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ABSTRACT

This study investigates the impact of high-energy milling on foamed concrete, which is crucial for its lightweight 
and insulating properties. The research uses a two-rotor disintegrator for milling cement, sand, and microsilica to 
evaluate the mechanical properties of foamed concrete produced with a high-speed homogenizer in a novel two-
stage process. Comparisons are made between non-milled, single-milled, and double-milled individual 
components and mixtures with commercial binders. While energy consumption significantly increases after 
double-milling, immediate use of single-milled mixtures leads to enhanced compressive strength – 6.53 MPa for 
Portland-limestone cement and 9.95 MPa for white Portland cement. However, storing these mixtures for three 
days reduces their strength to 5.20 MPa and 6.63 MPa, respectively, due to reagglomeration. Microstructural 
analysis reveals finer particles and larger pores in samples made with milled mixtures, highlighting the importance 
of immediate use for optimal foamed concrete quality.
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1. INTRODUCTION

Choosing the suitable binder and methods enables the production of various porous concretes, such as foamed and 
autoclaved aerated concrete, crucial in civil and mechanical engineering, as shown in Figure 1 [1–3]. These 
materials, also known as foam concrete or lightweight cellular concrete, have densities between 0.4 to 1.6 g·cm-3 
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and offer advantages such as low density, simple production, installation, and superior mechanical performance 
[4,5]. The air voids in hardened concrete have two distinct effects on its performance. On one hand, an increase 
in air content reduces strength and thermal conductivity [6]. On the other hand, their closed-cell structure ensures 
low water absorption, high resistance to freezing-thawing [7], superior thermal insulation, and reduced wetting-
caused erosion-corrosion rate [8]. Rapidly producible and installable, foamed concrete blocks, with porosities of 
10 to 60%, serve as effective insulators and barriers, featuring low density, high stiffness, and durability [9–12]. 
While mixing alkaline cement with aluminium powder enhances porosity, it increases costs and environmental 
risks due to excessive aluminium use, especially in aerated concretes [12,13]. Establishing an optimal air void 
system in foamed concrete is crucial to producing a material with a high strength-to-weight ratio [14].

Figure 1. Comprehensive classification of mineral-bound foams: an extended scheme [15] based on selected manufacturing 
methods and literature review [16–18].

In tandem with initiatives aimed at generating alternative approaches to produce low-carbon cementitious 
materials and diminish the utilisation of sand and gravel resources [16], there is a critical need to innovate new 
energy-efficient technologies for aggregate preparation and foamed concrete production. Incorporating micro- or 
nanoscale fillers into polymer and concrete matrices is widely adopted for significantly enhancing their 
mechanical, electrical, and thermal properties, durability, strength, and environmental resistance to meet specific 
performance criteria [19]. These endeavours aim to propel the low-carbon transition and foster the sustainable 
development of foamed concrete [16].

Since 1925, two chemical reaction-free methods for manufacturing foamed concrete have been prominent: 1) 
mixing the pre-prepared foam with cement mortar, known as "physically foamed", and 2) adding a foaming agent 
directly to the cement mortar during intensive mechanical mixing referred to as "mechanically foamed". These 
are known as classical or two-stage ("pre-foaming") [17] and aeration ("mixed-foaming") [18] methods, 
respectively.

The "pre-foaming" method, patented for producing stable foam and fresh cement-sand mortar without high 
porosity, is complex and requires numerous steps and equipment, leading to extended production time and lower 
productivity. Furthermore, large grain sizes of cement and additives can disrupt the foam structure, posing 
additional challenges [20,21].
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In the aeration method, simultaneous mixing, homogenisation, pore formation, and increased binding energy of 
milled particles occur in a high-speed mixer. This method has evolved with different mixer designs, employing 
turbulence to create homogeneously distributed air-filled pores [18,22]. The barotechnological process, involving 
mixing under high atmospheric pressure in a sealed chamber, further enhances this method by forming pores and 
swelling the mixture during slow pressure release [15,23].

Efficiency in foamed concrete production can be improved by combining aeration with the barotechnological 
process. Such an approach involves mixing main components with a foaming agent under high pressure, 
facilitating both vertical and horizontal transport of the foamed concrete. High-speed milling creates turbulence 
and cavitation, creating a more homogeneous product with increased reactivity and compressive strength [24,25].

The traditional method of using sand with cement for foam generation has evolved to include pozzolanic additives 
like microsilica, which fill spaces between larger cement grains, increasing the concrete matrix's packing density 
[18,26]. Achieving high homogenisation of microsilica in aqueous suspension is essential for a homogenous fresh 
cement mortar and requires a high-speed mixer-disperser (HSMD) [24,27,28]. The pozzolanic reaction between 
amorphous silica and calcium hydroxide enhances the cementitious effect, filling voids between cement grains 
and larger fillers [29].

Mechanical mixing of concrete and mortar for foaming necessitates suitable flowability. Polycarboxylate-based 
superplasticisers manage the tendency of cement particles to flocculate in water by increasing zeta potential and 
dispersing particles effectively [30–35].

A patented 3-stage production technology involves high-energy milling, homogenisation, and mixing-foaming 
[25,36]. It offers a refined porous structure but does not prevent the formation of larger pores. In-situ 
hydrophobisation methods for direct foaming of clay, Portland cement, and aluminate cement mortars modify 
wetting behaviour, stabilising pores but increasing the risk of excessively more extensive void formation [37–41]. 
Choosing and controlling foaming agent concentration is crucial for calcium aluminate-based mortars to maintain 
the desired porous structure without increasing water permeability [10,37,38,42].

The present research conducted experiments using a two-stage simulated process [43] with different types of 
cement to improve the foamed concrete's reactive and hardening characteristics. The selected approach involved 
crushing and activating dry components, then mixing them with water and a foaming agent at high speeds to 
optimise the pozzolanic reaction during hardening [44]. Since dry raw materials are frequently milled and utilised 
at separate intervals, primarily due to storage and transportation logistics, it became imperative to examine the 
influence of short-term storage of these milled materials on the workability and characteristics of cement mortars 
and foamed concrete.

2. EXPERIMENTAL

2.1 Applied materials

Three commercially available types of cement served as binders: Portland-limestone cement (PLC) CEM II/A-LL 
42,5N (SCHWENK Latvija, Broceni, Latvia), white Portland cement (WPC) Aalborg White CEM I 52,5R 
(Aalborg Portland Polska Sp.zo.o., Warszawa, Poland), and calcium aluminate cement (CAC) GÓRKAL 70 
(Górka Cement, Trzebinia, Poland). Their compositions, determined via X-ray fluorescence (XRF) Rigaku 
Supermini (Rigaku Corporation, Tokyo, Japan), are detailed in Table 1. As the matrix aggregate, sieved quartz 
sand (Sakret Ltd, Riga, Latvia) with particle sizes up to 0.1 mm was used (Sand Raw). To ensure high pozzolanic 
activity, Microsilica (silica fume) Grade 92D (Cilantro Chemicals Pvt. Ltd., Navi Mumbai, India) was added. The 
polycarboxylate-based Sikament® 56 superplasticiser (SIKA Baltic SIA, Riga, Latvia) [45] reduced the water-to-
cement ratio for fresh cement mortar preparation. The synergistic blend of anionic surfactants and functional 
additives, including the foaming agent FAB-12A (E Lade SIA, Riga, Latvia) [46], performed the stabilisation and 
enhancement of properties.
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Table 1 The study determined the comparative properties of PLC, WPC [13], and CAC [47] using XRF and collecting data 
from literature sources.

Component PLC WPC CAC
CaO, wt.% 48.83 68.9 28-30
Al2O3, wt.% 7.77 Not specified 69-71
SiO2, wt.% 31.09 24.8 <0.5
Al2O3 + Fe2O3, wt.% 9.92 2.20 <0.3
MgO, wt.% 6.26 0.52 Not specified
SO3, wt.% 3.5 2.20 Not specified
K2O+Na2O, wt.% >0.85 0.27 <0.5
LOI Not specified 0.14 Not specified
Specific gravity (kg·cm-3) 3200 3150 3000
Setting time, initial (min) 60 120 >160

2.2 Applied method for two-stage preparation of dry materials

A two-stage approach [43] was employed to produce foamed concrete specimens, as outlined in Figure 2.

Figure 2. Schematic of the two-stage foamed concrete production process. Key components include: 1 – containers for dry 
components (cement, sand, microsilica); 2 – V-type mixer for initial mixing of raw minerals; 3 and 4 – disintegrator; 5 – 
container for storing powdered mix; 6 – mortar mixer for creating flowable cement mortar paste; 7, 8, and 10 – containers 
for water, superplasticiser, and foaming agent respectively; 9 – mixer-reactor; 11 – high-speed mixer-disperser (HSMD); 12 
– air compressor; 13a and 13b – moulds for solid mortars and foamed concrete. Channels (a) and (b) represent the 
flow/recirculation paths for milling and foaming stages.

Initially, 30 kg of dry components were collected from containers, as illustrated in Figure 2 – 1, weighed according 
to the mixture design in Table 2, and then mixed for 3 minutes at 42 min-1 in a V Type Powder Mixer Machine 
(Wuxi Nuoya Machinery Co., Ltd, Jiangsu, China), as depicted in Figure 2 – 2. A semi-industrial-scale DSL-115 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4728421

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



5

two-rotor disintegrator (Tallinn University of Technology, Estonia, Figure 2 – 3) [48] processed these components 
at a maximum speed of 12,000 min-1, achieving an impact velocity of up to 192 m·s-1. The process immediately 
transfers single-milled (X1) materials to the mixer (Figure 2 – 6) or stores them for three days in a closed container 
(Figure 2 – 5). The procedure rerouted double-milled (X2) mixtures through another disintegrator, DSL-115 
(Figure 2 – 4), before mixing (Figure 2 – 6) or storage (Figure 2 – 5). The study also subjected Sand Raw to a 
triple-milling process (X3) to assess the impact of energy input on sand particle fineness and its potential to reduce 
foamed concrete manufacturing costs. However, Sand X3 was not used in foamed concrete production. The 
analysis compared X1, X2 and X3 mixtures and individual components against their non-milled (NM) 
counterparts.

The Clatronic Multi Food Processor KM3350 anchor-type mixer (Clatronic International GmbH, Germany, Figure 
2 – 6) first moistened the X1 mixtures at 40 min-1. Half the total water weight and all the calculated superplasticizer 
from containers (Figure 2 – 7 and 8) were added and mixed for 5 minutes, forming a flowable cement mortar 
paste. This mortar paste was gradually transferred to the mixer-reactor (Figure 2 – 9) over 90 seconds, with the 
remaining water added (Figure 2 – 7). The KMD 1,5 HSMD (Riga Technical University, Latvia, Figure 2 – 11) 
then mixed the mortar at increasing rotation speed up to 5000 min-1, reaching linear speed of cavitation blades up 
to 80 m·s-1 for 90 seconds. During recirculation through channel (b), the liquid pump added the foaming agent 
from the container (Figure 2 – 10). After five recirculation cycles, air from the compressor (Figure 2 – 12) doubled 
the mortar volume in the reactor (Figure 2 – 9). This foamed mortar underwent five more cycles before being 
poured into 30x30x300 mm (±1 mm) prism-shaped plywood moulds (Figure 2 – 13b), vibrated for 10 seconds, 
and then covered and stored at room temperature in sealed plastic boxes for 3, 7, 28, and 56 days to maintain 
moisture. These foamed specimens were labelled "Foam", as shown in Table 3.

Table 2 Mixture designs applied for milling, cement mortar production, and foamed concrete manufacturing processes.

Component Concentration, wt.%
(dry components)

Concentration, wt.%
(cement mortar)

Concentration, wt.%
(foamed concrete)

Cement 41 32.9 32.9
Sand 52 44.2 42.6
Microsilica 7 5.8 5.8
Water - 16.3 16.3
Superplasticizer - 0.8 0.8
Foaming agent - 0 1.6
Water to cement ratio - 0.5 0.5

Table 3 Designations of hardened specimens based on milling cycles (NM, X1 and X2), storage duration of milled powder 
(0 and 3 days), and foaming status (Foam).

Cement mortar Foamed concrete
Storage duration (dry*) 0 days** 3 days 0 days 3 days
No of milling cycles 0 1 2 1 2 1 1
Cement type and brand
PLC CEM II/A-LL 42,5N PLC-

NM
PLC0-

X1
PLC0-

X2
PLC3-

X1
PLC3-

X2
PLC0-X1 Foam PLC3-X1 Foam

WPC CEM I 52,5R WPC
-NM

WPC0-
X1

WPC0-
X2

WPC3-
X1

WPC3-
X2

WPC0-X1 Foam WPC3-X1 Foam

CAC GÓRKAL 70 CAC-
NM

CAC0-
X1

CAC0-
X2

CAC3-
X1

CAC3-
X2

CAC0-X1 
Foam***

CAC3-X1 
Foam***

* Storage of dry components after milling before use.
** Immediately used for cement mortar and foamed concrete production.
*** The output of foamed samples failed with the selected method and materials.
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The system maintained the curing and storage conditions at a temperature of 20 °C (±2 °C) and a relative humidity 
of 95% (±3%). All specimens were allowed to harden for three days before being demoulded. The protocol 
required submerging selected specimens in water. It scheduled tests for 3- (cement mortars only), 7-, 28-, and 56-
day intervals after casting to ensure complete cement hydration throughout the curing period.

2.3 Applied method for granulometric analysis of milled powders

The particle size distribution of the dry components was analysed in three different states: NM, after X1, and 
following X2, using a disintegrator, as illustrated in Figure 2 – sections 2, 3, and 4, respectively. The Analysette 
3 sieve shaker (FRITSCH GmbH, Idar-Oberstein, Germany) performed the fractioning, utilising sieves with mesh 
openings of various sizes (0.054, 0.0765, 0.1075, 0.1875, 0.375, 0.605, and 0.855 mm). Additionally, to extend 
the measurement capabilities to as small as 0.1 µm, the results were augmented with data from the Analysette 22 
NanoTec laser particle sizer (FRITSCH GmbH, Idar-Oberstein, Germany)

The particle size distributions of Sand Raw, along with sand subjected to X1 (Sand X1), X2 (Sand X2) and X3 
(Sand X3), were analysed to assess the impact of milling cycles. This analysis aimed to provide a comprehensive 
understanding of the influence of milling on particle size distribution and establish a correlation between Sand X1 
and Sand X2 with the mechanical and morphological properties of the resultant foamed concrete. The degree of 
milling (n) was determined using Equation (1) from reference [49]:

𝑛 = 𝐷50 ∙ 𝑑―1
50 (1)

where: D50 – measured median particle size before milling, mm.

d50 – measured median particle size after milling, mm.

2.4 Applied methods for compressive strength, density, and morphology analysis of cement mortar

A wet-cut tabletop concrete saw cut prism-shaped specimens of solid mortar into cubes measuring 30x30 mm 
(±1.5 mm). After hardening for 3, 7, 28, and 56 days, the process involved removing these samples from a 
temperature-controlled water container and subjecting them to testing. Cement mortar specimens underwent 
compressive strength tests three days after casting, with NM mixtures-based specimens additionally tested after 
14 days. The compressive strength of these specimens was measured using an Instron 8801 Universal Testing 
Machine (Instron, Norwood, USA) at a controlled room temperature of 20 °C (±2 °C). The testing proceeded at a 
consistent quasi-static speed of 3 mm·min-1, with the reported results representing the average values derived from 
seven replicates for each mixture. The reported results represent the average values derived from seven replicates 
for each mixture. The process applied Archimedes' principle to assess the apparent density and porosity of the 
hardened mortars, documenting the average results from seven samples of each mixture. A Keyence VHX-2000 
digital optical microscope (Keyence Corp, Osaka, Japan), equipped with a high-resolution 54 Mpix camera and a 
VH-Z20R/Z20W lens (Keyence Corp, Osaka, Japan), facilitated rigorous examinations of the surface 
morphologies of both unprocessed and fractured samples.

2.5 Applied method for water uptake and Archimedes tests

The water uptake capacity of the fabricated materials was ascertained via modified and reversed water uptake test 
[27] at a controlled temperature of 20 °C (±5 °C). Specimens underwent retrieval from the water after a 56-day 
immersion period. Their weight in air and submerged in water was measured using a Kern EW600-2M scale 
(KERN & SOHN GmbH, Balingen, Germany, ±0.01g accuracy). Following this, the samples were placed in a 
climate chamber for 72 hours at 20 °C (±1 °C) and 75% (±5%) relative humidity to facilitate mild drying 
conditions. Subsequently, the specimens underwent transfer to a Memmert ULE 400 oven (Memmert GmbH, 
Schwabach, Germany), where the heater incrementally raised the temperature to 65 °C (±2 °C) for the initial 24 
hours and subsequently to 85 °C (±2 °C) for the next 24 hours. This approach aims to protect samples from high-
temperature gradient formation and minimize the risk of generating new defects due to water vapour and gas 
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accumulation in the cement mortar and foamed concrete samples. Higher temperature (~90 °C) regimes would 
lead to bond water loss [50]. After the drying process, the specimens cooled to room temperature in desiccators. 
The recording of the final weight of the dried samples occurred in the air. A sample achieves dryness when the 
variance in its monitored weight within the desiccator over 24 hours is less than 0.1%. 

The procedure underwent replication seven times to ensure the reliability of the reported average results. 
Subsequently, the designated equation (2) was employed to calculate the absolute weight of water absorbed by 
the specimens.

∆𝑀
𝑀0

(%) =
𝑀𝑤 ― 𝑀0

𝑀0
∙ 100 (2)

where: Mw – weight of sample after immersion.

M0 – weight of dried sample.

∆M – the difference in the weight of sample during drying.

3. RESULTS

3.1 Effect of milling stages on energy use and median particle sizes in dry components and mixtures

The evaluation of median particle sizes and process efficiencies for different raw components, after preliminary 
mixing and the X1 and X2 processes, is presented in Table 4. Tested sand was additionally X3. Materials analysed 
included sand, microsilica, PLC, WPC, and CAC, focusing on the changes in particle size, degree of milling, and 
the energy requirements associated with these processes. 

The results indicate a substantial reduction in measured median particle size for all components after milling, with 
tested sand exhibiting the most significant decrease from 0.435 mm (D50_Sand Raw) to 0.096 mm (d50_Sand X2) after 
X2 and to 0.067 mm (d50_Sand X3) after X3. This trend of consistent particle size diminution across various materials 
confirms the efficacy of the milling process in reducing particle size. However, the degree of milling varied across 
materials. Sand showed the highest degree at 4.54 after X2 and 6.52 after X3, suggesting a higher susceptibility 
to particle size reduction through milling than other materials. In contrast, materials such as PLC and WPC, 
although achieving finer particles after milling, showed relatively lower degrees of milling from 1.09 (PLC X1) 
to 1.97 (WPC X2).

The study also observed an incremental increase in energy requirements with successive milling processes. 
Specifically, the energy required for milling sand doubled from 4.3 kW·h·T-1 (X1) to 8.6 kW·h·T-1 (X2). This 
trend was consistent across all components, indicating a direct correlation between achieving finer particles and 
increased energy consumption under selected feeding rates of materials.
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Table 4. Comparative analysis of median particle sizes and process efficiencies for milling components. This table presents 
the median particle sizes of individual components that were subjected to X1 and X2 (sand was additionally subjected to X3). 
Further, it details the degree of milling and quantifies the energy required for the milling process.

Measured median 
particle size before 

milling, D50

Measured median 
particle size after 

milling, d50

Degree of 
milling, n

Required energy for 
millingDry components 

or mixture

mm mm kW·h·T-1 kJ·kg-1

Sand Raw 0.435 - - - -
Sand X1 - 0.149 2.92 4.3 15.48
Sand X2 - 0.096 4.54 8.6 30.96
Sand X3 - 0.067 6.52 12.9 46.44
Microsilica Raw 0.11 - - - -
Microsilica X1 - 0.049 2.29 4.3 15.48
Microsilica X2 - 0.040 2.73 8.6 30.96
PLC Raw 0.020 - - - -
PLC X1 - 0.018 1.09 4.3 15.48
PLC X2 - 0.016 1.22 8.6 30.96
WPC Raw 0.016 - - - -
WPC X1 - 0.011 1.41 4.3 15.48
WPC X2 - 0.008 1.97 8.6 30.96
CAC Raw 0.016 - - - -
CAC X1 - 0.013 1.21 4.3 15.48
CAC X2 - 0.011 1.38 8.6 30.96

The median particle sizes and process efficiencies for cements containing component mixtures were evaluated 
after preliminary mixing (PLC Mix Raw, WPC Mix Raw, and CAC Mix Raw) and subsequent X1 (PLC Mix X1, 
WPC Mix X1, and CAC Mix X1) and X2 (PLC Mix X2, WPC Mix X2, and CAC Mix X2), as shown in Table 5. 
The focus was on changes in particle size, the degree of milling, and energy requirements associated with the 
processes.

The results demonstrate a consistent reduction in particle size across all tested mixtures after milling. PLC Mix's 
median particle size decreased from 0.094 mm (D50_PLC Mix Raw) to 0.044 mm (d50_PLC Mix X2) after X2. Similarly, 
WPC and CAC based mixtures also showed notable reductions in particle sizes, confirming the milling process's 
effectiveness in particle size diminution. The degree of milling varied across materials, with WPC based mixtures 
showing the highest degree at 2.24 after X2 (WPC Mix X2), suggesting different susceptibilities to particle size 
reduction through milling.

For mixing without milling, PLC Mix Raw, WPC Mix Raw, and CAC Mix Raw require 2.15 kW·h·T-1, indicating 
an initial energy investment even before milling. As expected, the energy required for milling increased with 
successive milling. For instance, the energy for milling PLC based mixtures doubled from 4.3 kW·h·T-1 (PLC Mix 
X1) to 8.6 kW·h·T-1 (PLC Mix X2), a trend consistent across all mixtures. This highlights a direct correlation 
between achieving finer particles and increased energy and material consumption at the selected working 
conditions.

This comparative analysis of median particle sizes and process efficiencies for raw components and component 
mixtures offers valuable insights into the milling process's impact on particle size reduction and the associated 
energy costs. The consistent decrease in particle size after milling across various materials confirms the process's 
efficacy. Yet the varied degree of milling suggests that different materials respond differently due to their inherent 
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properties. Furthermore, this inconsistency indicates that factors at the crystalline or structural level might 
significantly influence the milling efficiency [51].

Table 5. Comparative analysis of cements-containing components mixtures median particle sizes and mixing-milling process 
efficiencies. This table presents the median particle sizes of preliminarily mixed component mixtures (Mix Raw) followed 
by those subjected to X1 and X2. Additionally, it details the degree of milling and quantifies the energy required for mixing 
and milling processes.

Dry cements 
containing 
mixtures

Measured median 
particle size before 

milling, D50

Measured median 
particle size after 

milling, d50 D
eg

re
e 

of
 

m
ill

in
g,

 n Required energy for 
mixing without 

milling

Required energy for 
milling

mm mm kW·h·T-1 kJ·kg-1 kW·h·T-1 kJ·kg-1

PLC Mix Raw 0.094 - - 2.15 7.74 - -
PLC Mix X1 - 0.066 1.42 - - 4.3 15.48
PLC Mix X2 - 0.044 2.14 - - 8.6 30.96

WPC Mix Raw 0.092 - - 2.15 7.74 - -
WPC Mix X1 - 0.057 1.61 - - 4.3 15.48
WPC Mix X2 - 0.041 2.24 - - 8.6 30.96
CAC Mix Raw 0.092 - - 2.15 7.74 - -
CAC Mix X1 - 0.058 1.59 - - 4.3 15.48
CAC Mix X2 - 0.042 2.19 - - 8.6 30.96

The increased energy requirement for achieving finer particles is a significant consideration, presenting a trade-
off between desired fineness and higher energy consumption. This trade-off necessitates a balanced approach, 
particularly in the context of environmental sustainability and operational costs. While smaller particles are often 
desirable for industrial applications, the environmental implications and energy costs cannot be overlooked [52].

3.2 Effect of milling stages on particle size distribution in dry components and mixtures

The Sand Raw exhibits a peak concentration of measured particle sizes (54.8 wt.%) at 0.375 mm. This peak 
diminishes significantly to 12.5, 3.9, and 0.8 wt.% in Sand X1, Sand X2, and Sand X3, respectively, as depicted 
in Figure 3. The milling process forms three distinct peaks in the finer particle size concentration range at 0.035, 
0.0765, and 0.1875 mm. While X1 and X2 result in maximum detectable particle sizes of up to 0.605 mm, X3 
reduces the maximum particle size to 0.375 mm as determined by the employed sieve analysis technique. X2 leads 
to a more uniform particle size distribution, potentially offering a more efficient reinforcement effect in foamed 
cement mortar and cemented sand structures [53] at optimal energy consumption for milling compared to X3 sand. 
Consequently, the study focuses on estimating the impact of X1 and X2 efficiency and the properties of hardened 
foamed mortars. This approach balances particle size refinement with energy efficiency and structural 
performance.
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Figure 3. Particle size distribution of Sand Raw and after X1, X2, and X3 processes.

The tested microsilica's median particle size was determined to be D50_Microsilica Raw = 0.11 mm. Subsequent X1 and 
X2 processes resulted in an increased, yet similar, degree of milling, with nMicrosilica X1 ≈ 2.23 and nMicrosilica X2 ≈ 2.73. 
Notably, X1 markedly reduced the concentration of larger particles ranging from 0.0765 to 0.375 mm compared 
to the Microsilica Raw. However, X2 did not significantly alter the particle size distribution, as depicted in Figure 
4. This milling process also increased the proportion of finer particles (d50_Microsilica X1 ≈ 0.049 mm and 
d50_Microsilica X2 ≈ 0.040 mm) relative to the Microsilica Raw.

The Microsilica Raw exhibited concentration peaks of 10.7, 21.6, and 27 wt.% at particle sizes of 0.035, 0.0765, 
and 0.185 mm, respectively. After milling, the latter two peaks diminished to approximately 5.3 and 3.7 wt.%, 
leading to a notable increase in concentration up to 25.2 wt.% (at 0.0175 mm) in the particle size range from 
0.0015 to 0.054 mm, as illustrated in Figure 4. 

Figure 4. Particle size distribution of Microsilica Raw, Microsilica X1 and Microsilica X2.

It's recognized that milled microsilica contains a higher content of the amorphous phase than Microsilica Raw and 
leads to a 34-46% increase in the compressive strength of hardened cement mortars due to intensified alkali-silica 
reactions during the early hardening stage. However, it's been observed that this approach typically doesn't 
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significantly impact the compressive strength of hardened mortars compared to microsilica produced by the 
classification (sieving) method and subsequent storage under the same environmental conditions [54]. 
Additionally, storing in environments with high humidity levels (above 30%) diminishes the pozzolanic properties 
of microsilica in a relatively short time due to the formation of agglomerates. This effect also complicates the 
dispersion of microsilica in cement mortar and foamed concrete matrix [55].

Consequently, milling results indicate a potentially significant effect from microsilica addition in foamed mortars 
made of raw and milled mixtures. However, no substantial effect is anticipated in the properties of foamed mortars 
composed of X1 and X2 cement-sand-microsilica mixtures due to the measured similarity in particle sizes and 
distribution [56]. Therefore, a notable effect of microsilica addition on the compressive strength of foamed mortars 
can be anticipated based on the milling results.

The granulometric analysis of the PLC Raw, WPC Raw, and CAC Raw reveals relatively similar particle size 
distribution and concentration patterns, as illustrated in Figure 5 a, b, and c, respectively. The predominant 
concentration peaks range from 0.0075 mm (WPC Raw at 24.6 wt.%) to 0.0175 mm (PLC Raw at 35.4 wt.% and 
CAC Raw at 31.2 wt.%). These findings also highlight very similar median particle sizes for the tested cements, 
spanning from 0.016 mm (D50_WPC Raw and D50_CAC Raw) to 0.020 mm (D50_PLC Raw), as shown in Table 4. The largest 
particle sizes detected, ranging from 0.077 mm (WPC Raw) to 0.090 mm (PLC Raw and CAC Raw), represented 
minor concentrations (less than 0.2 wt.%) according to the chosen particle size analysis method, as demonstrated 
in Figure 5 b, a and c.

Upon X1 of the tested cements, there's generally an increase in the same peak concentrations, rising to 41.7 wt.% 
for WPC X1 and 39.7 wt.% for CAC X1. This trend suggests a decrease in concentrations of particles larger than 
0.018 mm (Figure 5 a and c). Notably, the milling affects particles ranging from 0.018 to 0.035 mm, as evidenced 
by a decrease in concentrations within this range and a new peak at 0.004 mm for PLC X1 (Figure 5 b). The 
observed effect suggests the milling's destructive impact, particularly on WPC X1 and WPC X2 particles larger 
than 0.01 mm, under the applied energy for X1 (4.3 kW·h·T-1) and X2 (8.6 kW·h·T-1), respectively, as 
demonstrated in Table 4.
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Figure 5. Particle size distribution for as-received (Raw), X1 and X2 milled PLC (a), WPC (b), and CAC (c) cements.

The particle size distributions for premixed (Mix Raw), X1, and X2 sand-microsilica-cement dry mixtures 
composed of PLC, WPC, and CAC are depicted in Figure 6 a, b, and c, respectively. After mechanical mixing and 
milling procedures, the granulometric distribution curves reveal the relationship between concentration peaks and 
the applied components.
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Figure 6. Particle size distribution of sand-microsilica-cement mixtures: premixed (Mix Raw) and after X1(Mix X1) and X2 
(Mix X2) in compositions with PLC (a), WPC (b), and CAC (c).

Typical peaks in the granulometric analysis of raw and milled sand and microsilica were identified, with 
concentration maximums at 0.077 and 0.185 mm, respectively. Mixing and milling also alter concentration peaks 
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in the finer particle size range, primarily associated with raw and milled cement and micro silica. Considering that 
the microstructure of cement mortars typically demands reinforcing particles [57], X1 mixtures emerged as the 
preferred choice for producing foamed cement samples. The observation that X1 mixtures provide a more uniform 
particle size distribution across the entire tested range than X2 mixtures drove this choice. This uniformity is 
crucial for the cement mortars' desired reinforcement effect and overall performance. Additionally, cement 
particles with a diameter from 10 μm to 20 μm are crucial in determining the early compressive strength. In 
contrast, particles sized between 20 μm and 30 μm significantly impact the compressive strength at later stages 
[56].

The observed peak at 0.188 mm for sand remains noticeable for X1 and X2 dry component mixtures with micro 
silica and cement, as illustrated in Figure 6 a, b, and c. Mixtures WPC Mix X1 and CAC Mix X1 show a similar 
proportion of coarser sand particles, with a maximum concentration of 20% at a particle size of 0.188 mm. 
However, the WPC Mix X1 has a higher concentration (16.1%) of finer particles at 0.018 mm compared to the 
CAC Mix X1, which peaks (14%) at 0.035 mm. The prominence of coarser sand in PLC-containing samples 
diminishes to 9.7% due to a more significant presence of finer particles ranging from 0.018 to 0.108 mm, with a 
noticeable peak at 0.035 mm (17.9%). Additionally, the persistence of coarser sand particles at 0.375 mm (8.7%) 
and 0.605 mm (4.5%) might indicate a protective (cushioning) effect from PLC particles during X1 [58].

A similar phenomenon is observed after X2 of PLC and CAC containing mixtures, suggesting an impact 
probability effect on coarser sand particles by the milling elements. X2 of PLC containing mixtures results in an 
approximately 1.5-fold increase in the finest particle concentration (0.001 to 0.018 mm) compared to the result of 
X1. In contrast, X2 of CAC containing mixtures leads to a heightened concentration of the finest particles (0.018 
to 0.077 mm) with a peak concentration (22.8%) at 0.035 mm, indicating a more pronounced effect on reducing 
of coarser sand particle sizes. The X2 of WPC containing mixtures increases (about 1.2 times) the concentration 
of finer particles in the size range from 0.001 to 0.054 mm.

In conclusion, the X2 stage does not significantly alter the particle size distribution of the selected sand. It may 
provide the most substantial coarse grain reinforcement effect in the tested hardened foamed concrete made of 
WPC and CAC containing mixtures after X1 compared to other specimens. This fact suggests that while X2 can 
increase the fineness of particles, X1 may be more effective for achieving a balance between fine and coarse 
particles for optimal reinforcement in foamed concrete.

Figure 7 demonstrates the effect of milling on the median particle size diameter (D50, d50). Sand, when subjected 
to milling, initially showed a decrease in particle size from 0.435 mm (0 millings, Sand Raw) to 0.149 mm 
(1 milling, Sand X1), followed by a reduction to 0.096 mm (2 millings, Sand X2) and further to 0.067 mm 
(3 millings, Sand X3). This trend suggests an initial agglomeration followed by effective size reduction upon 
further milling. For microsilica, a consistent decrease in particle size was observed with each milling, indicating 
a straightforward reduction from 0.110 mm (0 millings, Microsilica Raw) to 0.049 mm (1 milling, Microsilica 
X1) and then to 0.040 mm (2 millings, Microsilica X2). This behaviour points to microsilica's effective breakdown 
with milling.

PLC, WPC, and CAC also demonstrated a decrease in particle size with milling. PLC reduced from 0.02 mm 
(0 millings, PLC Raw) to 0.016 mm (2 millings, PLC X2), WPC from 0.016 mm (WPC Raw) to 0.008 mm (WPC 
X2), and CAC from 0.016 mm (CAC Raw) to 0.011 mm (CAC X2). The mixtures involving tested types of cement 
with sand and microsilica (PLC Mix, WPC Mix, and CAC Mix) showed similar trends, with significant reductions 
in particle size with each milling iteration. These results suggest that milling refines the particle size of both 
individual components and their mixtures, which could have implications for their application in cement mortar 
and foamed concrete construction materials, influencing properties such as reactivity, strength, and homogeneity.
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Figure 7. The effect of a milling stage on median particle size diameter (D50, d50). Arrows indicate the distinct results for 
sand, micro silica, a set of similar results for cement and a set of matching results for cement mixtures with sand and micro 
silica.

3.3 Effects of milling stages and storage time of cement mixtures on mechanical properties of 
cement mortars

The effect of the number of milling, day of storing, and the type of cement on the compressive strength 
measurement results of 3, 7, 14, 28, and 56 days aged PLC, WPC, and CAC based mortar samples are shown in 
Figure 8 a, b, and c, respectively. 

The X1 gives no effect on the early stage of curing (up to 7-days) generated compressive strength of PLC based 
mortar samples regardless of immediately applied or 3-days long stored milled mixtures, as demonstrated in Figure 
8 a. X2 leads up to 29% higher 3-day compressive strength (about 58 MPa) compared to PLC-NM and PLC-X1 
samples (about 45 MPa), around 13% higher 7-day compressive strength than PLC-NM samples. The increased 
reactivity of more fine cementing particles can explain this effect. However, the compressive strength of 28-day 
cured PLC-NM mortar evolves up to 104 MPa, indicating 20% to 80% higher compressive strength values 
compared to 28-day aged PLC3-X2 and PLC3-X1 samples, respectively. Further compressive strength 
development is less intense, with the PLC-NM sample reaching approximately 107 MPa after 56 days of ageing. 
The higher strength of PLC-NM can be explained by the reinforcement effect of Sand Raw particle sizes [59], 
more beneficial particle size distribution in the concrete structure, and possibly more beneficial relation of applied 
constant concentrations of water and superplasticizer to the lower surface area of PLC Raw reactive components, 
as compared to mortar samples made of PLC Mix X1 and PLC Mix X2. The compressive strength evolvement 
tendency of PLC-based mixtures becomes similar after 28 days of ageing. However, the PLC0-X1 sample 
performs a more rapid compressive strength development than PLC0-X2. Therefore, a more extended ageing 
period is required to estimate the possible final compressive strength value, after which the curve becomes 
horizontal. The higher the finesse, the higher the reactivity for both cementitious and pozzolanic addition: it means 
that more time is needed to have the complete activation of all binding components [60].

Generally, the immediate use of X1 and X2 WPC containing mixtures and X2 WPC containing mixture after 3-
days storage in the production of mortar leads to an increase in earlier (3-days) compressive strength of mortars 
by up to about 17 % (WPC3-X2), as compared to WPC-NM, shown in Figure 8 b. 
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Figure 8. Influence of milling stages and cement type on cured cement mortar compressive strength: NM, X1, and X2 
mixtures in compositions with PLC (a), WPC (b), and CAC (c).
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However, the use of 3 days stored X2 mixtures causes slower compressive strength development in WPC3-X2 
mortar and by about 15 to 22 % lower measured final compressive strength (up to 111 MPa after 56 days) during 
remaining applied mortar ageing period, as compared to WPC0-X1 (128 MPa), WPC0-X2 (132 MPa), and WPC-
NM (135 MPa) specimens. The WPC3-X1 exhibited the lowest compressive strength during the tested ageing 
period (83 MPa after 56 days). The possible partial hydration of activated WPC particles by the moisture from the 
air during storage of X1 mixtures and the lower finesse than the X2 can explain this effect. However, the 
compressive strength development tendency is similar to that detected of immediately used material, and the 
applied activation approach leads to less observable impact than cases of other tested cement.

X1 and X2 of CAC containing mixtures lead from 1.5 (CAC0-X1, CAC3-X1) up to about two times (CAC0-X2, 
CAC3-X2) higher earlier (3 days) compressive strength, as compared to the result of CAC-NM (34 MPa), as 
demonstrated in Figure 8 c. This effect can be explained by higher earlier hydration reaction rate [61] of milled 
cement particles which results in lower development of compressive strength during further ageing by maintaining 
about the same trend in the graph, as compared to CAC-NM mortar specimen. The cured CAC-X2 mortar 
specimen exhibits a rapid increase in 3-day compressive strength up to about 58 MPa, which is relatively close to 
the final value (72 MPa after 56 days) detected in the range of applied testing conditions. Similar compressive 
strength development was observed in the case of cured CAC3-X2 specimens, exhibiting 66 MPa to 82 MPa after 
3- and 56 days, respectively.

The effect of the applied activation approach on apparent density measurement results of hardened PLC, WPC, 
and CAC-based mortar samples is shown in Figure 9. All produced PLC based solid mortars exhibited the lowest 
apparent densities compared to WPC and CAC based specimens made under the same applied conditions.

Figure 9. The effect of applied NM, immediately (0 days) and three days stored X1 and X2 mixtures on apparent densities of 
hardened solid mortars in composition with PLC, WPC, and CAC.

X1 with subsequent immediate use or three days storage of PLC containing dry mixtures leads to a decrease in 
apparent densities by about 5% from 2.07 g·cm-3 (PLC-NM) down to 1.96 g·cm-3 (PLC0-X1 and PLC3-X1). This 
effect can be explained by the less beneficial particle size distribution (loss of coarser sand particles with 
reinforcing impact) [59] and unadjusted concentrations of superplasticizer and water to the fresh mortar, therefore 
causing the formation of higher porosity. This type of material cannot be expected as suitable for subjection to 
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high wear and abrasion conditions [62]. Hardened PLC mortars made of X2 mixtures exhibit similar apparent 
densities with 0.5 up to 2% differences from PLC-NM mortar due to higher packing densities of finer particles. 
The presence of fine particles helps to occupy the spaces between larger particles, enhancing the packing density 
and decreasing the volume of voids that need to be filled with cement paste [63]. A similar trend was observed in 
the case of WPC-based solid mortars, but with slightly higher apparent density values, as compared to PLC mortar 
cases.

However, the apparent densities of CAC based hardened solid mortars can be related to differences in activities 
caused by milling and subsequent storage. Immediately used X1 and X2 mixtures caused high earlier strength 
(Figure 8 c) indicates the possible higher hydration rate caused a loss in apparent densities by about 3.5 % from 
2.24  g·cm-3 (CAC-NM) down to about 2.15 g·cm-3 (CAC0-X1) and 2.17 g·cm-3 (CAC0-X2). The 3-day X1 and 
X2 mixtures storage led to higher final apparent densities (about 2.2 g·cm-3) of hardened CAC mortars compared 
to cases when X1 and X2 components were used immediately.

In conclusion, the study demonstrates a significant correlation between the apparent densities of produced cement 
mortars and their measured densities, highlighting the predictive accuracy of apparent density measurements in 
evaluating mortar characteristics.

3.4 Effect of immediately used and three days stored single-milled PLC- and WPC-based mixtures 
on mechanical properties of foamed concrete

The dependence of hardened foamed concrete compressive strength on X1 PLC and WPC containing mixtures 
storing durations (0 and 3 days) after 7-, 28-, and 56-days foamed concrete ageing are demonstrated in Figure 10. 
It should be noted that all attempts to foam the CAC-containing mixtures with the selected approach failed due to 
the instability of generated pores and required different approaches, conditions, and additives during further 
research activities.

Figure 10. Dependence of foamed concrete compressive strength on X1 PLC and WPC containing mixtures storing durations 
(0 and 3 days) after 7, 28, and 56 days of ageing.

The 56-day cured PLC0-X1 Foam displayed a compressive strength of 6.53 MPa and an apparent density of 
0.996 g·cm-³. The WPC0-X1 Foam demonstrated a higher compressive strength of 9.95 MPa but a lower density 
of 0.915 g·cm-3, as demonstrated in Figure 11. Conversely, when the milled mixtures were stored for three days 
before use, a notable decrease in both compressive strength and apparent density was observed for both types of 
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foamed concrete. The PLC3-X1 Foam showed a compressive strength of 5.20 MPa and a density of 0.942 g·cm-

³, whereas the WPC3-X1 Foam had a compressive strength of 6.63 MPa and a density of 0.879 g·cm-³. This effect 
represents a 20.37% decrease in compressive strength and a 5.42% decrease in density of foamed concrete made 
of the PLC-based mixture series, and a more pronounced 33.37% reduction in strength and 3.93% drop in density 
for the WPC-based mixture series after the 3-days storage period. These results indicate that the storage of milled 
mixtures, even for a relatively short period, adversely affects the quality of the foamed concrete, underscoring the 
importance of immediate mixture use after milling in concrete production.

Figure 11. Apparent density and compressive strength dependence on immediate (0 days) and three days storing before use 
in the manufacturing of X1 and subsequently foamed PLC and WPC concrete after 56 days of curing.

3.5 Effects of milling stages and storage time of cement mixtures on morphologies of cement 
mortars and foamed concrete

The visual impact of X1 and X2 on the microstructures of cement mortars after 56 days of ageing is depicted in 
Figure 12. In comparison to NM mortar samples, both X1 and X2 samples displayed the presence of finer particles.

The NM mortar samples contained visible sand particles with sizes reaching up to 300 µm (PLC0-NM) and 
500 µm (WPC0-NM and CAC0-NM), consistent with the particle size analysis results shown in Figure 6. 
Remarkably, no significant differences in particle sizes were observed between the X1 and X2 samples, as 
evidenced in Figure 12 b, c, e, f, h, and g. These mortar specimens exhibited observable particle sizes ranging 
from 50 to 150 µm.

While there appeared to be a slightly larger particle size on the surface of PLC0-X2 (Figure 12 c) cement mortar 
compared to PLC0-X1 (Figure 12 b), this discrepancy can be considered coincidental. Upon conducting a more 
extensive microscopic analysis, this difference disappeared. It is worth noting that cement mortars created from 
dry mixtures stored for three days exhibited similar visually observable particle sizes.
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Figure 12. Detailed optical microscopy images (X50 magnification) of fractured cement mortar specimens after 56-day hardening made of (a) NM PLC, (b) X1 PLC, (c) 
X2 PLC, (d) NM WPC, (e) X1 WPC, (f) X2 WPC, (g) NM CAC, (h) X1 CAC, (i) X2 CAC based samples.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4728421

Preprin
t n

ot p
eer re

vie
wed



21

Figure 13 illustrates visually observable pores at fracture sites in foamed concrete samples based on PLC and 
WPC  produced from 3-day stored dry mixtures.

Figure 13. Optical microscopy images of 56-days cured PLC3-X1 Foam (a - X50 and b - X100 magnification) and WPC3-
X1 Foam (c - X50 and d - X100 magnification).

In the case of the PLC3—X1 Foam sample, there is a more consistent distribution of pore sizes, primarily ranging 
from 138 µm to 480 µm. On the other hand, the WPC3—X1 Foam sample displays a broader spectrum of pore 
sizes, spanning approximately 100 to 1000 µm. Furthermore, the WPC3—X1 Foam matrix exhibits a visibly 
higher density of larger pores ranging from 500 to about 1000 µm, which are also more rounded in shape than the 
PLC3—X1 Foam, as depicted in Figure 13 b and d. Similar pores were observed on the surfaces of WPC0-X1 
Foam samples. The PLC0-X1 Foam samples notably generated slightly more prominent pores, with sizes reaching 
up to 532 µm, as shown in Figure 14, in contrast to the PLC3-X1 Foam samples, illustrated in Figure 13 a and b.
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Figure 14. Optical microscopy images of 56-days cured PLC0—X1 Foam (a - X50 and b - X100 magnification).

4. DISCUSSION

The foamed concrete produced in this study, aged for 56 days and with densities ranging from 0.879 g·cm-3 
(WPC3-X1 Foam) to 0.996 g·cm-3 (as illustrated in Figure 11), meets the classification criteria for foam concrete 
as defined in references [4,5]. These density values are notably higher than the American Society for Testing and 
Materials (ASTM) requirements in standard C869/C869M – 11 [64]. This standard specifies an oven-dry density 
for cellular concrete ranging from 0.47 g·cm-3 (±0.04 g·cm-3) to 0.49 g·cm-3 (±0.04 g·cm-3) for type I and type III 
cements, respectively. It is also significant to mention that the compressive strength of the produced foamed 
concrete, ranging from 5.20 to 9.95 MPa (Figure 11), substantially surpasses the minimum required compressive 
strength of 1.4 MPa as stipulated in ASTM C869/C869M – 11 [64]. For further investigations, it is imperative to 
comprehensively assess the operational parameters of the equipment, such as rotation speed and working 
temperature, for both the disintegrator and HSMD. Additionally, the performance of other essential components 
within the innovative production system, including containers, pipelines, and mixers, should be thoroughly 
evaluated. This evaluation aims to optimize the production process for cement mortar and foam concrete, ensuring 
that the resulting properties meet industry requirements and provide the necessary level of repeatability. In future 
studies, it is essential to evaluate the permeability of water, corrosive substances, and gases, and the resistance to 
freeze-thaw cycles of cement mortar and foam concrete produced using this innovative technique.

The primary cementitious material utilized in manufacturing foamed concrete is traditional Portland cement, 
valued for its high strength, minimal dry shrinkage, and durability. However, the cement industry is responsible 
for approximately 8% of global anthropogenic CO2 emissions, respectively [65]. The excessive extraction of sand 
and gravel severely threatens the stability of river channels and ecosystems [66]. This process hampers the 
sustainability of foamed concrete and contributes to environmental degradation. Therefore, it is necessary to 
develop an alternative cement or partially substituted cement-based solution for foamed concrete production. The 
failure to produce foamed concrete with the selected foaming agent from CAC in the present study prompts a 
range expansion of possible foaming agents. There needs to be more information in the literature on the direct use 
of foaming agents in producing CAC-based concrete foams. However, there is information on efforts and results 
using CAC analogue cement.

One of the examples is the role of protein-based surfactants in producing non-autoclaved bio-based foamed 
concretes. Key findings include hemp shives increasing the porosity but reducing mechanical strength, while 
cement and pozzolanic materials enhance pore uniformity and compressive strength. The production method 
significantly affects pore formation, with the preformed method being more effective for lightweight concrete. 
Mechanical strength largely depends on porosity, mineral matrix strength, pore distribution and size [67].
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Another study investigated the formulation of foamed concrete using sulphate aluminium cement, fly ash, H2O2, 
FeCl3, calcium stearate, and Ce(SO4)2·4H2O. Authors have explored replacing cement with fly ash (up to 20% by 
weight), using H2O2 and FeCl3 as foaming agents and Ce(SO4)2·4H2O as an additive. The examination focused on 
the effects of these components on the density and compressive strength of the concrete. It has been found that 
Ce4+ enhances foam stability, reduces foaming time, improves foaming ability, and significantly lowers the dry 
density of the foamed concrete, achieving a density of 0.22-0.32 g·cm-3 and compressive strength of 0.2-0.65 MPa 
[68].

In subsequent research, various approaches should be explored for preparing dry raw material mixtures to prevent 
the excessive concentration of fine particles. These fine particles increase the total surface area of solid particles, 
leading to excessive water absorption and the need for increased concentration of expensive superplasticizers to 
achieve flowable cement mortar paste [69]. Currently, the cheapest plasticizers are lignosulphonates-based 
surfactants with typical consumption of 0.15–0.25% by cement weight [70]. Plasticizers significantly improve the 
workability of foam concrete mixtures, particularly those with 63–80% foam content [71]. They reduce stress on 
the concrete's pores, ensuring smoother cement slurry flow and more uniform distribution within the pores. This 
uniformity prevents pore merging and increases pore size, enhancing the foam concrete's structure and stability 
[72]. A higher pore count means more pore walls. Also, as the density of the foamed concrete paste rises, the peak 
frequency distribution of pore wall thickness tends to decrease [73]. Total granulometric composition shifting 
toward small particles also results in an undesirably low packing density of concrete pore walls [74] causing wall 
effects between particles when foamed concrete is subjected to mechanical loads. The wall effect occurs when 
coarse particles in a mixture predominantly made of fine powder displace the finer ones. If these coarse particles 
are not sizable enough to fill the spaces, they create voids instead [75]. To address this effect, one should consider 
adopting a different composition for the initial cement-sand-microsilica mixture that will undergo grinding in the 
disintegrator. The remaining Sand Raw and other reinforcing aggregates can be added during subsequent mixing 
of dry aggregates to obtain the cement mortar paste or during the treatment of the paste with the HSMD, with 
mixing taking place in the working chamber of the disperser. This approach will result in an adapted granulometric 
composition of solid particles, significantly influencing the packing density and overall performance of the cement 
mortar and foam concrete matrix.

The energy consumption for milling can be tailored through the services offered by commercial concrete raw 
material manufacturers, leveraging their extensive range of products to achieve a custom granulometric 
composition with the desired admixture activity. For instance, the microsilica Grade 92D (densified) utilized in 
this study is also available as Grade 92U (undensified) [76]. Nonetheless, it is essential to consider the impact of 
transportation and storage duration on the activity and reagglomeration of filler particles, as these factors 
significantly influence the properties of cement mortar and foam concrete.

For scaling (industrialization) purposes, it is also crucial to estimate equipment depreciation and operating costs 
for the entire production scheme, considering the aggregates involved. The recently developed industrial-scaled 
disintegrators offer three milling systems: direct, separative (closed), and selective, catering to diverse processing 
needs such as testing material properties, producing materials with varied granularity, and processing in dry, wet, 
or liquid forms, with additional capabilities like mixing and drying [77]. Direct milling setup processes the 
material through high intensity impacts in a single pass to the collector, suitable for a broad range of applications, 
including testing and producing materials with wide granularity. Separative milling achieves the desired fineness 
by employing a classifier method to process the material repeatedly. Selective milling, meanwhile, separates 
materials based on density or strength and is used to refine components of multicomponent materials or extract 
valuable elements from industrial waste, ensuring minimal impact on other components [78].

It is worth noting that this innovative production scheme can be adapted for both factory-based production and 
on-site production of cement mortar and foam concrete. It is imperative to conduct meticulous measurements of 
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the feed rate of dry particles for the disintegrator and the flow rate of cement mortar paste for the HSMD to achieve 
more precise energy consumption calculations.

Additionally, expanding the innovative production scheme (see Figure 2) to include the capability of producing 
cement mortar using the HSMD without utilizing the foaming function is crucial. The hydrodynamic cavitation 
without gases (e.g., O2, O3, CO2) [79] may lead to improved workability caused by water vapours in cavities. Such 
an approach would enable a more objective comparison of the properties of cement mortars and foam concrete 
under similar manufacturing conditions. Furthermore, additional research is warranted to assess the potential of 
the innovative production scheme and the advanced equipment it incorporates, namely the disintegrator and 
HSMD, in manufacturing cement mortar and foam concrete using recycled concrete aggregates [80].

5. CONCLUSIONS

The analysis yields significant insights into milling (with the help of two rotor disintegrator model DSL-115) 
process efficacy, particle size reduction, and energy consumption, with notable numerical values to support these 
conclusions. Raw sand's median particle size, initially at 0.435 mm (D50_Sand Raw), decreased significantly to 0.067 
mm (D50_Sand X3) after X3, while PLC's median particle size reduced from 0.020 mm (D50_PLC Raw) to 0.016 mm 
(d50_PLC X2) following X2. Similar reductions in particle sizes were observed for components like WPC and CAC.

The degree of milling exhibited variations among components. For instance, sand showed the highest degree at 
4.54 after X2 and 6.52 after X3. In contrast, components like PLC and WPC had lower degrees of milling, with 
values ranging from 1.09 (PLC X1) to 1.97 (WPC X2).

Energy consumption played a crucial role, with clear numerical distinctions. Milling sand's energy requirement 
doubled from 4.3 kW·h·T-1 (Sand X1) to 8.6 kW·h·T-1 (Sand X2). Cement-sand-microsilica mixtures required an 
additional 2.15 kW·h·T-1 for mixing without milling, highlighting the initial energy investment even before 
milling. This consistent increase in energy consumption was a common trend across all components and mixtures 
studied.

Due to milling processes, the granulometric analysis of raw and milled sand and microsilica reveals significant 
alterations in particle size distribution, particularly in the finer range. This finding, combined with the critical role 
of particle size in cement mortar's compressive strength, underscores the superiority of X1 mixtures for producing 
foamed cement samples with optimal performance characteristics.

In the context of foamed concrete (produced with the help of HSMD model KMD 1,5), the influence of milling 
processes and material storage on compressive strength, apparent density, and microstructure is evident, with 
crucial numerical data to support these findings. However, it is essential to note that the attempts to produce foam 
from CAC-containing mixtures with the selected approach were unsuccessful, indicating the need for alternative 
methods, conditions, and additives in future research.

Immediate utilization of X1 and X2 PLC and WPC-containing mixtures increased 3-day compressive strength. 
For instance, the PLC0-X1 Foam exhibited a compressive strength of 6.53 MPa, while the WPC0-X1 Foam 
demonstrated a higher compressive strength of 9.95 MPa. Conversely, storing milled mixtures for three days led 
to a notable decrease in compressive strength and apparent density. The PLC3-X1 Foam displayed a compressive 
strength of 5.20 MPa, whereas the WPC3-X1 Foam had a compressive strength of 6.63 MPa, representing a 
20.37% and 33.37% reduction, respectively. These numerical values underscore the adverse impact of material 
storage on foam concrete quality, highlighting the significance of immediate material use after milling in concrete 
production.

The PLC3—X1 Foam sample exhibits a consistent and uniform pore size distribution, primarily ranging from 
138 µm to 480 µm, indicating a more uniform cellular structure. In contrast, the WPC3—X1 Foam sample shows 
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a broader spectrum of pore sizes from approximately 100 µm to 1000 µm, with a higher density of larger, more 
rounded pores between 500 µm to about 1000 µm. This result suggests a more heterogeneous pore distribution 
within the WPC3—X1 Foam. Additionally, similar large pores are observed in WPC0-X1 Foam samples, while 
PLC0-X1 Foam samples generate slightly larger pores than PLC3—X1 Foam, reaching up to 532 µm. These 
characteristics suggest significant differences in microstructural properties between PLC and WPC mixtures based 
foamed concrete series, potentially affecting their application performance based on pore size and distribution.
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