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ABSTRACT 

In this paper, triaxial and cyclic direct shear behaviour of different sand mixtures were 

investigated by considering variations of shape, size and mixture content. In most studies, 

investigations on stress-strain properties of soils are carried out using clean sands. However, 

granular soils in the field may contain a considerable amount of grains in different physical 

characteristics (i.e., shape, size). Therefore, behaviour of the various sand mixtures in triaxial 

compression and cyclic direct shear testing apparatuses has received attention in this study. 

Two different sizes (0.25 mm-0.5 mm, and 1.0 mm-2.0 mm) of sands with distinct shapes 

(rounded and angular) were tested in triaxial and cyclic direct shear apparatuses. The mixtures 

of coarser and finer geomaterials were tested in various mix ratio values from 5% to 50% by 

weight. Based on the examinations during shearing of these materials, it was observed that 

behavior of the sand mixtures are closely related to the grain shape of host materials as well as 

fines content in both testing apparatuses, whilst size of the sands was not found to be 

significantly effective on the results. 

Keywords: Triaxial compression, cyclic direct shear, grain shape, grains size, sand mixtures,.  

 

 

mailto:cabalar@gantep.edu.tr


 2 

1. Introduction 

In most studies, investigations on shear strength and stress-strain properties of soils are carried 

out using clean sands. However, such assumption is not valid in the field due to the presence 

of soil grains with various shape and size characteristics. It is not easy to define the behaviour 

of soils composed of sand, silt, clay, etc… into either side of a component alone, as they have 

both properties of coarser and finer geomaterials. The properties of these soils, which are 

called as intermediate soils, vary because of the density and mixture content. Difficulties arise 

in understanding their stress-strain behaviour, compression mechanism, and liquefaction 

potential [1-11]. For example, Vallejo and Mawby [12] reported that shear strength of the 

clay-sand mixtures is fully controlled by the sand below 25% of fines content. Salgado et al., 

[13] found that fines entirely control the soil behaviour in terms of dilatancy and shear 

strength, when the fines content is more than 20%. Researches related to the influence of fines 

on liquefaction potential have been subjected to intensive research in soil mechanics [13-15]. 

Xenaki and Athanasopoulos [16] demonstrated that for silt content from 0 to 44%, the 

liquefaction resistance of the sand with constant global void ratio decreases compared to that 

of the clean sand. However this trend is reversed for values of fines content more than 44%. 

Whereas, the liquefaction resistance of the mixtures varied monotonically when the 

intergranular void ratios were kept constant, and the values of fines content were increased. 

Thevanayagam [17] observed that, at the same void ratio, liquefaction resistance of sand with 

silt decreases with an increase in fines content up to a threshold value. Beyond this value, 

interfines contacts become significant as the intercoarse contacts diminish, and the 

liquefaction resistance starts to be fully controlled by interfine contents only. Efforts have also 

been made to develop correlations of the influence of fines on compressional characteristics of 

coarse grained soils [1, 18, 19]. Monkul and Ozden [18] employed a series of oedometer tests 
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on reconstituted kaolinite-sand mixtures indicating that percentage of fines and stress 

conditions influence the compression characteristics. were presented by Cabalar and Hasan 

[1] made observations of the behavior of various sand-clay mixtures to relate the various sizes 

and shapes of sands with clay in different viscosity pore fluids to compressional behavior. 

They concluded that oedometer testing results were significantly affected by the amount of 

clay and size/shape properties of the sand grains. 

 

The fact is that grain size and shape characteristics have a significant effect on the engineering 

properties of soil matrix [20-28]. Terzaghi is one of the first researchers made an investigation 

to understand the shape characteristics by using flat-grained particles [29]. Terzaghi [29] 

postulated that the compressibility of sand is governed by the grain size-shape, uniformity, 

volume of voids, and fines content. The observations, made by Gilboy [25], that any system 

of analysis or classification of soil which neglects the presence and effect of the shape will be 

incomplete and erroneous. Numerous research were carried out because of the importance of 

grain shape and its role in the behaviour of sands for practicing engineers and researchers in 

helping to estimate soil behaviour. Holubec and D'appolonia [30] demonstrated that the 

results of dynamic penetration tests in sands depend on grain shape. Cornforth [31] indicated 

how grain shape impacts the internal fiction angle (φ). Cedergren [32] showed that grain 

shape affects the permeability. Grain shape also plays a significant role in the liquefaction 

potential [33]. Wadell [34], Krumbein [35], Powers [36], Holubec and D'appolonia [30], 

Youd [37], and Cho et al. [38] have introduced detailed explanations of grain shape. Two 

independent properties are typically employed to describe the shape of a soil grain: (a) 

Roundness (R) is a measure of the extent to which the edges and corners of a grain has been 

rounded; (b) Sphericity (S) describes the overall shape of a grain. It is a measure of the extent 

to which a grain approaches a sphere in shape. Wadell [34] proposed a simplified sphericity 
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(S) parameter, (Dmax-insc/Dmin-circ), where Dmax-min is the diameter of a maximum inscribed 

circle and Dmin-circ is the diameter of a minimum sphere circumscribing a sand grain. Wadell 

(1932) [34] defined roundness (R) as Di-ave/Dmax-insc, where Di-ave is the average diameter of the 

corners of the grain. Figures 1-3 describe R, S and a chart for comparison between them to 

determine grain shape [35, 36]. 

 

As it is a particulate material, behavior of soil is complicated and the interaction of individual 

grains and the material response is not very well understood. The relationship between the 

grain characteristics and overall behavior of soil has been studied by numerous researchers. 

The present study adds to the recent researches by exploiting triaxial and cyclic direct shear 

tests on sand mixtures with various fines to quantify accurately the grain shape and size of 

host and fine geomaterials, as well as the fines content. For this purpose, the results of an 

intensive series of triaxial and cyclic direct shear tests on various sand mixtures are presented. 

 

2. Experimental study 

 

This study reports the experiments carried out to determine the effects of various size and 

shape of grains on the behaviour of sands tested under monotonic and dynamic loading. 24 

tests conducted during the investigation is presented. 

2.1. Materials 

The materials used in the tests described in this paper were ‘Trakya’ and ‘Crushed Stone’ 

sands obtained from Turkey. Trakya sand, which is commonly used in the experimental 

works, was supplied by Set/Italcementi Group, Turkey, confirming to TS EN 196-1. It was 
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obtained from the Thrace Region in North-west of Turkey. The Crushed Stone sand used in 

this investigation is widely consumed in civil engineering works, in particular earthworks, in 

Gaziantep, Turkey. Figure 4 shows their grain shape in Scanning Electron Microscope (SEM) 

pictures. As it can be seen, Trakya Sand grains have a rounded shape, as the Crushed Stone 

Sand grains have angular shape. Actually, the shape of soil grains is accepted as a useful grain 

property in the case of coarse-grained soils where it is significant in influencing the 

engineering behavior of these soils. Two different gradations of both sands falling between 

0.25 mm-0.5 mm, and 1.0 mm-2.0 mm were artificially selected to provide uniform 

specimens for visual classification purposes. Hence, the Figure 5 presents the grain size 

distribution of four different materials. 

Today, it is a widely known fact that particle size and shape of soils grains, which has a 

significant effect on physical properties of a soil matrix, depend on composition, grain 

formation, transportation, and depositional environments. Some of the properties effected by 

shape are density, porosity, permeability, compressibility, shear strength [20, 24, 25, 26, 27, 

29, 33, 34, 35, 36]. Based on the information given in the study recently performed by 

Muszynski and Vitton [38], the authors have evaluated R using visual methods, and S using 

manual/ visual methods for a number of individual particle images of each four sands using 

binary images generated by Scanning Electron Micrography (SEM) and scanner. Accordingly, 

the R estimates for the crushed stone sand, and Trakya sand were obtained as 0.19, and 0.35; 

the S estimates were found as 0.56, and 0.65 relatively. 

2.2. Test set-up 

Triaxial tests were carried out in a fully automated triaxial loading apparatus, which is a 

product of Geocomp, and confirming to ASTM D2850- D4767. Cyclic direct shear tests were 
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conducted using a set-up, which is capable of performing the consolidation and shearing steps 

of a standard direct shear and residual shear test with fully automated, confirming to ASTM 

D3080 (www.geocomp.com). These tests in the present study were selected to the study of 

shear strength determination and to the comparison between different type of testing 

conditions in static and dynamic applications. 

2.3. Specimen preparation 

The specimens in ‘triaxial testing’ apparatus were approximately 38 mm in diameter by 76 

mm height. A membrane was attached to the pedestal using two o-rings and a two-part split 

mould was then placed around the pedestal. The membrane was stretched inside the mould 

and fixed at the top. For the initial sand/water specimen the required amount of sand was 

weighed, mixed with de-aired water and then spooned, without vibration, into the mould. 

When the mould was completely filled, the membrane was stretched over the top platen, and 

attached with o-rings. A small suction (of the order of 10-15 kPa) was applied to the 

specimen, before stripping the two-part split mould, installing the triaxial cell onto its base, 

and filling the cell with de-aired water. The suction employed to the specimen on the pedestal 

was then reduced while gradually increasing the confining cell pressure until the desired 

starting values of total and effective stress were achieved automatically by the system. This 

technique is very similar to the specimen preparation technique described by Cabalar and 

Clayton [9]. 

The specimens in ‘cyclic direct shear test’ apparatus were approximately 63.5 mm in diameter 

by 25.4 mm height. Similar to the technique followed for the specimens in triaxial tests, the 

initial sand/water specimen the required amount of sand was weighed, mixed with de-aired 
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water and then spooned, without vibration, into the mould. When the mould was completely 

filled, the top platen was placed on. 

2.4. Test procedure 

The specimens in ‘triaxial tests’ were isotropically consolidated to 100 kPa effective stresses, 

with a back pressure of 500 kPa and a cell pressure of 600 kPa, before being shared ‘CU’. A 

minimum B-value of 0.95 was obtained before being sheared. Similarly, all the specimens in 

‘cyclic direct shear tests’ were loaded to 100 kPa vertical stresses. The behavior of the sand 

mixtures with various fines contents was investigated through constant normal load (CNL) 

tests. The cyclic tests were strain controlled tests with the displacement of ±3 mm, and with 

the loading rate of 2 mm/min. The rate of loading was 0.075 mm/min during the triaxial tests.  

3. Results and discussion 

The interaction among the sand grains depends on the relative density of soil matrix. The 

relative densities of all specimens are between 40.1 and 48.6%, which were obtained by 

predetermining the weight of dry soil and volume of the mould to be filled. From the study by 

Terzaghi and Peck [39], most specimens are described as medium dense, which provides an 

insight into the behavior of intermediate soils. The relative density of a soil is described as a 

ratio of the difference between maximum void ratio and existing state to the difference 

between its maximum and minimum void ratios. Specimens dilate or contract substantially 

during test in accordance with the relative density values [40]. Some of the engineering 

properties, including shear strength, permeability and compressibility of a soil matrix depend 

on the relative density. Therefore, the relative density values here in the experimental works 

were aimed to be kept at a constant range (ASTM D 4253–4254). The fact is that the 
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significance of grain shape has been well documented, as grain shape estimates are valuable 

for researchers and practicing engineers to interpret soil behaviour. However, there are 

limitations of image based analysis systems for characterizing some types of sand size grains. 

Because of such limitations, it would be useful for the practice of soil mechanics to employ 

existing visual approach. Muszynski and Vitto [38] proved that an engineer or technician can 

accurately characterize very angular sands, moderately rounded sands, and perfectly rounded 

sands using visual means. It is realized that this indication is also consistent with the 

observations made by Cho et al. [37]. From the binary images generated by SEM and scanner, 

the R estimates for the sands used during the experimental study were determined as 0.19 for 

Crushed sand and 0.35 for Trakya sand; the S estimates were found to be 0.56 for Crushed 

sand and 0.65 for Trakya sand. 

 

The study describes systematically the engineering behavior of various sand mixtures tested 

under monotonic and cyclic loadings, involving deviatoric stress, axial strain, pore water 

pressure, shear stress and horizontal strain, observed during triaxial compression and cyclic 

direct shear tests. Actually, triaxial and cyclic direct shear tests have been widely used tests to 

observe the behavior of various soils, however researches correlating engineering properties 

of sand mixtures with grain size and shape characteristics are relatively few. Therefore, the 

object of this study was partially scientific curiosity of the impacts of grain size and shape 

characteristics on the behaviour of various sand mixtures, also to understand the behaviour of 

the sands, which are widely used in earthworks projects in certain part of Turkey. Variations 

of deviatoric stress and pore water pressure with axial strain for 1- 2 mm Clean Crushed Stone 

and Trakya Sands are presented in Figure 6. As can be seen from the Figure, the shearing 

process is continued until about 10% strain is reached for both. The tests were stopped before 
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10% strain level in order to judge the behavior of the specimens over a relatively small strain 

levels. Crushed Stone Sand exhibited a lower series of deviatoric stress values than the Trakya 

Sand within the measured strain level. The pore water pressure values have reached about 545 

kPa and 530 kPa for Crushed Stone Sand and Trakya Sand, respectively. The effect of particle 

characteristics of both sands on stress path can be seen in Figure 7, where the Trakya Sands 

exhibit dilatancy as the Crushed Stone Sand shows a contraction behaviour. 

 

The results on Trakya Sand and the Crsuhed Stone Sand show that the characteristics of the 

mixtures tested is ascribable to the presence of the finer grains in the samples tested triaxial 

testing. As can be seen from the Figure 8, it was found that the presence of 0.5-0.25 mm 

Trakya Sand (0%, 15%, 30% and 50%) in the specimens tested had a marked effect on the 

deviatoric stress versus strain, and pore water pressure versus strain relationships. The author 

postulates that finer grains occupy the voids between the coarse sand grains. Based on the 

amount of finer grains present, the Crushed Stone Sand grains are in contact with each other 

and the behaviour of specimens tested are controlled by the Crushed Stone Sand grains. When 

the contacts between the Crushed Stone Sand grains reduce by infilling finer grains, the 

behaviour of the specimens starts to change. It is the finer Trakya Sand grains that mainly 

control the soil behaviour, as there are no or very few contact between the coarser Crushed 

Stone Sand grains. Therefore, a remarkable decrease in deviatoric stress at the measured srtain 

level can be observed when the amount of finer grain increases. Figure 8 also indicates the 

effects of 0.5-0.25 mm Trakya Sand content on the pore water pressure versus strain 

behaviour of the mixture. The 1.0-2.0 mm clean Crushed Sone Sand specimen behaves as 

might be expected, but addition of finer grains causes a delay in dilation, low undrained sehar 

strength, and high level of pore water pressure generation during shear. A similar triaxial 

testing programme was directed mainly towards an investigation of 1.0-2.0 mm Trakya Sand 
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with 0.5-0.25 mm Crushed Stone Sand at different proportions (0%, 10% and 20%). The 

testing programme on these mixtures, under the same conditions, has resulted in the same 

mechanical principles obtained previously (Figure 9).   

 

The cyclic direct shear testing results on Clean Crushed Stone Sand and Trakya Sand were 

presented in Figure 10. This plot indicates the effects of shape on the cyclic shear behaviour 

of the sands. The Crushed Stone Sand, which has an angular shape, has a higher shear stress 

than the Trakya Sand, which has a rounded shape. It is seen that the sand grains with higher 

lower R and S values exhibit higher modulus in the range of measured shear strain. The 

interaction between coarser (2.0-1.0 mm) and finer (0.5-0.25 mm) grain matrices affect the 

overall stress-strain behavior. Figure 11 denotes the influences of 0.5-0.25 mm Trakya Sand 

(30% and 50% by weight) on the 2.0-1.0 mm Crushed Stone Sand. It is observed that shear 

modulus (slope of the loops) decreases with increase in finer grains content for the measured 

strain range. Figure 12 shows the influences of 0.5-0.25 mm Crushed Stone Sand (30% and 

50% by weight) on the 2.0-1.0 mm Trakya Sand. In assessing the cyclic direct shear testing 

results, stiffness and damping may be expressed mainly by both the differences in shape 

characteristics of host grains and amount of finer grains, regardless of the shape 

characteristics of finer grains. 

 

4. Conclusions 

 

Engineering behavior of various sand mixtures was examined using an extensive series of 

experiments in triaxial compression and cyclic direct shear testing apparatuses. The effects of 

mixture ratio and grain shape characteristics (R, S) on both the triaxial and direct shear 

behavior was investigated by using two different sizes (0.25 mm- 0.5 mm, and 1.0 mm- 2.0 
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mm) of sands with distinct shapes (rounded and angular) at a 100 kPa effective stress and 

0.075 mm/min shearing rate in triaxial tests, 100 kPa vertical stress and 2.0 mm/min shearing 

rate in cyclic direct shear tests. The tests reported in this paper indicate three new facets of 

various sand mixtures’ behavior. 

1. The shape of the finer grains has not a significant impact on the behavior of 

specimens. 

2. Specimens made with the host sand having higher roundness (R) and lower sphericity 

(S) cause to a higher strength.  

3. The quantity of finer grains has a major influence on the behavior specimens.  

This suggests that, depending on the amount of finer grains and the shape of host sands, the 

microstructure of a mixture can be constituted with different ways of packing arrangements, 

which leads to different stress-strain responses. 

 

Acknowledgements 

 

The author would like to thank Prof. Kagan Tuncay of the Middle East Technical University 

for his invaluable helps. 

 

References 

1. Cabalar, A.F., Hasan, R.A. "Compressional behaviour of various size/shape sand- clay 

mixtures with different pore fluids", Engineering Geology 164, 36-49 (2013). 

2. Hyodo, M., Kim, U.G. "Role of fines on cyclic strength of sands with various kinds of 

fines", XVIIth International Conference on Soil Mechanics & Geotechnical 

Engineering, 2- 3. 10. 2009, Alexandria, Egypt. 



 12 

3. Monkul, M.M., Ozden, G. "Compression behavior of clayey sand and transition fines 

content", Engineering Geology 8, 195-205 (2007). 

4. Thevanayagam, S., Mohan, S. "Intergranular state variables and stress-strain behaviour 

of silty sands", Geotechnique 50 (1), 1-23 (2000). 

5. Yamamuro, J.A., Wood, F.M. "Effect of depositional method on the undrained 

behavior and microstructure of sand with silt", Soil Dynamics and Earthquake 

Engineering 2, 751-760 (2004). 

6. Cabalar, A.F., Dulundu, K., Tuncay, K. "Strength of various sands in triaxial and 

cyclic direct shear tests", Engineering Geology, 156, 92-102 (2013). 

7. Cabalar, A.F. "Stress fluctuations in granular material response during cyclic direct 

shear test", Granular Matter, 17 (4), 439-446 (2015). 

8. Cabalar, A.F., Mustafa W.S. "Fall cone tests on sand-clay mixtures", Engineering 

Geology, 192, 154-165 (2015). 

9. Cabalar, A.F., Clayton, C.R.I. "Some observations of the effects of pore fluids on the 

triaxial behaviour of a sand", Granular Matter, 12 (1), 87-95 (2010). 

10. Cabalar, A.F., Akbulut, N., Isik, H. "Transition fines contents of sand-clay mixtures 

under one dimensional compression", Geomechanics from micro to macro - Soga et al 

(Eds.), 1311-1316 (2015). 

11. Cabalar, A.F., Akbulut, N. "Evaluation of actual and estimated hydraulic conductivity 

of sands with different gradation and shape", SpringerPlus, 5, 820. 

12. Vallejo, L.E., Mawby, R. "Porosity influence on the shear strength of granular 

material–clay mixtures", Engineering Geology 58, 125-136 (2000). 

13. Salgado, R., Bandini, P. and Karim, A.. “Shear strength and stiffness of silty sand.” 

Journal of Geotechnical and Geoenvironmental Engineering 126 (5), 451-462 (2000). 



 13 

14. Georgiannou, V.N., Burland, J.B., Hight, D.W. "The undrained behavior of clayey 

sands in triaxial compression and extension", Geotechnique 40 (3), 431-449 (1990). 

15. Naeini, S.A., Baziar, M.H. "Effects of fines content on steady state strength of mixed 

and layered samples of a sand", Soil Dynamics and Earthquake Engineering, 24, 181-

187 (2004). 

16. Xenaki, V.C., Athanasopoulos, G.A. "Liquefaction resistance of sand–silt mixtures: an 

experimental investigation of the effect of fines", Soil Dynamics and Earthquake 

Engineering, 23, 183-194 (2003). 

17. Thevanayagam, S. "Intergrain contact density indices for granular mixes- II: 

Liquefaction resistance", Earthquake Engineering and Engineering Vibration 6 (2), 

135-146 (2007). 

18. Monkul, M.M., Ozden, G. "Compression behavior of clayey sand and transition fines 

content", Engineering Geology 89, 195-205 (2007). 

19. Abedi, M., Yasrobi, S.S. "Effects of plastic fines on the instability of sand", Soil 

Dynamics and Earthquake Engineering, 30, 61-67 (2010). 

20. Abbireddy, C.O.R., Clayton, C.R.I., Huvenne, V.A.I. "A method of estimating the 

form of the fine particulates", Geotechnique 59 (6), 503-511 (2009). 

21. Cabalar, A.F. "Applications of the triaxial, resonant column and oedometer tests to the 

study of micaceous sands", Engineering Geology 112, 21-28 (2010). 

22. Cabalar, A.F. "The effects of fines on the behavior of a sand mixture", Geotechnical 

and Geological Engineering, 29 (1), 91-100 (2011). 

23. Clayton, C.R.I., Theron, M., Vermeulen, N.J. "The effect of particle shape on the 

behavior of gold tailings", Advances in Geotechnical Engineering: the Skempton 

conference, Thomas Telford, London, 393- 404 (2004). 



 14 

24. Clayton, C.R.I., Theron, M., Vermeulen, N.J. "The effect of particle shape on the 

behavior of gold tailings", Advances in Geotechnical Engineering: the Skempton 

conference, Thomas Telford, London, 393-404 (2004). 

25. Gilboy, G. "The compressibility of sand-mica mixtures", Proc ASCE 2, 555-568 

(1928). 

26. Lees, G. "A new method for determining the angularity of particles", Sedimentology 3: 

2-21, (1964). 

27. Olson, R.E., Mesri, G. "Mechanisms controlling the compressibility of clay", J Soil 

Mech Found Div, ASCE, 96, No. SM6, Proceedings paper 7649, November, 1863-

1878 (1970). 

28. Terzaghi, K. Erdbaumechanik auf bodenphysikalischer grundlage, Deuticke, Leipzig/ 

Vienna (1925). 

29. Holubec, I., D’Appolonia, E. "Effect of particle shape on the engineering properties of 

granular soils", Evaluation of relative density and its role in geotechnical projects 

involving cohesionless soils, ASTM, STP523, West Conshohocken, PA, 304- 318 

(1973). 

30. Cornfort, D.H. "Prediction of drained strength of sands from relative density 

measurements", Evaluation of relative density and its role in geotechnical projects 

involving cohesionless soils, Special technical publication 523, ASTM, West 

Conshohoken, PA, 281-303 (1973). 

31. Cedergen, H.R. "Seepage, dainage, and flownets" 3rd ed., Wiley, New York (1989). 

32. Kramer, S.L. "Geotechnical earthquake engineering", Prentice Hall, Upper Saddle 

River, NJ, 653 (1996). 

33. Wadell, H. "Volume, shape, and roundness of rock particles", J. Geol., 40 (5), 443- 

451 (1932). 



 15 

34. Krumbein, W.C. "Measurement and geological significance of shape and roundness of 

sedimentary particles", J. Sediment. Petrol. 11 (2), 64-72 (1941). 

35. Powers, M.C. "A new roundness scale for sedimentary particles", J. Sediment. Petrol. 

23 (2): 117-119 (1953). 

36. Youd, T.L. "Factors controlling maximum and minimum densities of sands, 

Evaluation of relative density and its role in geotechnical projects involving 

cohesionless soils", ASTM STP523, West Conshohocken, PA, 98- 112 (1973). 

37. Cho, G.C., Dodds, J.S., Santamarina, J.C. "Particle shape effects on packing density, 

stiffness and strength: Natural and crushed sands", J. Geotech. Geoenviron. Eng. 132 

(5), 591-602 (2006). 

38. Muszynski, M.R., Vitton, S.J. "Particle shape estimates of uniform sands: visual and 

automated methods comparison", J. Mater. Civ. Eng. 24 (2), 194-206 (2012). 

39. Terzaghi, K., Peck, R.B. "Soil Mechanics in Engineering Practice", John Wiley & 

Sons, Inc. 12th Edition, printed in the United State of America (1962). 

40. Vesic, A.S., Clough, G.W. "Behaviour of granual materials under high stresses", 

Journal of Soil Mechanics and Foundations Div. ASCE SM3: 313-326 (1968). 

 

 

 

 

 

 

 

 

 



 16 

 

LIST OF FIGURES 

Figure 1. Graphical representation of roundness, R (redrawn from Muszynski and Vitton, 

2012). 

Figure 2. Graphical representation of sphericity, S (redrawn from Muszynski and Vitton, 

2012). 

Figure 3. Comparison chart (Santamarina and Cho, 2004) 

Figure 4. SEM pictures of the (top) Crushed Stone Sand, (bottom) Trakya Sand used during 

the experimental study. 

Figure 5. Particle size distributions for the sands used during the experimental study. 

Figure 6. Triaxial results on Clean Crushed Stone Sand and Trakya Sand (q, u, kPa). 

Figure 7. Stress path for clean sands. 

Figure 8. Effects of 0.5-0.25 mm Trakya Sand on the 2.0-1.0 mm Crushed Stone Sand. 

Figure 9. Effects of 0.5-0.25 mm Crushed Stone Sand on the 2.0-1.0 mm Trakya Sand. 

Figure 10. Cyclic direct shear tests on Clean Crushed Stone Sand and Trakya Sand. 

Figure 11. Effects of 0.5-0.25 mm Trakya Sand on the 2.0-1.0 mm Crushed Stone Sand. 

Figure 12. Effects of 0.5-0.25 mm Crushed Stone Sand on the 2.0-1.0 mm Trakya Sand. 

 

 

 

 

 

 

 

 



 17 

 

LIST OF TABLES 

Table 1. Test scheme 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dmax-insc 

Di 

Figure 1. Graphical representation of roundness, R (redrawn from Muszynski and 

Vitton, 2012) 



 19 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dmin-cir 

Dmax-insc 

Figure 2. Graphical representation of sphericity, S (redrawn from Muszynski and 

Vitton, 2012) 



 20 

 

 

 

 

 

 

 

 

Figure 3. Comparison chart (Santamarina and Cho, 2004) 

 

 

 

 

 

 

 

 

 

 



 21 

 

 

 

 

 

 

  
 

 

Figure 4. SEM pictures of the (left) Crushed Stone Sand, (right) Trakya Sand used during the 

experimental study. 
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Figure 5. Particle size distributions for the sands used during the experimental study 
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Figure 6. Triaxial results on Clean Crushed Stone Sand and Trakya Sand (q, u, kPa) 
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Figure 7. Stress path for clean sands. 
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Figure 8. Effects of 0.5- 0.25 mm Trakya Sand on the 2.0- 1.0 mm Crushed Stone Sand. 
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Figure 9. Effects of 0.5-0.25 mm Crushed Stone Sand on the 2.0-1.0 mm Trakya Sand. 
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Figure 10. Cyclic direct shear tests on Clean Crushed Stone Sand and Trakya Sand 

 

 

 

 

 

-150

-100

-50

0

50

100

150

-4 -3 -2 -1 0 1 2 3 4

Horizontal displacement (mm)

H
o

ri
z
o

n
ta

l 
s
tr

e
s
s
 (

k
P

a
)

Clean Crushed Stone Sand

Clean Trakya Sand



 28 

 

 

Figure 11. Effects of 0.5-0.25 mm Trakya Sand on the 2.0-1.0 mm Crushed Stone Sand. 
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Figure 12. Effects of 0.5-0.25 mm Crushed Stone Sand on the 2.0-1.0 mm Trakya Sand. 
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Table 1. Test scheme. 

Test type Sand type Gradation  Samples tested 

      TS-G1 with 5% CSS-G2 

      TS-G1 with 10% CSS-G2 

Triaxial test Trakya sand 1.0-2.0 mm TS-G1 with 15% CSS-G2 

(TX) (TS) (G1) TS-G1 with 20% CSS-G2 

      TS-G1 with 30% CSS-G2 

      TS-G1 with 50% CSS-G2 

      CSS-G1 with 5% TS-G2 

      CSS-G1 with 10% TS-G2 

Cyclic direct shear Crushed stone 0.25-0.50 mm CSS-G1 with 15% TS-G2 

test (CDS) sand (CSS) (G2) CSS-G1 with 20% TS-G2 

      CSS-G1 with 30% TS-G2 

      CSS-G1 with 50% TS-G2 
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