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ABSTRACT

Reducing the settlements of soft foundation effectively is a critical problem of high-speed railway
construction in China. The new CFG pile-slab structure composite foundation is a ground treatment
technique which is applied on CFG pile foundation and pile-slab structure composite foundation.
Based on the experience of constructing Beijing-Shanghai high-speed railway in China, the settlement-
controlling effect, the settlement distribution laws and three key influence factors for structural form of
new CFG pile-slab structural foundation are studied by using physical model tests and numerical

Keywords:

CFé/pﬂe_slab Structure simulations. The research results in this study indicate that the piles and soil bearing capacities of the

Settlement new CFG pile-slab structure can be put into full play because of the “load distributing” function of

Numerical Simulation slabs. The settlement reducing effect of the new CFG pile-slab structure is remarkable and can meet

Model Test the requirements of high-speed railway construction. The affected area of engineering load has a depth
over 18.75 m and horizontal length of 7.5 m nearing the embankment slope toe. The parametric study
provides the optimalizing structural form for best settlement-controlling effect. The physical model test
results show good concordance with the numerical simulation results. The combination of physical
model tests and numerical simulations justifies the use of this model in geotechnical engineering
practices.
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NOMENCLATURE

CFG Cement Fly-ash Grave P External load

a; Similarity constant of geometry a, Similarity constant of stress

a, Similarity constant of strain ag Similarity constant of elasticity modulus

O Similarity constant of poisson's ration Oy Similarity constant of internal friction angle

Greek Symbols

w Water content (%) ¥ Specific weight (KN/m?*)

g Gravity (m/s?) E; Elasticity modulus of soil (MPa)

e Void ratio

1. INTRODUCTION

[1]. When building high-speed railway in coastal soft
soil foundation, common foundation treatment

With the rapid increasing traffic demands, more and
more high-speed railways are being built in China. The
allowable maximum settlement of Chinese high-speed
railway is the most important key construction
controlling factor in railway embankment construction

*Corresponding Author’s Email: 181816090@qg.com (T. Cheng)

technology cannot meet the settlement controlling
requirement of high-speed railway. Therefore, the
ground improvement techniques such as composite
foundation are frequently adopted and studied in recent
years [2-10]. Jiang et al. [11] presented a numerical
analysis to investigate the pile-slab supported
embankment, and the result shows the proportion of the
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load carried by the soil is small. Thus, it can
significantly reduce the settlement and the stress
transfer from the soil to the piles. Messioud et al. [12]
presented a comparison between rigid piles and pile
foundations. It has concluded the influence of the
mattress stiffness, the geometrical configuration, and
head/tip fixity conditions on the dynamic response of
the foundation system. Han and Bhandari [13] studied
the stresses and deformations of geogrid-reinforced
embankments over piles. This study found the
settlements of geogrid-reinforced embankments over
geosynthetic piles are 20-30% smaller than pile
supported embankments. Okyay et al. [4] presented a
numerical analysis to analyze the impedance functions
of slab foundations with rigid piles. The study has
formulated the stress change laws for rigid piles. Chen
et al. [14] discussed the influences of piling
arrangement of the CFG pile composite foundation. The
results show that the pile-soil stress ratio and the load-
sharing ratio can be adjusted through setting up cushion
thickness. Shen et al. [9] set up a three-dimensional
simulation model of CFG pile foundation to investigate
the influence of different cushion thicknesses on the
deformation of CFG pile foundation. Moayed et al. [10]
studied the minimum settlement which has tested
various pile arrangements under different vertical stress
levels. The results show that the arrangements of short
and long piles become more effective when vertical
stress on the raft increases.

Those researches show that the normal pile-slab
structure (Figure 1) and CFG pile structure are both
suitable for dealing with deep thick soft soil foundation.
However, these structures will fail before the piles reach
their bearing limits because of the large pile-soil stress
ratio. In order to reduce the cost and improve the
functionality of pile-slab structure and CFG pile
structure, we developed this new type structure in this
work, named new CFG pile-slab structure [15]. The new
CFG pile-slab structure is constituted by CFG piles,
reinforced concrete piles and reinforced concrete slab.
The edge of each reinforced concrete slab is connected
and supported by reinforced concrete piles into one
nody. The middle of each reinforced concrete slab is
connected and supported by CFG piles within one body
(see Figure 2).

The Beijing - Shanghai high-speed railway connects
the biggest city and the capital of China (see Figure 3).
The design speed of high-speed trains is 350 km/h. Parts
of the railway is constructed on a large area of soft soil
foundation with very low bearing capacity and large
potential settlements. In order to mitigate these potential
risks, new CFG pile-slab structure are adopted. In this
paper, physical model tests and numerical simulation
are combined to investigate the settlement-controlling
effect, the settlement distribution laws and the optimal
structural style. The research aims to provide benefit for
the design and construction of railway embankment.

2. ENGINEERING SITUATION

Part from Wuxi to Kunshan of the railway is
constructed on a large area of soft soil foundation with
very low bearing capacity and large potential
settlements. We choose to apply the new CFG pile-slab
structure for this area. Figures 4 and 5 show the floor
plan view and cross-sectional view of this area for using
the new CFG npile-slab structure. The railway
embankment is 6.25 m high with a 1(V):1.5(H) side
slopes. The thickness of soft soil layer is 5.1-9.7m.
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Figure 1. Illustration of normal pile-slab structure
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Figure 2. Illustration of new CFG pile-slab structure
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The depth of investigated area is 25m and the width is
100m. The material of the embankment fill is well-
graded sandy soil. A 0.8m-thick reinforced concrete
slab is constructed under the embankment fill. Piles are
directly covered by the reinforced concrete slab. The
average soil properties are shown in Table 1.

3. SIMILAR PHYSICAL MODEL TESTS

3. 1. Similar Mechanical Properties The study
of similar principles is required to guarantee the
similarity between the model and the prototype of CFG
pile-slab structural foundation [16]. The geometric
similarity constant is set to 25, and the other constants
are calculated in two steps.

Stepl. According to the similarity concept and the
physical similarity of the model materials, the similarity
constants which should be considered in the similarity
analysis are given as follows:
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Figure 4. Floor plan view of new CFG pile-slab structure
(unit: m)
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Figure 5. Cross-sectional view of study area (unit: m)

By =2 ®

Em
where a_ and a. are the similarity constant of stress
and deformation modulus, the subscript H represents the
prototype and the subscript M represents the model.

By substitute formula 1 into formula 2, we can
obtain:

a.o
a.E,, =—FtM

“4)

ag gH

Combining with formulae 3 and 4, a. can be derived as:

a =—-<
£ a

&
Since & is a dimensionless value and the similarity
constant of deformation modulus equal the similarity
constant of geometric dimension, so we have:

a,=la =a=a-=1

Step 2. The similarity ratio is calculated by the influence
factors of structural deformation. Because the structural
stress is related to load, deformation modulus of the
material, material Poisson's ratio, and the structural size,
the relationships between stress, displacement in the
structure and other variables can be expressed as:

f(U,F,q,y,I,E,y, p,S):O )

where F is the surface load, U is the line load, 7 the
material bulk density, | the structural size, E the
Deformation modulus, # the Poisson's ratio, P the
reinforcement ratio, O the structural stress, and S the
displacement.

There are nine irrelevant variables in formula 5 and
two of them are independent variables (F,1). Based on
the factor analysis, the 7 dimensionless quasi-numbers
can be written as:

__p _ M __E _ Y
I, = FalIQ,Hz— Ea [;= Fap I, = TR (6)
q o S
H5:Fas|bs ’HSZFaﬁlbﬁ '1_17:':a7|b7 (7)

Again, according to the factor analysis, the dimension
equation of II; are derived as follows:

M a =0
- L a+b =0 8)
[0]=[MLT?*[L]" T -2a-0
Then solution of formula 8 can be obtained as:

8=0 b=0 IL=p

The other dimension equations can be solved in the
same way.
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EI? 13 | 1? Sl
I, =4 Hsz?v H4=%, Hsquv H5=%, H7=F
Then formula 5 can be rewritten as:
EI? yI° gl ol Sl
flFLpop,—,— — — —|=0
( P4 F F F F F ©)

According to the conclusions of step 1 and the principle
of factor analysis, the similarity constants for real size
prototype versus physical model can be calculated as
follows:

a,=a,=3a,=1 (10)
3 =aga’ =8/ (11)
3_, _ a2 :i
a,a, ag =4, ag, a}, a| (12)
a,=a=2a-=1 (13)
N Y B U Vo |
al - Xm - ym - Zm - um - vm - a)m - Im (14)
L@y (@), (@) () oo
0 @) @)y (@), o,
@ (6 @)y U 5
e @ G G P
a.=E,/E, (17)
a, = u ! 1, (18)
a,=p, ! 4, (19)

Based on the aboved formulas, the values of each
similarity constants are calculated and shown in Table
2.

Through more than 700 times material mechanical
experiment tests, the similar material of model test is
developed. The main ingredients are concrete, gypsum,
barite powder and quartz sand [16]. Main physical and
mechanical parameters of similar materials are recorded
in Table 3.

3. 2. Test Apparatus Test apparatus is composed
of model box, loading system and monitoring system.
The model tests take place in a model box which is
welded into a framework by angle steels. In real
practice, CFG piles are installed into nearly 10 m below
the ground surface which is deeper than the soft soil
layers. But the other soil layers are extended to nearly
90 m deep. In the loading system, based on the
similarity constants, the size of the simulated structure
is 25 times smaller than the real structure.

TABLE 1. Average soil properties

Soil Unit Water Liquid Plasti  Deformatio
laver weight conten limit climit n modulus
y (N/m*) (%) (%) (%) (MPa)
Soft soil 18 41.9 48 26.8 15.9
Hard soil 21.4 234 337 20.2 26.5
Embank 3 ¢ 202 289 175 292
ment fill

TABLE 2. Similarity constants of prototype versus physical
model

Similarity constants Value Similarity constants Value
Geometric dimension 25 Stress 1
Unit weight 1 Load on surface 625
Deformation modulus 25 Deformation 25
Poisson's ratio 1 Strain 1
Internal friction angle 1 Bearing capacity 625

TABLE 3. Main physical and mechanical parameters of similar materials

Deformation modulus (MPa)

Poisson's ratio

Internal friction angle (o) Cohesion (kPa)

Types Prototype Model Prototype Model Prototype Model Prototype Model
Concrete slab 20000 800 0.16 0.16 — — — —
Concrete pile 18000 720 0.20 0.20 — — — —
CFG pile 12000 480 0.21 0.21 — — — —
Soft soil 15.9 0.636 0.32 0.32 213 213 17.3 0.692
Hard soil 26.5 1.06 0.28 0.28 24.7 24.7 12.4 0.496
Embankment soil 31.2 1.248 0.26 0.26 26.5 26.5 9.5 0.38
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Monitoring system is composed of arrangement of
monitoring points, dial indicators and the close-shot
photography measure system [17, 18]. Close-shot
photography is a non-contact method to measure the
total and local deformation changes of soil specimens
during a test. The method is simple and cost-effective,
requiring only a commercial digital camera to take
pictures of a specimen from which accurate pixel model
of the soil specimen is reconstructed. The deformation
of each monitoring points can be obtained based on the
changes of pixel coordinates [19]. The close shot
photography measure system is adopted to monitor the
deformation of the whole model and the dial indicators
are adopted to monitor the deformation of piles in
different testing stage. The arrangement of monitoring
points are shown in Figure 8.

4. RESULTS AND DISCUSSIONS

4. 1. Settlements of Single Pile Figures 9 and 10
present the settlements curves of CFG and concrete
piles separately. From the curves, it can be concluded
that the bearing capacity of both single CFG pile and
single reinforced concrete pile are more than 350 kPa
which is enough to take the maximum load per unit area
by high-speed trains.

0 50 100 150 200 250 300 350
P(kPa)
Figure 9. The settlement curves of single CFG pile
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Figure 10. The settlement curves of single concrete pile
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Figure 11. The settlement curves of natural foundation, CFG
pile-slab structural foundation, and CFG pile composite
foundation
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Under the same external loads, the settlements of CFG
piles are larger than reinforced concrete piles because of
smaller deformation modulus. CFG piles and reinforced
concrete piles carried most of the external pressure.
Both kinds of piles are rigid and the bearing capacity are
far more than the biggest external pressure. But after
unloading the external pressure, the resilience rate of
both the two kinds of piles are low.

4. 2. Settlement Controlling Effect The
comparative analysis between the settlement of
natural foundation, CFG pile composite foundation and
new CFG pile-slab structure reinforced foundation is
shown in Figure 11. It can be known that the maximum
settlement of natural foundation is much bigger than the
maximum settlement of CFG composite foundation.
And maximum settlement of CFG composite foundation
is bigger than the maximum settlement of new CFG
pile-slab structure for the same external loads. In the
model tests, the new CFG pile-slab structure can reduce
the settlement of natural foundation from 3.75 mm to
1.38 mm when the maximum pressure on the foundation
is 300 kPa. Figure 14 also shows that when the stress is
smaller than 175 kPa, the settlements of CFG composite
foundation are nearly the same as that of new CFG pile-
slab structure. But, when the stress is bigger than 175
kPa, the settlements show large difference between the
two kinds of foundations. This is the reason why
without the distribution effect of slab, the pile-soil stress
ratios of CFG composite foundation are bigger than new
CFG pile-slab structure. More external loads are
distributed on the piles. According to the geometric
similar ratio, the maximum settlement of natural
foundation is 93.75 mm, and that of CFG composite
foundation is 52.63 mm, whereas the maximum
settlement of the same foundation adopting new CFG
pile-slab structure is only 34.5 mm. It can be concluded
that the settlement controlling effect of new CFG pile-
slab structure on soft soil foundation is remarkable.

4. 3. Settlement Effects on the Ground Soil
Figure 12 shows the settlement curves versus external
force of CFG pile-slab structural foundation. The
measured points are at the middle of the model in
horizontal direction while under the model surface from
0-90 cm in vertical direction. Figure 12 also shows that
the settlements are increasing linearly with the test
pressure when the test pressure is lower than 200 kPa.
The settlements are increasing even faster when the test
pressure is higher than 200 kPa. It can be concluded that
the loading process can be divided into an elastic
deformation phase and a ductile deformation phase. The
settlement value of the surface is biggest, but the value
is still less than the allowable maximum settlement
based on the Chinese Technical Code for Ground
Treatment for railway construction. The settlement

values at the middle of model in horizontal direction are
decreasing with the increase of soil depth under the
same test pressure. The test pressure produced no effect
on ground soil when the depth is more than 90cm under
the model surface.

Figure 13 shows the settlement curves of measured
points of CFG pile-slab structural foundation when the
test pressure is 300 kPa. The measured points are at
different depths in horizontal direction and different
planimetric position in vertical direction. Figure 13 also
shows the settlements of the points, which are at the
different depths of model, are decreasing with the
distance to the embankment slope toe. The settlement
values at the depth more than 75 cm remain unchanged
when the distances to the embankment slope toe are
more than 30 cm. Therefore, it implies the test pressure
has less effect on ground soil when the depth is more
than 75 cm and the horizontal distances to the
embankment slope toe are more than 30 cm. According
to the geometric similar ratio, the settlement affected an
area having depth of 18.75 m and horizontal distance of
7.5 m around the embankment slope toe. It can be
concluded that the settlement soil outside the
embankment is under control and the soil is still in
elastic deformation phase.

5. NUMERICAL SIMULATION

5. 1. Model’s Calculation Scheme A three-
dimensional model is created to simulate the behavior of
the CFG pile-slab structural foundation using ANSYS
17.0 software. Due to the symmetry of this model, the
left half of the model is selected (see Figures4 and 5).
The length of the numerical model are consistent with
the slab. In order to ignore bottom and horizontal
boundaries effect on the numerical results, the
numerical model is extended to 25 m deep and 50m
wide, which is approximately 4 times the depth and
width of half embankment. Main material properties of
different parts in the numerical model are shown in
Tables 1 and 3.

The mechanical boundary conditions have been set
as follows: the bottom displacements are fixed in both
horizontal and vertical directions; the horizontal
displacements on the left and right sides are set as fixed.
The left and right side boundary of the numerical model
are assumed impervious because the water could drain
out freely at the surface of ground. The bottom
boundary of the numerical model is also assumed
impervious because of the low permeability soil layers.

5. 2. Settlement Analysis and Comparisons In
order to validate the reliability of model test in
settlements controlling effect, the settlement contrast
curves between CFG pile-slab structural foundation and
natural foundation are drawn by numerical results.
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Figures 14, 15 and 16 show that under the same test
pressure, the maximum settlement of natural soft
founadation is approximately 93.8 mm while the
maximum settlement of CFG pile-slab structure
reinforced foudation is approximately 37.2mm. The
settlement pictures of both the natural soft foundation
and CFG pile-slab structure reinforced foundation show
some parallel “U” shapes and decreasing with the
increase of soil depth. Figure 14 also shows the
maximum settlement of new CFG pile-slab structure
reinforced foundation is smaller than the admissible
settlement value of high-speed railway of China. Soft
foundation reinforced by CFG pile-slab structure could
completely meet the settlement requirement of high-
speed railway constructions. The result of model test
and numerical simulation are nearly the same.

5. 3. Parametric Study of Structural Form To
further investigate the performance of the settlement
change law of new CFG pile-slab structural foundation,
3 key influence factors are selected for the parametric
study of structural form in the following discussion.
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structure

Figure 14. The contrast picture of ground subsidence when
p=300kPa
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Figure 15. The settlement distributions of natural soft
foundation when p=300kPa
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Figure 16. The settlement distributions of hew CFG pile-
slab structure reinforced foundation when p=300kPa

These include pile length, pile diameter and slab
thickness.

5. 3. 1. Influence of Pile Length  The average pile
length for the study is increased from 5 m to 21 m.
Figure 17 shows the settlements of new CFG pile-slab
structural foundation at different pile length while the
external pressure is 300 kPa. And the pile diameter and
slab thickness are constant values. It is shown that the
settlement at the foundation surface and pile bottom
layer are both decreasing dramatically with the increase
of slab thickness. Figure 17 also shows the settlement at
the foundation surface and pile bottom layers are very
close. This is because the slab, piles and soils have a
good coordination for settlement controlling. With the
increasing of the pile lengths, the piles transfer the
external loads to deeper and harder layers; the end-
bearing force and friction of piles are also increasing.
When the pile lengths exceed 15 m, the settlement
controlling effect are not dramatical anymore. It means
that there exists an optimalizing pile length for the CFG
pile-slab structure.

5. 3. 2. Influence of Pile Diameter The average
pile diameter in the study is increased from 0.3 mto 1
m. Figure 18 shows the settlement of new CFG pile-slab
structural foundation at different pile diameters while
the external pressure is 300 kPa. The pile length is 15m
and slab thickness is set at constant value. The study
results show that along with the pile diameter
increasing, the settlement controlling effect of new CFG
pile-slab structure composite foundation is better and
better, but when the pile diameter exceeds 0.6 m, the
settlement controlling effect becomes less obvious. With
the increasing of the pile diameters, both the friction of
piles and the bearing capacity of piles are increasing.
The loads distributed on the soil are decreasing, so the
bearing capacity of CFG pile-slab structure is reinforced
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and the settlements are decreased. It is concluded that
there exists an optimalizing pile diameter for the CFG
pile-slab structure.

5. 3. 3 Influence of Slab Thickness The lengths
of the piles are assumed to be 15 m and the diameters
are assumed to be 0.6 m. The average slab thickness in
the numerical analysis is increased from 0.2 m to 1.0 m.
Figure 19 shows the settlement curves of new CFG pile-
slab structural foundation at different slab thickness
while the external pressure is 300 kPa. It is shown that
the settlements at the foundation surface and pile bottom
layer are both slightly decreased with the increase of
slab thickness.
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Figure 17. The settlement curves of different pile length
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Figure 18. The settlement curves of different pile diameter
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Figure 19. The settlement curves of different slab thickness

When the slab thickness is larger than 0.8 m, the
settlements at the foundation surface is close to the pile
bottom layer, the settlement controlling of the CFG pile-
slab structural foundation is not significant. That is
because the increase in the slab thickness can slightly
reduce the differential settlement of the central slab.
With the increasing of the slab thicknesses, the slab
flexibility can be increased, and therefore the slab can
distribute the outside load.

According to the above study on the 3 influencing
factors of settlements, it can be concluded that selecting
proper structural type is a very good way to adjust the
sharing load between pile and soil and reducing the
foundation settlements, which can finally help to
achieve the purpose of optimized design.

6. CONCLUSION

1) The similar physical model test and numerical
simulation model can adequately predict the
performance of the CFG pile-slab structural foundation.
The test results show good concordance with the
numerical results.

2) The average settlement of CFG pile-slab supported
soft foundation is less than the natural soft foundation
on the same conditions. Reinforced concrete piles and
CFG piles carry most of the external embankment loads,
the combination of the piles and reinforced concrete
slab can significantly reduce the vertical stresses applied
onto the soils between piles.

3) The settlements of CFG pile-slab supported soft
foundation are decreasing with the vertical depth and
horizontal distance to the embankment slope toe. The
engineering load could affect a depth of 18.75 m and
width of 7.5 m around the embankment slope toe.

4) The optimal size of the new CFG pile-slab structure
are 15 m for pile length, 0.6 m for pile diameter, and 0.8
m for slab thickness. When constructing the CFG pile-
slab structure utilizing the optimal size, both the bearing
capacity of pile and soil can be put into full play
because of the “load distributing” function of slab.
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