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Abstract The strength characteristics of the sand and gravel are influenced by the 
size of the grains, their distribution and packaging. The theoretical approach states 
that the sand angle of internal friction decreases if the uniformity coefficient increases. 
There are insufficient data for gravel correlation between the uniformity coefficient 
and the angle of internal friction. Consolidated drained triaxial compression tests 
(CD) were conducted to determine the strength parameters of remolded sand and 
gravel samples. These samples were classified as sands and gravels. The optimal 
water content and density were determined by standard Proctor compaction test 
and used for these samples. Consolidated drained triaxial compression test gives 
more reliable data that idealize the soil behavior in the real situation. Three different 
confining pressures of 20, 50 and 70 kPa were applied to restore horizontal stresses 
for the soil specimens imitating embankment behavior affected with traffic load. The 
results indicate that the sand angle of internal friction decreases if the uniformity 
coefficient is increased. The gravel angle of internal friction does not correlate with 
the uniformity coefficient. 

Keywords Angle of internal friction · Particle size · Uniformity coefficient ·
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1 Introduction 

Due to their strength, compressibility and permeability properties, cohesionless soils 
are widely used for the installation of road structures [14]. Shear strength param-
eters are very important for the design of a safe and economical road structure. It 
was observed that the shear strength parameters are affected by the relative density, 
gradation, particle strength, size, shape, and degree of saturation of the specimen
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University, Saulėtekio al. 11, LT-0223 Vilnius, Lithuania 
e-mail: mindaugas.zakarka@vilniustech.lt 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
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[19, 20]. Particle size has been identified as an important factor in shear strength, 
and its effects have been studied for the last few decades [2, 14, 15]. 

The angle of internal friction is specifically emphasized as the most important 
parameter of sandy soils. The shear strength can be determined using Mohr’s circle 
failure criterion [4]. A soil’s angle of internal friction describes the shear resistance 
of a soil with presence of normal effective stress at which shear failure occurs [13]. 
Different methods were used to determine the relation of particles size with angle 
of internal friction: direct shear test [1, 7], triaxial test [8], 2D and 3D discrete 
element method analysis [6]. Sufficiently contradictory conclusions were obtained. 
At low sandy soil densities, the angle of internal friction decreases with increasing 
effective diameter (d10) [5]. Sandy soils have a direct relationship between the angle of 
friction and the coefficient of uniformity [14]. The grain size distribution can greatly 
affect shear strength characteristics in sandy soils [17]. Although the investigations 
concluded that there is a relationship between size of the particles and angle of 
internal friction, the further investigations are needed. 

Consolidated drained triaxial compression tests were applied to restore hori-
zontal stresses for the soil specimens, imitating embankment behavior affected with 
traffic load. This research is oriented to road constructions, therefore three different 
confining pressures of 20, 50 and 70 kPa were applied [21]. For this study, three 
sand and three gravel types were analysed, differing from each other in terms of both 
the mean grain size and uniformity. The objective of this study is to assess granular 
materials relationship between the size of particle and the angle of internal friction. 

2 Sample Preparation and Testing 

For this investigation, three different types of sandy and gravelly soils were selected 
from different locations in Lithuania. A detailed laboratory investigation was carried 
out to determine the physical properties of the soil samples. Determination of parti-
cles size distribution was conducted according to LST EN ISO 17892-4:2017, Proctor 
compaction was conducted according to LST EN 13,286-2:2015. The physical prop-
erties of the soils are presented in Table 1, particle size distribution is presented in 
Fig. 1. Samples symbols given in Table 1 correspond LST 1331:2015.

Soil specimens for triaxial test apparatus were remolded with water content deter-
mined by standard Proctor compaction test. To each different soil, three sets of 
cylinder samples were prepared, the diameter of which 10.0 cm, height–20.0 cm. 
The tests were chosen to run under unsaturated conditions. Samples were prepared 
at Proctor water content without additional saturation. Three different cell pressures 
were used for consolidation: 20, 50, 70 kPa. The water can drain during the test. 
All of these conditions were selected according to LST EN ISO 17892-9:2017. All 
samples were consolidated for 30 min. The vertical strain velocity 0.950 %/min was 
accepted, based on consolidation time according to LST EN ISO 17892-9:2017. The 
tests were conducted by deforming the specimen until 15% of the vertical deforma-
tion. This research is oriented to road constructions, therefore the experiments used
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Table 1 Physical properties of the soils 

Sample no. Sample 
symbol 

Soil type Water content 
determined by standard 
proctor compaction test 
w, %  

Density of specimen 
determined by standard 
proctor compaction test 
ρ, g/cm3 

1 GrP Poorly grated gravel 3.0 1.90 

2 GrP Poorly grated gravel 3.5 1.83 

3 GrM Medium grated gravel 7.5 2.08 

4 SaP Poorly grated sand 14.3 1.65 

5 SaP Poorly grated sand 8.0 1.75 

6 SaM Medium grated sand 8.8 1.98 
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Fig. 1 Particle size distribution curves

the following cell pressures: σ3 = 20, 50, 70 kPa. The Mohr–Coulomb criterion τ = 
σ´ tanφ´ + c  ́ was applied for results interpretation [3]. 

3 Results 

Triaxial compression test results of different soil samples are presented in Table 2. 
The samples failure shape presented in Fig. 2. For samples Nos. 1–2, it is impossible 
to take photographs after the test without a membrane because the soils are too 
sensitive and collapse immediately. To make the results comparable, gravels (Nos. 
1–3) and sands (Nos. 4–6) were separated.

As observed from test results, sands angle of internal friction ranges from 41.92° 
to 43.93°. The angle of internal friction of the sandy soil increases as the coefficient 
of uniformity of the samples decreases (Fig. 3). The same dependency was obtained
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Table 2 Physical and mechanical properties of the soils 

Sample no. Sample 
symbol 

d10 d30 d50 d60 CU CC ϕ’, 
° 

c’, 
kPa 

1 GrP 1.95 3.62 6.13 7.94 4.08 0.85 44.95 10.7 

2 GrP 1.54 2.64 4.31 5.37 3.48 0.84 43.16 3.1 

3 GrM 0.17 0.51 1.23 2.10 12.35 0.73 42.35 14.5 

4 SaP 0.09 0.15 0.19 0.21 2.25 1.08 43.93 0 

5 SaP 0.14 0.21 0.28 0.35 2.45 0.85 43.88 0 

6 SaM 0.23 0.44 1.05 1.86 8.17 0.46 41.92 0 

Fig. 2 The shape of failure from the left: sample No. 1; sample No. 2; sample No. 3; sample No. 
4; sample No. 5; sample No. 6

with the average particles size d50, which is the opposite of what is found in the 
literature [16, 18].

Gravels’ angle of internal friction varies from 42.35° to 44.95°. Figure 4 shows that 
angle of internal friction increased with the increasing average size of the particles d50.
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Fig. 3 The relationship 
between the coefficient of 
uniformity and the angle of 
internal friction for sands
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Fig. 4 The relationship 
between the average size of 
particles and the angle of 
internal friction for gravels 
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For investigated gravels there is no relationship between friction angle and coefficient 
of uniformity. 

Correlation that can be established between coefficient of uniformity and angle of 
internal friction in sandy soils is graphically presented in Fig. 3. Another correlation 
established between average particle size d50 and angle of internal friction in gravelly 
soils is graphically presented in Fig. 4. 

4 Conclusion 

Since all the specimens were tested under the same experimental conditions (optimal 
water content, cell pressure, etc.), grain size distribution was the only physical param-
eter varying from one test to another. After the tests and analysis of tests results such 
conclusions can be made: 

1. Increasing the coefficient of uniformity in sandy soil decreases the angle of 
internal friction; 

2. Increasing the average particles size d50 in gravelly soil increases the angle of 
internal friction;
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3. There is no direct relationship between the size of particles d50 and the angle of 
internal friction in investigated sandy soils; 

4. There is no direct relationship between the coefficient of uniformity and the angle 
of internal friction in investigated gravelly soils. 

The relationship between the particle size distribution and the angle of internal 
friction for granular materials is still debatable. 
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