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CHAPTER I 
INTRODUCTION 

 

1.1 Background and Rationale 
Stone dust is a waste product produced by limestone crushing plants during 

the process of producing coarse aggregates of various sizes. The workability, 
compressive strength, and optimum moisture content of stone dust with coarse 
particles is not significantly different from clean sand (Khamput., 2005). It is a good 
substitute material to reduce reserves and reduce the shortage of natural materials 
(Prakash and Rao, 2016) In an effort to optimize resource utilization, new applications 
for stone dust are being investigated to reduce stockpiling. These solutions include 
mixing stone dust with cement for use in the foundation, fill material (Satyanarayana, 
Varma, Chaitanya, and Raj, 2016), backfill material (Lee and Baek, 2023; Cai, Zhang, Shi, 
Chen, Chen, and Sun, 2020), flexible pavement (Satyanarayana, Prem Teja, 
Harshanandan, and Lewis Chandra, 2013), reinforced-stone dust walls (Sumitra and 
Mandal, 2015), construction materials such as brick block (Habib, Begum, and Salam, 
2015) and ceramic tile fabricated (Tonnayopas, Kaewsomboon, and Jantaramanee, 
2010). One established and widely used method employed in international 
construction practices to address permeability issues within fractured rock formations 
is grouting with a cement-bentonite mixture. The use of stone dust to minimize 
groundwater flow in rock fractures is another solution to the problem. Depending upon 
different regions in Thailand, stone dust is not truly acceptable in the locations where 
clean sand is vastly available (e.g., west and southeast of the country). Nevertheless, 
in the northeast of Thailand stone dust is well acceptable as a substitute of clean sand 
because the sand is not widely available. Care should, however, be taken to ensure 
that the particle size ranges, chemical compositions, particle shapes are suitable for 
substitution of the commonly used materials. 

 

1.2 Research Objectives 
The objectives of this study are to assess the mechanical of stone dust mixed 

with Portland cement and hydraulic properties stone dust mixed with bentonite for 
industrial use. The main tasks include particle size analysis, X-ray diffraction analysis, 
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uniaxial compressive strength tests, compaction tests, direct shear, consolidation tests, 
swelling test, and permeability test. 

 

1.3 Scope and Limitations 

The scope and limitations of this research include as follows. 

1) The main focus of this research is to compare the mechanical behaviour of 
stone dust-cement mixtures and the hydraulic performance of stone dust-bentonite 
mixtures. 

2) The particle sizes of the stone dust are 4.75 to 0.075 mm, as obtained from 
quarry in Nakhon Ratchasima Province. 

3) Portland cement type I is mixed with stone dust following ASTM C150 (2012). 

4) Uniaxial compression tests are performed of stone dust-mixed cement. 

5) X-ray diffraction (XRD) is employed to identify the mineral composition 
according to ASTM E1426-14e1 (2019). 

6) The sphericity and roundness are determined following the ASTM D2488-06 
standard practice (2006). 

7) The stone dust-to-cement (by dry weight) ratio of 2:1 is primarily selected. 

8) Compaction tests of fined-aggregates stone dust-mixed bentonite are 
determined following the ASTM D1557-12. 

9) Direct shear tests of fined-aggregates stone dust-mixed bentonite are 
determined following the ASTM D3080-11. 

10) Consolidations tests of fined-aggregates stone dust-mixed bentonite are 
determined following the ASTM D2435 / D2435M - 11(2004). 

11) Swelling tests are conducted on saturated bentonite samples at various 
weight ratios and under different vertical stresses. 

12) The permeability test is performed on different particle sizes of stone dust. 
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1.4 Research Methodology 
 The research methodology is shown in Figure 1.1 includes literature review, samples 
collection, particles size analysis and classification, microscopic examination, mechanical  

properties tests, hydraulic properties tests, discussion, conclusion, and thesis writing. 

1.4.1 Literature review 

  Literature review is carried out to study experimental research on the 
stone dust, particle size analysis, classification, mechanical and hydraulic properties. 
The source of information can be obtained from textbooks, journals, technical 
reports and conference papers. 

1.4.2 Samples preparation 

  Stone dust samples used in this research have been collected from 
stone crushing plant, Nakhon Ratchasima province, Thailand. Stone dust samples are 
collected and sealed in moisture barrier bags. Preparation for testing then takes place 
at the Geomechanics Research Laboratory of Suranaree University of Technology.  
Nakhon Ratchasima province. 

 

 
Figure 1.1 Research methodology. 
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1.4.3 Particle size analyses and classification 

This investigation aims to identify the mineral composition of stone 
dust. X-ray diffraction analysis (using a Bruker D2 Phaser) will be conducted on 
samples of varying particle sizes to characterize and classify the stone dust , follow 
the ASTM E1426-14e1 standard practice. Minerals possess characteristic X-ray 
diffraction patterns, often referred to as 'fingerprints'. These patterns are archived 
within databases and employed by the DIFFRAC.TOPAS software to facilitate the 
identification of a material's composition. 

1.4.4 Microscopic examination 

  The sphericity and roundness are determined from individual 
specimen in each size, follow the ASTM D2488-17e1 and used classification system 
given by Power (1982). The particle size of stone dust is observed using microscopic. 
Each size is scanned prior to testing mixed with cement.  

1.4.5 Mechanical properties testing 

 1.4.5.1 Uniaxial Compressive Strength Test 

  The cement mixtures are divided into two stages. Stage I is to 
determine the maximum compressive strength of each particle size and stage II is 
implemented for ease of use in the industrial sector. The ranges of stone dust sizes 
for stage I are 4.75, 2.0, 0.85, 0.425, 0.25, 0.15 and 0.075-mm. In stage II the stone dust 
is separated into coarse and fine particles. Two sets of size separations are selected. 
Set I, particles within the ranges of 4.75-0.25 mm are considered coarse, while those 
within the range of 0.25-0.075 mm are classified as fine. Set II, particles sized 4.75-0.15 
mm are considered coarse, and those within the range of 0.15-0.075 mm are classified 
as fine. During the test, axial and lateral displacements will be monitored. The obtained 
data will then be used to determine the elastic modulus and Poisson's ratio. In 
accordance with ASTM D7012-23 standard practice. 

 1.4.5.2 Compaction Test 

  Compaction tests are conducted on a range of particle sizes, 
from 0.25 mm to 0.075 mm. The weight ratios of bentonite to fine-grained stone dust 
mixtures investigated will be 100:0, 80:20, 60:40, and 40:60. The mixtures are prepared 
in a tray.  The water is added to the mixture until the desired water content is reached. 
This testing procedure adheres to the guidelines established in ASTM D1557-12 for 
both the methodology and the corresponding calculations. Following the compaction 
tests, the data for dry densities and water contents are plotted. This analysis aims to 
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identify the combination that yields the maximum dry density and the optimal water 
content. 

1.4.5.3 Direct Shear Test   

   Direct shear test is conducted using a direct shear device to 
determine the peak shear strength of the material. This test employs a vertical 
hydraulic load cell to apply normal stresses in increments ranging from 0.17 MPa to 
0.69 MPa in a stepwise manner (0.17, 0.34, 0.52, and 0.69 MPa) The testing 
methodology and subsequent calculations adhere to the standards outlined in ASTM 
D3080-11. Following the test, the peak shear strength value will be employed to 
determine the material cohesion and friction angle through subsequent calculations. 

1.4.6 Hydraulic properties tests 

1.4.6.1 Consolidation Test   

   Consolidation test is conducted on compacted specimens 
comprised of bentonite-fine grained stone dust mixtures. The compaction process for 
each specimen utilizes its respective optimum water content. Specimens are then 
installed within a consolidation cell and subjected to constant stresses ranging from 
10 kPa to 1280 kPa in a stepwise manner (10, 20, 40, 80, 160, 320, 640, and 1280 kPa). 
Each stress level is maintained for a duration of 10 days. The test methodology and 
subsequent data analysis are performed in accordance with ASTM D2435 / D2435M - 
11(2004). The test results are employed to determine the axial strain, density, and void 
ratio of the specimens. 

 1.4.6.2 Swelling Test  

  To assess the swelling behavior under vertical stresses, a 
compacted mixture is subjected to a static load ranging from 2 to 6 kilograms in a 
stepwise manner. The test methodology and corresponding calculations adhere to the 
guidelines outlined in ASTM D4546-08 standard practice. 

 1.4.6.3 Permeability test 

  Permeability test employs standpipes of varying diameters (6 
mm, 10 mm, and 13 mm) to determine the internal cross-sectional area for 
permeability calculations. Water flows from the standpipe through a compacted 
specimen contained within a mold having a diameter of 101 mm and a length of 122 
mm. To ensure consistent permeability throughout the specimen, to achieve 
consistent compaction, the test material will be compacted in three layers of 
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approximately equal heights using a rammer. This procedure adheres to ASTM D2434-
68 standard practices. 

1.4.7 Discussions and conclusions 

 This section presents the key findings and compares the results of the 
different test conditions. By analyzing the data, the influence of varying stone dust 
particle sizes on the performance of the new material will be discussed. This 
evaluation aims to inform potential field applications of the stone dust-cement 
mixture. 

1.4.8 Thesis writing 

 Comprehensive record of all research activities, methodologies 
employed, and the resulting data will be compiled and documented within the 
thesis. The research findings are intended for publication in either conference 
proceedings or peer-reviewed academic journals. 

 

1.5 Thesis contents 
Chapter I establishes the context of the research by outlining the background 

and significance of the problem.  It will clearly define the research objectives, 
methodology, scope, and any limitations of the study. Chapter II provides a 
comprehensive overview of existing research relevant to the study. It summarizes the 
key findings and insights gleaned from the literature. Chapter III details  the materials 
utilized in the research and the specific procedures followed for sample preparation. 
Chapter IV focuses on the mechanical properties of stone dust mixed with Portland 
cement, specifically in the context of construction applications and also outlines the 
laboratory testing procedures employed in the investigation, along with a presentation 
of the corresponding test results. Chapter V focuses on the hydraulic properties of 
stone dust mixed with bentonite for industrial use and outlines the laboratory testing 
procedures employed in the investigation. Presents a detailed analysis of the data 
obtained from the laboratory testing. Chapter VI provides a comprehensive discussion 
of the research findings, drawing conclusions based on the analysis of the data. It will 
also offer recommendations for future research endeavors in this area. 

 



 
 

CHAPTER II 
LITERATURE REVIEW 

 

2.1 Introduction 
 Literature review is performed to increase understanding of topics studied. The 
literature review can be divided into related topics and summarized. 

 

2.2 Effect of mechanical in cement mixture of stone dust 
Stone dust (SD) finds frequent application in concrete production due to its 

widespread availability and cost-effectiveness. Many researchers (Priyanka and Dilip, 
2013; Wakchaure, Shaikh, and Gite, 2012; Mahzuz, Ahmed, and Yusuf, 2011) have been 
find that solid wastes as an alternative material as fine aggregate include fly ash, slag 
limestone, waste plastic and SD. The literature review further indicates the potential 
of stone dust (SD) as a substitute for conventional cement concrete materials. Prior 
research has extensively investigated the influence of incorporating SD on the strength 
properties of cement concrete, specifically when utilized as a replacement for fine 
aggregate. 

Suman (2018) investigated the use of SD as a partial replacement for fine 
aggregate in concrete. The proportion of materials containing cement, fine aggregate, 
coarse aggregate are 1:1.54:3, with a water-cement ratio of 0.42 and a superplasticizer 
dosage of 0.6% by weight of cement. Figure 2.1 presents the compressive strength 
results at 28 days, demonstrating that all concrete mixtures containing varying 
replacement levels of natural sand with SD exhibited strength exceeding the reference 
value. These findings suggest that SD incorporation can lead to beneficial outcomes in 
terms of concrete strength. Similar trends observed in the test results of Singh, 
Srivastava, and Agarwal (2015) further support the potential of SD for achieving both 
environmental and strength-related benefits. 

Rajput (2018) finds alternative materials to fulfill the need for fine aggregate. 
Employed cement, coarse aggregate, and a combination of natural sand and stone dust 
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as fine aggregate materials are selected and water with no plasticizer. From Figure. 2.2, 
the results have shown that replacing natural sand with increasing amounts of SD leads 
to higher compressive strength in cement concrete compared to concrete made only 
with natural sand. This approach can also reduce waste materials generated by the mining 
industry. 

 

 

Figure 2.1   Variation of compressive strengths with gradual increase percentage of 
stone dust (Suman., 2018). 

 

 

Figure 2.2 Compressive strengths of cement cube concrete with percentage 
replacement of NS to SD (Rajput., 2018). 
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Rajput and Chauhan (2014) study explore the use of stone dust as a fine 
aggregate in cement mortar, investigating its potential as a cost-effective alternative to 
river sand. The research findings indicate that stone dust can contribute to an increase 
in the compressive strength of cement mortars compared to those formulated with 
traditional river. 

2.2.1 Effect of particle size  

Yalley and Sam (2018) investigate the effects of fine sand content and 
water-to-cement ratio on concrete properties. Particle sizes range from 0.6 to 0.075 
mm. They use fine sand contents of 2%, 4%, 6%, 8%, 10%, and 12% along with water-
to-cement ratios of 0.55, 0.6, and 0.7. A basic 1:2:4 concrete mix is prepared. Their 
results show that concrete strength decreases significantly when the fine sand content 
exceeds 4% and the water-to-cement ratio is greater than 0.55. This might be because 
concrete with a higher fine sand content absorbs more water. To improve workability, 
it is recommended to limit fine sand content to 4% and use admixtures instead of 
increasing the water content. 

Ghafoori, Spitek, and Najimi (2016) investigates the influence of 
limestone stone dust size and content on the compressive strength of self-
consolidating concrete (SCC). by replacing 10, 15, and 20% of cement with limestone 
stone dust particles of 3 and 8 micrometers. As shown in Figure 2.3, the particle size 
distributions of limestone stone dust, cement, and fly ash indicate that both limestone 
stone dust particles are finer than those of Portland cement and fly ash. This allows 
them to act as fillers between cement particles, potentially improving the quality of 
the paste. Consequently, the compressive strength test results show an increase, likely 
due to the limestone stone dust filling the smaller voids between the cement particles. 
Thongsanitgarn, Wongkeo, Sinthupinyo, and Chaipanich (2011) also observe that 
increasing the amount of fine stone dust can increase concrete strength. They attribute 
this to two factors: (1) the very fine SD particles might act as nuclei for precipitation of 
Calcium Silicate Hydrate (CSH), thus increasing the degree of cement hydration, and 
(2) the increase in SD content and decrease in water content might reduce bleeding in 
the concrete mixes. For these reasons, to achieve good strength and reduce the risk 
of cracking, it is important to maintain a sufficient cementitious paste volume (Li and 
Kwan, 2015). On the other hand, Dhir, Limbachiya, McCarthy, and Chaipanich (2007) 
demonstrates that at equal water-to-cement (w/c) ratios, with equal cement and water 
contents, the strength of concrete mixes actually decreases as the limestone content 
increases. However, the differences between Portland limestone cement concrete 
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containing 15% limestone and Portland cement concrete are minimal, as shown in 
Figure 2.4. This finding aligns with the observations of many other researchers, who 
have shown that the compressive strength reaches a maximum value at a certain point 
and then decreases as the percentage of stone dust increases (Suman, Singh, and 
Srivastava, 2015; Prakash and Rao, 2016; Suman, 2018; Ali and Saikrishnamacharyulu, 2021). 

 

 

Figure 2.3  Particle size distribution of Portland cement, fly ash and limestone stone dust 
(left) and compressive strength of the selected SCCs (right) presented by 
(Ghafoori et al., 2016). 

 

 

Figure 2.4 (a) Strength development and effect of (b) limestone content and (c) 
w/c ratio on 28-day cube strength of Portland cement and Portland 
limestone cement concretes (curing; 20ºC water). (Dhir et al., 2007). 
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Neville (1995) describes how the use of a larger maximum size of 
aggregate affects strength in several ways. Because larger aggregates have less specific 
surface area and a weaker bond with the paste, failure occurs along the aggregate 
surfaces, resulting in reduced compressive strength of concrete. For a given concrete 
volume, using larger aggregates translates to a smaller volume of paste, which in turn 
provides more restraint to volume changes in the paste. This restraint can induce 
additional stresses in the paste, potentially creating microcracks before any load is 
applied. These microcracks can be critical factors in very high-strength concretes.  
Therefore, the general consensus is that using smaller sized aggregates is preferable for 
producing higher strength concrete. 

Suwansukrot (2007) studies the effect of rock size on the compressive 
strength of concrete.  They test concrete specimens made with Portland cement type 
1 and water-reducing and accelerating additives. The compressive strength is measured 
at ages of 1, 3, 7, and 28 days, with 20 blocks tested at each age. Their results show that 
larger rocks exhibit higher compressive strength in the early stages (1 and 3 days). 
However, smaller rocks achieve greater compressive strength at later ages (7 and 28 days). 

Haleerattanawattana (2004) studies the physical and mechanical 
properties of rock aggregates ranging from 3/8 inch to 1 inch in size.  Finds that larger 
aggregates generally exhibit better physical properties compared to smaller ones. These 
properties include water absorption, unit weight, and the amount of void space between 
particles. In contrast, smaller aggregates tend to have a higher flakiness index (ratio of 
width to thickness) and elongation index (ratio of length to average thickness) than larger 
aggregates. For mechanical properties, however, the situation is reversed due to factors 
related to the crushing process. Smaller aggregates typically demonstrate higher 
strength, better compaction resistance, and greater resistance to erosion compared to 
larger aggregates. 
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2.2.2 Effect of particle shape 

Neville (1995) describes the particle shape and surface texture are 
important external characteristics of aggregates. Roundness is a quantitative measure 
of a particle's relative sharpness, specifically its edges and corners. This property is 
primarily influenced by the inherent strength and abrasion resistance of the original 
rock from which the particle originates, as well as the extent of wear and tear it has 
undergone. When dealing with crushed aggregates, the final particle shape is 
determined by two key factors: the geological characteristics of the parent rock and 
the specific type of crusher employed, along with its reduction ratio (the degree to 
which the crusher diminishes particle size). Particle shape and surface texture influence 
the properties of freshly mixed concrete more than the properties of hardened 
concrete. The shape of fine aggregate particles influences the mix properties; angular 
particles requiring more water for workability. Coarse aggregate particles with equip-
dimensional shape are preferred. Flaky particles affect adversely the durability of 
concrete because they tend to be oriented in one plane. The mass of flaky particles 
expressed as a percentage of the mass of the sample is called the flakiness index. 
Even though limits are not set down, the presence of elongated particles in excess of 
10 to 15% of the mass of coarse aggregate is generally considered as undesirable 
(Dinku, 2005).  

 

2.3  Application of stone dust mixture 
Many researchers are reported that stone dust potential can be used as sub-

base material in flexible pavements and embankment material (Satyanarayana et al., 
2013), fill material (Singh et al., 2015), and road construction material (Pradeep, 
Satyanarayana, and Raghu 2013). Their potential can be supported as follow; 

 Lee and Baek (2023) studies the optimal mixing ratio for backfill material used 
in road excavation and restoration. By utilizing the entire amount of stone sludge 
generated during aggregate production. They analyze factors like flowability and 
material separation resistance to determine the ideal mix. The stone sludge used has 
a 100% passing rate on a 5-mm sieve and a 47.54% passing rate on a 0.075-mm sieve. 
Tests show that as the water-to-stone sludge-cement ratio increases, the flowability of 
the mixture improves, but the strength decreases.  Among the tested, a stone sludge-
cement ratio of 300% to 500% provides a satisfactory balance between flowability and 
strength for this application. Long-term monitoring conducted over approximately 5 
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months revealed no ground subsidence caused by traffic loads. Additionally, the 
backfill material proved to be suitable for re-excavation using standard equipment. 
Upon re-excavation, the team checked the filling properties around pipes and found 
no significant filling or damage to the pipes. 

Prokopski, Marchuk, and Huts (2020) studies the use of granite dust in concrete 
mixtures as a way to utilize industrial waste in concrete production. This approach has 
the potential to reduce energy consumption and improve the quality of building 
materials. by creating standard cube samples and testing their compressive strength at 
various ages. The study also considers different mix proportions for the concrete. 
Findings show that the addition of granite dust accelerates the kinetics of concrete 
hardening, resulting in a faster rate of strength increase. This phenomenon can be 
attributed to the partial replacement of sand with dust, which leads to a more 
compacted microstructure in the cement matrix. This compaction is the main reason 
for the observed increase in concrete strength with the addition of dust. Overall, granite 
dust has a positive effect on both the early strength of concrete and the strength after 
longer curing periods, such as 90 and 180 days. 

Satyanarayana (2016) describes natural soils containing plastic fines, such as silt 
and clay, can deform under heavy loads, potentially leading to failures.  In 
geotechnical applications, crusher dust from crushing plants and river sand are 
commonly used to evaluate the performance of mixtures made with these materials. 
Compaction, compressive, and seepage tests are performed to assess the engineering 
properties of these mixes. The experimental data indicates that a mixture containing 
60-70% crusher dust and river sand produces satisfactory results. This mixture is 
suitable for use as sub-grade and fill materials in various geotechnical construction 
projects. These findings align with the test results obtained by Sridharan, Soosan, Babu, 
and Abraham (2005, 2006) in their studies on quarry dust. 
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2.4 Effect of mechanical and hydraulic properties on bentonite and 
aggregate mixtures 

2.4.1 Compaction 

Charlermyanont and Arrykul (2005) study the compaction test on 
bentonite-sand mixtures to determine the optimal water content and maximum dry 
density. The results indicated that the dry unit weight of the bentonite-sand mixture 
rises with increasing water content. Once the optimal water content is reached, 
however, the dry unit weight diminishes with further water content increments. 
Consistently, augmenting the amount of bentonite leads to an increase in optimal 
water content and a decrease in maximum dry unit weight. Subsequent addition of 
water beyond the optimum content precipitates a significant decrease in the dry unit 
weight of the compacted bentonite-sand mixtures, particularly evident at high 
bentonite content. These findings align with those reported by Kaya and Durukan 
(2004) and Cai et al. (2020). 

Srikanth and Mishra (2016) study the impact of sand content of a 
specific size on the behavior of bentonite-sand mixture across various ratios. Two 
bentonites of different mineralogical composition are selected for the study. These 
bentonites are named Bentonite 1 and Bentonite 2. They prepared different 
combinations of bentonite-fine sand (FS) and bentonite-medium sand (MS) by adjusting 
the sand content from 50 to 90 % by the dry weight of the mixture. Bentonite-FS and 
bentonite-MS mixtures demonstrated distinct optimal water content and maximum 
dry density values, suggesting a potential influence of sand particle size on compaction 
characteristics. Mixtures containing MS exhibited comparatively higher maximum dry 
density and lower optimal water content values for both type of bentonites, likely due 
to the effective packing of bentonite particles within the void spaces formed among 
the sand particles.  

The behavior of bentonite-sand mixtures depends on the of bentonite 
content. With a low bentonite content, the mixture retains the characteristics of 
granular soil. However, as the bentonite proportion increases, there's a gradual 
transition of the mechanical properties typical of plastic clay. This interaction between 
bentonite and sand is using Scanning Electron Microscopy (SEM), as shown in Figure 
2.5, it reveals bentonite particles adhere to the surface of sand grains, forming "bridges" 
that connect the larger particles. (Proia, Croce, and Modoni, 2016). 
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Figure 2.5 SEM of dried samples at magnification factors of 75x; a) with sand 100%,  

b) with bentonite 5%, and c) with bentonite 50% (Proia et al., 2016). 

 

2.4.2 Direct shear test 

Yanrong (2013) investigates the shape and size variation of particles affect the 
shear behavior of composite soils containing a broad spectrum of particle sizes. Two sets of 
comparable samples are created: (1) a combination of fine particles (clay and silt) with a 
perfectly shaped coarse fraction (glass sand and beads), and (2) a combination of fine particles 
with a naturally occurring coarse fraction (river sand and crushed granite gravels). The results 
showed that an increase in the proportion of coarse particles led to a higher constant volume 
shear strength. Additionally, as the elongation of the coarse particles increased, or their 
convexity decreased, the constant volume friction angle also increased.  The overall roughness 
of the shear surface, when the volume remains constant, has a negative correlation with the 
smoothness (convexity) of the particles and a positive correlation with the area of the shear 
surface occupied by particles of specific shapes. To quantify the particle shape, two 
parameters, convexity and elongation, are derived from 2D images of the soil particles. As 
shown in Figure 2.6. 
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The relationship between shear strength and particle size is then 
analyzed by Bagherzadeh-Khalkhali and Mirghasemi (2009). The results indicate that 
samples with larger maximum particle sizes exhibit greater shear strengths. This is 
because the value of the shear parameter is dependent on the size of the grains. while 
the friction angle increases as the grain size increases, as confirmed by research from 
Soltani-Jigheh and Jafari (2012), and Kim and Ha (2014). 

Vangla and Latha (2015) investigate the influence of particle size 
distribution on the shear behavior of sand. Their symmetric direct shear tests revealed 
that particle size itself does not affect the peak friction angle when the tests are 
conducted at the same void ratio. However, the ultimate friction angles are impacted 
by particle size, with larger particles exhibiting higher ultimate friction angles. Figure 2.7 
shows the shear stress and displacment response of the sands is influenced by their 
angularity. Increased angularity resulted in higher peak shear strength due to an 
enhancement in interlocking forces between the particles. It's important to note that 
the sands had relatively similar angularity and roundness properties. This suggests that 
the morphological effects are negligible, and the observed variations in shear behavior 
are primarily due to differences in particle size.  This aligns with the findings of Holtz and 
Kovacs (1981), who reported that particle size has no effect on the peak friction angle if 
the void ratio remains constant. 

 

 

Figure 2.6 Illustration of particle shape parameters (Yanrong, 2013).  
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Figure 2.7    Shear stress versus shear displacement response of different sands 
(Vangla and Latha, 2015). 

 

2.4.3 Consolidation test 

Duong and Hao (2020) study the consolidation characteristics of 
artificially structured bentonite-kaolin mixtures with different pore fluids. Oedometer 
tests are conducted on bentonite-kaolin mixtures containing 10%, 20%, and 30% 
bentonite content. Distilled water is used as pore fluids. Samples are consolidated to 
create an "artificial structure". Bentonite significantly impacts the consolidation 
behavior of mixtures. Compression index, swelling index, and coefficient of volume 
change increased with increasing bentonite content.  

Pastor, Tomás, Cano, Riquelme, and Gutiérrez. (2019) study the 
improvement of clayey soils by using limestone dust addition. All the samples are 
compacted at 0, 5, 10, 15, 20, and 25% of limestone dust. Tests are one-dimensional 
consolidation tests conducted under the loading sequence of 5 up to 800 kPa and 
unloading sequence of 400 up to 20 kPa. From the test result, increase in the stiffness 
of the clayey soil by 27% when 25% limestone dust is added. The compression index, 
which is a direct indication of the tendency of a clayey soil to settle when it is loaded, 
decreases as the amount of additive increases. A similar trend is observed for swelling 
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index with a maximum reduction of 31% when 25% of limestone dust is added. This 
lower compressibility of the mixed clayey soil is attributed to the fine aggregates of 
the limestone stone dust filling the voids of the clayey soil. This agrees reasonably 
well with the test results obtained by Mishra et al. (2010) who study the effect of the 
physical, chemical and mineralogical properties on the 15 different bentonite-soil 
mixtures. 

 

2.4.4 Swelling test  

Pastor et al. (2019) describe the effect of adding limestone dust on the 
free swelling of the soil. The result found that the swelling index reduced from 5.7% 
to 3.38% when only 5% of limestone dust is added. This constitutes a reduction of 
42% in the swelling index of the mixed soil. Reductions of 58%, 61%, and 56% are 
observed when the limestone stone dust addition is 10, 15, and 20%, respectively. The 
results are consistent with previous research (Saygili, 2015; Sabat and Nanda, 2011), 
show a decrease in the swelling index with increasing marble dust up to the maximum 
amount. Ogila (2016) report that a decrease between 30 to 45% of the heave 
percentage of swelling index when 20% of limestone dust is added to clayey soils, 
similar to results obtained by Sabat and Muni (2015). The increase of the swelling index 
while 25% limestone stone dust addition is due to the significant increase in matric 
suction caused by the reduction in the initial water content of the samples. This is 
because the stone dust is added dry to the wet soil. 

Srikanth and Mishra (2016) indicate that compacted bentonite-soil 
mixtures are utilized in waste disposal and nuclear waste sites. The particle size of sand 
in bentonite mixtures affects their behavior, with fine sand mixtures displaying higher 
shrinkage limits. Mixtures with medium sand have higher density and lower water 
content. Sand content influences engineering properties, with fine sand mixtures showing 
higher liquid limits and swelling pressure. Additionally, fine sand mixtures exhibit lower 
hydraulic conductivity due to effective void filling. The result indicate that bentonite 
content below 20% is insufficient for filling void spaces. The results similarly with of Bilal 
and Ahmad (2020) who study the soil swell potential on bentonite-stone dust mixtures. 
When used the stone dust in range of 10, 20, 30, 40 and 50% and concluded that only 
30% is enough to improve soil properties. The reason why stone dust improves soil 
properties is that it possesses a pozzolanic nature and contains coarse particles that 
improve compaction characteristics and reduces the plasticity. Moreover, it has good 
interlocking strength with soil because of its angular shape.  
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2.5 Permeability properties of stone dust  
Akbulut and Cabalar (2014) study the effects of physical properties of sand (e.g., 

size and shape) on the hydraulic conductivity. Five materials with different sizes and 
particle shapes are used in this study. By permeability testing apparatus is employed 
for the experiments. The experimental results show that relatively rounded sand grains 
have decrease hydraulic conductivity values than the angular sand grains. This is 
because increase particle rotation allows for a more open fabric in angular sand grain 
samples compared to rounded ones. Consequently, more angular sand exhibit higher 
hydraulic conductivity values. According to by Cedergren (1989) and Sperry and Peirce 
(1995) show that particle shape affects both permeability and liquefaction potential. 
Horak, Sebaaly, Maina, and Varma (2017) shows this concept by zooming in on the 
voids of the three levels consecutively filled with smaller and smaller aggregate grading 
groupings. This allows for clear visualization of the main structural elements within 
each consecutively smaller of the grain matrix, without the influence of finer aggregates 
filling the voids. The latter mainly provide stability to this grain matrix (Figure 2.8). 

 

 

 

Figure 2.8    Three level grain matrix infill illustration (Horak et al., 2017). 
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2.6 Weight ratio of bentonite-stone dust mixture 
Jain, Jha, and Akhtar (2022) describes marble dust (MD) as a viable alternative to sand 

(S) when mixed with bentonite (B). Microstructural images with 20% bentonite content show 
the filling and coating of bentonite particles within the inter-particle voids and on the surface 
of the sand and marble dust particles. This process transforms the coarse-grained matrix into 
a coarse-grained cohesive matrix (Fig. 2.9 c and f). Furthermore, a 40% bentonite content 
induces the adherence of bentonite particles on the surface of sand and marble dust particles, 
thereby forming a compacted matrix (Fig. 2.9 b and e). However, with a higher bentonite 
content of 60%, the sand and marble dust particles become noticeably immersed within the 
bentonite matrix. Based on this preliminary assessment, optimal results are achieved when 
sand or marble dust constitutes less than 40% of the mixture, indicating a requirement for a 
higher bentonite content for developing landfill liners. This aligns report by Pusch (1998) that 
a 30% bentonite content is effective for backfill applications. The recommendations by Sobti 
and Singh (2017) for optimal barrier material compositions are as follows: sand-bentonite with 
10% bentonite content, coal ash-bentonite with 10% bentonite content, and silt-bentonite 
with 5-10% bentonite content. It is important to note that a 5% bentonite content for sand 
and coal ash mixtures may not be sufficient, as indicated by the higher hydraulic conductivity 
(k) value observed in these cases. On the other hand, a stone dust content of 20-30% is 
sufficient to improve soil properties. The reason stone dust enhances soil properties is that it 
possesses pozzolanic characteristics and contains coarse particles, which improve compaction 
characteristics and reduce plasticity. Moreover, it has good interlocking strength with the soil 
due to its angular shape. 

 

 

Figure 2.9 Microstructural examination of S–B and MD–B mixes Jain et al. (2022).

 



 
 

CHAPTER III 
SAMPLE PREPARATION 

 

3.1 Introduction 
 This chapter describes basic characteristics of stone dust used in this study. The 
limestone stone dust deposits and description are described.  

 

3.2 Rock Description 
 Stonedust samples used for testing are limestone obtained from Khum-ngern 
Khum-tong Co., Ltd., stone crushing plant, Nakhon Ratchasima province. It belong to 
Permian sequences, characterized by predominantly thick carbonate sediments, and 
are extensively distributed throughout the country. They are classified as part of the 
Ratburi Limestone Formation or Ratburi Group, with the type locality situated in 
Ratchaburi province, western Thailand (Brown et al., 1951; Javaaphet, 1969). Bunopas 
(1981) proposed restricting the designation 'Ratburi Group' to Permian limestones found 
in western and peninsular Thailand. He introduced the term 'Saraburi Group' to 
encompass Permian limestones and clastic rocks in central and northeastern Thailand. 
This distinction is justified by the significant faunal disparity between the Ratburi Group, 
deposited in the peri-Gondwana realm, and the limestones of the northeast, including 
the current study area, which originated within the Tethyan realm. 

 

3.3 Sample preparation 
 The stone dust used in this study is prepared from Khum-ngern Khum-tong Co., 
Ltd., stone crushing plant of the Saraburi group in Nakhon Ratchasima province. Sieve 
analysis is employed to determine the particle size distribution of the specimens, with 
the results presented in Figure 3.1. The bulk density of the specimens, defined as the 
ratio of dry mass to volume, is determined to be 1.62 g/cc in accordance with the 
ASTM C29/C29M-23 standard. Mineral composition analysis of the specimens is 
conducted using X-ray diffraction (XRD). To prepare the samples for XRD analysis, the 
stone dust is crushed into a rock powder with particle sizes less than 0.25 mm (mesh #60). 
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The XRD analysis is performed using a Bruker D2 Phaser instrument, adhering to the 
guidelines outlined in ASTM E1426-14 standard practice. The results of the XRD analysis 
are summarized in Table 3.1.  

The sphericity and roughness of individual particles are evaluated across 7 
particle size ranges: 4.75 mm, 2.0 mm, 0.85 mm, 0.425 mm, 0.25 mm, 0.15 mm, and 
0.075 mm. Ten particles are examined within each size range using an optical 
microscope (as shown in Figure 3.2). Following the established classification systems 
outlined by Powers (1982) (Figure 3.3), the average roughness and sphericity values for 
each material are presented in Table 3.2. 

 

 

Figure 3.1 Particle size distributions of stone dust. 
 

Table 3.1 Mineral compositions from XRD analysis. 

Mineral Compositions Concentration (%) 

Calcite 66.92 
Dolomite 25.97 
Ankerite 3.51 
Huntite 1.61 

Cooperite 0.18 
Cuspidine 1.12 

Natron (Soda) 0.69 
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Figure 3.2 Examples of representative size and stone dust particles. 

 

 

 

Figure 3.3  Estimation of roundness and sphericity of sedimentary particles  

(Powers,1982). 
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Table 3.2  Particle shape classification of stone dust particles based on Powers 
(1982). 

Particle size (mm) Roundness  Sphericity 

4.75 0.37 0.48 
2.0 0.46 0.77 
0.85 0.51 0.57 
0.425 0.43 0.80 
0.25 0.49 0.91 
0.15 0.41 0.77 
0.075 0.74 1.00 

 

 



 
 

CHAPTER IV 
MATERIAL CLASSIFICATION AND LABORATORY TESTING 

 

4.1 Introduction 
 This chapter describes a method to separate the stone dust into various size 
ranges. Each size range is mixed with cement. The mixing ratio (e.g. water, cement and 
aggregate (stone dust)) follows relevant ASTM standard practice. Compressive strength 
and elastic parameters are used as indicators to decide the appropriate particle size 
range to be used for cement mixing application or to be used for hydraulic 
containment application. Cement mixing with clean sand is also performed to compare 
its mechanical properties with the stone dust cement mixtures.   

 

4.2 Grains size classification 

4.2.1 Sieve analysis  

  The stone dust particle sizes are classified using sieve nos. 4, 10, 20, 40, 
60, 100 and 200. Cumulative curves are constructed based on weight percent. The test 
method and calculation follow the ASTM C136–06 standard. Figure 4.1 shows the 
results. The stone dust sizes are similar to clean sand. Their weight percents are 
classified based on Unified Soil Classification System (USCS), as shown in Table 4.1.   

The stone dust for specific size range is mixed with cement to 
determine the mechanical properties of each mixture. The cement mixtures are 
divided into two stages. The ranges of stone dust size for stage I separation are given 
in Table 4.2, to obtain the mixture properties under all size ranges. They are also 
shown on the particle size distribution curve in Figure 4.2. Results from stage I testing 
could reveal the detail of effect of aggregate sizes on the mixture strength. For stage 
II testing, the entire particle size range is separated into 2 parts, as shown in Table 4.3 
and Figure 4.3. Set I, particles within the ranges of 4.75-0.25 mm are considered coarse, 
while those within the range of 0.25-0.075 mm are classified as fine. Set II, particles 
sized 4.75-0.15 mm are considered coarse, and those within the range of 0.15-0.075 
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mm are classified as fine. This is primarily to be more practical and economic for the 
industry, where only one separator is required at the end of the conveyer belt that 
carries the stone dust from the rock crusher. In the study, two sets of size separations 
are used. (0.25-0.075 mm and 0.15-0.075 mm). The mixture strength will be used as 
an indicator of which size separators would be more appropriate between strength 
application and hydraulic containment application. 

 

 

    Figure 4.1   Particle size distributions of stone dust and clean sand used in this study. 

 

Table 4.1 Stone dust and clean sand classification based on USCS. 

Aggregates Gravel (%) Sand (%) Silt (%) 

Stone dust 2.4 95.5 2.1 

Clean sand 3.9 95.1 1.0 
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Table 4.2 Ranges of stone dust and clean sand sizes for stage I separation.  

Samples No. 
Particles size (mm) 

From to 
SD-04-10 4.75 2.0 
SD-10-20 2.0 0.85 
SD-20-40 0.85 0.425 
SD-40-60 0.425 0.25 
SD-60-100 0.25 0.15 
SD-100-200 0.15 0.075 
SD-04-200 4.75 0.075 
Clean sand 4.75 0.075 

 

 

 

Figure 4.2   Separations of particle size ranges for cement mixtures for stage I testing. 
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Table 4.3 Ranges of stone dust and clean sand sizes for stage II separation. 

Particle size range 
 of separated 

Sample no. 
Particles size (mm) 

From to 

Set I 
SD-04-60 4.75 0.25 
SD-60-200 0.25 0.075 

Set II 
SD-04-100 4.75 0.15 
SD-100-200 0.15 0.075 

Clean sand Clean sand 4.75 0.075 
 

 

 

 

Figure 4.3   Separations of particle size ranges for cement mixtures for stage II testing. 
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4.2.2 Mixture procedure 

To determine the mechanical properties of particle size ranges for 
cement mixtures. The cement used is Portland cement type I, ratio of the stone dust-
cement-water (SD:C) is set as 2:1 with water-cement (W:C) ratio of 1:0.5 by weight, 
follow the ASTM C39 standard. A cement mixer is used to mix all components and get 
a consistent slurry (Figure 4.4). The slurry of all mixtures is poured in cement cast 
(Figure 4.5) with diameter and length of 15 cm and 30 cm. The curing time is 7 days 
under water. The mixing and pouring into cement cast is in accordance with ASTM 
C192 standard. 

 

Figure 4.4   Cement mixer to mix all components in mechanical properties test. 

 

  

Figure 4.5   Example image of cement cast (a) and cement mixture specimens (b). 
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4.3 Uniaxial compression tests 

4.3.1 Test method 

The compressive strengths of stages I and II specimens are evaluated 
after a 7-day curing period. This evaluation involved axial loading of the specimens 
under a constant loading rate of 0.1 MPa/second until failure occurred (Figure 4.6). 
Both axial and lateral displacements are monitored throughout the testing process. In 
accordance with ASTM C39 standard practice, compressive strength, elastic modulus, 
and Poisson's ratio are determined for each specimen. Post-failure observations are 
conducted, and any noteworthy characteristics are documented for future reference. 
Tables 4.4 and 4.5 present the dimensions and weights of the specimens employed in 
the uniaxial compression tests for both stages. 

 

 

Figure 4.6 Laboratory arrangement for compression testing. 
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Table 4.4 Stone dust-cement mixtures specimens of stage I prepared for 
compression tests. 

Sample No. 
Particles size (mm) Diameter 

(mm) 

Length 

(mm) 

Weight 

(kg) 
L/D 

Density 

(g/cc) From to 

SD-04-10 4.75 2.0 149.6 298.2 11.48 1.99 2.19 

SD-10-20 2.0 0.85 149.5 302.6 11.66 2.02 2.20 

SD-20-40 0.85 0.425 148.7 297.5 11.44 2.00 2.22 

SD-40-60 0.425 0.25 148.7 297.5 11.32 2.00 2.19 

SD-60-100 0.25 0.15 148.7 297.5 11.12 2.00 2.15 

SD-100-200 0.15 0.075 148.7 297.5 10.60 2.00 2.05 

SD-04-200 4.75 0.075 149.6 298.2 11.48 1.99 2.19 

Clean sand 4.75 0.075 149.5 302.6 11.66 2.02 2.20 

 

Table 4.5 Stone dust-cement mixtures specimens of stage II prepared for 
compression tests. 

Particle 
size range 

of 
separated 

Sample 
no. 

Particles size 
(mm) Diameter 

(mm) 

Length 

(mm) 

Weight 

(kg) 
L/D 

Density 

(g/cc) 
From to 

Set I 
SD-04-60 4.75 0.25 150.0 302.1 12.12 2.01 2.27 

SD-60-200 0.25 0.075 151.5 303.2 11.24 2.00 2.06 

Set II 
SD-04-100 4.75 0.15 152.6 303.7 12.20 1.99 2.20 

SD-100-200 0.15 0.075 150.0 301.2 10.92 2.01 2.05 

Clean sand 4.75 0.075 149.6 290.6 10.64 1.94 2.08 
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4.3.2 Uniaxial compression test results 

  All post-tested specimens of stage I and II are shown in Figure 4.7 and 
4.8. The stress-strain curves for each size range of stone dust for both stages from initial 
loading until failure are shown in Figures 4.9 and 4.10. For the test results, it can be 
seen that the compressive strengths and elastic moduli is higher for particle sizes of 
0.85-0.425 mm for stage I and particle sizes of 4.75-0.25 mm for stage II. They decrease 
with decreasing particle sizes. The strengths and elastic moduli are higher than those 
mixed with clean sand (Figures 4.11 and 4.12). The Poisson's ratio tends to be similar 
for all specimens, suggesting that the particle size ranges do not affect the specimen 
dilation (Figure 4.13). Mixtures containing finer aggregate particles generally exhibit 
superior mechanical performance, characterized by increased strength and elastic 
modulus, compared to mixtures incorporating coarser aggregate particles. This is 
probably due to limestone with small particle sizes having a bonding higher than those 
with larger particle sizes. In addition, the small particle size can fill the pores spaces 
between cement particles in paste better which is known as a filling effect. Thus, the 
fineness of stone dust has influence on the observed compressive strength values 
Thongsanitgarn et al. (2011). Porosity is an important factor influencing the behavior of 
specimens. Studies have demonstrated that lower porosity is directly correlated with 
enhanced uniaxial compressive strength and Young's modulus (Srikanth and Mishra, 
2016; Ghafoori et al., 2016). The test results are summarized of stage I and II are given 
in Tables 4.6 and 4.7. All specimens fail under longitudinal mode. 

 

 



33 
 

 

 

Figure 4.7 Post-test specimens of stage I for uniaxial compressive strength. 
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Figure 4.8 Post-test specimens of stage II for uniaxial compressive strength. 
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Figure 4.9 Stress-strain curves of stage I for size ranges of 4.75-2.0, 2.0-0.85, 0.85-
0.425, 0.425-0.25, 0.25-0.15, 0.15-0.075, 4.75-0.075 and clean sand (mm). 
as shown in (a) thought (h). 
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Figure 4.10  Stress-strain curves of stage II for size ranges of 4.75-0.25, 0.25-0.075, 
4.75-0.15, 0.15-0.075, and clean sand (mm). as shown in (a) thought (e). 
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Figure 4.11 Compressive strengths of stone dust mixed with cement of stage I (a), 
and stage II (b). 
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Figure 4.12  Elastic modulus of stone dust mixed with cement of stage I (a), and 
stage II (b). 
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Figure 4.13 Elastic modulus of stone dust mixed with cement of stage I (a), and 
stage II (b). 
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Table 4.6 Uniaxial compressive strength test results of stage I. 

Samples No. 
Particles size(mm) Strength 

(MPa) 

Elastic 
Modulus 

(GPa) 

Poisson’s 
Ratio From to 

SD-04-10 4.75 2.0 16.1 2.14 0.26 
SD-10-20 2.0 0.85 21.5 2.65 0.22 
SD-20-40 0.85 0.425 25.8 3.54 0.25 
SD-40-60 0.425 0.25 22.1 2.33 0.23 
SD-60-100 0.25 0.15 17.3 2.16 0.21 
SD-100-200 0.15 0.075 12.4 2.11 0.23 
SD-04-200 4.75 0.075 22.4 2.33 0.22 
Clean sand 4.75 0.075 18.1 2.28 0.22 

 

Table 4.7 Uniaxial compressive strength test results of stage II. 

Particle size range  
of separated 

Sample no. 
Particles 
size(mm) 

Strength 
(MPa) 

Elastic 
Modulus 

(GPa) 

Poisson’s 
Ratio 

From to 

Set I 
SD-04-60 4.75 0.25 28.8 3.21 0.22 
SD-60-200 0.25 0.075 20.6 2.07 0.21 

Set II 
SD-04-100 4.75 0.15 25.5 2.49 0.21 
SD-100-200 0.15 0.075 10.0 2.01 0.23 

Clean sand 4.75 0.075 17.1 2.31 0.22 

 



 
 

CHAPTER V 
LABORATORY TESTING 

 

5.1 Introduction 
 This chapter describes geotechnical testing, including methods and results of 
the compaction, direct shear, and consolidation tests. Particle sizes of less than 0.25 
mm (set I) are used here to mix with construction grade bentonite. Compaction tests 
are performed to obtain the maximum dry density and optimum water content under 
different mixing ratios. The specimens after compaction are used for the direct shear 
and consolidation testing. 

 

5.2 Compaction test 

 5.2.1 Test method 

  The fine-grained stone dust classified in the previous chapter is mixed 
with bentonite using percentages of bentonite of 100, 80, 60, and 40% by weight. The 
mixtures are prepared in stainless steel tray using 2.7 kilograms of the mixture (Figure 
5.1). Water is added to the mixture until the desired water content is reached. The 
components are thoroughly mixed using a spatula to ensure uniform distribution. In 
accordance with the ASTM D1557-12 (2021) standard method, the mixture is then 
compacted within the mold using a 10-pound weight dropped and released 27 times 
per layer for a total of five layers (Figure 5.2). 
 

 
 

Figure 5.1     Fine-grained stone dust mixed with bentonite prepared in plastic tray.
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Figure 5.2 Compaction mold based on ASTM D1557-12 (2021) standard method. 

 

5.2.2 Test results 

The results show the maximum dry unit weight (dry) as a function of 
water weight ratios in Figure 5.3. The data reveals a trend of increasing maximum dry 
density with increasing stone dust ratios. This observation suggests that coarser 
mixtures achieve higher dry densities compared to finer ones. As water content is 
introduced, the volume of voids within the mixture increases, leading to a 
corresponding decrease in density (Figure 5.4). Also show the rise in maximum unit 
weight with increasing stone dust weight ratios, where the mixtures after compaction 
have higher unit weight than those before compaction. Figure 5.5 shows trend of 
optimum water content, which decreases as the bentonite weight ratio increases. A 
summary of the compaction test results is provided in Table 5.1." 
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Figure 5.3   Maximum dry unit weight as a function of water content for various stone 
dust-bentonite mixing rations. 

 

Figure 5.4    Maximum unit weight as a function of fine-grained stone dust-
bentonite weight ratio comparing before and after compaction. 

 



44 
 

 

Figure 5.5 Optimum water content as a function of fine-grained stone dust- 
bentonite weight ratio. 

 

Table 5.1 Compaction test results. 

Fine grained stone dust: Bentonite (SD:B) 
Weight ratio 

(SD:B) 
Sample No. 

Maximum dry 
densities (g/cc) 

Optimum 
water contents (%) 

0:100 SD-0 1.34 25.67 
20:80 SD-20 1.47 22.20 
40:60 SD-40 1.57 20.83 
60:40 SD-60 1.70 18.27 

 

5.3 Direct Shear test 

 5.3.1 Test method 

  A direct shear test is conducted to determine the peak shear strength 
of the compacted specimens comprised of bentonite mixed with fine-grained stone 
dust. The compaction process utilizes the optimum water content for each specimen. 
Following compaction, the specimens are trimmed using a soil trimmer before being 
placed within a dedicated stainless steel shear box (Figure 5.6). A hydraulic load cell 
facilitates the application of constant normal stresses in stages of 25 psi, 50 psi, 75 psi, 
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and 100 psi. Shear stress is then applied, and both the shear displacement and dilation 
are meticulously recorded at intervals of 0.01 mm. 

 5.3.2 Test results 

The shear stresses in terms of shear displacement are shown in Figure 
5.7. The result show trend of increasing shear stresses with increasing shear 
displacement, particularly evident under high normal stress conditions. Additionally, 
the figure demonstrates a significant correlation between increasing aggregate particle 
size and the magnitude of dilatation observed. 

Specimens with lower bentonite percentages exhibited greater shear 
strengths compared to those with higher bentonite content. The relationships between 
cohesion and friction angle for the various mixtures are shown in Figure 5.9. The data 
suggests that an increase in the fine-grained stone dust content leads to a decrease in 
cohesion (c). While a reduction in the bentonite percentage results in an increase in 
friction angle (). This trend can potentially be attributed to the enhanced frictional 
resistance between the grain surfaces within the stone dust mixture. 

 

 

Figure 5.6 Direct shear device of fined-aggregates stone dust-mixed bentonite 
testing using by direct shear machine. 
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Figure 5.7 Shear stress as a function of shear displacement of fine-grained stone 
dust-bentonite mixtures. 

 

Figure 5.8 Shear strengths as a function normal stress. 
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Figure 5.9 The cohesions and friction angles of specimens mixtures for the first 
separator (set I). 

 

Table 5.2 Direct shear test results of fine-grained stone dust-bentonite mixtures 
results. 

Fine grained stone dust: Bentonite (SD:B) 

Weight ratio Sample No. C (kPa) Friction angles () 

0:100 SD-0 88.2 9 

20:80 SD-20 74.9 13 

40:60 SD-40 44.7 20 

60:40 SD-60 9.1 33 
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5.4 Consolidation test 

 5.4.1 Test method 

  Consolidation tests are conducted on the prepared mixtures using their 
previously determined optimum water content. Constant axial stresses are applied via 
a hydraulic load cell (Figure 5.10). The applied axial stresses encompassed a range 
from 10 kPa to 1280 kPa in increments of 10, 20, 40, 80, 160, 320, 640, and 1280 kPa. 
Each test is maintained for a duration of 10 days under ambient temperature 
conditions. High-precision gauges are employed to record the axial displacements 
throughout the testing process. 

 

 

 

Figure 5.10 Consolidation testing of fined-aggregates stone dust-mixed bentonite 
testing using by Soil test pro machine. 
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5.4.2 Test results 

  The relationship between the void ratio and the effective stress shows 
downward trends when increasing percentages of fined grained stone dust. The 
cumulative pore volume decreases with increasing fined grained stone dust percentage 
as shown in Figure 5.11. The settlement of fine-grained stone dust-bentonite mixtures 
decreases when the fined grained stone dust contents increase. This could be the pore 
filling phenomena, which occurs with addition of bentonite particles to fine grained 
stone dust. The bentonite particles can penetrate inside the void spaces created by 
the fined grained stone dust, which stiffens the specimens matrix.  

 

 

 

Figure 5.11 Void ratio as a function of effective stress of fine-grained stone dust-
bentonite mixtures. 
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5.5 Swelling test 

 5.5.1 Swelling tests under different bentonite weight ratios 

  5.5.1.1 Test method 

This study explores the influence of varying weight ratios 
between fine-grained stone dust and bentonite. The weight ratios studied include 
0:100, 20:80, 40:60, and 60:40. Each sample is compacted within a mold in five layers, 
receiving a total of 27 compaction cycles. Following compaction, the top surface is 
carefully trimmed to ensure a smooth finish. A porous brass disc is then placed on top 
of the sample (Figure 5.12). Subsequently, the sample is submerged underwater for 
testing. During the initial 30 minutes of the test, readings are recorded at one-minute 
intervals. Following this initial period, the reading frequency gradually increased to 
hourly intervals. The swelling test method employed adheres to the ASTM D4546-08 
standard practice. 

5.5.1.2 Test results 

Swelling ratio for various bentonite weight ratios are shown in 
Figure 5.13. The results indicated that the maximum swelling ratio increases with 
increasing bentonite weight ratio. This is because bentonite characteristically swells 
when contacts with water. Underwater the swelling increases rapidly within the 6 days, 
except for the samples with stone dust ratio of 0:100 and 20:80. They fluctuate until 
10 days and tend to remain constant for all weight ratios after 30 days under water.  
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Figure 5.12 Swelling test setup in compaction mold. 

 

Figure 5.13 Swelling ratio as a function of time. 
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5.5.2  Swelling test under different constant loads  

  5.5.2.1 Test method 

   Specimens prepared with varying bentonite weight ratios are 
conducted under static loading conditions. Specimens are subjected to constant 
vertical loads of 2, 4, and 6 kilograms. In accordance with ASTM D4546-08, a consistent 
supply of water is maintained for the specimens throughout the 15-day testing period. 
The vertical swelling deformation is monitored at one-minute intervals during the initial 
30 minutes of the test. Thereafter, the reading frequency gradually increased to hourly 
intervals. 

5.5.2.2 Test results 

The swelling ratios as a function of time under 2, 4 and 6 kg 
loading are shown in Figure 5.14. Figure 5.15 show the swelling behavior of the 
compacted fine-grained stone dust-bentonite mixtures under various constant loading 
conditions. The results suggest an inverse relationship between swelling ratio and 
applied static load.  This observation can potentially be attributed to the influence of 
vertical stress on the internal structures of the compacted specimens.  An increase in 
vertical stress may lead to a compaction of the spaces between aggregates, thereby 
reducing the potential for swelling strain. 
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Figure 5.14  Swelling ratios of fined grained stone dust-bentonite mixtures as a 
function of time under loads of 2 kg (a), 4 kg (b) and 6 kg (c). 
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Figure 5.15 Swelling ratios of fined grained stone dust-bentonite mixtures as a 
function of static load. 

 

5.6 Permeability test under falling head 
 The primary objective of the falling head tests is to determine the permeability 
of stone dust. The test uses stone dust particles smaller than 0.25 mm, categorized 
into three sizes:  0.25 mm, 0.15 mm, and 0.075 mm. 

 5.6.1 Test method 

  The hydraulic conductivity of the specimens is determined using a 
permeability test apparatus. The test setup employs standpipes with diameters of 6 
mm, 10 mm, and 13 mm to facilitate the calculation of the internal cross-sectional 
area. Water from the standpipe is permitted to flow through the sample contained 
within a mold having a diameter of 101 mm and a length of 122 mm. To minimize 
potential water leakage along the sides of the cell, a thin layer of grease is applied to 
the inner surfaces of the mold. In order to reduce the presence of air voids, the test 
material is thoroughly compacted using a rammer device in three layers of 
approximately equal heights. Two filter papers are placed at the interface between 
the upper and lower portions of the tested material. During the testing process, the 
initial water level within the standpipe is designated as h1. The water is then allowed 
to flow freely, and the time taken for the water level in the standpipe to reach h2 is 
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measured. It's important to note that the total head difference, which drives the water 
flow through the soil sample, varies throughout the test from h1 to h2 (Figure 5.16). 
The collected data is subsequently employed to calculate the hydraulic conductivity 
value (k), which can be determined using Darcy's Law as follows: 

 

                                          k=2.3
amL

At
log (

h1

h2
)                                           (5.1) 

 

where a is internal cross-sectional area of standpipe, L is length of soil sample, or 
the distance water flows through the soil mass during the experiment, A is sample 
area, in the direction perpendicular to water flow, t is time for the water in the 
standpipe to decrease from level h1 (initial water level) to level h2 (final water level) 
at time t, h1 represents the energy difference driving water flow through the sample 
at the start of the test timer, h2 represents the energy difference causing water to 
flow through the sample at the end of the test at time t. 
 

 

Figure 5.16 Permeability test apparatus of stone dust under falling head. 
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5.6.3 Test results 

 The results show that the grain size of 0.25 mm exhibits the highest 
flow rate, with a permeability coefficient (k) of 7.19x10-4 cm/s. This is significantly higher 
than the k values for the other grain sizes. In contrast, the grain size of 0.075 mm has 
the slowest flow rate, with a k value of 2.32x10-4 cm/s. This finding is consistent with 
the theoretical expectation that finer materials with smaller pores have lower 
permeability. All test results are shown in Table. 5.3 and Figure 5.17 

An analysis of the results demonstrated a clear correlation between grain size 
and permeability. As the grain size increases from 0.075 mm to 0.25 mm, the 
permeability coefficient (k) also increases significantly. This trend is consistent with the 
theoretical understanding of permeability, where larger pores facilitate faster flow of 
fluids. However, when grain size of more than 0.25 mm, the increase in permeability is 
less pronounced.  
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Table 5.3 Test results of permeability under falling head of each particle sizes. 

Grains size 0.25 mm 

Test No. 
Manometers Head, 

h (cm) 
t 
(s) 

Am 
(cm2) 

kt 
(cm/s) 

t/20 k20 (cm/s) 
h1 h2 

1 80.0 70.0 10.0 18.0 0.28 3.15E-04 0.906 2.86x10-4 

2 80.0 70.0 10.0 46.0 0.79 3.43E-04 0.906 3.11 x10-4 

3 30.0 20.0 10.0 54.0 1.33 1.50E-03 0.906 1.36 x10-3 

Average Coefficient of Permeability, kt is 7.19x10-4 cm/sec 

Average Coefficient of Permeability, k20 is 6.51x10-4 cm/sec 

Grains size 0.15 mm 

Test No. 
Manometers Head, 

h (cm) 
t 
(s) 

Am 
(cm2) 

kt 
(cm/s) 

t/20 k20 (cm/s) 
h1 h2 

1 50.0 40.0 10.0 47 0.28 2.02 x10-4 0.906 1.83 x10-4 

2 50.0 40.0 10.0 90 0.79 2.93 x10-4 0.906 2.65 x10-4 

3 50.0 40.0 10.0 144 1.33 3.09 x10-4 0.906 2.80 x10-4 

Average Coefficient of Permeability, kt is 2.68x10-4 cm/sec 

Average Coefficient of Permeability, k20 is 2.43x10-4 cm/sec 

Grains size 0.075 mm 

Test No. 
Manometers Head, 

h (cm) 
t 
(s) 

Am 
(cm2) 

kt 
(cm/s) 

t/20 k20 (cm/s) 
h1 h2 

1 50.0 40.0 10.0 72 0.28 1.32 x10-4 0.906 1.19 x10-4 

2 50.0 40.0 10.0 120 0.79 2.20 x10-4 0.906 1.99 x10-4 

3 45.0 35.0 10.0 146 1.33 3.44 x10-4 0.906 3.11 x10-4 

Average Coefficient of Permeability, kt is 2.32x10-4 cm/sec 

Average Coefficient of Permeability, k20 is 2.10x10-4 cm/sec 
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Figure 5.17 Average coefficient of permeability of each sieve mesh no. 

  

 

 



 
 

CHAPTER VI 

DISCUSSIONS, CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE STUDIES 

 

7.1 Discussions 
This study determines the potential application of stone dust used for cement 

and bentonite mixtures. The stone dust for specific size range is mixed with cement to 
determine the mechanical properties of each mixture. The cement mixtures are 
divided into two stages. The ranges of stone dust sizes for stage I are 4.75, 2.00, 0.85, 
0.425, 0.25, 0.15 and 0.075-mm. Results from stage I testing reveals the detail of the 
effect of aggregate sizes on the mixture strength. In stage II the stone dust is separated 
into coarse and fine particles, where only one separator is selected which can be 
installed between the rock crusher and the stockpile. Two sets of size separations are 
selected. Set I, particles within the ranges of 4.75-0.25 mm are considered coarse, 
while those within the range of 0.25-0.075 mm are classified as fine. Set II, particles 
sized 4.75-0.15 mm are considered coarse, and those within the range of 0.15-0.075 
mm are classified as fine. The coarse particles are used for cement mixture, while the 
fine particles are used for the bentonite mixture.  

From the test results of stage I, it can be seen that the compressive strengths 
are highest for particle sizes of 0.85-0.425 mm and decrease with decreasing particle 
sizes. The mixture with particle size larger than 0.85 mm tend to show low strength. 
This is probably due to limestone with small particle sizes has a bonding higher than 
those with larger particle sizes. This agrees with the test results obtained by Prokopski 
et al. (2020) that a high concentration of fine grains in a sample may affect its strength. 
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The compressive strengths and elastic modulus for stage II, for cement 
mixtures show that the coarse particles from set I (4.75-0.25 mm) have greater strength 
as compared to those from set II (4.75-0.15 mm). This is supported the results obtained 
elsewhere (Yalley and Sam, 2018). This is because concrete with higher fine content 
absorbs more water during hydration leading to the decrease of its strength. As a result, 
the separation in set I is suitable for substituting clean sand. It is supported by the test 
results obtained from this study that the strength of concrete rises from 17.1 MPa 
when mixed with clean sand to 28.8 MPa when mixed with coarse particle from set I. 
Only the fine particles from set I (0.25-0.075 mm) are therefore considered for the 
bentonite mixture. 

The small particles can fill the pore spaces between cement particles in the 
paste better than the larger ones which is known as filling effect. The fineness of stone 
dust has influence on the observed compressive strength values (Cai et al., 2020; 
Thongsanitgarn et al., 2011). Porosity is an important factor that affects the behavior 
of specimens, lower porosity leading to greater uniaxial compressive strength and 
Young’s modulus (Srikanth and Mishra, 2016; Ghafoori et al., 2016). A smaller grain size 
might affect however the strength of specimen. This is supported by the test results 
obtained by Prokopski et al. (2020) that small particles usually have finer particle size 
distribution compared to coarse ones. The portion of cement is replaced by stone 
dust, resulting in a more densely packed mineral concrete component and reduced 
porosity of the concrete, thus increasing the strength of specimen. 

Compaction, direct shear, consolidation, and swelling tests are conducted on 
mixtures of bentonite and fined stone dust to obtain the optimal ratio. The test results 
show that the increase of the stone dust weight ratio increases the dry unit weight and 
decreases the optimum water content. This agrees reasonably well with the test 
results obtained by Bilal and Ahmad (2020), Thanh Duong and Van Hao (2020), and 
Pastor et al. (2019). The mixtures containing 60% stone dust exhibit the highest shear 
strength and friction angle, while yielding the lowest cohesion, settlement, and 
swelling behavior. This is attributed to the effective filling of small void spaces by the 
fine particles, resulting in an increase of shear strength. Lower bentonite contents 
contribute to a reduction of swell capacity. A mixture of 40% bentonite and 60% stone 
dust may be suitable because it shows the highest maximum dry unit weight, shear 
strength, and can decrease the cost of the bentonite materials. As suggested by 
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Johannesson and Nilsson (2006), Borgesson, Johannesson, and Gunnarsson (2003), and 
Butcher (1993) that for effective compaction the bentonite weight ratio for the mixtures 
should not be less than 30%. This is primarily to prevent bridging and voids occurring 
between aggregates particles. 

The permeability test results agree with the findings of Hazen (1892), who 
suggests that the relationship between grain size and permeability becomes less linear 
for larger grain sizes. The results coincides with previous studies on the relationship 
between grain size and permeability. For instance, Cabalar and Akbulut (2014), find 
that permeability increases with increasing grain size for sand samples, with a similar 
trend observed in this experiment. Additionally, Lopik, Zazai, Hartog, and Schotting 
(2019) report a nonlinear relationship between grain size and permeability for gravel 
materials, which is similar to the observation from this study for larger grain sizes of 
greater than 0.25 mm. 

 

7.2 Conclusions 
Conclusions drawn from this study can be summarized as follows. 

1) The compressive strengths and elastic modulus results for cement 
mixtures show that the coarse particles from set I (4.75-0.25 mm) have greater strength 
as compared to those from set II (4.75-0.15 mm). 

2) Coarse particles (4.75-0.25 mm) from set I can be used to substitute 
clean sand for cement mixtures. 

3) Fine particles from set I (0.25-0.075 mm) help reduce the proportion of 
bentonite material in mechanical and hydraulic work applications. 

4) Fine particles affect concrete strength, they should be used in an 
optimized ratio to maintain maximum strength. 

5) The increase of fine stone dust (0.25-0.075 mm) weight ratio increases 
the dry unit weight and decreases the optimum water content. 

6) The mixtures containing 60% stone dust exhibit the highest shear 
strength and friction angle, while displaying the lowest cohesion, settlement, and 
swelling behavior. This is due to the filling of small void spaces by the fine particles. 
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7) Higher stone dust contents contribute to a reduction of swell capacity. 

8) A mixture of 40% bentonite and 60% stone dust is suitable because it 
shows the highest maximum dry unit weight, shear strengths. 

9) An effective level of compaction requires a bentonite weight ratio for 
the mixtures of at least 30%. This is primarily to prevent bridging and voids occurring 
between aggregate particles.  

 

7.3 Recommendations for future studies 
 The recommendations for future studies are as follows: 

1) The effects of repeated loading cycles (fatigue) should be investigated 
to determine their relationship with the physical and mechanical properties of cement 
and bentonite mixtures for long-term performance evaluation. 

2) Permeability testing should be employed to create mixtures with 
varying bentonite content and aggregate size. 

3) Further testing is desirable for a diverse range of aggregate types and 
particle sizes. 

4) The effect of roundness and sphericity of stone dust particles should 
be studied. 
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