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Abstract: This paper investigates the Acid Mine Drainage (AMD) remediation capabilities of poz-
zolanic pervious concrete Permeable Reactive Barriers (PRBs) with a specific focus on the effects of
flow configuration and contact time on the remediation efficiency. Raw AMD was collected from
an abandoned coal mine. Two flow configurations, gravity flow and column flow, were tested at a
laboratory scale with gradually increasing contact times. The gravity flow configuration with two
orders of magnitude less liquid-concrete contact time achieved AMD treated water quality equiva-
lent to the high retention column flow configuration. Concentrations of iron, aluminium, sulphate,
magnesium and sodium were reduced by more than 99%, 80%, 17%, 22% and 20%, respectively, at
the tested limits while calcium and potassium concentrations were increased by up to 16% and 300%,
respectively. The study findings indicate that the lifecycle costs of pervious concrete PRBs can be
significantly reduced when the PRBs are operated under gravity flow.

Keywords: Acid Mine Drainage; pervious concrete; Permeable Reactive Barrier; contact time;
flow configuration

1. Introduction

Acid Mine Drainage (AMD) and the pollution associated with it are among the great-
est environmental issues faced by mining operations globally [1]. When oxygenated water
accumulates in active or abandoned mines and comes into contact with sulphide-rich min-
erals from exposed rock faces, the water is converted to a low pH leachate which dissolves
heavy metals and other toxic contaminants from the surrounding environment [2–4]. The
resulting stream is typically characterised by low pH, high dissolved metals and high
dissolved sulphate (SO4) concentrations and is referred to as AMD [4,5]. The AMD can
continue to decant for centuries after commercial mining operations have ceased and thus
poses long-term environmental damage when left untreated [6,7]. The development of a
low cost, low maintenance and effective AMD treatment process is one of the most impor-
tant solutions required for the sustainable future of sulphide-rich mineral mining [1,8].

Permeable Reactive Barriers (PRBs) are porous mediums with reactive material specifi-
cally designed to react with passing fluids through chemical or biochemical processes [9–11].
Since the 1970s, PRBs have been installed in the flow path of groundwater and used as
an in situ remediation method for various water contaminants including heavy metals,
organohalogen compounds, nitrate and SO4, among others [9,12,13]. The major advantages
of using PRBs for groundwater remediation include the low operational and maintenance
costs, minimal operational supervision required and the potential for in situ installation,
which limits land usage [12,14]. The major limitations of PRBs include the depletion
of the reactive chemical compounds over time, the potential for armouring of the reac-
tive surface and the gradual clogging from precipitant build-up in the flow path, all of
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which can necessitate the need for PRB replacement or the use of sequenced multi-barrier
techniques [12,15].

In recent studies [9,16–20], pervious concrete has been investigated as a PRB for the
remediation of inorganic pollutants in AMD. When AMD flows through the pervious
concrete’s porous network, it reacts with the highly alkaline surface which has a pH
typically between 12 and 13 [17,21]. The resulting reaction leads to an increase in the
AMD pH which reduces the solubility of dissolved metals, leading to their precipitation as
metal hydroxides. The dissolution of calcium compounds, mainly portlandite (Ca(OH)2)
and lime (CaO), from pervious concrete is attributed to three main chemical reactions
which result in pH correction, metal removal as metal hydroxide precipitants as a result of
increased pH and sulphate removal through gypsum precipitation.

The material composition design for pervious concrete PRBs is well publicised [9,15–18,21,22].
Studies conducted on pervious concrete material selection found that a water to cement
ratio of between 0.25 and 0.3 is most optimal [16,17,19], granite aggregates can achieve
marginally improved treated AMD quality over dolomite aggregates [16] and aggregate
size of 9.5 mm achieves marginally improved treated AMD quality over larger 13.2 mm
stone, with the drawback of lower porosity and higher risk of clogging [18].

The geometric and flow design parameters of pervious concrete PRBs play an impor-
tant role on the overall performance of the chemical processes involved in AMD remedia-
tion as well as the lifecycle cost of the system. Limited literature is available to inform the
optimisation of these parameters towards achieving efficient AMD treatment. The main cri-
teria for the geometric and flow design parameters of PRBs are the liquid-concrete contact
time and the flow configuration, respectively. The contact time can directly influence pH
correction, metal hydroxide precipitation and sulphate removal. The contact time can have
a significant influence on the lifecycle cost as higher contact times require greater volumes
of pervious concrete. Flow configuration, on the other hand affects, the distribution of the
AMD across the PRB porous network, which can influence the chemical reactions taking
place during remediation and clogging of the porous network. Flow configuration also has
an influence on the concrete volume required and therefore also affects the economics of
the system. The two flow configurations available for PRB treatment are column flow and
gravity flow. At the time of this study, limited literature was available on the comparative
AMD remediation performance of these flow configurations.

This study was conducted to evaluate the effects of flow configuration on the AMD
remediation capabilities of pozzolanic pervious concrete using primary experimental data.
The study further aimed to evaluate the relationship between contact time and the AMD
remediation capabilities for the tested PRB flow configurations. For the column flow
experiments, the contact time was adjusted by varying the flow rate of the AMD feed
pump. For the gravity flow experiments, the contact time was adjusted by varying the
height of the pervious concrete PRB.

2. Methodology
2.1. Equipment and Materials

Pozzolanic CEM IV A and 9.5 mm granite stone were selected as the cement and
aggregate for the PRB due to the proven AMD treatment capabilities of siliceous cement
from existing literature [16,17,20,23] and the chemical resisting properties of silica-based
concrete [24]. The CEM IV A mix design comprised Portland CEM I with 4% silica fume
CSF-90TM and 8% siliceous fly ash. Both extenders contain high amounts of reactive SiO2
(exceeding 80% in silica fume and exceeding 50% in siliceous fly ash), which improves the
strength of concrete through a pozzolanic reaction with the Ca(OH)2 produced during the
cement hydration process, forming the cementing compound Calcium Silicate Hydrate
(CSH) [23,24]. Silica Fume was incorporated to the mix design to enhance the chemical
resisting properties of the concrete against sulphates, improve cementing of the aggre-
gates and improve the overall concrete strength. CHRYSO® Optima 175 was used as the
superplasticiser for the concrete to improve workability.
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The concrete was cast in standard 150 mm moulds. The pervious concrete cubes were
prepared by weighing the required dry mix and stirring them in a 50-litre mixing pan. Water
and the CHRYSO® Optima 175 admixture were added slowly into the mixing pan until
a water to cement mass ratio of 1:3 was achieved. The mix was stirred for approximately
two minutes. The mixed concrete was then filled into 150 mm cube moulds. The mould
filling was carried out with three layers of concrete, each compacted with 20 strokes using
a steel rod. The top layer was levelled off and the moulds were covered with plastic sheets
and water sprayed once every few hours during the first 24 h. The concrete cubes were
then demoulded and placed in a water curing bath for 20 days. The porosity of the cured
concrete cubes was determined using the liquid displacement method. Table 1 gives the
mix designs for the pervious concrete cubes and the percentage porosity.

Table 1. Concrete mix design.

Concrete ID
Mix Proportion (Dry)—kg per m3

% Extender Porosity
CEM 1 Fly Ash Silica Fume 9.5 mm Granite Optima 175 Water

CEM VI A 197 18 9 1462 1.75 75 12.1% 21.5%

2.2. Acid Mine Drainage Collection and Storage

Raw AMD was collected from a coal mine that was abandoned over 40 years ago
in the north-eastern coal fields of KwaZulu-Natal province of South Africa. Figure 1
shows the condition of the water at the mine site during sample collection. The raw AMD
determinands are given in Table 2.
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Figure 1. Condition of the water at the abandoned mining site.

Table 2. Raw AMD quality parameters.

Determinand Concentration Units

Sulphate (SO4) 2232 mg/L
Total Suspended Solids (TSS) <3 mg/L

Arsenic (As) 1.3 µg/L
Calcium (Ca) 568 mg/L
Sodium (Na) 228 mg/L

Ferrous Iron (Fe2+) 40.7 mg/L
Total Iron (Total Fe) 43.6 mg/L

Manganese (Mn) 11,124 µg/L
Magnesium (Mg) 402 mg/L
Aluminium (Al) 76,587 µg/L
Potassium (K) 7.59 mg/L
Copper (Cu) 1.02 µg/L

Zinc (Zn) 84 µg/L
Boron (B) 51 µg/L

Nickel (Ni) 54 µg/L
Lead (Pb) 3.05 µg/L

pH 2.7
Turbidity 0.9 NTU
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2.3. Experimental Methods
2.3.1. Column Flow Test Procedure

The pervious concrete cube was inserted into a holding vessel made of cast acrylic
sheet with internal dimensions of 155 × 155 × 180 mm (L × B × H). The column configu-
ration was tested at increasing contact time in 30 min intervals. An Etatron D.S. peristaltic
dosing pump was used to adjust the flow rate and contact time. The AMD was discharged
under the column flow configuration at flow rates of 6.7, 11.1, 16.7, 33.3 and 200 mL/min
to achieve contact times of 150, 90, 60, 30 and 5 min, respectively. The AMD was allowed
to flow through the cube for a total of three retentions, which equates to 2.5 L of AMD, at
each flow rate with a homogenised 500 mL sample collected for chemical analysis. Figure 2
shows the experimental set-up for the column flow configuration.
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2.3.2. Gravity Flow Test Procedure

The gravity flow configuration was tested at three contact times by varying the height
of the pervious concrete assembly. The column heights tested were 150, 300 and 450 mm.
The column height was adjusted by stacking the pervious concrete cubes one on top of
the other. The AMD was discharged through each column assembly for a total volume of
2.5 L and a homogenised 500 mL sample collected for chemical analysis. The AMD was
discharged at the top of the concrete cubes using an Etatron D.S. peristaltic pump dosing at
200 mL/min. Once discharged, the AMD trickled through the concrete’s porous network
under gravity. The contact time was measured using a stopwatch with the timer started
when the AMD fluid initially made contact with the concrete block and stopped when the
fluid exited at the bottom of the block. Three timer readings were captured and the average
calculated. The average contact time measured at column height 150, 300 and 450 mm was
7, 19 and 28 s, respectively. The corresponding flow velocities for the system were 1.3, 0.9
and 1 m/min. Figure 3 shows the experimental set-up for the 450 mm height gravitational
flow configuration.

2.4. Chemical Analysis Methods

The raw AMD and samples of the treated AMD were analysed for the following key
determinands: Calcium (Ca), Sodium (Na), Iron (Fe), Manganese (Mn), Magnesium (Mg),
Aluminium (Al), Potassium (K), pH, Total Suspended Solids (TSS) and Sulphate (SO4). The
chemical analyses were conducted by South African commercial laboratories accredited by
the South African National Accreditation System (SANAS).
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2.4.1. Dissolved Metals

Concentrations of the dissolved metals were determined using the Varian 700-ES
Inductive Coupled Plasma Atomic Emission Spectroscopy (ICP-OES) instrument. The
samples were prepared by filtering through a 0.45 µm cellulose nitrate filter paper and
acidified with nitric acid. The concentration of Fe2+ was determined colourmetrically for
the raw AMD using the Ferrous 1–10 Phenanthroline method, Hach method 8146.

2.4.2. Sulphate

The SO4 concentrations were determined using a Thermo Scientific Aquakem 200 selective
photometric analyser. The samples were diluted followed by precipitation of the sulphate
ion using a strong acid medium with barium chloride. The resulting turbidity was mea-
sured photometrically at 405 nm against calibration standard solutions.

2.4.3. pH

The pH values were measured using a Thermo Scientific Orion 5-Star plus portable
multimeter with two-point calibration conducted on the meter before pH testing.

2.4.4. Total Suspended Solids

The TSS was determined by agitating the sample and filtering it through 2 µm filter
paper with the residue retained dried at 105 ◦C ± 2 ◦C using an EcoTherm Drying Oven.
The weight of the dried solids was measured to determine the TSS. The TSS method is as
per Standard Method 2540 B.

2.4.5. Statistical Methods

Statistical significance testing was conducted to test the relationship between the
treated AMD properties and the change in contact time for the column flow experiments.
Testing was performed using Pearson’s correlation method. The statistical analysis was
conducted with the IBM SPSS 25 software package and the Pearson’s correlation was
conducted using two-tailed significance testing. Statistical significance was accepted at a
95% degree of confidence.
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3. Results and Discussions
3.1. Column Flow Experimental Results

The chemical analysis results from the samples collected during the conduct of the
column experiments are graphically illustrated in Figures 4 and 5. The contact time of
0 min on the graphs represent the composition of the raw AMD.
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3.1.1. pH Correction

The pH vs contact time graph in Figure 4A shows that pH increases proportionally
with an increase in contact time and a peak pH of 6.08 was achieved at the highest contact
time of 120 min. The relationship between contact time and pH was found to be statistically
significantly with a two-tailed significance value (p value) of 0.026 (p < 0.05) and Pearson
correlation coefficient (r value) of 0.992. The coefficient of determination (R2) was high
at 0.8814 as a result of the close fit of the data points to the regression line and the linear
regression equation is shown in Figure 4A. The relationship between pH and contact
time is attributed to longer contact times leading to greater leaching of Ca(OH)2 and other
alkaline compounds from the concrete resulting in higher dissolved alkalinity and increased
pH [17,22,25,26]. As a result of the leaching of alkaline compounds, the experimental
findings show an increase in the concentrations of dissolved Ca and K at the longer contact
times. The increase in the concentration of K may be associated with the leaching of K2O
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present in the fly ash admixture and the Portland cement and may also play a role in
increasing the basicity of the solution. The leaching of Ca(OH)2, K2O and other elements
from concrete is documented in literature [27–29].

3.1.2. Aluminium

The solubility of metals in water is highly dependent on pH with most metals having
low solubility at pH values between 5 and 10 [30]. The dissolved concentration of Al
reduced proportionally in response to increasing contact time as a result of the increasing
pH (refer to Figure 4D). The dissolved Al concentration was reduced from an initial
concentration of 76.59 mg/L to the lowest concentration of 0.85 mg/L at the 120 min
contact time with a pH of 6.08. The lowest Al concentration achieved equates to a 98.9%
removal rate. The Al removal achieved at each contact time directly corresponds to the
solubility of aluminium hydroxide at the respective pH values [30,31]. The decrease in the
Al concentration may primarily be attributed to the increase in pH resulting in aluminium
hydroxide precipitation.

3.1.3. Iron

The dissolved concentration of total Fe was reduced from an initial concentration of
43.6 mg/L to below 1 mg/L at the 30 min contact time which equates to a 97.5% removal
efficiency. The lowest measured dissolved concentration of total Fe was 0.1 mg/L, equating
to a 99.75% removal efficiency and was achieved at the 120 min contact time (refer to
Figure 4D). Iron as Fe2+ is soluble under reducing conditions at pH values of up to 8
while in the Fe3+ oxidation state, iron remains soluble at pH values below 3 [32]. The
high iron removal rate achieved in this study from the 30 min contact time with a pH of
3.61 corresponds with the solubility of Fe3+ at the respective pH [30,31], suggesting that the
remediation mechanisms involved oxidation of Fe2+ to Fe3+ and precipitation as insoluble
ferric compounds. Similar results of oxidative precipitation were obtained by Galob et al.
(2009), where total Fe concentrations were reduced to below 1 mg/L at pH values below 6
using concrete as a PRB. The removal of total Fe may be associated with the precipitation
of Fe(OH)3, as proposed by similar findings [26].

3.1.4. Magnesium and Manganese

The concentration of Magnesium (Mg) was reduced from 402 mg/L to 325 mg/L,
equating to a 19.2% removal efficiency at the 5 min contact time. The removal rate remained
relatively steady throughout the various contact times with the lowest concentration of
295 mg/L achieved at 90 min as shown in Figure 4C. The decrease in Mg concentration
may be attributed to ion exchange with Ca, which is abundant in the pervious concrete.
For Manganese (Mn), the raw concentration remained virtually the same throughout the
experiment as shown in Figure 4D. Both Mg and Mn are known to precipitate at high pH,
typically a pH range of 9 to 10, respectively [30]. At the tested limits, the PRB treatment did
not achieve the required pH to effectively precipitate these metals. Based on the determined
correlational relationship between contact time and pH as well as pH values achieved in
recent studies on AMD remediation using concrete [17,18,22,26], it is anticipated that with
prolonged retention time, the required pH of 11 can be achieved to effectively reduce the
concentration of Mn.

3.1.5. Sodium and Potassium

The results for Na show a low removal rate with an average of 21% concentration
removal across the five contact times as shown in Figure 4C. Similarly to Mg, the removal
of Na may be attributed to ion exchange with Ca. The results for K, the other alkali metal
examined in this experiment, show an increase in the concentration at longer contact
times and reach a threefold concentration increase at the 120 min contact time (refer to
Figure 4C). Similar results for the alkali metals were obtained in literature [17]. The limited
effectiveness of pervious concrete to reduce the concentrations of alkali metals can be
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attributed to the high solubility of alkali hydroxides in water. Furthermore, Na and K
concentrations can be increased through the leaching of Na2O3 and K2O present in the fly
ash admixture and the Portland cement.

3.1.6. Sulphate

The results for SO4 at the tested contact times are shown in Figure 5. A high degree
of variation in the SO4 removal was experienced. The mean percentage removal across
the five contact times was 25%. The removal of SO4 from AMD when using pervious
concrete PRBs has mainly been attributed to the dissolution of Ca from the concrete and
the formation of the gypsum precipitates [17,33]. Unlike metal precipitation, the removal
of SO4 is not pH dependent; instead, compounds such as gypsum tend to crystallise at
concentrations above their solubility limit [34].

3.1.7. Total Suspended Solids

The TSS concentrations tend to increase with an increase in contact time with a degree
of fluctuation as shown in Figure 4B. This is expected as the highest removal rates occurred
at the longest contact times and the precipitated contaminants can be carried over into
the treated water, forming TSS. This finding importantly illustrates that pervious concrete
is capable of reacting with AMD, resulting in the precipitation of contaminants, but is
unable to completely entrap the suspended precipitants in the porous network and thus,
an additional process step would be required to either settle or filter the particles before
disposal or further treatment. On examination of the concrete cubes after experimentation,
a uniform metal precipitant coating was observed at the bottom of the concrete block where
the fluid initially makes contact with the cubes. This surface of the concrete is also where
the settleable precipitants would settle. Figure 6 shows an image of the bottom of a concrete
cube after column experimentation.
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Figure 6. Precipitant formation across pervious concrete cube—column experiment.

3.2. Gravity Flow Experimental Results

The chemical analysis results from the samples collected during the conduct of the
gravity flow experiments are graphically illustrated in Figures 7 and 8. The contact time of
0 s on the graphs represents the composition of the raw AMD.
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Figure 8. Sulphate vs. hydraulic retention times for gravity experiment.

3.2.1. pH Correction

The pH vs. contact time graph in Figure 7A shows that pH increases proportionally in
response to increasing contact time. A peak pH of 4.26 was achieved at a liquid-concrete
contact time of 28 s. The pH values achieved in the 7 and 28 s contact time under the gravity
flow configuration were only achieved in the 30th and 90th minute contact times under the
column flow configuration, respectively. This finding can be interpreted as pH correction
under the gravity flow configuration being two orders of magnitude more efficient than
the column configuration at the tested limits. It is hypothesised that the sprayed discharge
of the AMD at the top of the concrete column and the trickling of AMD through the porous
surface allows for aeration of the AMD, resulting in CO2 degassing and accelerated pH
correction [35,36]. Figure 10 shows the sprayed discharge of the AMD at the top of concrete
column. Similarly to the column flow configuration, the gravity experiment shows an
increase in Ca and K concentration as a result of mineral leaching from the concrete (refer
to Figure 7C). The findings suggest that the mechanisms involved in pH correction under
the gravity configuration include the leaching of Ca(OH)2 and other basic compounds
from the concrete and aeration through the sprayed discharge of the AMD.



Sustainability 2021, 13, 10847 10 of 17

3.2.2. Aluminium

The dissolved concentration of Al reduced proportionally in response to increasing
contact time, as shown in Figure 7D. Like the column flow experiment, the removal of
Al for each pH value achieved corresponds with the theoretical solubility of aluminium
hydroxide at the given pH [30,31]. The lowest concentration of Al was 13.2 mg/L, achieved
at a contact time of 28 s and equating to a removal rate of 82.7%. A comparable result of
20.8 mg/L was obtained at the 90 min contact time under the column flow experiment,
where both configurations achieved similar pH values. The removal of Al concentration
under the gravity configuration may primarily be attributed to the increase in pH resulting
in precipitation as aluminium hydroxide. It can be expected that further increase to the
concrete height resulting in longer liquid-concrete contact time and higher pH will lead to
a greater degree of Al precipitation as experienced in the column experiment.

3.2.3. Iron

The dissolved concentration of total Fe was reduced from an initial concentration of
43.6 mg/L to below 1 mg/L in the 7 s contact time with pH of 3.51, as shown in Figure 7D.
In contrast, this degree of total Fe removal under the column configuration was achieved at
the 30 min contact time. The Fe concentrations at the 19 and 28 s contact time were below
0.1 mg/L, equating to a removal rate exceeding 99%. Like in the column configuration,
a high degree of total Fe precipitation was achieved at the low pH values corresponding
with the solubility of Fe3+ [30,31], suggesting that the mechanisms involved in total Fe
precipitation comprises the oxidation of Fe2+ to Fe3+.

3.2.4. Magnesium and Manganese

The concentration of Magnesium (Mg) was reduced from 402 mg/L to 312 mg/L,
equating to a 22.4% concentration removal in the 7 s contact time, and the removal rate
remained steady throughout the various concrete heights, as shown in Figure 7C. The
results for Mg removal under the gravity configuration are a near replica to those attained
in the column configuration. As with the column flow experiment, the raw concentration
of Manganese (Mn) remained virtually the same throughout the experiment. As mentioned
before, Mn and Mg precipitate at pH values greater than 9 and 11, respectively, and thus,
the removal rates of both metals are ineffective [30]. pH values of 11 have been achieved
in previous studies under the column flow configuration [17,18,22,26]. With a sufficient
increase in PRB height, achieving pH values as high as 11 for the precipitation of Mn
and Mg may be possible under the gravity flow configuration. The same remediation
mechanism involved in the column configuration can be attributed to the remediation of
Mg under the gravity configuration.

3.2.5. Sodium and Potassium

The results for Na show a low removal rate with an average of 20% concentration
removal across the three contact times. The concentration of K increased by four times
the raw concentration at the 7 s contact time and remained relatively steady throughout
the experiment. The findings for the alkali metals for the gravity experiments are similar
to those obtained in the column experiments. The mechanisms involved in the change in
concentrations for the alkali metals under the gravity experiments are as discussed in the
column experiment results.

3.2.6. Sulphate

The gravity experiment results for SO4 are shown in Figure 8. The mean percentage re-
moval across the three concrete was 17% and was relatively steady. The column experiment
results yielded marginally improved SO4 removal over the gravity configuration, which
can be attributed to the longer contact times, allowing for a greater degree of gypsum
formation and precipitation. This hypothesis is supported by the higher concentration of
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dissolved calcium measured in the longer retention times of the column experiment in
comparison to those achieved in the gravity experiment.

3.2.7. Total Suspended Solids and Clogging

The TSS concentrations under the gravity flow tend to increase with an increase in
the contact time due to the higher degree of contaminant precipitation with increased
surface area, as shown in Figure 7B. Figure 9A shows the Total Removed Solids (TRS)
concentration vs. pH for the column and gravity flow configuration. TRS is the summed
concentration of the removed elements and was calculated using Equation (1). Figure 9B
shows the Total Suspended Solids (TSS) concentration vs. pH for the column and gravity
flow configuration.

TRS = (+∆SO4) + (+∆Fe) + (+∆Al) + (+∆Mn) + (+∆Mg) + (+∆Na) + (+∆Ca) + (+∆K) (1)

where ∆element is the initial element concentration minus final element concentration.
Only positive values (removal in concentration) are used in the equation (mg/L).
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Figure 9. Total suspended and total removed solids vs. pH—gravity and column experiments.

The pH range between 3.5 and 4.5 has three data points for each configuration. When
comparing the results within this range, the average TRS of 659 mg/L under the column
flow configuration is greater than the average TRS of 612 mg/L under the gravity flow
(refer to Figure 9A). This result shows that within the same pH range, the column study
achieved a higher degree of contaminant removal. However, the TSS results were inversed,
with a higher degree of suspended solids found in the treated AMD of the gravity flow
configuration (refer to Figure 9B). The TSS as a percentage of the TRS was found to be
18% for the column flow configuration and 26.5% for the gravity flow configuration. This
finding shows that up to 8% more suspended solids are allowed to overflow under the
gravity flow configuration, leading to fewer solids being captured in the porous network
of the pervious concrete.

From examination of the concrete cubes after experimentation, localised metal precip-
itation was observed in the flow path of the liquid under gravity flow. Figure 10 shows
an image of the top of a concrete cube captured during gravity experimentation. This
observation shows that gravity flow configurations are more prone to localised clogging.
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3.3. Suspended Solids Settleability

The treated AMD under both experiments was tested for settleability. Samples were
collected in 50 mL glass beakers of 120 mm height and the solids were allowed to completely
settle. The average settling time for all the samples was two hours, equating to a settling
velocity of 0.67 mm/s. Figure 11A shows the highly turbid treated AMD before settling and
Figure 11B shows the clarified treated AMD after the 2 h settling time. It can be seen that the
suspended solids formed after PRB remediation are highly settleable without flocculation.
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4. Implications

Research on pervious concrete and other PRBs for AMD remediation has primarily
been focused on material composition and PRB design [15–20,22,26,37,38]. The influence
of design factors such as flow configuration on the AMD remediation capabilities and
the lifecycle cost of PRBs is largely not understood. This study was undertaken to test
the influence of flow configuration and contact time and thereby contribute towards the
engineering development of efficient PRB systems for AMD remediation.

This study’s results show that flow configuration has a significant influence on AMD
remediation efficiency when using pozzolanic pervious concrete. Experiments conducted in
this study found that gravity flow configurations achieved equivalent treated AMD quality
to the column flow configuration with two orders of magnitude less liquid-concrete contact
time. This finding can have a significant impact on implementation costs. Installation costs
are the greatest cost driver for PRBs and it has been estimated that the trenching for in situ
PRBs accounts for 70% of the total capital investment cost while the reactive material makes
up 10–15% of the total cost [15,39]. The gravity flow configuration at a 450 mm barrier
height with 1 m/min flow velocity and the column flow configuration at 90 min HRT
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achieved very similar results. Table 3 presents the volumetric treatment rate of the flow
configurations at these duty points where remediation results were most similar. Under
unsaturated flow, the gravity configuration achieved a volumetric treatment rate five times
higher than the column flow configuration. The finding suggests that significant capital
investment cost savings could be gained through the design of pervious concrete PRBs
under the gravity flow configuration as a result of the lower concrete volumes required
per litre of AMD treated, leading to less reactive material usage and smaller trenching
footprints. Gravity flow designs with uniform distribution of AMD across the surface area
of the concrete can promote greater utilisation of the concrete’s reactive volume as a result
of increased flow saturation, which may reduce the required concrete volume and further
improve capital cost savings. One such design is discussed in the following section.

Table 3. Treatment rates achieved.

Gravity Flow Column Flow Units

Flow Type Unsaturated Saturated -
PRB Reactive Volume 0.010125 0.003375 m3

AMD Volume Treated 25 25 L
Time to Treat Volume 2.3 37.5 min

Treatment Rate 1066.667 197.333 L/m3/min

The study results further show that flow configuration has an influence on the degree
of suspended solid carryover to the treated AMD. Under the column flow configuration, a
greater degree of the precipitated solids was captured on the pervious concrete’s porous
surface due to the solids settling inside the PRB in a direction opposing the flow and solids
adhering to the concrete through adsorption mechanisms. Under the gravity flow configu-
ration, 8% more suspended solids were carried over into the treated AMD stream due to
the flow being in the same direction as the settling suspended solids, allowing sweeping
of the solids. The described flow conditions are graphically illustrated in Figure 12. The
reduced solid capturing under the gravity flow configuration is advantageous as slower
build-up of solids in the flow path prolongs pore clogging and increases the productive
lifespan of PRBs [40,41]. Therefore, the research findings indicate that PRBs under gravity
flow configurations may have longer productive lifespans than PRBs under column flow.
Further research into this finding is recommended to assess the solid retention rate over
longer operational timespans.
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The results achieved in this study as well as in literature [16,17,26] show that pervious
concrete PRBs can be effective at raising pH and at removing contaminants from the AMD.
Under both configurations, however, the removed contaminants formed suspended solids,
some of which were carried over into the treated AMD. Should pervious concrete PRBs be
implemented as an in situ remediation technique, some of the precipitated contaminants
can be carried in suspension and still contaminate other water bodies, causing environmen-
tal damage. The study found that the suspended solids are highly settleable with settling
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velocity or 0.67 mm/s, allowing for a fully passive treatment process. The implementation
of a sedimentation or filtration process is an essential secondary treatment process after
PRB treatment for optimum remediation performance.

The presented study findings suggest that a suitably sized pervious concrete PRB
under gravity flow configuration followed by a suitably sized sedimentation basin may
provide the most optimal pervious concrete PRB process when optimising for remediation
efficiency and capital costs. However, site-specific conditions such as aquafer depth and
AMD flow rates may present challenges for a scalable design of the described process.
One potential scalable design solution for gravity flow configurations which maximises
flow saturation follows the principles of a rotary arm trickling filter where a manifold
feeds a rotary distribution system which discharges AMD over the surface area of the
pervious concrete medium. The design can operate passively using differential head
between the dispersion level of the trickling filter and the static water level of the mine
tailings. Figure 13 illustrates the described solution. Design constraints will need to be
taken into account when further developing gravity flow solutions.
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5. Conclusions

This study investigated the influence of flow configuration and liquid-concrete contact
time on the AMD remediation capabilities of pozzolanic pervious concrete PRBs. Labora-
tory experiments were conducted on the remediation capabilities of the PRBs under column
flow and gravity flow with increasing liquid-concrete contact times. The research found
that flow configuration plays a significant role in the remediation efficiency of pervious
concrete PRBs. The research found that the two flow configurations achieved equivalent
quality of treated AMD while the gravity flow configuration was operated with two orders
of magnitude less liquid-concrete contact time than the high retention column flow con-
figuration. The research found that flow configuration also influences the rate at which
PRBs captured the precipitated solids in the porous network, leading to pore clogging. This
study’s findings suggest that the lifecycle costs of pervious concrete PRBs can be minimised
through design of PRBs under the gravity flow configuration due to the lower volume of
concrete required per unit of treated AMD and potentially longer productive lifespans due
to prolonged clogging. The specific findings of this study are as follows.

The research found a statistically significant (p < 0.05) correlation relationship between
the liquid-concrete contact time and pH correction under the column flow configuration.
The increase in pH is attributed to the precipitation of most metals from AMD and therefore,
the correct sizing of PRBs to satisfy required contact times is a critical design parameter for
PRB performance.
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1. Initial concentrations of Fe were reduced to concentrations of less than 1 mg/L at
pH values of less than 4 under both configurations, suggesting that the remediation
mechanisms of pozzolanic pervious concrete PRB involve the oxidation of Fe2+ to
Fe3+ leading to precipitation as Fe(OH)3.

2. Both gravity flow and column flow configurations at the tested contact times are
highly effective for heavy metals Fe and Al removal, with 99% and over 80% re-
moval efficiency, respectively; are limited for SO4, Mg and Na removal with up
to 17%, 22% and 20% removal rates, respectively; and are ineffective at reducing
Mn concentrations.

3. The dissolved concentrations of Ca and K under gravity flow and column flow
configuration increased by up to 16% and more than threefold, respectively, due to
the leaching of the minerals from the pervious concrete resulting in alkalinity and
raising the pH.

4. The pervious concrete PRBs under the gravity flow configuration captured 8% fewer
precipitated solids on the reactive surface when compared to the column flow config-
uration. This finding suggests that slower clogging of the PRB could be attained when
operating under the gravity flow configuration leading to longer productive lifespan.
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