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Abstract. In most construction works, crushed rock aggregates with angular
shape are used as subgrade materials. However, naturally available rounded
granular aggregates could be utilized in design of subgrade layers as an
alternative material for economic and environmental reasons. Therefore, a
comparative study on the road pavement subgrade using aggregates of two
different shapes (angular and rounded) of the same size (10-19 mm) has
been conducted in this paper. The California Bearing Ratio and unconfined
compressive strength tests were carried out on the mixtures of clay and
different contents (0%, 5%, 10%, 15%, and 20% by dry weight) of both
aggregates in order to evaluate the influence of the shape of these aggregates
on the testing results. It was found that the mixtures with the rounded gravels
showed a greater maximum dry density, unconfined compressive strength and
CBR value, as well as lower optimum water content value, than those with the
angular gravels.
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Introduction

Aggregates used in the road pavement subgrade in both flexible
and rigid pavements are usually obtained from rock formations in the
open quarries. These rock fragments are typically shaped to the sizes
required for pavements by mechanical crushing. Traditional high-quality
crushed aggregates used for road pavement subgrades are becoming
increasingly scarce and expensive in many countries as rock quarries
are either being lost to alternative land uses or restrained from mining
due to public conservation. Therefore, the pavement engineers have
worked on providing road infrastructures with maximally cost-effective
and environmentally friendly solutions by increasing the use of locally
and naturally available rounded aggregates, which under appropriate
circumstances could find their optimal use in road constructions
without compromising their performance. Design of road pavement
subgrades using alternative materials still remains one of the most
considerable challenges in geotechnical engineering, in particular
because of the economic and environmental concerns. For example,
locally available river gravels as a versatile alternative can be obtained
cheaply without the need to subject them to any physical treatment;
their use does not have a significant impact on the environment.
However, such aggregates have not been used in construction of road
pavement subgrades in Turkey, although they are used in construction
of truck arrester beds across the country. Actually, the main difference
between the crushed rock and river gravel size aggregates is that the
crushed rock broken down by machines typically has a more angular
shape. In contrast, naturally available gravels are produced by the
natural process of erosion, which determines their more rounded
shape. The fact is that the shape of such gravels has a significant
effect on various engineering properties of the soil matrix including
strength (Yagiz, 2001), density (Mirghasemi et al., 2002), liquefaction
(Toyota and Takada, 2019), and compressibility (Nocilla et al., 2019).
For example, Monkul et al. (2017) studied the physical characteristics
including the effects of aggregate shape of the silt grain matrix within
sand on the static liquefaction of sand-silt mixtures. They found that
the shape of grains in certain cases had more influence on the behavior
of the mixture than the size of grains. Shen et al. (2018) systematically
studied the effect of gradation on the compressibility characteristics of
a calcareous sand, they analyzed the testing results from a mesoscopic
point of view. The amount of coarse grains was found to have the
greatest effect on the compressibility of the specimens tested mainly
due to the high angularity of coarse fractions. Siahaan et al. (2018)
presented a laboratory investigation on the response of a stone column
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placed in clay with a particular emphasis on the effects of grain shape
and gradation. They discovered that the presence of angular grains in
the stone column increased its bearing capacity, while addition of sub-
rounded grains resulted in a relatively narrow bulging zone. Cabalar et
al. (2021) analyzed the influence of the size and shape characteristics
of sand grains on both shear wave velocity (Vs) and maximum shear
modulus (Gnyax) of sand-clay mixtures. The testing results have
demonstrated that the mixtures with rounded sand grains exhibited
a much higher Vs and G.x values than the mixtures prepared with
angular sand grains. The studies on the influence of grain shape on the
overall response of a soil matrix have been carried out for a long time
(Terzaghi, 1925). In the studies by Muszynski and Vitton (2012), typical
analysis of grain shape was conducted mainly using two independent
properties - (i) Roundness (R), a scale indicating how much the
corners and edges of a grain are rounded, and (ii) Sphericity (S), a scale
indicating whether a grain approaches the spherical shape.

Although many researchers have studied the influence of grain shape
on various engineering properties of road pavements, little attention
has been paid to filling the gap in understanding of the effect of grain
shape characteristics on the testing results. Therefore, a systematic
investigation of the experimental studies employed in different forms in
the design of road pavements is presented in this paper. The study aims
to comprehensively analyze the amount of aggregates in the specimens
prepared using gravel size aggregates and clay mixtures as well as the
impact of the grain shape of the aggregates on the properties of the
mixture. Accordingly, the study presents the testing results of CBR, UCS,
compaction, and 1-D consolidation of two differently shaped (angular,
rounded) gravel-size aggregates mixed with water and clay at different
contents ranging from 0% to 20% (by dry weight) of aggregates in
the specimens. It is expected that the analysis of the testing results
regarding the shape of individual gravel grains, the amount of aggregate,
and water content can be used as an input in further research.

1. Experimental study

11. Materials

Rounded Narli Gravel (NG), angular Crushed Rock Gravel (CG), clay
with silt (ML), and distilled water were used to prepare the specimens
tested during the laboratory tests. Naturally available NG samples
were obtained from the Aksu River in Narli/Kahramanmaras Region



in southern central Turkey. Commercially available CG samples were
produced by crushing the rocks quarried in the same area into angular
gravel size pieces. Figure 1 shows the differences in the shapes of NS
and CG grains. Specific gravity (Gs) values of the grains were found to be
2.65 for NS and 2.68 for CG. The size of the aggregates was artificially
selected in the range of from 10 mm to 19 mm to eliminate the effect
of the size of the aggregates on the testing results and to maintain
uniformity during the tests (Figure 2). The grain shapes of NG and CG
were found to be rounded and angular, respectively. Roundness (R) for
the CSS and NS grains was estimated at 0.16 and 0.43, and Sphericity
(S) was estimated at 0.55 for CSS and 0.67 for NS grains by adopting the
study by Muszynski & Vitton (2012). Eventually, the NG and CG grains
have been considered as sub-rounded and very angular, respectively
(Powers, 1953).
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Figure 1. Images of NG (a), CG (b), and SEM of clay (c) used during
the laboratory studies
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Figure 2. Grain size distribution for the clay and gravels used during
the laboratory studies

The clay samples utilized in the study were obtained from the
University of Gaziantep. The grains of clay have a Gs of 2.7. The
Atterberg'’s limits were found to be 27 and 36 for PL and LL, respectively
(ASTM D4318, 2010). Figure 2 shows the particle size distribution
of the clay samples. Thus, according to the unified soil classification
system (USCS), the soil has been classified as ML (clay with silt), and
according to the system of American Association of State Highway and
Transportation Officials (AASHTO), the soil classified as A-4(6) and
its general rating of subgrade is (fair to poor). Two different types of
materials were used as additive, which are naturally available rounded
gravel size aggregates (NG) and crushed rock angular gravel size
aggregates (CG). The NG and CG samples with diameter less than 19 mm
and greater than 10 mm were synthetically selected to produce uniform
specimens.

1.2. Testing apparatus and specimen preparation

The CBR testing machine was used for evaluation of the load-
bearing capacity of gravel-clay mixtures. Thickness of the pavement
required has a traditional loading frame with capacity 28 kN and a dial
gauge with 0.01 mm sensitivity. About 5 kg of specimens with various



percentage (0%, 5%, 10%, 15%, and 20%) of aggregates was mixed with
the optimum water content, then compacted into five layers by giving
56 blows using a 4.89 kg weight hammer (ASTM D1883, 2011). The
specimens were soaked in water for 96 h prior to penetration testing.
The UCS tests were also conducted on the gravel-clay mixtures prepared
at the optimum moisture content by means of a machine with 4.5 kN
proving ring, and 0.01 mm sensitivity dial gauge. The UCS tests were
carried out using a specifically designed equipment described by Cabalar
et al. (2014). The specimens were compacted into molds by means of a
custom designed hammer. The required amount of compaction energy
applied using the hammer was determined by calibrating dry unit
weights and adjusting the number of blows by both the conventionally
modified hammer and the specially designed hammer (ASTM D1557,
2009). 1-D oedometer tests were carried out in order to define the
consolidation characteristics of the mixtures at the optimum moisture
content placed in the mold with the diameter of 50 mm and height of
20 mm. The tests were conducted according to (ASTM D2435, 2011).

2. Results and discussion

A wide range of laboratory tests including compaction, CBR, UCS,
and oedometer tests was undertaken to fully characterize the behavior
of clay with different shapes of gravel size aggregates at the ratios of
0%, 5%, 10%, 15%, and 20% by dry weight. The summary of these
experimental results is presented in Table 1. The data show that the type
and quantity of the aggregates have a significant effect on all testing
results concerning different aspects of construction behavior. Figure 3
provides detailed information on the compaction tests performed on
both clay-NG and clay-CG specimens. It is observed that the maximum
dry unit weight (ygmax) Vvalues increase whilst the optimum water
content (wWop) values decrease irrespective of the type of gravel
employed in the mixtures. For instance, 17.6 kN/m>of ygmax value for the
clean clay increased to 18.1 kN/m® with addition of 5% NG, to 18.45 kN/
m® with addition of 10% NG, to 19.05 kN/m*with addition of 15% NG, and
to 19.15 kN/m3 with addition of 20% NG to clay, while, the w,, value of
clean clay (18.1%) decreased to 16.0%, 14.9%, 14.2%, and 13.8% with
the addition of 5%, 10%, 15% and 20% of NG, respectively. Figure 4
correlates Ygmax and w,pc values for different gravel types and contents
in the clay. According to the papers (Naeini and Baziar, 2004; Monkul
and Ozden, 2007; Cabalar and Hasan, (2013); Cabalar and Mustafa,
2017), this behavior is likely to be explained by a lower water absorption
capacity and higher maximum dry density of clean gravel samples in the
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mixtures tested in the compaction mold. It has also been recognized that
the response of the mixtures is significantly affected by the shape of the
gravel grains. Specimens with the NG samples were found more sensitive
to water changes than those with CG samples, possibly due to the lower
amount of clay grains available in the mixtures. The increase in grain
shape irregularities leads to increase in voids in a soil matrix (Cho et al,,
2006), which results in a lower amount of clay available in the tighter
packed specimens with NG samples. These findings allow recognizing
the effect of the grain shape on the mixtures.

Specimen CBR, %  Yarymaxs KN/m®  wopt, % SP,%  qu kN/m?

Clean clay 7.2 17.6 18.1 1.1 256
Clay + 5% NG 79 18.1 16 1.45 282
Clay + 10% NG 8.3 18.45 14.9 1.32 327
Clay + 15% NG 9.03 19.05 14.2 0.65 432
Clay + 20% NG 9.6 1915 13.8 0.5 403
Clay + 5% CG 7.3 17.77 16.4 1.5 326
Clay + 10% CG 7.4 17.92 15.4 1.4 406
Clay + 15% CG 8.4 18.58 14.5 0.9 L4 4
Clay + 20% CG 9.3 18.68 14.2 0.6 416

CBR - California Bearing Ratio, Ydrymax — maximum dry unit weight,
Wopt — Optimum water content, SP - swelling percentage,
UCS - unconfined compressive strength, NG - natural rounded gravel,
CG - crushed rock angular gravel.

Figure 5 presents the stress-strain relationships for the various
mixtures of clay-NG and clay-CG compacted at w,,, using an unconfined
compressive strength (UCS) testing apparatus. Both shape of the gravel
grains and amount of the gravels were observed to have a significant
effect on the response of clay-gravel mixtures. It was observed that
the maximum unconfined compressive strength (q,) values increased
with additions of the gravel up to 15% content, then decreased with
addition of 20% content (Figure 6). Thus, the maximum g, value of
clean clay was 256 kPa, then it increased to 326 kPa by adding 5% CG,
to 406 kPa by addition of 10% CG, and to 444 kPa by addition of 15%
CG. However, it may be noticed that the maximum g, value of clay
with 20% CG decreased to 416 kPa. Actually, such behavior could be
explained by the floating/non-floating concept of grains in the void of
the soil matrices (Thevanayagam and Mohan, 2000). Initially, gravel
grains were thought to be sufficiently away from each other, floating
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in the clay matrix, which governed the overall behavior of the mixture.
However, the establishment of direct contacts between gravel size
grains was initiated with further additions of either CG or NG, and the
behavior of the mixture started to be mainly governed by these gravel
size aggregates. The gravel content, at which the intergranular void ratio
of the clay-CG/NG specimens (eg) is equivalent to the maximum void ratio
of the gravel aggregates (en.x), is described as ,transition gravel content
(GCt)". The GCt values for both mixtures were found to be around 15%,
since the soil matrix behaves in a certain way if the gravel content (GC)
is less than 15% and in a different way if it increases above 15% of the
gravel content in the mixture. The GCt apparently depends on e,y of
gravel grains, which mainly changes with the shape of these grains.
Eventually, the clay with CG samples seems to have higher g, values than
the clay with NG samples for all mix ratios, because more clay grains are
available in a greater amount of void space between CG grains. Actually,
numerous researchers have referred to the plasticity of fines, as well
as grain size and shape of host materials in such mixtures in order to
establish the ideal packing of coarse-fine grain mixtures (Simoni and
Houlsby, 2006; Kyambadde and Stone, 2012). Furthermore, addition of
gravel, particularly of CG grains, affected the energy absorption capacity
positively in most cases. As shown in Figure 7, the effect of CG addition
was found to be more pronounced for the specimens prepared with
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Figure 4. yymax and we,e values for clay containing different gravel types
and contents
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the same amount of gravel samples. To make a distinction between the
effects from gravel additions on the behavior of clay-gravel mixtures,
the authors refer to the shape characteristics rather than the grain size
and mineralogical properties of the gravels, since both gravel samples
come from the same parent rock and were artificially selected to be in
the range between 10 mm and 19 mm in diameter. Hence, the reason for
lower energy absorption capacity values of the clay-NG specimens seem
to be fewer clay grains in relatively smaller void spaces between the NG
grains, which packed tighter than the CG grains under the same stress
levels.

The values of California Bearing Ratio (CBR) versus water content
for the specimens are given in Figure 8. Today, it is widely known that
the CBR values may change with certain parameters including Yqmax
Wopt, Atterberg’s limit, and permeability (Cabalar and Mustafa, 2017).
The present study has recorded a significant increase in the CBR values
with the addition of gravel samples. The maximum CBR value of the
pure clay samples was 7.2%, although the CBR values reached 7.90%,
8.30%, 9.03% and 9.60% with the addition of 5%, 10%, 15% and 20%
NG samples to the clay. Contrary to the UCS testing results, Figure 9
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Figure 6. Change in g, for the clay with NG and CG
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shows continuously increasing values within the mix ratios employed

during the experimental studies, as well as higher resistance to
plunger penetration (strength) in the clay-NG specimens. This might be
because of the differences between the UCS and CBR testing approaches
(ASTM D2166, 2000; ASTM D1883, 2011). The authors consider that
the presence of large amount of clay in the void space of CG samples,
which should be expected to be greater than the amount of voids in the
specimens with NG samples due to gravels‘ shape characteristics (Yagiz,
2001; Cho et al., 2006), was the main factor resulting in higher q, values
in the specimens with CG samples. On the other hand, quasi confining
pressure applied by the CBR mold, which confines the specimens, was
considered to have a significant effect on the results. The specimens
with NG samples are expected to have less void space than those with
CG samples, and this leads to a closer packing of grains in the specimens
with the application of the normal load on top of the specimens in the
mold. It has resulted in a higher CBR performance of the specimens
with the NG samples compared to the specimens with the CG samples.
For example, the difference between the CBR value of the specimen
with 20% NG, which is about 9.03%, and the CBR value of the specimen
with 20% CG, which is about 8.4%, clearly indicates a better CBR
performance of the specimens with addition of NG because of the shape
characteristics of the grains.
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Void ratio was found to be the main factor affecting the overall
response of the specimens. The influence of grain shape and the content
of the gravel size aggregates on the initial void ratio (eg) can be clearly
seen in Figure 10, which was obtained by 1-D oedometer tests. The ¢g
values of the specimens decreased gradually from about 0.53 to 0.48,
and to 0.45 with addition of 15% CG and NG samples, respectively.
Interestingly, no significant change in e, values was evident in the
testing results, likely because of the presence of gravels more than GCt
value (15%) in the mixtures, at which the gravels contact each other,
govern the overall response of the mixtures, and do not swell during
testing. It is also seen that the position of the data points for CG samples
in the plot area represents high values of void ratio and the presence of
high amount of clay, which causes a greater compression index (c.) and
swelling index (cs) in all specimens tested within the range of various
gravel contents up to 20% (Figs. 11-12). These findings appear to be
in line with numerous studies (Yagiz, 2001; Cho et al.,, 2006; Yun and
Santamarina, 2008).

As a result of intensive series of testing, it was experimentally
observed that mixtures with rounded gravels showed a greater
maximum dry density, unconfined compressive strength and CBR
value, and lower optimum water content value than those with angular

12
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Figure 9. Variation of CBR for the clay with NG and CG
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gravels. Considering these facts, the study revealed a novel outcome
that rounded gravels in clay showed a better response than the angular
gravels. These results are believed to have the potential to relatively
decrease the environmental effects associated with the economic
activities and direct or indirect effects of open mining activities of the
quarry enterprises, which extract angular shaped aggregates used
in road pavement constructions. Some of the worst environmental
effects associated with economic activity may include (i) changes in the
hydrology of waterways, (ii) resettlement of families, (iii) encroachment
into forests and swamplands, (iv) encroachment on historical or cultural
monuments, buildings, transport links, and (v) flooding and drainage
hazards (Monjezi et al., 2009).

Conclusions

Nowadays, utilization of natural resources is closely related with
both sustainable economic growth and mitigation of possible effects on
the environment. Currently, natural gravel size aggregates have limited
direct use in constructing road pavement subgrade. For this reason, the
present study aimed to propose the use of locally available gravel size
natural aggregates (NG) for road pavement design as an alternative
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material to commercially available gravel size crushed aggregates (CG).
Accordingly, an intensive series of laboratory tests including compaction,
unconfined compressive strength (UCS), California Bearing Ratio (CBR),
and 1-D consolidation have been carried out on the mixtures of low
plasticity clay (CL) with NG or CG at various ratios (0%, 5%, 10%, 15%
and 20% by dry weight) in order to analyze the response of gravel size
aggregates in road pavement design. The tests reported in this study
present four new facets of behavior of the studied materials:

1. Adding gravel size aggregates to clay has resulted in a significant
increase in ygmax and decrease in wy, of the mixtures prepared at
various mix ratios. The clay with rounded gravel samples (NG) has
a greater Ygmax and a lower w,,; than the clay with angular gravel
samples (CG) for all mixtures.

2. Addition of gravel size aggregates, regardless of the type of grains,
has increased g, values up to 15%, and then decreased them.
Based on the floating/non-floating concept of grains in the voids,
15% gravel content was described as ,transition gravel content
(GCt). Adding of gravel samples was found to affect the energy
absorption capacity positively in most mixtures.

3. CBR values of the specimens increased substantially along with
addition of gravel size aggregates. Specimens with NG samples
demonstrated a better CBR performance than the specimens with
the CG samples due to high strength of gravel grains and quasi
confining pressure applied by the CBR mold.

4. Consolidation testing results have indicated substantial decrease
in eg, c., and cg values for all mixtures apart from e, values at 20%
gravel content, which is greater than GCt. The gravel grains were
in contact with each other in these mixtures. On the other hand,
change in c. and ¢, values at 20% gravel content was probably due
to crushing of the grains under high loads.

This suggests that behavior of clay with gravel size aggregate
mixtures depends on the grain shape and content of the gravels with
same mineralogy and size. Evaluation of the transitional gravel content,
which is the boundary between fine-domination and coarse-domination
of a mixture, is required to analyze the overall response of such
composite materials made of clay and gravel size aggregates.

REFERENCES

ASTM D1557. (2009). Standard test methods for laboratory compaction
characteristics of soil using modified effort. American Society for Testing and
Materials International, West Conshohocken.



ASTM D1883. (2011). Standard test method for California bearing ratio of
laboratory compacted soils. American Society for Testing and Materials
International, West Conshohocken.

ASTM D2166. (2000). Standard test method for unconfined compressive strength
of cohesive soils. American Society for Testing and Materials International,
West Conshohocken.

ASTM D2435. (2011). Standard test methods for One-Dimensional Consolidation
properties of soils using incremental loading. American Society for Testing
and Materials International, West Conshohocken.

ASTM D4318. (2010). Standard test methods for liquid limit, plastic limit,
and plasticity index of soils. American Society for Testing and Materials
International, West Conshohocken.

Cabalar, A. F,, & Hasan, R. A. (2013). Compressional behaviour of various size/
shape sand-clay mixtures with different pore fluids. Engineering Geology,
164, 36-49. https://doi.org/10.1016/j.enggeo.2013.06.011

Cabalar, A. F,, Karabash, Z., & Mustafa, W. S. (2014). Stabilising a clay using tyre
buffings and lime. Road Materials and Pavement Design, 15(4), 872-891.
https://doi.org/10.1080/14680629.2014.939697

Cabalar, A. F., & Mustafa, W. S. (2017). Behaviour of sand-clay mixtures for road
pavement subgrade. International Journal of Pavement Engineering, 18(8),
714-726. https://doi.org/10.1080/10298436.2015.1121782

Cabalar, A. F,, Demir, S., & Khalaf, M. M. (2021). Liquefaction resistance of
different size/shape sand-clay mixtures using a pair of bender element-
mounted molds. Journal of Testing and Evaluation, 49(1), 509-524.
https://doi.org/10.1520/JTE20180677

Cho, G. C., Dodds, J., & Santamarina, J. C. (2006). Particle shape effects on packing
density, stiffness, and strength: natural and crushed sands. Journal of
Geotechnical and Geoenvironmental Engineering, 132(5), 591-602.
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:5(591)

Kyambadde, B. S., & Stone, K. (2012). Index and strength properties of clay gravel
mixtures. Proceedings of the Institution of Civil Engineers - Geotechnical
Engineering, 165(1), 13-21. https://doi.org/10.1680/geng.2012.165.1.13

Li, Y. (2013). Effects of particle shape and size distribution on the shear
strength behavior of composite soils. Bulletin of Engineering Geology and the
Environment, 72, 371-381. https://doi.org/10.1007/s10064-013-0482-7

Mirghasemi, A. A., Rothenburg, L., & Matyas, E. L. (2002). Influence of particle
shape on engineering properties of assemblies of two-dimensional
polygon-shaped particles. Geotechnique, 52(3), 209-217.
https://doi.org/10.1680/geot.2002.52.3.209

Monkul, M. M., & Ozden, G. (2007). Compressional behavior of clayey sand and
transition fines content. Engineering Geology, 89(3-4), 195-205.
https://doi.org/10.1016/j.engge0.2006.10.001

Monkul, M. M., Etminan, E., & Senol, A. (2017). Coupled influence of content,
gradation and shape characteristics of silts on static liquefaction of loose
silty sands. Soil Dynamics and Earthquake Engineering, 101, 12-26.
https://doi.org/10.1016/j.s0ildyn.2017.06.023

Ali Firat CABALAR,
Sarwar Omer HAMA,
Suleyman DEMIR

Behaviour of A Clay
and Gravel Mixture

115


https://doi.org/10.1016/j.enggeo.2013.06.011
https://doi.org/10.1080/14680629.2014.939697
https://doi.org/10.1080/10298436.2015.1121782
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:5(591)
https://doi.org/10.1680/geng.2012.165.1.13
https://doi.org/10.1007/s10064-013-0482-7
https://doi.org/10.1680/geot.2002.52.3.209
https://doi.org/10.1016/j.enggeo.2006.10.001
https://doi.org/10.1016/j.soildyn.2017.06.023

THE BALTIC JOURNAL
OF ROAD

AND BRIDGE
ENGINEERING

2022/17(1)

116

Monjezi, M., Shahriar, K., Dehghani, H., & Namin F.S. (2009). Environmental
impact assessment of open pit mining in Iran. Environmental Geology, 58,
205-216. https://doi.org/10.1007/s00254-008-1509-4

Muszynski, M. R., & Vitton, S. ]J. (2012). Particle shape estimates of uniform
sands: visual and automated methods comparison. Journal of Materials in
Civil Engineering, 24(2), 194-206.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000351

Naeini, S. A., & Baziar, M. H. (2004). Effect of fines content on steady-state
strength of mixed and layered samples of a sand. Soil Dynamics and
Earthquake Engineering, 24(3), 181-187.
https://doi.org/10.1016/j.s0ildyn.2003.11.003

Nocilla, A., & Zimbardo, M., Coop, M. R. (2019). Role of particle characteristics in
the compression behaviour of gap-graded sands. Soils and Foundations, 59(3),
783-788. https://doi.org/10.1016/j.sandf.2019.02.007

Powers, M. C. (1953). A new roundness scale for sedimentary particles. SEPM
Journal of Sedimentary Research, 23(2), 117-119.
https://doi.org/10.1306/D4269567-2B26-11D7-8648000102C1865D

Santamarina, J. C., & Cho, G. C. (2004). Soil behaviour: the role of grain shape.
In RJ. Jardine, D.M. Potts, & K.G. Higgins (Eds.), Advances in Geotechnical
Engineering: The Skempton Conference (604-617). Thomas Telford, London, UK.

Shen, Y., Zhu, Y., Liu, H., Li, A., & Ge, H. (2018). Macro-meso effects of gradation
and grain morphology on the compressibility characteristics of calcareous
sand. Bulletin of Engineering Geology and the Environment, 77(3), 1047-1055.
https://doi.org/10.1007/s10064-017-1157-6

Siahaan, F., Indraratna, B., Ngo, N., Rujikiatkamjorn, C., & Heitor, A. (2018).
Influence of grain gradation and shape on the performance of stone columns
in soft clay. Geotechnical Testing Journal, 41(6), Article 20160234. https://
www.researchgate.net/publication/326129694_Influence_of_Particle_
Gradation_and_Shape_on_the_Performance_of_Stone_Columns_in_Soft_Clay

Simoni, A., & Houlsby, G. T. (2006). The direct shear strength and dilatancy of
sand-gravel mixtures. Geotechnical & Geological Engineering, 24(3), Article
523. https://doi.org/10.1007/s10706-004-5832-6

Thevanayagam, S., & Mohan, S. (2000). Intergranular state variables and stress-
strain behaviour of silty sands. Geotechnique, 50(1), 1-23.
https://doi.org/10.1680/geot.2000.50.1.1

Toyota, H., & Takada, S. (2019). Effects of gravel content on liquefaction
resistance and its assessment considering deformation characteristics in
gravel-mixed sand. Canadian Geotechnical Journal, 56(12).
https://doi.org/10.1139/cgj-2018-0575

Terzaghi, K. (1925). Erdbaumechanik auf bodenphysikalischer Grundlage. Franz
Deuticke.

Yagiz, S. (2001). Brief note on the influence of shape and percentage of gravel
on the shear strength of sand and gravel mixtures. Bulletin of Engineering
Geology and the Environment, 60(4), 321-323.
https://doi.org/10.1007/s100640100122

Yun, T. S., & Santamarina, J. C. (2008). Fundamental study of thermal conduction
in dry soils. Granular Matter, 10(3), Article 197.
https://doi.org/10.1007/s10035-007-0051-5


https://doi.org/10.1007/s00254-008-1509-4
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000351
https://doi.org/10.1016/j.soildyn.2003.11.003
https://doi.org/10.1016/j.sandf.2019.02.007
https://doi.org/10.1306/D4269567-2B26-11D7-8648000102C1865D
https://doi.org/10.1007/s10064-017-1157-6
https://doi.org/10.1007/s10706-004-5832-6
https://doi.org/10.1680/geot.2000.50.1.1
https://doi.org/10.1139/cgj-2018-0575
https://doi.org/10.1007/s100640100122
https://doi.org/10.1007/s10035-007-0051-5

	_Hlk94799553
	_Hlk94866563
	_GoBack
	_Hlk95223546

