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Abstract. Limestone screenings generated during crushed stone production account for up to
25 % of processed raw material and are typically classified as low-value by-products despite their
high CaCOs content and favorable particle size distribution. This study develops a vibro-
mechanical energy model for the grinding-based processing of limestone screenings into mineral
powder, limestone flour, and microfiller for transport applications. The model integrates fraction
distribution analysis, total energy balance, dynamic grinding effects, logarithmic strength
prediction, and CO: emission assessment within a unified analytical framework. Grinding is
interpreted as a vibro-mechanical process governed by impact and cyclic loading mechanisms
affecting particle fragmentation efficiency. The proposed processing scheme reduces specific
energy consumption from 120-130 kWh/t to 92-95 kWh/t (25-30 % reduction). Strength
development of cement composites, described by a logarithmic function of specific surface area,
shows a 12-15 % increase at 6000-7000 cm?/g. The associated CO. emission reduction reaches
30.3 kg per ton of processed material. The model provides a predictive engineering tool for
optimizing vibro-mechanical grinding systems in sustainable transport material production

Keywords: limestone screenings, parametric modeling, grinding energy, mineral microfiller,
strength prediction, CO:2 reduction, transport materials, vibrational grinding.

1. Introduction

Limestone crushing screenings constitute 15-25 % of the total processed rock mass and are
commonly stockpiled despite their high calcium carbonate content (CaCO3; > 90 %) and fine
fraction (0-5 mm). Numerous studies have demonstrated that limestone powder improves the
microstructure and early-age strength of cementitious composites [1], [2], [10]. The influence of
particle size distribution and filler content on mechanical performance has also been extensively
investigated [3-5].

In addition, numerical modeling and structural analysis methods have been successfully
applied in transport infrastructure research to evaluate the behavior of engineering systems under
complex loading and environmental conditions [15-17]. These studies highlight the growing role
of analytical and simulation-based approaches in improving the reliability and sustainability of
construction materials and road systems.

However, existing research primarily focuses either on material properties or environmental
aspects separately. CO: reduction potential in blended systems has been reported in [6], [8], [9],
while grinding energy efficiency has been discussed in mineral processing studies such as [7].
Nevertheless, a unified parametric framework linking material balance, energy consumption,
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mechanical performance, and environmental indicators for limestone screenings processing
remains insufficiently developed.

Recent studies on sustainable material technologies for transport infrastructure, including soil
stabilization and vibration-resistant binders [12-14], further confirm the importance of integrated
approaches to resource-efficient construction materials.

In mineral processing technologies, grinding operations are inherently associated with
vibro-mechanical effects, including impact, shear, and cyclic loading mechanisms that govern
particle breakage efficiency. The optimization of such vibro-mechanical systems plays a crucial
role in reducing specific energy consumption while maintaining required material performance
characteristics. Therefore, the analysis of limestone screenings processing can be considered
within the framework of vibro-mechanical energy modeling relevant to transport material
production.

The objective of this study is to formulate an integrated mathematical model describing the
energy-efficient comprehensive processing of limestone screenings with simultaneous prediction
of strength development and CO: reduction.

The novelty of the work lies in:

— development of a unified parametric model combining material balance, energy analysis,
and strength evolution;

— quantitative evaluation of specific energy reduction due to pre-dispersed raw material
utilization;

— analytical estimation of CO: emission reduction based on energy criteria.

The relevance of vibro-mechanical energy modeling to transport materials lies in the
production of high-quality mineral microfillers used in asphalt mixtures, cement concrete, and
stabilized road base materials. Improved grinding efficiency directly affects the performance,
durability, and sustainability of transport infrastructure.

Unlike previous studies, this work proposes a unified vibro-mechanical modeling framework
that simultaneously integrates material balance, energy consumption, strength prediction, and
environmental impact assessment within a single analytical system. This provides a predictive
engineering tool for optimizing grinding processes in transport material production.

In this study, the proposed scheme refers to an optimized vibro-mechanical grinding process
for limestone screenings.

Unlike conventional ball milling systems, the proposed approach is based on the use of pre-
dispersed raw material (0-5 mm fraction), which significantly reduces the need for intensive
crushing. The process incorporates vibrational grinding mechanisms that enhance particle
interaction through cyclic loading and impact effects.

Additionally, the scheme includes optimized classification and recirculation of coarse
fractions, ensuring efficient material utilization and reduced energy consumption.

2. Mathematical model and theoretical framework

The study was performed using a laboratory-scale vibro-mechanical grinding unit operating at
25-50 Hz. Limestone screenings (0-5 mm) were used as raw material. Specific energy
consumption was measured via power monitoring. Particle size distribution and specific surface
area were determined using standard methods. Each experiment was repeated three times, with an
uncertainty of £3-5 %.

The particle size distribution of the initial screenings is described by:

m;

PEson M

where m; is the mass of fraction i, and P; is its relative proportion.
Experimental characterization shows that particles smaller than 0.25 mm constitute 35-45 %,
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which significantly reduces the required specific grinding energy compared to conventional raw
limestone feed.
The total specific energy consumption of the process is expressed as:

E = Ecr + Edry + Emill + Eclass + Easpt (2)

where E, — crushing energy; Egy, — drying; Ep;y; — fine grinding; E¢jq¢5 — classification; Eqgp, —
aspiration.

The proposed model is based on several simplifying assumptions, including steady-state
operation of the grinding system, homogeneous material properties within each fraction, and
constant efficiency of grinding equipment under specified operating conditions. These
assumptions enable simplification of the energy balance while preserving sufficient accuracy for
engineering-level analysis.

The fine grinding stage (E,,,;;;) is governed by vibro-mechanical interactions between particles
and grinding bodies, where impact and cyclic loading mechanisms dominate particle
fragmentation. These dynamic effects significantly influence specific energy consumption and
dispersion efficiency of limestone screenings.

For conventional production routes E,,,, = 120-130 kWh/t.

For the proposed optimized scheme E)o, = 92-95 kWhi/t.

Relative energy reduction is calculated as:

E —E
AE =52 _PTOP . 100 %, (3)

ECOTLU

The calculated reduction equals 25-30 %, which is consistent with grinding optimization trends
reported in [7].

The compressive strength development of cement composites incorporating limestone
microfiller follows a logarithmic relationship [2], [4]:

R =Ry +kln (;) @)

0

where R is compressive strength at specific surface area S; R, — reference strength at
So = 3000 cm?/g, k = 0.08-0.12.

For parametric calculations, k = 0.10 was adopted. The adopted value corresponds to average
data for limestone microfillers reported in [2].

The environmental effect is estimated through CO, emission reduction associated with
electricity consumption [8]:

ACO, = (Ecom; - Eprop) B, ©)

where 8 = 0.82 kg CO»/(kWh) [8].
For a reduction of 37 kWh/t ACO, = 30.3 kg COx/t.

3. Results and parametric analysis

The material balance of 1000 kg of limestone screenings demonstrates high utilization
efficiency. The combined yield of mineral powder and microfiller reaches 85 %, while 15 % of
coarse fraction is returned to the process cycle.

As shown in Fig. 1, the proposed processing route ensures minimal waste generation and high
resource recovery.

The energy comparison in Fig. 2 illustrates a decrease from 125 kWh/t to 93 kWhi/t,
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corresponding to a 25.6 % reduction. The decrease results from the utilization of pre-dispersed
material and optimized grinding parameters.

The improvement in energy efficiency was evaluated by comparing the specific energy
consumption (kWh/t) of the conventional grinding process and the proposed vibro-mechanical
scheme under comparable operating conditions.

The comparison was based on equivalent material throughput and similar final product
characteristics.

M Yield...
60 ield

40
. .
0 B

Mineral powder Microfiller Coarse fraction
(return)
Fig. 1. Distribution of product yields after limestone screenings processing,
showing high recovery of fine fractions and minimal waste generation

M Energy...
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Fig. 2. Experimentally measured comparison of specific energy consumption for conventional ball milling
and the proposed vibro-mechanical grinding system under equivalent processing conditions

Compared to conventional ball milling systems reported in the literature, which typically
exhibit specific energy consumption in the range of 110-140 kWh/t [7], the proposed vibro-
mechanical grinding approach demonstrates improved energy efficiency due to enhanced particle
interaction and pre-dispersed feed characteristics.

The logarithmic strength model (Fig. 3) confirms a progressive increase in compressive
strength with increasing specific surface area. The optimal range of 5500-6500 cm?/g provides a
rational compromise between strength gain and additional grinding energy demand.
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Fig. 3. Logarithmic dependence of compressive strength on specific surface area,
illustrating the optimal range for balancing strength gain and energy consumption
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At an annual production capacity of 10,000 t, the projected CO, emission reduction reaches
approximately 303 t/year.

The obtained limestone microfiller can be effectively applied in transport construction
materials such as asphalt concrete, cement concrete, and stabilized base layers. Improved particle
dispersion and optimized specific surface area contribute to enhanced mechanical performance,
durability, and long-term stability of road structures.

Table 1 summarizes the comparative performance indicators.

Table 1. Comparative performance indicators of conventional and proposed processing schemes

Parameter Conventional scheme | Proposed scheme | Change

Specific energy consumption, kWh/t 125 94 —25%
Useful product yield, % 80-85 % 94 % +9-14 %
Composite compressive strength 100 % 112-115 % +12-15%

CO: emissions, kg/t 102 72 -30 %

The obtained results were compared with data reported in the literature [7, 10], showing good
agreement within a deviation range of 10 %.

This confirms the validity of the proposed parametric model for engineering applications.

The results confirm the interrelationship between the particle size distribution of the raw
material, the specific surface area, and the energy performance indicators of the process.

The experimental uncertainty of the measured energy consumption was estimated to be within
+3-5 %.

Confidence intervals at a 95 % level were evaluated for the main parameters, confirming the
consistency of the observed trends in energy reduction.

4. Conclusions

An integrated vibro-mechanical parametric model for limestone screenings processing has
been developed, combining material balance, energy consumption, and strength prediction.

The proposed grinding scheme reduces specific energy consumption to 92-95 kWhft,
corresponding to a 25-30 % reduction compared to conventional technology. The increase in
specific surface area to 6000-7000 cm?/g provides up to 15 % improvement in compressive
strength, while the optimal range of 5500-6500 cm?/g ensures a balance between mechanical
performance and energy efficiency.

The associated CO- emission reduction reaches 30.3 kg/t (approximately 303 t/year at a
production capacity of 10,000 t).

The proposed approach can be implemented in existing grinding systems with minor
modifications; however, it is sensitive to raw material characteristics and vibration parameters.
Further industrial-scale validation is required.

The developed model can be applied as an engineering tool for optimizing vibro-mechanical
grinding processes in transport material production.
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