Geomechanics and Engineering, Vol. 26, No. 2 (2021) 205-214
https://doi.org/10.12989/gae.2021.26.2.205

Effect of underground stress transfer through artificial manipulation of
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Abstract. To maintain the stability of built structures, engineers employ various methods to increase ground strength. One
such method is to exert mutual physical force upon a structure, thereby stabilizing it without external reinforcement. Typical
examples include the stone mastic asphalt method and torsional structured stonework. By simulating a structural phenomenon, it
is possible to increase the ground's strength simply by manipulating the distribution and spatial arrangement of soil particles; soil
composed of two differently sized particles satisfying a specific ratio does not separate easily. The jamming of soil particles
utilizes Plato’s regular polyhedron model and assumes that soil particles are complete spheres. Larger soil particles are placed at
each vertex of a regular polyhedron and smaller particles in the voids’ center. All soil particles come into contact with each
other, thereby inducing an interlocking effect. When applied to soil, the particle size distribution is found to be gap-graded. This
study investigates this mechanism by using numerical analysis and centrifuge tests to initiate the interlocking effect by
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distributing gap-graded particles and conducting plate-load tests to verify the ground reinforcement effect.
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1. Introduction

There are many physical, chemical, and electrical
methods for improving soft ground with poor engineering
characteristics. Among these, physical improvement
methods are widely applied considering economic
efficiency, technical level, and environmental pollution.
Main physical improvement methods for cohesive soil
include pre-loading, vertical drainage, geotextile
reinforcement, and grouting. Pre-loading is one of the oldest
and most widely used physical improvement methods. It is
effective and economical but requires a very long
construction period. In the case of thick clay layers with
poor water permeability, it is necessary to use vertical
drainage or geotextile reinforcement method to shorten the
construction period (Saride ef al. 2013). On the other hand,
it is economically inefficient because of the complexity of
construction and the demand for design.

Grouting is a method for increasing the strength and
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impermeability of soil by inserting a tube into the ground
and injecting appropriate amounts of chemical liquid
(injectable material) under pressure to solidify or harden it.
This injection method is simple to prepare and install and
can be implemented in narrow places. It has little effect on
vibration and noise over a short period; however, there is a
problem with heavy metals such as Cr6+ flowing into rivers
with rainwater. The purpose of improving the soft ground
while taking these economic and environmental problems
into account is to solve the structural stability problems
caused by low soil strength and bearing capacities. Various
studies have been conducted to increase soil's internal
strength by exerting joint physical forces without
reinforcement from the outside (Cho et al. 2006, Oda 1977,
Takao et al. 2006). According to Takao's (2011) study, the
shear resistance angle increases even with small amounts of
sand when gravel is added. Yagiz (2001) showed that the
shear resistance angle was largest when the soil was mixed
with over 20% sand in the shear resistance test. Yagiz’s
study shows that the interlocking effect of the mixed gravel
is better.

Taiwan suffers from aggregate shortages because 90%
of its roads are built with asphalt and aggregate pavements.
Therefore, Shen (2005) evaluated the performance of
asphalt pavement using gap-graded aggregate gradation to
improve the aggregate utilization efficiency. Under this
method, increasing the object's contact area increases the
aggregate density to the point that it becomes solid. This
physical process is called jamming (Siemens et al. 2010,
Vallejo et al. 2009). Jamming phenomena are related to the
particle size distribution and size shape; in general, when
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Fig. 1 Evaluation of particle overlapping

this distribution varies, the bearing capacity is improved
(Alias et al. 2014, Kamura et al. 2016). However, few
studies have shown the jamming effect of improving the
bearing capacity for gap granularity. The gap-graded
condition refers to an artificially manipulated particle size
distribution that generates frictional resistance between the
surfaces and causes a horizontal restraining force according
to the load, thereby causing lateral jamming through
frictional resistance of the surfaces. If sufficient
consideration is made of the particle size distribution and
support capacity, a strong ground can be created even if the
sized particles are not diverse.

2. Theoretical background of the gap-graded particle
distribution

As shown in Fig. 1, loose soil has a low contact
frequency between particles when the upper force is applied
because the contact points between particles transfer mostly
vertical compression forces. On the other hand, dense soil
has high frictional resistance due to numerous contact
points transferring vertical and horizontal compression
forces, with the latter generating friction. Soils formed with
a gap-graded granularity develop well-structured contact
points between particle layers. When a vertical compressive
force is applied, the contact frequency between particles is
high, and the best frictional resistance is generated by the
systematic contact forces acting in the horizontal direction.
Filling the central space systematically with polyhedrons
leads to a hierarchical structure in any direction, which
increases the rigidity of particle materials.

In other words, the rigid base of the hierarchical
structure generates a horizontal restraining force when a
vertical force is applied and causes horizontal deformation
of the soil particles. The concept of gap-sized particle has
widely been used in related studies on asphalt pavements.
This size is defined as the particle size distribution with one
or more intermediate grades omitted (Shen 2005). In this
study, gap-graded particle distribution applied to the ground
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Fig. 2 Calculation cycle in PFC2D (Itasca 1999)
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is defined as the particle size ratio between the large and
small aggregates between 1.1 and 4.45. The composition
ratio of the aggregate used in the tests was calculated
according to several principles. The center of a large
particle is located at the corner of the regular polyhedron
and the smaller particle is at the center of the regular
polyhedron. The composition ratio of small particles to
large particles in the sample was assumed to be 1:1 by
expanding infinitely the arrangement of particles in a
regular polyhedron (Xin et al. 2016). Since the specific
gravity is assumed to be the same, the volumetric ratio
corresponds to the weight ratio. Thus, the composition ratio
of the gap-graded soil can be obtained as in Eq. (1).

R3
R3 + 13
3

Whig = Voig =

r
Wsman = Vsman = R3—+T‘3
R: Big particle diameter
r: Small particle diameter
W4+ Big particle weight ratio
Vpig: Big particle volumetric ratio
Weman: Small particle weight ratio

(1)

Vsman: Small particle volumetric ratio

3. Effect of particle size distribution on stress
through numerical analysis

3.1 Particle Flow Code (PFC)

The Particle Flow Code (PFC) is a general purpose,
distinct element modeling (DEM) framework. The PFC
models synthetic materials composed of an assembly of
variably sized rigid particles that interact at contacts to
represent both granular and solid materials. The PFC
models simulate the independent movement (translation and
rotation) and interaction of many rigid particles that may
interact at contact interfaces based on an internal force and
moment. The calculation cycle in the particle flow code 2D
(PFC2D) is a time-stepping algorithm that requires the
repeated application of the law of motion to each particle, a
force-displacement law to each contact, and a constant
updating of wall positions. Contacts, which may exist
between two balls or between a ball and a wall, are formed
and broken automatically during a simulation. The
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Table 1 Gap-sized particles and homogeneous particle conditions

Large sieve  Small sieve  Average particle m
(mm) (mm) size (mm) 1 2 3 4 5 6 7 8 9
8 6.7 7.35 1.13 1.23 1.42 1.68 2.00 2.39 2.85 3.37 3.97
6.7 6.35 6.525 1.09 1.26 1.49 1.78 212 2.53 2.99 3.53 421
6.35 5.6 5.975 1.15 1.37 1.63 194 2.32 2.74 3.23 3.85
5.6 4.75 5.175 1.18 141 1.68 2.01 2.37 2.80 3.34
4.75 4 4.375 1.19 1.42 1.70 2.01 2.36 2.82
4 3.35 3.675 1.20 142 1.69 1.99 2.37
3.35 2.8 3.075 1.19 141 1.66 1.98
2.8 2.36 2.58 1.18 1.39 1.66
2.36 2 2.18 1.18 141
2 1.7 1.85 1.19
1.7 14 1.55
Table 2 Multi-sized particle distributions
Particle size (mm) Volume ratio (%) Uniformity coefficient (C,) Coefficient of curvature (Cc)
0.5 0.21
15 3.02
1.9 21.88
35 0.42
4.75 1.88 3.95 2.20
5.6 3.33
6.5 20.83
7.5 8.33
8.5 40.1
calculation cycle is illustrated in Fig. 2. At the start of each 100 L4
timestep, the set of contacts is updated from the known
particle and wall positions. The force-displacement law is ;\6‘ 80 -
then applied to each contact to update the contact forces ~
based on the relative motion between the two entities at the L 60
contact and the contact constitutive model. Next, the law of =
motion is applied to each particle to update its velocity and % 40 |
position based on the resultant force and moment arising o
from the contact forces and anybody forces acting on the & 2|
particle. Also, the wall positions are updated based on the
specified wall velocities. The calculations performed in 0 P ‘
each of the two boxes of Fig. 2 can be done effectively in 1 10 100

parallel.
3.2 Uniaxial-compression simulation

Theoretically, if the ground’s particle size distribution
consisted of body-centric polyhedrons, small particles
should fit perfectly like puzzle pieces between large
particles. However, it is almost impossible to arrange soil
particles in such a fashion without using large masses such
as rocks. Therefore, the specimens' particle size and
compounding ratio according to a theoretical formula, and
particles were generated and distributed randomly. This
study aims to find and verify the particle size distribution
that causes the interlocking effect through numerical
analysis (Nikadat et al. 2016, Wang et al. 2014). Three
conditions were considered in numerical analysis and
experiment conditions: a homogeneous particle size, gap-
graded particle size, and multi-particle size. As shown in
Table 1, the homogeneous particles have 11 different sizes

Grain size (mm)

Fig. 3 Grading size distribution curve

between 1.55 and 7.35 mm. The gap-graded condition was
composed by combining particles of 11 different sizes into
two groups of large-sized and small-sized particles (m=R/r).
The gap-graded condition value m contains 54 particle sizes
ranging between 1.09 and 4.21. As shown in Table 2, the
multi-sized particle condition was composed by combining
particles of 9 different sizes. The uniformity coefficient
(Cu) is 3.95, and the coefficient of curvature (Cc) is 2.20. It
is close to a well-graded condition but not a smooth curve
distribution with nine differently sized particles artificially
manipulated (Fig. 3).

The uniaxial compression numerical analysis conditions
are shown in Fig. 4, and the particle distributions are shown
by colors. The condition of a single color, as in Fig. 4(a), is
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(a) Homogeneous condition  (b) Gap-graded condition

(c) Gap-graded soil

Fig. 4 Uniaxial compression simulation analysis results

Table 3 Particle properties

Properties Value
Parallel bond normal strength, o, 100 MPa
Parallel bond shear strength, ., 100 MPa
Slip coefficient of ball-ball 0.577
Ball density 2000 kg/m®
Damping coefficient 0.2
Void ratio 0.1
Young’s modulus, GPa 40.0
Speed of boundary wall 0.1 m/min
Particle normal/shear stiffness, Kn/Ks 25
Parallel bond normal/shear stiffness, Kn/Ks 3.0
Poisson’s ratio, A 0.25

a homogeneous particle distribution. In Fig. 4(b), red
indicates large-sized particles and blue small-sized particles
under the gap-graded condition. Fig. 4(c) shows a multi-
sized particle distribution composed of nine differently
sized particles. The particles’ properties are shown in Table
3; the boundary is 50 x 100 cm and is randomly generated
in the bounding box according to the particle size and ratio
of particles with a pore ratio of 0.1. After the granular
specimen with the calculated ratio was created, the
boundary between the two sides disappeared. The boundary
wall moved from the upper level to the lower level at the 1
cm/min speed to load the specimen. The boundary wall
continued to move until the compressive load reached 70%
above the ultimate capacity, at which point it stopped.

From Fig. 5, the uniaxial compressive strength is much
higher in the gap-graded condition than in the multi-sized
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Fig. 5 Uniaxial compression strength according to the
particle size distribution

particle conditions. According to numerical analysis, the
maximum uniaxial compressive strength of the specimen
consisting of multi-sized particles is 5.42 MPa, and the
maximum uniaxial compressive strength is 16.2 MPa. The
particle size compositions showing the maximum uniaxial
compressive strengths are 7.35 and 5.175 mm, and the gap-
graded particle size ratio is m=1.42. By comparison, it can
be seen that the gap-graded particle with high uniaxial
compressive strength is between m=1 and m=1.5

3.3 Simulation of underground stress transfer in
upper structures

The gap-graded particle size samples included 54 cases
of the ratio m=R/r of large to small particles of between
1.09 and 4.21 composed of 11 particle sizes, similar to
uniaxial compression simulation. The simulation model is
shown in Fig. 6(a). The size of the ground model is 23 m x
17 m. The ground is composed of two layers: the general
support layer and the substitution ground, with depths of 2
m and 7 m. This sequence will create a view, which we
have called “Contact Force,” and make it the current view.
The forces that develop between ball contacts are plotted as
lines with thickness proportional to force magnitude. The
contact forces are added to the plot of balls and walls, as
shown in Fig. 6(b). The support layer is homogeneous with
a particle size of 8.5 mm. The substitution ground was
simulated with different conditions, i.e., multi-sizes
particles, homogeneously sized particles, and particles with
gap-graded sizes. The particle properties and multi-sized
particle distribution was the same as the uniaxial
compression simulation. The superstructure was 5 m x 10 m
in size, and the strata were formed and travelled at 15 cm/s.
The superstructure was rigid and moved in the direction of
gravity at a constant speed without being affected by the
bearing force. The underground stress values transmitted
from the middle position of the lower ground to the marked
circular plot position were monitored until the convergence
state. The ground stress value is the average value of the
stress over the plot area.
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(b) Underground stress distribution

Fig. 6 Underground stress distribution simulation
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Fig. 7 Ground stress distribution of upper structures

From Fig. 7, the stress dispersion effect was the highest
at m=1.37, followed by the homogeneous particle size,
while the lowest stress dispersion effect was for the multi-
sized particle condition. From the numerical results, it is
determined that the reduction of ground stress distribution
can be up to two times higher than in the multi-sized
particle condition when certain gap-graded size conditions
are satisfied. If the proportion of small particles that act as a
keystone is very small among randomly distributed sizes,
the probability of producing an interlocking effect will be
relatively small. Therefore, additional verification will be
conducted through experiments, comparing the results with
the gap-graded condition that exhibited high strength.

4. Experiment method and results

4.1 Finding optimum gap-graded condition through
centrifugal model tests

4.1.1 Centrifugal model tester

The centrifugal model tests were performed to evaluate
the ground stress distribution caused by a structure placed
on the soft ground. The tester had two 100 cm rotating arms
attached symmetrically and was able to apply rotational
centrifugal force up to 150 g gravitational acceleration with
a motor capacity of 10.0 HP. The cross-sectional view of

the centrifugal model tester is shown in Fig. 8 below. The
standing structure was 155 mm x 155 mm x 130 mm in
length, width, and height, and the strain box was filled with
iron beads and weighing 12.5 kg. For scaling the structure
at a ratio of 67:1, a centrifugal force of 67 times that of
gravity was applied. In the centrifugal model test, the
scaling factor was based on the size of aggregate particles
actually used. The stress distribution in the soft ground was
thus observed in similar conditions to those that occur for
real structures and soils. In the centrifugal model test, the
standing structure's stress applied to the ground is 256.6
kPa.

Soil chamber £/ H
4=
[y =] :

7

Fixture Motor pecelerator

g0
|

Fig. 8 Centrifugal model tester
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4.1.2 Centrifugal
composition

The centrifugal model structure and ground composition
are shown in Figs. 9 and 10. The centrifuge chamber’s
internal dimensions were 46 cm long, 25 cm wide, and 45
cm deep. The lower part of the chamber was filled with 8
cm of clay to form the soft ground and then filled with the
Jumunjin standard sand to a height 13 cm above the clay.
Finally, an 8 cm deep silica sand substituted layer was
formed above the sandy ground. After the clay layer and the
sandy soil layer were stacked, the ground was compacted
with the same energy. Before substituting silica sand
ground, silica sand was washed with water and dried in an
oven to remove small fine particles. The dried silica sand
was subjected to sieve analysis to obtain specific particles
of silica sand. The particle distribution in the silica sand
layer was manipulated based on the ratio m of small sized
to large sized particles, and the weight was set to 10 kg per
case. Earth pressure gauges were installed in the middle of

model structure and ground
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Fig. 11 Underground stress by centrifugal experiment

400
350

kPa)

S5 2 V]
wn O
[=R=]

Q
=}

,_.
[=]
[=]

Underground Stress(
288

=}

0 50 100 150 200 250 300
Time (day)

=——Clay ground stress =—Sandy ground stress

Fig. 12 Settlement by centrifugal experiment

Table 4 Law of similarity of centrifugal model test

Property Centrifugal model Real model
Volume 1 n’
Stress 1 1
Time (consolidation) 1 n?
Mass density 1 1
Displacement 1 n

the clay layer and the sandy soil layer. The displacement
gauge was installed to measure the settlement in the
structure and the substituted ground surface. The earth
pressures with a measuring capacity of 490 kPa (MSP-5)
and LVDT displacement CPT-25 & CPT-50 were used to
measure the displacement and earth pressure data in the
centrifugal model tests (Figs. 10(a)-10(b)). The earth
pressure gauges were suitable for centrifugal model tests
because of their small size and excellent durability. The
CR1000 datalogger and Bluetooth wireless transmitter were
used to monitor and collect data transmitted from the sensor
installed in the chamber box.

Figs. 11 and 12 show the underground stress and
settlement by a centrifugal experiment runed for 1.6 hour by
case. The long-term settlement and underground stress can
be obtained by calculating the similarity law. The values of
the similarity ratio relationship between the properties of
the real model and reduced model by centrifugal force are
shown in Table 4. The calculated settlement was 67(n)
times the measured value, and the actual medium stress was
the measured value and the value of 1:1.

The results of the centrifugal model tests are shown in
Table 5. Fig. 13 shows the underground stress distribution
of the clay layer and sandy ground layer according to the
particle size distribution condition. Fig. 14 shows the
settlement amount in the structure and ground according to
the particle size distribution condition. In the experimental
results, the underground stress was the lowest at m=1.68
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Fig. 13 Distribution of underground stress according to ground conditions
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Fig. 14 Structure and ground settlement according to ground conditions

and highest in the multi-sized particle condition in the clay
layer. The underground stress results were as follows: 1.55
mm, 4.375 mm, m=2.39, and m=1.37. In the clay layer, the
underground stress of gap-graded particles m=1.68 was
reduced by 45% compared with the multi-sized particles
and reduced by 37% compared with the homogeneously
sized particles of 1.55 mm. In the sandy layer, the
underground stress was the lowest for the homogeneous
particle size m=4.375 mm and the highest for the multi-
sized particle condition. The underground stress results
were m=1.68, m=1.55, m=1.09, and m=1.37.

The upper structure settlement for multi-sized particles
and homogeneously sized particle was 4.375 mm larger
than for gap-graded particles except when m=3.85. When
m=1.68, the structure settlement decreased by 66%
compared to the multi-sized particle condition and by
28.4% for the homogeneously sized particles of 1.55 mm.
The ground settlement was the largest in the multi-sized
particle condition, followed by a homogeneous particle size
of 4.375 mm. The ground settlement was the lowest in the
gap-grade size condition (m=1.37), followed by the gap-
grade size condition (m=1.09). In the gap-grade particle
size condition (m=1.37), the amount of ground settlement
decreased by 77.4% compared to the multi-sized particle
condition and by 75.2% in the homogeneous particle size
condition (1.55 mm).

When interlocking between aggregates occurs in the
gap-graded particle condition, the contact area increases,
and the friction effect amplifies. It was confirmed that
ground stress distribution and settlement were reduced. For
the particle size condition, the gap-graded size performed

well at m=1.68 and 1.37. Also, it can be seen that
homogeneously sized particles of 1.55 mm (the smallest
sized particles between the medium particles of 4.375 mm
and the largest of 7.35 mm) have a greater effect on
reducing the ground stress and settlement. but it also
occurred largest settlement. so it is not best solution
condition. There is a need to further determine the large to
small particle aggregates' optimal ratio via a scaled-up test.

4.2 Performance evaluation of gap-graded grain
ground through plate loading test

The concrete chamber dimensions were 1.5 x 1.5 x 1.5
m (width x length x depth). As shown in Fig. 15, earth
pressure sensors were installed at 200 mm intervals from
the loading plate center to measure the gap-graded
aggregate ground stress distribution. The plate loading test
was conducted using a 30 mm thick, 300 mm diameter
loading plate and 30 tons capacity hydraulic cylinder (HD-
317). Three particle distribution conditions were
considered. The main and largest aggregate particle size
was 13 mm, the main and largest aggregate size was 19
mm, with 13 mm and 19 mm gap-graded distribution,
respectively. The mixing ratios for each aggregate are
shown in Table 6. The ground was formed by placing
aggregates in layers at 300 mm intervals and compacting
the ground for 10 min with a compactor. The loading plate
was 30 cm wide, and the load was applied in 10 steps until
it reached 1700 kPa. Every step converged sufficiently until
the next load.

In Fig. 17, through sieve analysis, the particle size’s
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Table 5 Results of centrifugal model tests

i value Clay layer Sandy layer Ground settlement Structure settlement
(kPa) (kPa) (mm) (mm)
m=1.09 407.07 192.31 98.49 349.00
m=1.37 377.26 215.84 93.80 366.96
m=1.68 271.15 167.60 141.37 208.30
m=1.78 380.89 249.87 181.57 381.70
m=2.39 284.98 251.93 106.53 436.96
m=3.85 527.99 358.92 212.39 809.56
m=1, 1.55 mm 260.37 146.22 377.88 1054.92
m=1, 4.375 mm 274.59 182.11 230.48 439.32
m=1, 7.35 mm 561.92 406.72 396.97 786.6
Multi-sized particles 571.76 421.6 414.86 613.50

@ 300 loading plate

Table 6 Composition of gap-graded aggregates

Aggregate size

Ground composition

13 mm aggregate

19 mm aggregate

13 mm & 19 mm
aggregate

The largest particle size 13 mm aggregate
The largest particle size 19 mm aggregate
40% of 13 mm aggregate
& 60% of 19 mm aggregate

Table 7 Aggregate type classification by USCS

Fig. 15 Cross-section of chamber

Fig. 16 Plate loading test

passing rate was graphed, and the uniformity coefficient
and the curvature coefficient were obtained in Table 7. The
data logger measured the displacement and earth pressure
generated by increasing load and the ground stress
transmitted from the earth pressure to each soil strata.

The Boussinesq equation for calculating the stress in the
ground due to a concentrated load is as follows. The
Boussinesq equation is used to determine the increment of
vertical stress that occurs below the foundation's center
under a circular distribution load (Ukritchon et al. 2016). If
the loading surface radius is B/2, and the load is uniformly

Aggregate size Cu Cg USCS*
13 mm 1.83 1.06 GP*
19 mm 2.27 1.08 GP
13 mm & 19 mm 1.98 0.98 GP
*GP: Poorly graded gavel
*USCS: Unified soil classification system
100 -
—e— 13 mm
S 801 - = 19 mm
< —a— 13mm+ 19 mm
% 60
g
g 40+
& 201
0 ‘ i
100 10 1 0.1 0.01

Particle size (mm)

Fig. 17 Percentage passing by aggregate particle size

distributed, the soil stress changes with depth, as shown in
Fig. 18. The load on a small area can be assumed to be a

point load and expressed as gOrdOdr to find the stress

increment at depth z below the loading area’s center. The
total stress increment caused by the loading area can be
obtained by integration, as shown in Eqg. (2).

oz2m (v=B/Z 3(qoyd6dy
s [0 [ [ oty
6=0 Jy=0 2nzz[1+(]z/) 1z
1 (2)

3
2

= go{l-———
[1+ (2]
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Fig. 19 Depth according to underground stress distribution

Fig. 19 shows the depth corresponding to the stress
reduction below the center of the loading area derived from
the ground condition under plate-loading tests. The soil
pressure gauge readings were transferred to a data logger
and recorded in real-time. After the load reached 1700 kPa,
the ground stress transmitted to earth pressure gauges in
each stratum located 200 mm apart. The earth pressure is
converted into the stress transfer rate and compared for each
ground condition. In addition, the depth under the center
was calculated based on Boussinesq’s equation, and the
measured earth pressure for each depth was converted into a
transmission rate. As the ground stress transfer rate rapidly
decreased from the top with the ground's depth, the stress-
transfer rate rapidly decreased as the depth increased. The
stress taken from the plate loading test was substituted into
Boussinesq’s formula to compare the stress transfer rate
with the experimental data. The stress transfer rate
exceeded 100% due to the self-loading action of the ground
aggregate.

The results are summarized in Table 8. The differences
in the stress transfer rate obtained by the plate loading test
and the theoretical calculation in the 13 mm aggregated
ground were 127.15% at 200 mm depth, 38.29% at 400
mm, and 1.30% at 600 mm. The differences in the 19-mm
aggregated ground were 126.27% at 200 mm depth, 2.98%
at 400 mm, and 0.58% at 600 mm. The differences in the 13
mm and 19 mm aggregated grounds were 18.82% at 200
mm depth, 7.47% at 400 mm, and 0.91% at 600 mm. In
evaluating the plate loading test's underground conditions,
in the case of 13 mm and 19 mm sized aggregate

Particle size 200 mm depth 400 mm depth 600 mm depth

13 mm 175.95% 56.20% 9.99%
19 mm 175.07% 20.89% 8.11%
13mm& 19mm  67.62% 10.44% 9.6%
Theoretical result 48.8% 17.91% 8.69%

distribution the results showed larger stress transfer than the
theoretical value, and for the gap-graded aggregate
distribution, the results showed the smallest stress transfer
and were closest with the theoretical value. Based on the
experimental results, the closer they were to the gap-graded
particle size condition, the greater the jamming effect due to
interlocking, and the smaller the stress transfer area and the
stress limit depth.

5. Conclusions

It can be expected that strong ground has a good particle
size distribution. However, even if the particle size
distribution is poor, the ground's strength can be significant
in the gap-graded particle condition. In this study, the
characteristics of the ground composed with gap-graded
particles were investigated. Based on the numerical analysis
and the centrifugal model tests, the gap-graded particle size
ratio with the best performance was determined as m=1.37.

The uniaxial stress for the gap-graded particles was
much higher than for the multi-sized particle distribution.
The granular size composition showing the maximum
uniaxial compressive strength is a combination of 7.35 mm
and 5.175 mm particles with a gap-graded ratio of m = 1.42.

The shallow ground simulation results showed the
highest ground strength at m=1.37 for the gap-graded
particle size distributions, homogeneously sized particles,
and multi-sized particles. The results showed high stress
dispersion because of the interlocking effect.

In the centrifugal-model test and shallow-basis-
simulation results, the specific gap-graded particle size
conditions outperformed homogeneously sized particles,
which outperformed particles with multiple sizes. This
pattern was consistently observed. Numerical analysis and
centrifugal testing showed that a gap-graded particle size
ratio of m=1.37 showed the best performance.

In evaluating ground stress transfer through plate
loading tests, the stress transfer rate was closest to the
theoretical value for the 13 mm and 19 mm aggregate soils,
and the ground stress distribution effect was superior to
other conditions. The closer the ground particle size
distribution is to the gap-graded particle size condition, the
more interlocking effect caused by the interlocking and the
smaller the stress limit depth.

Gap-graded aggregates rearrange themselves
systemically from loose soil to dense soil when loading is
applied. If the gap is reduced uniformly, the interlocking
effect is exerted due to the particles' interlocking effect. Due
to this action, the gap-graded granular ground settlement is
small, and the bearing capacity is enhanced.
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