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Abstract 

An ability of aluminum-bearing substances-amorphous aluminum hydroxide, aluminum sulphate 
and basic aluminum sulphate to mitigate alkali-silica reactions in Portland cement mortars has 
been studied. At equivalent dosages in terms of Al2O3, these substances are ranged in the following 
order in respect of inhibiting effect: Al(OH)1.78(SO4)0.61 ≥ Al2(SO4)3 > Al(OH)3. It is found that the 
plasticizing agents of the main types used in cement compositions have no influence on the inhi-
biting effect of aluminum-bearing admixtures. To control the setting time of cement paste, iron(II) 
sulphate may be used for partial substitution of Al2SO4·18H2O, and this operation is not influence 
on the results of ASR expansion test. 
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1. Introduction 

The presence of reactive SiO2-inclusions in fine and coarse aggregates is one of the factors that negatively affect 
the durability of concrete. The interaction of reactive SiO2 with alkalis coming into pore fluid from outside or 
from the concrete mix components leads to the formation of the products causing significant internal tense 
stressses and destructive deformations of concrete [1]. 

The widely used way to prevent alkali-silica reactions (ASR) is the introducing of pozzolanic additives-silica 
fume, metakaolin, fly-ash, ground granulated blast furnace slag—into concrete mix [2] [3]. These additives ex-
hibit efficacy as inhibitors of ASR at dosages of 15% - 50% by weight of cement. Nevertheless, the substitution 
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of significant part of fine aggregate or cement in the concrete mix by pozzolanic additives has not always a posi-
tive effect on the main properties of mortars and concretes: w/c ratio, consistency, workability, strength. 

Some chemical compounds have high effectiveness in mitigation of ASR; among them, lithium compounds 
are studied to the fullest extent [4]. The effect of lithium ions is due to the passivation of reactive SiO2-inclu- 
sions with slow soluble lithium silicates. In comparison with pozzolanic additives, lithium-bearing admixtures 
are effective at low dosages. The research and application of lithium substances as ASR inhibitors are practiced 
mainly in USA due to sufficient lithium reserves in the form of hydro-mineral brines [5]. 

Therefore, the searching for perspective ASR inhibitors should be focused on the materials and chemical 
compounds which are easier to access in comparison with lithium salts, and also more efficient than pozzolanic 
additives. In this regard, using aluminum-bearing substances seems promising. It was found that pre-treatment 
of reactive silica with aluminum sulphate decreases its dissolution in NaOH solutions [6]. The ability of amor- 
phous and crystalline aluminum hydroxides to inhibit expansion of Portland cement mortars with reactive ag-
gregates in alkaline solutions was demonstrated in [7]. The authors of [7] have proposed that high inhibition ac-
tivity of amorphous forms of Al(OH)3 (as compared to crystalline modifications) is concerned with their ability 
to bind Ca(OH)2. 

At present, aluminum-bearing substances-amorphous Al(OH)3, aluminum sulphate and basic aluminum sul-
phate are used as alkali-free set and hardening accelerators for Portland cement concretes, especially in shotcrete 
technology [8] [9]. Therefore, there is a practical interest to carry out a comparative study of amorphous Al(OH)3, 
aqueous solutions of aluminum sulphate and basic aluminum sulphate as inhibitors of ASR in Portland cement 
mortars containing reactive aggregates. 

2. Experimental Part 

2.1. Materials 

Highly dispersed amorphous aluminum hydroxide Geloxal 10 (“Industrias Químicas del Ebro”, Spain) with LOI 
47.3 wt% (at 900˚C), specific surface area of 17.8 m2/g, particle size up to 20 μm, and aluminum sulphate 
Al2(SO4)3∙18H2O (ALG, “Kemira Oyj”, Al2O3 17.0 wt%) were used as aluminum-bearing admixtures. The same 
substances were also used in preparing aqueous solution of basic aluminum sulphate Al(OH)1.78(SO4)0.61 (15.1% 
based on Al2O3). The synthesis of composition was done in accordance with [10]. Before being taken into use, 
the solution was stored for 1 day after preparation. 

Portland cement CEM I 42.5 N with the following composition, wt%: C3S 52 - 53, C2S 18 - 20, C3A + C4AF 
20 - 22, gypsum (CaSO4∙2H2O) 3 - 4, anhydrite (CaSO4) 1, CaCO3 2 was used. 

As aggregate, a quartz-feldspar sand of the following fractional composition, wt%, was used: 1.25 - 2.5 mm 
–5.27, 0.63 - 1.25 mm –27.5; 0.315 - 0.63 mm –27.5; 0.16 - 0.315 mm –17.5. In the initial aggregate, the content 
of SiO2 dissolvable in NaOH was determined in accordance to methods described in GOST 8269.0 - 97 specifi-
cation and is found to be equal to 0, means an aggregate material is not reactive in alkali environment. Sand was 
ignited in a muffle furnace in the following manner: 2.5 hrs at 1000˚C + 2.5 hrs at 1080˚C (until the sintering is 
slightly produced) followed by a rapid cooling to ambient temperature. The total duration of heat treatment was 
8.5 hrs including periods of the temperature rising. After cooling, the material was crashed in porcelain jar to 
disintegrate large cakes formed during sintering and after that was graded. 

In accordance with petrography data, in all fractions of fired sand there is a glassy phase in amount of 3 to 
12%; the surface of some part of quartz grains (3% - 7%) is covered by secondary needlelike new growths; 
feldspar grains are strongly modified. The soluble SiO2 content in fired sand has reached 57 mmol/l. 

2.2. Testing Methods 

The alkali-silica expansion of cement-sand mortars with the addition of aluminum-bearing admixtures and ref-
erence samples (without admixtures) was investigated by the accelerated test in accordance with GOST 8269.0 
specification (analog to mortar-bar test method ASTM C 1260). 

A reference mortar mix was prepared by mixing sand with cement at a ratio of 2.25:1 (by weight), wa-
ter-to-cement ratio was 0.4. Mixtures with aluminum-bearing admixtures in amount of 0.5% and 1% in terms of 
equivalent dosage of Al2O3 of cement weight were similarly prepared (w/c 0.4). Aluminum hydroxide was pre-
viously mixed with dry components. Aluminum sulphate hydrate and the solution of basic aluminum sulfate 
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were added to cement-sand mix with mixing water. The water content in aluminum sulphate and basic alumi-
num sulphate was taken into account. 

Mortar mixes were put into molds (20 × 20 × 100) mm. In accordance with the procedure, after 1 day of sto-
rage at 100% RH and 20˚C samples were demolded and put into water at 80˚C for one day. Samples were then 
cooled in a sealed box to 20˚C and samples’ lengths were measured. During the test period, samples have being 
stored in 1M NaOH at 80˚C, daily measurements of samples length were performed (total test duration was 2 
weeks). For each mix two sample bars were made, an average elongation of two samples is taken as a measure-
ment result. 

3. Results and Discussion 

Figure 1 shows the dependence of the expansion of mortar samples stored in the conditions of an accelerated 
test procedure on time. From these data it follows that to the end of test (14 days), an expansion of control mor-
tar sample is about 0.23%, i.e. —this is higher than the threshold value (0.1%), which is the criteria for characte-
rizing the aggregate as a reactive or non-reactive to alkalis. 
 

 
 

 
Figure 1. Linear expansion ε (%) of samples with aluminum-bearing admix-
tures (1—reference sample, 2—Al(OH)3, 3—Al2(SO4)3, 4—Al(OH)1.78(SO4)0.61, 
5—Al2(SO4)3+FeSO4) stored in 1M NaOH versus time (days) at dosages in 
terms of Al2O3, % of the weight of cement: a—0.5; b—1.                    
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As it may be seen on Figure 1, all aluminum-containing compounds exhibit the ability to suppress destructive 
processes with the participation of reactive aggregates. Differences in the effectiveness of additives come in full 
force at small dosage (see Figure 1(a)). Basic aluminum sulphate possesses more inhibiting effect in compari-
son with aluminum sulphate at dosage 0.5% (in terms of Al2O3) of the weight of cement (Figure 1(а)). The in-
creasing of dosages of aluminum bearing substances up to 1% (in terms of equivalent amount of Al2O3) leads to 
increased inhibitory effect, while neglecting any difference in admixtures’ efficacy. Aluminum hydroxide is the 
least effective both, at low and increased dosages. 

During the earliest period of hydration, the substances Al(OH)1.78(SO4)0.61, Al2(SO4)3 and Al(OH)3 are cha-
racterized by the high activity in cement paste which consists in binding of gypsum and Ca(OH)2 with formation 
of ettringite [8] [10]: 

( ) ( )2 4 2 2 3 4 23 2Al SO 6Ca OH 26H O 3CaO Al O 3CaSO 32H O+ + → ⋅ ⋅ ⋅  
( ) ( ) ( )4 2 2 2 3 4 23 22Al OH 3Ca OH 3 CaSO 2H O 20H O 3CaO Al O 3CaSO 32H O+ + ⋅ + → ⋅ ⋅ ⋅  

Apparently, this can explain the ability of all three compounds to inhibit alkali - silica reactions in Portland 
cement compositions with reactive aggregates. As is known, Ca(OH)2 produced by hydration of silicate phases 
of Portland cement is involved in destructive alkali - silica reactions and contributes to the destructive expansion 
processes [11] [12]. 

Comparative study of the influence of basic aluminum sulphate and aluminum hydroxide on the hydration of 
Portland cement has shown that in the initial period of hydration more ettringite forms in case of basic alumi-
num sulphate than in case of amorphous Al(OH)3 [10]. This corresponds to the fact that basic aluminum sul-
phate (and aluminum sulphate) has a greater inhibiting effect compared to Al(OH)3. 

As have been said above, the use of aluminum-bearing salts results in very quick set of cement paste. If re-
quired, this problem may be resolved by introducing iron(II) sulphate, for example, FeSO4·7H2O, into cement 
paste along with aluminum-bearing substances. For example, in case of the composition with Al2SO4·18H2O (1 
wt% in terms of Al2O3) the initial set takes place in less than 5 min. When the half of this amount was substi-
tuted by molar-equivalent dosage of FeSO4·7H2O (in terms of Fe2O3) the initial set time has extended for the pe-
riod of 50 min (chemically pure ferrous sulphate heptahydrate was previously dissolved in mixing water togeth-
er with Al2SO4·18H2O). Meanwhile, as can be seen from Figure 1(b), the partial substitution of Al2SO4·18H2O 
by FeSO4·7H2O has no influence on the results of ASR expansion test. Apparently, ferrous sulphate takes part in 
formation of Fe-substituted ettringite (Al, Fe-ettringite, or AFt-phase) with binding of detrimental Ca(OH)2 but 
this process is more moderate than in case of single Al2SO4·18H2O. 
 

 
Figure 2. Linear expansion ε (%) of samples with aluminum-bearing and 
plasticizing admixtures (1—reference sample, 2, 3—Al(OH)3 without and 
with C-3 plasticizer; 4, 5, 6, 7, 8—Al2(SO4)3 without plasticizing agent and 
with С-3, Melflux 2651F, Melment M10, LST plasticizers, respectively. 
Aluminum-bearing admixtures content is 1% (in terms of Al2O3) on the 
weight of PC; an amount of plasticizing agents is 0.1% of PC.                       
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As aluminum-bearing compounds affect the rheological properties of Portland cement compositions and are 
used in many cases together with plasticizing admixtures, it can be appropriate to examine the influence of the 
latter on the inhibitory effect of aluminum-bearing substances. Figure 2 shows the dependence of linear expan-
sion with time for the samples with aluminum sulphate and aluminum hydroxide in the presence of four types of 
plasticizers: naphthalene-formaldehyde (C-3), melamine-formaldehyde (Melment M10), polycarboxylate (Mel-
flux 2651F) and lignosulphonate (LST). As can be seen from the data presented in Figure 2, plasticizing agents 
do not affect the ability of aluminum-bearing admixtures to inhibit alkaline expansion. 

4. Conclusions 

1) Aluminum-bearing substances-amorphous aluminum hydroxide, aluminum sulphate and basic aluminum 
sulphate-mitigate alkali-silica reactions in Portland cement mortars with reactive SiO2-inclusions. 

2) At equivalent dosages in terms of Al2O3, these substances are ranged in the following order in respect of 
inhibiting effect: Al(OH)1.78(SO4)0.61 ≥ Al2(SO4)3 > Al(OH)3.  

3) The plasticizing agents of the main types used in cement compositions have no influence on the inhibiting 
effect of aluminum-bearing admixtures. 

4) To control the setting time of cement paste, iron(II) sulphate may be used for partial substitution of 
Al2SO4·18H2O, and this operation is not influenced on the results of ASR expansion test. 
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