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Abstract

Alkali aggregate reaction is a chemical reaction that occurs between the reactive component of the aggregate and alkali
hydroxide from the cement used in concrete or external source. In this study, the accelerated mortar bar tests were performed and
their results were compared with each other in order to investigate the ratio of reactive aggregate which causes maximum
expansion in mortar called a pessimum ratio in literature. For this purpose, the pessimum ratios of six different reactive
aggregates (opal nodule, chert, chalcedony nodule, andesite, ignimbrite and dolomite) were determined. The effect of the particle
size on the development of alkali-silica reaction was determined again by the Accelerated mortar bar tests (AMBT). AMBT were
carried out with mortar bars of opal, chalcedony and chert aggregates having 4.76 mm to 0.074 mm grain size (0.074 to 4.76
mm). The experimental results showed that the highest expansion occurred in reactive aggregates, with 150 - 300 [1m grain size.
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1. Introduction

Practical and economical solution has not been found yet for the chemical interaction between alkali solution and
reactive aggregate named as alkali-aggregate reaction by Stanton in 1942. In concrete production, it benefits from
the silica-free limestone aggregates for preventing the occurrence of alkali-aggregate reaction. However, alternative
types of non-reactive aggregates are being explored in areas with fewer limestone quarries or construction site is
very far from a site. In Turkey, particularly, the construction of dams in the region of the Eastern Black Sea and
Eastern Anatolia has greatly increased. Therefore, natural material requirements have started to increase at a steady
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rate in these regions. Alkali aggregate reaction is a chemical reaction that occurs between the reactive component of
the aggregate and alkali hydroxide from the cement used in the concrete or external source (Swamy, 1990). There
are three known forms of the alkali-aggregate reaction (AAR). These are: alkali carbonate reaction (ACR), alkali-
silicate reaction (slowly progressive alkali-silica reaction) and alkali-silica reaction (ASR) (Swamy, 1992).
However, in studies conducted in AAR, alkali carbonate reaction only occurs in carbonate aggregates containing
silica. Consequently, the alkali-aggregate reaction in concrete may develop depending on silica content of the
aggregate. The definition of the alkali carbonate reaction has been removed from the literature (Beyene et al. 2013,
Grattan-Bellew and Chan 2013, Katayama 2010, Grattan-Bellew et al., 2010).

1.1 Definition of Pessimum

In the dictionary, the meaningof Pessimum is described by contrast to the word of optimum. Stanton
demonstrated in 1940 that a certain proportion of some reactive siliceous aggregate caused the largest expansion of
concrete, and that the expansion decreased when the content of the reactive aggregate in the concrete was increased
or decreased from that pessimum proportion (Ichikawa 2009, Stanton 1941). He also found that, for a fixed
proportion of reactive aggregate, the expansion became maximal at a certain grain size, and that the expansion
decreased when the size was increased or decreased from the pessimum size (Ichikawa 2009, Stanton 1940). A
typical curve showing the effect of expansion in the concrete due to the Pessimum ratio was given in Figure 1.
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Fig. 1. A typical curve of the Pessimum ratio (French, 1980).

2. Materials
2.1 Cement

Type I Portland cement supplied from Lafarge Co. (OPC 42.5) that complies with the features of ASTM C 150
[19] was used in this study. It has a low total alkali (Na,O,q) level of 0.79%. Its chemical composition and relevant
physical properties, as obtained from manufacturers and the geochemical laboratory of Hacettepe University, are
presented in Table 1.

2.2. Reactive Aggregates

Six different reactive aggregates and one non-reactive aggregate were used in the mortar bar tests. The Reactive
aggregates were opal nodules including opal-Ct and quartz minerals, chert, chalcedony nodules including bands of
well-developed quartz crystals, andesite, non-welded ignimbrite including pumice at high proportions, limestone
and dolostone which were collected from Kutahya, Ankara, and Mersin vicinities. Opal nodules, chert, chalcedony
nodules, andesite, dolostone and ignimbrite as the reactive aggregates and limestone as the innocuous aggregates
were used in the mortar bar tests. Mineral contents of them were determined by “CuKa" X-Ray source at °29 in 5°-
35° intervals and polarized microscopy studies; furthermore, the percentage of mineral in aggregate was calculated
from a characteristic peak of mineral (Table 2).
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Table 1. Chemical compounds and physicomechanical properties of cement (OPC 42.5).

Chemical Compound,(%)* Physical and Strength Properties
SiO, 20.45 Fineness (Blaine), m*kg** 3400
AlLO; 5.20 Specific Gravity 33
Fe, 05 341 Compressive Strength, (MPa)
CaO 63.30 2 days (ASTM C 109) 223
MgO 1.25 7 days 37.6
SO; 2.95 28 days 44.7
Ignition loss 1.50 Tensile Strength, (MPa)
Relict material 0.30 7 days 2.05
Others 0.26 28 days 231
Na,O 0.42 Grain Size (unm)***
K,O 0.56 100
Total Alkali Fa0 o'f
(Na,0+0.658*K,0) 0.79 EGU ;

S ;
Cement Compounds, (%) B 20 /
CS 54.2 N A
GS 17.8 04 1 10 100 1000
GA 8.0 Grain Size (um)
CsAF 104

* Chemical compound was determined at Hacettepe University Geochemical Laboratory.

** The fineness of cement was obtained at Hacettepe University Department of Mining Engineering.

*** The grain size of it was determined by using Sympa Technology Laser Grain Size Analyses System at Hacettepe University Department of
Mining Engineering.

Table 2. Mineral contents of aggregates tested.

Water Source
Type of Aggregate  *Semi-Quantities Mineral Contents Absorption
Area
By Volume (%)
Opal-Ct 87% .
Opal Quartz 13% 2.55 Kutahya City, Turkey
Quartz 93% Guvenc Village, Ankara City,
hert 4.
Cher Calcite 7% 68 Turkey
k Vill Ank it]
Chalcedony ~100% Quartz 3.07 Cubuk Village, Ankara City,
Turkey
Feldspar 28%
Quartz 18%
Andesite Clay 24% 6.62 . . . .
(Smectite, Kaolin) Papazderesi locality, Etlik, Ankara City
Calcite 29%
Clay 52%
L Feldspar 34% Cebeci,
Ignimbrite Mica 11% 239 Ankara City
Quartz 7%
Dolomite,
.. . Yavca,
Dolostone auxiliary minerals 2.0 Mersin Cit
are Quartz, Clay, Limonite ¥
- ~100% Calcite 42 Beytepe Village, Ankara City,
Limestone Turkey
3. Method

In literature, opal is defined as the most reactive mineral type and harmful aggregate for concrete. Volcanic glass,
micro and crypto-crystalline quartz, chalcedony, tridymite and cristobalite were defined as moderately reactive
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minerals (Diamond, 1976; Ineson, 1990; Al-Dabbagh, 1986; Michel et al., 2000). Andesite includes volcanic glass
that has reactive functionality (McConnell, et al., 1947; Mizumoto et al., 1986; French, 1992). Chlorite and clay
minerals in weathered basalt are transformed into a silica gel as well as crack growths occur in concrete having
basalt aggregate (Batic et al., 1994). Experiments were performed according to ASTM C 1260 standard accelerated
mortar bar test (AMBT). The weight percentage of aggregates used in mortar bar test is given in Table 3. The
aggregates used in AMBT were defined as deleterious because of more than 0.1% expansion in length. In the
Pessimum ratio determination tests, the rates of the reactive aggregate in the total aggregate ranged from 5% to
100%. In order to determine the effect of particle size on expansion, reactive aggregates having grain sizes between
4.76 and 0.074 mm were mixed into the mortar.

Table 3. Sieves used in AMBT.
Sieve opening (mm)

Top Bottom % by weight
4.76 mm (No.4) 2.36 mm (No.8) 10

2.36 mm (No.8) 1.18 mm (No.16) 25

1.18 mm (No.16) 600 pm (No.30) 25

600 um (No.30) 300 pm (No.50) 25

300 um (No.50) 150 um (No.100) 15

4. Results

4.1. The Pessimum Ratio

Pessimum ratios vary depending on the reactive silica content of the aggregates. In the mortar bar tests, the
maximum length expansions were determined in the samples, including 20% of opal (Fig. 2a). In the literature,
pessimum ratios of opal range between 5% and 20%. The reason of this wide range is the presence of an amorphous
silica type. Opal aggregates, including opal-A can show more length expansion values than aggregates comprising
opal-CT (Binal, 2004). In this study, opal aggregates used in the tests include opal-CT and quartz type minerals. The
maximum expansion in the mortar bar, including chert aggregates was determined to be 40% (Fig. 2b). The
Pessimum ratio of chert aggregates varies depending on the amorphous silica content, cracks and calcite filling.
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Fig. 2 a). The graph of the Pessimum ratio of opal aggregates, b) Chert.

Chalcedony aggregates include quartz veins. Therefore, the pessimum ratios of chalcedony aggregates are very
high (50%) when compared to other types of aggregates (Fig. 3a). The reason of the alkali aggregate reaction in
concrete including the andesite aggregate is volcanic glass contained in the matrix of andesite. Therefore, in case of
highly andesite aggregate usage in concrete mix, pessimum behaviour can be observed (80%) (Fig. 3b).

Ignimbrite aggregates used for the mortar bar test have shown the pessimum ratio at the 50%. However,
ignimbrite aggregates are classified as harmless due to the length of expansion not exceeding 0.1% (Fig. 4a).
Dolostone aggregates show too low expansion in experiments (Fig. 4b) because of low silica content. Therefore,
dolostone was classified as the innocuous aggregate.
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Fig. 3. a) The graph of the Pessimum ratio of chalcedony aggregates, b) Andesite.
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Fig. 4. a) The graph of the Pessimum ratio of ignimbrite aggregates, b) Dolostone.

4.2 Grain Size Effect

Mortar bar tests were carried out to determine reactive aggregate grain size effect on the expansion. The reactive
aggregates (opal, chert and chalcedony) in the Pessimum ratio were added into the mortar bar mix. At the end of all
tests, the highest amounts of expansion in length were determined in the mortar bars having the grain size of 0.15 to
0.3 mm (Fig. 5a-c). The expansion value of opal aggregates with the grain size between 0.15 and 0.3 mm (0.88%)
was higher than the value of the pessimum ratio determination test (0.66%).

5. Conclusion
The mixes for the mortar bar tests must be prepared according to the Pessimum ratio when river aggregate is used

in a concrete mix. In particular, producers must pay attention to the grain size of the reactive aggregate when using
crushed stone in a ready mix.
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Fig. 5. a) The grain size effect on expansion for opal aggregate, b) Chert and ¢) Chalcedony.
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