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1. ABSTRACT

In Denmark researches on alkali-silica reaction have been
carried out in two distinct phases. In the first phase the pro-
blem was identified as a national one. Opaline limestone, and
flint of varying degree of crystallinities and porosities were
identified as the main reactive aggregates. At this stage the
use of a low alkali Portland cement was suggested as the effec~
tive preventive measure against alkali-silica reaction.

The second phase of research started with an investigation
of the breakdown of concrete motor roads, which indicated that
NaCl, a de-icing agent, accelerates alkali-silica reaction and
that the presence of free Ca(OH); is a pre-requisite for expan-
sive alkali-silica reaction. At the same time the electron-probe
micro-analytical technique was adapted for the analysis of the
reaction products still within expanding structures. In subse-
quent investigations the above observations and the analytical
technique were utilized to explore the reaction mechanisms, in
the development of an accelerated mortar bar method for alkali~
silica reactivity with its acceptance criterion, in the develop-
ment of a simple chemical method for the identification of reac~-
tive aggregates. Independently of the above researches a method
has been proprosed to monitor continuously the dissolution of
reactive silica in 10N NaOH solutlon as a means of evaluating
alkali-silica reactivity.

In this report the literature of this second phase of re-
search has been critically evaluated.

2., INTRODUCTION

Denmark is a small country with a substantial problem with
its alkali reactive aggregates. This has resulted in extensive
research programmes, in two distinct phases, on alkali-silica
reaction and its prevention. The first phase identified flint
and opaline limestone as the main reactive constituents. At this
stage the preventive measures suggested were either use of a low




alkali cement or use of an aggregate containing less than 2% re-
active component. The basic assumptions at this phase were that
alkalies in a concrete are determined by the alkali content of
its cement and remain uniformly distributed throughout the life

span.

The second phase of research started with an investigation
of breakdown of motor roads due to alkali-silica reaction. From
this investigation it was inferred that de-icing agent NaCl ac-
celerated the alkali-silica reaction; this was subsequently sub-
stantiated by a laboratory investigation (1). It was also infer-
red that the presence of free Ca{(OH); is a pre-requisite of al-
kali-silica expansion (2). At about this time the electron-probe
micro-analytical technique was applied to determine the chemical
composition of alkali-silica gel (3).

The explicit assumptions of the second phase were that the
real-life structures often receive alkalies from their environ-
ments eg. ground water, de-icing agents, etc. and there is near-
ly always a concentration gradient of alkalies in any structure.

Most of the subsequent research in Denmark could be treated
as the follow-ups of the above three papers. The object of the
present paper is to review critically the development in this
second phase of research.

3. THE SECOND PHASE

Recent researches could be divided into following sub-
groups: i) those directed to the reaction mechanisms, ii) those
directed to the development of methods of measurements of reac-
tivity, iii) those directed to the development of preventive
measures.

3.1 Mechanisms of alkali-silica reaction and expansion

As a preliminary to detailed studies of the reaction mecha-
nisms the role of free Ca(OH)y in expansive alkali-silica reac-
tion was explored first. Prisms made with a reactive sand and a
high slag-Portland cement or a Portland cement were exposed to
saturated NaCl solution at 50°9C and their expansions were mea-
sured. The result showed that prisms made with a slag-Portland
cement did not expand but those with Portland cement did. X-ray
diffraction analyses of the prisms showed that those made with
slag-Portland cement contained no free Ca(OH), whereas those made
with Portland cement contained crystalline Ca(OH)j (4). Those

results confirmed the previous inference that free Ca(OH)j is a

pre—requisite for expansive alkali-silica reaction (2).

In order to study the reaction mechanisms, prisms made from
reactive sand types and Portland cement containing varying a-
mounts of diatomites were exposed to saturated NaCl solution at
500C. The expansion of the prisms were measured for up to about
one year. At the end of this period the prisms were further exa-
mined by petrographic, X-ray diffraction and the electron-probe




micro-analytical techniques (5). The results showed that th® éx-
pansion of mortar prisms, the extent of reaction, the penetra-
tion of hydrated Na, Ca and OH ions in the reacted grains de-
crease with the decrease in crystalline Ca(OH)3 in the paste.
During reaction a fraction of reactive silica diffuses out of the
reactive grains and the extent of silica‘diffusing out increases
with decreasing Ca(OH)j, content.

The observed high Naj0 content of reacted grains, in prisms
stored in NaCl solution, compared to those stored in water indi-
cates that a reaction of the following type must have been occur-
ring during alkali-silica reaction:

reactive silica + 2Nat + 2C1~ + catt + 20H- + aq. =
solid alkali-silica-hydroxyl complex + Catt + 2C1™ + ag. .. [1]

The above reaction explains how NaCl accelerates alkali-si-
lica reaction and why Ca(OH)y is a pre-requisite. )

It has been postulated that in a cement environment an ex-
pansion will occur if the rate of penetration of hydrated ions of
Na, Ca, OH and water molecules in reactive grains exceeds that of
8i0y diffusing out. If the alkali content is low only a limited
amount of hydrated Ca and OH ions can penetrate the grains; this
is due to the large size of hydrated Ca ions. If the alkali con-
centration is high then smaller hydrated Na and OH ions will be
able to penetrate reactive grains unhindered. This penetration of
Na and OH ions will cause a breakdown of Si-0-Si bonds thereby
opening the grains to further penetration of Ca, Na and OH ions
and at the same time setting free a part of the reactive Si0Oj for
diffusion. In the presence of excess Ca(OH)j and alkali compounds
only a limited amount of SiOjy can diffuse out, but more materials
are pumped in. This generates the force necessary for expansion;
this also explains the role of Ca(OH),. Note that according to
this hypothesis the chemical reaction and expansion are not di-
rectly related.

3.2 Testing of the reaction mechanism

From the hypothesis it follows that all soluble alkali com-
pounds will accelerate alkali-silica reaction. However, alkali
hydroxides, which depress the concentration of Ca(OH)3 in the
liquid phase, will cause less expansion than other alkali com-
pounds eg. chlorides or nitrates. In a recent study it has been
found that prisms made from a reactive sand and Portland cement
expand less when stored in a 3N NaO# solution than when stored
in a 3N NaCl solution; although the extent of chemical reaction
__was _higher in the prisms . stored . in 3N NaOH solution -than-in

prisms stored in 3N NaCl solution (6).

The reaction shown in [ 1] constitutes another test for the
above hypothesis. Points to note that the reaction should occur
in a system reactive sand-Ca(OH)7-KCl solution and that the li-
quid phase gets enriched with CaClj. This newly formed CaCl,
will then depress the concentration of Ca(OH)p in the liquid
phase by the common-ion effect and the higher the reactivity of




—tivity of reactive-components.

an aggregate the lower will be Ca(OH); concentration in the 1li-
quid phase. This inference has been corroborated (7).

Various practical implications of the newly proposed reac-
tion mechanisms have been discussed in a recent paper (8).

3.3 Measurement of alkali-silica reactivity of aggregates

In this phase one primary and two secondary test methods
have been devised for the measurement of the alkali-silica reac-
tivity of aggregates especially of sand fractions.

3.3.1 The primary method. The primary method is an expansion
measurement method. In this method 40x40x160 mm prisms, made from
1:3::Portland cement:sand mortars having a water/cement ratio of
0.50, are' exposed to a saturated NaCl solution at 50°C and their
expansion measured at regular intervals up to at least 20 weeks
(9). However, in most cases the expansion is over by about 10
weeks storage in NaCl solution. This testing period is much shor-
ter than any other primary method in existence.

This accelerated test is rather severe for the following
two reasons: (i) NaCl causes more expansion than NaOH, (ii) in
this test the supply of alkali is unlimited. It has been observed
that the method is independent of the alkali content of the ce-
ment so long the cement is free of pozzolanic additives.

The acceptance criterion is 0.1% expansion., This value was
chosen on the following basis: The gravel fraction of most com-
monly used concrete mix compositions is about 50% by volume and
the sand:cement ratio is about 2.5 to 3. If one assumes that a
non-reactive gravel will be used in a good quality concrete then
its expansion will be determined by its mortar and will be half
of the expansion of its mortar fraction. As the test mortar has
the sand/cement ratio very similar to that of the most commonly
used concrete composition its expansion will be twice the expec-
ted expansion of concrete. It is however known that a structure
can not tolerate more than about 0.1% expansion so that the ac-
ceptance criterion of 0.1% expansion gives a safety factor of
2. It is obvious that the primary expansion measurement method
has a built-in objective basis for its acceptance criterion.

3.3.2 The secondary methods. Unlike the primary methods the se-
condary methods have no objective basis for their acceptance
criterion; they have to be statistically correlated with expan-
sion or service records of aggregates. Two methods which have
been proposed during this phase both measure the chemical reac-

The first method is a pycnometric one in which sand to be
tested is exposed to 10 Normal NaOH solution at 50°C and the vo-
lume reduction due to dissolution of reactive silica is measured
continuously and automatically (10). The method was expected to
give information both about the reactivity and amount of reactive
silica present in the sand. It has been found that the presence
of CaCO3 in sand interfere in both the above aspects.




The second method is based on the equation [1] and further
detail of this method could be found in another paper presented
in this volume (11).

3.4 Prevention of alkali-silica expansion

Researches carried out in this phase emphasized that alkali-
silica reaction is not always accompanied by an expansion and the
importance of the environment to which the concrete structure
will be exposed during its use.

For an expansive alkali-silica reaction to occur a simulta-
neous presence of reactive aggregate, high concentration of alka-
li compound, Ca(OH); and water is necessary. A shortage in any
one of the above four factors will eithier reduce or eliminate the
expansion. Furthermore, to transfer the expansion of individual
reactive grains to the matrix, the grains have to be enclosed by
the matrix; a partial cover will reduce expansion.

The movement of ions and water molecules may be drastically
slowed down by adding a very fine grained solid, eg. micro-silica
or a reactive material, eg. fly-ash (12). In Denmark a Portland
fly~ash cement has been introduced for this purpose which reduces
expansion. :

The removal of Ca(OH); may be achieved by using a slag-Port-
land cement or adding a pozzolan eg. fly-ash to cement in suffi-
cient quantity (4). However, it is not very practical to add suf-
ficient amount of a pozzolan to consume Ca(OH); completely.

The reactive grains may be partially isolated from the ma-
trix by entraining sufficient amount of a fine grained air bubb-
le system; some air bubbles being attached to the reactive
grains, This partial isolation will reduce the overall expan-
sion. The air-entrainment will be particularly effective if the
reactive component is in the sand fraction (13).

The environment to which a concrete structure could be ex-
posed has been classified into three classes (14):

(i) An aggressive environment in which a structure is ex-
posed to an alkali salt solution, or to flue gases, or sea or
brackish water

(ii) A moderate environment in which.a structure is expo-
sed to moist, non-aggressive out or indoor conditions or flowing
or standing fresh water

(iii) A passive environment in which a structure is exposed
to dry, non-aggressive conditions, particularly an indoor cli-
mate. -

It has been stipulated that sand types to be used to make
concrete for an aggressive or moderate environment may not con-
tain more than 2% reactive components or may not .expand more than
0.1% when tested by the NaCl bath method; in the coarse aggregate
the maximum content of particles of densities less than 2400
kg/m3 may not exceed 1 and 5% respectively.
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