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Abstract: The costs related to comminution in the mineral industry are significant, thus representing

the main challenge for optimizing such a process. During the last few decades, the technology of High-

Pressure Grinding Rolls (HPGR) has been consolidated as an important alternative for comminution

circuits, due to the relatively low operational cost, as well as a relatively high energy efficiency. Due

the initial high capital costs, HPGR applications are limited to high-capital projects. However, Metso

Outotec has recently developed a relatively low-cost HPGR equipment mainly applied to aggregates

segment. Accordingly, this work aims to evaluate the performance of HRC™ HPGR in the production

of manufactured sand, based on surveys carried out in an existing industrial plant. The performance

assessment indicates that the HRC™ was an adequate alternative for manufactured sand production.

The analysis also includes the comparisons of the resulting products based on Brazilian Standards for

sands used in concrete and filters.

Keywords: HPGR; manufactured sand; comminution; HRC™; aggregates

1. Introduction

A combination of environmental restrictions, together with technical and economic
feasibility aspects, is increasingly restricting the production of natural sand relatively close
to the main consumers. New mines are thus facing long transport distances, which may
extend the overall costs by as much as 2/3 [1,2].

An alternative to such a scenario is to produce manufactured sand, which is sand
produced using a crushing method, from rocks or tailings resulting from either gravel
or even natural sand production. Such applications are increasing the growth of the
manufactured sand market, in view of the technical and environmental restrictions faced
by the traditional methods of sand production that involve the extraction of this material
from riverbeds [3–5].

In addition, various authors [6–8] have evaluated the use of manufactured sand in
concrete and mortar, instead of simply using it for replacing natural sand.

The growing demand for manufactured sand leads to a demand for a product that may
result from either fine crushing or coarse grinding. The relatively high metal consumption
requirements, i.e., as ball media and/or liners, is an economic challenge in both cases,
which also include the prerequisite of low capital costs.

Under such a scenario, Metso Outotec developed the HRC™, an HPGR technology
specifically for such an application [9].

Since its introduction in 2011, the use of HRC™ is progressively increasing in the Brazil-
ian and global industrial operations dedicated to aggregate segment, which include manu-
factured sand production. Currently, there are more than 70 types of HRC™ equipment
applied to aggregate segmenting, and some of these applications are located in Brazil [9,10].
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One such industrial operation was surveyed for assessing HRC™ performance, as
well as evaluating the obtained product according to Brazilian Standards of sand for use in
concrete and sand for filters.

1.1. Objective

This work aims to evaluate the performance of HRC™ in manufactured sand produc-
tion. The performance is evaluated in terms of capacity, energy consumption and quality
of obtained product.

1.2. HRC™

In 2015, Mesto Outotec introduced new models of their HRC™ HPGR equipment,
specifically for aggregate segment, referred to as HRC™ Aggregates [9]. Figure 1 shows a
photograph of an HRC™8 installed in an industrial plant.
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Figure 1. HRC™ Aggregates installed in an industrial operation.

The HRC™8 was designed for relatively low throughputs and medium–low spe-
cific grinding force, which result in lower weights and low cost compared to the full
size Metso Outotec HPGR equipment with similar dimensions (HRC™800), the latter
being typically used in applications that demand a higher specific grinding force. Table 1
shows the technical specifications and the main differences between the HRC™8 and
HRC™800 models [9].

Table 1. HRC™ technical specifications.

HRC™800 HRC™8

Weight of equipment (kg) 16,000 11,000
Installed power (hp) 2 × 150 2 × 100

Diameter and length of rolls—D × L (mm) 800 × 500 800 × 500
Grinding specific force limit (N/mm2) 4.5 2.5

Nominal speed with 60 Hz frequency (RPM) 32 32
Feed Top Size limit (mm) 32 32

External dimensions—length × width × height (m) 2.5 × 4.3 × 2.5 2.4 × 3.5 × 1.6

With a lower weight, installed power, maximum limit of specific grinding force,
external dimensions and cost of mechanical components, the HRC™8 costs 30% to 35% that
of the HRC™800 model. The relatively low capital cost of HRC™8 is particularly adequate
for industries processing low-value material, such as aggregates for civil construction [9].
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1.3. HRC™ Operating Indices

The main indices associated with HPGR operation are listed in the following
Equations [11,12].

SP =

F

1000 × D × L
(1)

where SP is the specific pressure (N/mm2), F is the force (kN), D is the roll diameter (m),
and L is the roll width (m).

SE =

P

Q
(2)

where SE is the specific energy (kWh/t), P is the power (kW), and Q is the throughput of
solids (t/h).

SC =

Q

D × L × V
(3)

where SC is the specific capacity (ts/hm3), and V is the roll peripheral speed (m/s).

1.4. Itaquareia Mineral Processing Plant

The Itaquareia mineral processing plant installed in Mogi das Cruzes, Sao Paulo state,
Brazil, was selected for conducting the experimental work here described.

Mining is carried out with a combination of excavation and hydraulic jets in open pits,
from which the pulp is pumped through centrifugal pumps to the processing plant. The
first processing stage includes a static scalping screen equipped with a 15 mm aperture
metallic mesh, whose oversize is used to pave roads within the industrial area, whereas the
undersize is directed to a large storage tank. The material reclaimed from the storage tank
is pumped to a vibrating screen equipped with three decks, equipped respectively with
7.0 mm, 3.5 mm and 1.5 mm mesh apertures. Depending on the granulometric range, the
screen products are referred as follows:

• Coarse gravel (−15 mm + 7.0 mm);
• Fine gravel (−7.0 mm + 3.5 mm);
• Coarse sand (−3.5 mm + 1.5 mm);
• Medium sand (−1.5 mm).

In the past, all four screen fractions have been produced and commercialized by
Itaquareia as final products. However, in periods of low market demand, coarse sand
was stockpiled on the site, making it a potential environmental issue for the company
over the years, and making “coarse sand” an environmental liability in this operation.
This situation was resolved by introducing a comminution unit in the processing plant,
essentially including an HRC™ unit with smooth rolls, together with a dedicated horizontal
screen. Figure 2 shows the current Itaquareia process flow sheet.

As shown in Figure 2, the Coarse Sand fraction is transported via dump trucks from
the primary screening area to the HRC™ feed bin. A dedicated apron feeder controls the
feed rate to the HRC™ unit, whose product is directed to a second bin. Material from the
second bin is either a final product or further screened on a double-deck horizontal screen,
with 1.18 mm and 0.60 mm mesh screens. The top deck oversize is referred to as block sand,
which is specifically used in the building blocks market, while the bottom deck oversize is
referred to as filter sand. The bottom deck undersize is further recirculated to the primary
screen feed, as part of this plant’s strategy for reusing process water.

Even though the coarse sand is currently the main feed in the HRC™, the equipment
was also evaluated for fine gravel processing.

Figure 3 shows the Itaquareia HRC™ industrial processing plant located in Mogi das
Cruzes, Sao Paulo—Brazil.
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2. Experimental

2.1. Method

The procedural method for assessing the HRC™ performance in the Itaquareia-
manufactured sand processing plant included a survey campaign in the circuit, followed
by sample processing and characterization, together with assessing selected capacity and
energy consumption indices.

The sampling campaign included five surveys in the Itaquareia HRC™ circuit. The
obtained samples were processed in the Metso Outotec laboratories in Sorocaba, São Paulo
state, Brazil, to determine size distributions, bulk and flake densities, as well as moistures.
Further testing was carried out at University of Sao Paulo laboratories specifically for
chemical analysis and abrasion testing. The overall procedure adopted in this work is
summarized in Figure 4.
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Figure 4. Method adopted for assessing the performance of HRC™ in the Itaquareia industrial

processing plant.

2.2. Sampling Campaign

The sampling campaign carried out at the Itaquareia industrial processing plant
included five full surveys in the HRC™ circuit. They comprised two different types of feed
using three levels of specific grinding pressures, as described in Table 2.

Table 2. Summary of surveys carried out at Itaquareia HRC™ circuit.

Survey Type of Feed Specific Grinding Pressure (N/mm2)

1 Fine Gravel 1.0
2 Fine Gravel 1.8
4 Coarse Sand 1.8
5 Coarse Sand 1.8
6 Coarse Sand 2.1

Surveys 4 and 5 were carried out under the same conditions to assess the reproducibil-
ity associated with adopted procedures. Figure 5 shows the Itaquareia comminution circuit
flowsheet as well as the selected sampled streams; the latter is further described in Table 3.

Table 3. Sampling point dentification.

Sampling Point Description

1 HRC feed
2 HRC discharge
3 Screen feed
4 Screen top deck oversize
5 Screen bottom deck oversize
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feed

with the selected test material. At the beginning of each test, the HRC™ 
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™

™

Figure 5. Itaquareia comminution circuit and sampled streams.

The procedure adopted in each survey involved an initial emptying of both silos
before filling them with the selected test material. At the beginning of each test, the HRC™
was adjusted to the particular roll pressure and operated until a steady-state condition
was achieved, essentially when a feeder speed was established that maintained a stead
silo level. During the steady-state operation period, data were obtained from the control
system through the HMI (Human–Machine Interface), and included the power draw and
roll speed for each roll, together with specific energy.

At the end of this period, the whole system was shut down and samples were collected
around the points indicated in Table 3. For this, tools such as shovels, brooms and specific
containers for sample storage were used. Due to the access difficulties, the undersize from
the bottom screen deck was not sampled.

Since this version of the HRC™8 model does not have an automatic/real-time gap
monitoring system, samples from flakes contained in the HRC™ discharge were carefully
separated for measuring the HRC™ operating gap through the use of a pachymeter. The
flakes were not compact enough to require a deagglomeration step. The flake deagglomera-
tion happened only with the natural handling of this material along the downstream steps
of the process. This premise was confirmed through site visits, discussions with operators
and the handling of this material during testing.

3. Results and Discussion

In this section, the results obtained from the survey campaign and sample treatment
are presented, together with associated analysis. Mass balancing was followed by HRC™
performance indices and additional characterization tests. The last part included a detailed
analysis of the products obtained in each survey carried out at the Itaquareia HRC™
industrial plant.

3.1. Mass Balance

The mass balance procedure adopted in all five surveys consisted initially of calcu-
lating the solid flow rate in the screen bottom deck undersize, based on all other solid
flowrates obtained throughout the circuit. Based on such an estimation, the size distribution
of the screen bottom deck undersize was calculated. Even though such a method may be
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regarded as mass reconciliation, it resulted from the practical limitation in surveying the
bottom deck screen undersize. Such a situation is relatively frequent in industrial plants
in the aggregate industry. Table 4 shows the solid flow rate associated with each stream
in each survey as the mass balanced. The same values are presented in a graphic form
in Figure 6.

Table 4. Mass balance results—solids flow rate.

Solids Flow Rate (t/h)

Survey
HPGR
Feed

HPGR
Product

Screen
Feed

Screen Top
Deck O/S

Screen Bottom
Deck O/S

Screen Bottom
Deck U/S

1 47.2 47.2 47.16 26.0 8.3 12.8
2 46.3 46.3 46.31 24.2 8.5 13.6
4 35.5 35.5 35.50 13.9 10.2 11.4
5 35.7 35.7 35.71 14.8 9.7 11.2
6 33.1 33.1 33.06 13.5 8.7 10.8

followed by HRC™ 

Itaquareia HRC™ 

—

 

Figure 6. Summary of mass balance results.

Size distributions resulting from mass balance are shown and discussed in detail in
the following sections, where each one is compared with the Brazilian standards for sand
products. Table 5 shows the summary of mass balanced size distributions indices, such as
HRC™ feed and product P80 and P50.

Table 5. Mass balance results—feed moisture, bulk density and particle size distribution indices.

Survey Feed
Specific
Pressure
(N/mm2)

Feed
Moisture

(%)

Bulk
Density
(g/cm3)

Feed
P80-F80

(mm)

Product
P80-P80

(mm)

Feed
P50-F50

(mm)

Product
P50-P50

(mm)

1 Fine Gravel 1.0 7.9 1.73 4.28 2.81 2.53 1.36

2 Fine Gravel 1.8 7.9 1.72 4.22 2.60 2.39 1.27

4 Coarse Sand 1.8 4.6 1.65 2.34 1.78 1.57 0.95

5 Coarse Sand 1.8 4.5 1.63 2.27 1.74 1.52 0.95

6 Coarse Sand 2.1 4.7 1.65 2.29 1.73 1.55 0.93

Tables 5 and 6 indicate higher HRC™ throughput associated with fine gravel feed as
compared with coarse sand, even though the former showed a coarser feed size distribution
as compared with the latter. The comparison is consistent with both F80 and F50 parameters,
since the resulting products follow the same tendency, i.e., coarser for fine gravel feed as
compared with coarse sand feed.
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Table 6. Summary of operating conditions and main performance indexes.

Survey Feed
Specific
Pressure
(N/mm2)

HRC™
Feed (t/h)

Specific
Capacity
(ts/hm3)

Specific
Energy

Consumption
(kWh/t)

Flake
Density
(g/cm3)

Operating
Gap (mm)

RR80 * RR50 **

1 Fine Gravel 1.0 47.2 174 3.27 2.06 18.7 1.52 1.87

2 Fine Gravel 1.8 46.3 170 3.49 2.14 17.7 1.63 1.89

4 Coarse Sand 1.8 35.5 131 3.53 2.03 14.3 1.31 1.65

5 Coarse Sand 1.8 35.7 131 3.51 2.02 14.4 1.30 1.60

6 Coarse Sand 2.1 33.1 122 3.58 2.06 13.1 1.32 1.67

* Reduction ratio (F80/P80). ** Reduction ration (F50/P50).

In terms of P80 and P50, the increase in specific pressure is relatively small. Accordingly,
fine gravel showed a P80 change from 2.81 mm to 2.60 mm as the specific pressure was
increased from 1.0 N/mm2 to 1.8 N/mm2, while for coarse sand, the P80 changed from
1.74 mm to 1.73 mm as specific pressure was increased from 1.8 N/mm2 to 2.1 N/mm2.
The latter change in P80 may be considered negligible.

3.2. HRC™ HPGR Performance Indices

The main indices calculated for each survey are summarized in Table 6.
Table 6 shows a significant reduction in the specific capacity for coarse sand feed,

as compared with fine gravel feed, resulting from the smaller feed rate of the latter in
comparison with the former. Interestingly, the specific energy consumption values were
similar for both fine gravel and coarse sand feed, thus indicating a relative compensation by
the respective HRC™ power draw, i.e., higher throughputs were associated with relatively
higher power draw, and smaller throughputs were associated with relatively smaller
power draw.

Table 6 also indicates similar flake densities for all tests. The reduction ratios were
higher for fine gravel as compared with coarse sand tests, both in terms of P80 (RR80) and
P50 (RR50). As observed in the size distributions, neither the RR80 nor the RR50 index were
significantly affected by the specific pressure.

3.3. Additional Characterization Tests

Table 7 shows the grades of selected elements, as obtained by chemical analysis using
the lithium tetraborate fusion method.

Table 7. Chemical analysis results.

Feed ID
SiO2

(%)
Al2O3

(%)
Fe2O3

(%)
MnO
(%)

MgO
(%)

CaO
(%)

Na2O
(%)

K2O
(%)

TiO2

(%)
P2O
(%)

Fine Gravel 88.3 5.97 1.55 0.11 0.13 <0.10 0.23 3.5 0.11 <0.10
Coarse Sand 91.3 4.65 1.34 0.14 <0.10 <0.10 0.21 3.14 <0.10 <0.10

The chemical analysis results show high contents of SiO2 for both samples, in this
case higher than 88%, indicating high-quality products [13]. Although the contents of SiO2

indicate good-quality products, further investigation is recommendable to avoid possible
harmful alkali–silica reactions later in the concrete due to this content of Al2O3.

The abrasiveness of a combined feed sample of fine gravel and coarse Ssnd was
assessed through the Macon test, also referred as LCPC—Laboratoire Central des Ponts et
Chausses. The value of 1184 g/t classifies the sample as very abrasive, and this result is in
accordance with the reference values indicated for quartz sand [14].
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3.4. Product Characteristics

The products obtained in the surveys were compared with respective Brazilian Stan-
dards of manufactured sand and the required parameters.

The first comparison was carried out with both HRC™ discharge and block sand
product, the former thus representing the HRC™ direct product (Point 2—Table 2), whereas
the latter corresponded to the screen top deck oversize product (Point 4—Table 2). These
two products were thus compared with Standard ABNT NBR7211, a Brazilian reference for
fine aggregates (sand) used in concrete, which includes that this material must meet the
following parameters:

• Particle size distribution—usable zone, as well as lower and upper limits;
• Fineness modulus—referred to as the sum of percentages accumulated in 9.5, 6.3, 4.75,

2.36, 1.18, 0.600, 0.300 and 0.150 mm aperture screens divided by 100, i.e., cumulative
percentage retained on specific sieves, divided by 100;

• Limit of 5% passing through a 0.075 mm screen aperture;
• Presence of clay and/or friable materials [15].

In addition to these parameters being mentioned by this standard, several authors
highlight the criticality and influence of such parameters in the quality of sand for con-
crete [16–18].

The second comparison was carried out with the filter sand product, corresponding to
the screen bottom deck oversize (Point 5—Table 2). In this case the product of each survey
was compared with Standard ABNT NBR11799, a Brazilian reference for filter materials
(filter sand), which must meet the following:

• 100% passing through a 4.78 mm aperture screen;
• Free from dust, clay and organic materials;
• Effective size—referred to as 10% passing size, in mm;
• Uniformity coefficient—referred to as the ratio between the 60% passing size and the

10% passing size [19].

This standard does not indicate the specific values of the effective size and uniformity
coefficient, and mentions that the required values must be established by the consumer
market (end costumer).

The product analysis is here described in terms of a chart containing the lower and
upper limits according to the Brazilian Standard ABNT NBR7211 for fine aggregates (sand)
used in concrete. An additional table is included in each case for assessing through a color
scale every single aspect as listed in the ABNT NBR7211 and ABNT NBR11799 standards.
The color scale indicates whether the materials are outside of, or partially, almost fully or
fully within the standards, as shown in Figure 7.
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— —

HRC™ feed was inadequate for concrete 
or filter uses. Table 9 indicates that the HRC™ ’s

Figure 7. Color scale adopted in the analysis.

Figure 8 and Table 8 show that HRC™ feed was inadequate for the concrete and filter
uses, whereas Table 8 indicates that the HRC™ product’s size distribution was partially
within the limits of the usable zone for use as sand in concrete, while being inadequate for
filter sand.

Even though the block product was inadequate for both concrete and filter, the filter
sand product almost fully met the specifications of a fine aggregate for concrete, as well as
being fully suitable for filter sand.

Here too, Figure 9 and Table 9 show that the HRC™ feed was inadequate for concrete
or filter uses. Table 9 indicates that the HRC™ product’s size distributions were almost
entirely within the limits of the usable zone for use as sand for concrete, while being for
filter sand.
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Figure 8. Survey 1 size distributions and limits for use as sand for concrete.

Table 8. Survey 1 product analysis.

Survey 1—Feed Fine Gravel, Pressure 1N/mm2

Standard NBR 7211—Agreggates for Concrete (Aggregate Fine)
Standard NBR 11799—Filtering Material

(Sand for Filters)

Sampling
Points

Fineness
Modulus

Fineness
Modulus

Classification

Material
−0.075 mm

(%)

Presence of
Clay and
Friable

Materials

Particle Size
Distribution

Material
−4.8 mm

(%)

Free from
Dust, Clay,

Organic
Material

Effective
Size and

Uniformity
Coefficient

HPGR
Feed 3.81

 

−
−

08 

Out of

Usable Zone

 

−
−

08 
0.93

 

−
−

93 Not
Not

identified

 

−
−

93 NotOutside the limits of

the usable Zone

 

−
−

08 
87.83

 

−
−

08 
Yes

 

−
−

93 Not

Adequate

 

−
−

93 Not

HPGR
Product 3.08

 

−
−

78 
Within

Usable Zone

 

−
−

78 
4.29

 

−
−

93 Not
Not

identified

 

−
−

93 NotPartially Within the
limits of the

usable Zone

 

−
−

  
96.91

 

−
−

08 
Yes

 

−
−

93 Not

Adequate

 

−
−

93 Not

Block Sand 3.78

 

−
−

08 

Out of Us-

able Zone

 

−
−

08 
0.57

 

−
−

93 Not
Not

identified

 

−
−

93 NotOutside the limits of

the usable Zone

 

−
−

08 
94.09

 

−
−

08 
Yes

 

−
−

93 Not

Adequate

 

−
−

93 Not

Filter Sand 2.91

 

−
−

78 
Within

Usable Zone

 

−
−

78 
0.55

 

−
−

93 Not
Not

identified

 

−
−

93 NotAlmost entirely
within the limits of

the usable Zone

 

−
−

78 

100

 

−
−

93 Not

Yes

 

−
−

93 Not

Adequate

 

−
−

93 Not

Survey 2—Fine Gravel Feed—1.8 N/mm² 

’s

— —

Figure 9. Survey 2 size distributions and limits for use as sand for concrete.
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Table 9. Survey 2 product analysis.

Survey 2—Feed Fine Gravel, Pressure 1.8 N/mm2

Standard NBR 7211—Agreggates for Concrete (Aggregate Fine)
Standard NBR 11799—Filtering Material

(Sand for Filters)

Sampling
Points

Fineness
Modulus

Fineness
Modulus

Classification

Material
−0.075 mm

(%)

Presence of
Clay and
Friable

Materials

Particle Size
Distribution

Material
−4.8 mm

(%)

Free from
Dust, Clay,

Organic
Material

Effective
Size and

Uniformity
Coefficient

HPGR
Feed 3.77

 

−
−

08 

Out of

Usable Zone

 

−
−

08 
0.90

 

−
−

93 Not
Not

identified

 

−
−

93 NotOutside the limits of

the usable zone

 

−
−

08 
88.63

 

−
−

08 
Yes

 

−
−

93 Not

Adequate

 

−
−

93 Not

HPGR
Product 3.01

 

−
−

78 
Within

Usable Zone

 

−
−

78 
3.69

 

−
−

93 Not
Not

identified

 

−
−

93 NotAlmost entirely
within the limits of

the usable zone

 

−
−

78 

99.57

 

−
−

78 Yes

 

−
−

93 Not

Adequate

 

−
−

93 Not

Block Sand 3.75

 

−
−

08 

Out of

Usable Zone

 

−
−

08 
0.80

 

−
−

93 Not
Not

identified

 

−
−

93 NotOutside the limits of
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As per Survey 1, the block product was inadequate for both concrete and filter. Con-
versely, the filter sand product’s size distribution was almost entirely within the limits of
the usable zone, while being fully suitable for filter sand.

The Figure 10 shows the Particle Size Distribution for the survey 4 and limits for use
as sand for concrete and the Table 10 shows the product analysis for this survey.

— —

’s

Survey 4—Coarse Sand Feed—1.8 N/mm²  

Figure 10. Survey 4 size distributions and limits for use as sand for concrete.

The combination of coarse sand feed and a specific pressure of 1.8 N/mm2 was quite
efficient, since such products met the main parameters required by the corresponding
standards. The HRC™ product was adequate for use as a fine aggregate for concrete, in
addition to being almost entirely adequate according to the specifications for filter material.

Although the block sand product was inadequate for concrete, it practically met
all specifications for filter sand. Conversely, the filter sand product was almost entirely
adequate according to the specifications for fine aggregate for concrete, as well as being a
fully adequate filter material.

The Figure 11 shows the Particle Size Distribution for the survey 6 the Table 11 shows
the product analysis for this survey.
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Table 10. Survey 4 product analysis.

Survey 4—Coarse Sand, Pressure 1.8 N/mm2

Standard NBR 7211—Agreggates for Concrete (Aggregate Fine)
Standard NBR 11799—Filtering Material

(Sand for Filters)
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Classification
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Survey 6—Coarse Sand Feed—2.1 N/mm² 

Figure 11. Survey 6 size distributions and limits for use as sand for concrete.

Table 11. Survey 6 product analysis.

Survey 6—Coarse Sand, Pressure 2.1 N/mm2

Standard NBR 7211—Agreggates for Concrete (Aggregate Fine)
Standard NBR 11799—Filtering Material

(Sand for Filters)
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Increasing the specific pressure to 2.1 N/mm2 resulted in even better results as com-
pared with Survey 4. In this case, the coarse sand feed resulted in an HRC™ product
that was fully adequate for use as either concrete or filter. Conversely, the filter sand
product was almost entirely adequate according to the specifications for concrete, while
fully adequate for use as a filter material.

4. Conclusions

The use of HRC™ for manufactured sand production was assessed in an industrial
operation through a dedicated survey campaign, which included two full surveys for two
different feed materials. In each case, two specific pressures were tested for assessing both
HRC™ performance indices and product characteristics, as compared with the respective
Brazilian standards.

The selected products for evaluation were not only the HRC™ discharge screened at
both 1.8 mm and 0.60 mm, but also the HRC™ discharge only, the latter thus representing
a single-pass (open circuit) operation.

For fine gravel feed, the results indicate adequate product characteristics according to fil-
ter sand specifications, as obtained in the screen bottom deck oversize (−1.8 mm + 0.60 mm)
for both 1.0 N/mm2 and 1.8 N/mm2 specific pressure operations. The former showed a specific
energy consumption of 3.27 kWh/t, while the latter resulted in a mere 7% increase (3.49 kWh/t) in
this index. The specific capacities (m-dot) were also very close—respectively 174 and 170 ts/hm3.

In the case of coarse sand feed, the results indicated adequate product characteristics
according to concrete sand and filter sand specifications. The former was obtained directly
from the HRC™ discharge, whereas the latter resulted from the screen bottom deck oversize
(−1.8 mm + 0.60 mm). Operating specific pressures of 1.8 N/mm2 and 2.1 N/mm2 showed
similar results according to the respective specifications. The former showed a specific energy
consumption of 3.53 kWh/t, while the latter resulted in practically the same value (3.58 kWh/t)
in this index. Specific capacities (m-dot) were also very close—respectively 131 and 122 ts/hm3.

In the case of the Itaquareia industrial operation, the use of HRC™ resulted in not
only economic benefits, but also in positive environmental aspects, as former tails, mainly
coarse sand, are currently converted into products within specifications for use as both
concrete sand and filter sand.

Recommendations for further investigations include the influence of speed in the HRC™
performance, as well as assessing roll-wearing caused by such an abrasive material. Addi-
tionally, although the particle shape characteristic is not required by the mentioned Brazilian
Standard, it is suggested that future studies should include the evaluation of this parameter.
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