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ABSTRACT: The present study investigates the effects of rock crushing circuits on aggregate quality. For
this purpose, a crushing — screening plant located in Vize (Kirklareli, Turkey) was considered. Based on
the current operating conditions, the crushing — screening plant was modeled. The simulations revealed
quantitative data on the production yield, efficiency of crushers, size reduction ratio. Concerning cone and
vertical shaft impact crushers, rock aggregate quality was investigated for products with a particle size
range of 33 — 63 mm. As a result of full-scale crushing tests, it was determined that the quality of rock
aggregates is affected by the crushing circuit. Thanks to the several changes in crushing circuit, the Los
Angeles abrasion value and flakiness index of the investigated rock aggregates were improved by 32%
and 35%, respectively. The key points and details on the aggregate quality improvement processes were
given in this study.

Key Words: Crushing — screening plant, Crushed stone, Aggregate quality, Cone crusher, Vertical shaft impact
crusher

Agrega Kalitesi Tyilestirmenin Kirma Déngiisii Degisimi ile Arastirilmasi: Dik Milli Kiric1 i¢in
Ornek Bir Calisma

OZ: Bu calisma kaya kirma dongiisiiniin agrega kalitesi tizerinde olan etkilerini aragtirmaktadir. Bu
amagla, Vize’de (Kirklareli, Tiirkiye) bulunan bir kirma — eleme tesisi dikkate alinmistir. Mevcut ¢alisma
kosullar1 dikkate alinarak, kirma — eleme tesisinin bilgisayar ortaminda simiilasyonu yapilmistir.
Simiilasyonlar {iretim miktari, kiricllarin verimliligi ve boyut kii¢liltme orami gibi niceliksel verileri
icermektedir. Konik ve dik milli kiricillar dikkate alinarak, kaya agrega kalitesi 33 — 63 mm boyut
grubundaki agregalar icin arastirilmistir. Biiyiik olcekte gerceklestirilen parcalanma deneylerinde, kaya
agrega kalitesinin kirma dongiisiinden etkilendigi belirlenmigtir. Kirma doéngiisiinde yapilan baz
degisimler ile, arastirilan agregalarin Los Angeles asinma degeri ve yassilik indeksi sirasiyla %32 ve %35
oranlarinda iyilestirilmistir. Bu calismada agrega kalitesi iyilestirme siireglerine iliskin ana hatlar ve
detaylar verilmistir.

Anahtar Kelimeler: Kirma — eleme tesisi, Kirmatas, Agrega kalitesi, Konik kirici, Dik milli kirict

1. INTRODUCTION

Increasing demand for crushed stones throughout the world impels aggregate manufacturers to
improve the rock aggregate production processes. In any case, these attempts aim to decrease production
costs and enhance rock aggregate quality. As a matter of fact, rock aggregate quality encompasses
strength, size, and shape considerations (Metso 2018). Therefore, they constitute a strong basis on the
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technical and economic value of rock aggregates used for building and construction purposes. Because
the natural resources should be utilized efficiently, apart from inherent drawbacks, rock aggregate quality
can conceptually be enhanced by removing weathered, highly fractured, or undesirable particles from the
final product. In this context, selective drilling — blasting operations can play a crucial role in
removing/minimizing weathered particles from the final product (Kdken et al., 2020). In addition to this,
it can also be possible to consider various crushing and screening operations for obtaining relatively
higher quality rock aggregates (Ulsen et al., 2019; Davoodi et al., 2019).

Rock breakage or comminution is mainly associated with rock—crusher interactions, crushing energy
consumption, and product-based evaluations, regarding modern rock aggregate science and technology.
In this manner, rock crushing operations may be divided into three main phases: primary, secondary, and
tertiary crushing operations, each of which has several specifications covering belt conveying systems,
screens, and types of crushers (Leiva et al., 2018).

Of the variability in crushing machines, jaw crushers known for their ability to crush huge rock blocks
are mainly used in the primary crushing stages. Thus, they are ideal for daily operations with a relatively
low-cost crushing. Cone crushers break down materials by compressing them between concave and
convex-shaped surfaces. Unlike other crusher types, cone crushers have a more stable structure that
enables higher capacity. Thanks to this advantage, they are highly utilized, particularly in secondary and
tertiary crushing operations. The vertical shaft impact (VSI) and horizontal shaft impact (HSI) crushers
use impact forces to crush materials in the crushing chamber. More profoundly, VSI type crushers can
handle hard and abrasive materials, which can be declared its main advantage over HSI-type crushers.

Generally, unsuitable crushers and poor-quality crushing equipment result in many difficulties that
decrease product quality (DeDiemar 1990; Svensson and Steer 1990). Herein, the rock-crusher interactions
are also essential for evaluating the performance of crushers. For instance, by comparison with jaw and
gyratory crushers, impact crushers can achieve a higher production yield. However, their use is limited
due to high wear rates and is thus restricted to medium or weak rocks (Duthoit, 2000).

Comparing impact crushers, Nikolov (2004) proposed a dynamic particle model indicating that the
impact of energy per unit mass in VSI-type crusher is greater than those of HSI-type crusher. Rahimdel
and Ataei (2014) employed an analytical hierarchy process (AHP) to select primary crushing equipment.
The AHP analyses indicated that the gyratory type of crusher could be a suitable option for the primary
crushing operations of an iron mine in Iran. In another study, it was statistically found that the capacity
of HSI-type crushers is lower than the one of cone crushers, leading to remarkable differences in their
specific crushing energy consumptions. Nevertheless, this difference reduces with increasing the Los
Angeles abrasion value (LAA) of rocks (Kéken and Jili 2020). Therefore, rock crusher selection should be
conducted rigorously because of the main differences in the specific crushing energy consumption.

In recent years, the performance of crushers has been investigated using discrete element methods (Li
et al., 2014; Grunditz 2015; Quist and Evertsson 2016; Chen et al., 2020). When it comes to product-based
evaluations, it has been acknowledged that rock crushing efficiency is associated with the configuration
of process equipment, operational features, and rock properties of feed material. Tavares and Da Silveria
(2008) reported that cone crusher capacity increases with decreasing the LAA of rocks. Lee and Evertsson
(2011) stated that the setup of the cone crushing process affects the particle size distribution of the product.
Moreover, the adjustment in broader strokes in cone crusher relatively enhances the production yield for
specific size fractions. Therefore, interparticle compression in the crushing chamber should be emphasized
to optimize production yield (Lee 2012). In addition, the feed gradation, variations in closed-side setting
(CSS), and crusher speed affect the production yield, specific energy consumption, and product shape
properties (Fladvad and Onnela 2020).

Focusing on product shape considerations, Kojovic (1995) pointed out the importance of choke feeding
that improves the product shape. However, the choke feeding also causes fine material production due to
extreme inter-particle compression (Guimaraes ef al., 2007). Eloranta (1995) declared the feed gradation
and stroke of crushers as dominating factors affecting the degree of crushability in cone crushing.
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Briggs and Evertsson (1998) stated that the shape properties of rock materials could be estimated
through crushability tests, including varying operational features. Bengtsson and Evertsson (2006) found
that industrial VSI type crushers provide better shape properties than cone crushers. Later on, based on
VSI type crushers, a predictive model to estimate product size and shape properties was developed by
Bengtsson (2009). Just as importantly, the impacts of rock breakage mechanisms on product angularity
decrease in parallel with size reduction (Rajan and Singh 2017). It was reported by Hafeez et al. (2016) that
rock aggregates produced through jaw and cone crushing circuits have a better cubical form when
compared to those produced from the jaw crusher alone. Kamani and Ajalloeian (2020) stated that HSI-
type crushers provide better shape properties than jaw crushers. Consequently, it can be claimed that the
aggregate morphology is highly dependent upon the crusher type and crushing circuit (Rajan and Singh,
2020).

For the rock strength considerations, the uniaxial compressive strength of rocks (UCS, MPa) is an
essential parameter for quantifying rock crushability in jaw crushing (Korman et al., 2015; Kahraman et al.,
2018; Koken and Ozarslan 2018). On the other hand, the Brazilian tensile strength of rocks (BTS, MPa) can
be a correlative parameter evaluating the crushing energy consumption in cone crushing (Kéken 2020).

The studies mentioned above have provided adequate knowledge on rock crushability from different
perspectives. In this study, rock aggregate production processes of a crushing — screening plant in
northwestern Turkey were considered. The dynamic simulation of the crushing — screening plant was
performed considering its current operating conditions. For different size fractions of products, some
aggregate properties were determined in laboratory studies. Moreover, the variations in rock aggregate
quality arising from several crushing circuits were presented as a case study. As a result of full-scale
crushing tests, the quality of railway ballast aggregates was improved by several changes in the crushing
circuit. The details and key points on these changes were explained within the context of the present study.

2. MATERIALS AND METHODS
2.1. Introducing the crushing — screening plant

The crushing — screening plant considered in this study is located in Vize, Kirklareli, Turkey. The plant
produces filling material, concrete, subbase, and railway ballast aggregates. Employing drilling and
blasting methods, rock blocks with different dimensions are obtained for crushing operations (Fig 1a). The
aggregates are produced from granitic rocks composed of granite, metagranite, and granodiorite. The host
rock has phaneritic and porphyritic textures and exhibits surface oxidation zones (Fig 1b). The rock masses
are observed in the field studies as yellowish-brown in color and highly fractured in texture. Based on the
field observations, the rock masses could be declared from slightly to moderately weathered, according
to ISRM (2007). The blasted rock blocks are transported to the crushing — screening plant by trucks for
aggregate production. The flow chart of the crushing — screening plant is given in Fig 2. In typical crushing
— screening operations, rock blocks are initially scalped using a 70 mm grizzly feeder before first crushing.
Then, rock materials above 70 mm are broken down by a jaw crusher whose dimensions are 1300 mm x
2400 mm. The CSS of the jaw crusher is 140 mm.

The crushed particles obtained from the jaw crusher are fed to the cone crusher. The CSS and throw
of the cone crusher are 40 and 25 mm, respectively. Crushed materials above 63 mm are returned to the
cone crusher, and particles between +5 -63 mm are directed to the VSI. Simultaneously, some of the
scalped materials (+20 -38 mm) and those with +22 -33 mm are also fed and returned to the VSI,
respectively (Fig 2).

Finally, crushed materials are sieved, and the products are obtained with different size fractions. Wet
screening is adopted using water jet nozzles in the crushing — screening plant. Some scenes of the plant
are given in Fig 3.
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Figure 1. a) Overview of the study area b) Some of the host rocksrcessed in the crushing — screening
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Figure 3. Some scenes of the crushing screening plant considered in this study a) Location map of the
plant b) Cone crusher c) Vertical shaft impact crusher d) Screens e) Railway ballast aggregates

2.2. Laboratory studies

Rock aggregate properties considered in the laboratory studies were water absorption (wa, %), LAA,
and flakiness index (FL, %). These aggregate properties were determined using products with particle size
ranges of 5—12, 12 - 22, and 33 — 63 mm. The wa was determined in accordance with BS EN 1097-6 (2013).
The LAA and FI tests were also carried out following BS EN 1097-2 (2010) and BS EN 933-3 (2012),
respectively.

The laboratory tests were performed under oven-dried conditions, and each test to determine the wa,
LAAYV, and FI of products was performed five times for each size fraction. The average values obtained
from the laboratory tests were presented as rock aggregate properties in this study. In addition, the
measurements on aggregate gradation (i.e., coefficient of uniformity, cu = deo/d10) were also performed
through sieve analyses, according to ASTM C136 / C136M (2019)

3. RESULTS AND DISCUSSION
3.1. Simulation of the crushing - screening plant

The crusher-screening plant was simulated using the software Bruno (v4.1.0.0). Based on the crusher-
screening plant’s current operating conditions, the simulations were carried out. The simulation results
are presented as a flowchart in Fig 4.

Accordingly, the efficiency of the jaw, cone, and VSI-type crushers was found to be 59%, 86%, and
77%, respectively. For a typical crushing — screening shift, 200 — 300 tons of feeding materials were
processed in the plant. In this regard, rock aggregates with four different size fractions were obtained.
Production yields for -5, 5 — 12, 12 — 22, and 33 — 63 mm ranged from 14% to 34%. The waste material
(bypass) passing through the scalp was about 7% of the total feed (Fig 4).
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The size reduction ratio (SRR) for the jaw, cone, and VSI-type crushers were about 6.1, 2.8, and 1.3,
respectively (Table 1). It should be noted that a significant part (23% of the total feed) of products was
obtained below 5 mm due to crushing actions held by the closed rotor of the VSI, which is typical for
industrial VSI-type crushers in Turkey. Significant quantities of fine products produced from VSI type
crushers were also reported by Lindqvist (2008).

Table 1. Simulation results.

Crusher  Size reduction ratio, Efficiency Product Production
type SRR (%) size (mm) yield (%)
Jaw 6.1 59 0-5 23
Cone 2.8 86 5-12 22
VSl 1.3 77 12-22 14
33-63 34
Granite
Granodiorite

Gs =267

Craz2%

Abr 1360 g/t

Fgo =650 =1200 mm
| 280t/

Grizzly feeder
280 Opening 70 mm

C130
Jaw crusher
CSS = 140 mm

307 HP300

Cone crusher
1 std coarse

314

VSI1900-CR 86 % CSS =40 mm
/'\ Rotor speed = 1050 rom Throw = 25 mm

Screen Il
#63 mm/E90 %
#22 mm/E90 %

Screen lll
#33 mm/E90 %
#22 mm/E90 %
#12 mm/E90 %
#5 mm/ESO %

39 61 s4y 95

14 % 22 % 23 % 34 %
12/22mm 5/12mm 0/5mm 33/63mm

Figure 4. Simulation of the crushing — screening plant investigated in this study.
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3.2. Aggregate properties of products

Based on different size fractions, aggregate properties determined in this study are given in Fig 5. The
coefficient of uniformity (cu = deo/d10) of products varied from 1.47 to 1.50 (Fig 5a), showing the relative
homogeneity of products. Such cu values were also obtained by Ajamu and Ige (2015) and Nduka et al.
(2018). Before using these products for construction purposes, rock aggregates with different size fractions
should be appropriately mixed to increase the cu and, therefore, the packing density of concrete structures
(Nanthagopalan and Santhanam 2012). Besides, aggregate gradation also influences the mechanical
properties of aggregates, which is also essential in railway ballast layers (Xiao ef al., 2012).

The LAA of products decreased with increasing its size. It was found to be between 15% — 25% (Fig
5b). The wa was around 0.5% — 0.6% (Fig 5c). Finally, the FI varied from 6% to 13% (Fig 5d). Based on the
findings in Fig 5, it can be claimed that the treatment of aggregate production (Fig 2) is suitable to achieve
products with satisfactory quality. The obtained LAA values of the products are reasonable and meet
ASTM D692/D692M (2015) requirements for bituminous paving mixtures.
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Figure 5. General features of the rock aggregates with different size fractions a) Particle size distribution
b) LAA test results c) wa test results d) FI test results

3.3. Applications on the improvement of rock aggregate quality

The quality of rock aggregates with a particle size range of 33 — 63 mm was investigated by focusing
on the crushing circuit changes. Several crushing circuits were attempted, and one feasible procedure was
presented in this study. In the early stages of the crushing circuit, the crushed materials processed from
the cone crusher were sieved, and ballast aggregates with a particle size range of +33 —63 mm were
obtained (Fig 6a). However, the FI and LAA of those were not within the limits of railway ballast
specifications of Turkey (TS 7043 EN 13450, 2004).



Investigation of Rock Aggregate Quality Improvement Through Changes in Crushing Circuit: 1047
A Case Study on Vertical Shaft Impact Crusher

The cone crusher products were then separated and gradually directed to the VSI based on different
feed sizes. Systematic sampling was performed for laboratory testing in each case, where the LAA and FI
values were determined. As a result of crushing circuit changes, the most feasible method for ballast
aggregate production was based on the condition that crushed stones (+5 -63 mm) obtained from the cone
crusher were directed to the VSI (Fig 6b).

/ ol . 4
Figure 6. Illustration of crushing circuit change a) Products obtained from the cone crusher (initial stage)
b) crushed stones fed to the VSI (final case).

It was observed that the LAA enhanced thanks to the direction of selective products (+5 -63 mm) to
the VSI, given as in Fig 2. Before changing the crushing circuit, the LAA for the specified size fraction was
around 22%. After the explained procedure, the LAA was found to be around 15%, enhancing the ballast
aggregate quality by 32%. The verification of this improvement was also cross-checked through the FI
tests. Before and after the procedure, the FI of aggregates was around 20% and 13%, respectively. The
improvement ratio in shape was 35% (Table 2).

Table 2. LAA values of ballast aggregates

Rock aggregates produced Rock aggregates produced from the

from the cone crusher vertical shaft impact crusher

(31.5 -50.0 mm) (31.5-50.0 mm)

LAA (%) Test date LAA (%) Test date

25.4 18.10.2020 14.1 21.12.2020

21.1 20.10.2020 15.5

18.6 23.10.2020 13.6 22.12.2020
16.8 25.12.2020

FI (%) Test date FI (%) Test date

22.0 12.3

18.1 18.10.2020 15.6 22.12.2020

18.4 11.0

214 20.10.2020 14.5 25.12.2020
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The improvement in product shape is in good agreement with the findings of Bengtsson and Evertsson
(2006). It is also worth mentioning that the process of dynamic fragmentation for impact crushers exploits
the presence of micro-fissures or discontinuities in/on rock aggregates (Djordjevic et al., 2003). Hence the
products obtained from impact crushers tend to be of good quality and present satisfactory shape
properties. From this point of view, the combination of cone and VSI crushers can be declared a feasible
choice for railway ballast aggregate production.

As a concluding remark, during the change in the crushing circuit, the rotor speed of the VSI was
reduced to primarily prevent damages to linings, decrease fine material production, and provide optimal
LAA for ballast aggregates. In this study, the pulley propelling the main shaft of the rotor was altered with
the one with a lower diameter (26 cm). Under this condition, the rotor speed was around 1050 — 1075 rpm.
With this modification, the rotor speed was reduced by 27%, improving the product quality. Last but not
least, it should be reminded that in this study, selective drilling-blasting methods were not considered for
the evaluation of rock aggregate quality. However, it can be beneficial to consider it in further studies. In
this way, the feasibility of selective drilling-blasting should be revealed whether it would be either
technically or financially reasonable. The rock aggregate quality improvement or optimization of
aggregate production should also be investigated through soft computing tools, increasing the number of
independent variables during crushing circuits.

4. CONCLUSIONS

Rock aggregate production is hard work that requires high-quality equipment, sensibility, and work
experience. Several attempts have been made to diminish operating costs and enhance product quality
from different points of view regarding crushing- screening plants. In this study, a crushing — screening
plant in Vize, Kirklareli — Turkey, was considered to investigate rock aggregate quality due to several
crushing circuits.

The flow chart of the plant was established and simulated concerning the operating features (Fig 4).
Some of the aggregate properties were determined for specific size fractions (Fig 5). Several crushing
circuits were attempted to observe the possible changes in ballast aggregate quality. As a result of full-
scale crushing tests, it was observed that a notable improvement in ballast aggregate quality is reached by
changing the crushing circuit.

Using a VSI-type crusher, the railway ballast aggregate quality was improved in terms of their
abrasion resistance and shape properties (Table 2). Therefore, it can be claimed that the modifications in
crushing circuits may be a reasonable way to improve rock aggregate quality. In this way, natural
resources could be used effectively in the building and construction sectors. Before crushing operations,
selective drilling-blasting methods should also be attempted in the field studies. It is clear that with
selective drilling-blasting, the initial cost of rock aggregates increases so thus the aggregate quality. The
feasibility of this hypothesis should be investigated in future works.
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