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The construction of railway and highway embankments has a significant

influence on the behavior of existing pile foundations, especially in the

situation of high embankments and extensively soft soils, which are

commonly encountered in coastal areas. A high embankment might

produce large lateral movement and bending moment to the existing

adjacent piles, which would cause the failure of the pile if the surcharge

loading is not properly considered. A field test was designed and performed

to investigate the effect of lateral surcharge loading on the existing adjacent pile

in extensively soft soils. A 4 mhigh embankment was constructed in five lifts and

was close to the existing adjacent steel pipe pile with a length of 35 m. The

deformation of the pile and the soft soils, the excess pore water pressure, and

lateral earth pressures were measured during the surcharge loading test. The

test results showed that the lateral displacement of the steel pipe pile at the

ground surface exceeded 229.9 mm and could not maintain constant due to

the surcharge loading. The lateral displacement decreased along with the pile

depth and was relatively small when the pile depth exceeded 10m. Large lateral

displacements were observed in the soft soils at different locations. The

surcharge loading zone showed obvious downward displacements, while the

soft soils close to the loading zone showed upward displacements. The excess

pore water pressure changed regularly with the construction of the

embankment, and its maximum value reached 53.6 kPa. The lateral earth

pressures that acted on the pile continuously increased with the increase in

the embankment height, which caused large deformation of the pile.
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Introduction

Lateral soil movement caused by self-weight or external factors known as the passive

pile differs from lateral loads applied at the pile head, which is an active pile for the lateral

bearing modes of pile foundations. In many cases, the design and failure of piles are

governed by lateral performance. Examples of passive piles include existing piles near

piling (Poulos, 1994), piles for stabilizing slopes (Ito et al., 1982; Bai et al., 2021), piles

adjacent to the tunneling and excavation project (Poulos and Chen, 1997; Madhumathi
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and Ilamparuthi, 2018; Ong, 2018; Madhumathi and Abisha,

2020; Li et al., 2021), and piles close to surcharge (Bransby and

Springman, 1996; Bai et al., 2022). The interaction between piles

and moving soil is very complicated. For the bridge pile adjacent

to an embankment to be built, the pile may face the following

challenges: 1) the external vertical loads (for example,

superstructure objects and vehicles) applied to the pile head,

2) external lateral loads (for example, wind load and earthquake

load) applied to the pile head (that is, active loading), and 3) the

additional soil pressures acting on the pile shaft due to the

surcharge (that is, passive loading).

Several studies have been conducted to evaluate the lateral

response of the pile adjacent to surcharge loading, such as

laboratory tests (Al-abboodi et al., 2020; Karkush et al., 2020;

Karkush and Jaffar, 2020; Toma Sabbagh et al., 2020), finite

element method (Xu and Poulos, 2001; Karim, 2013; Al-abboodi

and Sabbagh, 2019), and theoretical approach (Springman, 1989;

Zhang et al., 2020a; Bellezza, 2020; Zhang et al., 2020b). The

laboratory tests, numerical method, and theoretical analysis

(Chen and Poulos, 1997; Ellis and Springman, 2001; Abo-

Youssef et al., 2021; Ramalakshmi, 2021) proved that the

effect of movement soil would lead to large deformation or

even failure of the pile. However, numerical models,

laboratory tests, and theoretical derivation wherein

unidentified in actual conditions (properties of soil and shape

of stratum) might not entirely reflect the field’s authenticity and

directly calibrate the results. Field monitor in actual cases is an

effective and reliable method to analyze the soil-pile interaction

caused by the surcharge. Field data can be used to investigate the

interaction effect of soil–piles–surcharge and support the design

procedure.

The mechanical behavior of passively loaded piles with

nearby inclined bedrock was tested in the laboratory, and the

result concluded that under the low load condition, the pile far

from the load boundary was mainly in a tensile state (Xie et al.,

2018). Heyman (1965) adopted the resistance strain gauges to

record the pile’s displacement and stress and roughly used the

pile’s displacement to estimate the pile’s bending moment. The

error between the test and the calculated bending moment was

20%. Nicu et al. (1971) measured the lateral displacement of six

piles and the abutment on 13.5 m thick hard clay and found that

the undrained shear strength of soft soil equaled three times the

limit value of the abutment. Karkush and Kareem (2021) studied

the behavior of axially loaded piles in contaminated clay soil

adjacent to the construction of embankments, finding that the

increase of embankment settlement led to the increase of lateral

displacement of the soil surface. Poulos (1972) listed different

engineering cases and showed that the measured settlement is

consistent with the settlement predicted by FEM. The predicted

displacement was much more sensitive than the vertical

displacement, and the predicted value at the foot of the

subgrade slope was even more than 1.5 times the measured

value. Tavenas et al. (1979) analyzed the lateral displacement of

soft soil during the construction and consolidation of

21 embankments. The results showed that the magnitude of

the lateral displacement was very difficult to predict when the

TABLE 1 Geological profiles.

Soil no. Soil type Description Frictional resistance (kPa) Thickness of each layer
(m)

① Fill Loose to medium dense gravel — 1

② Marine deposit Sea-land sedimentary silt 40 5.2

③ Marine deposit Mud 70 31.8

④ Alluvium Round gravel containing clay 300 2.7

⑤ Completely decomposed granite Sandy silt, silty sand 450 7.8

TABLE 2 Physical and mechanical properties of the soil.

Soil no. Cohesion (kPa) Friction angle
(°)

Wet density
(g/cm3)

Young’s modulus
(Pa)

Poisson ratio

① 0 34 1.65 1e7 0.35

② 8.4 0.5 1.59 0.3e6 0.46

③ 13.6 6.8 1.69 8e6 0.32

④ 3.0 32 2.05 5.2e8 0.30

⑤ 60 45 2.25 1e9 0.30

Frontiers in Materials frontiersin.org02

Yi and Liu 10.3389/fmats.2022.971485

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.971485


construction was completed. It depended mainly on the drainage

of the foundation, the geometric characteristics, the mechanical

properties, the loading rate, and the consolidation rate.

The field test was important for the analysis of passively

loaded piles. The construction of railway and highway

embankments has a significant influence on the behavior of

existing pile foundations, especially in the situation of high

embankments and extensively soft soils, which are commonly

encountered in coastal areas. The mechanism of soil–pile

interaction due to the construction of the embankment in

extensively soft soils was not fully understood and needed

further investigation. The high embankment might produce

large lateral movement and bending moment to the existing

adjacent piles, which would cause the failure of the pile if the

surcharge loading is not properly considered. A field test was

designed and performed to investigate the effect of lateral

surcharge loading on the existing adjacent pile in extensively

soft soils. The deformation of the pile and the soft soils, the excess

pore water pressure, and lateral earth pressures were measured

during the surcharge loading test and presented as follows.

FIGURE 1
Instrumentation layout of the field test: (A) sectional view and (B) plan view (unit: m).
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Project overview

The field test was performed in Guangdong Province, China.

The region represented the geological characteristic of the Pearl

River Delta alluvial plain in the coastal area of South China. This

region is typically composed of farmland, ponds, and rivers. Pile

foundations with elevated caps for the bridge are commonly used

to solve the geotechnical problems in this region. Table 1 shows

the geological profiles based on borehole logs. The soil is mainly

composed of fill, marine deposits, alluvium, and completely

decomposed granite. The soft soil with a large thickness was

distributed in the whole field for this project. Table 2 shows the

physical properties of the soil based on experimental tests.

Instrumentation and measurement

The test pile was a steel pipe pile with an outer diameter of

610 mm, a wall thickness of 10 mm, and a length of 35 m. The

bottom of the pile was open for the convenience of piling

construction. The bending stiffness of the steel pipe pile used in

the field test was 1.611 × 109 N/m2. Figure 1 shows the

instrumentation layout of the field test. The area of the

embankment fill was 24 m in length and 16 m in width. The

slope gradient of the fill was 1:1.5. In order to investigate the

response of pile foundations under lateral surcharge loading, a

4 m high embankment was constructed in five lifts (each lift was

0.8 m thick) close to an existing single pile. The deformation of the

pile and the soft soils, the excess porewater pressure, and lateral earth

pressures were measured during the surcharge loading test. The

detail of the instrumentation and the test procedures were as follows.

1) The vibration piling method was used in the field test to

ensure that the pile penetrated the extensively soft soil. The

steel pipe pile was 35 m long, and the bottom of the pile

floated in the mud soil.

2) Four inclinometer tubes (PVCs) were installed at different distances

from the fill in the foundation soil (with a label of 1#, 2#, 3#, and 4#,

respectively, from left to right, as shown in Figure 1, to measure the

lateral movement of the soil. In addition, two inclinometer tubes

(PVCs)were constructed along theouter surface of the steel pipepile

tomeasure the horizontal displacement of the pile (with labels of 5#

and 6#, as shown in Figure 1). The length of each PVC tube was

30m. The outer and inner diameters of the tube were 70 and

60mm, respectively. After the installation of the inclinometer tubes,

the initial readings were measured before the construction of the

embankment fill.

3) A total of 15 earth pressure cells were installed at the surface of

the steel pipe pile at different depths. The test surface of the earth

pressure cells was kept flush with the outer surface of the pile in

order to measure the lateral earth pressure accurately. The earth

pressure cell was supported by a rigid bracket welded on the steel

pipe. The earth pressure cell contained precise test elements and

some necessary protection measures that were taken to reduce

the vibration effect during the piling construction of the steel

pipe pile. Figure 1 shows that ten Earth pressure cells were

installed in the direction facing the embankment. Five earth

pressure cells within a depth of 5 m were located with a vertical

interval of 1 m. Other earth pressure cells were located with a

vertical interval of 2 m. At the normal direction of the steel pipe

pile, five earth pressure cells were installed in the vertical

direction with an interval of 2 m.

4) The pore-water pressure transducers (PPTs) were buried in

soft soil at four locations with a depth of 1.5 m from the

ground surface. The PPT was put into the hole formed by

drilling equipment, and the holes were filled with fine sand.

The data acquisition system was connected and recorded the

pore water pressures automatically. The initial reading was

measured before the construction of the embankment fill.

5) The total station and level instrument were used to measure

the horizontal displacement of the pile and the vertical

deformation of the ground surface, respectively. The marks

were set at the corresponding locations of the pile and the

FIGURE 2
Construction consequence of the embankment fill.

FIGURE 3
Horizontal displacement of the pile at the ground surface.
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ground surface. Nine settlement observation plates with an

area of 40 cm × 40 cm were placed at different locations.

Three plates were placed at the top surface of the

embankment. Three plates were placed on the

embankment toe close to the pile. Three plates were placed

on the embankment toe far away from the pile.

After the construction of the steel pipe pile and the

instrumentation, the embankment fill was placed in five lifts.

Each lift was compacted and had a thickness of 0.8 m. Figure 2

shows the construction consequence of the embankment fill. The

embankment height was kept constant for three days, and the

next lift was placed on the top of the embankment. The

deformation of the pile and the soft soils, the excess pore

water pressure, and lateral earth pressures were measured and

recorded at different embankment heights. This procedure would

be repeated until the embankment height reached 4 m.

Results and discussion

Horizontal displacement of the pile

Figure 3 shows the horizontal displacement of the pile at the

ground surface obtained by the inclinometer (PVC 6#). The

horizontal displacement of the pile increased with the increase of

the embankment height. The horizontal displacement increased

rapidly after the placement of a new lift. The displacement then

remained relatively constant during the observation period of

three days for the first three lifts. The pile was capable of

withstanding the lateral surcharge loading. However, the

horizontal displacement of the pile continued to increase with

time and could not maintain constant when the embankment

height reached 3.2 m. After the construction of five lifts, the

horizontal displacement of the pile rapidly increased with time

and showed an unstable state. The observed maximum

horizontal displacements of the pile under each lift were 36.3,

67.0, 122.9, 176.9, and 229.9 mm, respectively.

The horizontal displacement of the pile measured by the total

station was compared with that measured by the inclinometer.

Table 3 illustrates the increment of the horizontal displacement

under each lift. It can be seen that the results measured by

different methods were relatively close, and the maximum error

was −17.4%, which was acceptable in the field investigation. The

error of the horizontal displacement measurement was defined as

follows.

Error �
Value of the total station
−Value of the inclinometer
Value of the inclinometer

× 100% (1)

The embankment construction caused the stress

redistribution and displacement of the pile and soil caused,

TABLE 3 Comparison of the increment of the horizontal displacement measured by different methods.

Construction
sequence

1st lift 2nd lift 3rd lift 4th lift 5th lift

The inclinometer (mm) 36.3 30.7 55.9 54.0 53.0

The total station (mm) 32.6 26.1 58.7 47.7 43.8

Error (%) −10.2 −15.0 5.0 −11.7 −17.4

FIGURE 4
Horizontal displacement along the pile depth measured by (A) PVC 5# and (B) PVC 6#.
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which would make the pile–soil interaction more complicated if

the lift was close to the pile. The embankment produced a

vertical load on the ground surface and resulted in the

displacement of the soil moving away from the surcharge

area. The soil movement would apply additional pressure on

the pile. The horizontal displacement of the pile depended on

the lateral movement of the soil and was time-dependent, as

shown in Figure 3. The movement of the soil was also time-

dependent and would result in a continuous increase in pile

displacement (Abo-Youssef et al., 2021). The observed results

in this field investigation demonstrated that the pile close to the

surcharge failed after the fourth lift (the construction time of

the 11th day).

Pile bending

The inclinometer of the PVC 5# and 6# were used to

investigate the horizontal displacement along the pile depth.

Figure 4 shows that the horizontal displacement of the pile

was significant with the increase of the load for both PVC 5#

and 6#. The horizontal displacement of the pile decreased rapidly

along the pile depth at each surcharge loading. The data

measured by PVC 5# showed that the major displacement

occurred within a depth of 10 m. The horizontal

displacements of the pile at the ground surface measured by

PVC 5# were 64.3, 117.6, 192.5, 236.7, and 273.0 mm,

respectively, corresponding to each surcharge loading. The

data measured by PVC 6# showed some difference compared

with the data from PVC 5#. The horizontal displacement of the

pile decreased rapidly with the increase of the depth in the

shallow layer of about 7.5 m. The horizontal displacements of

the pile at the ground surface measured by PVC 5# were 39.8,

67.0, 122.9, 166.2, and 220.1 mm, respectively, corresponding to

each surcharge loading.

It is of note that the pile bending developed since the first

surcharge loading. Figure 4 shows that PVC 6# occurred in a

contraflexure, and the main positive displacement developed for

the depth of 7.5 m. The PVC 5# did not occur in the

contraflexure, and the main region of displacement exceeded

7.5 m to the deeper position. The aforementioned difference was

caused by the different installation locations of the PVC. The

PVC 5# was installed on the opposite side of the pile, which was

different from the location of PVC 6# (as shown in Figure 1). The

PVC 5# may develop additional bending and movement during

each surcharge loading. The soil movement forced the pile to

FIGURE 5
Horizontal displacement of the soil measured by (A) PVC 1#, (B) 2#, (C) 3#, and (D) 4# with depth under different surcharge loading stages.
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carry additional lateral earth pressure, which caused the

unexpected lateral deformation of the PVC.

Lateral displacement of the soft soil

Figure 5 shows the horizontal displacement of the soil

measured by PVC 1#, 2#, 3#, and 4# at different locations.

The horizontal displacement of the soil was more significant

with the increase of the load at the location of PVC 2#, 3#, and 4#.

The horizontal displacement of the soil measured by PVC 2#

decreased with the increase of the depth. The horizontal

displacement of the soil measured by PVC 3# and PVC 4#

increased with the increase of the depth for the shallow layers

(the depth varied from 2 to 4 m) and then decreased with the

increase of the depth. The horizontal displacement of the soil

measured by PVC 1# changed slightly with the increase of the

load. The displacement measured by PVC 1# and 4# showed

negative values. The maximum value of the displacement

measured by PVC 1# was −9.6 mm, which indicated that the

effect of the surcharge loading was negligible for the soil far away

from the center of the loading area (the distance was 24 m in this

case). The horizontal displacements at the location of PVC 2#

developed the maximum value at the ground surface and were

17.3, 25.1, 47.0, 69.2, and 93.7mm, respectively, for different

surcharge loading stages. The maximum displacements of the soil

measured by PVC 3# and 4# were 148.2 and 348.8mm,

respectively.

Figure 5 shows that the lateral displacement of the soil at the

edge of the surcharge loading area was larger than that for the soil

far away from the surcharge and was smaller for the soil closer to

the ground surface (the location of PVC 3# and 4#). The

displacement increased with the decrease of the distance from

the loading area in the sequence of PVC 1#, 2#, and 3#. The

displacement measured by PVC 4# was larger than other

locations measured by PVC 1#, 2#, and 3#. The pile provided

more resistance to the earth pressure which was caused by soil

movement and surcharge loading. The lateral thrust of the soil

could not be neglected for the design of the passively loaded pile.

The shape of the displacement profile in the PVC 3# was different

from the profile of the PVC 2#, which indicated that the

movement of soil diffused outward with the increase of the

distance between the soil and the loading area.

Settlement of the embankment

The settlement of the embankment during construction was

monitored by nine settlement observation plates placed at

different locations. Figure 6 shows the location of settlement

observation plates. Three plates were placed at the top surface of

the embankment fill. Three plates were placed at the

embankment toe close to the pile. Three plates were placed at

the embankment toe far away from the pile. Figure 7 shows the

settlement of the embankment versus construction time at

different loading stages. The settlement at the center of the

loading area (D-4, D-5, and D-6) increased with the increase

of the embankment height. On the contrary, the soil on both sides

of the surcharge area developed negative settlement (the soil

heave) and the deformation changed with time irregularly. The

average settlement of D-4, D-5, and D-6 was 0.2, 13.7, 22.5, 46.0,

and 64.2 cm, respectively, for different surcharge loading stages.

The maximum heave height for the side without steel pipe pile

(D-7, D-8, and D-9) and with steel pipe pile (D-1, D-2, and D-3)

were 29.4 and 77.2 cm, respectively, after the completion of the

embankment construction. The vertical deformation of the

embankment soil was significant compared with the lateral

movement of the soil. The soil at the center of the loading

area showed downward vertical deformation. The soil at the

edge of the loading area showed upward vertical deformation.

The maximum vertical deformation occurred at the edge with the

steel pipe pile and was larger than the settlement at the center of

the loading area. The existence of the steel pipe pile constrained

the lateral movement of the soft soil; therefore, the soil close to

the pile moved upward and resulted in larger heave deformation

than the soil on the other side without the pile.

Excess pore-water pressure

The water table of the site was 1 m below the ground surface.

The excess pore-water pressure (EPP) of the soil was measured by

the pore-water pressure transducers (PPTs), which were buried

FIGURE 6
The location of settlement observation plates.
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FIGURE 7
Settlement of the embankment versus construction time at different loading stages.

FIGURE 8
Excess pore-water pressure (EPP) of the soil versus the construction time.
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in soft soil at four locations with a depth of 1.5 m from the

ground surface. The location of PPTs was presented in Figure 1.

Figure 8 shows the value of the EPP measured by PPTs varied

with time. It can be seen from Figure 8 that the EPP increased

rapidly after the placement of each lift and then gradually

dissipated with time before the next lift. The PPT 4# was

located in the center of the loading area and was significantly

affected by the surcharge loading. Its maximum value of EPP

reached 52 kPa for the placement of the second to the fourth lift.

The dissipation of the EPP with the time was obvious for each

placement of the lift. The rapid increase of the EPP indicated that

the soft soil carried additional vertical stress due to the surcharge

loading, which would result in the shear failure of the foundation

soil if the surcharge loads was inappropriately high or the

dissipation of the EPP was not well considered in the

embankment construction.

Lateral earth pressure on the pile

The lateral earth pressure that acted on the pile was measured

by the earth pressure cells installed in the steel pipe pile (as

presented in Figure 1). Ten earth pressure cells directly facing the

surcharge were labeled as A-1 to A-10 and located along the pile

depth. Five earth pressure cells were labeled as B-1 to B-5 in the

normal direction. Some earth pressure cells did not work

properly during the test due to construction damages and

complicated measurement environments. Figure 9 shows test

results of the lateral earth pressure at different pile depths versus

the construction time. A-2 was buried at a depth of 2 m. Its initial

earth pressure (measured before the first lift) was 8 kPa and

increased to 16 kPa after the placement of the first lift. A-2 was

damaged, and there was no more reading. The depth of the B-1,

B-2, and B-3 were 2, 4, and 6 m, respectively, in another

direction. The initial earth pressure for the B-1, B-2, and B-3

were 32, 49, and 65 kPa, respectively. The earth pressure

increased with the increase of the embankment thickness for

the B-1, B-2, and B-3. The earth pressures of the B-1 were 29, 32,

32, 34, and 35 kPa, respectively, for the placement of each lift.

The change of earth pressure at this location was small due to the

increase of the surcharge load. The earth pressures of the B-2

were 54, 61, 66, 68, and 71 kPa, respectively, for the placement of

each lift. The earth pressures of the B-3 were 68, 72, 83, 86, and

88 kPa, respectively, for the placement of each lift. The earth

pressure of B-2 and B-3 changed obviously with the increase of

the surcharge load. The earth pressures eventually increased up

to 3, 22, and 23 kPa, respectively, for the B-1, B-2, and B-3 after

the completion of the embankment construction. The increased

lateral earth pressure put additional horizontal loads on the steel

pipe pile, which caused a disadvantageous situation for the pile

foundation.

Conclusion

In this research study, an embankment of 4.0 m in thickness

was constructed in five lifts to investigate the performance of the

steel pipe pile under lateral surcharge loading. The deformation

of the pile and the soft soils, the excess pore-water pressure, and

lateral earth pressures that acted at the pile were measured during

the test. Based on the results obtained from the field test, the

following conclusions were drawn:

1) The maximum horizontal displacement of the pile reached

229.9 mm due to the surcharge loading. The displacement

increased rapidly and was unable to maintain for the fourth

and fifth lifts. The lateral displacement decreased along with

the pile depth. The displacement was relatively small when

the pile depth exceeded 10 m.

2) The lateral displacement of the soft soil increased with the

decrease of the distance from the loading area. The influence

area of a 4 m high embankment surcharge in this field test

FIGURE 9
The lateral earth pressure at different pile depths versus the construction time.

Frontiers in Materials frontiersin.org09

Yi and Liu 10.3389/fmats.2022.971485

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.971485


was about 24 m from the surcharge center based on the

consideration of the negligible lateral displacement of

the soil.

3) The surcharge loading zone developed downward vertical

displacement (settlement), while the soft soils at the edge of

the loading zone developed upward vertical displacement

(heave deformation). The maximum vertical deformation

occurred at the edge with the steel pipe pile and was larger

than the settlement at the center of the loading area.

4) The excess pore-water pressure changed regularly with the

construction of each lift, and the maximum value reached

53.6 kPa. The lateral earth pressures that acted on the pile

continuously increased with the increase of the embankment

height, which caused large deformation of the pile.
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