
* Corresponding author: pedro.humbert@ubi.pt 

Elastic modulus and stress-strain curve analysis of a tungsten 
mine waste alkali-activated concrete 

Pedro Silva Humbert*1, João Paulo de Castro Gomes1, Luis Filipe Almeida Bernardo1, Clemente Martins Pinto1, Natalia 
Paszek2  
1CMADE UBI, Centre of Materials and Building Technologies, Department of Civil Engineering and Architecture, University of Beira 
Interior, 6200 Covilhã, Portugal 

2Silesian University of Technology, Faculty of Civil Engineering, Department of Structural Engineering, Akademicka 5, 44-100 Gliwice 

Abstract. In the paper the compressive strength, the elastic modulus and the stress-strain curve of an alkali-
activated concrete were studied. A tungsten mine waste mud (TMWM), aggregate (also from the tungsten 
mine), glass waste and metakaolin were used as raw materials. Sodium silicate and sodium hydroxide were 
used as activators. First, TMWM chemical composition was determined by scanning electron microscopy-
energy dispersive spectroscopy (SEM-EDS). The maximum particle size was 18mm. Two cubes with side 
dimension of 15cm were prepared from the mixture. Samples were cured at 60oC for 24 hours. A concrete 
mixer, vibration table and an oven were used in the process. After the curing process, cubes were cut into 
seven prisms and one cube with the dimensions 15x7.4x7.4cm and 7.4cm respectively. After 28 days, the 
laboratory tests were performed. During the compressive strength tests, the displacements were also recorded 
which allowed drawing the stress-strain curve of the samples. The compressive strength ranged from 17.27 
to 28.84MPa. The elastic modulus was calculated by four different standards: ASTM, LNEC and European 
standard. The elastic modulus ranged from 2.48 to 7.49GPa what showed that the material is more elastic than 
ordinary Portland cement concrete. 

 

1 Introduction  

Global warming has exceeded its limits in 2015, therefore 
it is compulsory to find efficient methods for reducing 
greenhouse gases (GHG). The temperature anomaly was 
recorded also due to a high content of carbon dioxide 
(CO2) in the atmosphere (1). The waste generation from 
European economic activity and households was 2.5 
billion tons in 2012. The steel industry and coal 
combustion also produces large amount of wastes, which 
are often dumped in landfills resulting in potential soil and 
water contamination. Similarly, mining and quarrying 
activities can cause significant environmental, economic 
and social impacts (2). Researchers already showed that 
most of mining, quarrying and other industrial wastes can 
be reused in earthworks and construction as the coarser 
fractions in asphalt, pavements and concrete. Wastes can 
even become raw material for industrial applications such 
as marble and polyester mortar industry (3–7). Other 
research studies have been focused on developing a way 
of utilisation of the mining coarse wastes as a new 
polymer-based construction material in technical-artistic 

applications (8). The reuse of fine particles from mud 
tailings in the form of precursor materials in alkali-
activated binders have been considered very promising 
also from a technical, environmental and economic point 
of view (9–13).  

Compressive strength is the most important mechanical 
property of the hardened concrete. Besides its own 
importance, other mechanical properties are related to the 
compressive strength. It is influenced by some factors 
such as: the characteristics and properties of the 
precursors; manufacturing procedures, curing conditions 
and the raw materials ratios (14). AABs generally can 
obtain high compressive strength however, the results can 
differ depending on the chemical composition of the used 
materials. Changes in the chemical composition can 
influence compressive strength at the different stages of 
the curing period (15). The modulus of elasticity of 
concrete is an important parameter in structural analysis 
which helps to determine the strain distributions and 
displacements of the structure (16). It is possible to 
estimate the modulus of elasticity of concrete by using 
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expressions given in codes of practice. It can also be 
calculated for an existing structure using theoretical 
relationships between the values obtained from non-
destructive testing methods and elastic modulus. These 
methods can be, for instance, the ultrasonic pulse velocity, 
wave reflection and impact echo (17,18). The elastic 
modulus is influenced by many factors such as the volume 
content of aggregates, type of coarse aggregate and water-
to-cement ratio. Above-mentioned factors can increase or 
decrease the elastic modulus depending on the concrete 
mixture (18). 

2 Experimental work  

This experimental program aim to investigate the 
compressive strength, elastic modulus and the stress-
strain curve of alkali-activated concretes (AAC). The 
stress-strain curve was drawn using a compressive 
strength machine, compressiometers, load cell and data 
logger. The elastic modulus was calculated with the 
equations from three different standards, ASTM C 469 – 
02, LNEC E 397 – 1993 and the European standard EN 
12390-13.  

2.1. Materials  

Tungsten mine waste mud (TMWM) and tungsten mine 
waste aggregates (TMWA) were collected at the 
Panasqueira Mines located in the central region of 
Portugal. The TMWM was first dried for 24 hours in an 
oven at 60oC, then it was milled and sieved using only the 
TMWM under 500µm as a precursor. The TMWM was 
submitted to a density test which showed a result of 
3.0319g/cm3 and to a Blaine test that found the Blaine 
number of 3339cm2/g. Its chemical composition was 
determined by the energy dispersive spectroscopy (EDS) 
analyses. Which evidenced that the mud is rich in silicon 
dioxide (SiO2), aluminium oxide (Al2O3) and iron(III) 
oxide (Fe2O3). Chemical composition, density and Blaine 
number is shown in Table 1.  

Table 1. Precursors characterisation. 

Compounds (%)/properties 

Al2O3 17.05 
SiO2 46.67 
SO3 7.90 
K2O 4.90 
CaO 0.69 
FeO3 15.47 
MgO 4.83 
Density (g/cm3) 3.032 
Blaine number (cm2/g) 3339 

 
The TMWA had its gradation done with 2kg of aggregates 
being firstly washed to remove the fine particles, then 
dried at 110oC for 24 hours and afterwards poured into a 

nested column of sieves from 63µm to 16mm. The column 
of sieves was shaken by a mechanical shaker, then for 
each sieve, the amount of accumulated material was 
weighted and recorded for further calculations. The 
gradation is shown in Figure 1. 

Fig. 1. TMWA gradation. 
 
Apart from the TMWM, glass waste and metakaolin were 
used in the mixture. Both materials had their density, 
Blaine number and chemical composition determined in 
the same way as the TMWM. This data is also shown in 
Table 1. 
Two different activators were used during the experiment, 
sodium silicate (Na2SiO2)n and sodium hydroxide 
NaOH. 

2.2 Samples preparation  

Two cubes with side dimension of 15cm were designed. 
At first TMWM, glass and metakaolin were mixed until 
they become a homogenous powder. Then the TMWA 
was also poured into the concrete mixer. At the end, the 
activators were added. The mixture was being mixed for 
five minutes and then poured into the moulds. The moulds 
were placed on a vibration table and vibrated for two 
minutes. Finally, they were cured in an oven for 24 hours 
at 60oC. At the 28th day the two cubes were cut into seven 
prisms and one cube with the dimensions 15x7.4x7.4cm 
and 7.4cm respectively. Prepared samples were subjected 
to the tests. The mixture design is shown in Table 2. 

Table 2. Mixture design. 

Mixture 
Precursors Activators Aggregates 

Mud 
waste Glass Metakaolin Sodium 

silicate 
Sodium 

hydroxide Panasqueira 

1 4000 2000 1333 1744 750 19779 

 

2.3 Test methods  

The stress-strain curve was drawn through a system which 
consisted of a compressive strength machine Seidner D-
7940 Riedlingen, two compressometers, a load cell and a 
data logger which recorded all the data simultaneously at 
each second. All samples were tested at age of 28 days. In 
the case of the cube sample, one compressometer was not 
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able to give results, so this sample had only one stress-
strain curve. The built system is shown in Figure 2. 

Fig. 2. System. 
 
For the elastic modulus calculations three standards were 
used, ASTM C 469 – 02, LNEC E 397 – 1993 and the 
European standard EN 12390-13. From the stress-strain 
curves the compressive strength of each sample was 
taken. These values were used during calculating the 
elastic modulus per the equations from the standards. For 
calculations of the elastic modulus of the prisms for which 
displacements where measured by two compressiometers, 
the average result was taken. 
Per the ASTM C 469, the elastic modulus is calculated by 
division of the difference of the stress and strain in two 
points. The first point is in the 40% of the ultimate load. 
The second point is where the displacement is equal to 50 
millionths. The procedure is shown in Equation 1.  

E = (S2 – S1)/(e2 – 0.00050)                  (1) 

Where E is the modulus of elasticity, S2 is stress 
corresponding to the 40% of the ultimate load, S1 is stress 
corresponding to a longitudinal strain ε1 and ε2 is the 
longitudinal strain produced by stress S2 (19). 
 
In the European Standard, modulus of elasticity is 
calculated by similar relationship. There are two different 
equations with the same upper stress, corresponding to the 
one third of the ultimate load, and two different lower 
stresses. The first one should be between ten and fifteen 
percent of the compressive strength. The second stress 
should be lower than the first stress and higher then 0.5 
MPa. Equations 2 and 3 show the calculation procedure. 

E = ∆σ/∆ε = (sa
m – sb

m)/(ea – eb)                 (2) 

E = ∆σ/∆ε = (sa
m – sp

m)/(ea – ep)                 (3) 

Where E is the modulus of elasticity, ∆σ is the difference 
between the upper and lower stresses and ∆ε0 is respective 
strain difference for each stress (20). 

Procedure for calculating modulus of elasticity given by 
LNEC is similar to the one given by European Standard, 
however, there is only one equation and the lower stress 
is between 0.5 and 1.0 MPa as shown in Equation 4 (21) 

E = ∆σ/∆ε = (sa – sb)/(ea – eb)                 (4) 

3 Results and discussion 
The results of the compressive strength of tested samples 
are shown in Table 3.  

Table 3. Compressive strength and elastic modulus data. 

Sample 
Compressive 

strength 
(MPa) 

Elastic Modulus (GPa) 

ASTM 
European Standard 

LNEC 
EC,0 = EC,S (A) EC,S (B) 

Prism 1 25.09 3.4 5.35 4.25 3.85 

Prism 2 23.9 3.95 4.7 4.23 3.81 

Prism 3 21.4 2.82 3.86 3.51 3.23 

Prism 4 17.27 3.24 3.87 3.27 3.38 

Prism 5 26.52 1.2 7.96 7.07 6.52 

Prism 6 19.09 1.65 5.15 5.14 4.6 

Prism 7 22.71 5.65 6.07 5.77 4.69 

Average 22.28 3.13 5.28 4.75 4.30 

 
Due to the influence of casting, compacting, demoulding, 
cutting and the inconstant load rate during test, there are 
some differences between results. The highest value of 
compressive strength achieved cubic sample (28.84 MPa) 
however, as it has different dimensions it could not be 
compared with the prismatic samples. The compressive 
strength results of tested prisms ranged from 17.27 MPa 
to 26.52 MPa. The average value of obtained results was 
22.28 MPa. Compressive strength of tested AAC can be 
compared to compressive strength of concrete C20/25 
(22) which is 25 MPa for cubic samples and 20 MPa for 
cylindrical samples. Taking into consideration the 
compressive strength, AAC based on TMWM and 
containing TMWA evidence a potential to be used on 
structural applications.  
Obtained results can be compared with similar test carried 
on alkali-activated material (AAM) based on tungsten 
mine waste mud with no addition of coarse aggregate 
(23). In mentioned paper, there were tested two types of 
samples: small cubic samples of dimensions 4x4x4cm and 
cylindrical samples of height 12cm and diameter 5.9cm. 
The average compressive strength of tested cubic samples 
was equal to 26.28 MPa. This value is slightly higher than 
results showed in Table 3 however, smaller size concrete 
samples can obtain grater compressive strengths than 
bigger samples due to the scale effect. Average 
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compressive strength of tested cylinders was 16.80 MPa. 
This value is lower than average compressive strength 
obtained in current research although, the ratio of side 
dimensions of samples was similar in both papers. The 
reason why AAM of similar composition (23) obtained 
lower compressive strength can be the lack of coarse 
aggregate. As it was shown by series of laboratory tests, 
bigger compressive strengths are obtained by AAM 
samples containing coarse aggregate independently on 
aggregate type (24).  
 Because of divergences in results once the standard 
deviation is equal to 3.04, successive researches should be 
carried on to confirm good compressive strength of tested 
material. Better compaction of the fresh mixture can even 
increase the achieved strength. 
The other goal of presented paper was to calculate elastic 
modulus of tested AAC. Because of lack of standards 
concerning AACs, elastic modulus was calculated based 
on concrete standards. Table 3 shows the elastic modulus 
values calculated for each sample and each standard. The 
elastic modulus ranged from 1.20 to 7.96 GPa which 
characterise this AAC as flexible material. The average 
elastic modulus calculated per ASTM is 3.13 GPa; 
regarding the European Standard 5.28 GPa and 4.75 GPa; 
and 4.30 GPa based on LNEC. The average of all results 
is equal to 4.36 GPa. Upon analysis of presented results, 
it can be observed that AAC containing TMWM and 
TMWA has much lower modulus of elasticity than 
ordinary Portland cement concrete. ACI 318-89 standard 
(25) says that a concrete  with a compressive strength of 
22.28 MPa has an elastic modulus of 22.30 GPa which is 
five times bigger than ACC elastic modulus. Lower 
elastic modulus indicates that AAC is more elastic than 
ordinary Portland cement concrete. Current work shows 
similar results when compared with a different research 
(23), which has an average elastic modulus of 3.79 GPa 
for ACC cylinders.  
The stress strain curves supported the elastic modulus 
calculation and can be seen at Figure 3.  
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Fig. 3. Stress-strain curves. 
 

4 Conclusion 
After doing this experimental work it was possible to 
understand that ACC is a flexible material when 
compared with ordinary Portland cement concrete with a 
five times lower elastic modulus than the traditional 
construction material. 
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