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Finite Element Analysis of the Tunnel-Beneath Piled Building Interaction
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Abstract: The growth of cities induced an increased demand for infrastructure including tunnel constructions. Because the urban ground usually is soft soil therefore tunnel
constructions may cause ground settliement and damage the structures around. So, it is very important to carefully consider the tunnel construction effect on the design,
construction, operation, and risk assessment of structures around the tunnel. In this paper, the finite element method was used to study the influence of the tunnel excavation
on beneath piled buildings at the Hanoi metro line 03. These results indicate that the internal forces and displacements of the pile are greatest for the front pile closest to the
tunnel in the group, which is the first pile to be loaded in the group. Two parameters: the tunnel burial depth and the distance from the tunnel centreline to the beneath-piled
building have been investigated. These results found that the distance from the tunnel axis to the beneath piled building increases, while both the internal forces and
displacements of the pile decrease. These internal forces and displacements increase with greater tunnel burial depth. The magnitude of normal forces and bending moments
in the tunnel lining increase as the tunnel burial depth increases, while normal forces increase and bending moments in the tunnel lining decrease when the distance from

the tunnel axis to the beneath-piled building decreases.
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1 INTRODUCTION

The twin tunnels constructions in the soft ground cause
ground movements [1, 2]. These ground movements may
significantly affect the structures beneath and must be
considered in the planning process. The tunnel's influence
on beneath-piled buildings has been reported [3-11]. These
studies have shown that the effect of tunnelling on
beneath-piled building response depends on many factors
such as building characteristics, pile length, construction
method type, and soil properties. The influence of building
stiffness and geometries on the behaviour of the building
has been investigated by finite element analyses. O'Reilly
& New (1982) reported that the surface soil displacement
is in the transverse direction and the displacement vectors
are towards the centreline of the tunnel [12]. Attewell &
Woodman (1982) indicated that the longitudinal settlement
profile can be derived by considering a tunnel as a number
of point sources in the longitudinal direction and by
superimposing the settlement craters caused by each point
source [13]. Mair et al. (1996) reported the ground
movements during the excavation of a new escalator tunnel
from the basement of a piled building in London [14].
Considering the effects of the building self-weight on
tunnelling induced ground movements and building
deformation was identified by Franziu et al. (2004) [11].
The effect of tunnel location on the tunnel-pile interactions
has been proposed by Marshall et al. (2015) [15]. Franza
and Marshall (2018) reported the effects of structural
stiffness and weight on maximum settlements above the
tunnel [16]. The presence of piled building close to the
tunnel which is under construction leads to the
unsymmetrical inhomogeneous medium surrounding the
tunnel. Depending on the distances from the piled building
to the tunnel in both vertical and horizontal directions, the
interaction between piled building and tunnel will be varied
[17-19]. In this paper, the finite element method was used
to analyse the influence of the tunnel construction on the
beneath-piled building, the case of the Hanoi metro line 03.
The Hanoi metro line 03 is constructed in the urban area
with a varying tunnel burial depth and variable distance
from the tunnel centreline to the beneath piled building.

Both the tunnel burial depth and the distance from the
tunnel centreline to the beneath-piled building have a great
influence on ground movements, both horizontal and
vertical. These two parameters also have a significant
influence on the internal forces and displacements within
both the piled building and tunnel lining, so it is necessary
to investigate the influence of these two parameters on the
interaction between the tunnel and beneath-piled building.
The effect parameters have been investigated, including
the tunnel burial depth and the horizontal distance from the
tunnel centreline to the beneath-piled building. The
internal forces in the tunnel lining and lateral deflection,
vertical movement, the normal force, and the bending
moment of the piles are considered.

2 TUNNEL CONSTRUCTION EFFECTS ON BUILDING
DEFORMATION

2.1 Ground Surface Settlement Trough Caused by
Tunnelling

Ground movements are caused by tunnel constructions
in soft ground [20-23]. Fig. 1 illustrates the calculation
diagram of surface settlement caused by tunnel
construction under green-field conditions, without the
presence of any other. The ground surface settlement
trough can be well described by a Gaussian curve and can
be expressed as follows [20]:

2
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S:Smax exp(?J (1)

where: S is the surface settlement; Spn.x is the maximum
settlement on the tunnel centreline; x is the distance from
the tunnel centreline; i is the trough width parameter.
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Figure 1 Green-field surface settlement trough [20]
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2.2 Tunnel Construction Effects on Building Deformation

Addenbrooke et al., (1997) presented an approach that
considers the building's stiffness when predicting tunnel
induced building deformation [3] where the bending
stiffness (E7) and axial stiffness (EA) are represented for
the structure stiffness. While Parameter (B) represents the
width size of the building model, the tunnel depth (z) and
the eccentricity (e) is the centre distance between the
building and the tunnel (Fig. 2).
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Figure 2 Geometry of the problem and definition of deflection ratio [3]

The stiffness of the building was related to that of the
soil by determining the relative stiffness expressions:

2

where Ej is the secant stiffness of the soil; p* is referred to
as relative bending stiffness whereas a* describes the
relative axial stiffness. The building deformation caused by
the tunnel was determined by the deflection ratio DR and
maximum horizontal strain &;. Addenbrooke et al. (1997)
proposed to estimate building deformations by the
modification factor; the design curves for modification
factors in Fig. 3a and Fig. 3b are used to estimate the
modification factors of sagging and hogging deflection
ratio (MPRsg MPRRg) and modification factors of
maximum tensile and compressive horizontal strains:
(M, M The building deformation can be determined by
multiplying the maximum deflection ratio for sagging and

hogging zones in the greenfield deformation with the
corresponding modification factors:

DRsa GF . DRho; GF
DRsag =M g.DRsagaDRhog =M g.l)Rhog (3)
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where DR,z and DRj,g are the maximum deflection ratio
for sagging and hogging zones, DRSCZ; and DRhGOI; are the

maximum deflection ratio for sagging and hogging zones
in the greenfield condition (with no building present), &
and &, are the maximum horizontal compressive and

GF GF

tensile building strains, ¢, and ¢, the maximum

greenfield horizontal compressive and tensile building
strains.
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(b) modification factors of maximum horizontal strain
Figure 3 Design curves for modification factors [3]

3 FINITE ELEMENT MODELLING
3.1 Input Parameters

The development of infrastructure is a requirement to
support the growth of major cities, including Hanoi, the
capital of Vietnam. The first metro in Hanoi, Vietnam, is
Project Metro line 03 of the Hanoi Metro Rail System. The
tunnel is 4 km long, 6.3 m in diameter and located at the
burial depths from 15 m to 35 m [24]. The Hanoi Metro
line 03 was constructed in soft ground using a TBM
machine and the parameters properties of the soil layers are
presented in Tab. 1 [25]. The tunnel is excavated beneath
the building and underground structures. These existing
structures may be damaged by the tunnel construction. The
geometry of the tunnel, piles, and soils shown in Fig. 4, was
adopted [26]. In this study, the FEM method was used for
analysis of the soil-piled building interaction. The effect
parameters such as distance between the tunnel centreline
and the beneath piled building (L), the tunnel burial depth
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(Z) on the normal forces, bending moment of the tunnel
lining and lateral deflection, vertical movement, the axial
forces, and bending moment of the piles were investigated
(Fig. 4). The numerical model was simulated using the
plain strain FEM model (Plaxis 2D V20). The model
comprised five soil types, and the soil properties are
presented in Tab. 1. The dimensions of the model built in
the FEM are 200 m in width and 75 m in height. The model
includes 88954 nodes and 10837 elements, as shown in
Fig. 5.
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Figure 4 The soil, tunnel and piled structure geometries [26]

Table 1 Material parameters for the soil layers [25]

Silty | Coarse |Gravel and
sand sand coarse sand
Thick layer / m 2.6 114 132 5.0 42.8

Dry weight, yunsar /
N/ 185 195 | 200 | 205 21.0

Secant stiffness from
drained triaxial test, | 18500 | 21750 | 32650 | 45150 | 75450
E;’g/ / kKN/m?
Tangent stiffness for

primary oedometer | 1g50 | 21750 | 32650 | 45150 | 75450
loading, E’%, /kN/m?

Parameter Backfill | Clay

Unloading/ reloading
stiffness, Eurif J KN/m2 55500 | 65250 | 97950 | 135500 | 226400
Initial void ratio, ¢, 0.5 0.5 0.5 05 0.5
Exponential power / m 0.5 0.5 0.5 0.5 0.5
Unloading/reloading
Poisson's rato, v, 02 | 02 | 02 | 02 | 02
Friction angle, ¢ / ° 28 25 25 34 35
Dilatancy angle, v/ ° 0 0 0 1 1
Cohesion, ¢,.r / kPa 9.6 10 25 0.5 0.5
Interface strength 0.67 05 | 067 | 067 | 067

reduction, Ry,

Table 2 Material parameters for the piled building [26]

Input Parameter Tunnel lining Raft Building
Material type Elastic Elastic Elastic
Isotropic Yes Yes Yes

Axial stiffness, E4 / kN/m 10.5 x 10° 15 x 10° 12 x 10°

Bending stiffness, £7/

7.875x 10* | 312.5x10° | 16 x 10*

Table 3 Material parameters for the embedded piles [26]

Input Parameter Unit Pile
Material type - Elastic
Young's module, £ MPa 35 x10°
Unit weight, y kN/m* 24
Beam type - Predefined
Predefined beam type - Massive circular beam
Diameter, d m 0.4
Pile spacing, Lyyacin m 35
Axial skin resistance - Linear
Skin resistance at the N/m 1.0
tOp, Tskin, start, max

Skin resistance at the

bOtt0m7 T:kin, sand, max kN/m 100
Lateral resistance - Unlimited

Base resistance, Fiax kN 100
Interface stiffness ) Yes
factors, default values

During the static analysis, the top of the model is free,
the model is assumed to be fully fixed at its bottom and the
vertical sides of the model were fixed in the horizontal
direction. The elements were present in the model: 15-node
elements for the clusters, plate elements for the tunnel
lining, raft and building, embedded piles row elements for
the pile, and the soil-structural interface were adopted
Fig. 5. The tunnel included into the analyses was
D = 6.3 m in diameter with a tunnel depth of Z=20 m. The
building is 10.5 m wide and 8-storey structure. This
foundation was a piled raft, each pile of diameter
d = 0.4 m, pile length L, = 30 m, the pile spacing was
3.5 m, and these piles were capped by a reinforced concrete
raft 0.5 m in thickness as shown in Fig. 4. It should be noted
that Hardening soil (HS) constitutive model is used. The
tunnel lining, raft, and building properties are presented in
Tab. 2 and the pile parameters in Tab. 3 are adopted. The
numerical modelling was performed through the following
steps:

- Defining the circumferential area of soil around the tunnel
and building.

- Selecting an appropriate constitutive model and
determining the required parameters.

- Applying the boundary conditions.

- In the phase, activation of the building.

- Construction of tunnel.

Figure 5 2D finite element model for the analysis of tunnel-soil-building
interaction

3.2 Result of Calculation

KN-m*/m
;N?ight’wa kN/m/m 7-15 2;‘ 9-16 The finite element model for the analysis of tunnel-
POISson ratio, v 0.15 0.15 0.15 soil-building interaction is shown in Fig. 5. This method
revent punching No No No X R X R X
has been used for the investigation of tunnelling-induced
green-field settlement and the response of the piled
building to tunnelling. The shape of the ground surface
364 Technical Gazette 31, 2(2024), 362-371
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settlement trough obtained by finite element analyses can
be seen in Fig.6, the magnitude of maximum ground
settlement at the surface has increased by 45% compared
to the green-field settlement profile (17.0 mm to 30.2 mm),
its position is displaced 10m towards beneath piled
building. The maximum horizontal displacement (5.6 mm)
has increased by 2% compared to the green-field value
(5.1 mm), as shown in Fig. 7.
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Figure 8 Distribution of (a) lateral deflection, (b) vertical movement, (c) axial force and (d) bending moment of piles
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Fig. 8 shows the distribution of pile response profiles
for lateral deflection, vertical movement, axial force, and
bending moment of piles. The magnitude lateral deflection
Us of pile P1 occurring at the horizontal axis of the tunnel,
located at a depth of 20 m was found to be 4.14 mm,
whereas the value of U, for P2, P3 and P4 were found to
be 3.01 mm, 2.02 mm and 1.26 mm respectively. The
maximum vertical movement Uymax of the pile P1 was
found to be 30.17 mm. The maximum vertical movement
Uymax can be seen to decrease to 28.81 mm, 27.14 mm and
25.10 mm for the pile P2, pile P3 and pile P4 respectively.
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—————— Greenfield condition

Building case

(a) Normal forces

The magnitudes of the axial force occur at the horizontal
axis of the tunnel, located at a depth of 20 m of P1, P2, P3
and P4 were found to be 430.18 kN, 381.78 kN, 350.09 kN
and 339.42 kN respectively. Fig. 8d shows that the bending
moment distribution of Pl is similar to the bending
moment distribution of pile P2 and the bending moment
magnitude of P1 is larger than that for pile P2. The bending
moment distribution of pile P4 is similar to the bending
moment distribution of pile P3 and the bending moment
magnitude of pile P4 is larger than that of pile P3.
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Figure 9 The internal forces in the tunnel lining
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Figure 10 Distribution of (a) lateral deflection, (b) vertical movement, (c) axial force and (d) bending moment of pile P1 with varying distances from tunnel centreline to the
beneath piled building L
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Fig. 9a and Fig. 90 illustrate the distribution of axial
forces and bending moments of the tunnel lining obtained
by numerical analyses. The magnitude of maximum
normal forces in the tunnel lining has increased by 1.1%
compared to the green-field case (563.9 kN to 570.0 kN).
The maximum bending moment in the tunnel lining has
decreased by 1.5% compared to the green-field case
(148.5 kNm to 146.3 kNm), as shown in Fig. 9b. The
different responses of piles due to tunnelling are analysed.
These results indicate that the magnitude of the pile P1
response is greatest, pile P1 is the first pile loaded in the
beneath-piled building. The effect of the horizontal
distance from the tunnel centreline to the beneath-piled
building (L) and the tunnel burial depth (Z) on the response
of pile P1 due to tunnelling were investigated from the
finite element method and can be seen in Fig. 10 to Fig. 15.

The effect of the horizontal distance from the tunnel
centreline to the beneath-piled building (L) on responses of
the pile Pl is shown in Fig. 10. In this study, a range of
distances from the tunnel centreline to the beneath-piled
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building was considered (2D, 3D, 4D, 5D and 6D) while
keeping the depth of tunnel Z = 20 m and the other
parameters presented in Tab. 1 and Tab. 2 are adopted.
Fig. 10a and Fig. 10b illustrated the lateral deflection and
vertical movement of pile P1 with a varying horizontal
distance from the tunnel centreline to the beneath piled
building of 2D, 3D, 4D, 5D, and 6D. These results found
that lateral deflection and vertical movement of the pile P1
decrease with increasing the distance between the tunnel
axis and the beneath-piled building. The magnitude lateral
deflection of pile P1 occurring at the depth of the tunnel
axis was 3.7 mm, 2.8 mm, 2.3 mm, 1.8 mm 1.5 mm for the
distance from the tunnel centreline to the beneath piled
building of 2D, 3D, 4D, 5D, 6D respectively. The
maximum vertical movements of pile P1 that occurred at
the pile head were 28,7 mm, 25,9 mm, 24.3 mm, 23.6 mm
and 23.2 mm for horizontal distance from tunnel centreline
to the beneath piled building of 2D, 3D, 4D, 5D, and 6D
respectively.
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Figure 11 The internal forces in the tunnel lining with varying distances from the tunnel centreline to the beneath-piled building L

The magnitudes of axial force and bending moment of
the pile P1 decrease with increasing the lateral distance
from the tunnel centreline to the beneath piled building (L)
as shown in Fig. 10c and Fig 10d. At a lateral distance from
the tunnel centreline to the beneath piled building L = 2D,
the magnitude axial force of pile P1 occurring at the tunnel
axis level has increased by 25.2% (319.4 kN to 399.8 kN)
compared to that without tunnel case. The magnitude of the
bending moment on pile P1 increased from 0.04 kNm to
1.108 kNm compared to that without tunnel case. Fig. 11a
and Fig. 11b illustrate the distribution of axial forces and
bending moments of the tunnel lining obtained by
numerical analyses.

These results indicated the decrease in the distance
from the tunnel centreline to the beneath-piled building due
to the increase of the internal forces in the tunnel lining
including normal forces. Compared with the greenfield
condition, the maximum normal forces in the tunnel lining
increased from 0.1% to 1.7% corresponding to the distance
from the tunnel centreline to the beneath piled building
decreased from 6D m to 2D m respectively (Fig. 11a).
Compared with the greenfield condition, the maximum
bending moments in the tunnel lining decreased from 0.6%
to 0.3% when the distance from the tunnel to the beneath
piled building decreased from 6D m to 2D m, respectively.

The axial forces and bending moments of the tunnel lining
show very little change in magnitude compared to the
greenfield values. The maximum normal forces and
bending moments in tunnel lining are not significantly
affected by the distance from the tunnel centreline to the
beneath-piled building. By contrast, the axial force and
bending moment of the pile are significantly impacted by
that distance.

Distance from the tunnel axis/m

Surface settlement/mm

----- L=5D
L=6D
------------- Greenfield condition|

Figure 12 Ground surface settlement?rough with varying distance from tunnel
centreline to the beneath piled building L
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The effects of the lateral distance from tunnel
centreline to the beneath piled building (L) on ground
surface settlement can be seen in Fig. 12. The values of the
maximum ground surface settlement decrease with
increasing lateral distance from tunnel centreline to the
beneath piled building (L) and comparing them with
green-field value, the maximum surface settlement is
increased 72.9%, 56.2%, 47.2%, 43.6%, 42.1% for lateral
distance from tunnel centreline to beneath piled building of
2D, 3D, 4D, 5D and 6D respectively. Fig. 13 and Fig. 14
show the effect of tunnel depth (Z) on internal forces in the
tunnel lining and the pile P1 while keeping the horizontal
distance from the tunnel centreline to the beneath-piled
building, L = 10 m. In this study, a range of tunnel depth
was considered (0.5 Lp, 0.75Lp, 1.0Lp, 1.25Lp, and 1.5Lp).
The magnitudes of maximum axial force and bending
moment in tunnel lining are significantly affected by the
tunnel depth, but the magnitudes of axial force and bending
moment in pile are not affected significantly by the tunnel
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Pile P1 depth/m

depth. Fig. 13 illustrates the effect of tunnel burial depth on
response of the pile P1. The magnitude of the lateral
deflection at pile head P1 is the largest when the tunnel
burial depth is located at the pile tip P1 (Z = Lp), as shown
in Fig. 13a. Fig. 12b illustrates the effect of tunnel burial
depth on the vertical movement of pile Pl, when
comparing the maximum vertical movement of pile Pl
with those found for the without tunnel case, the maximum
vertical movement is increased by 20.1%, 38.6%, 52.1%,
63%, 64.2% for the tunnel burial depth of 0.5 Lp, 0.75 Lp,
1.0 Lp, 1.25 Lp and 1.5 Lp respectively. These results
found that the axial force of pile head P1 decreases with
increasing the tunnel burial depth. The magnitude of the
axial force of pile tip P1 is largest when the tunnel depth is
located at the pile tip P1 (Z = Lp), as shown in Fig. 13c.
Fig. 13d illustrates the effect of tunnel burial depth on the
bending moment of pile P1; these results found that the
bending moment of pile head P1 increases with increasing
the tunnel burial depth.
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Figure 13 Distribution of (a) lateral deflection, (b) vertical movement, (c) axial force and (d) bending moment of pile P1 with varying tunnel depth Z
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Figure 14 The internal forces in the tunnel lining with varying tunnel depth Z
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Figure 15 Ground surface settlement trough with varying tunnel depth Z

Fig. 14 indicated that the magnitudes of normal forces
and bending moments in the tunnel lining increase
corresponding to the tunnel depth increase. The magnitude
of maximum normal forces in the tunnel lining increases
with burial depth from a value of 444.2 kN at a burial depth
of Z=0.5 Lp to 756.4 kN at a burial depth of Z=1.5 Lp.
The magnitude of the maximum bending moment in the
tunnel lining increases from a value of 128.0 kNm at a
burial depth of Z= 0.5 Lp to 189.0 kNm at a burial depth
of Z = 1.5 Lp. The effect of tunnel depth on the surface
settlement can be seen in Fig. 15. The magnitudes of
surface ground settlements increase with depth, with

values of 29.1, 31.3, 34.3, 36.8 and 37.0 mm being found
at a burial depth of 0.5 Lp, 0.75 Lp, 1.0 Lp, 1.25 Lp and 1.5
Lp. The magnitudes of surface ground settlements show a
very small increase at a burial depth of Z=1.5 Lp.

4 CONCLUSION

In this case study of Hanoi Metro line 03, 2D
computational modeling has been performed to investigate
the tunnel-soil-beneath piled building interaction. Two
parameters of the tunnel burial depth and the distance from
the tunnel centreline to the beneath piled building have
been considered. The following conclusions are drawn
from the analysis:

- The magnitude of the pile P1 response is greatest, which
is the first pile loaded in the group, followed by piles in
positions P2, P3 and P4.

- The distance from the tunnel axis to the beneath-piled
building increases, and both the internal forces and
displacements of the pile decrease. Whereas, these internal
forces and displacements increase with greater tunnel
burial depth.

- The magnitude of normal forces and bending moments in
the tunnel lining increases as the tunnel burial depth
increases, while normal forces increase and bending
moments in the tunnel lining decrease when the distance
from the tunnel axis to the beneath-piled building
decreases.

- The distance from the tunnel axis to the beneath-piled
building does not significantly affect the maximum axial
forces and bending moments in the tunnel lining. However,
it does significantly influence the internal forces and
displacements of the pile.

- The tunnel burial depth has no significant effect on the
internal forces and displacements of the pile, but it does
have a significant impact on the maximum axial forces and
bending moments in the tunnel lining.

The result obtained in this study can be used as a guide
for tunnel construction in urban areas where nearby
buildings are present.
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