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1. Introduction

Non-metallic minerals and mineral soils play a fundamental role in
manufacturing industries, with their replacement being unfeasible
even long-term. The brick industry, as a major consumer of clay
minerals, annually uses 3.13 billion cubic meters of clay to produce

1,500 billion bricks globally (Wang et al., 2023), leading to various

ABSTRACT

This research was conducted at Marjan-Kar Company to investigate the characteristics of raw
materials used in brick production and their transformations during firing. The company’s raw
materials are sourced from Caspian Alluvial deposits, consisting of clay playa and loess in a 30:70
ratio. Mineralogical studies revealed that the main phases in both clay playa and loess units were
similar, with differences in minor phases including hematite in clay playa and dolomite in loess. The
clay playa unit was classified as Silty clay, while the loess unit fell into the Silty clay loam category.
Higher concentrations of SiO2, Al-Os, and Fe.Os; were observed in the clay playa, whereas greater
amounts of CaO and LOI were found in the loess, with elevated Na2O concentrations present in both
units. During firing at 950°C, complete calcite decomposition occurred, leading to the formation of
new phases such as anorthite, augite, and gehlenite, accompanied by an amorphous phase that plays
a crucial role in the mechanical strength of the final product. Results indicated that the 70% loess
and 30% clay playa composition is suitable for brick production. However, grain size optimization
is essential: adding 7.8 to 14.1 kg of sand per 100 kg raw material brings sand content to the optimal
10-15% range while reducing plasticity index to 16-19%, thereby enhancing product quality without

requiring fundamental process changes.

environmental challenges (Madavi, 2022). Optimized exploitation
of these resources is essential, focusing on producing higher quality
products while adhering to sustainable development principles to
minimize damage to natural reserves.

The quality of bricks depends primarily on their raw materials
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and firing process. The raw material must contain specific
proportions of clay and silt, sourced from shale, marl, or various
clay types. While complete purity isn’t necessary, the absence of
harmful impurities is crucial (Karimpour, 1999). The mineralogical
composition significantly influences final properties, with minerals
like Kaolinite, Illite, and Montmorillonite contributing different
characteristics Wang et al. (2023). Studies show that excess
magnesium and calcium can cause defects like efflorescence and
hairline cracks (Wang et al., 2023), while temperature variations
between 800-1100°C create distinct structural changes in clay
minerals (Wang et al., 2023).

In Iran’s Golestan Province, Young Caspian deposits can be
used as primary raw materials for brick production. At Nasrabad
village in Gorgan, manufacturers use an empirical composition
of 70% loess and 30% clay playa. Marjan-Kar Production and
Trading Company employs tunnel kiln technology and automated
production, though challenges like hairline cracks and efflorescence
persist. This research concentrated on examine the physicochemical
characteristics of raw materials and their transformations during

firing to enhance product quality.

2. Research methodology

To investigate the mineralogical, chemical, and physical properties
of mineral materials and examine the transformations after firing,
a total of nine samples were collected from raw materials and
products, with their specifications presented in Table 1.

Five soil samples were collected from different points of
the mine and raw materials. To analyze the physical properties
and grain size distribution of raw materials, three samples were
sent to the Technical and Soil Mechanics Laboratory of Tehran
Municipality. Mineralogical studies were conducted on five
samples using semi-quantitative X-ray diffraction specifically
for clay minerals (XRD clay Q), thin section preparation, and
scanning electron microscopy (SEM). For chemical analysis of raw
materials, five samples were examined using X-ray fluorescence
(XRF) technique. To study the changes during the firing process,
two samples were collected from the top and bottom of the tunnel
kiln, along with one overburned brick sample and one efflorescent
brick sample. Mineralogical studies were performed on four
product samples using XRD, thin section preparation, and scanning
electron microscopy (SEM). Chemical composition of products
was studied on four samples using XRF. The XRD Clay Q, XRD,
and XRF analyses were conducted at Kansaran Binaloud Company,
while SEM analysis was performed at Shahid Beheshti University
Science and Technology Park, and thin sections were prepared at
Shahid Beheshti University.

The results from raw material analyses were compared and

evaluated against relevant standards to present a complete and

valid characterization of raw material properties. These results were
then compared with the factory product analyses to determine the

changes occurring after the firing process.

3. Results

3.1. Raw Materials Analysis

This section presents the results obtained from raw material
analyses, encompassing three main aspects: grain size distribution,
mineralogy, and geochemistry.

- Grain Size Distribution Analysis: Grain size analysis was
conducted according to ASTM D6913 (Standard Test Methods
for Particle-Size Distribution of Soils Using Sieve Analysis)
standard. The red clay unit contains 38 to 45% clay particles,
50-59% silt particles, and 1-7% sand particles. The yellow loess
unit shows 30% clay particles, 67% silt particles, and 3% sand
particles. Based on standard soil classification and particle size
distribution plotted on the USDA (United States Department of
Agriculture Soil Texture Classification System) Soil Texture
diagram, the red clay unit falls into the Silty clay category, while

the yellow loess unit is classified as Silty clay loam (Figure 3).

- Mineralogy of Raw Materials: Due to the powdery nature of raw
materials and presence of clay minerals, thin sections were prepared
using resin, and XRD Clay Q analysis method was employed.
Due to the powdery nature of raw materials and presence of clay
minerals, thin sections were prepared using resin, and XRD Clay Q

analysis method was employed.

- Petrography: The yellow loess samples showed microcrystalline
to cryptocrystalline texture, containing approximately 25% quartz
(<40pm), 15% calcite (<1mm), 20% muscovite-sericite (<50um),
and <5% biotite. The red clay samples exhibited higher ratio of
microcrystalline to cryptocrystalline matrix, with 20-30% iron
oxide staining, 30% quartz (<40pm), 25% muscovite-sericite, <5%

calcite, and minor amounts of biotite and chlorite (Figure 4).

- Scanning Electron Microscopy (SEM): SEM analysis revealed
predominantly sheet-like and layered structures. Red clay samples
showed more uniform particle sizes with distinct edges, while
yellow soil samples exhibited coarser particles with greater void
spaces, characteristic of porosity that directly correlates with

reactivity (Figure 5).

- Semi-Quantitative X-Ray Diffraction for Clay Minerals (XRD
Clay Q): XRD analysis identified main phases in both units: quartz
(35% in red clay, 28% in yellow loess), albite (12% in red clay, 8%
in yellow loess), calcite (5% in red clay, 15% in yellow loess), and

orthoclase. Secondary phases varied between units, with red clay
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containing muscovite-illite, chlorite, and hematite, while yellow

loess included additional dolomite and hornblende.

- Raw Materials Geochemistry Using X-Ray Fluorescence
(XRF): The red clay samples contained average values of 64.6%
Si02, 12.65% Al:0s, 6.5% Fe20s, 2.79% CaO, and 6.31% L.O.L.
The yellow loess averaged 51.38% SiO2, 9.8% Al:Os, 4.87% Fe20s,
13.76% CaO, and 13.635% L.O.1. Na2O content exceeded standard

limits in most samples, except one (0.09%).

3.2. Product Analysis Results

This section presents the results obtained from product analyses,
which includes two parts: mineralogy and geochemistry.

- Mineralogy: Products were heated to 950°C during firing,
causing clay minerals to collapse through structural water loss.

Phase percentages were qualitatively assessed.

- Petrography: Thin section examination revealed approximately
70% amorphous matrix, with 12-15% quartz, 5% plagioclase, and
2-3% alkali feldspar. Sample M.F-17 (overburned brick) showed
distinctive bubbles up to 500 microns and increased amorphous

content (Figure 06).

- Scanning Electron Microscopy (SEM): Tunnel kiln samples
showed uniform porous textures with fine pores and strong particle
connections. The efflorescent brick exhibited spongy structure
with irregular voids, while the overburned brick displayed melted,

glassy structure with reduced porosity (Figure 7).

- X-Ray Diffraction (XRD: Analysis showed quartz remaining as
the main phase, with formation of Anorthite, Gehlenite, and
Augite (Figure 8). Clay minerals disappeared in samples M.F17
and M.F18, while amorphous phase appeared in all fired samples.
Goethite emerged in samples M.F15 and M.F18, with hematite
present only in M.F17.

- Product Geochemistry Using X-Ray Fluorescence (XRF):
Analysis showed increased SiO: (59.33% to 62.29%) and CaO
(6.51% to 11.90%) content, with significant LOI reduction (9.65%
to 0.67%). Changes in Al:Os, Fe:0s, Na:O, and MgO indicated

structural modifications and new phase formation during firing.

4. Discussions

Based on grain size analysis, sand content can be increased by 10
to 15%. Wang et al. (2023) demonstrated that samples with less
than 5% sand exhibit lower compressive strength (15-18 MPa)
compared to samples containing 15-20% sand (25-30 MPa).
Guzlena et al. (2019) found that 15% sand reduces cracking and
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water absorption. Petrographic results showed the yellow loess unit
has microcrystalline to cryptocrystalline texture, while the red clay
unit shows higher microcrystalline to cryptocrystalline matrix ratio.
Cheng et al. (2024) reported that increased crystallinity improves
flexural strength after firing, while cryptocrystalline matrix increases
reactivity during firing, potentially leading to hairline cracks. XRD
analysis revealed quartz (35% in red clay, 28% in yellow loess),
albite (12% in red clay, 8% in yellow loess), calcite (5% in red clay,
15% in yellow loess), and orthoclase (8% in red clay, 6% in yellow
loess). Shirgire et al. (2024) showed optimal quartz ratio (30-35%)
reduces porosity. Ma et al. (2018) reported feldspars reduce firing
temperature by 80-100 degrees. These minerals act as natural
fluxes, improving sintering and reducing porosity, thus enhancing
strength and reducing water absorption. However, excessive
amounts can cause expansion and deformation during firing. XRF
analysis indicated silica content in some red clay samples exceeds
the standard range (40-60%). While high silica increases hardness,
it can lead to brittleness and reduced flexibility. Zhang et al. (2023)
showed excessive silica causes unbalanced thermal expansion and
hairline cracks. High CaO (12.8%) and LOI (15.6%) in yellow loess
were reported. Sokolar (2010) showed samples with CaO above
10% exhibit greater post-firing expansion, increased cracking, and
reduced compressive strength. Iron oxides affect color and melting
point, while high alkalis can cause premature melting, deformation,
and efflorescence. Petrographic studies on products show
significant changes compared to raw materials. An amorphous
matrix constitutes approximately 70% of sample volume. Sample
M.F-17 shows distinctive bubbles up to 400 microns, occupying
30% of sample volume. Elert et al. (2003) reported irregular
bubbles larger than 100 microns can reduce compressive strength.
The presence of scattered micas and feldspars indicates incomplete
decomposition during firing. XRD analysis of products revealed
complete calcite decomposition and formation of new phases
including anorthite, gehlenite, and augite. Cheng et al. (2012)
showed anorthite formation increases compressive strength. Jordan
et al. (2001) reported gehlenite presence improves frost resistance.
Dondi et al. (1999) indicated the amorphous phase formed above
900°C plays a key role in reducing water absorption and increasing
chemical resistance. SEM studies showed significant morphological
changes after firing. Dondi et al. (1999) reported spherical and
connected pores (1-5 microns) improve frost resistance. Yang et
al. (2021) demonstrated particle bridges through partial melting
enhance final strength. Sample M.F-17 (overburned brick) shows
severe melting and glassy structure formation, leading to complete
porosity loss and deep cracking. XRF analysis of products shows
significant compositional changes after firing. Tite and Maniatis
(1975) reported LOI reduction indicates complete carbonate

decomposition and structural water release. Peters and Iberg (1978)
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found relative SiO2 and Al2Os increases result from weight loss due
to volatile material release. Trindade et al. (2009) showed Al.Os/
SiO: ratio of 5-5.5 contributes to optimal aluminosilicate phase
formation. Based on grain size analysis, clay and loess contents
are within standard range, but sand content (3%) is below the
optimal range (10-15%). From a chemical perspective, the 70:30
ratio is approximately within Iranian National Standard 1162
range, except Na2O content exceeds the standard limit. Therefore,
adding 10-15% sand with controlled chemical composition can
optimize both sand percentage and Na.O content, simultaneously
bringing grain size distribution and plasticity index into optimal
ranges. Phase transformation mechanisms during firing occur in
three stages: 100-200°C (removal of surface water), 400-650°C
(structural water loss and primary mineral collapse), and 700-
950°C (carbonate decomposition and new phase formation).
New gehlenite phase improves compressive strength and thermal
resistance. Anorthite formation creates strong bonds improving
flexural and tensile strength. Amorphous phase formation
creates uniform structure reducing porosity and permeability.
Temperatures exceeding 950°C or accumulation of flux elements
causes excessive amorphous phase formation, eliminating standard

brick properties.

5. Conclusion
This research evaluated the physicochemical and mineralogical
characteristics of raw materials and their transformations during
firing at Marjankar Company. Results demonstrated that the 70%
loess and 30% clay playa composition is fundamentally suitable
from mineralogical and chemical perspectives but requires grain
size optimization.

Mineralogical studies revealed similar main phases in both

units, with differences in minor phases including hematite in clay

playa and dolomite in loess. Geochemically, higher SiO2, Al2Os,
and Fe.Os concentrations were observed in clay playa, while
greater CaO and LOI amounts were found in loess. Elevated Na.O
concentration in both units exceeds standard limits and can cause
efflorescence.

During firing at 950°C, complete calcite decomposition occurred,
forming new phases including anorthite, gehlenite, and augite with
an amorphous phase that play fundamental roles in mechanical
strength, thermal resistance, and reduced water absorption.

The most important finding relates to grain size optimization.
Current sand content (3%) is significantly below the standard range
(10-15%). By adding 7.8 to 14.1 kg of sand per 100 kg raw material,
sand content reaches the optimal 10-15% range, adjusting clay
ratio to 30-35% and loess to 50-55%, which fall within national
standards. This modification reduces plasticity index from 22% to
the optimal 16-19% range.

Sand addition in these amounts provides several advantages:
reduced stickiness and improved workability during forming,
decreased shrinkage during drying and firing leading to fewer
hairline cracks, increased compressive strength through balanced
structure, and reduced water absorption. Using sand with controlled
chemical composition (low Na:O) can reduce total sodium
concentration below 1%, eliminating efflorescence.

This study demonstrated that through a simple and cost-
effective modification—adding 10-15% quality-controlled sand to
the existing 70% loess and 30% clay composition—product quality
can be significantly enhanced without requiring fundamental
changes to the production process or raw material sources. This
optimization produces bricks with higher strength, lower water
absorption, free from hairline cracks and efflorescence, while
utilizing soil resources more efficiently and adhering to sustainable

development principles.
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Figure 2. a) Thickness and interfingering depositional of the yellow loess and red clay

units. b) Depositional slope of yellow loess and red clay units. ¢) Outcrop of the yellow

conglomerate unit beneath the red deposits. d) Close-up view of green conglomerate unit.
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Table 1. Sample codes and descriptions.
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L. Sample L. Sample
Description Description

Name Name
Brick sample from the bottom of the tunnel klin M.F14 Yellow loess from the new mine M-10
Brick sample from the top of the tunnel klin M.F15 Red clay from the new mine M-14
Overtiered brick sample M.F17 Red clay from the old mine M-15
Efforescent brick sample M.F18 Red clay from the bottom of old mine M-16
70% yellow loess, 30% red clay sample M-18
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Table 2. The results of particle size distribution of raw materials.

Liquid Plastic
Sample Clay% | Loess% | Sand%
Limit% Limit%
M-10 30 67 3 34 13
M-14 45 53 2 42 18
M-15 40 59 1 40 18
M-16 43 50 7 42 18
M-18 38 59 3 39 17
Estandard
45 60 15 - -
1162 (Max)
Estandard
30 40 10 - -
1162 (Min)
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Figure 3. Location of red clay and yellow loess samples in the USDA Soil

Texture chart based on the results of particle size distribution of soils analysis.
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Figure 4. a) Microscopic image of yellow loess sample in polarized light with identifiable minerals marked;

b) Microscopic image of red clay sample in polarized light with identifiable minerals marked. The abbreviations

are based on (Withiny and Evans, 2010).
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Figure 5. SEM images showing the sheet-like structure of clay minerals and their dimensions, as well as the

dimensions of void spaces between particles indicated by white arrows. a) Scanning Eelectron Microscope image of

red clay sample; b) Scanning Electron Microscope image of yellow loess sample.

ad sl slge 6l WSSl 5 A BT S ol s ¥ s

Table 3. The results of X-ray diffraction analysis for row material.

Sample Quartz Albite Calcite Orthoclase | Muscovite-Illite Chlorite Dolomite | Hematite
% % % % % % % %
M-10 30 12 23 7 10 12 3 -
M-14 50 13 8 11 12 - 2
M-15 50 13 7 12 13 - -
M-16 48 10 8 11 9 - 2
M-18 40 11 12 7 12 13 - 2

gl 3lsn sl XRF) oS3l 550 ol sl LT 51 ool ol —F J gl

Table 4. The results of X-ray fluorescence analysis for row material

SiO, ALO, | Fe, O, | CaO | Na,O | KO | MgO | TiO, | MnO PO, LOI
Sample S (ppm)
% % % % % % % % % % %
M-10 51.8 10.0 4.97 13.4 1.2 2.1 2.2 0.54 0.10 0.113 13.2 203
M-14 65.9 13.0 6.51 1.8 0.85 2.6 2.51 0.77 0.15 0.12 5.48 23
M-15 66.2 12.3 6.97 1.67 1.11 2.6 2.45 0.74 0.05 0.115 5.48 92
M-16 61.6 12.5 6.04 491 1.02 2.6 1.87 0.72 0.16 0.114 7.99 182
M-18 59.3 11.6 5.9 6.51 1.2 2.5 2.29 0.69 0.03 0.121 9.65 129
Estandard
60 21 12 17 1 3 4 1 - - 15 -
1162 (Max)
Estandard
40 9 3 0 0 0 0 0 - - 0 -
1162 (Min)
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Figure 6. a) Microscopic image of brick sample in polarized light showing muscovite minerals with high

birefringence; b) Microscopic image of brick sample in polarized light showing quartz and plagioclase

minerals with polysynthetic texture; ¢) Microscopic image of brick sample in polarized light showing biotite

mineral; d) Microscopic image of vitrified brick sample in polarized light showing bubbles distinguishable

in amorphous phase. (Mineral abbreviations from Whitney and Evans, 2010).
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Figure 7. a, b) Samples M.F14 and M.F15 showing relatively porous, uniform and laminated texture;
¢) Sample M.F18 exhibiting more spongy texture compared to other samples with dimensionally

more heterogeneous grains; d) Sample M.F17 demonstrating increased amorphous phase and

porosity reduction.
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Figure 8. a) XRD analysis result for sample M.F17; b) XRD analysis result for sample M.F18.
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Table 5. X-ray diffraction (XRD) analysis results for the products.

Si0, | ALO, | Fe, O, | CaO | Na,O | K,0 | MgO Tio, MnO PO, LOI
Sample
% % % % % % % % % % %
M.F-14 61.65 11.45 5.43 11.69 1.41 2.46 2.7 0.591 0.15 0.126 2.19
M.F-15 6229 | 11.86 5.52 11.9 1.64 242 | 271 0.598 0.147 | 0.133 0.67
M.F-17 64.42 11.8 5.87 10.07 1.59 2.54 | 2.18 0.65 0.061 0.123 0.52
M.F-18 61.53 12.04 5.62 11.78 1.73 2.5 2.36 0.627 0.167 | 0.137 1.36
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