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Abstract: Long-pile groups of railway foundation undergo excessive settlements after groundwater reductions, which may exceed 
the settlement limit and threaten the safe operation of high-speed trains. However, the effect of groundwater reduction on a 
long-pile group (greater than 20 m in length) has not been fully understood, especially in respect of repeated reductions. In this 
study, a centrifuge test was conducted to investigate the responses of pile groups in silty soils subjected to repeated falls in the 
water table. The behavior of the piles was discussed based both on the test and on 3D numerical analyses. With the derived coef-
ficient β for the axial force evaluation of the pile, the effect of lowering the water table on the railway pile foundation could be 
seen. Results of the tests and numerical analyses indicated that the water table decline significantly increased the down-drag and 
axial force of the pile, causing significant settlement. A longer pile presented a larger axial force at the neutral point. Nevertheless, 
the incremental percentage of the axial force decreased with increasing pile length with the same water table reduction. Because of 
group effect, the displacement of soil next to the center pile was smaller than that near the corner piles and showed a similar trend 
as the axial force of the pile. As the water table fell, the static load ratio affecting the progress of pile settlement increased dis-
advantageously, possibly inducing excessive pile settlement. A design method for railway pile foundations taking account of 
lowering groundwater was proposed with an example application, which provided a reference for similar projects. 
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1  Introduction 

 
To avoid adverse settlement of the foundation of 

high-speed railway, long-pile groups have been 
widely constructed in the field, especially in soft soil 
ground. In China, for the safe operation of trains at 

speeds close to 350 km/h, the permitted ultimate set-
tlements of ballasted and ballastless tracks are set at 
30 mm and 20 mm, respectively (NRA, 2014). Under 
such strict requirements, any factors that may increase 
foundation settlement during long-term service need 
to be carefully addressed. Recently, the threat of a 
rising water table after persistent heavy rain has at-
tracted the attention of researchers because trains may 
have to limit speed once large settlements of track 
occur (Jiang et al., 2015, 2016). On the other hand, 
massive use of groundwater has induced excessive 
ground settlements (Zhu et al., 2015) in developed 
regions, where there is usually a dense high-speed 
railway network. Field studies have confirmed 
large-scale settlement of pile foundations caused by 
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lowering groundwater levels (Omer, 2012; Dong et 
al., 2016). However, the effect of groundwater decline 
on the responses of long-pile groups has not been 
fully understood, in particular for piles with a length 
greater than 20 m. 

Groundwater decline induces reconsolidation of 
soils, which further affects the behavior of piles em-
bedded in those soils. It is similar to the reconsolida-
tion of soil induced by applying an additional load, 
but different in nature, because the processes of 
changes and distributions in effective stress differ 
significantly. The latter has been extensively inves-
tigated over the past decades through numerical and 
experimental approaches. It can cause the axial force 
of an end-bearing pile to exceed its capacity and can 
induce large additional settlement in a floating pile 
(Wong and Teh, 1995; Lee et al., 2002). Moreover, the 
induced negative skin frictions significantly affect the 
behavior of the pile foundations (Fellenius, 1972, 
2006; Indraratna et al., 1992; Jeong et al., 2014; 
Hong et al., 2016). In the theoretical analyses, the 
negative skin friction was conventionally calculated 
according to elasticity theory and continuous as-
sumption so that slippage between pile and soil 
caused incorrect evaluations of pile behavior (Teh and 
Wong, 1995; Lee et al., 2002). Afterwards, a numer-
ical approach considering the slippage was proposed, 
in which a rational friction model was employed to 
analyze the pile’s response under additional loads 
(Lee et al., 2002, 2006; Lee and Ng, 2004; Como-
dromos and Bareka, 2005; Liu et al., 2012; 
El-Mossallamy et al., 2013). The results obtained 
showed that soil consolidation under additional loads 
caused a negative skin friction, which increased the 
axial force and pile settlement. The modulus and type 
of pile, the properties of the soil, and the additional 
load were the main factors affecting behavior of the 
pile. As stated earlier, the stress condition caused by 
additional load is different from that caused by low-
ering groundwater, whose effect on the pile should be 
further investigated. 

Centrifuge modeling, which can reproduce the 
in-situ ground stress condition, has been widely used 
to study the interaction mechanism between soil and 
pile during consolidation to substitute for costly 
full-scale model tests and in-situ tests. For example, 
Ng et al. (2008) conducted centrifuge tests to inves-
tigate the variation of negative skin frictions along the 

pile when an additional load was applied to the 
ground. The different responses between the center 
pile and the corner pile were investigated sequential-
ly. Tests and numerical results showed that the skin 
friction in the pile group was smaller than that on the 
single pile. Lam et al. (2009) applied axial forces to 
the end-bearing pile and floating pile in centrifuge 
tests to investigate their effect on the development of 
negative skin friction, already induced under the ad-
ditional load. The results showed that the applied 
axial forces reduced and even eliminated negative 
skin friction along the pile. In addition, the critical 
axial force was associated with the stiffness of the 
bearing soil layer. 

However, most experimental and numerical 
studies have focused on the responses of the piles 
subjected to additional loading (Bransby and 
Springman, 1996, 1997; Jeong et al., 2004, 2009; 
Wang et al., 2015). Even though some numerical 
research has been carried out to investigate the be-
havior of pile and pile group to groundwater fall, there 
is a grave lack of related experimental studies, espe-
cially on long piles greater than 20 m in length, sub-
jected to repeated falls in the water table. For exam-
ple, Lee and Chen (2003) conducted a single lowering 
of groundwater in a centrifuge test to investigate the 
responses of single piles and pile groups (22.5 m in 
length in the prototype). Negative skin friction was 
confirmed during the water level lowering, the effect 
of which on the center pile was smaller than on the 
external pile. Also, the large spacing of the piles in the 
pile group affected the amplitudes of the negative skin 
frictions, indicating a group effect. Nevertheless, a 
single water table fall is not enough to quantify the 
development of axial forces of piles as encountered in 
practice. To deal with repeated groundwater decline, 
more experimental studies are needed. 

This study aims at evaluating the effect of re-
peated falls of groundwater level on the responses of 
both single long-pile (40 m) and pile groups (20 m, 
30 m, and 40 m), which are then further considered in 
the design of the pile foundation of the high-speed 
railway. First, a centrifuge test was conducted in 
which the water table within a soil sample was low-
ered three times using a designed water table control 
system. The centrifuge test was then back analyzed by 
3D numerical modeling. The variations of friction  
and axial forces along the piles and the induced  
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settlements were illustrated for the deformed soils. 
Through the derived coefficient β of the long-pile 
group, the effect of groundwater lowering on railway 
pile foundation was quantitatively discussed based on 
a real case. Afterwards, a design method for railway 
pile foundations considering both groundwater fall 
and cyclic train load was proposed. 

 
 
2  Three-dimensional centrifuge modeling 

2.1  Experimental facilities 

The centrifuge tests were undertaken at the Ge-
otechnical Centrifuge Facility (GCF) of Zhejiang 
University, China. The centrifuge shown in Fig. 1a 
has a payload capacity of 400 g·t and a radius of 4.5 m 
from the axis to the base of the swinging platform 
(Zhou et al., 2019), where g is the gravitational ac-
celeration of the earth. The maximum centrifugal 
acceleration reaches 150g. Therefore, under the target 
gravitational acceleration, the same weight stress as 
that of the prototype could be reproduced in the cen-
trifuge test by observing the scaling laws specified in 
Table 1 (Garnier et al., 2007; Wong et al., 2012). The 
internal dimensions of the sample container are 
700 mm (width)×850 mm (length)×750 mm (depth).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An apparatus schematically shown in Fig. 1b 

was designed to adjust the water table in the soil 
sample. A water tank was linked to the soil sample via 
a pipe in which a pressure sensor was installed for 
real-time monitoring of the water pressure. An air 
pressure sensor was also installed at the top of the 
tank to continuously measure the water level in the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

tank. The water table could be regulated as required 
by smoothly decreasing or increasing the air pressure 
in the tank, thus adjusting the water pressure equilib-
rium between the water tank and the soil sample. The 
inner diameter and the height of the water tank were 
approximately 30 cm and 70 cm, respectively. 
Through filling with an appropriate amount of water, 
the water table in the soil sample could be signifi-
cantly adjusted. 

2.2  Soil sample preparation 

The experimental material used herein was silty 
soil, originally collected from Qiantang River in 
Hangzhou, China. According to the test method 
specified in the standard (SBQTS and MOHURD, 
1999), the specific gravity was tested to be 2.68, the 
liquid limit was 30.8%, the plastic limit was 20.8%, 
and the plasticity index was 10. 

Before sample preparation, a sand layer with a 
thickness of 50 mm was laid at the bottom of the 
sample container. The sand was Fujian sand, widely 

Table 1  Scaling laws related to centrifuge test 

Parameter Model/prototype Dimension

Acceleration (m/s2) N LT−2 

Length (m) N−1 L 

Area (m2) N−2 L2 

Volume (m3) N−3 L3 

Stress (kPa) 1 ML−1T−2 

Strain 1 – 

Density (kg/m3) 1 ML−3 

Modulus (GPa) 1 ML−1T−2 
Time for  

consolidation (s) 
N−2 T 

N: scaling factor; L: dimension of length; T: dimension of time; M: 
dimension of mass 

Fig. 1  Photo of centrifuge facility (a) and schematic dia-
gram of water table control system (b) (unit: mm) 
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used in China for research purposes (Ishikawa et al., 
2015; Wang et al., 2018; Zhu et al., 2019). The sand 
layer was prepared by sand pluviation in air under a 
constant drop height to a relative density of 60%, 
which served as a drainage boundary during sample 
saturation. Then, an approximately 3 mm thick geo-
textile sample was used to cover the sand layer and 
function as a filtration system. Silicon grease was 
applied to the inside of the sample container to elim-
inate the friction force between the soil sample and 
the container. As shown in Fig. 2, the dimensions of 
the soil sample, excluding the sand layer, were 
700 mm (width)×850 mm (length)×600 mm (depth). 
To prepare a uniform sample, the sample was divided 
evenly into 12 layers and prepared in sequence. For  
a dry bulk density of 1.6×103 kg/m3, the weight of 
each layer was set at 47.6 kg with an initial water 
content of 6%. Each layer was compacted by a com-
pacting machine and the top layer was smoothly 
scratched to avoid soil heterogeneity and infiltration 
during testing. At a target gravitational acceleration of 
83g, the dimensions of the modeled soil sample were 
58.1 m (width)×70.5 m (length)×49.8 m (depth) on a 
prototype. 

After sample preparation, the soil sample was 
placed in a sealed box as shown in Fig. 3 for satura-
tion. A vacuum of about 80 kPa was applied to the 
sealed box for almost 24 h. Then, the same vacuum 
pressure (80 kPa) was applied to a tank filled with 
de-aired water and connected to the bottom sand layer 
of the soil sample. The de-aired water gradually 
flowed into the sample from the bottom to the top, and 
the air in the soil voids flattened under an appropriate 
water head. The soil sample was assumed to be fully 
saturated when water emerged on its surface. 

2.3  Model pile preparation 

Since this study focused on the effect of falling 
groundwater on the axial force and pile settlement, 
the tensile rigidity (EA) of the pile in the centrifuge 
test must follow the scaling law specified in Table 1 
and the following equation: 

 

2 2 2 2 2
s s s g a a a

π π
( ) ( ),

4 4
E D d N E D d               (1) 

 
where Ng is the gravitational acceleration that was set 
at 83; Es is Young’s modulus of the precast concrete  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

pile of about 30 GPa; Ds and ds are the outer and inner 
diameters of the concrete pile, 1.2 m and 0.0 m, re-
spectively. This concrete pile was modeled with a 
hollow aluminum pipe with an outer diameter (Da) of 

Fig. 2  Schematic diagram of the centrifuge model: (a) top 
view of the sample; (b) vertical cross section A-A; (c) 
vertical cross section B-B (unit: mm)  
L1–L5 are laser displacement sensors (LDSs); PPT1 and 
PPT2 are pore pressure transducers  
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14 mm, an inner diameter (da) of 9 mm, and an elas-
ticity modulus (Ea) of 68.9 GPa. Moreover, all the pile 
ends were sealed by conical aluminum alloy blocks. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown in Fig. 2, five piles constituted a pile 

group at 42 mm intervals. These five piles were fixed 
by a 30-mm thick aluminum cap weighing 483 g. The 
different piles differed only in length, and remained 
constant in diameter. Overall, a single pile and three 
pile groups were penetrated at the specified locations. 
The length on the model scale was indicated accord-
ingly, and the values in parentheses corresponded to 
the values on the prototype scale. The distance be-
tween the pile and the container boundary was 12 
times the pile diameter. Therefore, based on previous 
study (Chen and Poulos, 1993), the boundary effect 
was considered negligible. In addition, the minimum 
distance between the centers of the pile groups was 27 
times the pile diameter. As a result, the impact be-
tween pile groups was also deemed negligible. 

2.4  Instruments 

As shown in Fig. 4, to monitor the axial forces 
six full-bridge strain gauges were secured along each 
center pile of the 20-m, 30-m, and 40-m pile groups, 
the 40-m single pile, and the corner pile of the 40-m 
pile group. All the piles were coated with 1-mm thick 

epoxy to protect the strain gauges from water and 
penetration damage. The signal wires of the strain 
gauges were passed through the sample through the 
hollow piles. The axial forces of the other piles were 
not measured. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown in Fig. 2, five laser displacement 

sensors (LDSs) (L1–L5) were used to monitor the 
settlements of the piles and two positions of the 
sample surface. These sensors were attached to a 
reaction frame fixed to the sample container. L1 was 
placed 96 mm away from the boundary of the 40-m 
pile group, while L5 was placed halfway between the 
20-m and 30-m pile groups. The two pore pressure 
transducers (PPT1 and PPT2) with capacities of 
300 kPa and 700 kPa, respectively, were placed ap-
proximately 300 mm and 50 mm perpendicular to the 
center line of the sample container. 

2.5  Test procedure 

After sample saturation, the soil sample and 
container were fixed to the centrifuge basket and spun 
up to the target gravitational acceleration of 83g for 
consolidation, which was completed when the water 
pressures monitored by PPT1 and PPT2 became sta-
ble. The gravitational acceleration was lowered to 1g 
to install the piles to the specified depths as shown in 
Fig. 2 by a motor-controlled compression apparatus. 
Subsequently, the reaction frame and LDSs were 
installed at the specified positions as shown in Fig. 5. 
The water tank of the water table control system was 
also fixed to the centrifuge basket beside the sample 

Fig. 3  Sealed box for sample saturation 

Fig. 4  Schematic diagram of the arrangement of strain 
gauges (unit: mm) 
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container. Before starting the test, the tank was filled 
with de-aired water to a height of 150 mm. The grav-
itational acceleration was then increased to 83g for 
reconsolidation to eliminate the influence of pile 
penetration. Once the water pressures monitored by 
the PPTs stabilized, 382 kPa air pressure was applied 
to the water tank to maintain the water pressure at the 
bottom of the water tank almost equal to that at the 
bottom of the sample container. Then, the magnetic 
valve between the water tank and the sample con-
tainer was opened to balance the possibly unequal 
pressure. This state was maintained until the readings 
of PPT1 and PPT2 became constant. 

Three stages were designed to periodically re-
duce the height of the water table by 3 m (prototype 
scale) during each stage. First, the air pressure in the 
water tank was lowered smoothly from 382.0 kPa to 
296.5 kPa and was maintained until the water pres-
sures stabilized. Then, the air pressure was lowered to 
213.7 kPa in the second stage. Similarly, the air 
pressure was lowered to 132.0 kPa in the third stage. 
Gravitational acceleration was gradually lowered to 
1g after the settlements of pile and soil samples 
reached stable values. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  Interpretation of centrifuge test results 
 
In the description that follows, all results are 

presented on a prototype scale unless otherwise noted. 

3.1  Response of pore water pressure 

Groundwater level locations were back calcu-
lated by monitoring water pressure using PPT1 and 

PPT2. Fig. 6 shows their time histories, where the 
horizontal axis represents the elapsed time. Initially, 
the water pressure increased in proportion to the 
gravitational acceleration. Also, at the end of the 
increase in acceleration, an excess pore pressure of 
about 25 kPa occurred, which rapidly dissipated when 
the acceleration was maintained. Subsequently, slight 
fluctuations were observed when the valve between 
the water tank and the sample container was opened. 
Because of the large size of the sample, it was diffi-
cult to precisely adjust the groundwater table as 
specified. During each test, pore pressure recovered 
to some extent after reaching the target values, as pore 
water flowing during operation consumed a part of 
the water head. In fact, the water table declined by 
3.2 m in the first stage (S1), 3.1 m in the second stage 
(S2), and 2.6 m in the third stage (S3). It should be 
noted that the permeability coefficient of silty soil 
was approximately 1.45×10−6 m/s in the prototype 
scale, and the averaged drawdown speed in the first 
stage was about 6.59×10−7 m/s with consideration of 
the centrifuge scaling law. Under such a condition, 
the seepage force was quite small compared to the 
geo-stress. Therefore, its influence on the soil and 
pile’s behavior was not considered.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Pile behavior during groundwater decline 

Groundwater lowering increased in response to 
the effective stress, resulting in foundation settlement. 
In addition, the downward displacement of the soil 
relative to the pile and the increase in effective stress 
caused additional settlement and axial force on the 
pile. Fig. 7 shows the axial forces monitored along the 

Fig. 5  Overall appearance of the centrifuge model 
Fig. 6  Time histories of pore water pressure monitored by 
PPT1 and PPT2 
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40-m single pile, center piles of the 20-m, 30-m, and 
40-m pile groups, and the corner pile of the 40-m pile 
group as the water table fell. From a global viewpoint, 
a longer pile presented a larger maximum axial force. 
Moreover, the axial forces gradually increased with 
the amplitude of the fall. However, the incremental 
percentage of the maximum axial force decreased as 
pile length increased. Specifically, after the third 
stage, the maximum axial forces of the 40-m single 
pile and the center piles of the 20-m, 30-m, and 40-m 
pile groups increased by 32.9%, 40.3%, 36.3%, and 
27.4%, respectively. In addition, the different behav-
iors between the 40-m single pile and the center pile 
of the 40-m pile group confirmed the group effect. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7d shows a comparison of the axial forces 
along the center and corner piles in the 40-m pile 
group. During each period of groundwater decline, 
the axial forces along the center pile and their incre-
ments were always smaller than those along the cor-
ner pile. It was probably because, owing to the group 
effect (Xia et al., 2012), the soil settlements near the 
corner pile were larger than those near the center pile. 
Moreover, the tip resistance and skin friction of the 
pile involved in determining a pile’s axial force were 
also affected by the variation of effective stress. 
These factors interacted with each other, eventually 
resulting in the different axial forces of the center and 
corner piles (Shen, 2008). In short, the position of a 
pile in a pile group affects its behavior during 
groundwater decline. The center pile presents a rela-
tively small drag load. 

Settlement is a comprehensive indicator of pile 
status and is especially important for the safety of 
high-speed railway. Fig. 8 shows the development of 
pile and ground settlements versus the amplitude of 
groundwater decline. After the third stage, the set-
tlements of 20-m, 30-m, and 40-m pile groups were 
95.7, 61.8, and 38.7 mm, respectively, which notably 
exceeded the maximum acceptable (i.e. 20 mm) for 
high-speed railway (NRA, 2014). Nevertheless, the 
rate of increase of pile settlement lessened as the 
groundwater level fell. In other words, at lower 
groundwater levels, the impact of groundwater de-
cline on pile settlement was less. On the other hand, 
groundwater decline significantly increased pile set-
tlement at higher water levels. The settlement of the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Development of sample surface and pile settlement 
versus the amplitude of groundwater decline 

Fig. 7  Axial forces monitored along the piles after 
groundwater decline: (a) 40-m single pile; (b) 20-m pile 
group; (c) 30-m pile group; (d) 40-m pile group 
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sample surface monitored by L5 indicated in Fig. 2 
was slightly greater than that monitored by L1, which 
was closer to the 40-m pile group. This 40-m pile 
group played a significant role in constraining soil 
settlement. 

3.3  Skin friction of pile 

The skin friction (fs) of a pile is usually evaluated 
based on the vertical effective stress (σ′z) of soil and 
the coefficient β using Eq. (2). The coefficient β has 
been shown to be insensitive to soil properties (Jo-
hannessen and Bjerrum, 1965; Burland, 1973). Using 
Eqs. (3) and (4), this approach was further employed 
in this study to calculate the axial forces of the pile 
(Fz) due to the groundwater lowering. 

 

s ,zf                                     (2) 

NP0
π d , 0 ,

z

z zF D z z z                   (3) 

 NP

NP
NP0

π d d , ,
z z

z z zz
F D z z z z L          (4) 

 
where z is the depth, and zNP is the depth of the neutral 
point at which there is no relative displacement be-
tween the soil and the pile. L and D are the length and 
diameter of the pile, respectively. The effective stress 
σ′z of soil was calculated according to the actual 
gravitational acceleration applied to the soil, taking 
into account the depth of the soil in the centrifuge test. 
Fig. 9a shows the fitted values of β and the calculated 
axial forces along the 40-m single pile during 
groundwater lowering. At the initial groundwater 
level, the ground sank due to the increased gravita-
tional acceleration. The coefficient β was fitted to be 
0.37 above the neutral point and 0.28 below the neu-
tral point. After 3.2-m water table decline, the coef-
ficient β above the neutral point increased to 0.40 and 
the coefficient β below the neutral point reached 0.32. 
After the next two stages of groundwater decline, the 
coefficient β above the neutral point was 0.42 and 
0.43, respectively, and the coefficient β below the 
neutral point was 0.37 and 0.41, respectively. As 
summarized in Fig. 9b, the coefficient β gradually 
increased with the amplitude of the water table de-
cline. In short, the coefficient β ranged from 0.25 to 
0.50 as suggested by Fellenius (2004, 2006) for silty 
soils, showing the validity of the approach employed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Finite element analysis 

4.1  Numerical modeling and boundary conditions 

To further investigate the effect of groundwater 
lowering on the behavior of a pile, a 3D numerical 
analysis was performed to mitigate the deficiencies of 
the centrifuge test such as averaged and discrete 
measurements. Fig. 10 shows an overview of the 3D 
numerical mesh using the PLAXIS 3D software 
(Brinkgreve and Swolfs, 2007). The dimensions are 
identical to those specified in Fig. 2. The soil mesh 
near the piles has been improved for a more precise 
assessment of pile behavior. The total number of 
elements was 68 600 and the total number of nodes 
was 95 003. Displacements perpendicular to the outer 
boundaries were limited. The base surface was also 
fixed in all directions. The water table was set at the 
upper surface of the soil sample.  

Fig. 9  Distributions of axial forces along the 40-m single 
pile (a) and the relationship between the amplitude of 
water table decline and the coefficient β (b) 
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4.2  Constitutive model and parameters 

The deformation behavior of silty soil was re-
produced by a hardening soil (HS) model (Brinkgreve 
and Vermeer, 1998; Schanz et al., 1999; Surarak et 
al., 2012), and the deformation behavior of the sand at 
the bottom of the container was described by a bi-
linear elastic stress-strain model according to the 
Mohr-Coulomb failure criterion (Chai et al., 2015). In 
Table 2, all the parameters for the silty layer were 
deduced from a series of laboratory tests whilst those 
for the sand layer were determined by reference to 
previous study (Zhu et al., 2013). Young’s modulus 
for the sand layer was 55 MPa based on triaxial tests 
under a relative density of 60% and a confining stress 
of 100 kPa (Liu et al., 2015). In addition, the be-
havior of the pile was modeled using the PLAXIS 
‘embedded pile’, which has been widely adopted in 
previous studies (Springman, 1989; Kelesoglu and 
Springman, 2011). As suggested, the piles were 
considered as beam elements without volume, in-
teracting virtually with nearby soils by means of skin 
and foot interfaces. An equivalent dimension of soil 
at the positions of the piles was assumed to behave 
elastically. The soil-pile interaction was achieved 
using interface elements, of which the interfacial 
friction angle (δi) was calculated to be 19.4° based on 
the empirical Eq. (5) (Randolph and Wroth, 1981; Ng 
et al., 2008; Lam et al., 2009). The cohesion of the 
interface element (ci) was calculated by Eq. (7) 
(Brinkgreve and Swolfs, 2007). In addition, the pile 
cap was modeled by a linear elastic plate element. 

Under such circumstances, the reproducibility of the 
behavior of the piles can be ensured. 

 
2

i arctan[sin cos / (1 sin )],                  (5) 

inter itan / tan ,R                            (6) 

i inter ,c R c                                  (7) 

 
where φ' and c are the friction angle and cohesion of 
the silty soil, respectively. The strength reduction 
factor of the PLAXIS interface (Rinter) was back ana-
lyzed to be 0.5 by Eq. (6).  

The unit weight of aluminum for the pile and pile 
cap is about 27 kN/m3. However, the piles used in the 
centrifuge tests were made of hollow pipes and differ 
from the solid cylinder in the numerical model. As 
shown in Table 3, the unit weight and elastic modulus 
of the piles in the numerical model were back ana-
lyzed based on equivalent unit weight and tensile 
rigidity requirements. Therefore, the scaling law in 
the pile weight and axial stiffness can be guaranteed. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

4.3  Numerical modeling analysis 

In the first step, the soil sample was consolidated 
under K0 condition and the pile and pile cap were 
subsequently activated. An increase in gravitational 
acceleration was achieved by replacing according soil 
properties so that equivalent stress condition as the 
centrifuge test was generated. The water table gradu-
ally declined by 3.2 m, 3.1 m, and 2.6 m in every 
sequential 319 d, which was set identically to the 

Table 3  Parameters for pile 

Layer γ (kN/m3) Eequ (GPa) v 

Pile 8.7 22.5 0.28 
Pile cap 27.0 69.8 0.28 

γ is the unit weight; Eequ is the equivalent modulus 

Table 2  Material parameters used in the numerical
modeling 

Layer
c  

(kPa)
φ' 
(°)

Θ 
(°)

E50  
(MPa) 

Eoed  
(MPa) 

Eur 
(MPa)

v

Silty 12.4 35.4 10 18 18 54 0.3

Sand   0.0 35.0   3 – – – 0.3

Θ is the dilatancy angle; E50 is the secant modulus from triaxial 
test; Eoed is the tangent modulus from oedometer test; Eur is the 
modulus from unload and load tests; v is Poisson’s ratio from 
unload and load tests 

Fig. 10  Three-dimensional finite element mesh 
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centrifuge test. Therefore, the stress conditions in the 
centrifuge test were well reproduced by numerical 
modeling. 

4.3.1  Validation of numerical modeling 

The behavior of piles is closely related to the 
deformation characteristics of the soil nearby, and 
these are mainly governed by the variation of the 
effective stress during groundwater fall. Therefore, 
precise assessment of the effective stress is crucial. 
Fig. 11 shows the distribution of effective stress along 
the depth after the groundwater falls at each stage. 
The dashed lines are from the theoretical derivation 
while the symbols are from numerical analysis. The 
coincident results prove that the variation in effective 
stress due to groundwater decline is well reproduced 
in the numerical analysis. Fig. 12 shows the compar-
isons of sample surface settlements by numerical  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

modeling and by the centrifuge test. The settlement at 
the center of the sample surface obtained from the 
numerical analysis is slightly smaller than that from 
the test monitored by L5. The settlement to the 40-m 
pile group at 8Da position is slightly greater than that 
of the test monitored by L1. From a global perspec-
tive, these similar developments of settlements during 
groundwater decline validate the applied numerical 
model and parameters.  

Pile settlement is an important indicator of the 
effect of soil-pile interaction as the groundwater falls. 
The developments of settlements in the pile groups 
against the amplitude of groundwater decline in the 
numerical analysis and centrifuge test are shown in 
Fig. 13. The settlement developments of the 20-m and 
30-m pile groups from numerical analysis agree 
broadly with those monitored in test. Nevertheless, 
the settlement of the 40-m pile group from the nu-
merical analysis is slightly larger than the test result 
and less than the 40-m single pile settlement. As 
discussed, the piles settled as the downward skin 
frictions increased as the groundwater level fell. 
Fig. 14 shows the distributions of axial forces along 
the piles in different pile groups from both the nu-
merical analysis and the test. The axial forces varied 
following a fold line regardless of the pile length. The 
maximum forces at the neutral point increased with 
the pile length and the amplitude of water table de-
cline. Moreover, the position of a pile’s neutral point 
was not sensitive to the groundwater decline and 
remained at a depth of 0.7 times of the pile length. In 
each pile group, the corner pile presented larger axial 
forces than the center pile. Compared with the 40-m 
single pile, the maximum axial force of the corner pile 
of the 40-m pile group decreased by approximately 
15% due to the group effect. Similar evaluation of 
coefficient β as shown in Fig. 9b was conducted based 
on the distributions of axial forces in Fig. 14. The 
developments of coefficient β against the amplitude 
of water table decline are shown in Fig. 15. Similarly, 
the coefficient β above the neutral point of each pile 
was larger than that below the neutral point and in-
creased gradually with declining water table. Above 
the neutral point, the coefficient β of the corner pile 
was evidently larger than that of the center pile and 
decreased with increasing pile length. However, such 
features were not observed below the neutral point.  
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Fig. 11  Comparison of effective stress from numerical 
and theoretical analyses 

Fig. 12  Comparisons of surface settlement from numeri-
cal analysis and centrifuge test 



Bian et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2021 22(4):277-295 287

Overall, the monitored forces were well repro-
duced by the numerical analysis, except for the center 
pile of the 20-m pile group ranging from −8 m to 
−14 m. Errors might happen to the sensors during pile 
penetration. In conclusion, based on the comparisons 
of effective stress of soil, pile and ground settlements, 
and pile axial forces, the adopted numerical model  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

and parameters were valid as a basis for further in-
vestigation of the soil-pile interaction. 

4.3.2  Soil-pile interaction 

Based on the numerical model and parameters, 
the settlement distributions of sample surface and pile  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14  Comparisons of the axial forces along piles from numerical analysis and centrifuge test: (a) 40-m single pile; 
(b) center pile of the 20-m pile group; (c) corner pile of the 20-m pile group; (d) center pile of the 30-m pile group; 
(e) corner pile of the 30-m pile group; (f) center pile of the 40-m pile group; (g) corner pile of the 40-m pile group 

Fig. 15  Relationships between the coefficient β and am-
plitude of water table decline for the corner and center 
piles in each pile group (NP: neutral point)  

Fig. 13  Settlement comparisons of pile groups from nu-
merical analysis and centrifuge test 
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groups at the initial state (immediately after consoli-
dation) and after the 6.3-m fall of the water table are 
obtained as shown in Fig. 16. The settlements of the 
piles were clearly less than that of the sample surface, 
which was away from the piles. Particularly, as the 
distance to the pile increased, the surface settlement 
increased and showed a concentric circular distribu-
tion. Therefore, the pile had a positive impact on 
constraining the settlement of surrounding soils. In 
addition, different settlements between the 40-m sin-
gle pile and the surrounding soil were more distinct 
than the 20-m pile group. In other words, the 20-m 
pile group exhibited greater settlements that matched 
the surrounding soil. The shorter piles were ineffec-
tive in controlling ground settlement caused by 
groundwater decline. 

The relative settlement of the soil to the pile was 
the main reason for the downward settlement of the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

pile because the amount of this relative settlement 
determines the development of the skin frictions 
along the piles. The settlement distributions of the 
ground along cross section A-A indicated in Fig. 2 are 
shown in Fig. 17 in the initial state and after a water 
table decline of 6.3 m. At different water levels along 
the pile, soil settlement was clearly affected by the 
single pile and pile group. Specifically, the soil was 
effectively constrained by the pile in the upper layer 
above the neutral point. However, such effect de-
creased gradually from the sample surface to the 
neutral point. Below the neutral point, an opposite 
behavior was observed. The induced settlement of the 
pile significantly increased the settlement of the soil 
beneath the pile.  

A detailed comparison of the settlements be-
tween the 40-m single pile and the surrounding soil is 
shown in Fig. 18. The settlement of the soil before  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16  Settlement distributions of ground surface and 
piles from the top view: (a) under the initial water table; 
(b) after water table decline by 6.3 m. References to color 
refer to the online version of this figure 

Settlement (mm)

Settlement (mm)

Fig. 17  Ground settlement distributions along cross sec-
tion A-A: (a) under the initial water table; (b) after water 
table decline by 6.3 m. References to color refer to the 
online version of this figure 

Settlement (mm)
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groundwater decline was smaller than that of the pile 
in the lower position. Particularly, an 82-mm settle-
ment difference was observed at the bottom of the 
pile. However, in the upper position, the settlement of 
the soil was significantly greater. After water table 
decline was initiated, pile and soil settlements gradu-
ally increased. Most importantly, the settlement dif-
ference between the pile and soil increased and re-
sulted in the rise of downward skin friction. As the 
water table decreased to 8.9 m, the settlement dif-
ference between the pile bottom and the soil increased 
to 96 mm. These results are consistent with the 
gradual increase in the axial force of piles shown in 
Fig. 14.  

The ground settlement distribution along cross 
section C-C indicated in Fig. 2 is shown in Fig. 19 
when the groundwater level declined by 6.3 m. 
Combined with the distributions in Fig. 17, the soil 
settlement was constrained by the pile foundation to a 
certain degree. The effect diameter was found to be 
about 12 m, which was 10 times the pile diameter. 
The different settlements gradually increased as the 
water table declined, reaching a maximum of 40 mm. 
Meanwhile, the settlement of the soil in the pile group 
was not identical, and the settlement of the soil near 
the center pile was distinctly smaller than that near the 
corner pile. Since the relative settlement of the soil to 
the center pile was relatively small, the skin friction 
generated along the center pile was evidently less than 
that generated along the corner pile. This explains the 
axial forces along the center pile, which were signif-
icantly less than those along the corner pile, as shown 
in Figs. 7d and 14. 

As explained earlier, the variation in axial force 
was caused by a change in skin friction along the pile. 
Fig. 20 shows the distribution pattern of friction 
forces along the 40-m single pile, with the coincident 
trend of axial force shown in Fig. 14a. The maximum 
axial force was distributed at the neutral point, above 
which the skin friction was negative skin friction (in 
the downward direction). The amplitude of negative 
skin friction increased almost linearly with the depth 
and sharply reversed when approaching the neutral 
point. These negative skin frictions dragged the pile 
downward. In addition, the direction of skin friction 
was reversed upward below the neutral point due to 
the upward relative deformation of soil to the pile. It 
increased rapidly to 200 kPa and presented notable  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18  Settlement comparisons of 40-m single pile and 
surrounding soil 

Settlement (mm)

Fig. 19  Ground settlement distribution along cross sec-
tion C-C. References to color refer to the online version of 
this figure 

Fig. 20  Distributions of friction forces along the 40-m 
single pile 
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fluctuations because the pile penetrated into stiffer 
soil layers. In addition, the amplitudes of skin friction 
along the pile increased with the amplitude of water 
table decline. This was consistent with the increasing 
relative displacement between the soil and the pile, as 
shown in Fig. 18. 

 
 

5  Design of railway pile foundation 

5.1  Design method for piles subjected to cyclic 
train load 

The settlement of the railway pile foundation 
gradually accumulates due to the cyclic train load 
during operation. Previous studies have argued that 
the accumulated settlements follow three typical de-
velopment models: a stability model, a continuous 
increase model, and a rapid increase model (Chen RP 
et al., 2015; Chen YM et al., 2021). In addition, the 
development model proved to be determined by the 
cyclic load ratio (CLR) and static load ratio (SLR). As 
shown in Fig. 21, based on the time history of pile 
load (P(t)), CLR is defined as the cyclic load ampli-
tude (Pc) divided by the bearing capacity (Pu) of the 
pile foundation, while SLR is computed by the static 
load (Ps) divided by the bearing capacity (Pu). The 
static load is evaluated from the weight of the upper 
structures. As summarized in Fig. 22, by setting the 
SLR as the horizontal axis and the CLR as the vertical 
axis, the development model for accumulated set-
tlement can be assessed accordingly. Given the 
known weight of the upper structure on the pile and 
the train load, the minimum bearing capacity of the 
pile that will maintain the accumulated settlement 
within a safe range can be calculated. 

The results obtained in this study showed that 
groundwater decline increased pile friction and axial 
forces, which further increased the Ps for pile settle-
ment. Based on previous study (Poulos, 2008), the Pu 
of pile was not affected by the negative skin frictions. 
In addition, the amplitude of cyclic load derived from 
the train also remained during long-term operation. 
Therefore, SLR would increase with Ps, making the 
position (SLR, CLR) in Fig. 22 move to the right. In a 
worst case, the development model for settlement will 
be changed, for example, from stability model (zone 
I) to continuous increase model (zone II). Under this 

circumstance, the effects of groundwater declining on 
pile settlement need to be properly addressed at the 
design stage. Otherwise, a massive settlement can 
occur when the water table declines due to some 
practical problems. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.2  Design method for piles subjected to water 
table fall 

A design method considering falling ground-
water was proposed based on the obtained results and 
previous studies, as shown in Fig. 23. This method 
was developed on a pile foundation design method 
using the coefficient of friction β (Fellenius, 1989, 
2004). Using the initial pile length and diameter, the 
ultimate tip resistance of the pile was determined. 
Based on the probable amplitude of the groundwater 
drop, the distributions of effective stress, ultimate 

Fig. 21  Definitions of CLR and SLR for deciding the 
development model of accumulated settlement 

Fig. 22  Development model of accumulated settlement of 
a pile foundation 
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load, and drag load were obtained, with the total drag 
load and updated static load evaluated in sequence. 
Based on the known train load, the SLR and CLR 
values for settlement development were checked to 
ensure if the stable conditions were met. For a “no” 
response, the pile length and diameter need to be 
redesigned. For a “yes” response, the pile strength and 
settlement can be verified by field tests. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This approach was applied in an actual case of 

high-speed railway foundation to investigate the ef-
fect of groundwater decline. As schematically shown 
in Fig. 24, the pile group consisted of 10 piles, the 
dimensions of which are indicated as appropriate. 
Meanwhile, the pile length L was 49.0 m. After con-
structing the upper piers and bridge, the static load 
was about 15 645 kN. If the water table dropped 
2.0 m, β was assumed to be 0.338 according to the 
results shown in Fig. 15. Before the lowering of the 
water table, the maximum axial force was calculated 
to be 2440 kN. Based on the results obtained, the 
maximum axial force increased to 3978 kN at a depth 
of about 30 m (0.6L–0.7L) from the surface after the 
2-m drop in the water table. Based on site monitoring, 
the amplitude of cyclic loads from train operation 
ranged from 200 kN to 350 kN, and was also affected 
by the span of the bridge (Nie et al., 2017). According 
to previous research, the cyclic load of the pile 
foundation is about 191 kN (Bian et al., 2014). In this 
study, the cyclic load was set at 300 kN, which is 
nearly the maximum value encountered in the field. 

Because of the stringent requirements on the pile 
foundation settlement of high-speed railway, its de-
velopment should follow a stable model that stays in 
Zone I, satisfying 0<15CLR+5SLR<3, as shown in 
Fig. 22 (Chen et al., 2015). Therefore, the SLR and 
CLR should be less than 0.585 and 0.005, respec-
tively. The bearing capacity of the pile must be 
greater than 6780 kN. If groundwater decline is not 
considered, Pu must be greater than 4214 kN. There-
fore, the minimum bearing capacity under ground-
water decline is about 60.9% higher than that without 
water table decline. As a result, groundwater decline 
has a significant effect on the condition of the pile 
foundation during operation, and that must be ade-
quately considered in design. However, it should be 
noted that a value for β of 0.338 was evaluated based 
on the 40-m pile group in Fig. 15, which should be 
larger than that of the 49-m pile group according to 
the relationship of β with to the length of the pile. It 
indicated that the 60.9% was overestimated but is 
nevertheless beneficial to the design. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
It should be noted that the skin friction along a 

pile is not always constant. For example, when a train 
is loaded, the skin frictions already induced will be 
reduced by the subsequent groundwater decline, and 
the static load is reduced accordingly. In practice, 
when the amplitude of the cyclic load is greater than 
30% of the skin friction, the cyclic load would obvi-
ously reduce the static load. More specific analyses 
are needed. The amplitude of the cyclic load of the 
high-speed trains in China ranges from 200 kN to 
350 kN whilst the static load exceeds 15 000 kN. In 

Fig. 24  A schematic diagram showing the dimensions of 
the pile group foundation of high-speed railway 

Fig. 23  Flow chart of designing the pile foundation con-
sidering falling groundwater  
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addition, the skin frictions induced by groundwater 
decline are usually greater than 15% of the static load. 
Therefore, the cyclic load is considered negligible 
compared to the skin friction and has no further effect 
on the friction load. However, the friction forces due 
to groundwater decline can increase the static load of 
the pile and change the development model of pile 
settlement. 

 
 

6  Conclusions 
 
Centrifuge tests and numerical modeling were 

performed to investigate the behavior of piles in silty 
soils when subjected to groundwater decline. The 
results obtained were further considered in the design 
of a railway pile foundation. Based on the results, the 
following conclusions can be drawn: 

1. As the water table declined, the inconsistent 
displacement of the soil relative to the pile resulted in 
a rise in skin friction on the pile, which increased the 
pile settlement and axial forces accordingly. 

2. The position of the neutral point of the pile 
was not sensitive to groundwater decline and re-
mained at a depth of 0.7 times the pile length. A 
longer pile presented a larger maximum axial force at 
the neutral point, and the coefficient β for evaluating 
the pile’s axial force decreased with increasing pile 
length. 

3. Nevertheless, the incremental percentage of 
the maximum axial force decreased as pile length 
increased. Specifically, after 8.9 m of groundwater 
decline, the maximum axial forces of the center piles 
in the 20-m, 30-m, and 40-m pile groups increased by 
40.3%, 36.3%, and 27.4%, respectively. 

4. Soil settlement varied significantly in the 
annular area of 10 times pile diameter around the pile 
group, which increased with the distance to the pile 
group under the same groundwater decline.  

5. The CLR and SLR determined the settlement 
development of a railway pile foundation during a 
long-term service period. The drop in groundwater 
level not only caused additional settlement due to soil 
reconsolidation, but also increased the SLR to influ-
ence the settlement development disadvantageously. 

6. A design method of railway pile foundation 
considering groundwater decline was proposed and 

applied to an actual case. According to the change in β 
versus the water table decline from the centrifuge test, 
the minimum bearing capacity of pile was approxi-
mately 60.9% larger than that without consideration 
of 2-m groundwater decline. 

To sum up, based on the systematic discussion of 
the response of piles subjected to repeated ground-
water decline and the application in the design of 
railway pile foundation, this study provided an ap-
proach to consider analogous issues encountered in 
practice. Engineers could obtain the coefficient β of a 
specific soil when subjected to the probable ampli-
tude of groundwater decline by means of laboratory 
tests. The increment of static load on the pile could be 
calculated accordingly and further considered in the 
design of the type and dimensions of piles. However, 
more efforts are still required to propose a practical 
standard that could be implemented in the field. For 
example, an advanced interface element is needed to 
take the non-linear response between pile and soil into 
account. A well-monitored in-situ test is also neces-
sary to verify laboratory testing and numerical mod-
eling to avoid scale effects. 
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