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ABSTRACT 
 

The depletion of natural resources, the requirement for sustainable development and 

environmental restrictions, such as those associated with the Kyoto Agreement, makes the re-

use of waste materials increasingly important as we enter the new millennium. The use of one 

such material in concrete, ground granulated blast furnace slag is well-accepted in many parts 

of the world. However much research and experience of use is based on slags with low alkali 

levels and low chloride contents.  Environmental and economic constraints may force the 

increased use of slags with higher alkali levels and chloride contents in future works. The 

alkali level parameter raises concern in respect of alkali-silica reaction (ASR) where 

susceptible aggregates are used. 

 

The performance of high alkali slags in the context of ASR was assessed by a modified 

version of the concrete prism expansion test, X-Ray diffraction and scanning electron 

microscopy. Variables in the test programme were binder combination, slag alkali level, 

aggregate combination, and storage temperature. Previous research by the authors had 

identified Irish argillaceous limestone aggregate as potentially classifiable as ASR-

vulnerable, despite a low silica content and a satisfactory service record.  The performance, in 

the context of ASR, of argillaceous limestone slag concretes was specifically studied. 

 

The study found that inclusion of slag in concrete can be beneficial in inhibiting ASR 

irrespective of the alkali content of the slag. The particular case of argillaceous limestone slag 

concrete is commented on. 
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1. INTRODUCTION 

 

The need for the development of environmentally sustainable methods of construction has 

lead to the incorporation of various waste streams into concrete as cement replacement 

materials. These secondary cementitious materials (SCM’s), such as pulverised fuel ash 

(PFA) and ground granulated blast furnace slag (GGBS) have pozzolanic properties and are 

generally used as a partial replacement for cement. Much research has been devoted to the 

efficacy of these replacement materials, particularly in the area of concrete durability [1,2]. 

As a rule these replacement materials have been found to improve concrete durability by way 

of producing a denser, less permeable concrete. In the particular case of GGBS, the majority 

of slags covered have been low alkali slags with an alkali content (expressed as Na2Oeq) of 

less than 1.0%. However, the recent availability of a high alkali slag source to the Irish 

market has prompted durability concerns based on the high alkali content. 

To date no cases of alkali silica reaction (ASR) have been identified in Ireland. The 

requirements for ASR to proceed in concrete are a sufficient source of alkalis, the presence of 

reactive silica and access to moisture. International test methods such as the British Standards 

concrete prism test [3] and the RILEM ultra accelerated mortar bar test [4] have all suggested 

that a high proportion of Irish aggregates are susceptible to ASR [5]. As the slag has the 

ability to substantially increase the alkali content of the concrete, the possibility of ASR is a 

concern. It is the combination of aggregates susceptible to ASR and the high alkali content of 

the slag that has resulted in this study. 

 

2. EXPERIMENTAL PROGRAMME 

 

To assess the effect of slag on the alkali reactivity of Irish concretes, an experimental 

programme based on the concrete prism test was devised. Variants on the concrete prism test 

have been used internationally as a means to determine the expansion characteristics of 

manufactured concretes. The British Standards concrete prism test [3] involves 

manufacturing prisms with a known alkali content of 7.0 kg Na2Oeq/m
3
. These prisms are 

stored in humid conditions at a temperature of 38ºC for a period of 1 year. Comparator 

readings are taken throughout the test and assessment of the aggregate combination is based 

on measured expansion after 1 year. The British Cement Association have suggested a 

modified version of the test for assessing the alkali reactivity of greywacke type aggregates 

[6]. The BCA greywacke protocol requires the testing of suspect aggregates in combination 

with an aggregate of known low reactivity. Prisms are manufactured at a series of alkali loads 

between 3.5 and 5.0 kg Na2Oeq/m
3
 and due to slow nature of the reaction in greywacke type 

aggregates the test is extended to 2 years. Based on resultant expansions, a decision may be 

made concerning acceptable alkali contents for concretes manufactured using the greywacke 

type aggregate. 

 

2.1 Modified concrete prism testing 

An experimental programme was devised, incorporating elements from both the BS concrete 

prism test [3] and the BCA greywacke protocol [6]. Three aggregate combinations of known 

reactivity were selected for this study. Their selection was based on a previous study of alkali 

reactivity of Irish concretes [5]. All aggregate combinations performed poorly in the BS 

concrete prism test and petrographic analyses are listed in Table [1]. Chert has been identified 

internationally as potentially reactive and is present in a significant quantity of Irish concrete 

aggregates [7]. Chert content was assesses for each aggregate included. 

 

 



3 

Table [1]: Petrographic analysis of selected aggregates. 

Aggregate 

sample no 

Type Geological description Chert 

content 

N-1 Coarse A pure limestone coarse aggregate that is virtually free of 

any clay and completely free of chert. There are some 

traces of dolomite present. 

0% 

L-1 Coarse An argillaceous limestone aggregate with moderate 

amounts of clay and some quartz silt (in some grains 

only) and organic matter incorporated. About one quarter 

of the grains are very rich in clay minerals. Chert content 

is about 1%. 

1% 

H-9 Fine This aggregate has the highest chert content of any Irish 

aggregate of any Irish sand, at about 30%. The remainder 

is about 40% limestone, about 20% quartz and small 

amounts of sandstone, quartzite and aplite. There is about  

6% fine greywacke and siltstone. 

30% 

PR-4 Coarse This greywacke type aggregate consists of 65%  arkosic 

greywacke/sandstone and about 28% calcareous 

sandstone. The remainder is lithic greywacke. The 

arkosic sandstone matrix contains feldspar, quartz clay 

minerals and others. 

0% 

N-3 Fine A fine aggregate that is almost entirely limestone sand. 

The limestone content is estimated to be 97% and is 

largely clean and clay-free. There are some traces of 

dolomite and quartz present. 

0% 

 

To assess the effect of the various slag types, a number of binder combinations were 

considered. These were normal Portland cement (NPC), a blend of NPC and low alkali slag 

(Slag 1) and a blend of NPC and high alkali slag (Slag 2). The NPC had an acid soluble alkali 

content of 0.65% Na2Oeq, while by definition Slag 1 had an acid soluble alkali content of < 

1.0% Na2Oeq and Slag 2 had an acid soluble alkali content of > 1.0% Na2Oeq. In all 

combinations involving slag the replacement level was 50%. In accordance with guidelines 

published by the Building Research Establishment on slag replacement levels of >40%, no 

alkalis are assumed to come from the slag [8]. Finally, all aggregate/binder combinations 

were manufactured at alkali loads of 5.0 and 6.0 kg Na2Oeq/m
3
. The increased alkali content 

was achieved by the addition of controlled quantities of K2SO4 to the mix water in 

accordance with the procedure described in the BS concrete prism test. Table [2] lists the 

various combinations of aggregate type, binder combination, alkali load and the resultant 

manufactured concrete prisms. 

 

3. RESULTS AND DISCUSSION 

 

Results for the concrete prism tests are presented in Fig. [1 – 6]. The Building Research 

Establishment have published guidelines for the interpretation of the concrete prism test [8] 

and these are presented in Table [3]. The criterion is based on measured expansion after a 

period of 1 year. Figs. [1] and [2] represent concrete specimens manufactured from 

aggregates N-1 and H-9 at an alkali loading of 5.0 and 6.0 kg Na2Oeq/m
3
 respectively. Also 

included is the performance of the aggregate combination when tested in the British 

Standards concrete prism test. Following the criteria proposed by the BRE the aggregate 

combination may be declared as ‘expansive’. 
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Table [2]: Concrete prisms selected for experimental programme 

 

 

Table [3]: Expansion criteria proposed by the BRE 

Expansion at 12 Months (%) Aggregate Classification 

>  0.20 

0.10  ≤  0.20 

0.05  ≤  0.10 

≤  0.05 

Expansive 

Possibly Expansive 

Probably Non-Expansive 

Non-Expansive 

 

The coarse aggregate N-1 consists of pure limestone and can be declared innocuous. The 

resultant expansion can be attributed to the chert present in the fine aggregate, which occurs 

in a concentration of approximately 30%. It can be seen that using NPC alone, an alkali load 

of 5.0 and 6.0 kg Na2Oeq/m
3
 leads to significant reduction in recorded expansion, suggesting 

a critical alkali threshold required for the aggregate to react. Fig. [2] suggests that expansion 

due to ASR is beginning to proceed but the presence of the GGBS suppresses the reaction. 

No distinction can be made between the performance of the high and low alkali slags. 

Figs. [3] and [4] represent prisms manufactured from aggregates L-1 and H-9 at an alkali 

loading of 5.0 and 6.0 kg Na2Oeq/m
3
 respectively. The coarse aggregate is an argillaceous 

limestone with very little chert and an insoluble residue of 17%. Previous studies have shown 

that Irish argillaceous limestone aggregates have performed extremely poorly when assessed 

using internationally developed test methods. This poor performance is reconfirmed when 

both alkali contents used show a similar expansive trend developing. Noteworthy though is 

the performance again of the concrete prisms incorporating the high and low alkali GGBS. 

Measured expansion is extremely low and no difference between the high and low alkali 

slags can be distinguished. 

Concrete Coarse Fine Binder Alkali load

prism no. aggregate aggregate composition (Na2Oeq/m
3
)

CP101 N-1 H-9 NPC 5.0

CP102 6.0

CP103 NPC/Slag 1 5.0

CP104 6.0

CP105 NPC/Slag 2 5.0

CP106 6.0

CP107 L-1 H-9 NPC 5.0

CP108 6.0

CP109 NPC/Slag 1 5.0

CP110 6.0

CP111 NPC/Slag 2 5.0

CP112 6.0

CP113 PR-4 N-3 NPC 5.0

CP114 6.0

CP115 NPC/Slag 1 5.0

CP116 6.0

CP117 NPC/Slag 2 5.0

CP118 6.0
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Fig. [1]: Influence of binder and alkali load on expansion – aggregates N-1 & H-9 
 

 

Fig. [2]: Influence of binder and alkali load on expansion – aggregates L-1 & H-9 
 

 

Fig. [3]: Influence of binder and alkali load on expansion – aggregates PR-4 & N-3 
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Figs. [5] and [6] represent concrete samples manufactured from aggregates PR-1 and N-3 at 

an alkali loading of 5.0 and 6.0 kg Na2Oeq/m
3
 respectively. The fine aggregate is a pure 

limestone sand and may be considered inert. The coarse aggregate PR-4 has been shown in 

previous studies to be extremely alkali reactive and this has again been shown. When NPC is 

the sole constituent of the binder it can be seen that the resultant expansion proceeds 

unchecked. The addition of GGBS can be seen to substantially decrease the expansion, but 

not to the same extent as with the other aggregate combinations. It is suspected that the 

reactivity of aggregate PR-4 is such that the addition of SCM’s alone is insufficient to 

suppress the reaction. However, again it can be seen that the performance of the high and low 

alkali GGBS is such that no distinction may be drawn between the two. 

Based on the tests carried out, it appears that increased alkali content of the high alkali GGBS 

is not a critical factor in the context of ASR. The properties of NPC/GGBS concretes have 

been internationally researched and it is accepted that its use leads to an increasingly dense 

and impermeable binder matrix. It is accepted that the use of high alkali GGBS has the 

potential to produce an increasingly alkaline pore solution in the concrete. However, the 

impermeability of the matrix is such that movement of alkalis is significantly curtailed thus 

preventing the extra alkalis from initiating a case of deleterious ASR. 

 

4. POTENTIAL REACTIVITY OF ARGILLACEOUS MATERIAL 

 

Notable throughout this and previous testing programmes has been the poor performance of 

Irish argillaceous limestones. Several argillaceous limestones have been studied and all have 

failed standard international test methods by a significant margin. This is despite the fact that 

these limestones have a service history free of ASR extending over 30 years. Following 

testing programmes, the cause for the resultant expansion remained unclear. Petrographic 

analysis typically suggested very low chert contents for argillaceous limestones, generally 

below 1%. The cause for the expansion was considered to be either a deleterious case of ASR 

or due to a cation exchange reaction due to clay minerals present in the insoluble residue of 

the limestone. 

 

4.1 Testing of argillaceous limestone concretes 

In an effort to determine the reason for the poor performance of argillaceous limestone 

aggregates, and taking into account the satisfactory history of service of these aggregates, a 

testing programme was devised. It is postulated that the reason for an absence of ASR to date 

in Ireland may be explained by way of a critical alkali threshold, a threshold that has not yet 

been reached in industrial practice. The existence of such a threshold would by inference 

prove ASR to be the cause of the expansion and dismiss the role of cation exchange in the 

expansion. A single argillaceous limestone aggregate, sample L-1, was selected, and used 

with the fine aggregate sample N-3. Aggregate N-3 is a 97% pure limestone sand and 

innocuous with respect to ASR. Using a blend of low and high alkali cements and the 

addition of potassium sulphate where required, concrete prisms were manufactured with 

alkali contents of 2, 4, 6 and 8 kg Na2Oeq/m
3
. Prisms of each alkali load were designated AL 

2, AL 4, AL 6 and AL 8 respectively. Two sets of prisms were cast and maintained in humid 

conditions at temperatures of 40ºC and 60ºC. Expansion measurements were recorded and the 

results are presented in Figs. [7] and [8] respectively. 

It can be seen that as the alkali load of the concrete increases, so to does the expansion of the 

concrete. At an elevated temperature of 60ºC a clear correlation can be seen between alkali 

load and expansion. At 40ºC the trend is not as clear but the higher alkali concretes can be 

seen to be expanding at a considerably greater rate than the low alkali concretes. This 

behaviour suggests the presence of a critical alkali threshold for the concrete. 
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Fig. [7]: Argillaceous limestone concrete at 40°°°°C 

 

 

Fig. [8]: Argillaceous limestone concrete at 60°°°°C 
 

Implicit in this suggestion is that the reaction is due to deleterious ASR involving the 

argillaceous aggregate, despite the occurrence of chert in quantities of only 1%. To further 

ascertain the cause of the expansion further studies of the aggregate were carried out. 

 

4.2 Formation of argillaceous limestones 

Irish argillaceous limestones were formed in a deep ocean trough by the deposition of 

limestone and clay. The limestone originated from localized coral reefs while the clay 

material arose from the transportation to the trough of weathered igneous rocks. Contained 

within this weathered deposition are quartz grains and other igneous minerals. Argillaceous 

limestone is the result of the cementation of the limestone and clay minerals. The layering 

within the bedrock is the result of various geological events that have lead to an 

inhomogeneous rock formation with large variations in limestone and argillaceous content. 

Some of the layers produced are almost pure limestone while others are almost entirely shale. 

Limestone is known to be innocuous in terms of alkali aggregate reactivity so the focus of 
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this study turned to the shale portion of the aggregate. Samples of the shale layers were 

obtained and analysed. 

 

4.3 X-ray diffraction studies 

X-ray diffraction (XRD) studies were carried out on the shale portions. To allow full XRD 

analysis, the insoluble residue of the shale was extracted through acid digestion. The 

aggregate sample was crushed and concentrated hydrochloric acid was added to dissolve the 

calcite present. The insoluble residue content was calculated and was found to be 63%. 

Samples of the residue were prepared for XRD analysis by washing of the residue and 

removing by filtration any calcite salts present. Full XRD scans were carried out on the 

samples over incident ranges from 0 to 40º. A typical scan is presented in Fig. [9]. Silicon 

was added to the insoluble residue as an internal standard. Analysis of the peaks produced 

suggests that minerals present in the insoluble residue are silica, illite and pyrite. Although it 

was expected that silica would be found in the residue, the intensity of the silica peaks was 

startling. While it is not possible to determine silica content using XRD scans, comment may 

be made on the relative size of the peaks. The silica peaks tower over all others suggesting 

that silica is the predominant material present in the aggregate. 

 

 
Fig. [9]: XRD scan of insoluble residue 

 

Crystallinity studies were also carried out on the silica using the quartz crystallinity index 

(QCI) method developed by Murata and Norman [9]. The QCI is based on the fact that the 

212 peak will be poorly developed in poorly crystalline silica. To determine the QCI a series 

of high resolution XRD scans were carried out over the incident ranges if 33.5º and 34.5º 

with at increments of 0.01º, i.e. about the 212 peak. Scans were carried out on a number of 

samples from the same aggregate source. Resulting from the XRD scans no consistent QCI 

values could be discerned. The crystallinity was found to be subject to large variations and 

allowed no further comment. 

 

4.4 Scanning electron microscopy 

Electron microscopy scans were carries out on unprepared shale samples. Small grains of 

quartz were found within the shale type material, grains that could not be found under a 

conventional petrographic microscope. The grains are small, typically less than 20µm 
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average size. Fig. [10] shows an area of the material with the focus on a grain suspected to be 

quartz. This is confirmed by an elemental scan of the area under the focus, which confirms 

only the presence of silicon and oxygen. Fig. [11] shows a scan of the area surrounding the 

quartz grain. The elemental scan of this area is shown and indicates the presence of oxygen, 

aluminium, silica and calcium. The appearance of oxygen, silica and aluminium indicates the 

presence of clay minerals, most likely illite, with the calcium peak indicating the presence of 

some limestone. The results of the scan are consistent with our knowledge of this aggregate. 

It consists of limestone and clay, with quartz and other innocuous minerals such as mica 

bound inside this argillaceous matrix. 

Wigum [10] has suggested that if siltstone, shale or claystone were found to have fine-

grained silica present, they should be declared as alkali reactive. In particular microcrystalline 

quartzite, by definition having a typical grain size of less than 60 µm, should be classified as 

alkali reactive. This material, previously unknown to exist in Irish concrete aggregates, has 

been found and is the most likely cause for the expansion produced in Irish argillaceous 

limestone concretes. 

 

  

Fig. [10]: Electron microscopy scan of quartz grain 

 

 
 

Fig. [11]: Electron microscopy scan of argillaceous matrix 
 

Many of the concrete prisms described in section 4.1 expanded quite significantly and some 

of them exhibited cracking and gel exudation. A sample of gel was taken from the surface of 

prism AL-8 and subjected to an elemental analysis using scanning electron microscopy. The 

prism in question contained an alkali load of 8.0 kg Na2Oeq/m
3
 and had been subjected to a 

temperature of 40°C. After 13 weeks it was exuding gel and had cracked significantly. From 

the resulting elemental analysis of the gel, it was confirmed that it contained the compounds 

common in ASR gels. Diamonds research [11] showed that gels generally contain the 

compounds SiO2, K2O, Na2O and CaO. Fig. [12] shows the elemental analysis of the gel and 

observation shows all phases to be present, confirming the argillaceous aggregate as being 

alkali reactive. 

 

 

20 µm  

 

20 µm 
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Fig. [12] : Electron microscopy scan of ASR gel 

 

5.  CONCLUSIONS 
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