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The study deals with the investigation of changes of sodium and potassium hydroxide concentrations in the mortar pore solu-
tion and related material expansion. The experiments following the alkali-silica reaction were carried out on a model mix-
ture of opal as reactive aggregate component and cements having different alkali content. The pore solution was obtained by
extraction of the crushed mortar with hot water. The molar sodium-potassium hydroxides ratio in the mortar pore solution is
similar to the sodium-potassium ratio in cement. The decrease of alkali concentration in the solution with time and the
increase of mortar expansion are proportional. Mortar expansion increases as a result of expansion pressure generated by
products of the alkali-silica reaction. The time change of the alkali concentration in the solution is not affected by C;A con-

tent in cement.

INTRODUCTION

The interaction between aggregate and cement
paste significantly influences the functional properties
and durability of concrete. On the other hand, products
of the chemical reaction of paste with aggregate can be
the cause of destructive changes of concrete. For seve-
ral decades there have been many reports about the
harmful chemical reaction of aggregate with the sur-
rounding cement paste in concrete, especially with the
concrete pore solution [1]. Of greatest significance for
these processes are sodium and potassium ions occur-
ring in the concrete pore solution. The alkali reaction
with aggregate in concrete is connected with both the
occurrence of reactive aggregate and the alkali content
in concrete, the content of sodium and potassium oxides
in cement having the greatest effect. Different compo-
nents of cement and concrete, e.g. mineral additions as
well as aggregates containing considerable amounts of
active alkali and alkali from the external environment
can also increase the alkali content.

The alkali-aggregate reaction between the mortar
or concrete pore solution and certain kinds of aggregate
leads to concrete expansion and causes its cracking and
destruction. The mentioned problems of alkali reaction
with aggregate are not fully explained and a very com-
plex course of these processes requires further research.
This reaction is very slow and its outcome can be
revealed after many years. For the course of alkali-sili-
ca reaction the composition of the pore solution in con-

crete is important, particularly - active alkali content in
concrete and also aggregate reactivity. The concentra-
tion of ions presented in the concrete pore solution
changes with the formation of reaction products; hence
the onset and the course of reaction can be predicted on
the basis of the composition of pore solution.

The investigation of the alkali-silica reaction was
carried out on model arrangements containing opal as
an aggregate component reactive with alkali as well as
cements of different alkali content. The investigation
concerned changes of concentrations of sodium and
potassium hydroxides in the mortar pore solution and
the related expansion.

The alkali content in the pore solution

Earlier investigations concerned the estimation of
changes occurring in pore solution of cement paste in
the initial stage of cement hydration, and samples of the
solution obtained by filtering the cement paste prior to
bonding were analysed [2]. A considerable progress in
the study of the composition of solution in pores of
cement paste is due to the use of devices for pressing the
solution out from mature cement pastes, mortars or con-
cretes, using pressures of a few hundred MPa [3]. The
volume of expressed pore solution typically obtained
represents only a small fraction of the total solution
residing within hydrated cement paste. This is one of
reservations, which imply that the analysed composition
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cannot be representative. It is very probable that the
height and duration of the applied pressure may have
some effect on the composition of the exuded solution.
However, this method is recognised as sufficient for the
analysis of pore solution from a mature cement paste
[4].

Pressing the solution under high pressure out from
the pores of hardened concrete is very difficult. There-
fore, an alternative way is used for determining the
alkali content in concrete pore solution through their
extraction from ground concrete with hot water. Deter-
mining the alkali content in pore solution and the con-
tent the pore solution in concrete (the volume of pore
solution in concrete), the content of active alkali in 1m’
of concrete is also calculated [5]. The method of alkali
extraction with hot water was applied in Canada for the
determination of the content of alkali in concrete pore
solution (alkali soluble in water, alkali active in con-
crete) as opposed to the total alkali content, frequently
assumed as alkali contained in cement. In concretes a
considerable part of alkali remains built in products of
cement hydration, and in the presence of the alkali-sili-
ca reaction, silica is also built in the products of this
reaction [5]. Earlier investigations [6], [7] show that
hydrates of Portland cement contain 0.4-0.5 % of Na,O.,
which approximates the determined content 0.37 % [5].
The results of Diamond [8], Duchesne and Berube [7]
also show that the alkali content included in cement
hydrates is proportional to alkali in cement. According
to this, it is most frequently assumed that about 40 % of
the total alkali from cement is included in hydration
products. This leads to accepting a safe border of the
active alkali content in concrete at the quantity of
1.8 kg/m’, at the total alkali content equal to 3 kg/m’.

In many investigations considerable changes in the
composition of the pore solution have been reported in
concretes in which the alkali-silica reaction occurred in
comparison with pore solutions from identical concretes
but without reactive aggregate [5], [9], [10], [11]. Ba-
sing on the results of the above investigation it is possi-
ble to assume that during extraction with hot water only
alkali present in the concrete pore solution are washed
out, whereas alkali included in the products of cement
hydration as well as products of alkali reaction with sil-
ica remain in the material.

Taylor [12] calculated the predicted concentration
of sodium and potassium ions in the cement paste pore
solution, assuming that all alkalis from cement pass to
solution. He stated that only 42 % of alkali occurs in the
solution in pores, and the remaining quantity is bonded
with hydration products. In turn, Berube et al. [13]
showed that when hydration is completed about 40 % of
alkali are found in hydration products and that is why
they cannot take part in a reaction with aggregate.
Divergences in the observed concentrations result from

the fact that in concretes the concentration of sodium
and potassium hydroxides in the pore solution depends
on many factors, first of all on the alkali content in the
cement used, cement content in concrete and on the
W/C ratio in concrete mix. With time and with a greater
part of hydrated cement phases, the volume of pore
solution is reduced and an increased alkali concentra-
tion can be observed. Moreover, drying can cause that
some part of the concrete forms local concentrations
higher than average ones [9].

EXPERIMENTAL

For the course and scope of reaction it is essential
to know the composition of the concrete pore solution.
It is also important to know the change of alkali ion con-
centrations during the alkali-silica reaction as well as
the dependence between the compositions of the con-
crete pore solution and linear changes of concrete,
which are the outcome of expansion.

The experimental part of this study was based on
the investigation of the reaction alkali-silica in a model
arrangement. Standard sand with a known addition of
opal was used as aggregate, and cements had a diverse
content of alkali and tricalcium aluminate.

The investigation included:
- change of mortar bars according to ASTM C227 [14];

- analysis of the composition of solution in mortar pores
during the alkali-silica reaction.

In the investigation Portland cements CEM I were
applied. They were obtained by grinding industrial
clinkers to the value 370 m*/kg. The chemical and min-
eral composition of clinkers is shown in table 1. Select-
ed cement clinkers had a varied content of tricalcium
aluminate from 2 %, through average 7 % to a high con-
tent equal to 12 %. Increase of the alkali content was
achieved by adding K,SO, to particular cements. The
total SO; content in cements was 3.0 %, the alkali con-
tent, expressed as Na,O., was 0.35%, 0.7%, 1.1%, and
1.5% in cements A and B; and 0.94%, 1.1% and 1.5% in
cement C.

Opal was used as a model reactive aggregate. Opal
grain size distribution and its amount in aggregate affect
the size of expansion [6]. In the experiment there was
used opal of grain size distribution 0.5 to 1 mm in the
quantity of 4% in relation to the mass of standard quartz
sand.

The investigation of the expansion of mortar bars
was carried out in accordance with ASTM C 227 [14].
The pore solution was obtained by applying extraction
of the solution from crushed mortar with hot water [5].
All samples were crushed to grain-size distribution
below 160 um. Two samples of 10 g of crushed mortar
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were boiled for 10 minutes in 100 ml of distilled water;
next the samples were left for one day at room temper-
ature. After this time the suspension was filtered and the
remaining solid parts were washed with distilled water
replenishing filtrate to 100 ml. Concentrations of Na
and K in the solution were determined by the method of
atomic absorption spectrometry.

Table 1. Chemical and mineral composition of clinkers used in
the investigation, (%).

Cement samples

Compositions A B C
Loss on ignition 0.20 0.38 0.20
Insoluble parts 0.00 0.20 0.10
Si0, 22.41 23.25 21.20
AlLO; 4.26 4.67 6.40
Fe,0; 5.46 3.45 2.80
CaO 66.68 66.61 66.29
MgO 0.82 0.91 2.70
SO, 0.31 0.12 0.10
CaO,, 0.33 1.59 0.69
Na,O 0.26 0.1 0.15
K,0O 0.14 0.38 1.20
Na,O. 0.35 0.35 0.94
CsS 60 52 59
BC.S 19 28 16
CA 2 7 12
C,AF 17 11 9

Table 2. Alkali content in mortar pore solution.

RESULTS AND DISCUSSION

The results of the investigation of composition of
the mortar pore solution after 1, 4, 12 and 26 weeks are
represented in figure 1. The change in time of sodium
and potassium hydroxides content in the mortar pore
solution with reactive aggregate depends mostly on the
alkali content in cement. At a small alkali content in
cement up to 0.35% Na,O,, the sum concentration of
sodium and potassium hydroxides in the mortar pore
solution changes slowly. However, with the increasing
alkali content in cement, the concentration of sodium
and potassium hydroxides in the solution decreases with
curing time. For the alkali content 1.5% it decreases by
over 40% between the first and the 26™ week of concrete
curing. In the solution in mortar pores, already with the
content of Na,O. of 0.7% in cement, after 26 weeks the
concentration of sodium and potassium hydroxides is
still so high that the reaction may continue. The alkali
border concentration in the mortar pore solution below
0.250 mol/litre [15], recognized as safe, occurs only in
mortar from cement containing 0.35 % of Na,O. (see
table 2). The sodium and potassium hydroxides content
ratio in the pore solution in mortars with reactive aggre-
gate after each period of time was similar to the sodium-
potassium ratio in cement, which proves that sodium
and potassium are bonded by the products of alkali-sil-
ica reaction in proportions reflecting their content in
cement. This regularity does not occur only in the case
of the cement A-0.35, which contained more sodium
(0.26%) than potassium (0.14%), whereas in the pore
solution in mortar the sodium and potassium contents
are approximately equal.

After 12 weeks

Initial alkali content in mortar

Sample NaOH KOH Na,O, NaOH/KOH Na,O, Na,0, Na,0/K,0

(mol/dm’®) (mol/dm’®) (mol/dm”) in solution (kg/m?) (kg/m®) in cement
A-0.35 0.112 0.121 0.192 0.92 1.32 2.07 1.86
A-0.7 0.131 0.352 0.362 0.37 2.51 4.14 0.39
A-1.1 0.104 0.520 0.446 0.20 3.24 6.45 0.20
A-1.5 0.118 0.649 0.545 0.18 3.96 8.80 0.14
B-0.35 0.046 0.192 0.173 0.24 1.15 2.25 0.24
B-0.7 0.054 0.434 0.340 0.12 2.38 4.14 0.11
B-1.1 0.052 0.794 0.574 0.06 437 6.45 0.07
B-1.5 0.048 0.893 0.635 0.05 4.84 8.80 0.05
C-0.94 0.056 0.776 0.567 0.07 3.77 5.75 0.07
C-1.1 0.085 0.634 0.502 0.13 3.65 6.45 0.10
C-1.5 0.089 0.875 0.665 0.10 4.83 8.80 0.07
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Composition of the pore solution in mortar
in the presence of reactive aggregate

In all mortars with reactive aggregate (quartz sand
with addition of opal) there was observed a decrease of
the concentration of sodium and potassium hydroxides
in the pore solution as a function of duration of the alka-
li-silica reaction. The change in concentration of sodi-
um and potassium hydroxides in the pore solution in
mortar with reactive aggregate depending on time has a
similar development regardless of the mineral composi-
tion of the cement used (without regard to a different
C;A content in cement) (see figure 2).

Decrease in the concentration of sodium and potas-
sium hydroxides in the pore solution clearly depends on
the alkali content in cement. Between the first and the
twenty-sixth week the concentration changes by
0.072 mol/dm’ in the case of cement containing 0.35%
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Figure 1. The sum of sodium and potassium hydroxide con-
centrations in mortar pore solution from cement A with a dif-
ferent alkali content vs. time.
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Figure 2. The concentration of sodium and potassium hydroxi-
des in mortar pore solution from reactive aggregate and with
different cement content C3 A vs. time.

Na,O,, and by 0,317 mol/dm’ for cement containing
1.5% Na,O., (see figure 1). This is connected with a
faster course of reaction with a higher alkali content, the
result of which is the formation of reaction products and
the decrease in concentration of alkalis in the pore solu-
tion. The decrease in the alkali content and hydroxyl
ions shows that the alkali-silica reaction has occurred.
The change in the composition of the pore solution
recorded in the studied mortars is similar to that pub-
lished in the literature for reactive aggregates [5], [9],
[16].

The diagram (see figure 3) of the alkali content in
the pore solution of the analysed mortars after twelve
weeks shows that in mortars with cements containing
only 0.3 % of Na,O,, the alkali content in the pore solu-
tion is lower than the limit content (1.8 kg/m®). How-
ever, in all the remaining mortars the alkali content is
still so high that the alkali-aggregate reaction may con-
tinue. This is reflected by the size of the measured
expansion of mortar samples. The more alkalis there
were in cement, the higher was the use of alkalis in the
reaction, and the course of the reaction was faster,
which is proved by the volume of expansion (see figures
4 t0 6).

Dependence between the composition
of the pore solution and the mortar expansion

The properties of expanding mortar caused by a
progressive alkali-silica reaction depend on the concen-
tration of sodium and potassium ions and hydroxide ion
in the pore solution. This is confirmed by the investiga-
tion of the dependence of mortar expansion caused by
the alkali-silica reaction on the concentration of alkali
ions and hydroxide ions in the pore solution carried out

o Na,O, after 12 weeks |

T{m Na,0, initial content

—» Na,0, (kg/m’)
o =2 N W e OO N ® O O

TA03 AD7 A11 A15 B-03 B-07 B-1.1 B-15C-084 C-1.1 C-1.5
— alkali content in cement (%)

Figure 3. Alkali content in mortar pore solution with reactive
aggregate vs. alkali content in cement.
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by Diamond and others [17], or the later investigation of
Seno [18]. The results of the investigations of linear
changes of mortar with time and the concurrent changes
of the concentration of sodium and potassium hydroxi-
des in the mortar pore solution presented in figures 4 to
6 show that in this reaction alkali are bonded by reaction
products and as a result of this process the phenomenon
of mortar expansion is observed. In the initial period
expansion pressure is relatively low but later it increas-
es gradually, and even after 6 months it still increases,
whereas decrease in the content of sodium and potassi-
um ions is considerable after 4 weeks, and it is the
higher, the higher was the total alkalis content in
cement. Initial decrease in the content of sodium and
potassium ions in the pore solution corresponds to the
first stage according to Diamond [8], in which sodium-
potassium silicate gel is formed in order to bond sodium
and potassium ions in its structure. The pressure
increase in this stage results from the formation of the
product of alkali-silica reaction in a space limited by
hardened cement paste. In the second stage change in
the pressure of expansion is connected with water
absorption by the gel.

Cement containing more sodium and potassium
produces more reaction products, which is confirmed by
greater expansion and a more reduced concentration of
sodium and potassium hydroxides in the mortar pore
solution. These dependences are in accordance with the
observations of Seno [18]. Determination of changes in
the concentration of alkali ions in the pore solution can
be used for the estimation of aggregate reactivity and
the degree of mortar expansion.

When considering the effect of the composition of
the concrete pore solution on expansion generated by
the alkali-silica reaction, it is necessary to take into
account the role of water. It is generally believed that in
the alkali-silica reaction, the degree of concrete mois-
ture plays an essential role and it is often observed that
concrete destruction occurs when moisture is high
enough. However, there are different opinions as on the
content of free water, the level of which depends on the
total alkali content. The critical content of free water
below which reaction and concrete expansion are
stopped due to the shortage of water has not yet been
determined. However, these processes can be quickly
resumed when free water appears in the system [19],
[20]. Therefore, expansion inhibition can be achieved
by controlling the moisture content in concrete [21]. On
the other hand, the development of expansion by pro-
viding water from outside to concrete cores cut out from
the structure in which the alkali-silica reaction occurs
can be helpful for the estimation of the remaining poten-
tial expansion in moisture inflow from the external
environment.
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Figure 4. The concentration of sodium and potassium hydroxi-
des in pore solution and mortar expansion (Na,O, = 0.3 %) vs.
time.
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Figure 5. The concentration of sodium and potassium hydroxi-
des in pore solution and mortar expansion (Na,O, = 0.7 %) vs.
time.

=
k)
0.7 0.7 8
06 -—0 - expanS|on. L 0.6 ;
x —— concentration (@]
= 051 05 X
S I
2 041 04 Q
g // Z
X 0.3 o7 r03 s
0.2 Pl L0.2 8
- c
0.1 - 0.1 3
) I 18
0o=="" T T T 0
0 1 4 12 26

—» age (weeks)

Figure 6. The concentration of sodium and potassium hydroxi-
des in pore solution and mortar expansion (Na,O, = 1.1 %) vs.
time.
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CONCLUSIONS

The following conclusions can be formulated from
the results of the reported investigation of alkali reac-
tion with silica aggregate:
® The decrease in the content of sodium and potassium
ions in the mortar pore solution depends on the alkali
content in cement.

® The time change of the concentration of sodium and
potassium hydroxides in the pore solution in mortar
with reactive aggregate has a similar course, which is
not affected by C;A content in cement.

® The molar sodium-potassium hydroxides ratio in the
pore solution in mortar with reactive aggregate was
similar to the same ratio in cement. This fact indicates
that sodium and potassium are bonded by products of
the alkali-silica reaction in proportions reflecting their
content in the cement.

® The decrease of sodium and potassium hydroxide
concentration in mortar pore solution and the increase
of mortar expansion are proportional. Mortar expan-
sion increases as a result of expansion pressure gener-
ated by products of the alkali-silica reaction.

® The determination of the content of potassium and
sodium ions in the concrete pore solution followed by
the comparison with limiting content 1.8 kg/m’ Na,O,
makes possible to predict whether the alkali-silica
reaction will continue.
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ZAVISLOST MEZI SLOZENIM ROZTOKU V PORECH
A EXPANZI MALTY OBSAHUJICI REAKTIVNI PLNIVO

ZDZISEAWA OWSIAK

Technical University of Kielce,
Al 1000-lecia PP.7, 25-314 Kielce, Poland

Studie se zabyva sledovanim zmén koncentrace hydroxi-
du sodného a draselného v pdérech malty ve vztahu k expanzi
materidlu. Experimenty zkoumajici reakci alkalii s SiO, byly
provadény v modelové smési opalu jako reaktivniho plniva a
cementl s odlisnym obsahem alkalii. Roztok z p6rti malty byl
ziskan extrakei rozdrcené malty horkou vodou. Molarni pomér
hydroxidu sodného a draselného v roztoku v poérech je podobny
tomuto poméru v cementu. Pokles koncentrace alkalii v roztoku
s Casem a expanze malty jsou si navzajem Umeérné. Expanze
malty roste nasledkem ristu tlaku vytvareného produkty reakce
alkalii s SiO,. Casova zména koncentrace alkalii v roztoku neni
ovlivnéna obsahem C;A v cementu.
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