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ARTICLE INFO ABSTRACT

Keywords: Although not many studies have analysed the effects of acid mine drainage (AMD) on the durability of concrete,

Acid mine drainage it is clear that such an aggressive environment affects the different mechanical parameters of this material. AMD

gonclr;lt.e is an environmental problem that affects the five continents and is especially widespread in the south western
urabi. lty

part of the Iberian Peninsula, in an area known as the Iberian Pyrite Belt.

In this work, the effect of AMD on tensile and compressive strength of concrete has been evaluated, analysing
the evolution of these two fundamental parameters on this structural material. For this purpose, a series of
concrete samples were subjected to a controlled AMD environment in the laboratory, using water with pH 2.8
collected from the Tharsis Mine (SW Spain). The concrete samples were prepared in accordance with the pa-
rameters required by various international standards.

The samples were subjected to the aggressive environment by AMD for two periods of time (3 and 6 months),
after which they were subjected to non-destructive testing and destructive testing until breaking the samples by
means of compression and tensile (indirect tensile test). In addition, Emission Scanning Electron Microscopy
studies were performed on samples before AMD influence and on samples affected by AMD for six months.

The obtained results using the ultrasonic equipment showed a decrease in concrete quality, an increase in
porosity and permeability, the reduction of modulus of elasticity that reaches 8.5% after six months, as well as
the appearance of microcracks. The destructive the tests showed that tensile strength is much more affected than
the compressive strength: the tensile strength went from 4.31 MPa to 3.27 MPa (24%) after six months, while the
compressive strength went from 48.22 MPa to 43.83 MPa (9%) in the same period of time. This different evo-
lution means that the formulas used in international standards that relating compressive strength to tensile
strength need to be modified by means of a correction factor.

Tensile strength
Ultrasonic tests
Destructive tests
Sulphates
Gypsum

1. Introduction

Metal sulphide mining produces acid mine drainage (AMD), an acid
lixiviate generated by the extraction of iron sulphides, such us pyrite.
With very well known cases throughout Europe, such as the Iberian
Pyrite Belt; those located in South America, with examples, among
others, in Peru (Antamina) and Chile (La Escondida mine); in Asia
(Grasberg mine) and those known in the USA (Morenci), Canada (Abititi
area) and in Africa (Kansanshi). This lixiviate originates not only in the

mining operating facilities, but also more markedly, in abandoned fa-
cilities before to the entry into force of standard regulations governing
liquid discharges, as a consequence of the absence of preventive mea-
sures and/or pollution correcting measures.

The characteristics associated with AMD are widely known, with low
or very low pH values, even reaching negative values [1], presenting
high concentrations of sulphates, metals, and metalloids.

Acid mine drainage is a consequence of the sulphides oxidation when
they are exposed to oxygen from air and water. We can summarize it in
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Fig. 1. Scheme of concrete corrosion by AMD (Modified from Davila et al, 2021).

this way [2]:
FeSy +7/20;, + H,O—Fe*™ +2S05 +2H™ (¢))

The ferrous oxide is oxidized again to Ferric oxide (Fe III), which
oxidizes the pyrite again, repeating again the cycle:

Fe** +1/40,+ H'—Fe*t +1/2H,0 2

These chemical reactions are accelerated by the biological action of
acidophilic bacteria, which can act as catalysts for the oxidation of py-
rite [3-6], that under certain pH conditions (between 2.5 and 3.5) and
temperature (values between 15 °C and 35 °C) easily create surficial
gypsum paste that is formed from the cement paste that contains the
concrete, thus lowering even more the pH.

These polluting processes not only have a direct and negative effect
on streams and rivers water quality [7], but also, indirectly, affecting the
durability of structural materials such as steel and concrete [5,8] due to
their highly aggressive character.

The corrosion of concrete in AMD media begins with the sulphates
reacting with Ca hydroxide, in a way that gypsum paste is formed on the
surface of the concrete Eq. (3). This last, can form ettringite by reacting
with hydrated tricalcium aluminate by Eq. (4). By means of these re-
actions, and together with the action of erosion and the intervention of
microorganisms [8], expansion, cracking and loss of resistance in the
concrete are produced. In [8] the authors graphically summarised the
alteration of concrete by AMD (Fig. 1).

Ca(OH), + SO~ —CaS0,-2H,0 +20H™ 3)

ALO5-3Ca0 + CaS0,4-2H,0— CasAly (SO,),(OH),,-26H,0 4

In addition, acid attack results in Ca dissolution in the binder, with a
porosity increase in the external areas of concrete, leading in some sit-
uation to gypsum precipitation and aggregates, according to the work by
[9].

There are not well-known cases that study the evolution of the
concrete tensile strength in environments affected by AMD or its rela-
tionship with the compressive strength in this type of environment.
There are authors who only analyse the possible improvements in tensile
strength by adding some type of admixture to concrete, but it is essential
to study previously how this strength is affected in order to know what
improvements may be necessary.

In this sense, there are many works that propose different improve-
ments in the concrete resistance, highlighting the most recent works,
such as [10], in which the authors found improvements in mechanical
properties and durability by adding fly ash and “effective microorgan-
isms” to concrete.

Regarding the tensile strength, most authors propose the improve-
ment by adding different types of fibres, as suggested by [11], by adding
fibreglass and fly ashes to the concrete mass, which improves the me-
chanical properties of concrete (specially the tensile strength) and its
durability; or [12] that proposes to add steel fibres to concrete and [13]
that add “Forta-Ferro™ fibres to concrete affected by sulphuric acid. In

Table 1
Exposure class due to chemical aggressiveness of water [C.E. 2021].
Parameters  Testing XAl XA2 XA3
method Weak chemical Moderate Strong
aggressiveness chemical chemical
aggressiveness aggressiveness
WATER
pH UNE 6.5-5.5 5.5-4.5 <4.5
83952
Mgz‘ (mg/ UNE 300-1000 1000-3000 >3000
L) 83955
S0% (mg/L) UNE 200-600 600-3000 >3000
83956

both cases, the tensile strength improves when mixed in low pro-
portions. Other experience [14] have confirmed improvements in the
mechanical properties of concrete (including its tensile strength) by
partially replacing the fine aggregate with glass wastes, although in this
case some properties related to concrete durability were reduced.

There are works as [15] that evaluated the effects of acidic envi-
ronments on compressive strength, but they are carried out with syn-
thetic acid (therefore, without taking into account the effect of bacteria)
and only evaluating the compressive strength.

When assessing tensile strength, most current regulations do so by
relating it to compressive strength, the latter being the fundamental
mechanical property of concrete. Thus, the current Structural Code 2021
[16], the Eurocode 2 [17] and the MODEL Code [18] use the Eq. (5) to
estimate the tensile strength. Perhaps the only difference between these
two regulations in what affects this work is that the 2021 Structural
Code takes into account the effect of erosion in environments, which is
not included in the Eurocode.

fi = 0.3 forf. < 50MPa (5)

The Indian standard [19] collects the relationship between the
resistance to flexo-traction and the resistance to compression by means
of the following expression (Eq. (6)):

fy=07-f? (6)

The last, the Australian regulation [20] include two expressions, one
for the relationship between the flexural and compressive strength (Eq.
(7)) and another for the tensile and compressive strength (Eq. (8)),
observing considerable similarity between Eq. (6) and (7), and with very
similar results if Eq. (5) and (8) are applied.

fir = 0.6-f172 @
fu= [036-£72] 14 ®)
Where:

fet is the uniaxial tensile strength,
fc is the compressive strength, and
fer is the flexural strength
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Fig. 2. Water samples location used in the experiences (Google Earth and own creation).

Taking into account that the analysed samples were in contact with
waters of pH always below 4, the environment considered in the regu-
lations (for example, in the Structural Code 2021 [16] or UNE-EN 206,
2022 [21]) would be the type of exposure XA3 or intense aggressiveness,
which is the maximum value that an environment can achieve for con-
crete structures.

The environments defined in Table 1 as XA1, XA2 and XA3 coincide
with those indicated in the French standard [18], while in the ACI code
[22] and in the Canadian standard [23] the environments defined by the
amount of sulphates, in mg/L of water, are grouped into four classes. In
the case at hand, it would be an environment between S2 and S3
(considering the values determined for sulphates, as it will be seen later
in this work). In the case of the Indian standards [19], it includes four
exposure subclasses depending on the SO3 content (subclasses SO to S4),
although it is not possible to compare them in terms of exposure classes,
because the interest here is to compare them based on their
requirements.

The effect of low durability is not only produced by low pH, by the
action of sulphates or by the action of some bacteria such as Thiobacillus
thiooxidans [24], which can reduce the pH on the concrete surface to
values between 1 and 3, but also, due to the effect caused by the erosion
of the water flow.

In this study, the concrete samples used comply with the current
international regulations regarding the use of sulphur-resistant cement,
resistance, etc. Other authors did not take these parameters into account
in their previous works.

The main aim of this work was to assess the durability evolution of
concrete exposed to AMD-affected media in both, static and dynamic
systems. For this purpose, compressive and tensile strength were eval-
uated as the most important mechanical properties of concrete.

2. Material and methods

To carry out the experiments in the laboratory, water affected by

Table 2
Minimum requirements depending on the type of environment (table 43.2.1.a
and b, [C.E. 2021]).

Kind of environment
Chemically aggressive environments

XAl XA2 XA3
Maximum ratio w/c 0.50 0.50 0.45
Minimum strength 30 30 35
(MPa)
Minimum cement content kN/m> 2.75 3.00 3.25

Other requirements - Sulphate resistant cement

AMD from the Aguas Agrias stream was collected. This location was the
same where other previous samples were already exposed to this highly
aggressive environment ([8], Fig. 2), thus it was chosen to be able to
compare the results obtained in the laboratory with those obtained in
the river samples. The importance of this location choice was due to the
data obtained for five years in the study by [25], with pH values below 3
over the whole period, concentration up to 13301 mg/L of sulphates,
4263 mg/L of Fe, 1333 mg/L of Mg, 245 ml/L of Ca, 499 ug/L of Pb, etc.

This water was taken to the Higher Technical School of Engineering
laboratories of the University of Huelva (with an initial pH of 2.8) and
30 concrete samples of 150 mm in diameter and 300 mm in height were
submerged in the water. The concrete was prepared with a dosage that
complied with the regulations requirements of Spain [16], as indicated
in the following tables (Tables 1 and 2).

The dosing (amount of each components) of the mass concrete was
determined from the aggressiveness degree of the environment in which
the structure is located; in this case, according to the chemical aggres-
siveness degree explained in the previous paragraphs. Therefore, for the
XA3 environment, the resulting dosing that was used to knead the
concrete was the one with the following parameters: w/c ratio of 0.45,
minimum cement content of 435 kg/m®, minimum compressive strength
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Table 3
K parameter values.

Type of cement Rounded aggregates Crushed aggregates

22.5 0.072 0.045
32,5 0.054 0.035
42.5 0.045 0.030
52.5 0.035 0.026

of 35 MPa, as well as the obligation to use sulphide resistant (SR)
cement. To determine the dosing of the concrete, the method of La Pena
(1995) in [26] was followed, in which the water-cement ratio was ob-
tained from a minimum resistance requested, as indicated in Eq. (9).
Following this methodology, the water amount was determined based
on the desired consistency, and the type and maximum size of the
aggregate (a siliceous aggregate with a maximum aggregate size of 16
mm was used). With these parameters already obtained, using the Ful-
ler’s parabola (Eq. (10), [27]) and considering the specific weights of
each material, the amount of each one in weight was determined (for
more details, see the reference [8]).

Z = Kfon +0.5 ©

Where:

Z is water-cement ratio (w/c), in weight,

fem 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 (see Table 3).

d
p= 100\/; (10)

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

The requirements contemplated in the current Spanish regulations
are very similar to those of other international standards, except for the
Indian regulation (IS 456:2007) which is the most demanding of the
revised ones, in which the w/c ratio is set at a lower value (w/c = 0.4), a
minimum amount of cement of 400 kg/m> and a minimum compressive
strength of 50 MPa.

In addition to all these indications, the UNE-EN 12390-1 standard
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[28] was followed for the preparation of the test samples.

Once the fresh concrete was prepared, consistency tests was carried
out, following the procedure indicated in the UNE-EN 12350-2 [29]
standard, obtaining a S2 class of consistency.

The 30 samples produced were distributed as follows:

5 Reference samples were tested with an ultrasonic equipment and
subsequently were tested for compression, following the procedure
of the UNE-EN 12390-3 [30] standard.

e 5 Reference samples were tested with an ultrasonic equipment and
subsequently were tested for split-tensile strength, following the
procedure of the UNE-EN 12390-6: 2010 [31] standard.

e 10 samples were subjected to AMD affected water contained in

containers for three months and, subsequently, were tested with an

ultrasonic equipment and then the compressive strength was deter-
mined in 5 of the samples and the split-tensile strength in the

remaining 5.

10 samples were subjected to acidic water contained in containers

for six months and, subsequently, were tested with an ultrasonic

equipment and then the compressive strength was determined in 5 of

them and the split-tensile strength in the remaining 5.

Once the 30 mass concrete samples were made, they were subjected
to a curing process by immersion in water for 28 days, as determined in
current regulations [CE 2021 and UNE-EN 12390-2], after which they
were dried in air for 15 days and weighed on a precision scale. From the
30 samples, 10 of reference were saved for later testing. For the other 20,
the followed procedure began with their introduction into buckets with
acid water, keeping 10 of them exposed for three months and the other
10 for six months. During this exposure time, measurements of the
different physico-chemical parameters (conductivity, temperature, total
dissolved solids and pH) were taken.

When the samples were extracted from the acidic water, they were
left to dry for 15 days at ambient temperature and from that moment on,
the samples were weighed and the different non-destructive and
destructive tests were carried out (until breakage).

The non-destructive tests were carried out with a H0370 equipment
from Proetisa manufacturer to determine different mechanical param-
eters. Before beginning the test sessions, the equipment was calibrated
with a sample of 42.5 pS, according to the manufacturer’s instructions.
Next, the parameter to be measured were selected: the ultrasonic pulse

samples affected
by/AMD

Fig. 3. Scheme of the methodology used.
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Table 4
Evolution of the samples mass: reference (T0), after three months of exposure
(T3) and after six months (T6).

Mass (g.) ¥ (kN/m®) D (%)
To 12328.6 22.79 —
Ts 12432.4 22.98 0.75
Te 12480.1 23.07 1.32

y is the apparent specific weight of the samples.

Fig. 4. Bacteria formation on the water surface.

speed (VPU in m/s), the estimated compressive strength (in MPa), the
estimated elasticity modulus (in MPa).

From this technique, it was intended to evaluate some concrete pa-
rameters such as the quality of the material (obtained from the speed of
the ultrasonic pulse - UPV) and the porosity.

The destructive tests were carried out in a Controls Automax X5
model press, using a sensitivity of 20 kN and a speed of 0.60 MPa/s in
the compression tests, with a load limit of 1500kN. For the split-tensile
tests, an accessory from the same manufacturer was used, with a
sensitivity of 20 kN and a speed of 0.04 MPa/s, with a load limit of 500
kN, as established in UNE-EN 12390-3. Before carrying out the
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compression tests, it was necessary to face the face that was not in
contact with the concrete cylinder moulds, to leave it sufficiently pol-
ished and flat, so that it adapts to the steel cylinder that the equipment
has on the top.

The methodology used is summarised in the following figure (Fig. 3).
This methodology has been used in the works of several authors
[32-34].

Once the destructive tests were carried out, samples of both types of
materials (reference concrete and concrete altered after 6 months of
exposure to AMD) were taken and polished test samples were prepared
for study using the JEOL JSM-Field Emission Scanning Electron Micro-
scope. ITS500HR coupled with Oxford X-Max 150 Energy Dispersive
System (FESEM-EDS) to be able to analyse morphological changes,
microstructure and compositional analysis.

3. Results and discussion

As explained in the methodology, we present the results as follows:
the mass of the samples before and after their exposure, the results ob-
tained directly from the non-destructive tests (VPU, modulus of elas-
ticity and the estimation of the compression resistance data), as well as
the parameters deduced from these (concrete quality and porosity), to
finish with the results of the destructive tests. Thus, Table 4 shows the
mass of the samples results in the different periods of exposure to AMD.
A slight increase in mass was verified in the two exposure times related
to neoformed materials on the outer surface of the samples.

Once the samples were subjected to the acidic water, it was possible
to verify the formation of a superficial layer on the water, which
confirmed the presence of bacteria that contribute to the acceleration of
the alteration process of the concrete, which has been widely confirmed
in AMD environment by works such as [35,36] (Fig. 4). The physico-
chemical parameters measured are represented in Fig. 5, in which the
decrease suffered in the exposure months can be verified, both in dis-
solved solids and in electrical conductivity, the latter being a direct
consequence of the decrease in TDS. The pH value was maintained
throughout the experience between 2.8 and 2.9 (except in the initial
phase), which corresponds to an highly acidic environment, with the
generated surface gypsum low capacity to modify this parameter and
with the action of microorganisms in an AMD environment. In addition,
it should be taken into account that the water collected from the Aguas
Agrias stream has sulphate concentrations greater than 9000 mg/L
throughout the year [25].

In Fig. 5 it can be observed that the TDS value follows a decreasing
trend, which would justify the slight increase in the mass of the samples
due to neoformed compounds adhered to the concrete, once the test
samples do not suffer water erosion under static conditions. In addition
to this, the Fe>* would have precipitated at the bottom of the container
during the entire exposure time, as demonstrated by the pH value above
3. Both the pH and the conductivity rise slightly in the initial phase when
starting to react with the binder of the concrete, subsequently decreasing
due to the Fe(IIl) hydrolysis, which precipitates as Fe(OH)3 and gener-
ating protons [37]. The measured Redox potential reached a mean value
of 217 mV.

Fig. 5 also shows that the water temperature gradually increased
from the 8th week of the experiment. This is due to the fact that the
container was in a laboratory that is in permanent contact with the
outside air as it has a ventilation hole in the roof of approximately 6 m2
in one of its corners, so this parameter increased progressively coin-
ciding with the spring-summer period.

The 10 samples of each series (5 for the split-tensile tests and another
5 for the compression tests) were subjected to tests with the ultrasonic
equipment, obtaining the results that appear in Fig. 6. With the
measured values of UPV (ultrasonic pulse velocity) the quality of the
concrete could be estimated using Table 5, established by [38] in
[39,40]. According to the values of this table, the reference concrete
would be of excellent quality, while those exposed for 3 and 6 months
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Fig. 5. Evolution of the physico-chemical parameters.
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Fig. 6. Results of ultrasonic test: Left - U.P.V (m/s), Right - Average values of compressive strength and modulus of elasticity.

those obtained with the expression of Eq. (11), through which values
around 7% lower were obtained, while in the case of compressive
strength, the values measured by ultrasonic equipment at three and six

Table 5
Concrete quality by ultrasonic test from [40].

U.P.V. (m/s) Concrete quality months showed great correspondence with those obtained in the
More than 4500 Excellent destructive tests, with a difference of less than 6% in the samples sub-
3600-4500 Good jected to AMD for six months (47.2 MPa at three months and 43.8 MPa at
3000-3600 Medium six months).
2100-3000 Poor
1800-2100 Very poor E(l — )
Less than 1800 Significant anomaly V., = e Sl 2 a1
p(L+p)(1—2p)
would be of good quality. Where: )
The values determined for the parameter E (modulus of elasticity) by E is the modulus of elasticity in MN/m®,
means of the ultrasonic equipment would correspond approximately to VL is the speed of the ultrasonic pulse (km/s),
m Reference samples m Samples at three months w Samples at six months ™ Reference samples W Samples at three months m Samples at six months

——
@
-

Conerete tensile strength (MPa)

3

Concrete compressive strength (MPa)

5
Sample numbers 5 Sample numbers

Fig. 7. Concrete strength results determined by destructive tests (compression - left, tensile - right).
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u is the Poisson’s ratio, and

p is the density of concrete (kg/m®)

Other parameters that it is possible to analyse from the ultrasonic
results would be the porosity and the permeability to air. Thus, different
authors [41,42] found an almost linear inverse relationship between the
U.P.V value and the concrete porosity, which would mean that the
porosity would go from 12% for the reference samples to 14.5% for the
6 months samples. Following the bibliographical reference of [43] it was
possible to find that the air permeability would have increased by
approximately 3-10718 m2,

In Fig. 7, the results of the two destructive tests are indicated, both
for compression strength (Fig. 6a) and for split-tensile strength (Fig. 7b),
while Fig. 8 shows a comparison of the evolution followed by both pa-
rameters during the exposure time.

Regarding the results of the compressive and split-tensile strength
over the time measured in the tests carried out until breaking (Figs. 7
and 8), it is clear that the changes due to AMD, affects in a much greater
extent to tensile than to compression strength. This fact would invalidate
equations (3) to (6), unless they are modified with a correction factor.
Thus, the compressive strength was reduced in the affected periods (at 3
and 6 months) by 2.1% and 9.1% respectively, while the tensile strength
was also reduced, but by 10.3% and 24.1% for the same period of time.
In this sense, it must be taken into account that the formation of su-
perficial gypsum, by creating a concrete-gypsum interface, can generate
fracture points [44]. This is of special importance in those situations
where the tensile strength of the concrete is taken into account when
sizing or checking of a certain section, such as sections exposed to shear,
torsion or punching forces. In addition, the uniaxial tensile strength
values are likely to be somewhat lower, as found by [45].

In the case of the formula proposed by the Structural Code 2021,
relating the tensile strength to the compression strength, the error rea-
ches 14% (estimated a higher value than that determined by testing),
while with the expression proposed by AS 3600 standard, the error
reaches values between —11% and 2% higher than that found in this
work.

In those situations in which the concrete is exposed to acidic water,
two correction factors are proposed for the equations Eq. (13) and Eq.
(14), which would be as follows:

Z = [1.091 — 0.4431]0.3*forf. < 50MPa (13)

fu = [1.244 —0.5574- (0.36- f1/?)-1.4 a4
where t is the exposure period in years

The difference that can be seen in the correction factor is due to the
accuracy of the two expressions proposed by the respective regulations,

which corresponds to what was explained by [46] regarding the

50.0
_ 'Tl\.
a
£ 400
£
b
P ~@—Samples into the river
% 300
g e
a =fi—Samples in the
& 200 laboratory
&
5]

10.0

0 3 6

Exposure period (months)

Fig. 9. Evolution of compressive in real environment and

in laboratory.

strength

exponent of the variable f.. In any case, it is a first approximation that
should be confirmed with an analysis in which the samples are exposed
for a longer time, although the expressions will not change too much.
These expressions indicate that the tensile strength will be practically nil
in a very short period of time.

If the results obtained in this work (exposed to AMD in the labora-
tory) are compared with those determined by the same authors in a real
environment ([8] - Fig. 9), the different evolution of the compressive
strength in both environments can be observed, with a reduction of more
than 40% in samples exposed to the stream current while samples sub-
jected to AMD in the laboratory, during the same period of time, had a
resistance reduction of only 9.1%. These results show the great impor-
tance that erosion produced by the water current has on the durability of
materials in mining environments, despite the fact that the samples
placed in the stream were close to the shore and partially protected by
rocks.

The results of the scanning electron microscope studies show that the
reference samples (Fig. 10a and b) have a typical appearance and
composition of concrete where 54.3% O, 28.5% Ca, 10.4% Si, 2.5% Al
are the majority elements. Sporadic particles inclusions from the com-
bustion of portland cement are also observed. The samples exposed to
dynamic AMD in the Aguas Agria stream (Fig. 10c and d) confirm the
appearance of micro cracks and detachment of the aggregate at the
edges. In addition, the chemical composition of the concrete has been
modified, decreasing the Ca content (22%) and increasing the content of
other elements typical of AMD composition such as Al (up to 4.2%), Fe
(2.1%) and S (1.8%). The precipitation of these elements at the pH of the
experiment could indicate oxyhydroxysulphate formations, which could
be Ca and Al oxyhydroxysulphate (ettringite), or Fe oxyhydroxisulphate,
the latter being common minerals in AMD over a wide pH range.
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e) SEM Image

Fig. 10. Images taken with the scanning electron microscope (SEM): reference samples (a and b), samples exposed in the Aguas Agrias stream (c and d) and samples

subjected to AMD in the laboratory (e).

Fig. 10e shows the presence of microorganisms in the existing micro
cracks in the concrete binder area, appearing a multitude of small cracks
in the same sample, which confirms the aggressive action of these mi-
croorganisms, that contribute to release fragments of aggregate from the
concrete mass. The fact that they do not appear in the river samples may
be due to the flow of water, especially in times of heavy rain, where
these micro-organisms may be detached from the concrete paste.

4. Conclusions

In this work, mass concrete samples subjected to an AMD environ-
ment in the laboratory were studied, using water from the Aguas Agrias
stream. The samples were tested with ultrasonic equipment and, sub-
sequently, were subjected to destructive tests to evaluate the resistance
to compression and tensile strength.

The tensile strength has been reduced by around 24% at 6 months,
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while the compressive strength was reduced by approximately 9%,
which demonstrates the different evolution that these two parameters
follow in a concrete affected by acid water. This is due to the cement
mass loss in the external area of the concrete.

The formulas that relate the tensile strength to the compression
strength cannot be applied in aggressive situations such AMD media,
since the tensile strength is greatly influenced by the cement loss on the
outside of the samples. Correction factors were proposed for some of the
international standards. It would be interesting to see if the same thing
happens in other similar and aggressive environments.

The samples exposed to the acid environment in the laboratory
present a small increase in their mass due to the chemical and bacterial
actions that have decomposed the surficial cement, forming gypsum
paste.

Using ultrasonic tests, it was possible to demonstrate that the
analyzed samples present a loss in the concrete general quality, going
from excellent to good quality in the 6 months of exposure. This is re-
flected with an increase in porosity, air permeability, cracks appearance
and the reduction of the modulus of elasticity.

It was possible to verify the great influence erosion had on the
compressive strength loss, finding, for the same period of time (6
months), a difference of 34% between compressive strength loss of the
samples subjected to AMD in laboratory compared to the samples
exposed to the river current. It should be kept in mind, that the water
used in the laboratory experiments was obtained from the same stream.

Scanning microscopy analysis confirmed the microcracks formation
in the concrete binder paste, both in river and in laboratory samples,
finding in the latter a multitude of microorganisms that accelerate the
formation of these cracks.
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