6™ INTERNATIONAL CONFERENCE ON DAM ENGINEERING
C.Pina, E.Portela, J.Gomes (ed.)
Lisbon, Portugal, February 15-17, 2011

MODELING THE START OF THE EXPANSION DUE TO ALKALI
SILICA REACTION IN CONCRETE

Luis Mayor Gonzalez, Anténio Santos Silvd, Dora Soare$, Said Jalali

*Departamento de Engenharia Civil, Universidade dohd,
Campus de Azurém, 4800-058 Guimaraes, Portugal
e-mail: Imgonzalez@mail.telepac.pt

Keywords: AAR, Reaction start, prevision, service life

Abstract. Service life of a concrete affected by alkaleailreactions (ASR) is the age at
which expansion is no longer allowed for normal a$ea structure; such expansion level
depends on the application. Once the inductiongakeends, the expansion proceeds quickly.

Thus, in the present study, the service life wgsa@grhed by the induction time.

Induction time is an abstract concept, its formatdepending on the model considered
(additive, constant time in the diffusion modeltloe abscissa of intersection of time axis by
a tangent to the expansion curve at the inflexiointp in the nucleation and growth model).

Mortar bars were made with Tagus river reactive @gmte according the ASTM C 1260
procedure (expansion of bars immersed in NaOH Ihplemented at temperatures of 80,
70, 60, 50 and 37°C, to model expansion at constlkatinity, considering the aggregate
reactivity and temperature as variables. The resatiow that the data has enough precision
for a kinetic study.

Two kinetic models were considered to fit the datdecting one of which for further
improvement, using the wide information basis aABR.

The effects of the factors temperature, alkaliaitg humidity assumed models referred to
in literature, or obtained by regression both ofddic parameters for each isothermal curve
and their temperature coefficients of Arrheniustglorhe correlations obtained allow
estimating the strain after the induction perioak, &ny value of the mentioned factors, under
laboratory conditions.

The model estimates at ca 37°C were compared wgarenental data in the same setup
and this temperature. The induction time predictieais satisfactory, but further expansion
development pattern was different.

The model was tentatively applied to a case replaridetterature. Results match, but are
affected by significant errors, some improvementadreferred to improve accuracy.
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1 INTRODUCTION

The alkali-silica reaction (ASR) in concrete is elederious pathology that limits the
durability of concrete constructions. It occurs assystem of physical and chemical
transformations within concrete, when and wherecafiditions required are met: reactive
aggregate, enough alkalis in the concrete pordisnlirom the concrete starting materials
(cement, aggregate or water), micro-environmentmhropogenic source, and humidity.
Temperature also affects the rate of the reacBome supplementary cementitious materials
(SCM's), like fly ash, metakaolin, pozzolans, amply finely ground reactive aggregate, if
added initially to the concrete mix in the properaaints, can act as suppressors.

Swamy 92 [1] pointed out the internal nature of phecesses: once started it can just be
delayed, e.g. by humidity isolation, but will go as this restraint is removed, at faster pace,
as Larive 98 [2] showed experimentally, until thep@&nsion equals the same it would have
reached without that restraint. As a result, agyoiaaffecting the reaction rate affects as well
the service life.

At the project stage it is possible to choose gmpate combinations of aggregate, cement,
water and SCM's to fit the requirements for sendite But it may have a cost to find the
suitable combination of materials so that someetraifi must be made, and that is possible
only with new construction. Broekmans 2010 [3] oade an expenditure of 2 GEuros
annually in maintenance and reconstruction of stires affected by ASR.

Due to the economic importance of concrete builglimpd infrastructure, models to
predict expansions due to ASR have been develqpeticularly for large infrastructures
such as dams. These account not only for the ozaitsielf but for several of its effects on the
expansion of the modeled structures, and stressmadation generated by expansion on
other parts of the structures themselves. To ferdke first problems to occur, usually
considered to be related to structures deformatrahmisalignment of moving parts such as
gates and generators, expansion modeling rangereqayre to include deformations as low
as 0.02% for dams [4] , even lower than the le¥ed.04%, generally considered for early
cracking to occur.

The present paper adopted a different approach,sitoations less size-sensitive to
expansion. In general, the reaction is known togmss slowly, sometimes for decades,
before being detected, and after the first micexcking starts, its rate increases. This is
explained by some authors, e.g. Larive 1998 [2]daes to a diffusion controlled process,
where microstructure variations due to crackingq@dregate particles and the cement paste
improve diffusion conditions (the term used, “chamj diffusional regime”, is appropriate ).
Also, it seems logical that, in aggregates surrednidy a porous paste imbibed in alkaline
pore solution, this is pumped into the cracks ay thpen, by the suction due to the outwards
expansion of the periphery from the core, so tbatact between reagents may be promoted.

In other words, reagents and products diffusioninigially restrained by the low
permeability of the cement paste and the aggregatelescribed by Poyet 2003 [o} the
Furusawa model).

The underlying processes are not consensual, eliffenechanisms being claimed [5, 6].
Poyet 2003 [5], for instance, describes four reactnechanisms (imbibing and swelling,
nonequilibrium thermodynamics, electrical layerspulgion, structural disorder), with
different expansion mechanisms. Wigum 1995, 200@] 7efers two aspects being present.
As they are the most referenced, they are briefscdbed.
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The classic explanation is that the reaction tgiese by steps, opening the siloxane
bridges of the silica structure and neutralizing $ilanol groups formed that way, until silica
dissolves into pore solution, from which it pretapes as a gel, in the presence of calcium,
possibly enclosing entire portions of the solutidime gel produced is hygroscopic, and
expands on absorbing water, generating expandiesspres enough to crack the aggregate
and the paste. The cracking of aggregate then sllthe reaction to continue. Several
mechanisms are also pointed to explain the formatfayel and its expansive properties.

For the other mechanism, most of the expansionredogide the aggregate. The same
steps generate a local change which expands tetaltie structure, forming an amorphized
solid, sometimes described as a first, or dry, thalt may further expand locally by adsorbing
alkali ions and water. As a result of the reactjoeferentially on the aggregate periphery, the
particle expands in a non uniform way, generatifigld of stresses within it [9, 10]) that led
to tangential and radial cracking, some of theksaxtending radially into the cement paste
(as described by Pade and Struble [11]), so thatisthn and the related processes are
accelerated. Wigum 95 [8] considers this last asfmebe the responsible for the expansion
and cracking observed.

Whichever mechanisms are operating, measurablalgtliputs, beyond expansion and
change of mechanical properties, are consumptidnyarfoxyl ions, of four coordinated silica
tetrahedra, of silanol groups (initial or formedtie process), and, more difficult to observe
and measure, of local portlandite. Also, macroksappear external to the concrete as three-
armed map cracking, and micro cracks can be obdenstde the aggregates and the paste,
resulting in an increase in porosity.

Gel also appears, both inside the cracks and thedaoy between aggregate and paste
(Rivard 2003 [12] observed it inside the aggregatieer authors refer its presence around the
aggregate or in its rim), Scrivener 2009 [4] refdénat the appearance of gel inside the
aggregates is often seen before paste starts wgackie gel sometimes accumulates into the
paste cracks with a flow pattern resembling a glaoverview, migrating through the cracks
opened by the reaction inside concrete, from whialay exude, or just be visible deep in the
external cracks.

In this sense, this transition from a non crackeder permeability state to a cracked and
higher permeability state is the critical pointttdafines the reaction rate marked increase and
the beginning point of the deterioration processs, las referred to, the change of diffusional
regime mentioned by Larive 98 [2].

The present approach is to describe this in chérkinatics terms: as expansion is very
slow and suddenly accelerates, the first period beagonsidered as an induction time of the
overall process. The current methods used in cl@nkioetics to predict induction time
might then be used to predict the period beforerdwtion starts.

Induction time however is an abstract term. Itdipalar formulation must be adapted to
each model considered in a slight different wayeskh are discussed below for several
reaction kinetics models usually referred to inlttexature.

Although reactivity tests are designed to charamtethe aggregate, they measure
essentially kinetic phenomena, and its relative pfisity and wide use and resulting
accumulated information were considered as a gasdétio develop, based on their setup, a
method for determining the induction time.
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It is interesting to note that reactivity, a kimstirelated aggregate property measured in so
many different ways, has been used to formulatdiaitip the effects on service life, even
without direct kinetic observations, e.g., by tlegection or limitations on use of aggregates
containing reactive components just from geologcgbetrographic examination. Moranville
Regourd [13] cites Bochiorrini as indicating a éaglation between time of appearance of
cracks in concrete and the disorder coefficierdilata in the aggregate, determined by Infra-
Red spectroscopy to determine reactivity. Probabdymilar relation might be developed for
Quartz Cristallinity Index, a parameter measuredXBRD, which Katayama [14] has shown
to be correlated to the dissolved silica in ASTM 289 test [15] for some Japanese
aggregates. Also Furusawa et al 94 [16] developeod@el to predict ASR derived expansion
from data taken from a modification of ASTM C 28%] reactivity test. More recently Shon
2008 [17] used dilatometer tests to evaluate tipasagmt energy of activation of the reaction,
to establish the time scale factor allowing to meéxpansions at different temperatures
using a performance based approach.

Among the available reactivity tests, the ASTM £65Q [18] test seems well suited for
this purpose. In it, the alkali concentration ismg constant as reaction proceeds due to the
large volume of alkaline solution, differently fromcommon concrete application where the
solution it simulates is confined to the concretges. In fact the alkali contents, once
established in concrete, is only nearly constast jo the beginning, when induction is
developing, reaction rates and its reagents consomare low.

This allows, in the expansion measurements by iethod, to isolate the changing
alkalinity factor from expansion, so that it is piide to project back to the beginning the
fitted curve obtained from expansions above thgatitransition.

To allow using data taken from tests on an aggeegatdifferent applications, it is
necessary to consider the effect of changing cemaenditions such as alkali content and
humidity. The main factors of ASR were used foistlassuming existing models of their
effects, taken from separate studies in the Ieeator other relevant models. These
assumptions are discussed below.

The proposed method was developed using as stigdy data from tests using a reactivity
test setup, on Tagus river reactive aggregatedfateint temperatures.

2 RELEVANT FEATURES OF THE REACTION, ASSUMPTIONS AN D MODELS
CONSIDERED

2.1 Morphology of the reaction progress

Different morphologies are described for the a#dcparticles. This may not necessarily
imply deep differences in the process, being a ¢exngeaction, as variations of the relative
rate of the partial transformation may render saspect dominant.

Cracking, micro or macro, is one of the visibletfeas of the ASR. At micro level,
descriptions have been made sometimes with canflietspects.

Figures 1-4 display two such morphologies, with twammon situations, of mono and
polycrystalline particles of quartz, in each caseimage (right) of an impregnated sample
with fluorescent dye to highlight the porosity byeams of resin penetration, and (left) in
nearly crossed polars evidencing the polycryswlformation and the inter or intracrystallite
resin penetration.
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The first field (figures 1 and 2) shows 3 polycajihe grains with varying intercrystallite
attack (evidenced by resin penetration), and a maonystalline grain. In all grains an
unreacted core is present, with differing depthatt#ck, somewhat progressive.

The second field (figures 3 and 4) displays tyjpicalulatory monocrystalline quartz,
with tangential and radial cracks, concentratetth@regions of higher curvature.

500 um = F ” . - rem—
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Figures 1 and 2: Several polycrystalline grains, amgber right, a monocrystalline one. Resin
penetrates both in poly and mono crystalline graapparently with two factors: the inter-
crystallites cracks and the distance to the pernpHénaffected cores are better evidenced at
grain level rather than at crystallite level. I tlnonocrystalline grain the penetration displays a
diffuse front, forming blocks progressively smalleutside, i.e. higher reaction time, in an
unsymmetrical way. in Gonzalez 2010 [19]

Figures 3 and 4: A monocrystalline grain shows dwu#dion at nearly crossed polars and, by
resin penetration, intracrystallite microcrackipgripheral. A general cracking pattern, formed
by tangential and radial cracks, is denser neahenigurvature regions and leaves a less
affected core. The pattern suggests preferent@lp@mnipheral expansion (cf Golterman 94,95
[9, 10], Pade and Struble 2000 [11]). in Gonzalez 2010 [19]

The figures suggest that the reaction, being menesldped at the periphery, proceeds
inwards. The radial fissure, lower left corner okig in figure 4, disappears midway to
center. It is assumed that the reaction locallglpee an expansion (by lattice modification or
gel swelling) leading to local cracking, throughighdiffusion of hydroxyls, alkaline and
silicate ions, water and gel itself can take platéaster pace. Consequently, an unaffected
core is gradually shrinking due to the reactiongpess. It is assumed that at least in the early
reaction, its extent can be described by the voluhe¢he cracked, expanding zone, as
described below.
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2.2 Modeling of the main factors affecting the reawn

The main factors for the reaction are indicatedWwellt is necessary to account for their
possible variation and effect on the reaction exde expansion.

Reactivity. The reaction affects expansion, but is also nooad by it. This relation is
sometimes understood as a duality, the expansiog leeken by many authors as the reaction
progress itself (e.g. Larive 98], in the development of her model). Ben Haha&[aD] has
studied the relationship between both, for cersgigregates [4].

Expansion is also the most significant effect fad®ling, as it may easily be associated or
translated into stresses and combined with otleorfa to predict the development. So using
expansion as the measured reaction parameter daslviantage of cancelling possible errors
due to conversion between expansion and reacti@miex

In this paper, a relation between both is tenttipeesented, based only on geometrical
considerations and the concrete constitution, asgurhat reaction taking place locally
induce a local expansion of the aggregate, thabiwerted into concrete expansion by the
aggregate skeleton. Cracking, and the volume iseréanduces, is considered as a constant,
proportional, side effect.

Alkalinity. The reaction is assumed as first order on theeodsmiof hydroxyl ions in pore
solution. To relate this concentration to the alkabntents of the cement, generally
considered as its main source, the Helmut 93 ¢@dpirical correlation is used.

[OHT, mol/L = 0.339 NaOeq % / (a/c) + 0.022 + 0.06 1)

where w/c = water / cement ratio. This equatioridgiehe “initial” alkalinity in hardened
concrete, after hydration. The ASR itself as wall laaching by water or high relative
humidity environment lowers the alkalinity thus iesited. When using long tests with
immersed bars, the alkalinity of the surroundingiemment is assumed. This seems logical
and supported by experimental observation (ASTM2601]18]states that the alkali content
of the cement has no significant effect on expan)sio

Humidity. Humidity is a factor affecting expansion in mplé ways: directly through the
aggregate, gel and the cement paste sensitivity,almo by conditioning mass transfer
between environment and pore solution, and affgaikalinity through drying, condensing
and leaching. A global relation was taken fromriedeling of Capra et gl22] of the Poole
[1] graphical formulation of its effect.

Humidity correction factor = ( HR/100) ® (2)

Temperature. The reaction is thermo activated, and there isresensus that the rate of
reaction follows an Arrhenius law

In (1/K) = k1. exp (-Ea/RT) (3)

whereK is the kinetic constant of the reactidd, is the pre-exponential constafia the
apparent energy of activatioR, the ideal gases constant ahdhe absolute temperature, in
Kelvin degrees.

2.3 Models considered and selected

Models of the ASR development usually are concerw#l its effects on a particular
structure, and depend not only on the internal esijom, but on particular dimensions,
reinforcement orientation, environmental conditiamsl interexchange, outside stresses, and
constraints. These are usually applied to an eleanenepresentative volume, connected to
the surrounding ones by displacements and stre§dasall structure evolution is then
simulated by numerical integration by finite elergen
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In the present approach for induction time modelmgy the kinetics of the reaction or
the expansion directly related is relevant and lmaraddressed by general kinetic models or
models developed specifically for this reactiorghsas the Larive model.

Several classical articles (Diamond et al 1981 ,[Z3psser 1992 [1], Poole 1992 [1],
Larive 98 [2]) defend diffusion as a relevant, dtrcontrolling, step. It must be said that the
energy requiring breaking of siloxane bridges saresented as controlling, i.a., by Bulteel
et al 1999 [24].

General kinetic models for solid-fluid reactionko®al considering induction time, either by
a constant added to the “internal reaction” timeadime lag, or as a specific parameter in
some models. A general discussion on the use efalemodels for time induction evaluation
was carried out by Gonzalez et al 2001 [25]. Thealed reactions with sigmoidal curve of
conversion cover a large number of possible vamatiand mechanisms such as, a few of
which might be relevant:

- initial diffusion of reactants to interface,
- adsorption of the reactant to the active sites,
- microstructure changes of several types:
- fragmenting of solid particles into smaller units
- opening access to reactant diffusion acrossnitialiinterface product layer
blocking contact between reactants, by:
- dissolution,
- local fragmentation of the product layer depakdéthe interface, or
- modifying the reaction to yield a porous product
- reaction in several sequential stages or steps

To these, classical models are added, with a tansnitial period of activation, or
removal of a resistance, so that the curve shammsnigtle. It is more important to find a
good model fitting the rest of curve and the relatbetween curves, at several temperatures
and concentrations, and try to establish an apatepiime lag with a crude, simpler model.

Several studies on ASR have considered the nuateatnd growth model (Avrami,
Erofeev or Kolmogorov), e.g., Jonhston et |6], Pade and Struble [11]. Shon 20(4&7]
reviews many of these applications.

Models specific for this reaction were reviewed\bgranville-Regourd 97 [27] and Poyet
2003 [5]. Recently, Scrivener 2010 [28] preseraedodel of this type.

Although having developed an independent modelivea®8 [2] considers in her review
that diffusion is probably the controlling factan idea also found in Glasser 92 [1].

After studying the microstructure of the aggregate the progress of reaction shrinking
the unaffected core, the present study considafegidn with induction time, as explained
above, and nucleation and growth models as apjatepfior a first data fitting.

Beyond providing a sigmoidal curve as model, tlesoa for nucleation and growth model
has been seen by some authors [Moranville 97 RTjusawa et al 94 [16], Diamond 1981
[23], Ichikawa 2007 [29], Glasser 1981 [30]] aserehg to an initial period in which gel is
formed and occupy empty spaces within or around dpgregate particles, after which
pressure rises while volume is confined.

The induction time is directly a parameter in thiéudion model with induction time, but
the Avrami or Erofeev model doesn’t have any sumtameter or term, or consider any initial
stage where conditions are different; in fact plags uniformly, from beginning to the end of
reaction. For comparison purposes, however, the tinnduction may be estimated by the
equations advanced by Gonzalez et al 2001 [25hguiis model to find the abscissa of the

v
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point where the time axis is crossed by a tangetite inflexion point.

Both models fit very well in the period after cragk to isotherms data obtained as
described below, but the model parameters thusingutafit somewhat less well in the
Arrhenius relationship with temperature, particiylan the case of Avrami model.

However, Jonhston et al [26] indicated, for the awar model, a dependence on alkalinity
of the exponen¥, itself already with a not well defined dependeandemperature.

In the present case the flexibility for this vaioat was supposed to be needed, and the
Avrami model was discarded.

With the diffusion model with induction time, a skcal model in kinetics, an initial
discontinuity is forced that limits the precisianthe initial period (though ASR is supposed
not to be relevant at this stage, and expansisatiso zero; this is just an approximation, not
what experiments show, as it will be seen belowljaknity was assumed as constant, given
the high excess of alkalis in the immersion bath).

2.4. Assumptions for model development

The reactant in the fluid attacks the solid onlyhet material most reactive zones, around
active sites or activated areas like displacem@ai®s, cracks and others, forming pores and
cracks that shrink the unaffected core. Convenlipnthe residual part is designated as ash
and is inert — in this case, probably is not congbyenert, but at least reacts slower.

The existence of an unaffected core, sharply defidestrictu sensu, is an auxiliary
assumption Although in some reactions visible rims do exiee microstructure alteration
as cracking begins is usually random and chaatid,aareaction front, even diffuse, is more
guessed than defined by cracks, ions concentratidmmicro hardness profiles, Scrivener and
Monteiro [31] report for the opal/cement paste atitmous variation, without any visible or
measured discontinuity.

It allows however to model changes observed antlisaised in the present paper.

Granular particles are assumed ideally as spherical

In the case of a sphere, the affected part forms #hprogressively thicker spherical shell,
which volume is easy to relate with depth of attdnksome cases it is describedaasm; in
others, as a more densely cracked and porous zone (as in figures 2 and 4); in all cases iais
zone where SEM-EDS detects a decrease in Si, and a rise in K, Na or/and Ca, and O
(opening of siloxane bridges and adsorption of water. A correlation withmicro hardness
variation in depth was also reported by Kawamug.[3

Front progression.

The volume fraction of the shell measures the eshftiction of the material. Considering
all material as reacted (at least the more reacing), the extent of reaction can be related to
the front progression, if all particles were unifor

These assumptions are the same as taken by tlalessh topochemical models, presented
by Kunii and Yagi (e.g., Levenspiel 1972).

Overall Extent of Reaction and Expansion.

The expansion is the more visible and direct cdas@roblems, and the easier effect to
monitor. The relation between extent of reaction @xpansion is however a matter of
discussion. Some authors simply consider them tegoé/alent or proportional.

A local expansion due to reaction is reported wess authors, referring it to increase in
volume at crystal lattice level due to conversioanf tetra- to tri-coordinated silicium
tetrahedrons, to alkali ion adsorption and alka&i fprmation, to alkali-gel expansion by
water up taking, by zeta potential variation duetoc changes in environment.

Whichever the real cause, it is assumed that thetiom produces an increase of local
volume that expands the outer shell. The shell msipa is one of possible causes for early

8
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cracking, which may promote its permeability and ddfusion. From local to global
expansion, also different mechanisms are repos@ae of which consider an amplification
factor for some aggregates, such as siliceous tones

The outer shell itself propagates the expansidhdcskeleton and the structure itself. Not
all the particles are reactive, and their expanstentainly distorts the structure and
contributes to cause additional cracks. Any of ¢éhsteps is not easy to model, and in the
scope of this work, they are not considered inideta

3 EXPERIMENTAL

Tagus river reactive aggregate was used to preparéar bars, according to ASTM C
1260 method [18]. Three bars for each test temperai(80, 70, 60, 50 and 38°C), subject to
the same conditions (expansion of bars immerséth@H 1M).

Expansion measurements were made at 0, 3, 5, 741Q;1, and 28 days, and weekly after
that for the lower temperatures, to model expansainthat alkalinity and several
temperatures. At these ages, the presence of ggagan on the bars and in the solution was
checked and, whenever observed, registered.

Each isotherm expansion curve is a plot of theageereadings for three bars versus time.

In a subsequent stage the last temperature wasl thst a longer period, at a nominally
38°C temperature controlled chamber. Temperatusemmesasured and checked for the longer
test, the value 37.2 °C being found.

All data were treated in EXCEL, and regressiondimalculated. Analysis showed the
readings to meet precision requirements for a ldngudy, the method recommended test
errors not being relevant for kinetic study.

4 DATA PROCESSING, RESULTS AND DISCUSSION

To model the expansion, it was considered as tieetedf several factors. Alkalinity was
supposed constant and equal to 1M, and reactibeiag first order in relation to it. Relative
humidity (RH, %) was supposed as saturated inealist and its effect for other situations,
according to Capra, is given by the correcting tégquation 2).

The modeling aimed to predict when reaction reachesgnificant strain. This allows
neglecting the expansion in the pre-cracking pemddaery low expansion values.

The significant strain value depends however onajpy@ication; for a general approach,
the value of 0.04% was taken for reference, comnveally considered the start of visible
cracking. Values below 0.02% are referred to byvBaer 2010 [28] as possibly relevant for
dams, while rehabilitation works were decided amplemented at levels of 0.2%, as
reported by Miyagawa 2006 [33[h any case, once confirmed its appearance, progres
ASR can't be avoided, and measures must be sttmli€ldw its rate or repair its damages, so
that a level of 0.04% as limit of the pre-crackimggluction period, seems always a good
reference, at least.

4.1 Fitting model with plane interface to isothermédata

The models are fitted, at each temperature, onlglata with expansions above 0.04%,
disregarding the initial points, and the model asssi expansion as zero for pre-cracking
levels, as they are before induction time.

Initially a topochemical model was fitted, with fi§ion control and plane interface
(Levenspiel 1972 [34]), as used by, i.a., Furusawval 1994 [16], of linear dependence
between time and the square of expansion, addimgnstant, at each temperature, as
induction time
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t - tind = C @Ax)? (4)
4.2 Arrhenius plots

Linear Arrhenius plotswith excellent correlation were obtained for theeaction rate
constants and the inverse of induction times, eslgd by this procedure for each of thar
curves at higher temperatures (80, 70, 60 e 50°C)

The regression lines representing those kinetiarpaters inserted in the equation above
then model the expansion in time for any tempeeatur the period after cracking. The
dependence on alkalinity and humidity is taken fi@erature and other models.

4.3 Model extrapolation to 37°C

The initial data at 37°C, didn’t reach the sigraht expansion zone, and allowed only to
conclude that although not significantly incompljlit couldn’t show compatibility as the
low expansions reached were out of the model \glrdnge.

As results were not negative, though, the test iepeated for a longer period to clarify
this issue of compatibility between models and ltsstihe test was carried out in LNEC, and
a prediction of induction time not consistent with the experimental data obtained is yielded
by thekinetic model thus determined, whetirapolated for 37 °C, as shown in figure 5.

4.4 Model with spherical interface

Face to the divergence foungarticles of spherical shape instead of plane were
considered, and the model re-adapted.

The standard development of the topochemical miodelpherical particles, can be found,
e.g., in Levenspiel 1972 [34], or Sohn 2003 [1dsdd on the development of a spherical
shell through which the reactant must diffuse ifluad to reach the surface of a shrinking,
spherical core (known as Unreacted Shrinking Cotd@S mode)

t - tind =psR?(6bDeCa) (Ar/R)? [1- 3(r/R)*+2(r/R)?)] (5)

wherepg is the density of solid reactarR, is the initial radius of the particle amdthe
value at timet, b is the stoichiometric ratio between reactant moliesolid and fluid,De is
the effective diffusivity (equal to diffusivity iopen space, multiplied by porosity of the
spherical shell divided by tortuosity), a@j is the concentration of reactant in fluid. Note
that pg refers to reactions actually taking place, whinhour case, may concern only an
activated part of the total silica.

As we are measuring the reaction through expansissiiming both are proportional, it
was convenient to adapt slightly the standard moeltencing a term possible to relate
more easily to the expansion itself, by simple reathtical handling, achieving:

t - tind = psR?/(2bDeCp) (Ar/R)? [1-(2/3)(Ar/R)] (6)

The value ofR may be eliminated between the two members of thateon, except for
the last parenthesis; R grows, the equation tends to the same as in treephterface. The
model was formulated for non porous solid surroanb fluid; the present case, assuming
the cement paste with a much higher porosity tharaggregate’s, is close too such situation.

The depth of attack, or progression of the readtiont, Ar=R-r, is related by

Ar /R =[1-(1- X )7 (7)

with X, fractional extent, progress or conversion of baction; it is the fraction of solid
reactant that was converted (it can also be defineglation to liquid reactant if this is
limiting and not changed by further additions)slassumed that in the reaction, at least in the
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beginning, which is of our concern, only materi@nh active sites and their neighbor-hood
react, this process defining the affected zonedfam morphology, formed by non affected
material; for other morphologies the relation maydss direct ).

Beingk a constant of proportionality between bar expansiothe bar and depth of attack
in reactive particlesQAr or Ax, it is k.e= Ar/R, with the strain globalizing the effect of
transmission from reactive particle to bar, andeffect of volume increase at each reactive
particle level due too reaction progress, and lal @associated transformations (chemical,
microstructure and physical), the final equatioresa@btained as

in plane particles, t=tind+ C (Ax)’=tind + C (k.g)?, (8)
in spherical particlest = tind + C’ (Ar/R)? (1-2/3Ar/R) = tind + C’ (k .€)* (1-2/3 ke) (9)

Comparison of experimental and estimated curves Comparison of experimental and estimated curves
£ % : / d £ % Y / 7
! L Diffusion Model with Induction Time, ! Diffusion Model with Induction Time,
0.25 ~ Plane Interface 0.25 Spherical Interface
0.20 - 110.20
/— /’
3527 35.2
0.15 2_— - [ 0.15 r
> '..0'
i T
0.10 1 |/ 0.10 - o
0.05 4| % % | [10.05 44! 50 %
X 37.2 35.2 | 37.2 35.2
i 39.2 - - -372 392 - - -372
0.00 &= : ‘ 0.00 ‘ ‘
0 112 Days 168 112 Days 168

Figures 5 and 6: Comparison between experimeniakesaand estimated by data fitting
using model with plane symmetry (left) and sphér{dght). The values of the curve at ca
37 °C, initial test (circles), are not compatibiethie left figure. Full diamond marks refer to
repeated test, at temperature measured, more salgues 37.2 °C.

As referred to, the constan@® C’ e tind, different for each isotherm, are estimated by
fitting by least squares to each isotherm. The esalobtained for the kinetic parameters are
then correlated with the inverse of the absoluteperature in Arrhenius plots.

The parameterk is fitted later directly to the data points forl aemperatures
simultaneously. In this example, the value obtaimexs k=136. This globalizes several
effects such as the local primary expansion, theeasites concentration in the spherical
shell, the concentration of reactive particles, tlamsmission from local to shell expansion,
and the from shell to bar expansion.

The proportionality relations, constan@or C’, with the exception of last parenthesis for
the spherical particle model, are integrated ingkperimental data fitting. Figures 5 and 6
allow to visualize the effect of this modificatioshowing the initial test ata 37°C and its
repetition, at 37.2°C, as referred to in v) and vi

Theresults improved in a significant way regarding the modeling of induction time, the
main target, yielding better correlation coeffiderand error margins. The error margin is
always large, as the statistical error is charamdr by deviations of a logarithm of an
exponential function, and when reverting to theamgntial function, from an additive term
becomes a factor after antilogarithms are applié@. number of points considered to model
the equations, and its choice, may also affecethesults.
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Figure 7: Comparison of experimental strain witk ttine given by the proposed model,
detailing better the pre-cracking period.

4.5 Induction or pre-cracking period

In the pre-cracking period, expansion started imatety, very slowly, as in previous
tests, andreached a significant level, with dight deviation, at the time foreseen to the
induction time at that temperature (figures 5 andwhen it has shown a sudden variation.
The test temperature, nominally at 37°C, was medswith higher accuracy as 37.2°C; in
figure 7 the curve estimated by the model at #imsderature is represented, side by side with
curves with this temperature plus increments of €/-2°C. The figure also depicts isotherm
data and curves at 50, 60 and 70°C. It is easilydbce the strong influence of the
temperature, which justifies the need of higheueacy in the reading of the temperature.

The curves, averaging three measurements, suggigtiie 7 a precision higher than the
real one, affected by several factors, subjectneeabjective.

Notice in figure 7 a drift at 37°C from the positiof the age at 0.04%, usual indicator of
the visible cracking and which, in other curvesslightly below induction time.

The expansion at 37°C deserves an attentive laguré€f 7), In the pre-cracking period
there is an initial regime, until 0.012%, with catwre downwards, followed by an
accelerated expansion between 0.012 and 0.028%,etids with a sudden expansion
(assumed to be cracking, but which was not possibtebserve directly as such, maybe due
to rugosity of the surface).

The expansion after cracking is linear, differerfigm the expansion foreseen by the
present model (see figures 5, 6 and 7),

4.6 Comparison with model

The model herein proposed ignores the strain befiaeking, onlyaiming to foresee its
start, what it doesThe interpretation and modeling of this pre cragkperiod might help to
understand the processes and simulate the ingialdpment of ASR in structures (e.g., for
dams, according to Scrivener 2010 [28], the exmensione before 0.02% should be
modeled).

The expansion pattern in the pre cracking peritedrfeither the present model nor any of
the described models does. Sigmoid shaped modealk és Avrami’'s and Larive’s) don't fit
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well a zone with downward curvature, which is doamhin the pre cracking period, well
delineated at 50 and 38°&.diffusion model withouthduction time might be considered
the future, maybe modified to accommodate the etiEmicro cracking induced changes on
permeability and diffusion. But the method of rempiexpansions and possibly the
corresponding reaction extents must be improvedrbafoing on into these matters.

5. APPLICATIONS

The proposed model compared positively with data3at°C for induction time of
occurrence of cracking. This was the initial objgt Predictions before and after that time
are not valid, due to the model assumptions, howeveomparative evaluation is made.

In the period before cracking, it assumed all espars to be null. In the period after
cracking, the curve trend at the referred tempegaisi different, following a linear trend.
Curiously, the unfitness of the present model fogse situations is shared by the other
models mentioned, diffusional or sigmoidal (in {we-cracking period, sigmoidal models,
upward curved in this zone don’t fit the downwauivature displayed by the experimental
data; in the period after cracking, also none eftHits the linear trend).

The comparison was made only for temperature vanafThe effects of alkalinity and
humidity, given by equations 1 and 2, are howeust assumed to be the same as in other
kinetic models, and should be checked in testgraggly for each factor and altogether.

Possible applications for this model are restridtgdthis. Applications demanding both
very low expansions, for the period pre-cracking aigher expansions well above induction
time need a different approach.

Applications of the present model, are thus resttido cases where prediction of the
induction time of the reaction is important. Theste say, that the proposed model applies to
induction period, regardless of dimensions andraatéon with nearby structures, however it
can be used for defining an interval of time faggaction purposes.

This model independently from the structural dimens and interactions, allows to
consider the behaviour of the structural matenatself and this allows to establish a general
limit for service life applications. Thus the modsiables to foresee the period of time for
which the initial properties of the structural nrégkare kept within acceptable limits.

In specific cases the service life is limited byywemall deformations occurring during the
induction period, or allows deformations far beydhd induction period, and other models
should be used.

5.1 Application case of the model

The present model was applied for estimating theic life of a railway sleeper. The
considered sleepers were used in a covered amaci@d from rain (Santos Silva et al. 2008
[35]), that allows using meteorological data of parature and humidity in the period before
ASR was detected.

The influence of cement alkali contents on alk&fimvas assumed as given by equation 1,
for a cement alkali content of 0.693 % &g and w/c of 0.425. Humidity and temperature
were assigned values of 16°C and 77.5%, from argemeteorological data source. For error
estimating, variations considered were HR [0.79;WN&0Oeq [0.56-0.825], w/c [0.35-0.5].
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Figure 8: Deformation prediction at different temgtares (10, 16 and 22°C); the error margins are
indicated in dashed lines

Figure 8 shows that the induction period for stramder 0.04%, at 16°C, is predicted as 11
to 12 years. This is consistent with field obsaora of a 11 years old sleeper, well within
the error margins from statistical processing (ddsines). Expansion curves at 10 and 22°C
are included for comparison.

In particular, it should be noted that the use ariggal meteorological data was useful for
defining the major factors of temperature and hutyid

6 CONCLUSIONS

ASR begins immediately, but the related expansgathes a significant level only after a
slow evolution that is dealt with as an inductiaripd. In the present model, the significant
level was fixed at 0.04% in association to earjcking general consensus, and the time it
takes to reach that level was defined as the immlud¢ime, which was modeled from tests
carried out with the widely used ASTM C 1260 setipgifferent temperatures.

A diffusion model with induction time was used, fohich high correlation coefficients
were met for fitting isotherm curves (at temperasubetween 80 and 50°C), extracting the
two kinetic parameters (diffusional and time indoic}, as well as for fitting of the Arrhenius
plots of these kinetic parameters.

The model was checked with data at 37°C, for wiieh induction time was found in
agreement with the model estimates. The model doapply for the period before cracking
and was found to have a trend after cracking diffefrom the experimental. In both these
zones, however, the performance of other projelifsisional or sigmoidal, are not expected
to be good. Posssible improvements for both amsaseaommended for future work.

Possible applications are restricted, and exaniptesertain application are referred to.

A case reported in the literature of a railway gegewas compared with the model
estimate. The comparison highlighted the largerernm be expected both from the statistical
data processing, which may be partially reduced, faom the definition of the relevant
environmental data.

The preliminary development carried out allows hgwa better idea of the issues involved
in modeling service life, and the lack of accuradycourse is not model dependent, but
stresses the need of better data, procedures, snaddl understanding the basis of these
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highly complex transformations. As in most thinggywcomplex processes only seldom can
be modeled by relatively simple models.

To extend the application to higher expansionscina concretes it would be convenient
to adapt the model to alkali consumption (thatdtual structures is no longer in excess as in
the present tests with immersed bars), to the ptopality constant between extent of
reaction and expansion, and to the aggregate Biese aspects may require additional tests
not considered now.
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