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In this study, a new type of pile material with high economic efficiency and reliability for pile-supported embankment was
developed using fly ash, blast furnace slag, and recycled aggregate, which are relatively low-cost industrial by-products. A
series of strength experiments was conducted with the model piles fabricated using the developed new-type pile material to
evaluate the design strength. As compressive strength of model pile decreases, the cost effectiveness also decreases. Based on
test results, the specimen with a composition of 50% fly ash and 30% recycled aggregate was suggested as the most economical
concrete material to meet requirement strength of 25 MPa for embankment piles. In addition, the applicability of the
developed material was evaluated by numerically analyzing its physical properties in the embankment pile test section. From
the numerical analysis results, we concluded the new-type cast-in-place pile material that utilizes industrial by-products can
be used as an embankment pile material.
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Introduction

As the construction of roads and railways on soft soil
has recently increased, demand for reinforcement
methods to increase the safety of embankments and to
suppress their settlement is increasing. In particular, in
the case of the concrete high-speed railway track
frequently used in the construction of railways in South
Korea, it is essential to apply appropriate methods to
address and control the settlement of soft soil because
the allowable residual settlement is only 30 mm. The
pile-supported embankment, one such settlement
suppression method, can effectively suppress residual
settlement in soft soil and thereby enable rapid railway
construction. It has been applied to diverse railway -
construction projects in China and Europe as an
effective countermeasure against soft soil settlement [1-
2]. The pile-supported embankment was also applied to

FEa

Fig. 1. Pile-supported embankment construction site.

railway structure in Korea as shown in Fig. 1. The between piles reduce the vertical stress acting on soft
method installs piles at regular intervals in a soft soil soil and increase the vertical stress transmitted to the
layer to generate shear resistance with relatively small piles [3-7]. In addition, a recent research assessed the
supporting stiffness, thereby forming arching structures safety and economic feasibility of the Pile-Supported

in an embankment. These arching structures formed Embankment Method applied to the railway structure
(Fig. 2) through a variety of examples where the Pile-
*Corresponding author: Supported Embankment is applied [8].
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Fig. 2. Pile-supported embankment.

the load applied to the pile foundation. If the pile
materials applied to the foundation of bridges and
buildings are applied as they are, there is a possibility
of over-specification of the design in terms of the pile
materials. Therefore, it is necessary to develop
economical pile materials that can meet the purpose of
the embankment pile structure and secure bearing
capacity.

As such, in this study, a new type of pile material
with high economic efficiency and reliability was
developed using fly ash, blast furnace slag, and
recycled aggregate, which are relatively low-cost
industrial by-products. A series of strength experiments
was conducted with the model piles fabricated using
the developed new-type pile material to evaluate the
design strength. In addition, the applicability of the
developed material was evaluated by numerically
analyzing its physical properties in the embankment
pile test section.

Table 1. Materials and quality tests for specimen fabrication

pile cap

gectextile

LTP layer

soft ground

Development of the New Type of Pile Material

Material selection and test

To select economical embankment pile materials
suitable for replacement of the existing high-strength
pile foundation, a material test was conducted to
replace a certain percentage of the materials constituting
the existing concrete piles with relatively low-cost
industrial by-products. Fly ash and blast furnace slag
were used as a binder instead of cement, and recycled
aggregate was used instead of natural aggregate as a
filler. Strength experiments were performed by varying
the percentage of replacement. The target design
strength was set, with consideration of the load acting
on an embankment pile, to 18 MPa. The quality of
each material used in fabricating the specimens for
indoor tests was examined in accordance with the
approved test methods listed in Table 1.

The concrete mixing process involves the
determination of both the standard deviation and the
required average strength, as well as the selection,

Material used

Test standard

Remark

Portland cement (type 1)
Crushed aggregate for concrete

Fly ash
Blast furnace slag powder for concrete
Recycled aggregate for concrete

Chemical admixture for concrete

KS F 2560: 2014

KS L 5201: 2013
KS F 2527: 2007

Crushed coarse aggregate 57 A
Crushed fine aggregate A

KS L 5405: 2009
KS F 2563: 2009
KS F 2573: 2011

Recycled coarse aggregate 25mm
Recycled fine aggregate

AE water-reducing agent
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through test mixing, of appropriate mixing ratios to
achieve the average strength. The average strength of
the selected mixing ratios must be higher than the
design compressive strength by the amount specified in
the [9], considering standard deviation. The standards
suggest the application of the mixing strengths given in
Table 2 if there is no field strength record for the
calculation of standard deviation. As such, a mixing
strength of 25 MPa was determined to be appropriate
and achieved by the addition of 7 MPa to the target
design strength of 18 MPa.

Experimental conditions

Strength tests were conducted according to the
content change to determine the optimal proportions of
fly ash, blast furnace slag, and recycled aggregate.
First, the fly ash content was varied from 0% to 50%
by intervals of 10%. In addition, when the fly ash
contents were 30% and 50%, recycled aggregate was
added at proportions of 10%, 20%, and 30%, and blast
furnace slag was added at a proportion of 20%. Table 3
summarizes the experimental plan.

Experiment results
In the case of the fly ash content test, the strength of

Table 2. Mixing strengths when the number of tests is 14 or less
(%]

Design compressive strength, Mixing strength,
Jex (MPa) Jer (MPa)
Lower than 21 S+ 7.0
Between 21 and 35 S+ 8.5
Higher than 35 S t5.0

Table 3. Strength test plan according to fly ash content.

Fly ash Blast furnace Recycled Strength Water-
Category content slag content aggregate testage cement
(%)* (%) content (%) (days) ratio

FOROSO  O** 0 0 7/28 50
F10R0SO 10 0 0 7/28 50
F20R0S0 20 0 0 7/28 50
F30R0SO 30 0 0 7128 40,45,50

F30R0S10 10 40,45,50
F30R0S20 20 40,45,50
F30R0S30 30 40,45,50
F30R30S0 20 0 40,45,50
F40R0S0 40 0 0 7/28  40,45,50
F40R0S10 10 40,45,50
F40R0S20 20 40,45,50
F40R0S30 30 40,45,50
F50R0S0 50 0 0 7/28  35,40,45
F50R0S10 10 35,40,45
F50R0S20 20 35,40,45
F50R0S30 30 35,40,45
F50R20S0 20 0 35,40,45

the concrete was found to be closely related to the
water/binder ratio, and the compressive strength showed
a tendency to decrease as the ratio increases. Fig. 3
shows the compressive strength test results of the
concrete specimens according to the fly ash content
under the same water/binder ratio conditions. At
relatively low water/binder ratios of 40% and 45%, the
strength of the concrete showed a clear tendency to
decrease as the fly ash content increased. As the water/
binder ratio increased to 50%, however, there was no
consistent tendency between the fly ash content and the
concrete strength.

The fly ash content test results are summarized with
water/binder ratio as shown in Fig. 4, the general
tendency by which the strength decreases as the water/

-
w

[T
Lo =
—
-

R R
W e
1
1
]
]
]
H ]
]
]
]
]
]
]
1
1

Compressive strength (MPa)
- Lo
(=] (=]

28 davof age

w

T - himing arrength

] _ r

F/A=30% F/A=40% FfA=50%

(a)

50
45 4 7 daysofage

g 18 doyvofape
40 = Mining strangih |
35 — I . - - i .

T ~

Compressive strength (MPa)
-]

F/A=0% F/A=10% F/A=20% F/A=30% F/A=80%

(b)

— I

:E 45

2 a0

% 35 _I, 1

= 30

£

® 25 4 - ————— -

-

= 20 1

=

; 2 7 daefap

2 10 1 I daafap |

E - o Lining sieength |

D I ee— T T
EfAn30% F/A=a0% F/A=S0%

()

Fig. 3. Concrete strength according to the fly ash content. (Stage
1): a) water/binder ratio (W/B)=40%, b) water/binder ratio (W/
B)=45% and c) water/binder ratio (W/B)=50%.



116 1I-Wha Lee, Su-Hyung Lee, Gou-Moon Choi, Myungjae Lee and Mintaek Yoo

50 —_—
——F/A=0% |
——F/A=10% |
B e e e —==F Az 20% :
——FA30% |
e P A zE0% |

Compressive strength (MPa)

wie(x)

(a)

Compressive strength (MPa)

W
——F/As10% |
== A 20% |
—F,M:lm|

=8~ F[A=50% |
10 - |” “.‘l T T T T T

30 35 40 a5 50 55 &0 &5 0

®)

Fig. 4. Fly ash content test results. (Stage 2): a) Strength at 7 days of age and b) Strength at 28 days of age.
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Fig. 5. Blast furnace slag addition test results. (Stage 3): (a) fly ash content 30% (strength at 7 days), b) fly ash content 30% (strength at 2¢
days), c) fly ash content 50% (strength at 7 days) and d) fly as content 50% (strength at 28 days).

binder ratio increases can be confirmed. Overall, the
compressive strength curve moved downwards as the
fly ash content increased. This tendency was more
obvious for the strength at 7 days of age than for the
strength at 28 days.

As shown in Fig. 5, when blast furnace slag was
added during concrete mixing, the strengths at both 7
and 28 days of age decreased. This tendency occurred
consistently when the fly ash contents were 30% and
50%. When the 20% blast furnace slag content was

added to the 50% fly ash content, the strength at 28
days of age could not retain the intended mixing
strength of 25 MPa at a water/binder ratio of 45%;
however, the mixing strength was met in the other
tests.

To compare the contents of the experimental
materials as cement substitutes under the same
conditions, the compressive strength of the case with
the 50% fly ash content was compared with that of the
case with 30% fly ash and 20% blast furnace slag.
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Fig. 6. Concrete strength comparison under the 50% cement
replacement condition.
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Fig. 6 shows that cement replacement with a
combination of fly ash and blast furnace slag
delivered significantly better compressive strength
than replacement with just fly ash under the same
water/binder ratio condition.

Fig. 7 shows the compressive strength results when
recycled aggregate was used to replace natural aggregate
during concrete mixing. The test results showed that
the strength tended to decrease as the recycled aggregate
content increased when the fly ash contents were 30%
and 50%. The strength at 28 days of age, did, however,
meet the mixing strength requirement of 25 MPa with
the recycled aggregate content at 30%.
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Fig. 7. Compressive strength test results according to the recycled aggregate content. (Stage 4): a) fly ash content 30% (strength at 7 days),
b) fly ash content 30% (strength at 28 days), c) fly ash content 40% (strength at 7 days), d) fly ash content 40% (strength at 28 days), e) fly
ash content 50% (strength at 7 days) and (f) fly ash content 50% (strength at 28 days).
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Fig. 7. (Continued).

Analysis of the economic efficiency of the pile
material and determination of the optimal mixing
ratio

Compressive strength testing of the mixed concrete
material created using industrial by-products for the
development of an economical concrete pile material
indicated that the strength at 28 days of age showed a
tendency to decrease as the contents of fly ash, blast
furnace slag, and recycled aggregate increased. It was
found that mixing fly ash and blast furnace slag as
cement substitutes was more beneficial in terms of the
compressive strength than using fly ash alone.
Moreover, when the industrial by-products replaced
more than 50% of cement content, the 25 MPa mixing
strength requirement could not be met. According to
[10], concrete is composed of approximately 67.9%
fillers and 11.1% binders. When it comes to the
proportions in the concrete production cost, however,

W/B(%)

binders represent 52.6% and aggregates, which are
fillers, 43.4%. Based on these proportions, economic
efficiency of concrete composition can be summarized
as given in Table 4.

Fig. 8 provides a visual depiction of the data in Table
4. X-axis on left sides means the compressive strength
and X-axis on right sides means the cost effectiveness.
As compressive strength decreases, the cost effectiveness
also decreases. As a results, the FSOR30S0 specimen
with a composition of 50% fly ash and 30% recycled
aggregate was the most economical concrete material
to meet the mixing strength requirement of 25 MPa for
embankment piles. This represents an effective cost-
savings of approximately 19% compared to the cost of
existing cast-in-place concrete. Table 5 gives the most
economical optimal mixing ratio results that still meet
the mixing strength requirement.
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Table 4. Economic efficiency analysis for concrete pile utilizing industrial by-products.
Specimen Binder (%) Filler (%) C Compressive
ost
number Cement  Flyash Blast furnace slag Natural aggregate Recycled aggregate strength (MPa)*
FOROSO 100 - - 100 - 1.00 39.50**
F30R0S0 70 30 - 100 - 0.91 38.40
F30R0S20 50 30 20 100 - 0.88 38.30
F30R30S0 70 30 - 70 30 0.87 36.40
F50R0S0 50 50 - 100 - 0.86 31.60
F30R30S20 50 30 20 70 30 0.84 29.61**
F50R0S20 30 50 20 100 - 0.83 22.80
F50R30S0 50 50 - 70 30 0.81 28.20
F50R30S20 30 50 20 70 30 0.78 20.52%%*
40 12

Compressive strength (MPa)
&

FORDS0 F30R0S0  F3DROS20 F30R3050  FSOROSO

Fig. 8. Concrete compressive strength test and cost analysis results.

F30R305 20

Table 5. Economic efficiency analysis for concrete pile utilizing industrial by-products.

FSOROS20

FSOR30S0 FSOR3O0S20

+ 09

+ 08

- 07

r 0.6

2101200 FuUGSIXd ) 03 paaedwod Js0y

Binder (k; Natural aggregate (k; Recycled aggregate (k . i
WB W (kg) Air amount  S/a ggreg ‘( g) Y ggreg ‘( g) Wate;ézﬁycmg
%) (k) C FA  Slag (%) (%) Coarse Fine Coarse Fine
aggregate aggregate aggregate aggregate (8
45 312 34 3.4 - 4 46 13.98 11.76 5.52 4.16 55.4

Model Pile Experiment for Evaluating the
Strength of the New Type of Pile

Experiment on the compressive strength of the
model pile

To evaluate the compressive strength of the pile with
the proposed final mixing ratio, an experiment was
performed on the compressive strength using concrete
specimens. For the experiment, 21 cylindrical model
piles with a size of 400x1400 mm were fabricated in
accordance with [11], and cured under the same
conditions as those for the specimens.

The concrete compressive strength test was conducted
after the same curing period as that for the bending and
shear tests of the model piles. A 1,000-kn-class UTM
was used as the compressive strength test equipment in
accordance with [12], as shown in Fig. 9.

Fig. 11 and Table 6 both reflect the results of the
compressive strength test of the model piles. Fig. 11

Fig. 9. Concrete compressive strength test.
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Fig. 10. Stress-strain graph of the model piles.

shows the stress-strain graph of the concrete measured
by the strain gauges in the longitudinal and transverse
directions attached to the model piles. Table 6 lists the
finally obtained compressive strengths of the model
piles. As shown in the table, the compressive strengths
of the concrete model piles ranged from 18.5 to 21.2
MPa with an average of 19.4 MPa. Their strengths
exceeded the embankment pile material target design
strength of 18 MPa.

Bending strength test of the model piles

To evaluate the bending strengths of the experimental
embankment concrete piles that utilized industrial by-
products, the [13] method was applied and the same
model piles were used as those used for the compressive
strength test. The test section was a simply supported
beam, as shown in Fig. 10, and the four-point loading
method was applied. The distance between the reaction
force points was 1,200 mm, and the distance between
the loading points was 400 mm.

As for the failure pattern of the model piles, cracks

Fig. 12. Model pile failure image during the bending strength test.

. 400mm _|  400mm __|  400mm |

1200mm |

1400mm

Fig. 11. Test section for evaluating bending performance.

Table 6. Concrete compressive strength test results.

Concrete P (ton) fer (MPa)
Specimen-1 16.0 20.0
Specimen-2 16.9 21.2
Specimen-3 14.8 18.5

occurred at the failure induction section between the
loading points. Failure occurred almost simultaneously
with crack occurrence (Fig. 12).

Table 7 lists the results of the bending strength test of
the model piles. As indicated in the table, bending
failure occurred in the load range between 68.11 and
81.83 kN for the embankment concrete piles that
utilized industrial by-products, with the average bending
failure occurring at 75.79 kN. The load range can be
converted into a moment range between 13.62 and
16.37 kKN?m considering the distances between the
points. The bending stress at failure was the bending
strength by the pure bending moment in a state where
the axial stress was not applied. The bending strengths
of the model piles were found to be between 2.17 and
2.60 MPa from the moment and section modulus at
failure, and the average was 2.41 MPa. The allowable
bending stress was determined by applying a strength
sensitivity coefficient of 0.75, and the determined
average allowable bending stress was 1.81 MPa.
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Table 7. Concrete bending strength test results.

Allowable bending stress

Concrete Load at failure Moment at failure Bending stress at failure (kN
p (kN) M (KN m) (kKN/m?) fm?)
Specimen-1 81.83 16.37 2,604.7 1,953.5
Specimen-2 77.42 15.48 2,464.4 1,848.3
Specimen-3 68.11 13.62 2,168.0 1,626.0
Ave. 75.79 15.16 2,4124 1,809.3
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Fig. 13. Shear strength specimen plan.

Shear strength test of the model piles

To evaluate the shear strengths of the embankment
concrete piles that utilized industrial by-products, the
shear strength test method of [14], which used steel to
reinforce the non-test section and induce a shear failure
surface by placing a notch, was applied. A total of
three specimens, 300 mm x 375 mm x 727 mm, were
fabricated as shown in Fig. 13. The shear test section
was planned to be 355 mm in height and 325 mm in
width.

The same UTM as that for the previous tests was
used to apply loads on the specimens. A uniaxial
compressive load was applied to generate a 0.0017 mm
displacement per second, and it was continuously
increased until the specimen failed. The relative
displacement of the experimental section caused by the
load change was measured by installing four linear
variable differential transformers (LVDTs) at the top,
bottom, and on both sides of each specimen.

The shear strength test results revealed that failure
occurred along the crack induction surface where pure
shear force was applied for all the specimens. Fig. 14

Fig. 14. Failure surface of the shear specimen.

shows the image of the failure surface of the specimen.

Fig. 15 and Table 8 reflect the results of the shear
strength test of the model piles. Fig. 15 shows the shear
stress-displacement graph obtained from the model
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Fig. 15. Shear stress-displacement relationship of the model piles.

Table 8. Concrete shear strength test results.

Shear force Shear stress Allowable

Concrete at failure at failure shear stress
(kN) (kN/m?) (kN/m?)
Specimen-1 282.0 2,479.1 1,859.3
Specimen-2 258.6 2,273.4 1,705.1
Specimen-3 256.1 22514 1,688.6
Ave. 265.6 2,334.7 1,751.0

piles, and Table 8 lists the final calculated shear stress
and allowable shear stress values of the model piles. As

given in the table, the shear strengths of the concrete
specimens that utilized industrial by-products ranged
from 256.1 to 282.0 kN. The displacement ranged from
0.48 to 0.54 mm when the load reached its peak.
Moreover, the shear stress for the effective shear surface
ranged from 2.25 to 2.48 MPa, with an average of 2.33
MPa. The allowable shear stress was determined by
applying a strength sensitivity coefficient of 0.75. The
determined average allowable bending stress was 1.81
MPa.

Numerical analysis modeling and specifications

Numerical analysis was conducted using the physical
properties obtained from the model pile experiments to
evaluate the field applicability of the developed new-
type pile material. The application site was determined
to be the line OO site, where the embankment pile
structure was being installed as a test, among the actual
railway construction sections. The results of the model
pile experiments were applied as the physical properties
of the piles applied for the analysis. Table 9 gives the
input properties of the new-type cast-in-place pile.

A cross section with a 5.0 m embankment height and
a 13.5 m soft layer thickness was used as the cross
section for numerical analysis, as shown in Fig. 16.
The soil properties of each layer were summarized in
Table 10. Total 11 piles were placed in the cross
section with a center-to-center spacing (C.T.C) of 3.0
m, and two layers of geosynthetics were applied to the
top of the piles. A PET mat with a unit weight of 6 kN/
m® and a tensile strength of 200 kN/m? was applied as

Table 9. Numerical analysis input properties of the new-type cast-in-place pile.

Pile material Design strength (MPa)

Allowable bending stress (kN/m?) Allowable shear stress (kN/m?)

New-type cast-in-place pile 18

1,809.3 1,751.0

Table 10. Soil properties applied to numerical analysis.

Category Unit Wei}ght Adhesign Internal friction angle Deformation gnodulus
(KN/m?) (KN/m”) (degree) (KN/m”)
Embankment material 19 0 35 70,000
Soft soil 17 20 0 20,000
Bearing layer 20 30 31 100,000
53kPa

I N I O

Geao—grid{(200kN/m)

Soft soil

2 Layers

Drilled shaft(DBOOmMm)
C.T.C=3.0m

Lo e 000600 0 b

Fig. 16. Analysis cross section of the embankment piles in the railway section.
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the geosynthetic. A top load of 53 kPa was applied
considering the track load (17 kPa) and train load (36
kPa).

Numerical analysis results

For the numerical analysis to examine the safety of the
new-type cast-in-place pile material for embankments,
Soilworks from MIDAS, a finite element analysis
software program, was used to model the planned cross
section. As a result of the numerical analysis, the shear
force and moment distributions according to the depth
of the new-type cast-in-place pile were obtained as
shown in Fig. 17. The piles at the center of the
embankment mainly played the role of supporting the

ol

Ll

—-

(b)

123

vertical load, but the piles at the outer sections of the
embankment also played the role of resisting the
displacement caused by the force acting on the slope.
Therefore, the maximum moment, 81.2 kN-m, and
maximum shear force, 56.5 kN, occurred at piles 1 and 11.

The shear stress of each pile was obtained by
dividing the maximum shear force by the cross section
of the pile, and the bending stress was obtained by
dividing the moment of each pile by the section
modulus. The obtained shear stress and bending stress
were compared with the allowable shear stress and
allowable bending stress of the new-type cast-in-place
pile for embankments derived through the model pile
experiments as shown in Fig. 18.
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Fig. 17. Numerical analysis results (shear force and moment distributions according to depth). (Stage 5): (a) Shear force distribution for the
piles according to depth and (b) Moment distribution for the piles according to the depth.
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Fig. 18. Numerical analysis results (shear stress and bending stress according to depth). (Stage 6): (a) Shear stress according to the depth and

(b) Bending stress according to the depth.
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The maximum shear stress of the new-type cast-in-
place pile was found to be 112.4 kN/m? which was
lower than the allowable shear stress of 1,751.0 kN/m?
obtained through the model pile experiments. Moreover,
the maximum magnitude of the pure bending stress
acting on the new-type cast-in-place pile was found to
be 1,614.8 kN/m?, which was lower than the allowable
bending stress of 1,809.3 kN/m”. These results indicate
that the new-type cast-in-place pile material that utilizes
industrial by-products can be used as an embankment
pile material.

Conclusions

In this study, a new type of pile material with high
economic efficiency and reliability was developed using
relatively low-cost industrial by-products as alternative
materials, and its applicability was evaluated through
strength experiments and field application numerical
analysis with a series of model piles.

(1) From the wide range of industrial by-products
available, fly ash and blast furnace slag were chosen
for use as binders instead of cement, and recycled
aggregate was used as a filler instead of natural aggregate.
To develop a pile material with high economic
efficiency that meets the target design strength, strength
experiments were performed under various conditions
while the material replacement ratio was varied.

(2) The most economical concrete material that met
the mixing strength requirement of 25 MPa required
for embankment piles was found to be the FSOR30S0
specimen composed of 50% fly ash and 30% recycled
aggregate. An approximately 19% cost-saving effect
was observed compared to the cost of existing cast-in-
place concrete.

(3) As a result of conducting compressive strength
tests by fabricating model piles with the developed new
type of pile material, the target design strength of the
embankment pile material was met. Moreover, the
allowable bending stress and allowable shear stress of
the new-type pile were obtained through the bending
strength and shear strength tests.

(4) Numerical analysis was conducted for an
embankment pile test installation site using the
allowable bending stress and allowable shear stress
obtained through model pile experiments. As a result,
the shear stress and bending stress acting on the pile
were within the allowable ranges, indicating that the
new type of pile structure is effective for creating
embankment piles.
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