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Abstract

The lateral response of combined pile-raft foundations (CPRFs) adjacent to tunnel excavation is a challenging problem owing to the
complexity of the pile-raft connections. In current engineering practices, the impact of these connections on the lateral performance of
CPRFs is frequently overlooked, despite their importance. To address this issue, this study conducted three-dimensional finite element
analyses to evaluate the contribution of pile-raft connections to the tunnelling-induced lateral performance of CPRFs in saturated clay.
In the analysis, both passive and active loading at the pile head could be considered by varying the tunnel depth. Several parameter stud-
ies, such as relative pile-raft modulus, pile embedded modulus, pile embedded depths, and pile shaft skin friction, were conducted to
determine the optimal design parameters for CPRFs. The results indicate that pile-raft connections significantly affect the tunnelling-
induced deflections and bending moments of pile groups. Inspired by the results, a simplified design method, the pile-raft connection
coefficient K. was proposed. Additionally, the pile-head restraint percentage was established to make a relationship with the pile-raft
connection coeflicient in order to assess the pile-raft connection and guide the pile-raft design. In this paper, the recommended range

value of K, is 10-200 and the range value of pile-head restraint percentage is 24%—42%.

Keywords: Combined pile-raft foundations; Tunnelling; Lateral performance; Pile-raft connection

1 Introduction

Combined pile-raft foundations (CPRFs) have been
widely used in urban high-rises, bridges and other infras-
tructure (Bhaduri & Choudhury, 2020; Poulos, 2001; Deb
& Pal, 2021b). In recent years, ground traffic has over-
whelmed by the acceleration of the urban construction pro-
cess. Therefore, underground traffic should be developed
vigorously through constructed tunnels to alleviate traffic
congestion (Lee, 2013; Liu et al., 2014). Tunneling will
release soil stress and cause the soil to move towards the
tunnel, adversely affecting the lateral performance of adja-
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cent CPRFs and causing upper structure instability inevita-
ble (Mu et al., 2012). Therefore, it is very significant to
evaluate the lateral responses of pile groups, especially pile
heads adjacent to tunnelling (Kitiyodom et al., 2005; Mair,
1993). To solve this problem, many researchers have con-
ducted centrifugal tests (Loganathan et al., 2000; Franza
& Marshall, 2018; Ng et al., 2013; Yi et al., 2017) and
numerical analyses (Lee, 2013; Liu, et al., 2014; Ng et al.,
2015; Song & Marshall, 2021; Soomro et al., 2018; Deb
& Pal, 2019). However, these studies only focused on the
pile group lateral responses and neglected the pile raft con-
tribution to pile lateral capacity. This made it too conserva-
tive in the design of the pile, which increased the
construction cost.

Piled raft plays an important role in enhancing the lateral
bearing capacity and stability of the CPRFs (Poulos, 1994;
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Ilyas et al., 2004; El-Garhy et al., 2009; Deb et al., 2022;
Deb & Pal, 2022). Different pile-raft connection conditions
will lead to different pile-raft lateral responses (Rollins &
Sparks, 2002; Mokwa & Duncan, 2003; Zhang & Small,
2000; Deb & Pal, 2021a, 2021b). Matsumoto et al. (2010)
studied the lateral load on pile groups in different pile-raft
connections through model tests. The pile-raft connections
were controlled from rigid to hinged by changing the width
of the ‘connect bar’ between pile and raft. The constraining
effect of piled raft on the pile lateral performance was fur-
ther confirmed. Li and Tamura (2022) used the numerical
simulation method to discuss the relationship between pile
lateral bearing capacity and pile head connection and pre-
dicted the bearing capacity of the incomplete constrained
pile based on those under pure free and fixed-head piles.
Based on all the above research, it has been concluded that
the pile raft connection will influence the lateral bearing
capacity of the CPRFs under lateral loads by changing
the degree of constraint of the pile head.

Pile head conditions were always assumed too simple in
the research of pile lateral performance adjacent to excava-
tion. Poulos and Chen (1996) used finite element method to
research the influence of pile lateral displacement caused by
unsupported excavation. Four pile head conditions,
namely “free”, “fix/rest”, “fix/unrest” and ‘free/rest”,
were considered. Leung et al. (2000, 2003) conducted cen-
trifuge model tests on unstrutted deep excavation in dense
sand to research its influence on an adjacent single pile
foundation behind the retaining wall. Fixed deflection-
free rotation and fixed deflection-fixed rotation were set
as pile head restraints. However, due to the different buried
depths of tunnelling, the load condition on the pile head
caused by adjacent tunnelling is more complex. Chen
et al. (1999) proposed an analytical solution for pile lateral
response adjacent to tunnelling, and only two cases of
“free” and “fixed” pile heads were considered. Gokuldas
et al. (2020) adopted the three-dimensional numerical anal-
ysis method to study the lateral responses of 2 x 2 pile-raft
under tunnelling. Short piles and long piles were considered
in their research, in which the short pile heads were sup-
posed without displacement, while long pile heads were
supposed to “free”. Some researchers, such as Ng et al.
(2015) and Ong et al. (2006), have considered the piled raft
in their research, however, the pile raft-connection is too
simple and the discussion of only one connection form is
not representative. The existing researches oversimplified
the pile-raft connection, which are unsatisfactory for estab-
lishing a proper understanding of pile-raft interaction.

This study examines the impact of pile-raft connections
on the lateral responses of CPRFs induced by tunnelling in
saturated soft clay through a series of three-dimensional
finite element analyses. The relative pile raft modulus, rel-
ative pile embedded modulus, pile embedded depth, and
friction coefficient of the pile shaft, were suggested based
on the deflection and bending moment of the pile, taking
into account both passive and active loads at the pile head.
A pile-raft connection coefficient was derived using regres-

sion analysis for estimating pile-raft connections, which
serves as a useful design coefficient. Furthermore, a corre-
lation between pile-raft connection influence parameters
and pile head constraints was established to guide the
design of pile-raft connections.

2 Finite element modelling
2.1 Model description

Three-dimensional finite element analysis (FEA) has
been performed in this research by the commercial FEA
software-ABAQUS. The 3D mesh model is shown in
Fig. 1. The width (along the x-axis), length (along the y-
axis), and depth (along the z-axis) of the model were 60,
60, and 40 m, respectively. Edge/boundary restrictions for
rollers and pins are imposed on both sides and the bottom
of the model. The groundwater level was assumed to be at
ground level. The diameter of the circular tunnel was 6 m.
A 2 x 2 pile-raft with a 1 m diameter of pile and 3 m pile
space was assumed to be located at 2.5 m clear distances
from the edge of the tunnel. The length of piled raft embed-
ded in soil was 22 m, and the size of the raft was 5.0 m x 5.
0 m x 1.2 m. Solid elements were used to simulate soil and
pile, and the four-node shell element was used to simulate
each tunnel lining with a thickness of 0.35 m. This numerical
model mesh consisted of 92 852 elements. When the number
of element was increased by 100%, the variation of the max-
imum pile deflection was less than 1.4%. It can be consid-
ered that the adopted numerical mesh was fine enough.
Tunnel lining was assumed to be continuous and imperme-
able. The Mohr—Coulomb elastic—plastic constitutive model
was always regarded as an effective and simple constitutive
model to describe the pile responses in soil with undrained
conditions (Chen & Martin, 2002). The tunnel excavation
was carried out at subsurface and the lining was applied
immediately after tunnelling, which lead to the surrounding
soil lacked a drainage surface for consolidation. In
addition, due to the high speed of the tunnelling, the soil
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Fig. 1. 3D finite element mesh of the pile-raft-soil-tunnel model.
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cannot be adequately drained and consolidated. Consider-
ing the above, the soil in this model is considered to be in
an undrained state. The soil parameters of this model were
as follows: soil weight 7, = 18 kN/m?, friction angle ¢ = 0,
undrained shear strength ¢, = 1.65 x Z kPa, soil elastic
modulus E; = 4 MPa, Poisson’s ratio v, = 0.495 and the
coefficient of earth pressure at rest Ko = 1. Z is the depth
from the surface soil. For simplicity, the parameters of pile
and raft were same with E, = E, = 30 GPa, v, = v, = 0.2
and y, =y, = 25 kN/m?, respectively. E, I, = 1600 MN-m?
represents a flexible pile according to the equation (Poulos
& Chen, 1997), and Kg = E, I,/E, L* = 0.0016. I, is the
moment of inertia of the pile. The displacement-controlled
model has been applied in this research, which was deter-
mined according to Cheng et al. (2007). Before tunnelling,
the volume loss was predefined by specifying the area of
the ring gap between the tunnel lining and the dug-up soil.
The soil in this section was excavated through ‘“‘element
death”. At the same time, the shell element representing
the tunnel lining was activated. It is assumed that the lining
will not deform after tunnelling. The tunnel advance is 2 m
per step. According to the research (Wu & Zhu, 2019), the
volume loss caused by tunnelling in clay does not exceed
3%. In this paper, 3% volume loss of tunnel is selected to
make the pile-raft connection design more conservative.

2.2 Contact description

The simulation of the tangential mechanical behavior
between the pile and soil was carried out using the Cou-
lomb friction law, with a typical value of interface friction
coefficient ¢ = 0.4 for a bored pile, as used in all analyses
(Lam et al.,, 2009). The normal mechanical behavior
between the pile and soil was modeled as “hard contact”.
The same contact setting between the raft and soil was
employed as that between the pile and soil. The pile head
connection conditions were categorized as ‘‘semi-rigid”
and “semi-hinged”, which arise from the embedment depth
of the pile head and the quality of the connection between
the pile and raft (Matsumoto et al., 2010). During tun-
nelling, the pile head and raft experienced relative rotation.
To simulate the connection between the pile and raft, pin
joint connections were utilized, which were implemented
using the ABAQUS connection type JOIN with restricted
displacements in the X and Y directions (so that the pile
head and raft have no relative lateral displacement) as well
as rotation along the Z axis, as shown in Fig. 1. The con-
tact between the embedded part of the pile head and the
raft was modeled as “‘surface-to-surface contact”. The
interaction between the embedded pile head and the raft
provided the rotational stiffness of the piled raft.

2.3 Model validation
The centrifuge test was conducted by Wee (2009) at a

gravitational acceleration of 100g to examine the pile
group-tunnel interactions in soft clay. Once the excess pore

pressure stabilized, the mechanical device was opened to
excavate the tunnel, allowing for the deformation shape
of the tunnel to be followed. In all tests, the tunnel volume
loss was set at 3%, which is the maximum volume loss
expected for tunnel excavation in soft clay in Singapore
and other countries. The model tunnel had a prototype
diameter (D) of 6 m. The 1 x 2 pile group with a 3 m clear-
ance between the front and rear piles was designed with a
“High raft” pile raft configuration. The clear horizontal
distance between the tunnel and the front pile was 0.5D,
and the equivalent tunnel depth was 15 m, while the equiv-
alent embedment depth for the floating pile group was
22 m. The distance between the front and rear piles was
4 m. To facilitate the validation of the numerical model,
the tunnel diameter, pile diameter, embedment length,
and pile distance from the tunnel center were consistent
with the results reported by Wee (2009) in the centrifugal
tests.

Figure 2 shows a comparison between the undrained
shear strength of soil (¢,) and the normalized pile bending
moment (Mp/Mpmax) obtained from both the measured
and numerical data. Here, M, represents the bending
moment along the pile, and M, is the maximum positive
bending moment of the pile. It can be observed that the
numerical model results for ¢, are in agreement with the
measured data because of the preset in the simulation.
The pile bending moments obtained from the centrifugal
test for the front and rear piles also match well with those
obtained from the numerical simulation in this study. The
bending moments of both front and rear piles close to the
ground are negative, and they reach maximum values at
Z/L, = 0.63, which is close to the central axis of the tunnel.
The bending moments of the piles decrease to zero under
the central axis of the tunnel. Based on the comparison
with the centrifuge test results, the numerical modelling
technique used in this study is proven to be effective in
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Fig. 2. Comparisons of centrifuge test and numerical results.
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analyzing the lateral pile response to tunnelling. The subse-
quent discussions in this paper are based on the pile group
described in Section 2.1.

3 Finite element analysis scheme

The stress distribution around a pile induced by tun-
nelling is complex. The soil adjacent to the tunnel provides
soil resistance against the pile deflection, while the soil on
the opposite side generates moving earth pressure due to
lateral soil movement, as depicted in Fig. 3(a). When the
moving earth pressure exceeds the soil resistance, the pile
experiences passive load, and when the soil resistance is
greater than the moving earth pressure, the pile experiences
active load. This study focuses on investigating the lateral
response of piles located in these two regions. The stress
on the pile can be resolved into normal and shear stresses
on the soil-pile interface, as shown in Fig. 3(b). By obtain-
ing the normal and shear stresses along the direction of the
pile contact surface using ABAQUS, the pile side resultant
soil pressure at a particular depth can be further calculated
using Eq. (1).

S"(CNORMF + CSHEARF)

p= BD, ’ (1)

where 7 is the number of nodes around pile, CNORMF is
the normal contact force of the nodes along the pile sec-
tions, CSHEARF is the shearing contact force of the nodes
along the pile sections, B is the length borne by the node
along the depth direction that is 1 m in this study, and
D, is the diameter of pile.

In this section, two typical tunnel axis depths of 6 and
15 m were discussed in order to simulate two loading states
of pile head: passive loading and active loading. Moreover,
tunnelling-induced pile lateral performances with five typi-
cal cases of pile head were selected for discussion, which
were “Free”, “Hinged”, “Fixed”, “High raft” and “Low
raft”. The “Free” pile head meant that it had no constraint
at pile head; “Hinged” pile head meant that the pile head
deflection was zero but the pile head had no-limited rota-
tion; ““Fixed” pile head meant that the deflection of the pile
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head was zero and there was no relative rotation between
the pile and raft. These three cases were extreme conditions
of pile head in practice. The “High raft” meant that the
lowest part of the raft was 1 m above the ground, and there
was no contact between the raft and soil. This case only
considered the restraint effect of the raft on the pile while
the “Low raft” meant that the raft was completely buried
in the soil, and the top of raft was flush with the ground.
This case considered both the restraint effect of the raft
on the pile and the interaction between the pile-raft-soil
interaction. In this section, the pile embedded depth of
low raft was 10 cm (0.1D).

When tunnel axis depth H = 6 m, the resultant soil pres-
sure along the pile shaft is shown in Fig. 4. The resultant
earth pressure is greater than 0 in passive-load part, in this
part, the moving earth pressure is greater than the soil
resistance, and the soil pushes the pile to move. The resul-
tant earth pressure is less than 0 in active-load part, the
moving earth pressure is less than the soil resistance, and
the pile pushes the soil to move. The pile segment less than
10 m buried depth is in passive-load part, and the pile head
is passively loaded. The soil resistance of the pile near the
side of the tunnel is larger than the moving earth pressure
caused by tunnelling when the depth exceeds 10 m, which is
due to the passive load of the upper pile dragging the pile in
this part to move and induce active load. The resultant soil
pressure along the pile shaft of hinged and fixed pile heads
is larger than other pile head conditions in passive-load
part. That is because the pile head limits displacement,
and soil resistance cannot fully activate to resist moving
earth pressure. However, the resultant soil pressure along
the pile shaft of free pile head always smaller than other
pile head conditions due to the soil resistance can fully acti-
vate to resist moving earth pressure. The resultant soil pres-
sures with “High raft” and “Low raft” pile heads are
between the free pile head and the fixed pile head.

When tunnel axis depth H = 15 m, the resultant soil
pressure along the pile shaft is shown in Fig. 5. The pile
around tunnel is passive loaded regardless of front pile
and rear pile due to that the tunnelling-induced moving
earth pressure on the pile close to the tunnel is larger than
the soil resistance along the pile shaft. However, the soil

Soil resistance

—_— Pile
— l Moving |directi

N$SaNS [eULION]
\.
uondoNp Jurjjouun |

(b)

Fig. 3. Stress mechanism around pile element adjacent to tunnelling. (a) Resultant soil stress around pile, and (b) component soil stress around pile.
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resistance is larger than the tunnelling-induced moving
earth pressure in the “Free”, “High raft” and “Low raft”
condition of pile head when the depth is less than 10 m.
That is because the pile segment in the passive loaded part
drags the other pile segments to make them actively loaded.
A “Hinged” or “Fixed” pile head is restrained by deflec-
tion, which prevents soil resistance from fully activating
to resist earth pressure as it moves.

Figure 6 shows the stress path of the pile-soil elements at
different depths, which are in close proximity to the pile
and are considered as pile-soil interaction stress paths. In
Fig. 6, C means compression, E means extension, L means
loading, U means unloading, o, is vertical stress of soil, gy,
is horizontal stress of soil, and F and R represent different
positions of pile-soil elements. The tunnelling-induced
stress path of pile-soil element at 2 m depth at soil resis-
tance part as shown in Fig. 6(a). When tunnel axis depth
H = 6 m, the reduction value of vertical stress is less than
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Fig. 4. Pile shaft resultant soil pressure (H = 6 m). (a) Front pile, and (b) rear pile.
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Fig. 5. Pile shaft resultant soil pressure (H = 15 m). (a) Front pile, and (b) rear pile.

horizontal stress of the front pile element (in EU state),
which means the unloading stress of soil is dominant and
the pile is in a passive load state. After the tunnelling passes
through the adjacent pile, the total stress path of the pile-
soil element is reversed (from EU to EL), the horizontal
stress of soil remains unchanged, and the consolidation
makes vertical stress increase. When tunnel axis depth
H = 15 m, the reduction value of horizontal stress is less
than vertical stress (element in CU state) at the beginning
of tunnelling. After the tunnelling passes through the adja-
cent pile, the total stress path of the pile-soil element at this
position reverses (from CU to CL), tunnelling-induced pas-
sive loaded pile segment drives the upper pile segment
move which makes the upper pile segment under active
loaded, and the soil resistance increases. Moreover, the
pile-soil element at rear pile with a depth of 2 m has a sim-
ilar stress path, but the value is small. Figure 6(b) shows
the stress path of pile-soil element near the tunnelling side
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Fig. 6. Stress path of pile-soil contact element. (a) 2 m depth, and (b) 15 m depth.

at a depth of 15 m. It has a similar stress path compared
with 2 m depth, with the unloading stress becoming domi-
nant when the tunnelling is close to the pile, and the soil
resistance becomes dominant after the tunnelling is far
away from the pile.

Based on the above research, it can be concluded that
the range of tunnelling-induced passive load on piles is lim-
ited. As shown in Fig. 7(a), in this case the tunnel depth is
shallow which is close to pile head. Tunnelling-induced
unloading will make the soil push pile head and lead it
be passively loaded. And the other pile segments are
actively loaded due to the “drag” of the passively loaded
pile. As shown in Fig. 7(b), in this case the tunnel depth
is deep, which is far away from pile head. Tunnelling-
induced unloading will make the soil push pile around
the tunnel and lead it be passively loaded. And the other
pile segments are actively loaded due to the “drag” of pas-
sive loaded pile segment. In deep buried depth tunnel con-
struction, the pile head is actively loaded. This study will
research the lateral performance of piles with different

/

pile-raft connections in both passive and active loads of
pile head situation. According to the above discussion, tun-
nelling in the axis depth of 6 and 15 m can be used as typ-
ical shallow buried and deep buried tunnels in this paper. It
is common for tunnel construction under those two kinds
of burial depth adjacent to CPRFs in practice. Moreover,
considering the “Free” pile head cannot reveal the interac-
tion between pile and raft, the “Hinged” and “Fixed” pile
heads are extreme and uncommon in practice, and the
“High raft” cannot reflect the pile-raft-soil interaction, this
paper will choose the “Low raft” as the analysis object.
There are 8 types of analysis cases in this study as shown
in Table 1.

4 Tunnelling-induced pile-raft lateral responses

4.1 Effect of raft modulus

In the analysis of pile-raft connection effect, the influ-
ence of material properties of piled raft on the deformation
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Fig. 7. Tunnelling-induced load on the pile head. (a) Shallow tunnel, and (b) deep tunnel.
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Table 1
8 cases conducted in this analysis and their detailed configurations.

No.  Tunnel depth  Raft modulus E; (GPa)

Pile embedded modulus E, (GPa)

Pile embedded depth d (cm)  Pile shaft skin friction u

1 Shallow 0.3,1.5, 3.0, 30.0, 150.0, 300.0 30 10 0.4
2 Shallow 30 0.3,1.5, 3.0, 30.0, 150.0, 300.0 10 0.4
3 Shallow 30 30 0, 5,10,15,20,50,100 0.4
4 Shallow 30 30 10 0,0.2,0.4,0.6,0.8, 1.0
5 Deep 0.3,1.5, 3.0, 30.0, 150.0, 300.0 30 10 0.4
6 Deep 30 0.3,1.5, 3.0, 30.0, 150.0, 300.0 10 0.4
7 Deep 30 30 0, 5,10,15,20,50,100 0.4
8 Deep 30 30 10 0,0.2,0.4,0.6,0.8, 1.0

and rotation of pile head cannot be ignored. The relative
modulus of raft and pile will change the connection condi-
tion, and further influence pile’s lateral response. In this
section, the influence of the raft modulus at 0.1D pile head
embedded depth is researched. The pile modulus is 30 GPa
and will not change with the raft modulus E,. Both passive
and active loads on the pile heads are considered in the
analysis.

Figure 8 shows the trend of the pile head deflection
(Wheada) @and maximum bending moment (including positive
M, and negative M) with the decrease of raft modulus.
Results indicate that when the pile head is in the tunnelling-
induced passive load part as shown in Fig. §(a), the raft will
restrict the deflection of pile head, and the lateral responses
of front pile are larger than the rear pile. The deflection of
pile head increases from 15.0 to 17.7 mm with the relative
modulus E,/E, increasing from 0.1 to 100 (decrease raft
modulus), and the head deflection differences between the
front and rear piles increase when the raft modulus is less
than the pile modulus. This is due to the reduction of raft
modulus, which weakens the restraint effect on pile head
and enhances the effect of passive load on pile shaft. The
negative bending moment along the upper pile shaft
increases and the positive bending moment decreases.
When the pile head is under tunnelling-induced active load
part, as shown in Fig. §(b), the raft still restricts the pile
head and plays a great role in controlling the deflection
of piles, which has been reported by many researchers
(Mokwa & Duncan, 2001, 2003; Matsumoto et al., 2010;
Comodromos et al., 2016). However, it exhibits some vari-
ations compared to a passive-loaded pile head. When the
raft modulus decreases, the pile head deflection increases
proportionally. The disparities in pile head deflection
between the front pile and the rear pile remain constant
once the raft modulus falls below that of the pile modulus.
Combined with the pile lateral responses after shallow and
deep buried tunnelling, the recommended design E/E; is
0.5-10.

4.2 Effect of pile embedded modulus

The modulus of the embedded part of the pile head in
raft also greatly influences the pile-raft connection during
tunnelling. In practice, the modulus of the embedded pile
head always differs from pile and raft due to the reinforce-
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Fig. 8. Effects of relative raft modulus E,/E, on the pile head deflections
and maximum positive and negative bending moments. (a) Shallow tunnel,
and (b) deep tunnel.

ment ratio and pouring quality of pile-raft joint. This sec-
tion analyzes the influence of the pile-embedded modulus
with 0.1D pile head embedded depth. Other parts of the
pile and raft modulus are 30 GPa and will not change with
the pile head embedded modulus E,. Both passive and
active loads on the pile heads are considered in this
research. Figure 9 shows the trend of the pile head deflec-
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tion and maximum bending moment with the decrease of
pile embedded modulus. Comparing Figs. 8 and 9 shows
that pile lateral responses induced by pile-embedded mod-
ulus changes have a similar regular pattern of piled raft
modulus changes as mentioned above. However, it still
has some differences, when the pile head is in the passive
load part as shown in Fig. 9(a), and the deflection of the
front pile head and the rear pile head keep consistent with
the reduction of the pile embedded modulus. In addition,
decreasing pile embedded modulus will reduce the maxi-
mum positive bending moment of the pile whether the pile
head is passively loaded or actively loaded. And the maxi-
mum negative bending moment of pile shaft increases when
the pile head is passively loaded. In Figs. 8 and 9, the max-
imum positive and negative bending moments of the pile
shaft caused by the shallow-buried tunnelling are smaller
than those caused by the deep-buried tunnelling that is
due to the bending moment of pile generated by the
tunnelling-induced additional soil stress applied to the pile.
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Fig. 9. Effects of relative pile embedded modulus E,/E, on the pile head
deflections and maximum positive and negative bending moments. (a)
Shallow tunnel, and (b) deep tunnel.

The additional stress caused by shallow buried tunnelling is
small and the bending moment of the pile is small. The
additional stress caused by deep tunnel is higher and the
pile bending moment is larger. On the whole, whether the
pile head is in the passive loaded part or the active loaded
part, the modulus ratio E,/E, between the pile and the
embedded end of the pile head is still recommended
between 0.5 and 10, which is most beneficial to the lateral
bearing of the pile.

4.3 Effect of pile embedded depth

The pile embedded depth affects the connection quality
between pile and raft directly. The rotational stiffness of
pile in raft will increase with pile embedded depth. Fig-
ure 10 presents the distribution of the pile head deflections,
maximum positive and negative bending moments due to
various pile head embedded depths for passive and active
load. In Fig. 10(a), when the pile head is passively loaded,
the raft restrains the deflection of the pile. With the
increase of the pile embedded depth, the pile-raft connec-
tion is closer to rigid, the pile head displacement is smaller,
and the positive bending moment of the pile body is also
increased. When the pile embedded depth exceeds 50 cm,
the maximum positive bending moment of the rear pile
exceeds that of the front pile. When the pile head is actively
loaded as shown in Fig. 10(b), with the increase of the pile
embedded depth, the relative rotation capacity between the
pile and the raft decreases, which makes tile section under
passive load easy to drag the pile head and make larger
deflection. The maximum negative bending moment of
the pile also increases. In conclusion, whether the pile head
is under passive load or active load, pile embedded depth is
recommended as 0.1D, (10 cm)-0.2D,, (20 cm) to ensure a
small deflection of the pile head and avoid excessive bend-
ing moment of the pile.

4.4 Effect of pile shaft skin friction

The pile shaft skin friction induced by pile-soil relative
slip will make an influence on pile lateral responses (Sun
et al., 2020). This section discusses the pile lateral responses
with different pile-soil friction coefficients adjacent to tun-
nelling. The pile-soil friction coefficient is between 0 and
1. Figure 11 presents the distribution of the pile head
deflections and maximum positive and negative bending
moments due to various pile shaft skin friction for the pas-
sive and active load. The pile head deflection and pile max-
imum positive and negative bending moment under passive
load on the pile head is less sensitive to the pile-soil friction
coefficient as shown in Fig. 11(a). However, when the pile
head is under active load, the pile head deflection decreases
with the increase of the pile-soil friction coefficient, and the
maximum positive bending moment of the pile also
increases as shown in Fig. 11(b). In a shallow buried tun-
nel, the maximum displacement of the pile resulting from
tunnelling occurs at the pile head, and the maximum bend-
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Fig. 10. Effects of pile embedded depth d on the pile head deflections and
maximum positive and negative bending moments. (a) Shallow tunnel, and
(b) deep tunnel.

ing moment is located closer to the pile head. Due to the
shallow depth, the soil pressure acting on the pile is rela-
tively small. Even if the pile friction coefficient changes,
the maximum displacement and bending moment caused
by tunnelling remain little change. Conversely, in a deep
buried tunnel, the tunnelling-induced maximum displace-
ment and bending moment of the pile occur at the depth
of the tunnel. The earth pressure acting on the piles is large
in deep depth. When the pile friction coefficient is altered,
the maximum displacement and bending moment resulting
from tunnelling have a more significant impact. It is sug-
gested that the friction coefficient of the pile should be con-
trolled at 0.2-0.6.

5 Tunnelling-induced pile-raft connection design approach

The pile-raft connection has an important influence on
the lateral bearing capacity of piles. However, researchers
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Fig. 11. Effects of pile shaft skin friction coefficient y on the pile head
deflections and maximum positive and negative bending moments. (a)
Shallow tunnel, and (b) deep tunnel.

always pay attention to the tunnelling-induced pile settle-
ment and deflection with free pile head, there are few effec-
tive and simple methods to estimate the pile-raft
connection contribution to the pile lateral responses adja-
cent to tunnelling. In general, the pile-raft connection is
between the limit condition of free pile head and rigid
pile-raft connection. Based on statistical analysis and con-
sidering the influence of piled raft modulus, pile embedded
modulus, pile embedded depth and pile shaft skin friction,
this paper proposes a normalized pile-raft connection coef-
ficient K. which is associated with the pile-raft connection
influence parameters as shown in Eq. (2).

E}I,
E.Ed"’

(2)

Ke=wu

where p is the friction coefficient of the pile, E, is Young’s
modulus of the piled raft, £, is Young’s modulus of the pile
embedded segment, d is the embedded depth of pile head
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into the raft, E, is Young’s modulus of the pile, and 1, is the
moment of inertia of the pile. The larger K. indicates the
weaker constraint capacity of the piled raft to the pile head.

Based on the calculated results in the cases of Table 1,
the relationship between the pile lateral responses and K
value under the influence of shallow tunnelling-induced
passive load on pile head and deep tunnelling-induced
active load on pile head are obtained as shown in
Fig. 12. The different shapes of symbol in the figure repre-
sent the pile head deflection, maximum positive bending
moment and negative bending moment of the front and
rear pile, respectively. And the different fillings in different
shapes of symbols represent different influence parameters.
In Fig. 12(a), the pile head displacement tends to increase
first, after experienced a smooth stage and then increase
again; both positive and negative bending moments also
tend to decrease first, after experienced a smooth stage
and then decrease again. A similar pattern exists in
Fig. 12(b). It can be seen that the recommended range
value of K, is 10-200 under different loading conditions
of the pile head, considering various pile-raft connection
influence parameters.

As mentioned above, the larger K indicates the weaker
constraint capacity of the piled raft to the pile head. How-
ever, the specific pile head constraint value corresponding
to K. has not been determined. To further quantify the
pile-raft connection coefficient and quantitative interpreta-
tion of connection degree under different pile-raft connec-
tion parameters, the pile-head restraint percentage (A)
(Duncan et al., 2005) is adopted as shown in Eq. (3).

o M head

rigid

2 x 100%, 3)
where Mi..q denotes the pile head moment under the cur-
rent pile-raft connection; M,iq denotes the maximum pile
head moment under the pure rigid pile-raft connection; 4
varies between 0 (free pile head) and 100% (rigid pile-raft
connection).

The multi-stage linear relationship between the logarith-
mic pile-raft connection coefficient and the pile-head
restraint percentage can be obtained by using the linear
regression of the results calculated in Table 1. As shown
in Fig. 13, the pile-raft connection coefficient has a four-
stage linear relationship with the restraint percentage. When
K. > 10°, the pile head is free. When K_ is between 30 and
10, the pile head restraint increases slowly with the decrease
of 1g(K.). When K, is between 10~ and 10°, the pile head
restraint increases rapidly with the decrease of Ig(K,). It is
considered a rigid connection between pile and raft when
the restraint degree of pile head less than 1072 The relation
of pile-raft connection coefficient K. and the pile-head
restraint percentage 4 can be expressed in Eq. (4). The
pile-head constraint degree can be evaluated by the different
pile-raft connection design parameters mentioned above.
According to the recommended value of pile-raft connection
coeflicient mentioned above, the pile-head restraint percent-
age is 24%-42%, which has little difference with the recom-
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Fig. 12. The relationships between lateral pile performances and K, values
due to adjacent tunnelling. (a) Shallow tunnel, and (b) deep tunnel.

mended range of pile head restraint mentioned by Li and
Tamura (2022). That is due to tunnelling-induced unloading
acting on pile head is taken into account in this paper,
whereas Li and Tamura (2022) only considered the active
loading of the pile head. The pile-raft connection is ‘“‘semi-
hinged” in the recommended range of pile head restraint,
which can be used in pile-raft connection design adjacent
to tunnelling.

0 K. > 10°
—9.091g(K,) + 4545 30 <K, <10’
—~18.921g(K,) +62.16 107> < K. < 30
100 K. <1072

~
I

(4)
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6 Conclusion

This research conducted a series of three-dimensional
finite element analyses to evaluate the effect of pile-raft
connections on the lateral responses of CPRFs adjacent
to tunnelling. It has shown that the tunnelling-induced pile
lateral performance should be reflected more accurately in
design by fully considering the pile-raft connections. The
following conclusions can be drawn:

(1) The lateral performance of piles should be considered
in both passively and actively loaded conditions.
Shallow tunnelling-induced moving soil pressure act-
ing on pile head is larger than the soil resistance,
making the pile head passively loaded, while deep
tunnelling-induced soil pressure acting on pile head
is smaller than the soil resistance, making the pile
head actively loaded. The pile-raft connections have
a significant effect on the lateral pile responses adja-
cent to tunnelling.

(2) Considering tunnelling-induced passive and active
loads on pile head, based on the statistical results of
the numerical cases, the pile-raft connection influence
parameters can be determined. For the pile-raft con-
nection design, the suggested relative pile raft modu-
lus (E,/E,) and relative pile embedded modulus (E,/
E,) are 0.5-10, the suggested pile embedded depth
is 10-20 cm and the suggested friction coefficient of
pile shaft is 0.2-0.6.

(3) The pile-raft connection coefficient K, is proposed for
guiding the tunnelling-influenced pile-raft connection
design. The multi-stage linear relationship of pile-raft
connection coefficient K. and pile head restraint per-
centage 4 is established based on regressive analysis

to quantitatively analyze the constraint degree of pile
head under different K.. The recommended K. range
value in this study is 10-200, and the corresponding
A 18 23%-42%.
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