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Abstract: The Saemangeum seawall, located on the western coast of Korea, is 33.8 km long and is
known as the longest embankment in the world. The Saemangeum project is underway for road,
railway, and port constructions for internal development. In the Saemangeum area, suitable granular
soil for embankment material is difficult to obtain. However, silty clay is widely distributed. In this
study, a series of model-bearing capacity tests were conducted as a basic study for using clayey soils
as embankment materials. The model bearing capacity tests were carried out using a standard metal
mold and a customized metal box. The test results showed that clayey soil, with normal moisture
content (NMC), exhibited a large deformation and low bearing capacity. However, when the clay was
well-compacted, with optimum moisture content (OMC), it exhibited a higher bearing capacity than
dense sand. In addition, when crushed gravel and composite geotextiles were placed in the clayey
soil with NMC, the bearing capacity was higher than that of dense sand. From the viewpoint of the
bearing capacity, it is considered that clayey soil can be used as an embankment material when clay,
crushed gravel, and composite geotextiles are properly combined.

Keywords: bearing capacity; soft clay; composite geotextiles; embankment material; reinforced clay;
bearing capacity ratio

1. Introduction

Saemangeum is one of the largest land reclamations in South Korea. Its development beganin 1991,
with the construction of the world’s longest man-made seawall or dike [1,2]. Saemangeum is a tidal
flat located on the central western coast of Korea (see Figure 1). The Saemangeum project is underway
for road, railway, and port constructions for internal development. With the geographical location of
Saemangeum, acquiring good quality, granular fill materials for embankments becomes challenging.
Suitable granular soil for embankment material is difficult to find in the Saemangeum area. However,
silty clay is widely distributed. With the great demand for quantity, the procurement and transportation
of good quality fill materials for embankments may be costly and uneconomical [3]. Therefore, this study
will maximize the utilization of clayey soil, which will serve as an effective, alternative solution to the
limited supply of good quality, granular fill materials in the Saemangeum projects.

Why soft clay? Geologically, the Saemangeum area has vast wetlands and flat terrain wherein
fine materials, like clay, are very abundant and readily available. Clay has high potential and may be
suitable for road embankments if designed and conditioned properly. However, very limited studies
can be found concerning the feasibility of soft clay as a road embankment material [4]. Soft clay is rarely
used as a fill material and, because of its documented poor engineering properties, only few researchers
have considered its high potential for road embankments. The Federal Highway Administration
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(FHWA) [5] states that granular soils, like sand and gravel, are highly desirable as embankment
materials because they can facilitate drainage, prevent saturation, are well-graded, and are capable of
being well-compacted. On the other hand, finer materials, like silts and clays, are considered as less
desirable and unsuitable for use as embankment materials, again because of their poor engineering
properties [4,5].
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o~ i

North Korea

South Korea

Figure 1. The location of Saemangeum, Republic of Korea.

High-strength, clayey soil can be attained when the soil has optimum water content, is properly
compacted, and is clear of unsuitable materials. However, such conditions are very difficult to
implement at the construction site. In such instances, clayey soil with high water content can probably
be used on-site. Considering the poor engineering properties of clay, various soil improvements can be
applied—such as adding reinforcements or stabilizing agents. It is expected that the soil should have a
higher bearing capacity when reinforcements are added and proper soil conditioning is applied [6-8].
Geosynthetics are popular reinforcements that are widely used to improve the load-bearing capacity of
soil [6,9-11]. Granular materials, such as gravel and sand, are also used with clayey soils to hasten the
consolidation process and increase the soil-bearing capacity. Several studies have also showed that
adding reinforcements to soft clay reduces settlement and increases the soil strength [4,12-20].

In this present study, a series of model bearing capacity tests are carried out to investigate the
capability of soft clay to support imposed loading and its viability for use as embankment material.
Materials, like crushed gravel and composite geotextiles, are used as reinforcements for the soft clay.
A desirable embankment material, such as sand, is also tested as a basis for comparison. Hence, this
study undertakes eight mold model test cases and four box model test cases, which consist of clay,
loose sand, dense sand, and combinations of clay with crushed gravel and composite geotextiles.

2. Flow Diagram of the Experimental Procedure

Figure 2 shows the experimental flow diagram of the series of model bearing capacity tests
undertaken in this study. After the concept and designs were finalized and materialized, various
laboratory tests were conducted to determine the properties of the materials to be used. There were
two major parts to the experiment: (1) the mold model test and (2) the box model test. The mold
model test was conducted prior to the large, box model test, with eight different sets of materials.
After evaluating the mold test results, only four model cases were considered for the box model test.
Then, experiment evaluation and analysis on the bearing capacity test results commenced.
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Figure 2. The flow diagram of the experimental study.

3. Materials and Equipment

3.1. Materials and Laboratory Testing

The materials used in the experiment were clays, sands, crushed gravels, and composite geotextiles.
The clay was sourced from near the Gunsan Train Station, South Korea. Geographically, Gunsan is
situated near the coast, approximately 200 km southwest of Seoul (see Figure 1). Table 1 shows the
properties of the clay sample obtained from the laboratory testing for soil classification.

Table 1. Clay Properties.

Normal Moisture

USCS  Specific ~ Percentage  Liquid Plastic  Plasticity Max Dry Unit Optimum Content (NMC)
Class. Gravity,Gs  Passing Limit, LL Limit,PL Index,PI Weight, kN/m? Moisture =" VIVE
#200 Sieve Content(OMC) NMC1 NMC2
CL 2.637 97% 45.0% 23.6% 21.4% 17.75 14.5% 30% 35%

The soil was then classified in the Unified Soil Classification System (USCS) as inorganic clay
(CL). The compaction test (Korean Standard, KS F 2312) showed that the clayey soil had an optimum
moisture content (OMC) of 14.5% and a maximum dry unit weight of 17.75 kN/m?. The clayey soil
used during the experiment had two normal moisture contents (NMC): 30% (NMC 1), during the mold
model test, and 35% (NMC 2), during the box model test. The soft clay will, therefore, be referred to as
the NMC clay in the rest of this paper. The particle-size analysis (Korean Standard, KS F 2302) of the
clayey soil is shown in Figure 3, wherein 97% is finer than 74 umm (No. 200 sieve).

Another material used in this experiment was sand. The sand was tested as the basis for comparison
because it has proven to be an effective backfill material and is also a desirable embankment material [5].
In this experiment, both loose sand and dense sand were used. For the mold model test, loose
sand was directly placed in the mold, without compaction, while dense sand was compacted by
hammering the sides of the mold. However, compaction in the box model test was different. The air
pluviation method [10] was conducted using the sand sample. The falling height, when the sand was
dropped, varied from 10 to 100 cm. The relative density of 50% was then obtained at a falling height of
approximately 34.6 cm, with a corresponding unit weight of approximately 14.42 kN/m3. Hence, to
achieve dense sand in the box model experiment based on the results of the air pluviation method,
the sand sample will be poured into the box with a constant falling height of 80 cm. The properties of
sand used in this study are tabulated in Table 2. The sand had a specific gravity, Gs, equal to 2.715.
The sand was classified, using the USCS, as poorly-graded sand (SP), whose particle sizes were finer
than the No. 20 sieve, but were generally retained in the No. 40 sieve (see Figure 3).
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Table 2. Sand Properties.

USCS Dw Dwm Do o, o Specific  Void Ratio Dry g(‘ll;;nzg';‘ght
Classification (mm) (mm) (mm) Gravity
Max Min Max Min
SP 0.63 0.51 0.44 140 094 2.715 1.01 0.69 15.79 13.24

Crushed gravel is also used in this experiment to reinforce the clayey soil. The crushed gravel
was classified, using the USCS, as poorly graded gravel (GP). A specific gravity test was done for the
gravel sample based on AASHTO T 85 and ASTM C 127. Table 3 shows the properties of the crushed
gravel for both model tests. The particle size distribution of the crushed gravel is shown in Figure 3.
Gravel 1 was used in the mold model test cases, with 99.7% passing through the 13 mm diameter sieve
and 97% being retained in the No. 4 sieve. Gravel 2 was larger than Gravel 1 and was used in the box
model test cases, with 95% passing through the 25 mm diameter sieve and 57.43% being retained in the
No. 4 sieve.

Table 3. Crushed Gravel Properties.

uUscCs . 'Gr.a vel‘1 . 'Gr:a VEI.Z Unit Weight Bulk Specific
Size Distribution (mm) Size Distribution (mm) 3 .
Class. kN/m Gravity
D60 D30 D10 Cu Cc D60 D30 Dl() Cu Cc
GP 820 620 520 16 09 970 680 530 180 09 15.97 2.84
SIEVE OPENING IN INCHES U.S.STANDARD SIEVE NUMBERS HYDROMETER
1/20 1-1/2"" 34" 3/8" 4 810 20 40 B0 140 200
100.0% % —— 0%

90.0% | \ 10
[ RAVEL 1 CLAY

80.0% | 20
o
= i =
QO 70.0% 30 <)
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Figure 3. The particle size distribution for gravels, sand, and clay.
Lastly, another reinforcement material used in this experiment was the composite geotextile
(Daeyoungeotech, Gimcheon, Gyeongsangbukdo, Korea). The composite geotextiles were composed

of non-woven and woven polyethylene geotextiles, with a thickness of approximately two millimeters.
Their tensile strengths (Korean Standard, KS K ISO 10319) are shown in Table 4.

Table 4. Composite Geotextile Properties.

Tensile Strength (kN/m)  Tensile Elongation (%)
Warp Weft Warp Weft
Woven and Non-Woven PET 156.54 149.05 37.6 31.4 2

Thickness mm

Physical Characteristic = Material
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3.2. Mold Model Test Equipment

The first part of the basic bearing capacity undertaken in this study was the mold model
test. There were eight sets of standard, metal molds, 150 mm in diameter and 175 mm in height,
that were used to contain the material samples (see Figure 4). The molds were then placed on
California Bearing Ratio (CBR) equipment (KATS (Korean Agency for Technology and Standards,
Eumseong, Chungcheongbukdo, Korea) to measure the bearing capacity of the material sample at
certain penetrations (see Figure 5). The penetration dial gauge was controlled using a mechanical jack,
with a 1 mm/min penetration rate, and the load was recorded from the load gauge.

[
- i - = Penetration
PENETRATION f Piston
PITON
! - __—Metal Mould
‘ —OUTER GoTeE with Sample
( | _—Penetration
MOULD WITH Ry - Dial Gauge
SAMPLE o w T |

g8 8] |

5 — Mechanical
GLOEd Lf% ﬁ)\ /_Jack
auge \3
DIAL GAUAGE b \ /
. ¥
/A
{NH= S
MECHANICAL f T
JACK ' L
D || Unit: mm
| Not to Scale

Figure 5. The mold test equipment set-up.
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3.3. Box Model Test Equipment

The second part of the experiment was the box model test. The equipment used in this experiment
was composed of a customized specimen box and a loading system assembly, as illustrated in
Figure 6a. The mobile or detachable loading system was placed on the middle—top of the specimen box.
The loading system had a maximum capacity of five tons and a minimum loading speed of 1.7 mm/s.

A
[ ]
] DATA
SPEED LOGGER %
[ ]| |coNTROLLER
Y
§ O LOADING SYSTEM || ]
/A\\ LOAD
O |
S | CELL
|
| 7
|
| } MATERIAL ]
| | SAMPLE
o | ‘
Q [
wn | |
| 1
!
|
—_ | -
I
!
‘ N
o H
o |
[p] ||
!
I
I
L

@ 750 e ‘,,_, . 750 %

[Unit : mm]

(b) (c)

Figure 6. The (a) box model test experimental set-up, and the actual photos of the model test equipment
for (b) a combination of NMC clay and gravel, and (c) sand.
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The specimen box had internal, clear dimensions of 1.5 m in length, 0.5 m in width, and 1.0 m in
height. The left- and right-side walls of the specimen box were made of 5 mm thick stainless-steel
plates and reinforced with 40 by 5 mm thick flat steel bars, spaced at 175 mm on-center vertically, and
75 by 40 by 5 mm thick steel channels at the perimeters of the walls. Similarly, the rear wall of the
specimen box was made of a 5 mm thick stainless-steel plate and reinforced with 40 by 5 mm thick flat
steel bars, spaced at 175 mm on-center vertically, and 75 by 40 by 5 mm thick steel channels at the center
and at the perimeter of the wall. The front wall was made of a 10 mm thick, transparent, polycarbonate
sheet, through which the interior could be observed (see Figure 6b,c) and was reinforced horizontally
with 40 by 5mm thick, equal angle steel bars, placed at the center and vertically, with 75 by 40 by 5
mm thick steel channels at the center and the perimeter of the wall. The top of the specimen box was
kept open for the operations, while two lengths of detachable, 40 by 5 mm thick, equal angle steel bars
were placed as reinforcements during tests. The bottom plate was made of a 5 mm thick, stainless-steel
plate and braced with 75 by 40 by 5 mm thick steel channels on-center. The wall reinforcements were
designed to prevent the deformation of the specimen box during testing. The specimen box was placed
on top of the supporting platform made of a 15 mm thick steel plate with rollers and stabilizing locks.
Figure 6b,c show the actual photos of the box model experiment, including the material sample sets
inside the specimen box.

4. Experiment Methodology

4.1. Mold Model Test

The basic mold test was composed of eight sample cases, which are depicted in Figure 7 and
Table 5. Case 1 involved a full volume of clay, having 30% NMC and a specific weight, ¥, of 17.6 kN/m?.
The clay was placed inside the mold in four layers, with each layer being subjected to compaction by
having its surface manually vibrated for one minute using a 2.5 kg metal tube with a 50 mm surface
diameter. Case 2 used a full volume of clay, with an OMC of 14.5% and ¥ of 20.5 kN/m3, subjected to
compaction using a 4.5 kg rammer with 55 blows over four layers. Case 3 included a full volume of
loose sand, with ¥ of 13.5 kN/m?, directly placed inside the mold without compaction. Case 4 used a
full volume of dense sand, with ¥ of 15.7 kN/m?, placed inside the mold in four layers, with each layer
being subjected to compaction by manually hitting the sides of the mold with a rubber hammer for
one minute. Case 5 included a combination of NMC clay and crushed gravel, with ¥ of 17.3 kN/m3.
It consisted of four alternating layers of NMC clay and crushed gravel. The compaction of NMC clay
was done by manually vibrating its surface for one minute using a 2.5 kg metal tube with a 50 mm
surface diameter. The crushed gravel layers were not subjected to any compaction method to avoid
mixing the gravel with the NMC clay layers. Case 6 had the same combination as Case 5, but with the
addition of three pieces of composite geotextiles placed between the layers of NMC clay and crushed
gravel whose ¥ was 16.1 kN/m?>. Case 7 consisted of four layers of NMC clay with composite geotextiles
placed in between the layers and whose ¥ was 17.1 kN/m3. Lastly, Case 8 was conducted similarly to
Case 6, but with additional composite geotextiles inserted at the top layer of crushed gravel and whose
¥ was 15.9 kN/m?.

(OMC=14.5%)

(b) Case 2 (c) Case 3 (d) Case 4

Figure 7. Cont.
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COMPOSITE COMPOSITE COMPOSITE
GEOTEXTILES GEOTEXTILES GEOTEXTILES

(e) Case 5 (f) Case 6 (g) Case 7 (h) Case 8

Figure 7. The sectional view of the mold test sample cases; (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4;
(e) Case 5; (f) Case 6; (g) Case 7; and (h) Case 8.

Table 5. Specifications of Mold Test Sample Cases.

Parameters Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
1 _ v _ _ _ _ _ _
Clay OMC

NMC 2 4 - - - v v v v
L - - v - - - - -

Sand 0ose
Dense - - - v - - - -

Crushed Gravel
- - - - e v - v

No. 1

No. of Composite

Geotextile Layers ) B ) ) ) 3 3 4
. manual 4.5 kgs rubber manual manual manual manual
Compaction
Method surface rammer none hammer surface  surface  surface surface
vibration (55 blows) (side) vibration vibration vibration vibration
Unit Weight, ¥
(KN/m?) 17.6 20.5 13.5 15.7 17.3 16.1 171 15.9

1 OMC—stands for Optimum Moisture Content, which is equivalent to 14.5%. 2 NMC—stands for Normal Moisture
Content, which is equivalent to 30.0%.

4.2. Box Model Test

Four model cases or material sets were used in this experiment to investigate the bearing capacity.
Each case had a height of 500 mm, a width of 500 mm, and a length of 1500 mm. Figure 8 and Table 6
show the description and condition for each case. Case 1 involved a full height, and NMC clayey
soil. The clay was placed inside the specimen box and subjected to 10 kPa compaction (approximately
equivalent to the pressure of a 50 kg human’s foot stamp). Case 1 obtained a unit weight of 17.02 kN/m?.
Case 2 examined dense sand. The dense sand used in this experiment was simulated to have a relative
density of 90%. Thus, the falling height of the sand was maintained at 80 cm. The unit weight for
Case 2 was 15.49 kN/m?. Case 3 was composed of four layers—alternately, NMC clays and crushed
gravel. The first layer was the NMC clay, which was subjected to 10 kPa manual foot compaction.
The second layer was crushed gravel placed directly in the box without compaction. The third layer
was another one of NMC clay, again subjected to 10 kPa manual foot compaction. The last, or top,
layer was another layer of crushed gravel placed directly in the box without compaction. Case 3 had a
unit weight of 16.56 kN/m?>. Lastly, Case 4 was very similar to Case 3 but with an additional three
sheets of composite geotextiles placed between the layers of NMC clays and the crushed gravel. Case 4
obtained a unit weight of 15.76 kN/m?.
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Figure 8. The sectional view of the box model test cases; (a) Case 1; (b) Case 2; (c) Case 3; and (d) Case 4.

Table 6. Box Model Test Material Composition.

Parameters Case 1 Case 2 Case 3 Case 4
Clay (NMC = 35%) v - v v
Dense Sand - v - -
Crushed Gravel No. 2 - - v v
Composite Geotextile Layer - - - 3
No. of Layer(s) 1 1 4 4
Unit Weight (kN/m?) 17.02 15.49 16.56 15.76

At the start of the experiment, all the materials and equipment were prepared, including the six
Linear Variable Differential Transducers (LVDTs), one soil pressure gauge, two dial gauges, one load
cell, a data logger, a laptop, and a 30 by 30 cm by 15 mm thick steel loading plate. First, the load cell
was attached to the loading system and connected to the data logger. The soil pressure gauge was
installed at the bottom—center of the specimen box before the foundation was placed. The foundation,
composed of a 50 mm thick layer of sand, was placed and compacted at the bottom of the specimen
box. When the materials were completely placed in the specimen box and the top surface was leveled,
the steel loading plate was then placed at the center of the specimen box, directly under the load
cell. Then, two dial gauges were installed at the right and left sides of the loading plate to measure
the vertical displacement or settlement during the load application. Afterwards, the six LVDTs were
installed—three placed at the right side and three at the left side of the loading plate (see Figure 9).
The left and right sets of LVDTs had a uniform distance from the loading plate. LVDT #3 and #4 were
installed 5 cm from the edge of the loading plate. LVDT #2 and #5 were installed 10 cm from the edge
of the loading plate. Lastly, LVDT #1 and #6 were installed 25 cm from the edge of the loading plate.
All measuring devices were connected to the data logger, and the results were recorded on the laptop,
with a reading interval of two seconds. The load was applied at a constant speed of 1.7 mm/s for
approximately 30 s, or when a vertical displacement of 50 mm was reached.
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Figure 9. The locations and plan of the measuring equipment set-up.

5. Results and Discussion

5.1. Definition and Designation of Context Parameters

The bearing capacity results were expressed in graphs, generally comprised of the load-settlement
relationships. The parameters used in the following context—q, S, B, SR, and BCR—shall first be
defined. The bearing capacity, “q,” is expressed in “kPa,” which are obtained from the recorded load
applied (in “kgf”) over the surface area of the piston or loading plate. The piston in the mold model
test had a diameter of 50 mm (@ = B = 50 mm) and a surface area of 1,963.5 mm?. The diameter of the
mold (150 mm) was three times the diameter of the piston (50 mm), and, thus the end effects may have
no, or very minimal, significance. Similarly, the square loading plate used in the box model test had B
=300 mm and a surface area of 90,000 mm?. The width of the loading plate was five times the length
of the specimen box, yet 1.7 times the width of the specimen box. Thus, the end effects may have
no or very minimal significance on the longitudinal direction, but may have effects on the traverse
direction. The vertical displacement or penetration of the loading plate and piston will be designated,
in the following context of this paper, as Settlement, S, and the Settlement Ratio (SR) is computed as
S/B. The Bearing Capacity Ratio (BCR) [10,11,15,21] is computed as

BCR = T, )
qi
where g;, is the bearing capacity of reinforced NMC clay (and sand) at a certain settlement level, and g;
is the bearing capacity of unreinforced NMC clay (Case 1) at a certain settlement level.

5.2. Mold Model Test Results

5.2.1. Load-Settlement Curves of the Eight Mold Test Cases

Figure 10 shows the summary of the basic bearing capacity test results until the 12.5 mm settlement
(0.25B) of all eight mold model test cases. The load-settlement curves were presented in Log2 scale
because of the very high bearing capacity exhibited by Case 2. The unreinforced NMC clay (Case 1)
represented the raw clay materials expected to be obtained in the field. The OMC clay (Case 2) was
included in this study to compare the effects of clay water content on its bearing capacity. The present
study also conducted bearing capacity tests for loose sand (Case 3) and dense sand (Case 4) for
comparison with both the unreinforced and reinforced NMC clay model cases. We used sand since
granular soils are highly desirable as embankment materials because they can facilitate drainage,
can prevent saturation, are well-graded, and are capable of being well-compacted. At the same
time, the density of sand is considered, in this study, to determine its effects on the bearing capacity.
Most importantly, the various reinforcement methods are considered on NMC clay (Cases 5-8) to
examine their individual effects on the bearing capacity of NMC clay.
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Figure 10. The load-settlement curve of mold test results.

At this point, the results of unreinforced NMC clay (Case 1) and reinforced NMC clays (Cases 5-8)
shall be compared with the bearing capacity exhibited by the sand models (Cases 3—4). For a better
comparison of each case, analyses of the bearing capacity at SR of 0.05, 0.10, 0.15, and 0.25B are
depicted in Figure 11. Unreinforced NMC clay (Case 1) with NMC 30% exhibited low bearing capacity.
However, when clayey soil was well-compacted (Case 2) with OMC, it exhibited very high bearing
capacity—far higher even than that of dense sand (Case 4).

8192 ~

Settlement Ratio, S/B
---m-- 0.05

4096 -
] -0--010

2048

1024 1

512
256
128 -

Bearing Capacity, q (kPa) in Log2 scale

32

1 1 I T 1 1 1 I
Case1 Case2 Case3 Case4 Case5 Case6 Case7 Case8
Figure 11. The bearing capacity analysis at 2.5, 5, 7.5, and 12.5 mm penetration.

Here, the results showed that loose sand (Case 3) and dense sand (Case 4) had higher bearing
capacities than unreinforced NMC clay (Case 1). This implied that unreinforced clayey soil is too
weak to be utilized as an embankment material, and thus, reinforcements are needed. Hence, when
composite geotextiles were added to the NMC clay (Case 7), it showed an equal bearing capacity with
loose sand—75 kPa at 0.15B (Case 3)—and that bearing capacity increased by 17% at 0.25B. However,
Case 7 showed less bearing capacity than Case 4 by 220% (max) at 0.05B and 0.10B. This implied that
composite geotextiles alone are not enough as reinforcements for NMC clay. Therefore, when crushed
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gravel was combined with NMC clay (Case 5), it obtained a higher bearing capacity than loose sand
(Case 3). At the same time, Case 5 showed, at first, that the bearing capacity was lower than dense
sand (Case 4), but it later became stronger than dense sand by 36% at 0.25B. When crushed gravel and
composite geotextiles were combined with the NMC clay (Case 6), it obtained a higher bearing capacity
than both loose sand (Case 3) and dense sand (Case 4) at 0.15 and 0.25B. Likewise, adding one more
layer of composite geotextiles to the top (Case 8) showed an even higher bearing capacity—higher
than that of dense sand (Case 4) at 0.15 and 0.25B.

To this point, Case 8 exhibited a favorable bearing capacity, which could be desirable for field
application. It can be inferred that adding reinforcements to the NMC clay enhanced its bearing
capacity—making it exhibit a high bearing capacity, showing better strengths than dense sand.
This result is very promising, wherein NMC clay, despite having a high water content, can be used as
an efficient material for embankments.

5.2.2. Effects of Moisture Content and Compaction (Case 1 vs. Case 2)

It is noticeable that Case 2 (OMC clay) exhibited a very high bearing capacity compared to
all other cases. The OMC clay was very stiff, thus tensions occur at the surface around the piston
during penetration. The experimental results showed a local shear failure on the OMC clay sample as
manifested by a soil bulging (soil heave) at the surface around the piston and the smooth load-settlement
curve in Figure 12. Considering only Case 1 and Case 2 have full clayey soil (Figure 12), Case 2
exhibited an extremely large bearing capacity, which shows that well-compacted clay at OMC is high
strength clay capable of sustaining loads up to 6,500 kPa at 0.25B. This strength is very desirable for
actual construction. However, it is very difficult to implement on the construction site and would entail
too much effort and a long period of time. Thus, clayey soil with a high water content is more likely
to be used. In this study, the clay with high water content (Case 1) exhibited the least load of 50 kPa.
The NMC clay (Case 1) is soft and has negligible tensions at the surface around the piston during
the penetration. The experimental results showed a punching shear failure during the penetration as
shown by the straight load-settlement curve in Figure 12. From this, it can be inferred that clay with a
higher moisture content has a lower bearing capacity.
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Figure 12. The comparison of the bearing capacity of NMC clay (Case 1) and OMC clay (Case 2).
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Therefore, water content is a crucial factor, which significantly influences the strength of the soil. It
is said that water serves as a lubricant, reducing friction between soil particles, making compaction easier,
and creating a good sealer for engineered barriers. However, water saturates the soil, which increases
its plasticity and, at the same time, reduces soil unit weight, thus reducing bearing capacity [4,22-24].

5.2.3. Effects of Density on Sand (Case 3 vs Case 4)

Figure 13 shows the load-settlement curves of loose sand (Case 3) and dense sand (Case 4) to
compare the effects of density on bearing capacity. Here, Case 3 showed a constant bearing capacity,
while Case 4 showed increasing bearing capacity, obtained a peak value of 212 kPa at 0.08B, and then
slowly decayed. As expected, Case 4 obtained about 2.8 times higher bearing capacity than Case 3.
This implies that manually compacted or dense sand is stronger than loose or not compacted sand.
It can, therefore, be inferred that compaction apparently results in higher density—thus inducing a
higher bearing capacity. That is why compaction is very important on the construction site.
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Figure 13. The comparison of the bearing capacity between loose sand (Case 3) and dense sand (Case 4).

5.2.4. Effects of Reinforcements (Comparing Cases 1, 5, 6, 7, and 8)

At this point, the effects of reinforcements on NMC clay shall be analyzed. In the present study,
unreinforced NMC clay had a high water content (30%) and low bearing capacity. To be able to use soft
clay as an efficient embankment material, reinforcements must be provided. As depicted in Figure 14,
the bearing capacity of NMC clay increases when reinforcements are added. The results showed that,
when composite geotextiles (three layers) are added to layers of NMC clay (Case 7), the bearing capacity
of the NMC clay increased. Yet, this improvement is small, so another type of reinforcement should be
considered. Here, when crushed gravel was layered with the NMC clay (Case 5), the bearing capacity
significantly increased. Therefore, when both composite geotextiles (three layers) and crushed gravel
were layered with NMC clay (Case 6), the bearing capacity greatly increased compared to unreinforced
NMC clay (Case 1). Moreover, when one more layer of composite geotextile was added to the top
(Case 8), the bearing capacity increased tremendously and was far higher than the unreinforced NMC
clay (Case 1). Basically, the results implied that clayey soil with a high water content can obtain a high
bearing capacity when combined with crushed gravels and composite geotextiles.
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comparison of the bearing capacity of unreinforced NMC clay versus reinforced

In addition, Figure 15 shows the BCR relationships of reinforced NMC clay over unreinforced
NMC clay. Here, Case 5 showed a higher BCR than Case 7, which means that composite geotextiles
are not strong enough as lone reinforcements; hence, crushed gravel is better. Yet, when the two
reinforcements were combined (Case 6), the bearing capacity increased and then showed a higher BCR
than Case 5. Moreover, adding one more layer of composite geotextile (Case 8) exhibited about two
times higher bearing capacity than Case 6 at 0.25B and the highest BCR among the other reinforced

NMC clay samples.

8

Bearing Capacity Ratio, BCR

Figure 15. The load-settlement curve of unreinforced NMC clay versus reinforced NMC clay.
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It can be inferred that the parametric strength of crushed gravel and composite geotextiles may
have contributed to the increase in the soft clay’s bearing capacity. The lone, soft clay is weak and has
poor engineering properties. Therefore, it may not be suitable as an embankment material. However,
the soft clay layered with crushed gravel and reinforced with composite geotextiles exhibited a high
bearing capacity, which may imply that it can be utilized as an efficient embankment material.

5.3. Box Model Test Results

5.3.1. Load-Settlement Curves of the Four Box Model Test Cases (Clay vs Sand)

The present study conducted the bearing capacity test with dense sand to serve as a basis for
comparison with both unreinforced NMC clay and reinforced NMC clay. Here, Figure 16 shows the
settlement, with the corresponding load applied at the loading plate. The unreinforced NMC clay
(Case 1) with high water content (35%) showed a low bearing capacity and large deformation. Case 1
also showed a lower bearing capacity than that of dense sand (Case 2), and the results showed that
dense sand (Case 2) has a higher bearing capacity than NMC clay reinforced with crushed gravel only
(Case 3) by a small margin. This implies that crushed gravel is not enough as the lone reinforcement
for NMC clay relative to dense sand. Thus, composite geotextiles (three layers) were added to the
gravel-reinforced NMC clay (Case 4). Then, the graph showed that the Case 4 exhibited a higher
bearing capacity than dense sand (Case 2) by 60% and 33% at 0.10 and 0.17B, respectively. It can also
be observed that Case 4 exhibited an arching curve, which slowly decayed after 0.1B, while Case 2
exhibited an increasing linear bearing capacity trend. At the beginning of the loading, the difference
between Case 4 and Case 2 was increasing. However, after 30 mm (0.1B) settlement, the difference

decreased; it could then be expected that the two cases would have the same bearing capacity when
the vertical displacement further increased.
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Figure 16. The bearing capacity analysis on box model test results.

Figure 17 shows the BCR relationships of the dense sand and reinforced NMC clay over the
unreinforced NMC clay in the box model test. Dense sand (Case 2) exhibited a higher BCR than
gravel-reinforced NMC clay (Case 3). However, the NMC clay was reinforced with both crushed gravel
and composite geotextiles (Case 4) exhibited a higher BCR than dense sand (Case 2).
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Similarly, Figure 18 shows the specific comparison of reinforced NMC clay against the dense sand
and also the specific comparison of reinforced NMC clay and dense sand against the unreinforced
NMC clay. The BCR beyond 1.0 implies higher bearing capacity, while a BCR of less than 1.0 implies
a lower bearing capacity, with respect to its dividend. Here, the effect of crushed gravel as the top
layer can be seen at 0.03B, wherein both Case 3 and Case 4 showed a higher BCR than Case 2 (see
Figure 18a). It is also noticeable that Case 4 has approximately 1.5 times greater BCR than Case 2 while
Case 3 shows lower BCR than Case 2 after S = 15 mm. This clearly implies that NMC clay reinforced
with crushed gravel and composite geotextiles is stronger than dense sand. Additionally, Figure 18b
shows that Case 4 has a greater BCR than Case 2 after being compared to Case 1. Here, Case 2 is
compared with Case 1 to show that dense sand (Case 2) has a higher BCR than unreinforced NMC clay
(Case 1). However, with gravel and composite geotextile reinforcements (Case 4), the NMC clay BCR
has improved and has a higher BCR than dense sand (Case 2).
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Figure 18. The comparison of BCR for (a) reinforced NMC clay against the dense sand and (b) reinforced
NMC clay and dense sand against the unreinforced NMC clay.
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Overall, Case 4 exhibited favorable bearing capacity, which could be desirable for field application.
It can be inferred than NMC clay reinforced with crushed gravel increased the bearing capacity to be
higher than unreinforced NMC clay, and adding composite geotextiles increased the bearing capacity
to be higher than dense sand. It can also be inferred that the parametric strength of crushed gravel
and composite geotextiles may have attributed to the increase in the soft clay’s bearing capacity.
The lone soft clay is weak and has poor engineering properties; thus, it may not be suitable as an
embankment material. However, the soft clay, layered with crushed gravel and reinforced with
composite geotextiles, exhibited a high bearing capacity, which may imply that it can be utilized as
efficient embankment material.

5.3.2. Effects of the Reinforcements on Bearing Capacity of NMC Clay (Comparing Cases 1, 3, and 4)

The effects of reinforcement on NMC clay were analyzed using Figure 19. The graph shows the
BCR relationships of reinforced NMC clay and unreinforced NMC clay, highlighting the contribution
of crushed gravel and composite geotextiles to the improvement of NMC clay’s bearing capacity.
The BCR beyond 1.0 implies a higher bearing capacity, while a BCR of less than 1.0 implies a lower
bearing capacity, with respect to its dividend. The graph clearly shows that Case 4 has approximately
two times higher BCR than Case 3.
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Figure 19. The comparison of BCR for the (a) effects of composite geotextiles and (b) effects of crushed

gravel and composite geotextiles.

With the addition of composite geotextiles, the loading applied on the NMC clay and crushed
gravel layers was distributed properly throughout the area. Hence, the vertical force exerted by the
loading towards the gravel (top, 4th layer) and the normal force of the NMC clay (3rd layer) were
transferred to the composite geotextile. The composite geotextile’s tensile strength resisted the vertical
displacement of the soil material. At the same time, the drainage effects and the frictional forces of the
crushed gravel increased the load-bearing capacity of the NMC clay [3,6].

Based on the typical values of bearing capacity for clays (BS 8004:1986) [25], the bearing capacity
obtained by Case 1 depicted that the NMC clay, with 35% water content, is a soft clay. Therefore,
when NMC clay is layered with crushed gravel (Case 3), the bearing capacity increased by 144% at
0.17B. Case 3 exhibited a bearing capacity of 92 kPa at 0.17B, which depicted that the NMC clay was as
strong as a firm clay, despite having a high water content. This may imply that the reinforcement of
crushed gravel increased the bearing capacity of the NMC clay, and so much more when the composite
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geotextiles were installed between layers of NMC clay and crushed gravel (Case 4). In that case, the
bearing capacity increased by 373% and 94%, compared with Case 1 and Case 3, respectively. As with
Case 4, the bearing capacity, which was 178 kPa, depicted that the NMC clay was as strong as a stiff
clay, despite having high water content. This may imply that adding composite geotextiles between
the NMC clay and crushed gravel layers increased the bearing capacity.

5.3.3. Vertical Displacements at the Surface of Soil

Figure 20 shows the surface deformations (soil heave and soil depression) in relation to the specific
settlement of the loading plate obtained from the measuring apparatus installed at the surface of
model cases (see Figure 9). The results showed that, at 0.05, 0.10 and 0.15B (of the loading plate),
the bearing capacity of each case differed in magnitude. This was because each case had different
material properties and different unit weights. The surface deformations around the loading plate
were greatly visible, wherein the deeper penetration of the loading plate induced higher vertical
displacements at the surface.

In Figure 20a, the differences in surface deformation among model cases were not so visible. Case
4 showed the highest soil heaves of 6 and 4 mm at distances of 1000 and 500 mm, respectively. Case
3 showed 3.7 and 5 mm soil heaves at distances of 1000 and 500 mm, respectively. Case 1 showed
about 3 and 2.5 mm soil heaves at distances of 1000 and 500 mm, respectively. Case 2 showed soil
depressions of 2 and 1.5 mm at distances of 550 and 950 mm. Case 4 obtained the maximum bearing
capacity of 79 kPa at 0.05B, followed by Case 2 with 50 kPa bearing capacity.

In Figure 20b, the differences in surface deformation among model cases are quite visible. Here,
Case 4 showed the highest soil heaves of 16.5 and 13.6 mm at distances of 1000 and 500 mm, respectively.
Case 3 showed 11.7 and 10.3 mm soil heaves at distances of 1100 and 500 mm, respectively. Case 1
showed approximately 5.6 and 4.7 mm soil heaves at distances of 1000 and 500 mm. Case 2 showed
soil heaves of 2 mm at distances of 400 and 1100 mm. Case 4 obtained the maximum bearing capacity
of 135 kPa at 0.10B, followed by Case 2 with 86 kPa bearing capacity.

In Figure 20c, more visible differences in surface deformation among model cases can be observed.
Here, Case 4 showed the highest soil heave of 25.4 mm and 23.3 mm at distances of 1000 mm and
500 mm, respectively. Case 3 showed 17.6 mm and 19.3 mm soil heaves at distances of 1100 mm and
500 mm, respectively. Case 1 showed about 8.2 mm and 7 mm soil heaves at distances of 1100 mm and
400-500 mm. Case 2 showed soil heaves of 4.4 mm and 4 mm at distances of 1100 mm and 400 mm.
Case 4 obtained the maximum bearing capacity of 169 kPa at 0.15B, followed by Case 2, with 121 kPa
bearing capacity.
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Figure 20. Illustrates the deformations at the surface of the model samples; (a) When Settlement of
Loading Plate is at 0.05B (S = 15mm); (b) When Settlement of Loading Plate is at 0.10B (S = 30mm); (c)
When Settlement of Loading Plate is at 0.15B (S = 45mm).

Generally, the results indicated that the maximum vertical displacement at the surface was located
250 mm from the center of the loading plate. As the loading plate penetrated deeper into the soil, at the
same time as the applied load increased, the vertical displacement at the surface of the perimeter of the
loading plate dilated or bulged (soil heave). This indicated that bearing capacity failure had developed,
which was visible at the edges of the loading plate and at the surface [6,25,26]. Here, Case 4 showed
the highest soil heave of 25.4 mm (see Figure 21d) followed by Case 3 (see Figure 21c). Both reinforced
NMC clays (Case 3 and Case 4) exhibited high strengths of bearing capacity, which resulted in General
Shear failure mode and were consistent with the load-settlement curves. General Shear failure is the
most common type of shear failure which generally occurs in strong soils and can be characterized
by a visible soil heave or bulging at the sheared surface. Moreover, the dense sand (Case 2) and the
unreinforced NMC clay (Case 1) exhibited Local Shear and Punching Shear modes of bearing capacity
failure, respectively. The unreinforced NMC clay (Case 1) showed a clean cut or shear in the surface and
anegligible soil heave around the perimeter of the loading plate which characterized a Punching Shear
failure (see Figure 21a). The dense sand (Case 2) was expected to exhibit a higher soil heave because
of its higher density. However, when the loading plate penetrated deeper than its thickness, 15 mm,
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some of the sand particles started to slide down and fell on top of the loading plate, which affected
its surface deformation (see Figure 21b). Thus, soil depression in Case 2 occurred at the perimeter of
the loading plate. Nevertheless, Case 3 and Case 4 exhibited good results, which confirmed that their
strengths are viable for field application.

(c) Case 3

Figure 21. The actual model test photos at 50 mm loading plate vertical displacement; (a) Case 1;
(b) Case 2; (c) Case 3; and (d) Case 4.

5.4. Mold And Box Model Test Evaluation of Results

The results of the mold model tests suggest that reinforcements improved the bearing capacity of
clayey soils with a high water content, and the reinforced NMC clay models exhibited higher bearing
capacities than those of sand models. In the study, a standard mold is used with diameter, D = 150 mm.
Hence the mold has a boundary of 1D around the 50 mm-@J piston. Therefore, the lateral boundary
effect is expected for footing on sand and gravel. However, in this study, the lateral boundary effect
because of the mold size was not considered. Hence, a larger box model test was conducted using
similar conditions as those of the mold model test. This time, out of the original eight model cases, only
four with significant results were considered. In the box model test, the results obtained were better
than those of the mold model test. Reinforcement effects were more visible. The model test results
depicted that the top layer was very important, which implies that crushed gravel is more effective
than NMC clay or sand. Here, the addition of composite geotextiles between layers of crushed gravel
and NMC clays were significant. They prevented the crushed gravel and NMC clays from mixing
during the load application. Nevertheless, this present study shows that the bigger (box) model test
size is more effective than the smaller (mold) model test size. This implies that the field application,
on a greater area, will show much better reinforcement effects than the model tests.

6. Conclusions

The Saemangeum project is underway for road, railway, and port constructions for internal
development. Suitable granular soil for embankment material is difficult to find in the Saemangeum
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area. However, silty clay is widely distributed. Thus, this research will maximize the utilization of
clayey soil, which will serve as an effective, alternative solution to the limited supply of good quality,
granular fill materials in the Saemangeum projects or any applicable locations.

A series of model bearing capacity tests were carried out as basic research to investigate the
teasibility of clayey soil being utilized as embankment material. The main conclusions drawn from the
series of model bearing capacity tests are as follows:

e C(Clayey soil with NMC exhibited large deformation and low bearing capacity. However, when
clayey soil is well-compacted with OMC, it exhibited a higher bearing capacity than dense sand;

e  The bearing capacity of loose sand was constant regardless of vertical displacements, and the
bearing capacity of dense sand was found to be maximum at the point where vertical displacement
is at 0.08B. The bearing capacity of dense sand was about 2.5 times larger than that of loose sand;

e  When the clayey soil was reinforced with composite geotextiles only, the bearing capacity
improvement was small, and its bearing capacity is smaller than that of the combination of clayey
soils and crushed gravel;

e  The bearing capacity of clayey soil in combination with crushed gravel and composite geotextiles
was significantly higher than that of clayey soil and crushed gravel only. Also, its bearing capacity
was similar to, or larger than, that of dense sand.

From the viewpoint of bearing capacity, it is considered that clayey soil can be used as embankment
material when the clays, crushed gravel, and composite geotextiles are properly combined.
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