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Abstract - Geopolymeric materials have recently been considered a revolutionary class of materials, due to the diversity of
applications where they can be used, this derived from their good mechanical resistance, thermochemical stability and good fire
resistance. From 1970 to the present, a notable increase has been observed in the number of scientific publications dealing with the
synthesis and applications of geopolymeric materials with industrial application. Several publications have reported geopolymers as
alternative materials to Portland cement, which will allow having a green construction industry in the coming years. The elaboration of
geopolymeric materials is relatively simple, beginning with the identification of a source rich in amorphous aluminosilicates and a
hardening compound (mainly alkaline in nature) which are properly mixed until a homogeneous and workable paste is obtained, then
can harden at room temperature and acquire good mechanical resistance in a few hours. On the other hand, mining in Peru is one of the
most important industries due to its contribution to the economic development of the country. However, mining is also one of the
industries with the greatest negative impact on the environment, mainly due to the enormous amount of inorganic waste that it
generates and which is currently accumulated without any prospect of recycling or reuse. Therefore, this research was conducted to
elaborate concretes from mining tailings and to evaluate their mechanical behavior in creep (between 500 and 600 °C). The results
obtained allow us to propose the use of mining tailings for the elaboration of geopolymeric thermal barriers that work in conditions of
intermediate temperatures, up to 600 °C.
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1. Introduction

Geopolymer is a class of synthetic and inorganic materials obtained at room temperature by a chemical process which
involves the solubilization of amorphous phases of aluminosilicates present in industrial solid waste, calcined clays, natural
minerals, among others, by the action of an agent of alkaline activation [1,2]. Geopolymers have been attracting the
attention of the scientific community in recent years, due to the variety of applications in which they can be used, this
derived from their excellent fire resistance, low density, low cost, easy manufacturing, excellent chemical stability. /
thermal and eco-friendly synthesis [3,4].

In recent years, geopolymers have being investigated as alternative materials to Portland cement [5,6] and in various
applications in the construction industry. Several works have reported that geopolymeric concretes have the capacity to
develop up to 70% of maximum compressive strength within the first 4 hours of curing [7], compared to Portland cement
concretes that require up to 28 days to achieve their maximum mechanical resistance. On the other hand, geopolymeric
concrete shows very little shrinkage due to drying, it was found that after one year it presents between 5 to 7 times less
shrinkage than Portland cement concrete [8,9]. The negative influence of sulfates on Portland cement concrete has been
reported, which drastically reduces its mechanical resistance, which is explained by the reaction of sulfates with the
calcium present in Portland cement and which leads to the formation of phases of greater volume (gypsum and ettringite),
which in turn generate cracks within the material [10], on the other hand, geopolymeric concrete does not present this type
of problem because its properties depend on other types of reactions (in the absence of calcium) [11.12].

Geopolymeric concretes exhibit good mechanical response to high temperatures compared to their Portland cement
concrete counterparts; in this regard, Kong et al. [12] studied the mechanical response of geopolymeric and Portland
cement pastes after being subjected to high temperatures, finding that while at 800 °C the geopolymeric paste improves its
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resistance to compression, the Portland cement paste, at 400 °C, lost all its residual resistance, this loss of resistance of
the Portland cement paste was attributed to the decomposition of Ca(OH), at approximately 400 °C.

Among the most important components of conventional concrete the presence of Portland cement stands out,
basically a mixture of gypsum and Clinker, the latter is obtained by calcining limestone and clay at temperatures
between 1350 and 1450 °C. Obtaining the Clinker is accompanied by large CO, emissions. In this regard, it has been
determined that a cement furnace produces approximately 0.8 tons of CO, for every ton of Portland cement [13]. On
the other hand, the accumulation of large amounts of mining tailings, as a consequence of mining in Peru constitutes
one of the main environmental problems in our region. Currently, there is not an adequate mining waste management
system, therefore, it is important to propose new alternatives for the use of this waste [14-16]. In this sense, this work
is very important for the environmental care of Peru.

2. Materials and methods
2.1. Raw material and matrix of mixtures

Geopolymeric concretes (GCs) were manufactured by geopolymerizing mining tailings dust (MT) and an alkaline
solution of 9 molar Na(OH), with the addition of a controlled amount of fine sand (FS). The experimental Simplex
Lattice design was used to determine the matrix of GC mixtures. This design allows defining volumetric
concentrations in a mixture. To convert the volumetric concentrations into mass concentrations, the real density of the
precursor materials was determined. The real density was determined using a glass pycnometer and distilled water. In

addition, equation 1 was used.
(mB_mA) (1)

X
(mg-mp)+(m¢c—mp) Pwater

Density =

Pwater — Water temperature use
where:
ma = measurement of the mass of the clean, dry and empty pycnometer and the stopper.
mg = measurement of the mass of the dry pycnometer, the test sample and the stopper.
mc = measurement of the mass of the pycnometer filled with distilled water until it is level and the stopper.
mp = measurement of the mass of the pycnometer, test sample, the stopper and distilled water until it is level. In
this last measure, it must be ensured that there are no air bubbles and in all measures ensure that the external
surface of the pycnometer is completely dry and clean.

The values found for the real average density of MT and FS were 2.83 and 3.07 g/cm®, respectively, and were
used to determine the most important substances of the raw materials shown in Table 1.

Table 1: Composition of the materials prepared in this research.

sample volume (%) | weight (%) | weight (g.)

MT | FS | MT | FS | MT | FS

GC-MT25 25.0|75.0 (235|765 4.7 | 15.3
GC-MT37.5 3751625 (357|643| 7.1 |12.9
GC-MT50 50.0 | 50.0 [ 48.0 [ 52.0 | 9.6 | 10.4
GC-MT62.5 62.5|37.5(60.6|39.4|12.1| 7.9
GC-MT75 75.0|25.0(735(265|14.7| 5.3

2.2. Elaboration of geopolymeric concrete
The MT used in this research was provided by CEPROMET SAC (Peruvian company dedicated to the

transformation of gold minerals) and the FS was acquired from a local hardware store. MT and FS were ground
separately and then sieved through ASTM No. 140 mesh. The elaboration of GC samples began by measuring
adequate amounts of MT and FS (based on 20 g and according to Table 1). For each type of GC samples, MT and FS
were dry mixed for 5 minutes and then 5 ml of 9 molar Na(OH) solution was added, mixing was continued for an
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additional 5 minutes until obtaining a workable and homogeneous paste. The geopolymeric pastes were pressed at 20 MPa
and for 5 minutes in a 20 mm diameter cylindrical steel mold. After the demolding process, the samples were placed in
hermetic bags at room temperature for 24 hours and then they were oven dried at 80 °C for another 24 hours.

2.3. Physical, morphological and mechanical characterization of geopolymeric concrete

The physical characterization of the GCs consisted of determining their geometric density from the measurement of
the dimensions and masses of three samples. Morphological characterization was performed on polished GC surfaces, for
which the metallographic preparation of the surfaces began, which consisted of two stages: (i) roughing with SiC abrasive
paper (# 600, # 800 and # 1200) and (ii) mechanical polishing with cloths, polishing slurry and 6, 3 and 1 micron particle
size diamond paste. The surfaces, after polishing, were cleaned with distilled water and dried in the sun. Finally, the
polished and dry surfaces were observed in a light microscope in reflection mode.

The mechanical characterization carried out in this research consisted of creep tests at constant load and temperatures
between 500 and 600 °C. All tests were performed after 28 days of curing of the GCs. In general, creep tests allow
evaluating the deformation rate of materials when subjected to constant stress and temperature conditions. By subjecting a
material to constant stress, microscopic mechanisms are activated, allowing it to accommodate external stress through its
stationary deformation (creep). The creep of materials at room temperature is too slow and it takes several years to study it
adequately, however, there are modern creep equipment that allows the material deformation process to be accelerated,
including temperature as an independent variable. All creep tests were performed on 5x5x10 mm parallelepiped samples.

In order to evaluate the microscopic mechanisms of stationary deformation in the GC samples, it was necessary to
define stress and temperature ranges in which these mechanisms become important. In this research, prior to creep studies,
the maximum resistance to uniaxial compression of GC samples as a function of temperature was studied. In these first
tests the GCs were subjected to forced deformation at a constant compression rate of 0.05 mm/min and temperatures of 500
and 600 °C until the material fractured. With the results obtained at constant compression rate, it was possible to determine
the stress and temperature ranges for the creep tests.

3. Results and discussions
3.1. Physical and morphological characterization

Regarding the physical characterization of the GC samples, it was not possible to identify a correlation between the
initial volumetric composition (Table 1) and the average geometric density. In general, all the GCs studied in this research
presented geometric densities of around 1.90 g/cm®.

The morphology of the GCs studied consisted of two well-differentiated phases: (i) a continuous phase in dark contrast
corresponding to the geopolymer (MT) and (ii) scattered particles in light contrast which are located within the continuous
phase and correspond to the FS. The continuous dark geopolymer phase is made up of fairly small particles compared to
the size of the FS particles. It should be noted that a direct correlation has been observed between the presence of light
contrast dispersed particles and the initial volumetric percentage of FS, that is, as the volumetric fraction of FS increases
from 25% (CG-MT75) to 75% (CG-MT25) also increases the presence of scattered particles of clear contrast in the
micrographs obtained by light microscopy (Figure 1).
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Fig. 1: Micrographs by optical microscopy of five ypes of GCs. (a) GC-MT25, (b) GC-MT37.5,
(c) GC-MTH0, (d) GC-MT62.5, and () GC-MT75.

3.2. Geopolymer concrete creep

As mentioned in section 2.3, uniaxial compression tests at constant compression rate and at temperatures between
500 and 600 °C were carried out before the creep tests. Figure 2 reports the results for all the GCs studied. A totally
fragile mechanical behavior has been found when the GCs were tested at 500 °C (figure 2 (a)) and completely ductile
when they were tested at 600 °C (figure 2 (b)), this result suggested a transition stage in the mechanisms microscopic
against external stress by increasing the test temperature from 500 to 600 °C. Based on these results, it was decided to
delimit the parameters for creep tests to the temperature range between 500 and 600 °C, and it was also determined
that the range of stresses optimum for all creep tests is between 20 and 40 MPa Finally, Table 2 summarizes the
parameters used in the creep tests carried out in this research.
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Fig. 2: Stress vs. strain curves of GCs tested at (a) 500 and (b) 600 °C.
Table 2: Experimental conditions for GCs creep tests.
Type of test Temperature (°C) Stress (MPa)
type | 525 40
type Il 575 20

The development of the type | creep tests had the following stages (i) controlled heating of the sample to 525 °C at a
constant rate of 10 °C/min., (ii) isotherm at 525 °C for 1 hour until thermal equilibrium, (iii) compression of the sample up
to 40 MPa and at a temperature of 525 °C and (iv) steady flow at constant temperature and stress.

Figure 3 shows strain vs. time curves and show the different mechanical responses in creep of the GCs to a constant
external stress, it is clearly observed that the increase of the geopolymer phase (MT activated with a solution of Na(OH))
in the GCs, leads to a greater strain in a shorter period of time.
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Figure 3: true strain vs. time curves for GC samples tested in creep at 525 °C and 40 MPa.

On the other hand, figure 4 presents strain rate vs. strain or simply creep curves for the five types of GCs studied.
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Figure 4: Strain rate vs. true strain curves for GCs samples tested in creep at 525 °C and 40 MPa.

In all creep tests, three deformation states can be identified: (i) the first is called primary or transient creep and is
characterized by a rapid decrease in the strain rate after the initial application of the load, (ii) the second is called
secondary or stationary creep and is the one described by the general equation of the steady state of plastic
deformation (equation 2):

. - Q
=Ac'd™® —— 2
¢=Aoc exp( RTJ 2

Where A is a constant, R the universal gas constant and the parameters n, p and Q are the stress exponent, the
grain size exponent and the activation energy, respectively. Actually, the stationary strain rate is independent of time
in constant tension tests, but not in constant load experiments (such as those carried out in this research) since the
section of the sample increases with time. Therefore, in a representation Lng—g (strain rate vs. strain) of an ideal
creep test, the stationary deformation rate decreases linearly with deformation, with a slope equal to the opposite of the
stress exponent n and (iii) the third stage of the creep process corresponds to a rapid increase in the strain rate as a
consequence of nucleation and coalescence of cavities that, eventually, ends with the breakage of the material; This
regime is called tertiary or type Il creep.

In our research, the creep studies carried out at 525 °C and 40 MPa on the GCs shown in Figure 4 have allowed to
obtain values of the stress exponent n of 0.8, 0.7, 0.6, 0.5, 0.3 and 0.2 for the GCs with volumetric percentages of MT
of 25, 37.5, 50, 62.5 and 75, respectively. These values of n suggest that the main strain mechanism in this type of
materials is diffusion at grain boundaries.

Type 1l creep tests had the following stages (i) controlled heating of the sample to 575 °C at a constant rate of 10
°C/min., (ii) isotherm at 575 °C for 1 hour until thermal equilibrium, (iii) compression of the sample up to 20 MPa and
at a temperature of 575 °C and (iv) steady flow at constant temperature and stress.

The strain vs. time curves shown in figure 5 does not show a direct relationship between the percentage of
geopolymeric phase and the strain rate of GCs, although as seen in figure 5, the GC with 75 vol.% MT (GC-MT75) is
deformed and fails prematurely compared to others with lower geopolymer phase concentrations. Figure 6 shows
creep curves at 575 °C and 20 MPa for all the GCs tested, it can be noticed that in no case was it possible to enter a
steady state of plastic deformation, going directly from the state of initial transient creep to that of tertiary creep or of
material rupture, therefore, it was not possible to determine the exponents of tension n from these creep curves.
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Fig. 5: True strain vs. time curves for GCs samples tested in creep at 575 °C and 20 MPa.
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Fig. 6: Strain rate vs. true strain curves for GCs samples tested in creep at 575 °C and 20 MPa.

4. Conclusions

Geopolymeric concretes have been successfully elaborated from the geopolymerization of mining tailings powders
with a 9 molar solution of sodium hydroxide as a hardening agent and without the addition of Portland cement.

It was not possible to find a correlation between the geometric density of the studied geopolymeric concretes and the
volumetric fractions of the precursor components. In general, the average density of all the studied geopolymeric concretes
was 1.9 g/cm®.

The morphology found in the geopolymeric concretes consisted of two well differentiated phases, one of dark contrast
and continuous geopolymer and the other of individual and dispersed light contrast particles located within the continuous
geopolymer phase. The geopolymer phase is formed from very small mining tailings particles, in addition there is a direct
correlation between the presence of clear contrast particles and the initial volume fraction of fine sand in the manufactured
geopolymeric concrete, therefore, the individual particles correspond to added fine sand.

A totally fragile mechanical response was identified when the geopolymeric concretes were tested at 500 °C and
completely ductile when they were tested at 600 °C, this result suggests an evolution in the microscopic mechanisms of
deformation against external stress when increasing the test temperature from 500 to 600 °C.

The creep studies carried out at 525 °C and 40 MPa allowed obtaining values of the stress exponent n of 0.8, 0.7, 0.6,
0.5, 0.3 and 0.2 for geopolymeric concretes with volumetric percentages of mining tailings of 25, 37.5, 50, 62.5 and 75,
respectively. These values of n suggest that the main deformation mechanism in this type of materials is diffusion at grain
boundaries.

In the creep studies carried out at 575 °C and 20 MPa for all the geopolymeric concretes studied, it was not possible to
enter a stationary state of plastic deformation, going directly from the state of initial transient creep to that of tertiary creep.
Therefore, under these creep test conditions it has not been possible to determine values for the stress exponents n.
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