH, 2.52 150

Iron hydroxide FH, 2.2 95.2
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The Identification and Assessment :
of Defects, Damage and Decay
John Broomfield

Introduction

There ave a number of causes of deterioration in concrete buildings and
structures. Even when they ave adequately buill, properly used and well
maintained the environment will affect a stoscture and components will
weear oul. Thie largest single cause of deterioration in reinforced-concrete
siructures is corrosion of the reinforcing steel, In addition, there ame a
b of deterioration processes that attack the concrete directly, some
from within, such as alkali-silica reactivity, and some from without, such
ab freeze-thiw damage. Others are related to initial construction prob-
lems or subsequent use or abuse of the structure.

‘his chapter summarises the major crses of defects, damage and
decay in concrete buildings and structures, Any attempt bo remedy prob-
Jrns st start with a thorough understanding of the cause andl extent
of the deterboration, As disoussed in Chapter 3, it is thiensfore essential
that a detailed Investigation is carried ouk as part af the appraisal process,
the results are interpreted, and the repair options filly evaluated to
ensure thal the right repair option 15 selected for the huilding and its
owner, This chapter is therefore an essential precursor to Chapter 5, which
dieals with repair options, The main causes of concrele deterioration are
summarised in Fig, 4.1, and those are discussed in detadl in the Following
SpCtinms.

Corrosion of steel in concrete by carbonation and chlorides

e of the many Fascinating properties of concrete i its selationship with
ihe steol embedded in it Historically, allempts were made o reinforce
concrete with mietals such s bronze, The resulting failunes were due bo
the difference in thermal expansios coefficients between the bronze ansd
e comcrate, Steel lias a similar encugh thormal expansion coctficient o
concete o avoid damage, However, steel cormodes in a moast oxygenated
atmasphere. Despite it porsity and the natural moisture bevel of
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Fig- 4.1 Sources and causes of concrete damage, defects and decay (Susan Macdonald).
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cumcrete exposed o the ouldoor atmosphens, seel does not necessarily
corrpde oige i is encased in concrete for teasons discussed in the ol
lowing sectim.

There are bws majier mechanksms foe the cormmsion of steed in concrete
that do ot require the degradation of the concrete Iefone the steel is
nttacked. The firet of thesit 18 cafbonation and the second i= chlomice
ttack,

Carbonation

Retnforcem enl corrasion is provented by the alkali comtent of the concrete.
Durng the hydration process calcum, sodium and pofassiim hydosides
are formed, which dissohve in the pore water of the concrete to form a
very alkaline solutlom of aroand pH 12-135. At this lovel, steel forms.
& wery thin, profective osidé known as o passive Layer, This is seli-
sustaining ad mantaining: it is fr bettor than synibetic or metadlc coat-
ings that deteriomie or are consumed. The passive layer will sustadn and
mainlain itself indefinitely as bng as the alkalinity stays above about
PHI without contamination

Carbonation is eventually movitalbe, and i camed by the ingress of
atmnesphire carbon dioxide reacting with the pore witer to barm carbaric
acid. This neutralizes the alkalimity in the concrete. This accurs progres-
sively. and o carbonation front moves through the concrete ol it reaches
the stecl. Thie passive bayer then breaks dovwn as the pH (alls from over
12 b around B Corrasien can start in the presence of axygen and waler
s the pH falls below 11 The carbonation front moves approsimately
according b the following parabolic nelationship:

Carbanation depth = Constant = Square rood of e

A iypacal Portlarel cement concrete may slhevw a carbanation depth of
S-Henm after 10 years, rising to 10-15mm after 30 vears (BRE, 2000 (a4,
Themefure stroctures with low concrste cover sver the reinforcing sl
wiill shos carbosation-induced cormasion mone quickly than thise with
oo cover.

The rate of decay of reinforcing steel In comenete s abao affected by the
comerete quality Concredes made with o high water b comentitious ratio
el with a Jow cementitious comiend will carbonate mone quickly than
well-madi concretes because they are more porous amd have lower
resserves o alkali o resist the neotralsation proces. For coneretes with
pubverised fuoel ash or ofher cement replacement walesials, the deop af
alkaline reserves i isually balanced by the increase in concrele quality




Chipter 4 The Identidication of Dafiects, Damage snd Cecay 145

fior an. equivalent Portland cement, except at kigh replacetment levels in
dry conditions (BRE, 2000 (a)}

Thee rate of carbomation s also affected by environmental conditions
Carbonation |5 more rapid in fairly dry and wet/dry cveling environ-
menis. [ may therefore cocur mom rapidly in bathroams and kitchens in
blocks of flats, and in multistorey car parks where the carbon diozide
leveis ame high diie b exlonest fumies.

Chiloride attack

The second magor eause of relnforcement cormosien is chlaride aitack. This
B usnally dise to ot of the following couses:

de-icing salt ingress from roads and velalcles;
sea-salt ingress In marine environments;

cast-in salt from contaminated mix companents;
cast-in cadcium chloride as a sel accelerator

- & = =

Acestnin level of chioride is needed for cormosion b eceur. Figure 4.2 illus-
trates the relationship between chloride kevel, carboration and corsasion
risk

Cnee the chioride level at the nenforcement eceeds 0,4% by weighi
of cement (approximately (L0G% or 600 ppm. by weight of sample
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assurning 15% cement content), thens is a ﬂip;l!ifl:.unt risk of cormosion,
especially in the presence of modsture, Obviously, if cast-in chlorides
ewceed 04%, then the corrosion risk rises see BRE, 2000 (a2).

For chlorides that ane djl'l"u:inp; inbo the concrete (as a result nFn|I}- [
spray o de-icing salts, for exampled, it can be a useful approximation bo
calculate the progress of a 04% chlonde by weight cement—orroson
Ehreshold Frnﬁrm&i:ng I:i1ml|.|5hl|1|.- mnn‘:!r.ttnpambnlbc rake |:|:|m'P.ur.II:|IE
tn the carbomation rate equation above,

Chioridet threshold progress rate = Constant = Square roet of time

The use of this approximation, along with sampling and interpretation,
s disnussed in the section on sampling, bebow,

As with carbonation, chloslde-ingress rabes are & function of conceele
quality and environment. For concrete with low reinforcement cover,
and particularly for poor-quality concrete, chlorides can be fransported
rapidiy by welting and drying absorption and by caplilary action that
almimat sucks the chlonde-bden water into the comcrete. The water then
evaporates and leaves the salt behind. In good-quality concrete with good
cower b the reinforcement, diffusion prooeses predominate.

The corrosion process

Regardiess of the cause of cormeston, once the steel's passive-layer pro-
{ection is lost, cormosion pum!: |:|:.r the mechanism ilhastrated in Fls. A3
Cormsion of sbeel in concrede i= an electrochemical reaction in which the
major comstituent of steel (iron) goes into solution as fron bons with a Bew
of electrons (electrical fow). This site is called the anode. Electrons are
produced in this self-sustaining process and Aow through the reinforee-
mend iowards cathodic sites where they react with oxygen and water from
outside to produce additiomal hydroxyl fons. This s known as the
cathodic reaction, As can be seen in the diagram, the cathodic reaction
recuires water and oxygen. The indtial anodic reaction does ot require
anything. once the steel is depassivaied, it @ only when the fron has
reacted (o become the seluble ferrous lon that it will réact with the
biyelrowidde bum (the alkalinkty i the concrete), and then with oxegen and
witer to create the solid rust whese volume increase will crack and spall
the comcrele,

The fact that oxygen is ot required at the anode s important because
thet exclusion of oxyigen from anndic areas without stifling the cathodic
reaction will lead o dissolutbon of the reinforcement rather than eracking
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Fig. &3 The cormasion procwss for steel in comcnete

and spalling of the concrete. This can happen in loeal saturation condi-
fions where the concrete (s very wet and therefore conductive enpargh ko
illow good separation between anedes and eathodes.

The ingrediznts for corrosion are therefone:

®  carbonation or subficient chloride ot reinforcement depth to depas:
sivile the sieel;

*  ouygen to fuel the cathodic reaction and bo create the expansive oxide;

* water o fuel the cathodic resction and 1o create the expanslve oxde;

*  concrete of low enough resistivity to allow the electroehemical anode
and cathode neactions to procesd,

These ingredients, along with the dectrical nature of the mactions, can
therefore bo used 1o asess the cormsdon conditlon, as described in the
sechon on condition survey bechnisues below.

Design and construction defects

The perfosmance of reinforced concrote can be severdly raduced by poos
desipn and comstruction techniques, These may case peinforcemient oo
rosion or degradation of the concrete iself, which in furn may lead to
reinforcement corrosion,
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Poor cover ta the reinforcement

Insaifflcient concrete conver to the reimforoemaent is a major influsnee on e
durability of reinforced-conceete buildings and structures (Fig, 440

A number of problems, particolarly with older structures, accur at
design stage, such s

# older codes do not specity adequate cover, especially in saline
environments;

*  designers used to specify cover o the main steel, which meant that
there was inadesquate cover to stirmups, dips and so on;

® details such as drips, grooving of surfaces, and so on, reduced overall
cover, often o vulnerable sheel ot corners and in areas of wabor
run-off,

During comstruction a number of problems may arise, including:
®  detailing that rakes #t difBeoll 1o schieve the specificd cover;

&  ppgoTrect reinforcement p]nl:inp;;
*  movement of relnforcement within shutiers from the speatied cover.

Fig 44 Ipsulficient cover to reinforcement at Parkhill flabs, Sheffiehl, s one of the snsl
cammon causes of prematare corrusios-Endeced conerele decay (phito Sussn Macdoenald),
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Poor consolidation leading to honeycombing and voids

Paor corsalidation of the concrete during potring laves honeyoombing
and voids in the concrele. These are trevquently visible at comers and slab
ends, whene the cement paste does not completely surround the Linger
agregate partiches. Problems can occur over congested steel, where it is
difficult to ensare that the concrete flows fnto all the inberstitial spaces.

Concrete constituents and manufaciire

There are a Timber of problems thal can occur ith the concrete mis at
either the design or the execution stage. These are discussed in detail later
in this chapter, and fnclude:

*  high water to cementitions products mtio—ehis Jeads o i POTis con-
erete susceptibde to carbonation and chloride Ingress;

® castin chioeldes—undil the mid-1980s, calcium chioride st accelors
tor wiks considered b be @ useful and safe admixture, as chilorides
wiere considered tobe bound into the conerete: semilardy, seawnter was
used during constriscton on rarine projects, a practice wo now know
o be problematic: Accidental inclusion of chlomdis alsn oooars due
10 poacly washed mix constiteents and contaminated water supplies;

* inadeguate shimp—ihe neverse of high waler tooementitions product
ratin, with nadequate superplasticizes ving rise to poor consolida-
tiomn resulting in honeveombing and voids;

*  alkali-nggregate reaction—when: the aggregste reacts to the alkatin-
ity ol the comant,

Creep s cavsed by water being squeezed fnom the pores of the concrety
owing 10 he sustained loadd of the concrete irelf, Deformation dus to
freep 1 tmesdependent, atd it may not become apparent antil seme
masiths after a structure: has been completed. Allawance for deflection
due to creep is made at the design stage. Whee inadequate allowance has
been made for creep, finishes may be atfected by cracking, Openings may
deflect, cansing donrs of windows to @am, for example,

Concrete degradation

Conerete is o ndatively durable mikerial, but i can be severvly weakenid
by poor manufacture, the inclision of damaging constituents or AREIS-
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sive Envirorments. As mentioned above, there are @ number of cases of
degradation of the concrete matrix

Alkali-aggregale reactivity

A5 described proviously, concnete pone water is highly alkalive. Unfosti-
rately, some aggregates used to make concrete reack with thi alkalinigy
b form products that swell and damage the concnote,

Thie mest common alkali-agsregate veaction i an alkali-silica nsaction,
known as ASE, Soluble silicates in the aggregates nssct and form silica
gels, These géls abeorb water and expand. The result i= 2 ‘map cracking’
elbfet and effforescence of the gel, a8 shown in Fig. 45

Many aggregates exhibil ASR to . greater or lesser extent when
wxarmined by petmgraphic analysis under a microsoope. A more limited
number show serious problems which are now well characterised In
perms of type and source. Frequemtly, ASE will ooour an & strucure o
part of a structore, the susceptible nggregates will weact and then e
situation will stabilise. The problem s frequently one of appearance
ather than anything else. In & series of over 100 structures with ASE in
the UK, typically 0.0Gmm/m/year to (3 i/ pear  expansion
necurred over 20 years (Woasd, 1960, [t may be posible Lo slow ASHE by

Fig. 4.5 Map cracking choe bo an alkali-silica resction.
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reducing or eliminating metsure either by deflecting the nun-dovn, or
by the application of coatings or sealers.

Sulfate attack

Sulintes of sodium, calelum, potassium and alemdnhum are found i
rotndwater and soils and can couse degradation of the concrets matrix
by expansive attsck of the calcium lydraxide andl calcium aluminates in
the comcrele, Wet/dry cyeling couses. salts to be accumulated on the con-
crete surtace, resulling in degradation. Delaved sttringite formation, and
the pecerly discovered probiem of thurmeasite attack of concrate, are also
forms of sulphate attack. More than (L1% water-selublé: sulfate in soll
or 150 pupun. In waber is mederate exposure o sulfate attack, More than
% in water or 10000 pupam. in sofl 15 severe exposure. A high-quality
dense, blended coment concrete gives good sulfate resistance. Low CA
content cements have the disadvantage of low resistance bo chloride
ingress, 50 in cases where (he sulfates are from marine expostine, sulfate-
pesistant Portland cement (ASTM Type [ may accelernte chioride-
irduced cormosion.

High-nlumina cemenl concretes

High-aluimina cemeit (HAC) was used extensively In the 19605 and 1970s
1o achisve very high early strength concrete, HAL abio hs & higher level
of roskctanee o aclds and subfates, Under certain conditions during its
curing (high water:cement ratio and high temperatires during curing)
anel particular environmental conditiens after construction (high tem-
peratures aned for high humidity kevels), it suffers from a chemical
{eryatal) change and severe loss of strength and porosity, The cement is
thar attacked By sume chemicals, such s calcium sulfate found in
gypsum plasters. This has resulted in a number of serious structural
failures. A major programme of identtfication of HAL structures has been
wndertaken in The UK and most other countries where it was used; HAC
bears and colhamns have been replaced, supported or ane canefully moni-
pored. HAC aleo has very |ow. reserves of alkali, so it carbonaies very
eazily.

Environmental influences

In addition to the damage caused fo conerete as a mesult of exposure ko
enviranmental agents such as carbon dioxids and ackd gases, ther are a
mzmber of uther environmental factors that can cause deterioration.
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Weathering
Staining

Waler-stalning of unpatnted concrete is a major problem in the UK. The
poresity and water-absorption charscleristics of concrete seem bo make it
more s;l;(rpd:'hltlh.'l.n brick and stome b this hype nfmi:llng. Concrete can
b cleaned Hke any matural stone or brickwork, and similarly removing
aurface lnitance can miake it mione susceptible to hrbere stadnisg. Cleandong
is discussed in detail in Chapher 6.

Erosion

ContHnuous water run-down, sipedally of water contalning suspended
sofids, will prode concrete with time. Salt water and other aggressive solu-
tioms will etch concrete

Efflorescence

Efflorescence can occur due to ASE, water run-off, or water running
thmugh slabe and mmﬁng away thit soluble calcium. F:igurc' 4.5 shows
an extrere case of a car park with stalactites and stalagmites forming
where water runs throwgh an unmaintained suspended slab.

Freeze=thaw damage

Frowze-thaw damage occurs whene water acommulates in cracks, voids or
pores of e concrete, and then freepes quickly enough so that the expan-
stomn cracks the concrebe, Alr-entrainmenk |:ms-c!u|:|:ﬂ pores and small voids
in the concrete of a size o avold freeze-thaw, Odder structunes (that may
not have been well air-entrained) and those in & severs heating/ conling
enviranment will matfer from the scaling away of the comerete surface due
o reeze—thaw damage,

Structural damage
Structural damaoge can oealt from;

Imadequate design or comstruction;
settlement or other ground movement;
overloading or chanpge of use;

fire damage;




Fig. dedal  Poair mninbenance of this car park has lead o the feemation of 4 sta-
Ingmite where the madequate drainsge keope water off cars but does nal cume or
comtral knakage frim the floor above,

& impact demape;
*  seismic damage;
*  wind damage.

These are wsually easily identified by a qualiied engineer, There ane well-
proven methads to rectify these problemss. The impartance of o structural
appraisal in determining a concrete building’s suitnbility for use ks dls-
cussend in Chapler 3,

In most Western countries, these are usaally sufficlent resources and
exgertise o prevent corrosion from becoming a structural problem
Haowever, the removal of the cover concrete by the expancive growth of
oeddes willl reduce the bond betwesn steel and concrets, which could
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