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Use of fibres and surface treatment
to improve the durability of
concrete affected by sulphide
mining

Jose Miguel Davila®%2*, Cristian Rodriguez-Gomez® & Aguasanta Miguel Sarmiento®2

The aim of this research is to evaluate solutions to improve the durability of structural concrete used in
sulphide mining. This type of environment is one of the most aggressive conditions in which a concrete
structure can be placed, with pH values below 3 and high sulphate contents. These environments cause
significant degradation of metallic and structural materials, resulting in mass loss and alteration of
mechanical properties, a process that is accelerated by the intervention of acidophilic bacteria. In this
work it is proposed to reinforce the concrete by incorporating polypropylene fibres and silica fume and
to protect the specimens by applying two types of surface materials, one polyurethane base and the
other asphalt base. Several laboratory tests were carried out to evaluate the fundamental mechanical
properties and durability of concrete, including tensile and compressive strength tests In addition,
Slake tests were carried out to analyse the degradation of different fragments, water permeability
tests and pressure sandblasting tests to measure the behaviour of the concrete against abrasion. The
results confirm an increase in the tensile strength of fibre-reinforced concrete of about 8%, while the
use of both types of surface materials has been shown a zero water penetration depth, while at the
same time significantly improves the performance against impact degradation and abrasion with a
reduction in weight loss that obtained in the reference samples with Slake test which is reduced to
only 0.45% with surface treatment with polyurethane, 1.01% with asphaltic treatment and 2.48% with
fibres, and even no weight loss in the sandblasting tests on the samples treated with asphalt material.
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Sulphide mining generates one of the most aggressive environments for the concrete structural elements, mainly
due to the high levels of acidity and high sulphate and magnesium content, among others. The processes that
explain this phenomenon have been widely described in scientific literature, in which pyrite (FeS,) reacts with
oxygen and water, generating sulphates and Fe?*. The latter is oxidised to Fe*, in a process accelerated by the
acidophilic bacteria found in this type of environment. The ideal conditions for the development of these bacteria
are a pH range between 2.5 and 3.5, and temperatures between 15 and 35 °C, conditions that exist for most of the
year in the Iberian Pyrite Belt, as well as in other mining environments throughout the five continents.

This process generates waters with pH values that can even be negative' and high levels of dissolved metals
and metalloids, such as Cu?*, Pb%*, Cd?*, SO 42’, Fe**, etc., which are generally referred to as acid mine drainage
(AMD). These waters have chemical and biochemical characteristics with a high corrosive power on materials
containing Fe or Al%, which are commonly used in structural and mechanical elements in mining installations.

The durability of metallic and structural materials, and concrete in particular, is affected in these extreme
environments by various processes, including physical, chemical and biological phenomena. The severity of
the attack on concrete is directly related to the concentration and aggressiveness of the acidic characteristics of
AMD and the high concentration of sulphates, which react with the calcium hydroxide (Ca(OH),) present in the
cement?, leading to the formation of a gypsum layer (CaSO, 2H,0) on the surface of the concrete. The gypsum
formed can react with the hydrated tricalcium aluminate to form ettringite. This process causes expansion,
cracking, structural weakening of the concrete and consequently a reduction in the overall quality of the
material. The dissolution of calcium in the concrete matrix increases the porosity in the outer layers, facilitating
the precipitation of gypsum, the erosion of aggregates and the access of water to the interior of the concrete.

1Department of Mining, Mechanical, Energy and Construction Engineering, University of Huelva, Avda. Fuerzas
Armadas s/n, 21007 Huelva, Spain. 2Science and Technology Centre of Huelva (CCTH), University of Huelva, 21007
Huelva, Spain. *Yemail: jmdavila@dimme.uhu.es

Scientific Reports|  (2025) 15:25090 | https://doi.org/10.1038/s41598-025-10855-9 nature portfolio


http://orcid.org/0000-0001-8209-0422
http://orcid.org/0000-0002-8496-3124
http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-10855-9&domain=pdf&date_stamp=2025-7-11

www.nature.com/scientificreports/

These combined effects lead to a significant loss of the mechanical strength in the concrete, which is exacerbated
by the action of microorganisms that accelerate the process of corrosion and deterioration®.

In addition to the deterioration of concrete and metallic materials when interacting with AMD media,
these waters have been shown to be highly polluting, affecting the flora and fauna living in streams and rivers
originating from pyrite and coal mining sites>®.

Despite significant advances in the study of the durability of structural materials, the interaction between acid
mine drainage (AMD) and concrete remains an under-researched area. Although codes for structural concrete
have begun to include more stringent requirements to improve durability, few studies specifically address the
effects of AMD on concrete.

The few studies that have looked at the issue in depth have produced results that highlight the need to find
systems to protect concrete from AMD. Studies show that concrete exposed to acidic leachate in a riverbed suffers
a reduction in compressive strength of almost 43% in just six months of exposure’. When concrete is exposed
to the same type of acidic water, but in a static scenario where there is no water movement, the compressive
strength is reduced by 9% and the tensile strength is reduced by 24% for the same exposure time®.

Although specific studies analysing the effects of AMD on concrete are scarce, it is possible to find work
looking at the effects of acidic environments and sulphate exposure on concrete structures. For example,
one study investigated the damage caused by sulphate erosion and the use of a silane coating as a mitigation
strategy, which significantly reduced the damage®. Another paper reviewed the literature on sulphate attack on
cement-based materials and concluded that the durability of concrete in acidic environments is a problem that
requires special attention'’. Other publications have examined the problem in specific cases, such as bridges!! or
underground installations of nuclear power plants'2.

This research provides a valuable context for understanding the mechanisms of deterioration in hostile
environments and highlights the importance of developing effective methods to improve the durability of
concrete in extreme conditions.

There has been some research into alternative protection for concrete in acidic environments, proposing
the use of additions such as silica fume, rice husks, aggregates and recycled rubber!'>-1>. However, the results
obtained to date are neither conclusive nor definitive in terms of improving the resistance of concrete to this type
of exposure or providing effective protection, even producing a reduction in compressive and tensile strength,
and lower values of the modulus of elasticity were found'®.

Several solutions have also been proposed to improve the mechanical properties and durability of concrete in
aggressive environments, such as the addition of fly ash, microorganisms or concrete repair agents, which have
shown improvements in the strength of the material'’~1°. Other work has investigated the use of fibres, which have
shown some increase in tensile strength and acid resistance?’-?2. However, these solutions, although promising
in general acidic environments, have not been sufficiently tested in real AMD conditions. Furthermore, some
modifications, such as the partial replacement of fine aggregates with glass cullet?®, have shown improvements
in mechanical properties, but at the cost of a reduction in concrete durability, which poses additional challenges.
Interesting results have been found in asphalt concrete in an acid water?!, although they showed reductions in
tensile strength.

In addition to adding components to the concrete mix to improve its performance against AMD, it is also
important to find surface protection systems that limit the interaction of AMD with concrete. Several solutions
have been proposed, such as the use of magnesium-based coatings, particularly magnesium oxide and magnesium
hydroxide, which have been shown to be effective against sulphuric acid biocorrosion. Several studies®>?° have
evaluated different coatings with different proportions of MgO and Mg(OH), exposed to sulphuric acid. The
results showed that these coatings maintained the surface pH at alkaline levels (pH values between 9 and 10).
These studies show promising results for the protection of concrete against acidic environments; however, they
were carried out simulating environments similar to those to which sewer pipes are exposed, with AMD media
being even more aggressive. In some of them, the permeability of concrete is analysed as a parameter to evaluate
its durability”” and in the research carried out by?, graphene oxide was applied as a coating to concrete to reduce
the penetration of water and chloride ions. The results showed that a surface-applied graphene oxide coating
can reduce water absorption by up to 57% and chloride penetration by 25%, making it a promising solution
for protecting concrete structures exposed to wet or marine environments, although its behaviour in acidic
environments remains to be investigated. Coatings with a higher NCO/OH ratio showed improved adhesion and
film thickness, as well as providing superior protection against acids such as sulphuric acid and saline sodium
chloride solutions, making them a viable option for harsh industrial environments. As with previous solutions,
no studies were found applying this coating to concrete affected by AMD.

The main objective of this research is to develop and evaluate the effectiveness of three innovative protection
systems for concrete exposed to acid mine drainage. The first of these systems will focus on improving the
internal composition of the concrete by incorporating fibres to increase the resistance of the concrete mass to
acid attack. The other two systems will consist of surface protection treatments designed to act as a barrier to
minimise or prevent the direct interaction of AMD with the concrete. These systems will be evaluated in terms of
their ability to reduce the chemical and physical degradation of the concrete, as well as their impact on medium
and long-term durability.

Materials and methods

Materials used

The base material used was a mass concrete, which has been used in previous research to study the degradation
of concrete in extremely acidic environments such as acid mine drainage”®. Polypropylene fibre was used as the
reinforcing material and two alternatives were proposed for the protection system through the application of
surface materials, one based on polyurethane and the other on asphalt.
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Following the indications of the current Building Code, a mass concrete was designed that had to achieve a
minimum resistance of 35 MPa, a minimum cement content of 325 kg/m? and a maximum w/c ratio of 0.45, as
well as the mandatory use of sulphur-resistant cement. To obtain these values required by the current regulations,
Eq. 1 of the de la Pefia method (1995) was used, starting from the required compressive strength - see Eq. (1)
-. All these parameters allow the designed concrete to comply with the requirements of the current UNE-EN
206:2013 + A2:2021, which classifies AMD media as environment XA3, as shown in Table 1.

Z=K fem+ 05 (1)

Where Z is cement-water ratio (c/w) in weight, f,is the average of concrete strength in MPa at 28 days and
K is a parameter that depends on the type of cement and aggregate. In our case it takes the value of 0.045 for the
type of cement 42.5.

Once the amount of water in the mix has been determined using Eq. 1, and taking into account the consistency
and maximum aggregate size, the amount of aggregate required is determined using Fuller’s parabola according

to Eq. 231
d
P =1004/ — 2)
00 D

Where p is the percentage by weight that passes through the sieve, d is the diameter of each sieve, and D is
the maximum size of the aggregate.

Using these criteria, a w/c ratio of 0.45 was obtained, the minimum strength obtained in practice was 55 MPa,
and the cement content used was 435 kg/m?, using sulphur-resistant cement of type 42.5. In the specimens made
with polypropylene fibre reinforcement, microsilica was used at a rate of 7% of the cement content, fibres at
concentrations of 1.7, 3.4 and 6.8 kg/m? and superfluidifier at a rate of 1% of the cement weight. All specimens
were made with a cylindrical geometry of 100 mm diameter and 200 mm height and cured for 28 days in a
temperature-controlled tank. They were then dried at ambient temperature.

Two coatings were used for the external protection. The first was a bitumen emulsion ‘Soprema Textop’
bituminous emulsion of bitumen and polyurethane with a density of 1.05 kg/L and a tensile adhesion of
0.80 MPa. For the second coat, ‘Smart POL polyurethane with a density of 1.10-1.60 kg/L was used, after having
been treated with a primer of an epoxy resin type Sikafloor-150. This resin consists of two components with a
density of 1.08 kg/L and a tensile adhesion of more than 1.5 MPa. The polyurethane material itself also consists of
two components, one of xylene and the other of a mixture of hexamethylene diisocyanate, xylene, butyl acetate
and ethyl benzene. The bituminous material was applied in two coats, while the polyurethane material required
three finish coats in addition to the primer, according to the manufacturer’s instructions.

SikaFiber M-12 polypropylene fibres, which are manufactured in 12 mm long and 31 um diameter filaments,
were used as concrete reinforcement. These fibres have a density of 0.91 g/cm’, a tensile strength of 31.9 cN/
tex (the strength corresponds to approximately 285 MPa at the specified density. The tensile strength of fibres
is defined in cN/tex because it depends on the specific density of the fibres - cN is centinewton; tex represents
the mass of 1000 m of fibre in grams) and a modulus of elasticity of 15,000 kg/m?2. According to the result
of’2, the use of polypropylene fibres is mainly to improve tensile strength and abrasion resistance. However, the
manufacturer states that it also contributes to improved compressive strength.

The concrete specimens prepared as described above were exposed to acidic leachate from the Tharsis mines
(Iberian Pyrite Belt, SW Spain). These waters have a pH value below 2.8 and high concentrations of heavy metals,
metalloids and sulphates throughout the hydrological year. The most representative average values of this highly
aggressive medium are redox potential of 650 mV, electrical conductivity of 10.5 mS/cm, concentration of total
dissolved solids of 5.6 mg/L and averages of 1100 mg/L of Fe, of which 400 mg/L are Fe?*, as well as important
concentrations of Pb**, Mg**, SO,*", Cu**, etc”.

Methods

The tests carried out were aimed at analysing and validating the protection and reinforcement proposals used
in this research. Five types of tests were carried out, the first two of which are mechanical tests to characterise
the concrete reinforcement proposals, mainly aimed at evaluating tensile strength, at this is the parameter most
affected by AMD exposure®. The purpose of these tests is to evaluate the resistance to abrasion in order to assess
this parameter with the proposals provided. To this end, a Slake type test was carried out and another by applying
a F024 type corundum blast (size between 600 and 850 mm) to the samples, although this test is usually referred

XAl XA2 XA3
Parameters | Weak chemical aggressiveness | Moderate chemical aggressiveness | Strong chemical aggressiveness | Used water
pH 6.5-5.5 5.5-4.5 <4.5 <2.6
Mg?* (mg/L) |300-1,000 1,000-3,000 >3,000 >874
SOAZ’ (mg/L) | 200-600 600-3,000 >3,000 >8,513

Table 1. Exposure class based on the chemical aggressiveness of water?*3,
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to as sand blasting. These tests simulate the erosive action of water particles’34, a situation that is amplified
in AMD media due to the high total dissolved solids content of this type of water. A final test was carried out
using a water permeability meter to assess the improvement in the permeability of the concrete, which is of
paramount importance in the case of AMD, since the penetration of water through the pores is what facilitates
the degradation of the binder and the corrosion of the reinforcement.

A total of 59 concrete specimens were tested, arranged as follows: for the tensile and compressive strength
tests, 10 reference specimens and 10 specimens with fibre reinforcement at concentrations of 1.7, 3.4 and 6.8 kg/
m?® were tested. Slake tests were carried out on the reference specimens, on the 3.4 kg/m? fibre specimens and
on the two external protection specimens. For the sandblasting tests, 2 reference samples, 2 samples with 3.4 kg/
m? fibre reinforcement and 2 samples with each of the two external treatments were tested. For the water
permeability tests, 2 reference specimens and 2 specimens with each of the two external treatments were tested.

Compressive and tensile strength tests

The mechanical characterisation tests were carried out using a Controls press, model Automax X5, which has a
load capacity of 3,000 kN for compression tests. A sensitivity of 20 kN was used for these tests, with a speed of
0.6 MPa/s. These tests were used to determine the compressive strength and Young’s modulus of the material
using strain gauges. In the case of the indirect tensile tests, the load limit was 500 kN, with a sensitivity of 10
kN and a rate of 0.04 MPa/s. Prior to the compression tests, the specimens were ground on the top using a
NORMATEST grinder. The whole procedure was carried out in accordance whit the requirements of standards
UNE-EN 12390-3:20009 and UNE-EN 12390-6:2010.

Slake type tests

The Slake test is based on ASTM D4644 using Controls equipment. This test consists of placing 10 fragments of
the specimens to be tested, each weighing between 40 and 60 g. The fragments are placed in a 100 mm diameter
drum made of 2.0 mm stainless steel mesh. These drums rotate at a constant speed of 20 rpm (the total test
specimen should weigh 450 to 550 g) immersed in the acid leachate in small tanks.

All fragments were dried at a temperature of 110 °C for 24 h and weighed to determine their water content
before and after the test. According to ASTM standards, the test was carried out for 20 min in two cycles of
10 min each. However, in order to evaluate the protection alternatives over a longer period of time, the process
was repeated for an additional 100 min to make the result more meaningful in terms of assessing differences. The
temperature and pH of the exposure water were measured before and after the test as required by the standards
used.

From the difference in weight, the durability index was determined using Eq. (3) according to ASTM D4644.

Where I, is the Slake durability index (second cycle until 20 min), B is the mass of drum plus oven-dried
specimen before the first cycle, g, W, is mass of drum plus oven-dried specimen retained at the end of the test,
g, and C is the mass of drum, g.

Abrasive blast tests

To evaluate the material degradation due to erosion corrosion, abrasive blast tests were carried out, following a
procedure similar to that described in the ASTM C418 standard. A blast machine was used, which a compressor
pressure of 5 bar maintained continuously for 30 min. The abrasive used was corundum with an Al,O, content
of 99.5%, a hardness of 9 Mohs, a bulk density between 1.5 and 2.1 g/cm?® and a grain size between 600 and
850 um. The material was applied at a flow rate of 600 g/min. applied at a distance of approximately 70 mm from
the sample. This test was only carried out on the specimens with polypropylene fibre reinforcement where the
maximum tensile strength was found. This test allowed the weight loss of the treated specimens to be determined

and compared with the reference specimens.

Water permeability tests

The concrete permeability test was based on the UNE-EN12390-8:2020 standard using PROETISA equipment,
ETI H0330, which allows three tests to be carried out simultaneously (Fig. 1a). The test consists of passing
pressurised water through the upper part of the specimen using a compressor. For this purpose, the specimens
were previously dried at 110°C for 24 h and the face of the specimen to be pressurised was devastated. The water
pressure during the test was 5 bar and the test lasted 72 h. At the end of the test, the specimen was fractured using
an indirect tensile test and depth of water penetration was measured using vegetable paper to represent the water
penetration front on the face resulting from the fracture, as shown in Fig. 1b.

To determine the penetration depth, Egs. (4) and (5) were used according to UNE-EN12390-8:2020, where
Pm is the penetration depth rounded to the nearest mm, A . is the area of the penetration front measured in
mm?, d is the diameter of the samples, M_is the mass of the initial paper, A » is the dimensions of the paper (mm)
and M 18 the mass of the paper cut to the shape of the penetration front.

A
P == (4)
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Fig. 1. (a) Water penetration test equipment, (b) Determination of water penetration front of the face.
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Fig. 2. Relationship between compressive strength of concrete with different fibre concentrations and the
compressive modulus of elasticity (5a) and tensile strength (5b).
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Results and discussion
Evaluation of the compressive and tensile strength of the reinforced specimens
Figure 2 shows the mean values obtained in the compressive and tensile strength tests for the reference specimens
(HM-BK) and the specimens reinforced with polypropylene fibres at different concentrations (HF-1.7, HF-3.4
and HF-6.8). The figure compares the compressive strength with the modulus of elasticity (Fig. 2a) and the
tensile strength (Fig. 2b) of the specimens tested.

The results show an increase in compressive strength and modulus of elasticity of about 6% of the reference
value for specimens made with a concentration of 1.7 kg/m?, and a decrease in strength when specimens are
made with concentrations of 3.4 and 6.8 kg/m’, both parameters following a similar evolution; these results
present a small improvement compared to those found by Momotaz et al. in*. The tensile strength increases
by approximately 7% of the reference value when the specimens are made with a fibre content of 3.4 kg/m> and
decreases at higher fibre concentrations. Therefore, reinforced specimens with fibre concentrations higher than
3.4 kg/m® are no longer effective, the most suitable ones being those with fibre concentrations between 1.7 and
3.4 kg/m’.

Regarding tensile strength, the results are similar to those obtained by other authors, with slight variations
in the concentration at which the maximum resistance is obtained. However, the general behaviour remains
consistent, with a maximum value starting at a certain fibre concentration, followed by a decrease in strength
as the concentration increases further??°. This is also consistent with the manufacturer’s claims. However,
regarding compressive strength, the manufacturer claims that it improves by a small percentage with the addition
of polypropylene fibres. This is not in line with the results obtained in this study.

Evaluation of the wear degradation of the proposed methods
To study the wear that would occur in the concrete with the different proposed treatments, the results obtained
in the Slake test and in the abrasive blast machine were evaluated.

Table 2 shows the results obtained in the Slake test for 10 fragments from the reference specimens (RefC),
those made with fibres at a concentration of 3.4 kg/m? (FibC), the specimens with polyurethane coating (PolC)
and those with asphalt coating (AsphC). The test was carried out on the samples belonging to the 3.4 kg/m?
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Reference concrete Concrete with fibres Treated concrete with Treated concrete with
(RefC) (3.4 kg/m? - FibC) polyurethane (PolC) asphaltic (AsphC)
W W w W, w w W W w W, w w

0 20 120 0 20 120 0 20 120 0 20 120
40.00 |38.82 |38.46 |40.05 |38.81 |37.95 |46.47 |46.32 |46.22 |40.76 |40.52 |40.42

40.10 |39.27 |38.69 |41.00 |39.85 |39.24 |46.92 |46.80 |46.72 |44.66 |44.36 |44.21
54.49 | 53.6 5244 | 4550 |45.11 |4491 |48.85 |48.69 |48.55 |46.37 |4599 |45.84
5531 |54.54 |54.14 |50.54 |49.38 |48.72 |49.30 |49.18 |49.1 46.66 |46.25 |46.11
56.63 |55.78 |54.28 |55.64 |54.78 |5442 |52.69 |52.56 |52.47 |49.21 |4891 |48.80
57.62 | 55.81 |54.55 |56.13 |5526 |54.73 |5529 |55.15 |55.05 |5298 |52.61 |52.50
57.65 |56.52 | 5530 |56.44 |5574 |5521 |5855 |5841 |5831 |5392 |53.52 |5327
57.67 |56.61 |5586 |57.24 |56.69 |56.08 |5883 |58.68 |5856 |56.82 |56.38 |5625
57.93 |56.86 |56.59 |5742 |56.41 |56.09 |59.76 |59.59 |59.49 |59.44 |59.03 |58.83
0 59.24 | 5829 |57.73 |57.44 |56.76 |56.34 |59.89 |59.74 |59.65 |59.60 |59.21 |59.04
Small fraction 0.00 0.64 2.51 0.00 0.17 0.89 0.00 0.00 0.00 0.00 0.00 0.00
Total weight (g.) | 536.64 | 526.74 | 520.55 | 517.35 | 508.96 | 504.57 | 536.55 | 535.12 | 534.12 | 510.42 | 506.75 | 505.27
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Table 2. Weights determined with the slake apparatus at different times, where W/, is the initial weight of the
samples, W, is the weight after 20 min and W, is the weight after 120 min of testing. All values are expressed
in grams.

WO w20 WIZO Id,20 Id,lZ() PHO PH]ZO TO T12()
RefC | 536.64 | 526.74 | 52055 | 98.16 | 97.00 | 259 |2.86 |[19.4 | 189
FibC | 517.39 | 508.96 | 504.57 | 98.37 | 97.52 | 2.60 | 2.79 | 20.4 | 20.9
PolC [ 53655 |535.12 | 534.12 | 99.73 [ 99.55 | 2.54 | 2.54 | 20.1 | 212

AsphC | 510.42 | 506.78 | 505.27 | 99.29 | 98.99 | 2.59 | 2.56 194 | 18.2

Table 3. Parameters obtained in the slake test. Mass values expressed in grams, temperature in °C and slake
index in %.

fibres specimens, as they had the highest tensile strength. The Table 2 shows the individual weights of each of the
10 fragments before the test, after 20 min and after 120 min of testing. The total weight of the smallest fraction
retained in the drum (greater than 2 mm) remaining in the drum from the disintegration of the pieces initially
introduced is also given, as is the total weight of the sum of the 10 resulting fragments.

After 20 min of testing, the reference material fragments lose between 1.4 and 3.1% of their mass, the fibre
material between 0.8 and 3.1%, the polyurethane coating material between 0.2 and 0.3% and the asphalt coating
material between 0.6 and 0.9%. After 120 min of testing the mass loss of the fragments is between 2.1 and 5.3%
for the reference material, between 1.3 and 5.2% for the fibre material, between 0.4 and 0.6% for the polyurethane
coating, and between 0.8 and 1.2% for the asphalt coating.

After 120 min of testing, the amount of disaggregated reference material larger than 2 mm is 0.5% and 2.5%
of disaggregated particles smaller than 2 mm. For the material with fibres these values are 0.2% and 2.3% of
particles larger and smaller than 2 mm, respectively. The coated fragments do not lose mass due to disintegration
of particles larger than 2 mm, but do lose mass of smaller particles, being 0.5% and 1% for the polyurethane and
asphalt coatings, respectively.

These results indicate a significant improvement in the wear of the material with the three proposed
treatments, highlighting that in the two samples with external protection, the small disintegrated fraction was
zero, demonstrating the effectiveness of the treatment against erosion processes. The smallest fractions are also
significantly reduced with fibre reinforcement. This shows that there was no loss of concrete mass, especially
with the external treatment, possibly due to a surface loss of the coating material.

Table 3 shows the results of the total mass of the fragments studied at 20 and 120 min, as well as the Slake
indices obtained (I 420 and I a1 ,0)» the temperatures measured (T, and T,, ), and the evolution of the pH of the
acidic water used (pH, and pH,, ).

The values obtained for the Slake index at both 20 and 120 min indicate that the treatments with external
protection reduce the weight loss with respect to that of unprotected mass concrete from 1.84% and 3.00-0.71%
and 1.01% in the case of asphalt treatment and to only 0.27% and 0.45% using polyurethane, respectively for
20 and 120 min cycles. When the concrete is reinforced with polypropylene fibres, the weight loss is 1.63% and
2.48% for 20 and 120 min, respectively. If the volume loss of the samples is evaluated (eliminating the small
fraction) and taking into account the specific weight of each material, the mass concrete fragments would lose
0.51%, those reinforced with fibres 0.39%, those treated with polyurethane 0.11% and, finally, those protected
with asphalt material 0.32% of the initial volume. The calculated Slake indices indicate that the most effective
treatment against concrete erosion is the one treated with polyurethane coating, followed by the one treated with

120)
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Fig. 3. Final condition of the simples in the Slake test: RefC (a); FibC (b); PolC (c); AsphC (d).

RefC | FibC | PolC | AsphC
Slake 3.00% | 2.48% | 0.45% | 1.01%
Slake no small fraction | 3.47% | 2.65% | 0.45% | 1.01%
Sandblast abrasion 0.56% | 0.03% | 0.13% | 0.00%

Table 4. Slaking versus sandblasting results.

asphalt coating. Some research®” has shown some improvement in the Slake Index by incorporating coal mine
waste as a partial replacement for fine aggregate.

The photographs in Fig. 3 show the final state of the fragments after 120 min of testing. In the specimens
without external protection, a reddish colour change can be seen after the test, due to the interaction with the
AMD, possibly due to the precipitation of iron oxides”®, this effect being more pronounced in the reference
specimens, a phenomenon that does not occur in the specimens with external protection. On the other hand, the
samples without external protection have more rounded edges, whereas the edges of the samples protected with
polyurethane and asphalt material are less affected. This is consistent with the amount of small material obtained
in the tests and shown in Table 3.

After 30 min of exposure to the abrasive material in the sandblaster, the results were quite significant. The
weight loss of the reference specimens was 0.56%, while the specimens reinforced with polypropylene fibre at a
concentration of 3.4 kg/m? lost only 0.13% of their mass. The specimens with external protection suffered less
wear, with a weight loss of 0.03% for those protected with polyurethane and zero weight loss for those protected
with asphalt material.

These results indicate that all the proposed treatments significantly improve the abrasive wear of the concrete.
Taking into account the specific weight of each material, the samples treated with polypropylene fibre would lose
approximately 0.56 cm® of their volume, compared to a volume loss of 3.50 cm? for the samples protected with
polyurethane and a loss of 8.75 cm? for the reference samples.

Table 4 shows the results obtained in the Slake test and in the sandblaster abrasion test. The results of the
Slake test are also shown, excluding the weight of the small fraction obtained in the reference concrete samples
and in the samples with fibre at the end of the 120-minute test period, since it is understood that this small
material can no longer be considered concrete, nor would it offer any resistance.

Comparing the results obtained in the Slake test with those obtained in the sandblast abrasion test, it can
be affirmed that, in general, the treatment with the best performance against degradation due to erosion is the
concrete with external polyurethane protection. Therefore, if the samples with this treatment were also reinforced
with polypropylene fibres at a concentration of 3.4 kg/m?, an additional improvement against abrasion would
be obtained, as well as an increase in the tensile strength. The results obtained in the sandblaster test on fibre-
reinforced concrete with asphalt treatment are better than those found by with the addition of silica fume and
fly ash to the concrete, and slightly worse in the case of polyurethane treatment.
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Fig. 4. Indirect tensile test specimens showing the penetration front: RefC (a), FibC (b), PolC (c), AsphC (d).

Water permeability of the proposed treatments

The results obtained in the water permeability tesst of the treated concrete specimens were very significant.
Figure 4 shows the photographs of the specimens after the indirect tensile test, where the penetration front can
be observed.

In the reference samples, a penetration surface area of 2587.56 mm? and a penetration depth of 25.88 mm
were obtained. For the samples treated with polypropylene fibres at a concentration of 3.4 kg/m?, the penetration
depth was 13.97 mm and the frontal area was 1396.72 mm?, almost 46% less than for the reference sample. The
sample with external protection showed a penetration depth of zero. Water permeability has been improved by
using recycled concrete and aggregates from alluvial soil**.

These results are considered to be of great importance, since preventing the access of acidic water to the
interior of the concrete increases its durability by preventing not only the deterioration of the binder, but also
the ingress of microorganisms that accelerate the opening and propagation of cracks®.

Conclusions

In this work, different reinforcement and protection alternatives for mass concrete against the highly aggressive
environment known as acid mine drainage have been evaluated: reinforcement with polypropylene fibres at
different concentrations and external protection with polyurethane material and asphalt material.

From the results obtained, it can be concluded that the samples reinforced with polypropylene fibres have
a maximum tensile strength at a fibre concentration of 3.4 kg/m® and a modulus of elasticity very close to the
maximum. For the compressive strength, the highest value was obtained with a fibre concentration of 1.7 kg/
m?>. Although the increase in tensile strength is not very large, considering that this parameter is very low in
concrete, any increase is significant, and other alternatives could even be tested in the future.

The best durability performance, as determined by the Slake test, was obtained by the polyurethane-protected
concrete specimens with a Slake index at 120 min of 99.55%, followed by the asphalt-treated specimens with a
Slake index of 98.99%. The specimens treated with external protection showed a zero penetration depth against
water, which in both cases would guarantee that acidic water could not penetrate the concrete and therefore the
material could not be attacked by this aggressive medium. In the case of fibre-reinforced concrete, a significant
improvement against water penetration was also confirmed, as the penetration depth was reduced by half. In the
case of abrasion, the best solution was found to be protection with asphalt material followed by treatment with
fibre reinforcement, and a significant improvement was also found in the samples protected with polyurethane.

Although all the proposed treatments have been confirmed as valid solutions, the best alternative would be to
add polypropylene fibre.03 reinforcement at a concentration of 3.4 kg/m3 to the exterior polyurethane treatment.
This would improve both the tensile strength—a very important factor, considering that this parameter is the
most affected in acidic environments—and the durability of the material, improving its abrasion resistance and
preventing the penetration of water, creating a total barrier against the access of acidic water to the inside of the
pores and therefore represent a very effective treatment against these highly aggressive AMD environments.

Data availability
All data generated or analysed during this study are included in this published article.
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