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Abstract. In recent years, the increasingly frequent extreme weather conditions in Yellow River Alluvial Plain (YRAP) like
heavy rains and drought have resulted in significant Ground Water Level (GWL) fluctuations. After long-distance transportation
by Yellow River, the silt in this area gains characteristics of high particle roundness and poor grain gradation, which makes it
sensitive to the changes of water content. Consequently, upon GWL fluctuations, the bearing behaviors of Rigid Pile Composite
Foundation (RPCF) gradually deteriorate and result in additional settlement. In order to investigate the changing disciplines and
inherent mechanisms of the RPCF bearing behaviors upon GWL fluctuations, a large-scale model test was performed and
presented. The experimental results suggest that RPCF settlement experiences a sudden increase in the first GWL fluctuation
cycle and then gradually stabilizes in the following cycles. Such phenomenon could be attributed to the soil structure
rearrangement induced by matric suction reduction in the GWL rise process and growth of effective stress in the GWL drop
process. Further, considering the soil stiffness deterioration in the GWL rise process, the traditional composite modulus method
for RPCF settlement estimation was modified to extend its application in unsaturated YRAP. The changing disciplines,
mechanisms and estimation method presented can facilitate practicing engineers to gain a more comprehensive understanding
on the bearing behaviors of RPCF in YRAP upon GWL fluctuations.
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1. Introduction

The Yellow River basin in China is characterized by
concentrated rainfall and serious floods. Years later, it
makes southwest provinces flooding deposition areas. This
region covers an area up to around 250,000 km? and is
commonly known as Yellow River Alluvial Plain (YRAP)
(Cheng 2001, Song 2010, Jin 2020). There are numerous
national central and prefecture-level cities located in YRAP.

At the same time, several key high-speed railway lines
and national strategic projects including West-East Gas
Transmission Project Line and West to East Power
Transmission Project Line also pass through this region, as
shown in Fig. 1(a). In YRAP, the silt brought by the Yellow
River from the upper reaches deposits in the lower reaches,
as shown in Figs. 1(b) and 1(c). Due to the long-distance
transportation of Yellow River, the silt in this region gains
the characteristics of high silt content, high particle
roundness and poor gradation (Song 2010, Yao 2006, Xiao
2008, Jin 2020), which make its engineering properties
extremely sensitive to water content variations. In recent
years, the increasingly frequent extreme weathers like
heavy rains and drought has resulted in considerable GWL
fluctuation in YRAP. Consequently, both the strength and
stiffness of the silt gradually degrades in this process, so as
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to causes a series of engineering problems such as
subsidence of railway subgrade, differential settlement of
building foundation and slide of foundation pit, as shown in
Fig. 1(d).

Fig. 2 illustrates the evolution of the microstructure of
the silt in YRAP during the rise and drop of GWL. Due to
the poor particle gradation and high particle roundness,
large pores are formed between soil particles and filled with
air and water in an unsaturated state, as shown in Fig. 2(a).
The water in the pore adheres to the soil particle surface or
sticks to the contact point of soil particles. The surface
tension generated by the capillary water at the contact point
prevents the sliding between soil particles, thus improving
the stiffness and strength of soil. Hence the settlement of
foundations constructed on it can be controlled within an
allowable range under service load, as shown in Fig. 2(b).
However, once the GWL rises and water content increases,
the lubrication effect of water increases and the capillary
effect of water disappears. The soil structure can no longer
be maintained due to the vanishment of surface tension. The
soil may suffer collapsed settlement under upper load due to
the strength and stiffness degradation, as shown in Fig. 2(c)
(Cheng 2001, Fan 2007, Song 2010). Furthermore, if the
GWL drops, the pore water will flow out, taking away the
fine particles in the pores. The soil particles will be
rearranged under the increasing effective stress, a minor
consolidation settlement can be observed as shown in Fig.
2(d). The surface tension will be generated again to support
the newly formed soil skeleton structure.
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Fig. 2 Diagram of microstructure evolution of the silt in YRAP

According to the formation process, the YRAP silt can
be classified as silt in plain area and aqueous silty silt. Table
1 summarizes the shear strength parameters of different
types of silt. Due to the poor gradation (low clay content)
and high roundness, the internal friction angle and cohesion
of the YRAP silt are generally smaller than those of
weathered silty silt, residual silty silt and mountain silty silt.

The rigid pile composite foundation (RPCF) gains good
economic and social benefits by making full use of the
bearing capacity of soil between piles (e.g., Bie 2014,
Sharma 2015, Zhang 2018, Chen 2019, Fu et al. 2020).

Therefore, this type of foundation has been widely used
in YRAP. Currently, the design and research on RPCF in
YRAP is commonly based on the saturated soil mechanics.
However, the soil between piles is typically in a condition
of unsaturated state. The soil water content can change
periodically with the GWL fluctuations induced by either
natural weather changes like rainstorm and drought (An et
al. 2013, Yu 2022) or artificial activities like excessive
groundwater exploitation and agricultural irrigation. In this
process, the RPCF bearing behaviors gradually deteriorate
due to soil mechanical properties degradation, so as to give
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Table 1 Shear strength of various silts in saturated state or nearly-saturated state

Name Typical species Internal friction angle/® Cohesion/kPa
Weathered silty silt Collapsible loess (Pan 2018) 20.84 22.70
Residual silty silt Basalt residual soil (Li et al. 2018) 15.3 25

S Silty sand from the Swiss Molasse
Aqueous silty Mountain silty silt y(SchneIImann et al. 2013) 33.7 23
silt Siltin plain area YRAP silt (Li et al. 2022) 13.38 16.12
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Fig. 3 Influence of GWL fluctuations on RPCF in YRAP

rise to a series of engineering problems.

As shown in Fig. 3(a), prior to GWL fluctuations, the
upper load is shared by the piles and soil between piles. The
neutral surface indicating the same pile and soil settlement
and zero pile shaft friction is located at the upper part of the
pile. Negative friction generates above the neutral surface
while positive friction generates below it. Once the GWL
rises, as shown in Fig. 3(b), more load is born by the pile
due to soil mechanical properties degradation. The
compression deformation of both the soil in the
reinforcement zone and underlying soil stratum increase
significantly. As a consequence, the RPCF suffers additional
settlement. The position of the neutral surface may move

upward or downward depending on the pile-soil relative
displacement relationship. When the GWL drops, the flow
away of fine soil particles together with water seepage and
the rearrangement of large soil particles under the
influences of increasing effective stress contribute to the
additional RPCF consolidation settlement. The neutral
surface further moves down, as shown in Fig. 3(c). Along
with cyclic GWL fluctuations, both the pile and soil
mechanical behaviors changes periodically with periodic
changes of pore water pressure. Eventually a irreversible
process forms and no additional settlement can be observed
with GWL fluctuations cycle increment, as shown in Fig.
3(d).
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Table2 Typical experiment of RPCF
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Fig. 4 Representative experimental settings of RPCF under different stress and displacement boundary conditions

Although the increasing numbers of engineering
problems of RPCF have been reported, few attentions have
been focused on the changing patterns and mechanisms of
bearing behaviors of RPCF upon GWL fluctuations (Zhang
et al. 2017). In this study, a large-scale model test on RPCF
under service load subjected to GWL fluctuations was
designed and performed. The variation law of the pile-soil
stress ratio, soil pressure beneath the cushion, pile head
load, pile shaft friction and pile base resistance were
revealed and the changing mechanisms were analyzed using

the saturated and unsaturated soil mechanics. A revised
composite modulus method was further proposed for the
prediction of RPCF settlement, which can serve the design
and long-time performance evaluation of RPCF in YRAP.
GWL fluctuations generally exists in engineering
practice. Many scholars have paid close attention to the
detrimental effects of GWL fluctuation on existing
buildings (Hansen et a/.1987, Reddy and Manjunatha 1997,
Ausilio et al. 2005, Luo et al. 2011, Veiskarami and Kumar
2012, Kumar and Chakraborty 2013, Zhao er al. 2014,



Experimental study on the mechanical behaviors of rigid pile composite foundation in Yellow River ... 215

Ajdari and Esmail 2015, Dong et al. 2016, Park et al. 2019,
Lu et al. 2020, Alencar et al. 2021). For example, with the
change of GWL, the bearing behaviors of shallow
foundation, deep foundation and RPCF decreases
significantly (Dong et al. 2016, Park ef al. 2017). Recently,
some scholars discussed the influencing mechanism of
GWL fluctuation on these foundations. As the GWL rises,
the foundation settlement may increase by several times
rapidly and such settlement is mainly plastic and
irreversible. The key factor responsible for additional
settlement is the degradation of soil mechanical properties
due to water content increment (Wang et al. 2015, Park et
al. 2019). As the GWL drops, the foundation settlement can
gain a relatively small consolidation increment due to the
increase of effective stress (Safarzadeh et al. 2019, Fu
2019). After several cycles of GWL fluctuations, the
settlement of foundations shows minor changes with pore
water pressure changes (Zhang et al. 2021). However, till
now few researches are available discussing the bearing
behavior changes of foundations in YRAP upon GWL
fluctuations.

3. Materials and methods
3.1 Model test of RPCF upon GWL fluctuations

3.1.1 Index and mechanical properties of the silt in
YRAP

The silt used in the model test was collected from
Zhengzhou city located in YRAP, where the RPCF has been
widely used. Following ASTM standards, the soil index
properties were obtained and presented Table 3.

The soil water characteristic curve (SWCC) of the YRAP
silt was measured using pressure plate method following
ASTM-D6836-16. The Fredlund and Xing (1994) model was
used to fit the SWCC, which is shown in Eq. (1). The
experimental data, fitting curve and fitting parameters are
shown in Fig. 5.

[1— In(1+s/s,)/In (1+106 Is, )]

In [e+(s+a)m}n

where S, is soil saturation degree; s is the matric suction
measured in the experiment; s, is the measured residual
suction; a, m, n are fitting parameters

The pile-soil interface shear strength were obtained through
interface direct shear test. More specifically, initially an
aluminum block was fabricated which met the size
requirement of the direct shear apparatus. Then, sand paper
was pasted on the aluminum block to create a rough surface
like the model pile. Thirdly, a series of interface direct shear
tests were performed under different normal stresses (i.e., 25,
50, 100 and 200 kPa) and volumetric water content (i.e.,
12.8%, 22.4%, 32% and 40%). According to the SWCC shown
in Fig. 5, the corresponding matric suctions of these water
content are 327, 141, 45 and 0 kPa, respectively. The dry
density of the soil is set as 1600 kg/m® according to the site
investigation results. Based on a specific gravity of 2.705, the
void ratios after compaction under four different levels of

S, =100

(1

water content mentioned above were calculated to be 0.78,
0.73, 0.69 and 0.67, respectively. Consolidated drained test was
performed for the saturated interface shear test and the shear
rate was set as 0.02mm/min. Following the measurements, it
was determined that the alterations in both the void ratio and
volumetric water content of the soil after consolidation were
insignificant and can be disregarded. For the unsaturated
interface shear test, all the gaps of the shear chamber were
covered with wet cottons to avoid any possible moisture loss in
the testing process. Also, quick shear (Imm/min) was
performed to enable the sample to be sheared to failure under a
constant water content

The relationship between shear stress and shear
displacement of four different water contents are shown in Fig.
6. It can be seen that the shear stress of the interface shear test
increases nonlinearly with the shear displacement. In addition,
the peak shear stress during the test is taken as the interface
shear strength of silt concrete, and the corresponding shear
displacement at failure increases with the increase of normal
stress. Fig. 7 indicates the development of the peak interface
shear strength with net normal stress and matric suction.

According to Hamid and Miller (2009), the interface shear
strength parameters can be estimated using Eq. (2). In this
equation, the first two terms indicate the contribution of true
cohesion and net normal stress to the pile shaft friction while
the last term indicates the contribution of matric suction to

Table 3 Index properties of silt in YRAP
Value

10

Properties References
Natural water
content /%
Specific
gravity Gs
Liquid limit,
LL (%)
Plastic limit,
PL (%)
Plastic index,
Pl
Maximum
dry unit
Weight, Yd.max
(kg/m?)

Optimum 13
water
content, w
(%)
Elastic
modulus
under
saturated
condition,
Esa (MPa)
Elastic
modulus
under
unsaturated
condition of
13.5% water
content, Eunsar
(MPa)

Specific gravity test (ASTM D854-14)
2.705

27.2

19.1 Atterberg limits test (ASTM D4318-10-e1)

8.1

1850

Compaction curve (ASTM, 12 400ft-1bt/ft3
(600 kN-m/m3) (ASTM D698-12¢2)

0.145

One-dimensional oedometer compression
test (ASTM D3999/D3999M-11el)

2.48
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the pile shaft friction. Using Eq. (2), the interface shear d is the interface friction angle with respect to net normal
strength parameters J, o, ¢, were calculated as 10.93°,  stress; o” is the interface friction angle with respect to
6.41°and 3.45 kPa respectively matric suction; (o,~us) is the net normal stress at failure;

(uap-uvy) 18 the matric suction at failure.
r, =C, +(o, —Uy)tand +(u, —u,)tans® (2
3.1.2 Experimental settings
where ¢, is the effective adhesion intercept for the interface; The scheme of the newly designed testing box is shown in
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Fig. 8 The newly designed testing box for the RPCF test and corresponding experimental settings

Fig. 8(a). A customized waterproof tarpaulin was placed inside
a steel model box. The drainage outlets and drainage networks
were set at the bottom of the box. 500 mm thick gravel and
double layer geotextile were placed above the drainage pipe
network. A self-priming pump was set in the water tank to
adjust the GWL.

Inside the model box, it was divided into two layers: the
lower layer consisted of 1000 mm-thick YRFA silt placed
under pile end, while the upper layer consisted of 2000 mm-
thick YRFA silt placed between piles. The soil was compacted
in the box by 30 layers with a water content of 14%. Each
layer had a thickness of 100 mm corresponding to a wet
density of 1824 kg/m®. The amount of silt used in each layer
was calculated in advance a waterproof ruler was pasted on the

inner wall of the testing tank to measure the height of the soil
during

compaction. After each soil layer was compacted, the surface
was scarified using a spatula to achieve a corrugated surface
and facilitate in achieving a close contact between adjacent
compacted soil layers. It is noteworthy that in the process of
compaction of soil between piles, a 50 mm high four-hole steel
mold was used as compaction plate, whose aperture was a little
larger than the diameter of the pile to satisfy the needs of soil
compaction and pile fixation. Finally, the model box was
sealed by plastic film to prevent evaporation of water. After
standing for 7days, the soil can be fully dense under the action
of self-weight.

The dimensions of RPCF and experimental settings are
illustrated in Fig. 8(b). A four-pile composite foundation was
buried inside the YRAP silt. From the top to the bottom, the
raft of the composite foundation was assumed to be rigid so
that a steel plate was used. The cushion was a 50 mm thick

217
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coarse sand layer.

The prototype for the rigid pile composite foundation
was constructed of C25 concrete, with the elastic modulus
of 25GPa, a diameter D of 500 mm, an area replacement
ratio of 0.086, and a length L of 10000 mm. In previous
research, the selection of materials for rigid pile composite
foundations has typically relied on two similar basic
dimensions: the elastic modulus £ and the pile length L
(Guo 2021, Chen 2020). Since the pile is primarily subject
to vertical force, the compression modulus E is a critical
factor in the design of model tests. The similarity ratio for
pile length L and elastic modulus £ are both 1. The
similarity ratio for the compression modulus Azs must
satisfy the following formula

/1EA = ﬂ“Eﬂ’A = (ﬂﬂ_)3 3)

Based on the test conditions, the model pile was made
using an aluminum pipe with a diameter of 100 mm, a wall
thickness of 5 mm, the elastic modulus of 70 GPa, and a
length of 2000 mm. this similarity ratio was calculated
using Eq. (4).

_E,A, 70x10°  7x0.25x0.25

= = X
Fen E.A, 25x10° 7x0.045x0.045

=864~ (1) (4)

Considering the area replacement ratio of the prototype pile
to be 0.086, the influence area of single pile was calculated as
following

7D’ 3.14x100?

= = 89920mm? (5)
4x0.0873 4x0.0873

Therefore, pile spacing was set as 340mm, which was
within the reasonable range of 2~6 times the diameter of the
pile, as suggested by Noman (2019). The real time changes of
the bearing behaviors of RPCF were monitored through a
series of sensors including the strain gauges for pile axial force,
dial gauge for total settlement and various earth pressure cells
for pile head load, pile base resistance and soil stress under the
cushion. In the GWL fluctuation stage, numerous moisture
content sensors were buried at different depth to monitor the
water content variations. Combined with SWCC shown in Fig.
5, the matric suction profile at different time can be acquired.

Prior to the GWL fluctuation test, static load tests were
performed to determine the bearing capacity. For this tests, soil
of natural water content (14%) was filled inside the testing tank
and compacted to a dry density of 1600 kg/m®. According to
Technical Regulation on Building Ground Treatment (JGJ79—
2012), the characteristic value of RPCF bearing capacity
indicating the maximum allowable service load was measured
as 59 kPa.The characteristic value of RPCF bearing capacity
which is also the maximum allowable service load was
determined according to the Technical Regulation on Building
Ground Treatment (JGJ79—2012).When the ratio of
cumulative settlement of composite foundation to the width of
bearing plate is 0.1, the corresponding stress is determined as
the characteristic value of bearing capacity. Fig. 9 shows the
load displacement response of the static load tests, which
indicates the characteristic value of RPCF bearing capacity is
59 kPa. In the following test, this value was used as the
maximum allowable service load.
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Fig. 9 Load-settlement curve of the RPCF
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Fig. 10 Variations of GWL with time in the testing process

3.1.3 Experimental process

In the static loading stage, the RPCF finally showed a
settlement of 6mm under the vertical stress of 59 kPa, after
standing still for 7days. Then the GWL fluctuation process
started. The variation of GWL with time was shown in Fig.
10. More specifically, both the GWL rise and drop speed
was controlled as 0.042 m/h and the GWL fluctuated
between 0.5 m and 3.5 m. After the completion of each
single GWL rise and drop, the GWL was kept until the
settlement changes was less than Imm per 12hours. In this
process, real time measurement was performed on both
bearing behaviors of RPCF (including total settlement, pile
head load, pile base resistance, pile axial force and soil
stress under the cushion) as well as the soil water content
variations.

3.2 Experimental results analysis

3.2.1 Changing disciplines of the RPCF bearing
behaviors

Fig. 11 shows the development of the RPCF settlement
with time. Apparently continuous and irreversible RPCF
settlement occurs during the GWL fluctuation process. The
first cycle contributed to near 90% of the total settlement.
After five cycles, the settlement gradually stabilized at
around 429 mm. Fig. 12 shows that for the first GWL rise
which continued for 72 hours, the RPCF settlement quickly
increased to around 382 mm.
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to the ground surface

The influence of GWL fluctuations on upper load sharing
ratio between piles and soil is demonstrated in Fig. 13. Initially,
the soil between piles borne relatively large loads of the upper
load, which accounted for around 35.3%. The load borne by
piles accounted for around 64.7%. After the first GWL rise, the
proportion of upper load borne by the piles soon increased to
around 91.3%, while the proportion taken by soil dropped to
8.7%. In the following GWL changes, both the pile load
sharing ratio increasing and soil load sharing ratio decreasing
trend continued, but only minor changes were observed.

Figs. 14 and 15 show the changes of pile axial force and
shaft friction in the GWL fluctuation process. The static
loading stage lasted for 24hs, after which each single GWL rise
and drop process lasted for around 72hs, respectively. In the
static loading stage, the pile head load was relatively small and
the neutral surface was in the lower part of the pile. While in
the first GWL rise, the pile head load experienced a increment
by 27%. Also, both the positive friction in the lower part of pile
and the negative friction along the upper part of the pile
decreased significantly. The neutral surface moved up to a
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position close to the pile head. In the following GWL 3.2.2 Changing mechanisms of RPCF bearing
fluctuations, the pile head load, pile shaft friction and pile base behaviors
resistance also increased but the magnitude was minor. After The reasons responsible for the RPCF bearing behaviors

five GWL rise and drop cycles, finally the pile head load changes can be attributed to the matric suction and degree of
gained an increment by around 29%.
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Fig. 17 RPCF mechanical behaviors changing mechanism during the first GWL rise

saturation changes of soil in the GWL fluctuation process.
More specifically, the major RPCF settlement appeared in the
first GWL rise and drop process. Fig. 16 shows the gravimetric
water content and matric suction changes in the first GWL rise
process with time, which indicates the matric suction suffered a
sudden decrease in the GWL rising proces

Fig. 17 shows the mechanical behaviors variations of the
RPCF in the GWL fluctuation process. As shown in Fig. 17(a)

and 17(b), as the GWL rose to the bottom of the RPCF, both
the stiffness and shear strength of the underlying soil stratum
sharply decreased due to matric suction reduction (Vanapalli
1996, Oh and Vanapalli 2010). As a result, the compression
deformation of the underlying soil stratum increased
significantly and contributed to the RPCF settlement. Piles
produced greater downward displacement relative to soil
between piles. The position of the neutral surface moved
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Fig. 18 RPCF mechanical behaviors changing mechanism during the first GWL drop

upward from 82 cm to 68 cm. In this process, the load sharing
ratio of the piles slightly decreased from 64.7% to 63.3% (i.e.,
from 13.86 kN to 13.56 kN). However, the pile base resistance
decreased from 1.63 kN to 0.68 kN, which was contributed to
the increase of the distribution zone in the positive friction
zone.

While before the GWL rose to the middle of reinforcement
zone, as shown in Fig. 17(c), the load sharing ratio of the piles
was in a brief fluctuating state from 63.3% to 62.7% (i.e., from
13.56 kN to 13.43 kN). In this state, the soil stiffness between
piles in already saturated zone sharply decreased and resulted
in significant compression deformation. And the positive
friction below the neutral surface decreased dramatically due to
the vanishment of the contribution of matric suction to the pile
shaft friction and resulted in significant pile penetration depth
into underlying soil stratum. In other words, both the ability of
the soil between piles in the already saturated zone and piles
were weakened. That is also the reason for the position of the
neutral surface varied from 68 cm to 64 cm. Also, since the
dramatical decrease of positive friction zone below the neutral
surface, the pile base resistance increased from 0.68 kN to 2.09
kN.

Upon fully saturation, as shown in Fig. 17(d), both
negative friction above the neutral surface and the positive
friction below it decreased significantly. The soil between
piles in the reinforcement zone was subjected to more
significant compression deformation. Consequently, the
position of neutral surface further moved upward from
64cm to 19cm, which significantly enlarged the positive
friction distribution zone. The pile-soil relative
displacement increments also contributed to the fully
mobilization of the pile shaft friction. In this process, the
pile load sharing ratio increased dramatically from 62.7% to
91.3% (i.e., from 13.43 kN to 19.66 kN), which leaded to
significantly increment in pile soil stress ratio. In this
process, the pile base resistance increased from 2.09 kN to
2.51 KN.

As the GWL dropped, the effective stress of the soil
between piles gradually increased, resulting in consolidation
settlement. In this process, the seepage force also contributed
to the RPCF settlement to some extent. Consequently, the
ability of the soil between piles to bear the upper load further
weakened and the pile load sharing ratio further increased, as
shown in Fig. 18. Both the pile penetration depth into the
cushion and underlying stratum increased, which indicating
higher pile head load and pile base resistance. Both the
negative friction in the upper part and the positive friction in
the lower part of pile increased. The neutral surface further
moved downward slightly. On the micro level, the RPCF
settlement developed in the GWL drop process could be
attributed to the flow away of fine particles inside the YRAP
silt and the rearrangement of the silt particles. Obviously, such
settlement was plastic settlement and irreversible.

In the following GWL fluctuation cycles, the mechanical
properties of the soil changed periodically with the variations
of pore water pressures. The RPCF settlement kept increasing,
but the increment became increasingly minor from 13 mm in
the second cycle to nearly lmm in the fifth cycle. In this
process, the load sharing ratio of the pile increased gradually
and slightly from 91.3% to 92.5%. In other words, after the
first GWL rise and drop, further GWL fluctuations posed
minor influences on the bearing behaviors of the RPCF. From
the micro perspective, such phenomenon could be attributed to
the fact that the flow away of the fine particles and the
rearrangement of the large particles continued until a stable soil
structure was eventually formed.

4. Revised composite modulus method for the RPCF
settlement estimation

As discussed above, more than 90% of the RPCF
settlement generated in the first GWL rise process. In the
following GWL fluctuation process, the RPCF settlement only
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Fig. 19 Schematic of the composite modulus method for RPCF settlement calculation

increased slightly. In other words, major attentions should be
concentrated on the RPCF settlement caused by the first GWL
rise.

According to Chinese Technical Standard on Building
Ground Treatment (JGJ79-2012), the total RPCF settlement
could be calculated as the sum of the compression deformation
of the composite foundation in the reinforcement zone and the
underlying soil stratum, as shown in Eq. (6).

St=SrtSu (6)

Where Sk and Sy are the compression deformation of the
composite foundation in the reinforcement zone and the
compression deformation of the underlying soil stratum.

As shown in Figs. 19(a) to 19(C), considering the piles and
soil between piles in the reinforcement zone as a whole,
corresponding compression deformation (Sz) could be
calculated through Eq. (7) using the composite modulus, as
indicated in Eq. (8).

s = oH, oH,
"TTE,  [1+m(h-D[E, )
E. =[1+m(h—D]aE =[1+m(n—D]E, (8)

where m is the area replacement rate; £’ is the compression
modulus of soil between piles, E; is the compression
modulus of the YRAP silt and 7 is the pile-soil stress ratio;
o is the average additional stress of composite foundation;
E. is the composite elastic modulus; H, is the thickness of
reinforcement zone.

As for the compression deformation of the underlying soil
stratum, initially the additional stress could be estimated using
the equivalent box foundation method. In other words, the piles
and soil between piles in the reinforcement zone was
equivalent to a box foundation, as shown in Figs. 19(d) and
19(e). Then the additional stress acting on the top of the
underlying soil stratum could be calculated using Eq. (9)
through force equilibrium condition and the compression
deformation of underlying soil stratum could be calculated
using Eq. (10) by layer-wise summation method.

__2B+D)H,f

u = ©
O-UHU
Su = E (10)

where o, is the additional stress at the top of substratum; B is
the width of the composite foundation; D is the pile spacing; f

is the density of the equivalent side friction (=Ktand'c'vo, Wu

et al. 2016, Lang et al. 2022); Hu is the thickness underlying
soil stratum.

When the GWL rises, both the stiffness of the soil in the
underlying soil stratum and reinforcement zone deteriorates.
Combined with the semi-empirical model (Eq. (11)) proposed
by Oh et al. (2009) for estimation of unsaturated soil elastic
modulus, Egs. (7) and (10) could be revised to Egs. (12) and
(13), respectively. Considering the GWL may locate in the
middle of the reinforcement zone or underlying soil stratum,
the layer-wise summation method should be used.
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Table 3 Various parameters used for the calculation of the composite foundation settlement St

Eunsat/MPa (l;l‘:lf:) Sr/% n Esw/MPa E/MPa o/kPa Sr/mm
0.62 59 189.27

2.48 162.43 0.57 49.53 0.145 flkPa ou/kPa Sy/mm
432 29.3 202.09

Eunsat = Esat [1+ o

where E, is the modulus of elasticity under unsaturated
condition; Es, is the modulus of elasticity under saturated
condition; S is the degree of saturation; (us-t4,) is the matric
suction under unsaturated condition; o, f are the fitting
parameters; P, is the atmospheric pressure (i.e., 100 kPa).

(U, =U,) op
. 7100) )} (1

Sp=2tr= r 1+

E.  [1+Mm(N—1)]Epm

C

S, = o,H, E[1+
Eunsat

Table 3 shows the various parameters used for the
calculation of the RPCF settlement. For fine grained soil, such
as the expansive soils, when plasticity index 1, is higher than
16%, the fitting parameter a should range from 0.05 to 0.15
and the fitting parameter f is 2 (Adem and Vanapalli 2015).
However, for the unsaturated YRAP silt, according to the
oedometer test results, the fitting parameter o and S are
determined as 0.3 and 2, respectively.

Introducing all these parameters into calculation, the
composite foundation settlement was estimated to be 391.37
mm, which was a little higher than the experimental data of
382 mm. A more conservative estimation well indicates the
feasibility of the revised composite modulus method. Further,
the proposed method only requires inputting parameters
including the soil index properties, saturated elastic modulus,
SWCC and matric suction profiles, which can be easily
obtained from lab test and site investigations. After estimating
the RPCF settlement caused by matric suction reduction in the
first GWL rise process, the total RPCF settlement after cyclic
GWL fluctuations and in the stable state can be estimated
according to the proportions. For current study, an amplify
factor of 10% was suggested.

oH oH (U, —Uy) o p
{ a(Pa/100)(S/)} (12)

(U, —u,) s
a(Pa/100) (s )} (13)

5. Conclusions

Due to high particle roundness and poor particle gradation,
the mechanical properties of silt in YRAP will significantly
deteriorate with increasing water content. Under GWL
fluctuations induced by extreme weather conditions like heavy
rains and drought, the RPCF constructed in YRAP will suffer
the degradation of bearing behaviors and additional settlement.

In order to reveal the changing disciplines and inherent
mechanisms of the RPCF bearing behaviors under GWL

fluctuations, a large-scale model test was designed and
performed. By analyzing the experimental results, following
conclusions can be summarized.

The settlement of the RPCF gained a sharp increment of
382 mm in the first GWL fluctuation cycle and then gradually
stabilized to 429 mm in the following cycles. In the first GWL
rise process, the load sharing ratio of pile increased
dramatically from 64.7% to 82.6%. Both the negative friction
above the neutral surface and the positive friction below the
neutral surface decreased enormously. The neutral surface rose
from 0.82 m to 0.19 m. In the GWL drop process, the pile load
sharing ratio continued increasing but the growth amplitude
was only 2%. The RPCF settlement developed in GWL rise
process could be attributed to the gradual deterioration of the
mechanical properties of soil in the underlying soil stratum and
reinforcement zone. When the matric suction decreased, the
shear strength of soil and pile-soil interface degraded as well as
the soil stiffness. The RPCF settlement developed in GWL
drop process could be attributed to the flow away of fine
particles inside the YRAP silt and the rearrangement of the silt
particles. In the following GWL fluctuation process, soil
particle rearrangement continues until a stable inner structure
of soil was eventually formed.

The composite modulus method for RPCF settlement
predictions was modified to be applied in unsaturated YRAP.
Combined with the semi-empirical model proposed by Oh et
al. (2009) for estimation of unsaturated soil elastic modulus,
the deterioration of the soil stiffness in the reinforcement zone
and underlying soil stratum was considered. Reasonably good
comparisons were achieved between the estimation using the
proposed method and the experimental data. The proposed
method is relatively simple which only needs limited number
of input parameters including the average additional stress,
matric suction profile and compression modulus of soil in the
substratum and reinforcement zone. In engineering practice,
reasonable estimations of the RPCF settlement subjected to
GWL fluctuations could be achieved quickly and conveniently
through the proposed method without complex load transfer
analysis
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