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Abstract. The concrete degradation caused by internal expansive reaction (IER) is a problem that 
affects many structures in the world. These reactions, which include the alkali-silica reaction (ASR) 
and the internal sulphatic reaction (ISR) related with delayed ettringite formation, are very 
dangerous, due the expansive behavior of products formed, that cause the cracking of concrete. So it 
is urgent to find preventive methods to avoid or mitigate the onset of these reactions in new 
structures. This work aims to show the applicability of sludge from a tungsten mine in the 
mitigation of the IER. To evaluate the effect of sludge in the mitigation of ASR and ISR, mortar and 
concrete mixes were produced with 30% (%in mass) of cement replacement. The results obtained 
so far allow stating that tungsten mine sludge as Portland cement replacement could be effective in 
the ASR and ISR mitigation. 

Introduction 

Concrete performance and durability is disturbed by internal damages that may have been caused by 
the alkali-aggregate reaction or delayed ettringite formation (DEF). The most common alkali-
aggregate reaction is the alkali-silica reaction (ASR). ASR occurs when certain types of silica 
minerals present in aggregates reacts with the alkali and hydroxyl ions in cement paste. The reaction 
forms an alkali-silica gel that in presence of water swells and expands causing the cracking of 
concrete [1, 2]. The internal sulfatic reaction due to DEF occurs in concretes that have 
experimented heat curing (temperature >65ºC) and exposed to frequent humidity [3, 4]. DEF is 
considered an internal type of sulfate attack, since the sulphates come from the concrete 
constituents. 
To prevent the risks of ASR and ISR pozzolanic wastes or cementitious by-products are normally 
used as additions or in cement replacement in mortars and concretes [5, 6]. 
In Portugal, there exits large quantities of mining wastes, namely, tungsten mine sludge (TMS) that 
can be reused in the cement industry as a pozzolanic material. The reuse of this material contributes 
to a decrease in the CO2 emissions from Portland cement production, contributing to minimize the 
environmental problems due its disposal and reduce the use of non-renewable resources.     
This works aims to present the applicability of TMS in the prevention or mitigation of the ASR and 
the ISR reactions in concrete.  

Experimental  

Materials and experimental procedure 
TMS was subject to calcination (950ºC at 2h) in order to enhance its pozzolanic activity [7], and 
afterwards crushed in a ball mill and then sieved to pass 75µm. TMS was used as a partial cement 
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replacement. The chemical composition of the employed cements and the TMS was obtained by 
fluorescence X-ray spectroscopy, being presented in table 1. 
  
 
Table 1. Chemical composition of the potland cements and the TMS used in this study 

Chemical 
analysis 

(weight %) 
SiO2 Al2O3 Fe2O3 CaO MgO MnO SO3 TiO2 P2O5 K2O Na2O Na2Oeq LOI 

TMS 62,57 18,62 9,99 0,63 2,15 0,13 --- 0,86 0,24 4,01 0,45 3,09 0,34 
CEM I-A 18,81 5,15 3,18 63,7 1,5 --- 2,69 --- --- 1,02 0,19 0,86 3,18 
CEM I-B 19,74 4,14 2,69 63,54 2,42 --- 3,11 --- --- 0,64 0,08 0,5 3,13 

 
Mortar and concrete prism tests were used to evaluate the effectiveness of TMS in ASR and DEF 
expansion. Mortar and concrete mixes (Table 2) were performed according to ASTM C 1260, 
RILEM AAR-3, RILEM AAR-4 and MLPC nº66 test-methods [8, 9].  
The microstructure and the microanalytical analysis (SEM/EDS) of the mortar and concrete samples 
were studied at different testing ages on a scanning electron microscope JEOL JSM-4600 fitted with 
an OXFORD energy dispersive X-ray analyzer.    
    
Table 2. Mortar and concrete mixes used 

Test Methods Aggregate type w/b ratio 
Composition (% of addition) 

REF TMS 

ASR 
ASTM C1260 

Reactive siliceous gravel 
0,47 

0 30 
RILEM AAR-3 

0,45 RILEM AAR-4 
DEF MLPC nº66 Non reactive siliceous gravel 

                                                                                                                                                                                  
Results and discussion  

ASR expansion tests and SEM/EDS examinations 
Figures 1 and 2 show the expansive behaviour of mortar and concrete mixes.  
The expansion results obtained according ASTM C 1260 test (Fig. 1) show that 30% of TMS has no 
significant expansion regarding the REF expansive behavior. According the threshold limits of 
ASTM C 1260 it can be suggest that the 30% of TMS has a positive effect in ASR mitigation. 
 
 
 
 
 
 
 

 
 
 
 

                                                                                                                      
Figure 1. Expansion of mortars in the ultra-accelerated ASTM C 1260 test 
 
Concrete ASR tests are still ongoing; the results available (Fig.2) seems confirm that 30% of TMS 
have a positive effect in ASR inhibition. 

 



 

 
Figure 2.  Expansion of concrete mixes in RILEM AAR-3 and RILEM AAR-4 tests 
 
The SEM/EDS analysis of mortars after 28 days of testing, show (Fig. 3) a huge difference 
regarding ASR gel occurrence. REF mortar presents ASR gel in aggregate/paste interfaces and in 
the pores, while the 30TMS mortar presents only ASR gel inside some voids. 

 
a) 

 
b) 

Figure 3. SEM/EDS images of mortar mixes at 28 days of testing according to ASTM C 1260 
showing the occurrence of ASR gel; a) REF; b)30TMS 
 
One of the main ASR or DEF inhibition mechanisms due to the addition of pozzolanic materials is 
the reduction of the Ca/Si ratio in CSH gel that increases the alkali fixation [10], and also the 
aluminum when materials rich in this element are used [11]. 
In order to evaluate the effect in the CSH composition of 30% of TMS, several EDS microanalysis 
were performed on the mortar mixes after 28 days of testing according to ASTM C 1260. 
The results of Ca/Si ratio in CSH gel (Fig.4a) show that the incorporation of 30% TMS effectively 
decreases this ratio. This may be explained due to the pozzolanic effect of TMS that reduces the 
calcium content of CSH gel. The evolution of the Na2Oeq on the CSH (Fig.4a) shows a higher value 
on the 30%TMS mix, which indicate a higher ability to fix the alkali ions in the CSH. This is in 
agreegment with some authors, that state that is the main mechanism of mineral admixtures in ASR 
inhibition [12,13,14,15]. Besides, a good correlation between expansion and Ca/Si ratio decrease is 
observed (Fig. 4b). 

 
Figure 4. EDS analysis of the CSH gel in mortars at 28 days of testing in ASTM C 1260: a) 
Na2Oeq vs Ca/Si ratio; b) Expansion vs Ca/Si ratio. 
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DEF expansion test and SEM/EDS examinations 

Figure 5 presents the expansive behaviour of concrete mixes tested according to MLPC nº66 
method. The results obtained at 8 months show no significant expansion occurs in the 30TMS mix, 
which seems that 30% TMS has capacity to inhibit the DEF expansion. This effect could be due to 
the alkalinity and aluminum reduction in the pore solution due to pozzolanic reaction [16].  
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Figure 5. Expansion of concrete mortar in MLPC nº66 test 
 
The SEM/EDS analysis of the 30TMS shows that the sulfates are mainly mobilized in the calcium 
monosulfoaluminate instead of in the ettringite formation (Fig. 6). These features can be explained 
due to the sulfates adsorption by the CSH gel and due the reactive Al2O3 present in the TMS [17]. 

 
Figure 6. SEM/EDS images of concrete mixes tested according MLPC nº66; a) REF 28 days; b) 
REF 180 days; c) 30TMS 28 days; d) 30TMS 90 days; e) Eds spectra of calcium 
monosulfoaluminate (MS) 

a) 

e) 

b) 

ettringite 

d) 

MS 

c) 

MS



 

 
Compressive strength 

Figure 6 presents the compressive strength evaluation of concretes tested according to MLPC nº 66 
method. The compressive strength tests were performed according to the specification LNEC E 226 
[17]. The results obtained show that the 30% TMS decreases the mechanical strength in comparison 
with the REF mix, however the 30TMS mix shows that there is a positive evolution in this property 
with time. 
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Figure 7. Compressive strength evolution of concretes tested according MLPC nº66 
 

Conclusions 

The results obtained in this study shows that tungsten mine sludge can be used as partial cement 
replacement in preventing internal expansive reactions. The level of replacement employed (30% 
by mass) seems to be sufficient to suppress the ASR and DEF expansion. The inhibition mechanism 
of the tungsten mine sludge seems to be related with its pozzolanic activity that leads to the 
alkalinity reduction as well the alkali and aluminum fixation in the CSH of the cement paste. 
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