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ABSTRACT 

Shear strength evaluation of granular soils represents one of the most important aspects in the field of geotechnical engineering 
to analyze the soil behaviors and eventually identifying instability problems in different earth-structures, such as embankments, 
retaining walls, bearing capacity and deep foundations. In this context, the present study intends to clarify the influence particle 
size characteristics and fly ash fraction on the shear response of sand-fly ash mixtures. To achieve this goal, a set of direct shear 
box tests was carried out on three granular classes derived from natural sand having different minimum grain diameters (Dmin = 
0.08, 0.63, and 2.00 mm). The sandy samples were mixed with different percentages of fly ash ranging from 0% to 15%. The dry 
funnel pluviated sand-fly ash mixture samples were reconstituted at an initial relative density of 28 ± 3% and subjected to three 
normal stresses (σn = 100, 200, and 300 kPa). The obtained results showed that the minimum grain diameter and the fly ash induced 
noticeable effects on the shear behavior of the studied assemblies. It was found that the increase of the minimum grain diameter 
and the increment of the fly ash content induce a remarkable improvement in the shear strength of the tested materials. Moreover, 
a new parameter was introduced in this investigation known as particle size index in order to highlight the effect of the grain size 
variation on the behavior of the tested materials. The results indicate that the particle size index correlates very well with the peak 
friction angle of the sand-fly ash mixtures. In addition, the new suggested parameter appears as a pertinent component in the 
prediction of the shear properties of the cohesionless soils improved by fly ash which is commonly used in many geotechnical 
engineering applications. 
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1.  INTRODUCTION 
The shear properties evaluation of soils is one of the funda-

mental aspects in the field of geoengineering. The stability of de-
signed civil, hydraulics and underground structures (Wang et al. 
2013; Cherif Taiba et al. 2016, 2021; Azaiez et al. 2021a, b) such 
as: tunnels, retaining walls, shallow and deep foundations, espe-
cially, embankments, rely on shear properties. Moreover, the me-
chanical response of soils is related to several problems and defor-
mation of different types of granular materials according to the 
impacts of the applied initial loading conditions. Therefore, the 
evaluation of shear strength of these soils has urged researchers to 
reinforce or treat to improve their mechanical characteristics for 
various construction purposes (Meyerhof 1970). Thus, many re-
searchers have focused on studying the impacts of different pa-
rameters on the mechanical performance of granular materials on 

stabilization process of soils (Janalizadeh et al. 2013; Belkhatir et 
al. 2014; Mahmoudi et al. 2020, 2021). The particle shape charac-
teristics were commonly considered as a determinant parameter 
among the others influencing the mechanical characterization of 
granular materials. Borhani et al. (2016); Alshibli et al. (2018), 
Cherif Taiba et al. (2018, 2022), and Xiao et al. (2019) found that 
the particle shape appeared as a remarkable influencing factor to 
the stress-strain response of granular soils. 

2.  LITERATURE REVIEW 

2.1  Grain Size Effects 

The particle size characteristics are another important factor 
that must be properly identified in the evaluation of the mechanical 
and hydraulic responses of granular materials (Monkul et al. 2011; 
Cherif Taiba et al. 2019b; Hazout et al. 2022). Monkul et al. (2011) 
indicated that as the ratio of the mean grain size (D50-sand/D50-silt) of 
the sand to silt particles was sufficiently small, the undrained shear 
strength of the sand increased steadily with the increase of silt frac-
tion for the selected range (0% ~ 20%). When D50-sand/D50-silt in-
creased, the silty sand shear strength remained lesser than that of 
the clean sand. Lim et al. (2012) found that the particle size had a 
significant influence on the mechanical properties of sands. Janali-
zadeh et al. (2013) showed that the undrained cyclic resistance of 
the soil could be correlated to the granulometric grain sizes (D10, 
D30, or D60) rather than the coefficient of uniformity (Cu) or coeffi-
cient of curvature (Cc) of the tested granular materials. Cherif Taiba 
et al. (2016) reported that the particle size significantly influenced 
the undrained shear resistance of sand-silt mixture samples. Wang 
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et al. (2013) observed through a series of direct shear and triaxial 
tests found that the grain size characteristics had important effects 
on the internal friction angles of coarse-grained soils. Cherif Taiba 
et al. (2019a) found that the mobilized friction angles at instability 
and steady states decreased in a linear manner. Doumi et al. (2021) 
conducted a series of undrained compression tests using static tri-
axial apparatus to elucidate the influence of the relative effective 
diameter, ratio between effective diameter and maximum diameter 
(RED = D10/Dmax), on the shear resistance of partially saturated 
sands. They found that the RED had a remarkable impact on the 
shearing response of the tested sandy soils. As a result, they re-
ported that the increase of the relative effective diameter induced a 
decrement of the ultimate shear strength of the partially saturated 
samples tested with the lower Skempton’s pore pressure parameter 
(B = 20%) compared to the intermediate (B = 50%) and the highest 
(B = 90%) Skempton’s pore pressure ones. Hazout et al. (2022) 
found that the maximum relative diameter, Dmax/D50, was a suitable 
parameter for predicting the maximum undrained shear strength, 
qmax, of the tested materials. Indeed, it decreased in a logarithmic 
manner with the increase of the maximum relative diameter for 
tested samples. Azaiez et al. (2022) reported that the particle size 
in terms of D10, D50, and Cu had noticeable effects on the unconfined 
compressive strength of coarse-grained soils mixed with fly ash 
material and the polyurethane organic polymer. 

2.2  Fly Ash Effects 
Published literature reported that fly ash has been found as the 

most effective material to enhance the compaction and shear 
strength characteristics of soft and expansive soils (Lo et al. 2002; 
Saied et al. 2012; Phanikumar et al. 2018; Nawagamuwa et al. 
2018; Mogili et al. 2020; Simatupang et al. 2020; Anand and Sarkar 
2021). Kermatikerman et al. (2017) conducted a series of cyclic tri-
axial tests on reconstituted sand-fly ash mixtures with a fly ash con-
tent ranging from 4% to 6% at an initial relative density (Dr = 20%). 
Three different confining pressures (50, 70, and 90 kPa) were con-
sidered. They found that the higher fly ash percentage mixtures, the 
lower liquefaction resistance susceptibility. Kermatikerman et al. 
(2018) reported that fly ash played an important role in increasing 
the undrained shear strength of coarse-grained soils, where they in-
dicated that the undrained shear strength increased noticeably with 
the increase of fly ash content from 0% to 6% for the tested sand-
fly ash mixtures. Kolay et al. (2019) reported that the fly ash mate-
rial had multiple effects on the sand shear behaviors. They found 

that the addition of 10% fly ash content to clean sand induced a 
slight decrease in the liquefaction resistance. Beyond 10% fly ash, 
the liquefaction resistance improved significantly. Azaiez et al. 
(2021a) conducted a set of compaction and direct shear box tests 
on different granular classes of sand with distinct grain sizes mixed 
with fly ash material. They found that the fly ash had a remarkable 
effect on the compaction characteristics and the mechanical re-
sponse of the sand-fly ash mixtures. Azaiez et al. (2021b) eluci-
dated the correlation between the friction angle and the fly ash per-
centages through a series of direct shear box tests that were carried 
out on dense sand mixed with fly ash. They found that the fly ash 
induced a remarkable effect on the friction angle of the tested soils. 
They also reported that the peak friction angle, the maximum dila-
tancy angle, and the excess friction angle increased with the in-
crease in fly ash content. They concluded that the sand mixed with 
fly ash could be considered as a reliable material in the sub-base 
layers and embankment construction.  

On the other hand, a very limited researches have in the pub-
lished literature to elucidate the effect of particle size characteristics 
on the mechanical performance of sand-fly ash binary assemblies. 
To achieve this goal, a series of direct shear box tests have been con-
ducted on three granular classes derived from natural Chlef sand 
having three different minimum grain diameters (“CS-1” Dmin = 0.08 
mm, “CS-2” Dmin = 0.63 mm and “CS-3” Dmin = 2.00 mm) mixed 
with fly ash percentages (FA = 0%, 5%, 10%, and 15%). The dry 
funnel pluviated sand-fly ash mixture samples were reconstituted at 
an initial relative density of 28 ± 3%, then placed in direct shear box 
with 60 mm × 60 mm × 25 mm and subjected to three different nor-
mal stresses (σn = 100, 200, and 300 kPa). 

3.  EXPERIMENTAL PROGRAM 

3.1  Index Properties of the Tested Materials 

In addition to the fly ash that was brought from the Chlef ce-
ment plant, the poorly graded Chlef sand used in this experimental 
study was extracted from the banks of the Chlef river in the Oued 
Fodda area, located about 20 km east of center Chlef. Figure 1 
presents the approximative location of Oued Fodda in Chlef, it has 
to be mentioned that Chlef provenance is situated approximately 
200 km west of Algiers, the capital city of Algeria. The index char-
acteristics of the various materials employed in this investigation 
are shown in Table 1. Three granular classes were used in the  

 
Fig. 1  Location of Oued Fodda, Chlef, Algeria 
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Table 1  Index properties of the tested materials 

Sample FA (%) Dmax (mm) Dmin (mm) Gs D10 (mm) D30 (mm) D50 (mm) D60 (mm) Cu Cc emax emin 
CS-1-100 FA0 0 4.000 0.080 2.660 0.180 0.345 0.498 0.574 3.199 1.158 0.750 0.507
CS-1-95 FA5 5   2.680 0.157 0.341 0.497 0.575 3.674 1.290 0.724 0.444
CS-1-90 FA10 10   2.700 0.100 0.311 0.483 0.569 5.674 1.692 0.704 0.397
CS-1-85 FA15 15   2,720 0.038 0.267 0.443 0.531 13.928 3.530 0.683 0.371
CS-2-100 FA0 0 4.000 0.630 2.670 0.694 0.854 1.055 1.350 1.945 0.778 0.808 0.610
CS-2-95 FA5 5   2.691 0.560 0.808 0.958 1.183 2.113 0.958 0.746 0.550
CS-2-90 FA10 10   2.710 0.276 0.781 0.946 1.118 4.051 1.977 0.724 0.496
CS-2-85 FA15 15   2.730 0.029 0.742 0.932 1.096 37.487 17.182 0.719 0.455
CS-3-100 FA0 0 4.000 2.000 2.680 2.063 2.254 2.446 2.575 1.248 0.956 0.851 0.648
CS-3-95 FA5 5   2.700 1.960 2.211 2.410 2.518 1.285 0.991 0.782 0.581
CS-3-90 FA10 10   2.720 1.500 2.183 2.399 2.512 1.675 1.265 0.730 0.520
CS-3-85 FA15 15   2.740 0.030 2.163 2.387 2.500 83.333 62.381 0.694 0.476

Fly ash 100 0.080 0.001 3.080 0.004 0.0009 0.015 0.020 4.444 0.900 2.114 0.914

present study. They have been derived from the Chlef natural sand 
according to their extreme grain diameters (Dmax and Dmin,): CS-1 
with a minimum grain diameter of 0.08 mm, CS-2 with a minimum 
grain diameter of 0.63 mm, and CS-3 with a minimum grain diam-
eter of 2.00 mm. Figure 2 displays the materials that were used. 
The grain size distribution curves of the tested materials are shown 
in Fig. 3. The curves of grain size distribution were obtained by 
multiple sieve and hydrometer analysis following the ASTM 
C136-14 (2014) and ASTM D7928-17 (2017), respectively. Fig-
ure 3(a) represents the grain distribution curves corresponding to 
the category CS-1, which contains Chlef sand as a host sand with 
a minimum diameter of (Dmin = 0.08 mm), and other mixtures of 

the same host sand but with different Fly ash contents (FA = 5%, 
10%, and 15%), in addition to the curve of the pure fly ash. Figure 
3(b) and Fig. 3(c) represent the distribution curves corresponding 
to the same host sand but with different minimum grain sizes (CS-
2) and (CS-3). These two categories were also mixed with the 
same Fly ash proportions (FA= 5%,10%, and 15%). The maximum 
and minimum void ratios (emax, emin) were calculated according to 
ASTM D 4253 (2002) and ASTM D 4254 (2002) standards. The 
relationship between the void ratios and fly ash content is shown 
in Fig. 4. This figure shows that as the fly ash percentage increased 
up to 15%, the void ratios decreased. 

  
(a)                               (b)                              (c)                               (d) 

Fig. 2  Granular classes derived from Chlef sand and fly ash 

 
(a) CS-1                                     (b) CS-2                                    (c) CS-3 

Fig. 3  Grain size distribution curves of the tested materials  
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(a) Dmin = 0.08 mm                                   (b) Dmin = 0.63 mm                                (c) Dmin = 2.00 mm 

Fig. 4  Void ratios versus fly ash content of the tested materials 

3.2  Sample Preparation and Test Procedure  

To evaluate the shear strength characteristics, a series of di-
rect shear tests were performed in accordance with NF P94-071-1 
(1994). Three granular classes were derived from the Chlef natural 
sand (CS-1, CS-2, and CS-3) were used in the experimental pro-
gram, and these three binary combinations were produced by re-
constituting the sand with fly ash components. Fly ash was mixed 
with the sand samples in quantities ranging from 0% to 15%. Us-
ing the dry pluviation process, the sand-fly ash mixture samples 
were created at an initial relative density of 28 ± 3%. This method 
consists of filling the box of the apparatus by raining the dry sand-
fly ash mixture through the funnel by controlling the height (Fig. 
5). A cross section through a typical direct shear device is shown 
in Fig. 6. The soil sample has a porous stone at the top and bottom 
to allow free drainage. Above the upper stone is a metal loading 
cap which is, in turn, subjected to the normal force. The sample 
and rings were mounted in a tank. The shearing force was applied 
to the outside of the tank, which was on rollers and the size of the 
box is 60 mm by 60 mm by 25 mm. After that, the binary mixes 
were placed in the box using a funnel to determine the suggested 
starting loose relative density, therefore, all the other necessary ad-
justments were made. Beyond that, the sand-fly ash mixtures take 
square plates form that were subsequently subjected to three nor-
mal stresses (σn =100, 200, and 300 kPa). All tests were carried 
out at a constant speed of 1 mm/min. The procedure was repeated 
three times for each test. After this stage, the data were collected 
from the computer which was connected directly with direct shear 
apparatus. Equation (1) was used to determine the sample mass 
according to Sadrekarimi and Olson (2012), Sze et al. (2014), and 
Mahmoudi et al. (2019, 2022):           

ms = (VT × γs) / [1 + emax ×(1 − Dr) + Dr × emin] (1) 

 
(a)                  (b)                  (c) 

Fig. 5  Steps of direct shear box test 

 
Fig. 6  Schematic drawing of direct shear apparatus 

4.  RESULTS AND DISCUSSION  

4.1  Particle Size Effects 

To assess the impact of particle size on the mechanical be-
havior of the sand-fly ash mixtures (FA = 5%, 10%, and 15%), the 
samples were subjected to three initial normal stresses, σn = 100, 
200, and 300 kPa, after being prepared with a loose relative density 
(Dr = 28 ± 3%). Overall, the results indicate that the minimum 
grain diameter (Dmin) has a very significant impact on the mechan-
ical performance of the sand-fly ash mixtures. As can be seen, in-
creasing the minimum grain diameter generally results in an in-
crease in the shear strength of the tested materials. However, the 
effect of Dmin on increasing the shear response can be clearly seen 
for the range of 0.08 mm ~ 0.63 mm of minimum grain diameters 
(Figs. 7(a), 8(a), 9(a), and 10(a)). Additionally, the results obtained 
for the normal stress of σn = 200 kPa show that the samples of 
mixtures with Dmin = 2.00 mm exhibit high shear strength values 
in comparison to those of Dmin = 0.63 mm mixtures and become 
very pronounced for the binary assemblies of Dmin = 0.08 mm (Figs. 
7(b), 8(b), 9(b), and 10(b)). 

On the other hand, the shear resistance values of the sand-fly 
ash mixtures subjected to a normal stress of σn = 300 kPa are 
higher than those of σn = 100 and 200 kPa. In comparison to the 
binary matrix of CS-2 mm and CS-1, the samples of the sand-fly 
ash mixtures with CS-3 show a remarkable increase in the maxi-
mum shear strength for the fractions (FA = 0%, 5%, 10%, and 
15%) (Figs. 7(c), 8(c), 9(c), and 10(c)). The right side of the dia-
gram illustrates the evolution of the vertical displacement as a 
function of the horizontal displacement while taking into account 
the impact of the minimum grain diameter (Figs. 7 to 10). The 
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outcomes support the minimum grain diameter parameter's role in 
the progression of the dilatancy phase with increasing values of 
the minimum grain diameter. 

4.2  Fly Ash Effects 

The dry pluviated samples were subjected to three initial nor-
mal stresses (σn = 100, 200, and 300 kPa), and the evolution of 
shear stress as a function of horizontal displacement was plotted 

for the first categories mixed in the range of FA = 0% to FA = 15%, 
as shown in Fig. 11. Overall, the increase in FA content had a pos-
itive effect on the residual shear strength of the mixture. 

The evolution of shear stress vs. horizontal displacement for 
the second type of mixtures is shown in Fig. 12. In general, the 
recorded data shows that an increase in the FA content may have 
a significant impact on soil mechanical behavior, since any     
increase in FA increases the residual shear strength of the tested 

 
(a) σn = 100 kPa                              (b) σn = 200 kPa                            (c) σn = 300 kPa 

Fig. 7  Influence of minimum grain diameter on the shear stress variation of Chlef sand (FA = 0%) 

 
(a) σn = 100 kPa                              (b) σn = 200 kPa                             (c) σn = 300 kPa 

Fig. 8  Influence of minimum grain diameter on the shear stress variation of Chlef sand-fly ash mixtures (FA = 5%) 
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materials. On the other hand, Fig. 13 shows the shear stress vs. the 
horizontal displacement for the third type of the sand-fly ash binary 
assemblies. The resulting Figures clearly show that the addition of 
fly ash has a significant impact on the residual shear strength for 

the entire mixtures. The use of FA improved the interparticle lock-
ing between coarse sand grains, resulting in increased shear 
strength. These findings are in good agreement with the observa-
tions of Kolay et al. (2019) and Azaiez et al. (2021a, 2021b). 

 
(a) σn = 100 kPa                             (b) σn = 200 kPa,                             (c) σn = 300 kPa 

Fig. 9  Influence of minimum grain diameter on the shear stress variations of Chlef sand-fly ash mixtures (FA = 10%) 

 
(a) σn = 100 kPa                              (b) σn = 200 kPa                              (c) σn = 300 kPa 

Fig. 10  Influence of minimum grain diameter on the shear stress variation of Chlef sand-fly ash mixtures (FA = 15%) 
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(a) σn = 100 kPa                             (b) σn = 200 kPa                                (c) σn = 300 kPa 

Fig. 11  Shear stress versus horizontal displacement of Chlef sand-fly ash mixtures, CS-1 (Dmin = 0.08 mm) 

 
(a) σn = 100 kPa                              (b) σn = 200 kPa                                (c) σn = 300 kPa 

Fig. 12  Shear stress versus horizontal displacement of Chlef sand-fly ash mixtures, CS-2 (Dmin = 0.63mm) 

 
(a) σn = 100 kPa                              (b) σn = 200 kPa                              (c) σn = 300 kPa 

Fig. 13  Shear stress versus horizontal displacement of Chlef sand-fly ash mixtures, CS-3 (Dmin = 2.00 mm)

4.3  Correlation Between the Residual Shear Strength 
(τres) with the Minimum Grain Diameter (Dmin) and 
Fly Ash Content (FA)  

Figure 14 demonstrates that under the applied initial normal 
stress (σn =100, 200, and 300 kPa), there are strong correlations 
between the residual shear strength with the minimum grain diam-
eter, and the fly ash content of the materials under study. It is 
clearly shown that the residual shear strength (τres) rises, with both 
the minimum grain diameter and the fly ash percentages (Dmin and 
FA). Additionally, compared to the first and second normal 
stresses (σn =100 and 200 kPa, respectively), this tendency is more 
appropriate and substantial for the third initial normal stress (σn 
=300 kPa). This result demonstrates that assessing the correlation 
between these indicators depends on the typical stress level. The 

observed direct shear response of the various binary combinations 
is explained by the fact that the studied sand-fly ash mixtures were 
denser as the fly ash fraction rose, which made it simpler for par-
ticles of the right size to migrate and orient themselves. These re-
sults generally support the notion that the fly ash content and the 
minimum grain diameter are important factors in enhancing the 
shear resistance of the binary assemblies for geotechnical engi-
neering applications. 

4.4  Mechanical Characteristics (φ, I) versus Minimum 
Grain Diameter (Dmin) and Fly Ash Content (FA)  

Figure 15 illustrates the variation of mechanical characteris-
tics in terms of internal friction angle and interlocking (φ, I) with 
the minimum grain diameter (Dmin) and fly ash fraction (FA) of 
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(a) σn = 100 kPa                               (b) σn = 200 kPa                                 (c) σn = 300 kPa 

Fig. 14  Residual shear strength versus minimum grain diameter and fly ash content of the tested materials   

Table 2 Values of the coefficients a, b, c, d, f, z and R2 correspond-
ing in Eqs. (2) and (3) 

 Equation (2) Equation (3) 
a 5.53 −1.31 
b 0.10 −0.14 
c −0.14 0.72 
d −0.0022 0.034 
f 0.034 0.024 
z 39.25 0.36 

R² 0.98 0.88 

 
(a) Internal friction angle                (b) Interlocking 

Fig. 15 Variation of mechanical characteristics versus minimum 
grain diameter and fly ash content of the tested materials 

three binary granular mixtures. For the interlocking parameter, it 
is generally believed that the cohesion characteristic in cohesion-
less soil does not exist (De Mello 1977; Indraratna et al. 1993; 
Wang et al. 2019). However, a large laboratory tests have proven 
that cohesionless soil has interlocking strength due to the effects 
of interlocking and occlusion contact. The shear strength of gran-
ular soil is a comprehensive reflection of friction effect and inter-
locking effect. The interlocking strength is also the intercept of the 
tangential line of the Coulomb curve representing the relationship 
between shear stress and normal strength (the intrinsic line or the 
Coulomb line). Moreover, for all employed materials taken into 

consideration, it appears that the fitting surface could effectively 
capture the association between the internal friction angle and in-
terlocking with the fly ash content and minimum grain diameter 
with (R² = 0.98 and R² = 0.88). Additionally, the results show that 
increasing the minimum grain diameter (Dmin = 0.08 to 2.00 mm) 
and the fly ash content (FA = 0% to FA = 15%) both significantly 
increase the internal friction angle of the studied mixtures. More-
over, the test results clearly show that the internal friction angle 
between the mixtures of CS-2 and CS-3 increased significantly 
when compared to those of the mixtures ranging between CS-1 
and CS-2 (Fig. 15(a)). This tendency demonstrates that the incre-
ment of the internal friction angle of the tested sand-fly ash mix-
ture samples depends significantly on the particle size characteris-
tic. 

On the other hand, Fig. 15(b) illustrates clearly the relation-
ship between the interlocking (I) with fly ash content (FA) and 
minimum grain diameter (Dmin) of the tested sand-fly ash mixtures. 
The obtained results indicate that the minimum grain diameter and 
fly ash addition affects significantly the soil tendency, inducing an 
important increase of the interlocking. This pattern might be ex-
plained by the involvement of fly ash particles filling the spaces 
between sand grains, increasing interparticle forces, and improv-
ing interlocking. In order to forecast the fluctuation of the internal 
friction angle and the interlocking (I) as a function of the minimum 
grain diameter (Dmin) and fly ash content (FA) of the investigated 
materials, the following Eqs. (2) and (3) are proposed: 

φ = a × (Dmin) + b × (FA) + c × (Dmin)2 + d × (FA)2   
   + f × (Dmin) × (FA) + z  (2) 

I = a × (Dmin) + b × (FA) + c × (Dmin)2 + d × (FA)2   
   + f × (Dmin) × (FA) + z  (3) 

4.5  Influence of the Minimum Grain Diameter and Fly 
Ash Content on the Peak Friction Angle  

The 3D plots shown in Fig. 16 were used to describe the 
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correlation between the peak friction angle (φp) the minimum grain 
diameter, and fly ash content. The obtained findings clearly show 
that, for the entire studied assemblies, the peak friction angle could 
correlate extremely well with the minimum grain diameter and fly 
ash percentages. According to test results, increasing the minimum 
grain diameter could result in a boost of peak friction angle. It is 
clear that changing the minimum grain diameter has a significant 
impact on the peak friction angle. Additionally, the peak friction 
angle show an increasing trend with addition of FA. The FA par-
ticles’ filling the spaces between the coarse sand particles de-
creased the void ratio within the mixture structures, and conse-
quently increased the peak friction angle of the mixtures under 
consideration. 

4.6  Influence of the Minimum Grain Diameter and Fly 
Ash Content on the Shear Strength Enhancement 
Factor 

The shear strength enhancement (FSE) is a new factor used 
in this study to quantify the impact made by certain parameters on 

the shear strength of the studied soil. It is defined as the ratio of 
the residual shear strength of the mixture to that of the pure sand 
according to the following equation:  

res mixtures

res sand
FSE ⋅

⋅

τ=
τ

  (4) 

The effect of fly ash content and minimum grain diameter on 
the FSE of the tested binary mixes is shown in Fig. 17. It is evident 
that the minimum grain diameter and fly ash content have a signif-
icant impact on the FSE. Whereas, for the various evaluated grades 
of sand, an increase in the fly ash percentages leads to an increase 
in the FSE. However, compared to the other binary assemblies, the 
fly ash percentage of FA = 15% exhibits higher values of FSE. 
These observations clearly show that the increased in the recom-
mended parameter (FSE) for the studied sand-fly ash mixes was 
influenced by the larger amount of fly ash. 

 
(a) σn = 100 kPa                             (b) σn = 200 kPa                             (c) σn = 300 kPa 

Fig. 16  Peak friction angle as function of minimum grain diameter and fly ash content of the examined mixtures 

  
(a) σn = 100 kPa                               (b) σn = 200 kPa                               (c) σn =300 kPa 

Fig. 17  Shear enhancement factor versus fly ash content and minimum grain diameter  
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4.7  Influence of the Particle Size Index and Fly Ash 
Content on the Internal and Peak Friction Angles 

In order to specifically highlight the relationship between par-
ticle size index, fly ash portions, and the friction angle of the tested 
materials, Fig. 18 shows the variation of the internal friction angle 
as a function of the newly introduced parameter, named particle 
size index (PSI), which can be evaluated as follows:  

max min

50

( )PSI D D
D
−=   (5) 

where Dmax is the maximal grain diameter (Dmax = 4.00 mm) for the 
studied material, Dmin and D50 are the minimum and mean grain 
diameters, respectively. It is clear that the internal friction angle of 
the sand-fly ash mixtures is significantly influenced by the PSI. 
Additionally, the internal friction angle of the employed materials 
under consideration significantly increases as the PSI decreases. 
Furthermore, it is evident from these plots that the sand-fly ash 
mixture samples displayed stronger resistance at lower PSI values 
due to increased internal friction angles. As expected, these three 
parameters were nicely correlated (with the coefficient of determi-
nation R² = 0.99), so the increase in PSI leads to a significantly lower 

 
Fig. 18 Internal friction angle variations against fly ash content 

and particle size index of the studied mixtures 

peak friction angle for the tested initial normal stresses (σn = 100, 
200, and 300 kPa). On the other hand, the evolution of peak fric-
tion angle against both particle size index and fly ash content is 
illustrated in Fig. 19. Additionally, the 3D plots indicate that the 
tested binary assemblies’ peak friction angles were lower at larger 
values of the PSI. For the sand-fly ash mixtures, the correlation 
between the peak friction angle, PSI, and FA content may be as-
sessed using the following expression. 

φp = a × (PSI) + b × (FA) + c × (PSI)2 + d × (FA)  
      + f × (PSI) × (FA) + z (6) 

Table 3 illustrates the coefficients a, b, c, d, f and z and the 
corresponding coefficient of determination (R2) for the materials 
under consideration. 

Table 3  Values of coefficients a, b, c, d, e, f and R2 in Eq. (6) 

σn = 100 kPa σn = 200 kPa σn = 300 kPa
a −2.51 −2.25 −2.36
b 0.14 0.31 0.15
c 0.20 0.16 0.18
d 0.002 −0.004 −0.002
f −0.01 −0.024 −0.01
z 43.08 41.93 42.69

R2 0.99 0.99 0.99

4.8  Correlation Between the Particle Size Index (PSI) 
and the Shear Strength Enhancement Factor (FSE) 

The relationship between the PSI and FSE of sand-fly ash 
mixes is shown in Fig. 20. The particle size index may be used as 
a suitable measure to forecast the FSE of the tested soil samples, 
as illustrated in the plot. In reality, for the chosen materials, the 
FSE rises as PSI rises, and a strong correlation may exist between 
the two properties of the sand-fly ash binary matrix subjected to 
the initial normal stresses (σn = 100, 200, and 300 kPa). Addition-
ally, according to the test results, the third category of sand and fly 
ash mixtures showed higher values of the FSE than the second cat-
egory of sand and the first category of sand and fly ash mixtures. 
In contrast, to reconstituted mixtures made from medium and finer 
sand particles (Dmin = 0.63 and 0.08 mm) with the fly ash material 

 
(a) σn = 100 kPa                                (b) σn = 200 kPa                                (c) σn = 300 kPa 

Fig. 19  Peak friction angle versus fly ash content and particle size index of the mixtures under study 
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Fig. 20 Shear enhancement factor versus particle size index of 

the examined mixtures 

under consideration, this tendency confirms that coarser sand par-
ticles (Dmin = 2.00 mm) mixed with the fly ash materials were the 
cause of the decreasing of the particle size index of mixtures lead-
ing to the increase of the FSE of these mixtures. This result demon-
strates that the sample grading in terms of particle size index is 
effective in predicting and assessing the mechanical behavior of 
the samples of the sand-fly ash mixture under study. The FSE and 
PSI of the tested materials are suggested to be related using the 
following equations: 

For  CS-1 (Dmin = 0.08 mm):  FSE = a + b × (PSI) (7) 

For  CS-2 (Dmin = 0.63 mm):  FSE = a × (PSI)b (8) 

For  CS-3 (Dmin = 2.00 mm):  FSE = a × (PSI)b (9) 

Table 4 shows the values of the coefficients a, b and R2 for 
the Eqs. (7), (8), and (9) corresponding to the samples CS-1 (Dmin 
= 0.08 mm), CS-2 (Dmin = 0.63 mm), and CS-3 (Dmin = 2.00 mm) 
respectively. 

Table 4  Values of coefficients a, b and R2 in Eqs. (7) ~ (9) 

 Equation (7) Equation (8) Equation (9)
a −0.27 7.29233 × 10−23 6.4395 × 106

b 0.035 37.59 102.7
R2 0.53 0.88 0.55

5.  CONCLUSIONS 

The study investigates the influences of particle size in terms 
of the maximum grain diameter (Dmin) and the particle size index 
(PSI), as well as the fly ash content (FA), on the shear properties 
of untreated and treated sandy sample with fly ash percentages. 
The main findings are as follows: 
 1. The results indicate that the minimum grain diameter (Dmin) 

is a pertinent parameter to control the mechanical response of 
the examined mixtures. Coarser particles (Dmin = 2.00 mm) 
enhance the residual shear strength (τres) of the sand-fly ash 
mixtures. In fact, the increase of the minimum grain diameter 

(Dmin = 0.08 to 0.63 mm) induces a noticeable increase in the 
shear strength of the sand-fly ash binary assemblies for all 
considered initial conditions. 

 2. The variation of the fly ash percentages has a significant im-
pact on the residual shear strength (τres) and the mechanical 
characteristics (friction angle, φ, and interlocking, I). These 
characteristics increase with the increase of fly ash fraction 
for all tested parameters. Consequently, the increase of the 
shear characteristics, φ and I, leads to a more stable sand-fly 
ash mixture sample structure. Moreover, the peak friction an-
gle, φp, increases with the increase of the minimum grain di-
ameter (Dmin = 0.08, 0.63, and 2.00 mm) and the used fly ash 
contents (FA = 0%, 5%, 10%, and 15%) for the studied binary 
mixtures subjected to three initial normal stresses (σn = 100, 
200, and 300 kPa). 

 3. Two new parameters are proposed in this paper to evaluate 
the effectiveness of fly ash material on the mechanical per-
formance of the tested sand-fly ash mixture samples (FSE and 
PSI). The analysis of the results indicates that the FSE corre-
lates very well with the minimum grain diameter and the fly 
ash content as well as the PSI with the internal and peak fric-
tion angle of the sand-fly ash binary mixtures. 

 4. Finally, the outcome of this laboratory investigation confirms 
that the shear strength enhancement factor correlates very 
well with the particle size index, where, the FSE increases as 
PSI increases for all tested mixtures. These findings explain 
clearly that the sample grading in terms of particle size index 
plays a remarkable role in the prediction and evaluation of the 
mechanical performance of sand-fly ash binary assemblies 
under the consideration. Based on the results of this research, 
the use of fly ash is highly recommended for enhancing the 
shear properties of soils in many geotechnical engineering ap-
plications. 
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NOTATIONS                       

 Cc coefficient of curvature 
 Cu coefficient of uniformity 
 D10 effective particle size (mm) 
 D30 particle size corresponding to 30% passing by weight 

(mm) 
 D50 mean particle size (mm) 
 D60 particle size corresponding to 60% passing by weight 

(mm) 

 Dmax maximum grain diameter (mm) 
 Dmin minimum grain diameter (mm) 
 Dr relative density (%) 
 e index void ratio 
 emax maximum void ratio 
 emin minimum void ratio 
 FA fly ash content (%) 
 FSE shear strength enhancement factor 
 Gs specific gravity 
 ΔH horizontal displacement (mm) 
 I interlocking (kPa) 
 PSI particle size index 
 ΔV vertical displacement (mm) 
 φ internal friction angle (°) 
 φp peak friction angle (°) 
 σn normal stress (kPa) 
 τ shear stress (kPa) 
 τres residual shear strength (kPa) 

REFERENCES 

Alshibli, K.A. and Mehmet, B.C. (2018). “Influence of particle 
morphology on the friction and dilatancy of sand.” Jour-
nal of Geotechnical and Geoenvironmental Engineering, 
ASCE, 144(3), 04017118. 
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001841 

Anand, A. and Sarkar, R.A. (2021). “Comprehensive study on 
bearing behaviour of cement-fly ash composites through 
experimental and probabilistic investigations.” Innovative 
Infrastructure Solutions, 6(39).  
https://doi.org/10.1007/s41062-020-00404-w 

ASTM D 4253-00 (2002). Standard Test Method for Maximum 
Index Density and Unit Weight of Soils using a Vibratory 
Table. Annual Book of ASTM Standards. American Soci-
ety for Testing and Materials, West Conshohocken, PA, 1-
14. 

ASTM D 4254-00 (2002). Standard Test Method for Minimum 
Index Density and Unit Weight of Soils and Calculation of 
Relative Density. Annual Book of ASTM Standards. 
American Society for Testing and Materials, West Con-
shohocken, PA, 1-9. 

ASTM C136-14 (2014). Standard Test Method for Sieve Anal-
ysis of Fine and Coarse Aggregates. Annual Book of 
ASTM Standards. American Society for Testing and Ma-
terials. https://doi.org/10.1520/C0136_C0136M-14 

ASTM D7928-17 (2017). Standard Test Method for Particle-
Size Distribution (Gradation) of Fine-Grained Soils using 
the Sedimentation (Hydrometer) Analysis. Annual Book 
of ASTM Standards. American Society for Testing and 
Materials. https://doi.org/10.1520/D7928-17 

Azaiez, H., Cherif Taiba, A., Mahmoudi, Y., and Belkhatir, M., 
(2021). “Shear characteristics of fly ash improved sand as 
an embankment material for road infrastructure purpose.” 
Innovative Infrastructure Solutions, 6(148).  
https://doi.org/10.1007/s41062-021-00517-w 

Azaiez, H., Cherif Taiba, A., Mahmoudi, Y., and Belkhatir, M. 
(2021). “Characterization of granular materials treated 
with fly ash for road infrastructure applications.” Trans-
portation Infrastructure Geotechnology, 8, 228-253.  
https://doi.org/10.1007/s40515-020-00135-6 

Azaiez, H., Cherif Taiba, A., Mahmoudi, Y., and Belkhatir, M. 
(2022). “Polyurethane organic polymer as an eco-friendly 
solution for improvement of shear strength of sand-fly ash 
mixtures.” Journal of GeoEngineering, 17(2), 103-112. 
https://doi.org/10.6310/jog.202206_17(2).4 

Borhani, A. and Fakharian, K. (2016). “Effect of particle shape 
on dilative behavior and stress path characteristics of 
Chamkhaleh sand in undrained Triaxial tests.” Interna-
tional Journal of Civil Engineering, 14(4), 197-208.  
https://doi.org/10.1007/s40999-016-0048-8 

Cherif Taiba, A., Mahmoudi, Y., Belkhatir, M., Kadri, A., and 
Schanz, T. (2016). “Insight into the effect of granulo-
metric characteristics on static liquefation sucseptibility of 
silty sand soils.” Geotechnical and Geological Engineer-
ing. https://doi.org/10.1007/s10706-015-9951-z 

Cherif Taiba, A., Mahmoudi, Y., Belkhatir, M., Kadri, A., and 
Tom Schanz, T. (2017). “Experimental characterization of 
the undrained instability and steady state of silty sand soils 
under monotonic loading conditions.” International Jour-
nal of Geotechnical Engineering.  
https://doi.org/10.1080 /19386362.2017.1302643 

Cherif Taiba, A., Mahmoudi, Y., Belkhatir, M., and Schanz, T. 
(2018). “Experimental investigation into the influence of 
roundness and sphericity on the undrained shear response 
of silty sand soils.” Geotechnical Testing Journal. 
https://doi.org/10.1520/GTJ20170118 

Cherif Taiba, A., Mahmoudi, Y., Hazout, L., Belkhatir, M., and 
Baille, W. (2019a). “Evaluation of hydraulic conductivity 
through particle shape and packing density characteristics 
of sand–silt mixtures.” Marine Georesources & Geotech-
nology, 1-13.  
https://doi.org/10.1080/1064119x.2018.1539891 

Cherif Taiba, A., Mahmoudi, Y., Hazout, L., Belkhatir, M., and 
Baille, W. (2019b). “Effects of gradation on the mobilized 
friction angle for the instability and steady states of sand-
silt mixtures: Experimental Evidence.” Acta Geotechnica 
Slovenica.  
https://doi.org/10.18690/actageotechslov.16.1.79-95 

Cherif Taiba, A., Mahmoudi, Y., Baille, W., Wichtmann, T., 
and Belkhatir, M. (2021). “Threshold silt content depend-
ency on particle morphology (shape and size) of granular 
materials: review with new evidence.” Acta Geotechnica 
Slovenica, 18(1), 28-40.  
https://doi.org/10.18690/actageotechslov.18.1.28-
40.2021 

Cherif Taiba, A., Mahmoudi, Y., Azaiez, H., and Belkhatir, M. 
(2022). “Impact of the overall regularity and related gran-
ulometric characteristics on the critical state soil mechan-
ics of natural sands: A state-of-the-art review.” Geome-
chanics and Geoengineering.  
https://doi.org/10.1080/17486025.2022.2044076 



Taibi et al.: Influence of Particle Size Index on Shear Properties of Cohesionless Soils Admixture with Fly Ash Binder      57 

 

De Mello, V.F.B. (1977). “Reflection on decisions of practical 
significance to embankment dam constitution: 17th ran-
kine lecture.” Geotechnique, 27(3), 281-355.  
https://doi.org/10.5772/intechopen.92745 

Doumi, K., Mahmoudi, Y., Cherif Taiba, A., Belkhatir, M., and 
Baille, W. (2021). “Experimental investigation on the in-
fluence of relative effective diameter on ultimate shear 
strength of partially saturated granular soils.” Acta ge-
otechnica Slovenica, 17(1), 56-70. 
https://doi.org/10.18690/actageotechslov.17.1.56-
70.2020 

Janalizadeh, C., A., Ghalandarzadeh, A., and Esmaeili, M. 
(2013). “Experimental study of the grading characteris-
tic effect on liquefaction resistance of various graded 
sands and gravelly sands.” Arabian Journal of Geosci-
ences.  
https://doi.org/10.1007/s12517-013-0886-5 

Hazout, L., Cherif Taiba, A., Mahmoudi, Y., and Belkhatir, M. 
(2022). “Deformation characteristics of natural river sand 
under compression loading incorporating extreme particle 
diameters impacts.” Marine Georesources & Geotechnol-
ogy. https://doi.org/10.1080/1064119X.2022.2122090 

Indraratna, B., Wijewardena, L.S.S., and Balasubramaniam, 
A.S. (1993). “Large-scale triaxial testing of greywacke 
rockfill.” Géotechnique, 43(1), 37-51.  
https://doi.org/10.1680/geot.1993.43.1.37 

Kermatikeman, M., Chegenizadeh, A., Nikraz, H., Ayad Salih 
Sabbar (2017). “Experimental study on effect of fly ash on 
liquefaction resistance of sand.” Soil Dynamics and Earth-
quake Engineering, 93, 1-6. 
https://doi.org/10.1016/j.soildyn.2016.11.012 

Keramatikerman, M., Chegenizadeh, A., and Nikraz, H. (2018). 
“Effect of fly ash on post cyclic behavior of sand.” Journal 
of Earthquake Engineering. ISSN: 1363-2469 (Print) 
1559-808X.  
https://doi.org10.1080/13632469.2018.1494643 

Kolay, P.K., Puri, V.K., Lama Tamang, R., Regmi, G., and Ku-
mar, S. (2019). “Effects of fly ash on liquefaction charac-
teristics of Ottawa sand.” International Journal of Geo-
synthetics and Ground Engineering.  
https://doi.org/10.1007/s40891-019-0158-x 

Lim, M.S., Wijeyesekera, D.C., Zainorabidin, A., and Bakar, I. 
(2012). “The effects of particle morphology (shape and 
sizes) characteristics on its engineering behaviour and sus-
tainable engineering performance of sand.” International 
Journal of Integrated Engineering, 4, 27-37. 

Lo, S.R. and Wardani, S.P. (2002). “Strength and dilatancy of 
silt stabilized by a cement and fly ash mixtures.” Canadian 
Geotechnical Journal, 39(1), 77-89.  
https://doi.org/10.1139/t01-062 

Mahmoudi, Y., Cherif Taiba, A., Hazout, L., and Belkhatir, M., 
(2019). “Experimental evidence into the impact of sample 
reconstitution on the pore water pressure generation of 
Overconsolidated silty sand soils.” Journal of Geo-    
Engineering, 14(4), 229-245. 
https://doi.org/10.6310/jog.201912_14(4).3 

Mahmoudi, Y., Cherif Taiba, A., Belkhatir, M., Baille, W., and 
Wichtmann, T. (2020). “Characterization of mechanical 
behavior of binary granular assemblies through the equiv-
alent void ratio and equivalent state parameter.” European 
Journal of Environmental and Civil Engineering. 

https://doi.org/10.1080/19648189.2020.1775708 
Mahmoudi, Y., Cherif Taiba, A., Hazout, L., and Belkhatir, M. 

(2021). “Friction and maximum dilatancy angles of gran-
ular soils incorporating low plastic fines and depositional 
techniques effects.” European Journal of Environmental 
and Civil Engineering.  
https://doi.org/10.1080/19648189.2021.1999334 

Mahmoudi, Y., Cherif Taiba, A., Hazout, L., and Belkhatir, M. 
(2022). “Comprehensive laboratory study on stress–strain 
of granular soils at constant global void ratio: Combined 
effects of fabrics and silt content.” Arabian Journal of Ge-
osciences, 17, 3269-3292.  
https://doi.org/10.1007/s11440-022-01480-1 

Meyerhof, G.G. (1970). “Safety factors in soil mechanics.” Ca-
nadian Geotechnical Journal, 7(4), 349-355.  
https://doi.org/10.1139/t70-047 

Mogili, S., Mohammed, A.G., Mudavath, H., and Gonavaram, 
K.K. (2020). “Mechanical strength characteristics of fiber-
reinforced pond ash for pavement application.” Innovative 
Infrastructure Solutions, 5(70).  
https://doi.org/10.1007/s41062-020-00313-y  

Monkul, M.M. and Yamamuro, J.A. (2011). “Influence of silt 
size and content on liquefaction behavior of sands.” 
Canadian Geotechnical Journal, 48, 931-942.  
https://doi.org/10.1139/t11-001 

Nawagamuwa, N. Wijesooriya (2018). “Use of fly ash to im-
prove soil properties of drinking water treatement sludge.” 
International Journal of Geoengineering, 9(3), 1-8.  
https://doi.org/10.1186/s40703-018-0071-5 

NF P94-071-1 (1994). Reconnaissance Et Essais⎯Essai De 
Cisaillement Rectiligne à la boîte - Partie 1: Cisaillement 
Direct. AFNOR edition. 

Phanikumar, B.R. and Nagaraju, T.V. (2018). “Effect of fly ash 
and rice husk ash on index and engineering properties of 
expansive clay.” Geotechnical and Geological Engineer-
ing. https://doi.org/10.1007/s10706-018-0544-5 

Saeid, A., Amin, C., and Hamid, N. (2012). “Laboratory inves-
tigation on the compaction properties of lime and fly ash 
composite.” International Conference on Civil and Archi-
tectural Applications (ICCAA’2012), Thailand, 79-83 

Sadrekarimi, A. and Olson, S.M. (2012). “Effect of sample-
preparation method on critical-state behavior of sands.” 
Geotechnical Testing Journal, 35(4), 1-15.  
https://doi.org/10.1520/GTJ104317 

Simatupang, M., Mangalla, L.K., Edwin, R.S., Putra, A.A., 
Azikin, M.T., Aswad, N.H., and Mustika, W. (2020). “The 
mechanical properties of fly-ash-stabilized sands.” Geo-
sciences, 10(4), 132. https://doi.org/10.3390/geosci-
ences10040132 

Sze, H.Y., A.M,  F, and Yang, J. (2014). “Failure modes of 
sand in undrained cyclic loading: Impact of sample prep-
aration.” Journal of Geotechnical and Geoenvironmental, 
140, 152-169.  
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000971 

Wang, J.-J., Zhang, H.-P., Tang, S.-C., and Liang, Y. (2013). 
“Effects of particle size distribution on shear strength of 
accumulation soil.” Journal of Geotechnical and Geoen-
vironmental, ASCE, 139(11), 1994-1997.  
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000931 

Wang, Y., Shao, S., and Wang, Z. (2019). “Effect of particle 
breakage and shape on the mechanical behaviors of 



58  Journal of GeoEngineering, Vol. 18, No. 2, June 2023 

granular materials.” Advances in Civil Engineering. 
https://doi.org/10.1155/2019/7248427 

Xiao, Y., Long, L., Matthew Evans, T., Zhou, H., Liu, H., and 
Stuedlein, A.W. (2019). “Effect of particle shape on 

stress-dilatancy responses of medium-dense sands.” Jour-
nal of Geotechnical and Geoenvironmental Engineering, 
ASCE, 145(2), 04018105. 
https://doi.org/10.1061/(ASCE)GT.19435606.0001994 

 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName <FEFF005B9AD889E367905EA6005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


