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DETERIORATION OF CONCRETE DIAGNOSED BY OPTICAL
MICROSCOPY

Nieis Thaulow and Ulla Hjorth Jalmbsen
G.M. Idom Coasult, RAMB@LL, Bredeve; 2, DK-2430 Virum

ABSTRACT

Concrets is normally a very dursble material However, 3 zumber of detencration mechanism
may cause presature distress. The prncipal wol for diagnasing the dezsrioration meshanism(s)
is optical micToscopy.

Based an case studies the following types of concrete detasaration are :mphazsed:
Alkali Silica Reaction (ASR)

Sulphats Aftack

Delayed Eatringite Formatan (DEF)

Acid Attack

Carbonation and Bi~carbonation

Freeze/thaw

® & 5 & o

The vancus mechanisms are mainly diagnosed ca the basis of crack paftem, paste X and
mndaqmwpm.kisaﬁenfommamzmnoudmﬁonﬁmmxmmis
active, which may accelerate the breakdewn of the concrete and challenge the skills of the

petrographer.

INTRODUCTION

The present paper is based oo (Thaulow aad Jakobsen, 1995) extended 0 cover two mare
deterioration mechanisms.

B is almost never possible to diagnose the detesioration mechanism based on the visual
appearaoce of the concrete surface. Many people do, however, use the surface crack pattem (o
make their diagnasis which unfortunarely often ends up being incorrec. The surfacs symptoms
caused by differcat breakdown mechanisms may look alike on e surface of the concrete (3.
map cracking see Figure 1) but whea studied in the microscope the microstruciure reveals
different crack paztems indicauve of the vanous deterioration mechanisms.

The surface crack pattern does not reveal anything about the number of breakdown mechanisms
which may be active at the same time. Furthermare, the surface crack paftem provides no
information about the sequence of accurrances of the diffcrent mechagisms. It is well known that
whea coacrete is first cracked by onc mechanism other breakdown mechaaisms may follow
{Idom, 1967).

When diagnesing detarioration mechanisms it is therefors important to conduct 3 field survey, ©
examine cores taken from relevant areas (including both sound and damaged areas), and 0
make use of the information which can be obtained by cpucal microscopic analysis. It i
important ta examine a reasonable aumber of thin sections in order to cbtain 2 good overview of
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the proolem. Unrounately, for 2conomic rrasens e aumeer of Jun sestonas sxamined 5 3fRzq
quite low.

The arder w winch the detenoration mechamsms sesur 2an under aormal circumstances be
derermuned 3y the use of optical microscapic analysis. The 2xgenenca 3¢ the pewogrpher s,
w. By 37 the most imporanc facwor n assusing 3 usesul outccme of 3 microscoprcal
Investgation.

iﬁ&’ -h . mﬂ :‘ﬁg

Figure | Railroad tie showing map cracks on the surfice caused 3y 3 sombinaticn of aikali
silica reaction and delayed eanngite formagen.

Somenmes it is possible to date two gencrations of sr3cks thal intercept 2ach cther: if an empty
crack crosses 1 crack filled with material like sikali silica zei or eftringits e empty crack is the
younger of the Svo.

The most important detesioration mechanism ‘s deeided an “he Basis of the relaive amount of
cracking caussd by the differant mechanisms.

Alkali silica rzaction, ASR and Delayed Entringite Formation, DEF ars often found together in
heat cured concrete because high temperatures trigger DEF and accslerate ASR. It should ae
anphasised, towever, that szringite in cracks and vaoids is commonly found is ASR afeceed
concrets (Christensen, et al., 1981), whers DEF is not praseat.

This paper describes six types of de:snoration mechanisms, the:r occurrences and their
microscopic 3pocarances and differsaces: alkali silica reaction (ASR), sulghate atack, delayed
ettringite formauon (DET), acid acack, carbonation and fresze/thaw.

MICROSCOPIC ANALYSIS
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Opudmmagyupﬂ:mdmﬂmmwm”mummm
mmmwunmuw(mdawmww:wbm
filter). A 100 waz halogen ight sourcs is usad as illuminanon.

The thin secrions are made by vacuum impregpasng pieces (35 x 40 mum) of concreie with aa epaxy
resin comtauning 3 Suoresscens dye. The impregnated pweces are mownted oa siabs of giass and ground
and polished to a thickness of 0.020 mm (20 um). The vacuum impregmanica of the samples with
mmd%dcﬁahhmﬂnmuﬂdmwﬂth
NuwmwﬁummhhMiﬂmedtnﬁmm
mmuaummw@summmm_wmmm
mmmm@cﬂ<mstmmﬂmmwwimpmu
pillary pores of the hardenad cament paste causing 1 danse coment paste with low water 1 c=ment
mmwmmwhﬂezmmpommmmah@mmmm
appears lighter green. Cmpmmmmabuummw&mwwmm
(wie) of the concrete can be estimated with an aceuracy of = 0.02. 3

Cambining infarmagon from all J rypes of micreseopic duminagion usually providss a diagnosis of
the concreze distress. While optical micrascopy is the primary ol an some occagons it is usefil ©
combine optcal microscopy with chemical analysss and SEM-EDX analysss (Jakebsen et al.,
1997).

ALKALI STLICA REACTION

Mechanism

Alkali silica reacticn (ASR) is a chemical reaction that takes place in aggregate partcles
betwesn the alkaline pore solution of the :oini suz and sliza the aggregare parucles.
Hydroxyl ions penetrate the surface Tegicns of e aggregalc aad brak the silicon-oxygen
bonds. Positive sodium, potssium and calcium ions in the pore liquid fallaw the hydroxyl ions
so that electroneutrality is maintained. Warer is impived info the reaction sites and eveatally
aliali<alcium silica get is formed. -

The reaction products occupy more space than the ongnal silica 50 the surface reacticn Sites T
mwupmummwmymmhmbytwﬂcmmmmmm of the
aggregats particle and in the ambient cement paste.

A:zcerainpoimindmed\emilemsnmyandmemilcmahmdbnn.!c.au:.b
propagate (Svenson, (991, Thaulow and Andersen, 1983). The cracks radiate from the umenor
of the aggregale aut into the surrounding paste.

The cracks are empty (not gel-filled) when formed Small or large amounts of gel may
subsequently axude into the cracks. Small pamcles may underge complete reaction without
cracking.

Micrescopic appearance
Alkali silica reacsion is diagnosed primarily by four main fearures (Andersan and Thaulow,
1990):
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Prescrcs of aikale sil1ca rEIEIVE 280rCgates
Cirack panem

Presencs of alkali stiica ge! 2 cracks 2ad/or vaids
Ca(OH); depletea pase

Alkali silica racuion is prumanly diagnosed by the presence of SracKs N1 feacnive Jaggregcles
radiaung out Ao he ssment 2asts. Reactive aggregaws sontain umarphous ar microcrystalline
silica. 5iC.. Freaucatly, aikali siiea gei s alsa Joserved. however, the amcunt af zet 1s acT 2
measure of the INTERSiveness 3f e re3cion 3ut Zegendent In ¢ YEC Of [IACUVC 1ZIresals.
Aggregatas iSnimung reachive silica such s gorous Jliat (Figurs 2a), react -apraly (o ZSmm
alicii silica ze! 2cth 3t e suracs and inside e aggregae. Mere donse =alyminersiic Jamicss,
such as mytomuzises grantes (Fizure I9) concmng merocry s@iling quar, 7236t M slowiy
Ia such cases <niv smail unounts of Jei fermation 1re nesded I3 sodarate the jraun soundanss.
[eading t0 Sxpans10n NG Cracking 3t e aggrecale.

The sracx parrern sdscrved dipsacs an Hc Jpe of [AGHVE 35TIINE ‘Figure 2). Aggreaarss
without prefarrea sncatauen 3¢ e muneral Jrans such as SCrous dnt crsate “hree-iegges
cracks with angles of 120° Setween cracks. [n aggregzates wavi anested Jinerus suek s
mylenites cracks e aften parili [0 the muneral ansatatien.

Figure 2 Alkali silica reactive aggregates in concrste. (A) sracked porous fliat particis with 3¢l
ia the cracks (arrow). The image 1s @ken in ordinary hight. Scale bar measures 330 mucrons.

In aggr=gates such 3s sandstones the SrRCKs May un along zrain Soundanies. Twvpically ."c-r all
types of aggragates the cracks e wid2 in the sznwe and narrow toward the nm of e
t

aggrsgates. Lacaliy the cracks 2ad © 5¢ serpendicular o the surfacs of the reactive parucis
(radial cracks).
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2 certain number of reactive particles re present in the canerete 3 contizuous crack pattem is
prsent. Usually, the cracks filow the line of least resistance perpendicular to the teasile
steIses of the cancrete. AL the surface of the conerete, cracks perpendicular to the surfacs are
cmmonly see. Beaeath the surface, a arge number of cracks tad o be panallel to the surface.
These @acks usually run through the csment Jaste and reactive aggregazes, and w1 rare cases
even sound aggragates may be cracked.

Ancther diagnestic feature of aikai slica r=tion is We sresence of alkaif silfea gel. Alkali
suica ged 1s a clear, colouress isatrapic matenal with low refracuve index (146 -153)and 2
typical shrinkage crack pattem (Figure Za) (ASTM C356, 1993). Alkaii silica gel may,
however, be partly crystalline, showing an orange isterfersace colour 12 crossed polansed light.
This =amre 15 generally only observed in ze! that is situated w0 cracks wside aggregates or o
cracks of rather aid concrete (Thaulow 2t al., 1989). Gel may 3e observed replacing the cucer
part of 2g 3 porous flint parucie (Figurs 2a), 5e situated s cracks and/or in air veids.
Eanngite in pores and cracks is commony found i@ ASR-affected onerste. The wainad
pegographer can, bowever, disunguish alkali silica gel Fom massive aerngite formatian
(Figure 3b) by the slight birefringence of etnngite. Furthermare, ertringite exkibits 2 differsat
crack pagtem consisting of almost parallel mucrocracks. The use of a yellow fuorescant spexy
for preparing the thin secuons faciitates the distinction berwesn alkali silica gel and etryingree
{Thaulow et al., 1996).

In cases of intensive ASR the Ca(OH): of the paste caz be dissolved leaving a black and
opaline shintng paste when observed in srossed poiarised light Ganerally, the dark paste arsms
are found in 3 aarTow zone around reactive aggrezazes and alang gel conining cracks.

—— SR P
(e BT Ty Z el S s e

P BT

S

$0 microns
SR

Figwre 3 Differcnce between alkali silica gel (3) and crtringits (b) in voids. The image is taken
in ordinary light. Scale bar measures SO micrans.
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SULPFHATE ATTACK

Mechanism

Sulphate ions may tack components of cement paste. Such atack occur whea conerete is in
contact with sulphate CONIRINING WALEr &.g. SCI walcs, swarp waler, grouad water or sewage
water. The often massive formation of gypsum (Cas0, . 2H,0) and of sttringite (3Ca0 . AL,
. 3CaS0, . 32H;0) formed during tha sulphate aack may cause coocrete 1o crack.

The formation of gypsum requires 3 ligh concemtration of sulphaie in the ambient water in
cogmacs with the oncrete. The farmaton 5f egringice occurs by a Jranstormatica of We caloum
10d alwmnium congining compeaests 1 the cament paste. Formanoa of suiphate phases Qakes
placs through dissolution of the cement 3aste as the suiphata ions caasume calcium ions Tom
alcium hydroside and from the C-S-H (decaiaificauan;.

Microscopic appearance

Sulphate agack :s ciagnosed primarily by Jour man ‘=nuces:

o Surface parallel cracks in the coment gaste and aiong aggregate Paste WIEr3Lss

s Presencs of gypsum and/or sxcassive amounts of JTINGILS in voids, sracks and paste
¢ Dissolution and deczlcification of semeat paste

o External suiphate source

Sulphate antack is diagnosed when the concrete containg surface paralle! cracks (Figure 4a)
filled or party dlled wich gypsum. The cracks occur panilel %0 and near the surface of the
cancrets. The orientation depends an the possibie exgassion direction of the cascrezs. The
cracks traverse the coment paste and follow aggregats surfacss,

Gypsum is diagnased Dy its texture and birefringezcs whes ohserved in crossed polanised light
The interference colour is whits w grey. Gypsum is jypically observed in parallel cracks and
voids near the surface (Figure 4%). Gypsum is mot always recagisable in the opacal
microscope. If gypsum precipitates i the csment paste scanaing &leczron microscogy (SEM)
equipped with an energy dispersive spestrometes (EDS) is useful for positive identification
(Jakobsen et al., 1997).

Ettringite is identified as needle shaped crystals with iow birefringence. It has to be emphasised
tha the occurrencs of eeringite in veids aad cracks is comumon A Svery mamre warer-exposed
cancrets; cxringite by itself is not 3 diagnastic Samre of suiphate amack (Christeasen 2t al.,
1981).

To diagnose sulphate aftack, near-surfacs pasts sxpansion forming surfacs panallel cracks in the
cament paste must be present. Chemical analyses of he sulphate content in the surfacs and the
interior is heipful. Furthermore, i order (g distinguish sulphate arack from delaysd ettringits
formaticn an ouiside sulphata source must be identified.

NT-00328
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130 mierans

Figure 4 Coneretz sudjected to extemal sulphate amack. Gypsum appears 8 surface paralld
cracks, in the coment pastc and 1 gypsum filled voids (arrow). The image is ken n crdinary
light. Scale bar measures 130 microns.

DELAYED ETTRINGITE FORMATION (DEF)

Mechsanism

Delayed Etringite Farmatioa, DEF is a form of internal suichars amack. A number of factars
such as concrets composition, cuning canditions and exposure ssaditions wsluencs the poteatial
for DEF (Thaulow et al., 1995). The fundamental reaction mechanism is suil debated (Johansen
et al., 1993b, Lawreacs, 1995, Johansen and Thaulow, 1997). DEF is belicved @ be a result of
improper heat curing of the concrece whers the normal snngie formadon is suppressed. A
large amount of sulphate is bound in the C-5-H and the sulphars concentration in the pore lgquid
is high for an unusually loag period of ume ia the hardened soncretz. Eventually, the sulphate
reacts with calcium aad aluminium coaminung phases of the cement paste and the cement paste
expands. Due w0 the pase expaasian empty cracks (gaps) are formed around aggregates (Figure
5). The cracks may remaia empry of latzr be partly or tatally Slled with canngite (Johansen &
al., 1993a).

Microscopic appearance
DEF is diagrosed primarily by four main features:

Prescnc= of gaps completely surrounding aggregates. Eqringits may be present in the gaps
Wider gaps around large 2ggregales than arcund small aggrezalcs

Abseace of extermal sulphate source

High concrewe temperaturc ducing curing

NT-00329



Figure 5 Gaps arcund aggregate paruciss in an umproperly heat surza =ulroad te. The imazs is
=ken  flucrescaat light. Scals bar me=asures 330 mucrons,

In diagnosig DEF, cracks or 30ps have o be Jdoserved around the aggregate particies (Figurs
5). The gaps may be empty, pastly Slled Sy nesdls shaped smtringite ar filled with a more
massive fype of tmngie. In contast to other rsscarchers (Heinz, 1986, Heinz and Ludwg,
1987), we do 3ot deiieve that e arystal growth of etringite in the 3aps creawrd the zaps
{Jahanscn and Thaulow, 1997).

The width of the cracks are dirscily proporticnal o “he diamerar of e aggregatss, resulting &
wide cracks around coarse iggregates and nammow cacks around 3ne aggregates (Johansea <t
al, 1993a). Under idzal circumsmnces gaps ars snly seen around 3¢ iggregates, However, ia
Seld concreis narrow cracks ire also observed perpendicular <o the aggregate surfaces (Figure
3). Usually aggregate particles are not zracked Sy DEF. This may, however, occur i limestone
gpregates.

DEF is distinguished from external sulphate amack because zvpsum is normally not formed n
DEF. Furthermare, the paste sxpansica in DEZ s not limited to the surfacs regicns of the
concrete. [t is usetul to know the cuniag canditions of Wic concrate, 35 ‘ugh intermal temperarure
dunng curing is a prerequisite for delayed entringite formation. e

It has w be emphazised that fresze/thaw of critically water satumted concrete may result in
paste sxpansion and n gap fornation.

NT-00350
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ACID ATTACK o

Mechanisn
kamﬁblemuid:mkbumeofis;ﬂhmmmpomofme
mmbmk@w@mmmﬁ&MMme&MMaf
ddmky&uxﬂeﬁﬂ&mnqgwmgmmmmm“:

2 HX ~ Ca(OH); = CaX, =2 H.0 (X is Qe negative ion of the acid)

Mdnmpnﬁﬁwofmcmdquﬂmmmq-ofmemmmm
conceamration of the acid. the sclubility of the acid caicum salts (CaXy) and os the Jwud
wansport through the concreze. Insaludle calcium its may precipitate ia the vouds and siow
down the atack. Acads w&huuﬁtﬁcui&hydxcchhﬂczddmm:addmvww
2 eir calcium saits e readily soluble aod removed from the artack froat. Qther acids such as
phosphoric acid and bumic acid dre less hanmiul as bar lcium salt, due to their low
solubility, inhibit the atack by blocking the pathways within the concrete such as |

cracks, voids and parosity. Sulphuric acid is very damaging 0 concrewE as it combines an acid
azack and a sulphate attack.

Microscopic appearance
Ag acid amack is diagnosed primarily by two main feamures:

o Absence of calcium hydroxide in the cement paste
o Surface dissolution of cement pasts exposiag aggregates

Acid attack is usually diagnosed whea dissolurion of calcium hydroxide is observed.
Dissolution of Ca(OH), makes the cement jaste totally black and opaline shiny whea observed
in erossed golarised light (Figure 6).

Dissoiution of the calcium hydraxide is observed in the surface of the concree and arouad
cracks in contact with the surface. The depth of the dissclution depends on the porosity of the
concrets {water/cement ranio) and the type of acid.

Generally, cracks are not producsd by the acid armack itself, but instead exposed aggregates are
observed an the surfacs, due to the disiotegration of the cement paste. The cement paste s
convereed 1o silica gel with shriskage cracks.

Chemical analyses may be helpful in identifying which acud is preseat.

NT-00331
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Figure 6 Acid aftacked conerets. Tae pasts ppears blagk witt an opalinz shice whea
{luminated 2 crossed polarised ‘ight. Scale bar measures 130 microns.

CARBONATION AND BI-CARBONATION

Mechanism

Carscnation may be seen as a spesial fType of acd amack where th2 acid is carben dioxide. All
=icum 3earng phases of We cament pasie e imacked 20é —avertad Low scluble clcium
carsanate, CaCOs, is presipitated instead and acts as 3 good, durable binder in mest 3s&s.

The reaction is ofen given ‘or calclum ydrowde, thal s the Srst shase tut reacts aad
disappear

CO-,*CJ(OH); -> CJCO*;"H;O a
calcium carbonata is nermally found as calcite.

The porosity of the paste is often unchanged or lower in the carbonated zene that is found L the
surface of the concretz and aong cracks perpeadicular © the surface. By comparing the depth
of carbonation at the surfacs with the degth of carbonation at the crack it is often possible @
estimate the age of the cracks.

Ia very porous concrstz with high w/c 1nd low coatent of calcium hydroxice the cartcnation
may lead @ :ncreased porosity and less of streagth.

NT-00332
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830 microns [NERNEAS
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racs zoue.

Figure 7 Carbonated concrete. Caleite systals of hugh birefningencs appear in the su
The imagz is taken ia crossed solanzed ‘ignt. Scale bar measures 830 mucrens.

130 mucrond SN

GIARLGOTI
Figure 8 “Bi-carbonation” Large “pop~om” crysals of zalcitc (a
isotropic matnx. The image is ken id srossed palanzed light. Scale bar masures 138 rucreas.

raws) arc fourd in an
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(Laugesen c2 3., 1996).

Hydraulic pressure

Qsmotic pressure

Microscopic ice lens growth

Thermal incompanbility besween matnx and aggregales
Shock ‘reezing

Thermal expansion of ics dunng heanag,

Nene of ‘hese mechanism can alons expiaia all sbservations, There (s 30 <QOC&ISUS regarding
the mechanisms (ACI C201, 1993).

Microscopic appearance
Frost darmage is diagnased primasily by he following farures:

o Surfacs scaliog
o Internal craciing due to paste cxpansion

expansion is typical for frast artack and for sulphate attack and for DEF. It may be difficult to
dhpue“pm?&mtmkuniusmuhamxhaﬁmmbeadudcdbwwwm
; obuinedﬁnmothusonmchan:bnhinsem’ou.

Freeze thaw damage is oftea combined with other types of somcretes disTess. Oftes it is a0t
diagnosed or musdiagnosed. In Denmark the diagaosis “frost amack” has traditionally been given
dymwudmmwiwmmmdum&mnmumogwmdm
mskhmkmybemmmmonwmmﬂybcﬁwd.InNomy.onthconhsrhani
thhasbecnamdiﬁonmdiapasc&mm:kmuyinmymcm structures. Fisst by the
_wark of (Jeasen, 1993) ASR was generally accepted in Norway.

Under ideal canditions frost attack creates gaps around the aggregate (Idom et al., 1993). Ses
Figure 9.

NT-00334
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Figure 9 Macro-ghoto in UV-light af Juorsscent imoresnated, cut Toncrele SorE with frest
damage. Scaie bar measures 10 em.

As Frost amsck normally procssds fom the concrete suracs and. nwards e pasie axpansica
forms delamination sracks sub-parallel to the surface Wi 3 disiancz of around 10 mm beiwesa
cracks. Figurs 3.

CONCLUSIONS

« With an sxperieacsd petrographer at g opucal mucscope ‘hin section microscopy is the
prucipal toct for diagnasing e different dezeroralion MSSRAfuUsSMS in conereis.

o With optical micrascopy it IS possiviz o umquely discaminate betwesn  diffesent
detenoraling mechanisms, such 3s ASR, DEF, sulphate 1aack. acid actack, sacbonation ard
{re=z=/thaw.

« Each of the detcriorauon mechamisms menticned tus paper =an usually oe diagnosed by

rack patiern, presencs and positian of various precipitates, fypes of aggregats and the
canditian of the cament paste.

« Optical mucroscopy can usually dorect whether several dstenoration mechanisms are present
at the same tume. Furthermore, it is passitle to gvalyate which was Grst and what is the maua
cause of the distrsss.

» Optical microscapy should always be supplemeated 2y 3 fizld waspection and (sf possible)
examunation cf production daa Sametimes 1t 15 1825l 10 supplement the 3pucal thin secuoa
mucrescopy with SEM-EDS or chemucai anaiyses. However, aptical mucroscopy should
always be performed as the first step Seiore other fypes of mucroanalyses because opucal
mucroscepy provides hath insight and overnew

NT-00
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ABSTRACT

Concrete is normally a very durable material. However, a number of deterioration mechanism
may cause premature distress. The principal tool for diagnosing the deterioration mechanism(s)
is optical microscopy.

Based on case studies the following types of concrete deterioration are emphazised:
o Alkali Silica Reaction (ASR)

o Sulphate Attack

o Delayed Ettringite Formation (DEF)

¢ Acid Attack

e Carbonation and Bi-carbonation

¢ Freeze/thaw

The various mechanisms are mainly diagnosed on the basis of crack pattern, paste texture and
secondary mineral phases. It is often found that more than one deterioration mechanism is
active, which may accelerate the breakdown of the concrete and challenge the skills of the
petrographer.

INTRODUCTION

The present paper is based on (Thaulow aad Jakobsen, 1995) extended to cover two more
deterioration mechanisms.

It is almost nmever possible to diagnose the deterioration mechanism based on the visual
appearance of the concrete surface. Many people do, however, use the surface crack pattern to
make their diagnosis which unfortunately often ends up being incorrect. The surface symptoms
caused by different breakdown mechanisms may look alike on the surface of the concrete (€.g.
map cracking see Figure 1) but when studied in the microscope the microstructure reveals
different crack patterns indicative of the various deterioration mechanisms.

The surface crack pattern does not reveal anything about the number of breakdown mechanisms
which may be active at the same time. Furthermore, the surface crack pattern provides no
information about the sequence of occurrences of the different mechanisms. It is well known that
when concrete is first cracked by one mechanism other breakdown mechanisms may follow
(Idorn, 1967).

When diagnosing deterioration mechanisms it is therefore important to conduct a field survey, to
examine cores taken from relevant areas (including both sound and damaged areas), and to
make use of the information which can be obtained by optical microscopic analysis. It is
important to examine a reasonable number of thin sections in order to obtain a good overview of



- 283 -

the problem. Unfortunately, for economic reasons the number of thin sections examined is often
quite low.

The order in which the deterioration mechanisms occur can under normal circumstances be
determined by the use of optical microscopic analysis. The experience of the petrographer is,
however, by far the most important factor in assuring a useful outcome of a microscopical
investigation.
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Figure 1 Railroad tic showing map cracks on the surface caused by a combination of alkali
silica reaction and delayed ettringite formation.

Sometimes it is possible to date two generations of cracks that intercept each other: if an empty
crack crosses a crack filled with material like alkali silica gel or ettringite the empty crack is the
younger of the two.

The most important deterioration mechanism is decided on the basis of the relative amount of
cracking caused by the different mechanisms.

Alkali silica reaction, ASR and Delayed Ettringite Formation, DEF are often found together in
heat cured concrete because high temperatures trigger DEF and accelerate ASR. It should be
emphasised, however, that ettringite in cracks and voids is commonly found in ASR affected
concrete (Christensen, et al., 1981), where DEF is not present.

This paper describes six types of deterioration mechanisms, their occurrences and their
microscopic appearances and differences: alkali silica reaction (ASR), sulphate attack, delayed
ettringite formation (DEF), acid attack, carbonation and freeze/thaw.

MICROSCOPIC ANALYSIS
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Optical microscopy is performed on fluorescent impregnated thin sections using transmitted polarised
light, crossed polarised light and fluorescent light (combination of a blue filter and a yellow blocking
filter). A 100 watt halogen light source is used as illumination.

The thin sections are made by vacuum impregnating pieces (35 X 40 mm) of concrete with an €poxy
resin containing a fluorescent dye. The impregnated pieces are mounted on slabs of glass and ground
and polished to a thickness of 0.020 mm (20 pm). The vacuum impregnation of the samples with
epoxy causes all voids and cavities in the samples to be filled with fluorescent epoxy. By transmitting
blue light through the thin section in the microscope, the fluorescent epoxy in the various porosities
emit yellow light that makes voids, cavities and cracks easy to identify. Aggregates and other less
porous phases appear in different shades of green. The fluorescent epoxy also impregnates the
capillary pores of the hardened cement paste causing a dense cement paste with low water to cement
ratio to appear darker green while a more porous cement paste with a high water to cement ratio
appears lighter green. Comparing these green colours to known standards the water to cement ratio
(w/c) of the concrete can be estimated with an accuracy of + 0.02.

Combining information from all 3 types of microscopic illumination usually provides a diagnosis of
the concrete distress. While optical microscopy is the primary tool on some occations it is useful to
combine optical microscopy with chemical analyses and SEM-EDX analyses (Jakobsen et al.,
1997).

ALKALI SILICA REACTION

Mechanism

Alkali silica reaction (ASR) is a chemical reaction that takes place in aggregate particles
between the alkaline pore solution of the cement paste and silica in the aggregate particles.
Hydroxyl ions penetrate the surface regions of the aggregate and break the silicon-oxygen
bonds. Positive sodium, potassium and calcium ions in the pore liquid follow the hydroxyl ions
so that electroneutrality is maintained. Water is imbibed into the reaction sites and eventually
alkali-calcium silica gel is formed.

The reaction products occupy more space than the original silica so the surface reaction sites are
put under pressure. The surface pressure is balanced by tensile stresses in the centre of the
aggregate particle and in the ambient cement paste.

At a certain point in time the tensile stresses may exceed the tensile strength and brittle cracks
propagate (Svenson, 1991, Thaulow and Andersen, 1988). The cracks radiate from the interior
of the aggregate out into the surrounding paste.

The cracks are empty (not gel-filled) when formed. Small or large amounts of gel may
subsequently exude into the cracks. Small particles may undergo complete reaction without
cracking.

Microscopic appearance
Alkali silica reaction is diagnosed primarily by four main features (Andersen and Thaulow,
1990):
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Presence of alkali silica reactive aggregates
Crack pattern

e Presence of alkali silica gel in cracks and/or voids
Ca(OH), depleted paste

Alkali silica reaction is primarily diagnosed by the presence of cracks in reactive aggregates
radiating out into the cement paste. Reactive aggregates contain amorphous or microcrystalline
silica, Si0,. Frequently, alkali silica gel is also observed, however, the amount of gel is not a
measure of the extensiveness of the reaction but dependent on the type of reactive aggregate.
Aggregates containing reactive silica, such as porous flint (Figure 2a), react rapidly to form
alkali silica gel both at the surface and inside the aggregate. More dense polymineralic particles,
such as mylonitizised granites (Figure 2b) containing microcrystalline quartz, react more slowly.
In such cases only small amounts of gel formation are needed to separate the grain boundaries,
leading to expansion and cracking of the aggregate.

The crack pattern observed depends on the type of reactive aggregate (Figure 2). Aggregates
without preferred orientation of the mineral grains such as porous flint create three-legged
cracks with angles of 120° between cracks. In aggregates with oriented minerals such as
mylonites cracks are often parallel to the mineral orientation.

330 microns A

Figure 2 Alkali silica reactive aggregates in concrete. (A) cracked porous flint particle with gel
in the cracks (arrow). The image is taken in ordinary light. Scale bar measures 330 microns.

In aggregates such as sandstones the cracks may run along grain boundaries. Typically for all
types of aggregates the cracks are wide in the centre and narrow toward the rim of the
aggregates. Locally the cracks tend to be perpendicular to the surface of the reactive particle
(radial cracks).
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If a certain number of reactive particles are present in the concrete a continuous crack pattern is
present. Usually, the cracks follow the line of least resistance perpendicular to the tensile
stresses of the concrete. At the surface of the concrete, cracks perpendicular to the surface are
commonly seen. Beneath the surface, a large number of cracks tend to be parallel to the surface.
These cracks usually run through the cement paste and reactive aggregates, and in rare cases
even sound aggregates may be cracked.

Another diagnostic feature of alkali silica reaction is the presence of alkali silica gel. Alkali
silica gel is a clear, colourless isotropic material with low refractive index (1.46 - 1.53) and a
typical shrinkage crack pattern (Figure 3a) (ASTM C856, 1993). Alkali silica gel may,
however, be partly crystalline, showing an orange interference colour in crossed polarised light.
This feature is generally only observed in gel that is situated in cracks inside aggregates or in
cracks of rather old concrete (Thaulow et al., 1989). Gel may be observed replacing the outer
part of e.g. a porous flint particle (Figure 2a), be situated in cracks and/or in air voids.
Ettringite in pores and cracks is commonly found in ASR-affected concrete. The trained
petrographer can, however, distinguish alkali silica gel from massive ettringite formation
(Figure 3b) by the slight birefringence of ettringite. Furthermore, ettringite exhibits a different
crack pattern consisting of almost parallel microcracks. The use of a yellow fluorescent epoxy
for preparing the thin sections facilitates the distinction between alkali silica gel and ettringite
(Thaulow et al., 1996).

In cases of intensive ASR the Ca(OH), of the paste can be dissolved leaving a black and
opaline shining paste when observed in crossed polarised light. Generally, the dark paste areas
are found in a narrow zone around reactive aggregates and along gel containing cracks.
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Figure 3 Difference between alkali silica gel (a) and ettringite (b) in voids. The image is taken
in ordinary light. Scale bar measures 50 microns.
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SULPHATE ATTACK

Mechanism

Sulphate ions may attack components of cement paste. Such attack occur when concrete is in
contact with sulphate containing water €.g. sca water, swamp water, ground water or sewage
water. The often massive formation of gypsum (CaSOs . 2H,0) and of ettringite (3Ca0 . AL,O;
3CaS0, . 32H,0) formed during the sulphate attack may cause concrete to crack.

The formation of gypsum requires a high concentration of sulphate in the ambient water in
contact with the concrete. The formation of ettringite occurs by a transformation of the calcium
and aluminium containing components in the cement paste. Formation of sulphate phases takes
place through dissolution of the cement paste as the sulphate ions consume calcium ions from
calcium hydroxide and from the C-S-H (decalcification).

Microscopic appearance

Sulphate attack is diagnosed primarily by four main features:

e Surface parallel cracks in the cement paste and along aggregate paste interfaces
Presence of gypsum and/or excessive amounts of ettringite in voids, cracks and paste
Dissolution and decalcification of cement paste

¢ External sulphate source

Sulphate attack is diagnosed when the concrete contains surface parallel cracks (Figure 4a)
filled or partly filled with gypsum. The cracks occur parallel to and near the surface of the
concrete. The orientation depends on the possible expansion direction of the concrete. The
cracks traverse the cement paste and follow aggregate surfaces.

Gypsum is diagnosed by its texture and birefringence when observed in crossed polarised light.
The interference colour is white to grey. Gypsum is typically observed in parallel cracks and in
voids near the surface (Figure 4b). Gypsum is not always recognisable in the optical
microscope. If gypsum precipitates in the cement paste scanning electron microscopy (SEM)
equipped with an energy dispersive spectrometer (EDS) is useful for positive identification
(Jakobsen et al., 1997).

Ettringite is identified as needle shaped crystals with low birefringence. It has to be emphasised
that the occurrence of ettringite in voids and cracks is common in every mature water-exposed
concrete; ettringite by itself is not a diagnostic feature of sulphate attack (Christensen et al.,
1981).

To diagnose sulphate attack, near-surface paste expansion forming surface parallel cracks in the
cement paste must be present. Chemical analyses of the sulphate content in the surface and the
interior is helpful. Furthermore, in order to distinguish sulphate attack from delayed ettringite
formation an outside sulphate source must be identified.
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130 microns
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Figure 4 Concrete subjected to external sulphate attack. Gypsum appears in surface parallel
cracks, in the cement paste and in gypsum filled voids (arrow). The image is taken in ordinary
light. Scale bar measures 130 microns.

DELAYED ETTRINGITE FORMATION (DEF)

Mechanism

Delayed Ettringite Formation, DEF is a form of internal sulphate attack. A number of factors
such as concrete composition, curing conditions and exposure conditions influence the potential
for DEF (Thaulow et al., 1995). The fundamental reaction mechanism is still debated (Johansen
et al., 1993b, Lawrence, 1995, Johansen and Thaulow, 1997). DEF is believed to be a result of
improper heat curing of the concrete where the normal ettringite formation is suppressed. A
large amount of sulphate is bound in the C-S-H and the sulphate concentration in the pore liquid
is high for an unusually long period of time in the hardened concrete. Eventually, the sulphate
reacts with calcium and aluminium containing phases of the cement paste and the cement paste
expands. Due to the paste expansion empty cracks (gaps) are formed around aggregates (Figure
5). The cracks may remain empty or later be partly or totally filled with ettringite (Johansen et
al., 1993a).

Microscopic appearance
DEF is diagnosed primarily by four main features:

Presence of gaps completely surrounding aggregates. Ettringite may be present in the gaps
Wider gaps around large aggregates than around small aggregates

Absence of external sulphate source

High concrete temperature during curing



Figure 5 Gaps around aggregate particles in an improperly heat cured railroad tie. The image is
taken in fluorescent light. Scale bar measures 330 microns.

In diagnosing DEF, cracks or gaps have to be observed around the aggregate particles (Figure
5). The gaps may be empty, partly filled by needle shaped cttringite or filled with a more
massive type of ettringite. In contrast to other researchers (Heinz, 1986, Heinz and Ludwig,
1987), we do not believe that the crystal growth of ettringite in the gaps created the gaps
(Johansen and Thaulow, 1997).

The width of the cracks are directly proportional to the diameter of the aggregates, resulting in
wide cracks around coarse aggregates and narrow cracks around fine aggregates (Johansen et
al., 1993a). Under ideal circumstances gaps are only seen around the aggregates. However, in
ficld concrete narrow cracks are also observed perpendicular to the aggregate surfaces (Figure
5). Usually aggregate particles are not cracked by DEF. This may, however, occur in limestone
aggregates.

DEF is distinguished from external sulphate attack because gypsum is normally not formed in
DEF. Furthermore, the paste expansion in DEF is not limited to the surface regions of the
concrete. It is useful to know the curing conditions of the concrete, as high internal temperature
during curing is a prerequisite for delayed ettringite formation.

It has to be emphazised that freeze/thaw of critically water saturated concrete may result in
paste expansion and in gap formation.
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ACID ATTACK

Mechanism

Concrete is susceptible to acid attack because of its alkaline nature. The components of the
cement paste break down during contact with acids. Most pronounced is the dissolution of
calcium hydroxide which occurs according to the following reaction:

2 HX + Ca(OH), » CaX; + 2 H;0 (X is the negative ion of the acid)

The decomposition of the concrete depends on the porosity of the cement paste, on the
concentration of the acid, the solubility of the acid calcium salts (CaX,) and on the fluid
transport through the concrete. Insoluble calcium salts may precipitate in the voids and slow
down the attack. Acids such as nitric acid, hydrochloric acid and acetic acid are very aggressive
as their calcium salts are readily soluble and removed from the attack front. Other acids such as
phosphoric acid and humic acid are less harmful as their calcium salt, due to their low
solubility, inhibit the attack by blocking the pathways within the concrete such as interconnected
cracks, voids and porosity. Sulphuric acid is very damaging to concrete as it combines an acid

attack and a sulphate attack.

Microscopic appearance
An acid attack is diagnosed primarily by two main features:

e Absence of calcium hydroxide in the cement paste
e Surface dissolution of cement paste exposing aggregates

Acid attack is usually diagnosed when dissolution of calcium hydroxide is observed.
Dissolution of Ca(OH), makes the cement paste totally black and opaline shiny when observed
in crossed polarised light (Figure 6).

Dissolution of the calcium hydroxide is observed in the surface of the concrete and around
cracks in contact with the surface. The depth of the dissolution depends on the porosity of the
concrete (water/cement ratio) and the type of acid.

Generally, cracks are not produced by the acid attack itself, but instead exposed aggregates are
observed on the surface, due to the disintegration of the cement paste. The cement paste is

converted to silica gel with shrinkage cracks.

Chemical analyses may be helpful in identifying which acid is present.
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130 microns

Figure 6 Acid attacked concrete. The paste appears black with an opaline shine when
{lluminated in crossed polarised light. Scale bar measures 130 microns.

CARBONATION AND BI-CARBONATION

Mechanism

Carbonation may be seen as a special type of acid attack, where the acid is carbon dioxide. All
calcium bearing phases of the cement paste are attacked and converted. Low soluble calcium
carbonate, CaCOs, is precipitated instead and acts as a good, durable binder in most cases.

The reaction is often given for calcium hydroxide, that is the first phase that reacts and
disappear:

C02+Ca(0H)2 = CaC03+H20

calcium carbonate is normally found as calcite.

The porosity of the paste is often unchanged or lower in the carbonated zone that is found at the
surface of the concrete and along cracks perpendicular to the surface. By comparing the depth
of carbonation at the surface with the depth of carbonation at the crack it is often possible to

estimate the age of the cracks.

In very porous concrete with high w/c and low content of calcium hydroxide the carbonation
may lead to increased porosity and loss of strength.
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FROST ATTACK

Mechanism

Deterioration of concrete exposed to freezing and thawing occurs when the concrete is critically
water saturated. The fundamental mechanism of frost damage is related to the volume increase
occuring when water freezes to ice. Several mechanisms have been proposed over the years
(Laugesen et al., 1996).

Hydraulic pressure

Osmotic pressure

Microscopic ice lens growth

Thermal incompatibility between matrix and aggregates
o Shock freezing ~

e Thermal expansion of ice during heating,

None of these mechanism can alone explain all observations. There is no concensus regarding
the mechanisms (ACI C201, 1995).

Microscopic appearance
Frost damage is diagnosed primarily by the following features:

¢ Surface scaling
¢ Internal cracking due to paste expansion

Surface scaling is the loss of paste and mortar from the surface of the concrete. By the process
coarse aggregate particles may be exposed and finally lost. Internal cracking due to paste
expansion is typical for frost attack and for sulphate attack and for DEF. It may be difficult to
diagnose “pure” frost attack unless the other mechanisms can be excluded based on knowledge
obtained from other sources than the thin section.

Freeze thaw damage is often combined with other types of concrete distress. Often it is not
diagnosed or misdiagnosed. In Denmark the diagnosis “frost attack™ has traditionally been given
only after excluding other possible causes such as ASR. This means that the occurrence of frost
attack in Denmark may be more common than generally believed. In Norway, on the other hand,
there has been a tradition to diagnose frost attack only in many concrete structures. First by the
work of (Jensen, 1993) ASR was generally accepted in Norway.

Under ideal conditions frost attack creates gaps around the aggregate (Idom et al., 1993). See
Figure 9.
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Figure 9 Macro-photo in UV-light of fluorescent impregnated, cut concrete core with frost
damage. Scale bar measures 10 cm.

As frost attack normally proceeds from the concrete surface and.inwards the paste expansion
forms delamination cracks sub-parallel to the surface with a distance of around 10 mm between
cracks. Figure 9.

CONCLUSIONS

o With an experienced petrographer at the optical microscope thin section microscopy is the
principal tool for diagnosing the different deterioration mechanisms in concrete.

e With optical microscopy it is possible to uniquely discriminate between different
deteriorating mechanisms, such as ASR, DEF, sulphate attack, acid attack, carbonation and
freeze/thaw.

e Each of the deterioration mechanisms mentioned in this paper can usually be diagnosed by
crack pattern, presence and position of various precipitates, types of aggregate and the
condition of the cement paste.

¢ Optical microscopy can usually detect whether several deterioration mechanisms are present
at the same time. Furthermore, it is possible to evaluate which was first and what is the main
cause of the distress.

e Optical microscopy should always be supplemented by a field inspection and (if possible)
examination of production data. Sometimes it is useful to supplement the optical thin section
microscopy with SEM-EDS or chemical analyses. However, optical microscopy should
always be performed as the first step before other types of microanalyses because optical
microscopy provides both insight and overview.
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