
Research Article

Stress Analysis of CFG Pile Composite Foundation in
Consolidating Saturated Mine Tailings Dam

Jinxing Lai,1 Houquan Liu,1 Junling Qiu,1 Haobo Fan,1

Qian Zhang,2 Zhinan Hu,2 and Junbao Wang3

1School of Highway, Chang’an University, Xi’an 710064, China
2School of Civil Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China
3School of Civil Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China

Correspondence should be addressed to Jinxing Lai; 373159626@qq.com and Haobo Fan; 739512276@qq.com

Received 27 January 2016; Revised 2 August 2016; Accepted 18 August 2016

Academic Editor: Antonio Riveiro

Copyright © 2016 Jinxing Lai et al. �is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Cement �y-ash gravel (CFG) pile is a widely used ground reinforcement technique. �is paper aims to address the mechanical
characteristics of CFG composite foundation in consolidating saturated mine tailings (MTs) dam. �e eld static load tests were
employed to explore the bearing capacity of the CFG composite foundation, and nite element (FE) models in three dimensions
validated through comparison with experimental results were used to discuss the pile-soil stress distribution and pile-soil stress
ratio of the CFG composite foundation. �e results indicate that the distribution of earth pressure and pile stress is relatively
homogeneous and stable over depth and load, while the development of CFG composite foundation bearing capacity is insu�cient,
in which the developed bearing capacity of CFG piles is less than 50% of its characteristic value. Additionally, compared with the
laboratory model test results, the pile-soil stress ratio decreases with the increasing of the load in FEM results proved to better
conform to the actual engineering conditions. Furthermore, the deformation modulus and thickness of cushion exert signicant
in�uence on pile-soil stress ratio and integral bearing capacity of CFG composite foundation.

1. Introduction

Recently, as a common foundation type, composite founda-
tion reinforcement technology has been implemented in var-
ied engineering elds in China, such as building foundation
engineering and subgrade engineering [1–5]. Simultaneously,
CFG pile composite foundation has been applied in various
foundation treatments engineering due to its virtue of wide
application scope, quick construction, and low engineering
cost [6–8]. In highway engineering, CFG pile composite
foundation is commonly used in �exible foundation rein-
forcement; however, CFG pile composite foundation under
�exible foundation will bear incomplete development of pile
bearing capacity and insu�cient bearing capacity of the
composite foundation [9–12]. �us, it is important to study
the mechanical behaviors of composite foundation, such as
load-transferring mechanism, pile-soil load sharing ratio,
and pile-soil stress ratio, which can improve the bearing
capacity of composite foundation.

Over the recent years, a substantial amount of studies
including analytical, experimental, and numerical approach-
es have been conducted on CFG pile composite foundation
under �exible foundation to address its mechanical behav-
iors. In terms of theoretical analysis, for instance, Wang et al.
[13] studied the determination approach of bearing capacity
of CFG pile composite foundation under railway �exible
foundation. Dan et al. [14] used simple and convergent
approach to deduce the computational formula for pile-soil
stress ratio of CFG pile composite foundation. �ere are
many experimental studies: for example, Han and Ren et al.
[15, 16] explored the pile-soil stress ratio and pile-soil load
sharing ratio through in situ test. Zeng et al. [17] discussed
the stress distribution and friction distribution at the round
of pile of CFG composite foundation in high speed railway.
Ding et al. [18] researched the bearing capacity characteristics
of large-size oil tank group through in situ test. Xue et al.
[19] investigated the e�ects of di�erent in�uence factors on
the pile-soil stress ratio based on the laboratory model test.
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Figure 1: Diagram of CFG pile composite foundation (unit: m).

Numerical investigation has also been launched to study
the CFG composite foundation: for instance, Wang et al.
[20] conducted numerical analysis on the joint function
mechanism of pile and soil and analyzed the stress distri-
bution. Huang and Zhou [21, 22] studied the in�uence of
di�erent cushion parameters on pile-soil stress ratio based
on FEM. �e aforementioned research greatly promoted the
development of CFG pile composite foundation. However,
the theoretical studies and eld tests on the reinforcement of
saturatedMTs damare considered as a deciencywith the use
of CFG pile composite foundation [23, 24]. Hence, this paper
conducts a detailed analysis on the mechanical behaviors
of CFG pile composite foundation in the consolidation of
saturated MTs dam under embankment �exible load of an
expressway.

2. Field Test of CFG Pile
Composite Foundation

2.1. Engineering Overview. Shanxi Wangcheng expressway
linksWangzhuangbao and Fanshi.�e route design standard
is bidirectional with six lanes; the design speed is 100 km/h;
the subgradewidth is 33.5m, and the separate subgradewidth
is 16.75m.�e high demand construction quality is proposed
to avoid the uncontrolled deformation.

�e whole route has nine sections drilling through or
passing near saturated MTs dam area, in which Yuehong

magnetic plant saturated MTs dam (a “V”-shaped MTs dam,
see Figure 1) from K55 + 650 to K55 + 770 was reinforced by
CFG pile composite foundation. �e CFG pile length is 15m
and the pile diameter is 0.5m with the pile spacing of 1.75m,
and the piles are distributed in square shape. Besides, the
bearing capacity characteristic values were provided by the
design department in the document of construction drawing
according to the geological survey report and relevant crite-
rion [26–28], in which bearing capacity characteristic value
of composite foundation should not be less than 280 kPa and
that of single pile should not be less than 400 kN, and the limit
value of bearing capacity of soil among piles should not be less
than 200 kPa. However, due to the high quality requirements
of the project, the composite foundation eld static load
tests, including bearing capacity test of single pile composite
foundation, bearing capacity test of single pile, and bearing
capacity test of soil among piles, were imperative and were
thus performed to explore the bearing capacity characteristics
of CFG pile composite foundation. �e diagram of CFG pile
composite foundation is presented in Figure 1. Figure 2 shows
the in situ conditions in various stages of construction.

2.2. Results of Field Test

2.2.1. Bearing Capacity of Composite Foundation. Static load
test is presented in Figure 3. In this test, fourteen groups of
CFG piles were selected to investigate the bearing capacity of
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Figure 3: Diagram of static load test of composite foundation.

the composite foundation, and two of fourteen groups were
chosen for the analysis in this study [29]. �e bearing plate
for the test was a square steel plate at a size of 1.75 × 1.75m;
loading devices were hydraulic jack, and four dial indicators
were used to measure settlement. Loading increased step by
step, and the loading of each step was 1/10 of total loading
(2 times of designed bearing capacity); additionally, loading
of the rst step was two times of step loading. When the
loading increased to the maximum value of 560 kPa, there
was no obvious settlement; hence, loading was stopped and
unloading subsequently. �e �-� curve (Figure 4) illustrates
that the settlement curve of CFG piles composite foundation
is stable and changes slowly. According to the “JGJ79-2012,
Technical Code for Treatment of Buildings” [30], the bearing
capacity characteristic value of composite foundation can
be determined by relative settlement approach. When the
CFG piles are located at foundation of thick medium sand,
the parameter �/� = 0.008 (where “�” is settlement and “�”
represents the width of bearing plate) can be obtained. �e
width of bearing plate in this test is � = 1.75m, and the
corresponding settlement is � = 14mm in Figure 4; hence,

the bearing capacity characteristic value (���� = 526 kPa) of
CFG composite foundation can be determined based on the
loading towards � = 14mm. Obviously, the characteristic
value of bearing capacity is much more than the designed
value (280 kPa). Obviously, the design is too conservative,
whichwill result in the increased technical inputs, higher cost
of construction, and other negative results [31].

2.2.2. Bearing Capacity of Single Pile. �ree groups of CFG
piles were selected to carry out the single pile vertical static
load test.Hydraulic jackwas employed to loading step by step,
and steel beam was used as antiforce device. �e loading of
each step was 1/10 of the predicted maximum load (1500 kN).
�e settlement of the rst nine steps was stable, while sharp
settlement, sharp oil pressure fall, and pile damage occurred
when loading tenth.�is indicates that CFGpile is at ultimate
limit state when the load reaches 1500 kN. According to the
“JGJ94-2008, Technical Code for Building Pile Foundations”
[28] (�� = ���/�, where ��� is single pile ultimate bearing
capacity of 1350 kPa in this test and � is safety factor of
2), the bearing capacity characteristic value of single pile is
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Figure 4: �-� curve of single pile CFG composite foundation.
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Figure 5: �e �-� curve of single CFG pile.

�� = 675 kN (>400 kN). �e design requirements are satis-
ed. �e �-� curve of single CFG pile is plotted in Figure 5.

2.2.3. Bearing Capacity of Soil among Piles. Shallow plate load
test was conducted to the three groups of the soil among piles.
�e bearing plate used in this test was a square steel plate at
a size of 0.8 × 0.8m. No more than 20mm thick coarse sand
was laid under the bearing plate. Load was applied through
slow loadingmethod, and the loading of each step was 20 kPa
which was 1/10 of total loading (2 times of designed bearing
capacity). �e rst loading was two times of step loading,
the maximum load was 220 kPa, and load was applied by

Dial indicator

Jack

Figure 6: Field diagram of shallow �at plate static load test.

50 t oil jack. Four dial indicators were used to measure the
settlement, and the eld test diagram is shown in Figure 6.
When the load reached 220 kPa, settlement rate of soil among
piles was stable, and no sharp drop occurred. Since this load
had exceeded the limit value in design (200 kPa), loading was
stopped and unloading subsequently. �e �-� curve of soil
among piles (Figure 7) depicts that the settlement is stable
and the ultimate load of soil among piles satises the design.
However, due to the di�erent bearing capacity of soil between
piles at the test sites, a relatively large settlement happens in
the second group compared with that in the rst and third
groups. Furthermore, since settlement sharp drop does not
occur and settlement change is stable, the ultimate value of
bearing capacity of soil among piles is above the maximum
loading force of 220 kPa. According to “GB50007-2002, Code
for Design of Building Foundation” [32], the bearing capacity
characteristic value of soil among piles is ��� = 110 kPa a�er
reinforcement.

3. Numerical Analysis of
CFG Pile Composite Foundation

3.1. Numerical Modeling. In this paper, MIDAS-GTS
(Geotechnical and Tunnel Analysis System) so�ware [33],
which was generally employed for geotechnical analysis, was
used to develop the FE analysis. MIDAS-GTS so�ware is
FEM analysis so�ware which is developed by the MIDAS
Information Technology Co., Ltd., based on the visual C++
and Windows. MIDAS-GTS so�ware can provide the users
with various analysis types, which includes nonlinear elastic
plastic and construction stage analysis, unsteady seepage
and stress-seepage coupling analysis, consolidation analysis,
and earthquake and dynamic analysis. In this so�ware,
the graphic user interface (GUI) environment is supported
during the modeling process, and the complex geometric
model can be constructed in a visual environment.

To investigate the pile-soil stress and stress ratio of
CFG pile composite foundation under vertical load, a three-
dimensional FE modeling at a size of 14 × 10 × 31.5m is
constructed, in which displacements are restricted at the
model boundaries in the normal direction to their respective
planes. In the FE modeling (Figure 8(a)), the saturated MTs
and loess layers are at a depth of 25m in total; gravel
cushion is 3m and subgrade lling is 3.5m. Figure 8(b)
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Figure 7: �e �-� curve of soil among piles.

shows the total simulated 35CFG piles, in which the length
of CFG pile is 15m, pile diameter is 0.5m, and pile spacing is
1.75m. On the other hand, the interface of all soil layers was
simplied to be plane, and the soil strata in this modeling
were modeled as elastoplastic materials following a Mohr-
Coulomb criterion [34, 35], while the piles were assumed
to be linearly elastic material. Besides, contact element was
constructed between pile and soil. Analyses were performed
for loading intensities of 50, 100, and 150 kPa. Furthermore,
in order to study the in�uence of cushion parameters on
pile-soil stress, di�erent cushion thickness and deformation
modulus were set to analyze pile-soil stress ratio. Soil strata
parameters in this study were derived from eld tests [25],
and the CFG piles input parameters were typical values [21].
Modulus of deformation was employed for soil, andmodulus
of elasticity was used for the CFG piles. Consolidation
behavior was not considered. �e material properties of the
various components are summarized in Table 1. Figure 8
shows integral modeling of CFG composite foundation.

3.2. Pile Stress Analysis. �e FEM results of CFG piles stress
and axial force distribution under the loading of 150 kPa are
shown in Figure 9, inwhich stress of central pile, intermediate
pile, side pile, and corner pile (cf. Figure 10) were selected
for analysis. �e variations of the CFG piles with depth and
pile position are presented in Figures 11 and 12, respectively.
Accordingly, the stress of single CFG pile increases and then
decreases with depth increasing and the stress on pile top
and pile bottom is relatively small (Figure 11). Specically,
the stress tends to increase rapidly near the top of the piles
and decrease rapidly at the bottom but presents a relatively
small increment at the middle of the piles. In addition, the
maximum value is near pile bottom, and the position of
maximumpile stress graduallymoves upwhen the distance to

the central pile increases (Figure 9). Additionally, compared
with other piles, the stress of central pile is comparatively
small under the same conditions, while corner pile stress
changes greatly and has themaximum stress of about 1102 kPa
(Figure 11). On the other hand, as can be seen in Figure 12, the
analogous stress of CFG piles is displayed at the same depth.
Generally, the stress of CFGpiles is uniform and stable among
depth and position. However, compared to the bearing
capacity characteristic value of single pile obtained from eld
test, it is evident that the bearing capacity utilization of CFG
piles rate is less than 50%. As reported in [21], the utilization
rate of bearing capacity of CFG piles only accounts for 35.3%
of the ultimate bearing capacity under �exible foundation.
�e foregoing analysis indicates that it is di�cult to make
full use of the bearing capacity of CFG piles in composite
foundation under �exible foundation.

3.3. Earth Pressure Analysis. �e FEM results of various
soil layers pressure of 150 kPa load are shown in Figure 13.
�e isoclines distribution in FEM results evince that the
earth pressure of various soil layers is consistent and stable.
�erefore, the earth pressure of the di�erent soil layers near
the central pile was selected to analyze the variation of earth
pressure. �e earth pressure distribution is illustrated in
Figure 14. �e results demonstrate that, under the di�erent
loads, the earth pressure in saturated MTs area reinforced
by CFG piles shows an approximate straight-line increase
with the increase of depth, and the increasing range tends
to reduce with the increase of depth. Furthermore, the earth
pressure in reinforced saturated MTs area causes a relatively
small change during the three times loading (i.e., 50, 100, and
150 kPa), and the average value of that is 128, 139, and 165 kPa,
respectively, which is smallest among the various soil layers.
Hence, it is apparent that the CFGpiles in saturatedMTs layer
have shared a certain load and obtained a good reinforcement
e�ect. At the gravel cushion and subgrade lling layers, the
soil pressure builds up with the depth at a relatively stable
increasing range about 10 kPa. However, the earth pressure
decreases with depth at the depth of 0.5m to the pile top,
which is because of the penetration of piles to the cushion,
that is, a part of the load has been transferred to the CFG
piles. Besides, at the MTs and loess layers which locate below
the bottom of pile, earth pressure builds up greatly with the
increase of depth compared with the reinforced MTs layer,
and the increase range reaches up to around 50 kPa with the
load increasing. Overall, the earth pressure of the di�erent
soil layers is stable and consistent with the change of depth
and load. On the other hand, the average increasing range of
earth pressure, which occurs at soil between piles during the
loading for three times, is stable at 6 kPa, 11 kPa, and 26 kPa,
respectively. �is means that the soil between piles carries
much more loads at the later period of loading, which is
consistent with the results reported in [36–39]. According to
the FEM results in this paper, the load sharing ratio of pile
and soil is only 23%: that is, the soil among piles bears most
of the loads, and the piles fail to develop their bearing capacity
su�ciently. In the previous research, it is discovered that
the e�ect of changing CFG pile parameters to improve the
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Table 1: Geotechnical properties of CFG pile and soil layers [25].

Number Material types Modulus/MPa Poisson’s ratio Soil unit weight/(kN/m3) Cohesion/kPa Angle of internal friction/(∘)

1 CFG pile 1600 0.25 21.5 900 35

2 Saturated MTs 2 0.32 18.7 7 40

3 Loess 40 0.25 20 35 45

4 Gravel cushion 140 0.16 20 0 36

5 Subgrade lling 100 0.2 19 15 20
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bearing capacity of composite foundation is not signicant
under �exible foundation [40–42]. However, improving the
parameters of so� soil foundation and enhancing thematerial
properties of so� soil foundation can improve the bearing
capacity of composite foundation e�ectively. In addition,
altering the connecting type of pile-cushion system will also
enhance bearing capacity of composite foundation [43].

4. Comparison of the Results in
Laboratory Model Test and FEM on
Pile-Soil Stress Ratio

Based on the saturated MTs dam at K55 + 650–K55 + 770
sections of Wangzhuangbu-Fanshi Expressway in Shanxi,
China, Xing [25] had launched laboratory model test (the
model trough is at a size of 2 × 2 × 2m) on the CFG pile
composite foundation with a geometric similarity ratio 	�
of 10. In the laboratory model test, ve di�erent test areas
were selected to study the pile-soil stress ratio of composite
foundation (cf. Figure 15). �e accumulation load method
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was used for loading of three times, and the loads were
converted based on in situ loads according to the similarity
ratio in the model test. Figure 16 shows some of the diagrams
in the model test construction. �e results of pile-soil stress
ratio in laboratory test are compared with that in FEM, which
is shown in Figure 17.

In the laboratorymodel test (Figure 17), the pile-soil stress
ratio increases with the increase of load and the average
value of stress ratio in di�erent test areas for three times
loading is 2.0, 2.1, and 3.7, respectively. It is apparent that
the increasing range of pile-soil stress ratio in later period of
loading is larger than that in earlier period, which indicates
that the load shared by the pile increases gradually with
the increase of loading, and the bearing capacity of pile
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is gradually developed. While in the FEM results, pile-soil
stress ratio gradually reduces with the increase of load, and
the average value of stress ratio in the various test areas
for three times loading is 3.6, 3.1, and 2.3, respectively. �e
pile-soil stress ratio is much larger at the earlier period
of loading, while it tends to decrease with the increase
of loading, which has a good agreement with the results
reported in [36, 37]. Furthermore, eld measurement result
of the pile-soil stress ratio is 1.1∼1.7, 1.1∼1.6, and 1.18∼2.26,
respectively [44–46], and the recommended value in “JTJ
017-96, technical specications for design construction of
highway embankment on so� ground” is 3∼6 [47]. �us, the
pile-soil stress ratio in laboratory model test and FEM are
close to the actual conditions. On the other hand, the pile-
soil stress ratio is variable among di�erent test areas with

a small change in the laboratory model test, in which the
maximum value of pile-soil stress ratio occurs in test area
3, while the minimum value happens in test areas 1 and 2.
Simultaneously, the pile-soil stress ratio in FEM increases
gradually with the increase of the distance to the central pile,
and the pile-soil stress ratio of central pile (test area 3) is the
smallest. According to the results in the laboratorymodel test
and FEM, the settlement increaseswith the distance to central
pile decrease [25, 48]. �e greater settlement will result in a
wider scope of negative friction area, and more loads will be
carried by soil among piles [36, 37]. Hence, the pile-soil stress
ratio increases with the increase of distance to the central pile
in FEM which conforms to practical engineering situation.

Overall, there is a great di�erence of the variation of pile-
soil stress ratio between the laboratory model test and FEM,
in which the opposite variation trend with load is observed.
�e thickness of gravel cushion in actual engineering is 3m,
while that in actual engineering in laboratory model test
is 0.05m. However, based on geometric similarity ratio (	�
= 10), the thickness of cushion in model test should be
0.3m, with the addition of the indeterminacy of model test.
Hence, it is concluded that the FEM results are closer to the
actual situations by referring to the previous research results.
Furthermore, based on the results in laboratory model test
and FEM, the pile-soil stress of composite foundation is
smaller than the recommended value 3∼6 [47]. Hence, the
development of bearing capacity of CFG pile in composite
foundation of saturated MTs dam a�er CFG pile treatment
can be further improved.

5. Influence of Cushion Parameters on
the Properties of Bearing Capacity of
CFG Pile Composite Foundation

It is e�ective to improve the development of CFG piles
bearing capacity in composite foundation by changing the
parameters of cushion [49–52]. �erefore, in order to inves-
tigate the in�uence of cushion parameters on pile-soil stress
ratio, variations of pile-soil stress ratio in test areas 4 (smallest
stress ratio, cf. Figure 15) and 5 (largest stress ratio) are
discussed.

5.1.
e In�uence of the Cushion
ickness on Bearing Capacity
of CFGComposite Foundation. Pile-soil stress ratio decreases
with the increase of cushion thickness (cf. Figure 18, the
cushion deformation modulus is �0 = 140MPa). And when
the thickness reaches about 1m, the whole curve has an
obvious in�ection point, which demonstrates that when the
range of cushion thickness is between 0.1 and 1m, pile-soil
stress ratio decreases greatly with the increase of thickness,
and the amplitude decreases with the increase of thickness.
However, when the cushion thickness is 1–3m, the changes
of pile-soil stress ratio are su�ciently small with increase of
thickness, which illustrates that the bearing capacity of pile
obtains a better exertion with a thinner thickness. Hence, the
3m thickness of cushion in design plan should be decreased
to about 1m, which can not only satisfy the waterproof
requirement of highway subgrade, but also improve the
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bearing capacity of composite foundation greatly. On the
other hand, the in�uence of cushion thickness on the pile-
soil stress ratio in later loading period is greater than that in
earlier loading period, and the in�uence of cushion thickness
on the pile-soil stress ratio in test area 5 is smaller than
that in test area 4. �is is because of the negative friction
of pile which has more e�ect in test area 4. �erefore,
it is recommended that the bearing capacity of composite
foundation can be improved by enhancing the compactness
in test area 4 (the central area of subgrade, cf. Figure 15).

5.2. 
e In�uence of Cushion Deformation Modulus on the
Bearing Capacity of CFG Composite Foundation. Curve of
pile-soil stress ratio over cushion deformation modulus
(Figure 19, cushion thickness is 1m) demonstrates that pile-
soil stress ratio increases with the increase of cushion defor-
mation modulus, which is small relatively when deformation
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Figure 18: E�ect of cushion thickness on pile-soil stress ratio curve.

modulus is below 120MPa and then increases rapidly when
the deformation modulus range is between 120 and 160MPa.
When the deformation modulus is larger than 160MPa, the
increasing range is relatively small and the pile-soil stress
ratio tends to be stable. As the cushion deformation mod-
ulus gradually increases, the e�ect of pile negative friction
gradually decreases, and the loads gradually transform to pile;
hence, the pile-soil ratio gradually increases. Furthermore,
when the cushion deformation modulus is small relatively,
the e�ect of negative friction is much great and the in�uence
of deformation modulus on the pile-soil ratio is unobvi-
ous. However, when the deformation modulus increases to
about 120MPa, the e�ect of negative friction becomes small
gradually, and the increasing range of pile-soil stress ratio
became larger.When the deformationmodulus reaches about
180MPa, the e�ect of negative friction is su�ciently small;
thus, the pile-soil stress ratio tends to be stable with the
further increase of cushion deformation modulus. �ese
results demonstrate that bearing capacity of CFG pile can
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Figure 19: E�ect of cushion thickness on pile-soil stress ratio.

be enhanced by improving cushion deformation modulus.
However, the in�uence of cushion deformation modulus
on the bearing capacity is not obvious when the cushion
deformation modulus increases to a certain extent. It is
reasonable to increase the cushion deformation modulus to
about 200MPa. �us, the deformation modulus of gravel
cushion adopted in construction is relatively small, which is
unfavorable for the development of bearing capacity of CFG
pile.

6. Conclusions

�is paper studied the mechanical characteristics of CFG
composite foundation in the application of saturated MTs
dam.�e eld static load tests were carried out to investigate
the bearing capacity of the CFG composite foundation, and
FE modeling in three dimensions validated through compar-
ison with experimental results were used to discuss the pile-
soil stress distribution and pile-soil stress ratio of the CFG
composite foundation. Furthermore, the e�ects of cushion on
the CFG composite foundation pile-soil ratio were studied.
Based on the foregoing mechanical characteristics studies,
some of the main ndings are summarized as follows.

(1) In the eld tests, the bearing capacity characteristic
value of CFG composite foundation is ���� = 526 kPa and
that of single pile is �� = 675 kN, which are proved to be
much more than the designed value. �e results uncover
the fact that the development the bearing capacity of CFG
composite foundation is insu�cient because of the relatively
conservative designed value.

(2) According to the FEM results, it is conrmed that the
distribution of CFG piles stress is uniform and stable over
depth and position, stress on pile top and pile bottom is small,
and themaximumvalue is near pile bottom. Furthermore, the
exertion degree of bearing capacity of pile is lower than 50%.

On the other hand, the earth pressure is homogeneous with
depth and load in each soil layer. Especially in the reinforced
MTs area, due to the good reinforcement e�ect of CFG piles,
the reinforced MTs layer has a more small earth pressure
and increase range. Furthermore, load sharing ratio of soil
between piles at the later period of loading ismuch larger than
that at the earlier period of loading.

(3) Comparing the results in FEM and laboratory model
test, the magnitude of pile-soil stresses is similar, while their
changes trends with load are opposite and the pile-soil stress
ratio decreases with the increase of load in FEM which is
much close to the actual engineering.

(4) According to the FEM results, when the thickness of
cushion is less than 1m, it exhibits signicant in�uence on the
pile-soil stress ratio, and the stress decreases approximately
linearly with the increase of thickness. However, when the
thickness is more than 1m, pile-soil stress ratio has slight
changes with thickness. �erefore, the bearing capacity of
CFG composite foundation can be improved when the
cushion thickness reduces to about 1m.

(5) Cushion deformation modulus has signicant in�u-
ence on the pile-soil stress ratio, which increases with the
increasing of cushion deformation modulus. Furthermore,
the in�uence of cushion deformation modulus on pile-soil
stress ratio is di�erent due to the di�erent e�ect degree
of negative friction. Large cushion deformation modulus
around 200MPa should be set to improve the pile-soil stress
ratio in the CFG composite foundation, simultaneously, to
enhance the bearing capacity of composite foundation.

Although the utilization of CFG composite foundation in
saturated MTs dam has obtained a good consolidation e�ect,
the bearing capacity of CFG composite foundation can be
further improved in pursuit of a more e�ective consolidation
according to the results in this study. Additionally, increasing
of strength and rigidity of CFG pile has little e�ect on
improving the bearing capacity of composite foundation,
while improving the material parameters of so� foundation
and changing the connecting type among cushion; pile and
soil are e�ective in the improvement of bearing capacity of
composite foundation. Hence, further research should focus
on the aforementioned two aspects.

Competing Interests

�e authors declare that there is no con�ict of interests
regarding the publication of this paper.

Acknowledgments

�is work is nancially supported by the Special Fund for
Basic Scientic Research of Central Colleges of Chang’an
University (Grant no. 310821165011) and the Key Industrial
Research Project of Shaanxi Provincial Science and Technol-
ogy Department (Grant no. 2015GY185) and the Integrated
Innovation Project of Shaanxi Provincial Science and Tech-
nology Department (Grant no. 2015KTZDGY01-05-02) and
the Brainstorm Project on Social Development of Shaanxi



Advances in Materials Science and Engineering 11

Provincial Science and Technology Department (Grant no.
2016SF-412).

References

[1] F. Song, J.-M. Zhang, and G.-R. Cao, “Experimental investiga-
tion of asymptotic state for anisotropic sand,” Acta Geotechnica,
vol. 10, no. 5, pp. 571–585, 2015.

[2] A. Hegde and T. G. Sitharam, “3-Dimensional numerical
modelling of geocell reinforced sand beds,” Geotextiles and
Geomembranes, vol. 43, no. 2, pp. 171–181, 2015.

[3] M. Zhou, W. C. Yuan, and Y. Zhang, “Seismic material proper-
ties of reinforced concrete and steel casing composite concrete
in elevated pile-group foundation,” Polish Maritime Research,
vol. 22, no. 1, pp. 141–148, 2015.

[4] X. L. Weng, Y. T. Nie, and J. Y. Lu, “Strain monitoring of
widening cement concrete pavement subjected to di�erential
settlement of foundation,” Journal of Sensors, vol. 2015, Article
ID 679549, 7 pages, 2015.

[5] C. Zhang, X. Chen, W. Fan, and J. Zhao, “A new unied failure
criterion for unsaturated soils,” Environmental Earth Sciences,
vol. 74, no. 4, pp. 3345–3356, 2015.

[6] X. N. Gong, “Development of composite foundation in China,”
in Soil Mechanics and Geotechnical Engineering, vol. 1, p. 201, A
A Balkema, 1999.

[7] M. L. Yan, C. L. Wu, and J. Yang, “Study on the composite
foundation with cement-�yash-gravel pile,” Chinese Journal of
Geotechnical Engineering, vol. 18, no. 2, pp. 56–62, 1996.

[8] C. L. Zhang, G. L. Jiang, X. F. Liu, and Z. Wang, “Deformation
performance of cement-�y ash-gravel pile-supported embank-
ments over silty clay of medium compressibility: a case study,”
Arabian Journal of Geosciences, vol. 8, no. 7, pp. 4495–4507, 2014.

[9] J.W.Duan, X.N.Gong, andG. X. Zeng, “Load transfer behavior
of cement treated soil column,” Chinese Journal of Geotechnical
Engineering, vol. 16, no. 4, pp. 2–7, 1994.

[10] J. T. Shahu, M. R. Madhav, and S. Hayashi, “Analysis of so�
ground-granular pile-granular mat system,” Computers and
Geotechnics, vol. 27, no. 1, pp. 45–62, 2000.

[11] H. F. Schweiger and G. N. Pande, “Numerical analysis of stone
column supported foundations,” Computers and Geotechnics,
vol. 2, no. 6, pp. 347–372, 1986.

[12] Y. R. Lv, H. L. Liu, C. W. W. Ng, X. Ding, and A. Gunawan,
“�ree-dimensional numerical analysis of the stress transfer
mechanism of XCC piled ra� foundation,” Computers and
Geotechnics, vol. 55, pp. 365–377, 2014.

[13] L. Wang, G. Ding, S. Liu, X. Chen, and Y. Shen, “Study on
the determination method for the bearing capacity of CFG pile
composite foundation under the �exible foundation in railway,”
China Railway Science, vol. 29, no. 6, pp. 12–17, 2008.

[14] H. Dan, L. Li, L. Zhao, and F. Wang, “Calculation and in�uence
factors analysis on pile-soil stress ratio of CFG pile composite
foundation,”ChinaRailway Science, vol. 29, no. 5, pp. 7–12, 2008.

[15] Y. S. Han, H. X. Bai, and R. W. Lian, “Cushion in�uence on
bearing capacity of composite foundation with cement-�yash-
gravel piles,”Chinese Journal of RockMechanics andEngineering,
vol. 23, no. 20, pp. 3498–3403, 2004.

[16] P. Ren, R.-G. Deng, and Z.-Q. Yu, “Experimental research
on composite foundations with CFG piles,” Rock and Soil
Mechanics, vol. 29, no. 1, pp. 81–86, 2008.

[17] C. J. Zeng, J. W. Zhang, and X. D. Tong, “In-situ test of stress
characteristics of CFG pile composite foundation of high-speed

railway,” Journal of the China Railway Society, vol. 33, no. 5, pp.
92–95, 2011.

[18] X. J. Ding, X. Wang, and Y. J. Zhang, “Experimental study
of bearing and deformation features of CFG-pile composite
ground for large oil storage tanks,” Chinese Journal of Rock
Mechanics and Engineering, vol. 32, no. 9, pp. 1852–1856, 2013.

[19] X. H. Xue, Y. X. Wei, G. X. Yang et al., “Laboratory model
test study on CFG pile composite foundation,” China Railway
Science, vol. 33, no. 2, pp. 8–12, 2012.

[20] S. J. Wang, M. C. He, C. Z. Zhu et al., “Research on bearing
properties of composite foundation integrated byCFGpiles and
gravel piles,” Rock and Soil Mechanics, vol. 33, no. 2, pp. 2632–
2636, 2008.

[21] S.-G. Huang, “Test study and nite element analysis of CFG
composite foundation,” Rock and Soil Mechanics, vol. 29, no. 5,
pp. 1275–1279, 2008.

[22] A.-J. Zhou and B. Li, “Experimental study and nite element
analysis of cushion in CFG pile composite foundation,” Rock
and Soil Mechanics, vol. 31, no. 6, pp. 1803–1808, 2010.

[23] R. Chen, I. Lee, and L. Y. Zhang, “Biopolymer stabilization
of mine tailings for dust control,” Journal of Geotechnical
and Geoenvironmental Engineering, vol. 141, no. 2, Article ID
04014100, 2015.

[24] R. Chen, L. Y. Zhang, and M. Budhu, “Biopolymer stabilization
of mine tailings,” Journal of Geotechnical and Geoenvironmental
Engineering, vol. 139, no. 10, pp. 1802–1807, 2013.

[25] Y. R. Xing, 
e model test of saturated tailing ore foundation
which treated by CFG piles [Ph.D. thesis], Chang’an University,
Xi’an, China, 2014.

[26] Construction Drawing Document of Shanxi Wangcheng Express-
way Engineering Project, CCCC First Highway Consultants,
Xi’an, China, 2011.

[27] Geological Survey Report of Shanxi Wangcheng Expressway
Engineering Project, CCCC First Highway Consultants Co. Ltd,
Xi’an, China, 2011.

[28] JGJ94-2008,Technical Code for Building Pile Foundations, China
Architecture & Building Press, Beijing, China, 2008.

[29] Z. Li, “Analysis of bearing capacity of CFG pile composite foun-
dation by in-situ test,” Research Report, Chang’an University,
Xi’an, China, 2014.

[30] JGJ79-2012, Technical Code for Treatment of Buildings, China
Architecture & Building Press, Beijing, China, 2012.

[31] L. Zhang, “Study of method for determining bearing capacity
of composite foundation by in-situ loading test,” Rock and Soil
Mechanics, vol. 35, no. 2, pp. 241–249, 2014.

[32] GB50007-2002, Code for Design of Building Foundation, China
Architecture & Building Press, Beijing, China, 2002.

[33] Midas, Midas/GTS (Geotechnical and Tunnel Analysis System)
Reference Manual for Modeling, Integrated Design and Analysis,
Midas Corporation, 2013.

[34] H. Jiang, “Failure criteria for cohesive-frictionalmaterials based
on Mohr-Coulomb failure function,” International Journal for
Numerical and Analytical Methods in Geomechanics, vol. 39, no.
13, pp. 1471–1482, 2015.

[35] J. X. Lai, S. Mao, J. L. Qiu et al., “Investigation progresses
and applications of fractional derivative model in geotechnical
engineering,” Mathematical Problems in Engineering, vol. 2016,
Article ID 9183296, 15 pages, 2016.

[36] J. C. Ekstrom, J. A. Berntsson, and G. B. Sallfors, “Test lls
of clays stabilized with cement columns,” in Proceedings of the



12 Advances in Materials Science and Engineering

13th International Conference on Soil Mechanics and Foundation
Engineering (ICSMFE ’94), pp. 1183–1186, New Delhi, India,
1994.

[37] Y. K. Chow, J. T. Chin, and S. L. Lee, “Negative skin friction on
pile groups,” International Journal for Numerical and Analytical
Methods in Geomechanics, vol. 14, no. 2, pp. 75–91, 1990.

[38] J. X. Lai, J. L. Qiu, Z. H. Feng, J. Chen, andH. Fan, “Prediction of
soil deformation in tunnelling using articial neural networks,”
Computational Intelligence and Neuroscience, vol. 2016, Article
ID 6708183, 16 pages, 2016.

[39] J. Lai, H. Fan, J. Chen, J. Qiu, and K. Wang, “Blasting vibration
monitoring of undercrossing railway tunnel using wireless
sensor network,” International Journal of Distributed Sensor
Networks, vol. 2015, Article ID 703980, 7 pages, 2015.

[40] X.-N. Gong, “Generalized composite foundation theory and
engineering application,” Chinese Journal of Geotechnical Engi-
neering, vol. 29, no. 1, pp. 1–13, 2007.

[41] W. J. Xue, L. B. Wang, and D. Wang, “A prototype integrated
monitoring system for pavement and tra�c based on an
embedded sensing network,” IEEE Transactions on Intelligent
Transportation Systems, vol. 16, no. 3, pp. 1380–1390, 2015.

[42] W. J. Xue, E.Weaver, L. B.Wang, and Y.Wang, “In�uence of tyre
in�ation pressure on measured pavement strain responses and
predicted distresses,” Road Materials and Pavement Design, vol.
17, no. 2, pp. 328–344, 2016.

[43] J.-J. Zheng, S. W. Abusharar, and X.-Z. Wang, “�ree-
dimensional nonlinear nite element modeling of composite
foundation formed byCFG-lime piles,”Computers andGeotech-
nics, vol. 35, no. 4, pp. 637–643, 2008.

[44] G.-W. Li and T. Yang, “Field experimental study on pile-soil
stress ratio of composite ground under �exible foundation,”
Rock and Soil Mechanics, vol. 26, no. 2, pp. 265–269, 2005.

[45] H. M. Wu and X. N. Gong, “Model tests on composite
ground under so� and sti� foundation,”China Civil Engineering
Journal, vol. 34, no. 5, pp. 81–83, 2002.

[46] H. Zhang, Y. F. Zhou, B. A. Wan et al., “In-situ test of
pile-soil stress ratio of CFG pile composite foundation unde
embankment load,” Journal of Highway and Transportation
Research and Development, vol. 28, no. 9, pp. 6–10, 2011.

[47] JTJ017-96, Technical Specications for Design and Construction
of Highway Embankment on So� Ground, China Communica-
tions Press, Beijing, China, 1996.

[48] J. Lai, H. Liu, J. Qiu, and J. Chen, “Settlement analysis of satu-
rated tailings dam treated by CFG pile composite foundation,”
Advances inMaterials Science and Engineering, vol. 2016, Article
ID 7383762, 10 pages, 2016.

[49] F.-Y. Liang, L.-Z. Chen, and X.-G. Shi, “Numerical analysis of
composite piled ra� with cushion subjected to vertical load,”
Computers and Geotechnics, vol. 30, no. 6, pp. 443–453, 2003.

[50] W. J. Xue and E. Weaver, “In�uence of tyre conguration
on pavement response and predicted distress,” International
Journal of Pavement Engineering, vol. 16, no. 6, pp. 538–548,
2015.

[51] G.-L. Ding, L.-J. Wang, and S.-C. Liu, “E�ect of cushion
thickness on deformation characteristics of CFG pile composite
foundation with caps under �exible load,” Chinese Journal of
Geotechnical Engineering, vol. 31, no. 7, pp. 997–1001, 2009.

[52] Y. Xie and X. Yang, “Characteristics of a new-type geocell
�exible retaining wall,” Journal of Materials in Civil Engineering,
vol. 21, no. 4, pp. 171–175, 2009.



Submit your manuscripts at

http://www.hindawi.com

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Corrosion
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Polymer Science
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ceramics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Composites
Journal of

Nanoparticles
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Nanoscience
Journal of

Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Journal of

Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Crystallography
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Coatings
Journal of

Advances in 

Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Smart Materials 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Metallurgy
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 

Research International

Materials
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

N
a

no
m

a
te

ri
a

ls

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal ofNanomaterials


