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Abstract: Urban development often involves the construction of infrastructures that
require deep foundations or piles. Due to the existence of tunnels, the need to construct
deep foundations in close proximity contributes to possible damage to the tunnels and
operational safety concern. The concept of influence zones has been proposed as
restrictive guidelines for construction adjacent to underground tunnels. However, the
current influence zones are based on the conventional assumption of soil failure due to
tunnelling rather than on an understanding of the pile-tunnel interaction. This paper thus
analyses the impacts of piles under loading on the subway tunnel of the Mass Rapid
Transit Authority of Thailand in Bangkok using the 3D finite element method. The
analyses are carried out to investigate factors in tunnel deformations. The results show
that the significant factors are the relative position of the pile tip with respect to the
tunnel position as well as the soil type where the tunnel is located. In addition, this paper
tentatively proposes a new influence zone for pile construction adjacent to the existing
tunnel.

Keywords: tunnel influence zone, tunnel deformation, finite element method, pile
foundation, tunnel distortion
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INTRODUCTION

Underground tunnelling is regarded as an effective means to overcome the problem of
limited space in major cities. Underneath most metropolises are tunnels for transportation, water,
electricity and gas. Generally, tunnels are lined underground along the major roads to avoid being
under the buildings. Due to urbanisation and traffic congestion, more new infrastructures are
constructed to meet the demands, e.g. flyovers, elevated trains and tall buildings, all of which
require deep foundations. In several instances, the piles of these new structures are inevitably close
to existing tunnels. Thus, the movement of the piles under loading would induce a certain degree of
impact on the tunnels. An assessment of the impact of piles under loading on the stability and
integrity of the tunnels is necessary. The assessment is typically carried out in two steps. The first
step is to evaluate the potential impact of the pile foundation for a design modification of the pile
position. At present, this is carried out by defining the influence zone of the tunnel in combination
with certain criteria. An influence zone refers to an area of land where future developments or
construction activities to be undertaken could result in the imposition of additional load on the
tunnel structure or affect an operational system [1]. If the possible impact is serious, the second step
of assessment is necessary, in which the design must be modified or a detailed assessment must be
carried out.

Tunnel owners have used restrictive guidelines for new constructions adjacent to the tunnels.
The guidelines could include one or more influence zones or a minimum clearance between
structures, maximum allowable tunnel deformation, and stress changes in tunnel lining. Figure 1
illustrates tunnel influence zones for the new construction of the Land Transport Authority (LTA)
[1] and the Mass Rapid Transit Authority (MRTA) [2]. An influence zone was conventionally
assumed from the ideal shear plane from the model test first proposed by Morton and King [3]. The
influence zone is thus assumed from the shear plane of the ground due to tunnelling, rather than
from the impact of a new construction on the existing tunnel. The zone is applied to all construction
types but is proved to be inappropriate for piles. In addition, the restrictive guidelines were
established based on experiences rather than on the theoretical understanding of the pile-tunnel
interaction. According to the load transfer mechanism of pile, only the soil surrounding the pile
perimeter and at the pile tip moves. Thus, the tunnel influence zone subject to pile under loading
should be smaller than that assumed by the shear failure plane. A better and more specific tunnel
influence zone affected by nearby piles is therefore necessary for an efficient issuance of
construction permits of pile-supported structures in an area near the existing tunnel.

Several researches have attempted to understand the mechanisms of soil-tunnel-pile
interactions. However, they mostly focused on the influence of tunnelling on nearby existing
buildings and foundations, for examples the field observation [4], the full-scaled test [5], the
physical modelling [6] and the numerical modelling [6-9]. With regard to the influence of nearby
constructions on existing tunnels, there are few studies. Examples are the construction of a deep
open excavation for an office block on the underlying tunnel complex in Prague-Czech Republic
[10] and a multi-storey commercial building in Toronto [11].

Studies on the effects of pile loading on existing tunnels are even more limited even though
the issue has been recognised since 1951 in London [12]. Schoroeder et al. [13] performed a
numerical analysis on the interaction between pile rows supporting a 15-storey building and a
tunnel. The study examined the influence of pile rows loading on the existing tunnel and the effects
in terms of tunnel distortions and global movements in relation to the loading of bored piles in the
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vicinity. The analysis results were used to determine a specific clearance between the pile rows and
the tunnel. However, the limitations of the study were that the soil was homogeneous, the pile
length was identical, and the pile tip position was much lower than that of the tunnel. In some
situations where the foundations of a bridge approach or small buildings are constructed adjacent to
the tunnel, e.g. as shown in Figure 2, the position of pile tips is close to that of the tunnel.
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Figure 1. Tunnel influence zone utilised in current practice
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Figure 2. Pile foundations adjacent to existing tunnel

Studies on the impact of construction of urban tunnels on adjacent existing pile foundations
indicate that the position of the pile tip in relation to the tunnel horizontal axis is the key issue of
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this problem [7, 14]. Recent research which numerically investigated the effect of pile loading
adjacent to an existing tunnel also indicates that the clearance between the pile and the tunnel as
well as the relative position between the pile tip and the tunnel is important [15]. Unlike the other
previous studies, however, this study failed to investigate the effects of pile loading on the existing
tunnel.

This present study numerically investigates the effects of the pile tip position in relation to
the tunnel horizontal axis and of the nearby bored pile loading on the tunnel in multi-layer soil. The
influence zone is then proposed. This research focuses on the Mass Rapid Transit (MRT) tunnel and
on Bangkok subsoil. The analysis results in terms of tunnel deformations, i.e. changes of tunnel
diameter in both vertical and horizontal directions, are presented. The evaluation of structural safety
of the tunnel lining is, however, outside the scope of this research.

ANALYSIS METHOD

The response of tunnel lining when subjected to pile loading, particularly in a single pile
case, is principally a three-dimensional problem. The simulation of the effects of adjacent piles
under loading on the tunnel was performed by means of a three-dimensional simulation using the
finite element program ABAQUS [16].

The analysis consists of two categories: single pile and pile row under loading. The first
category is to investigate the significance of pile tip position relative to the tunnel and of soil
stratum in which the tunnel is located. The geometric parameters in the analysis are depicted in
Figure 3. The existing tunnel diameter, Dz, of 6.3 m and the depth, Lz, of 20 m below the ground
surface are fixed throughout the study. The position of the tip of the bored piles with the diameter of
1 m is varied over a range of 0.20-1.80 L to investigate its impact. As shown in Figure 4, four cases
of ground conditions in relation to the tunnel position are considered.
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Figure 3. Illustration of piles under loading adjacent to an existing tunnel (D7 = tunnel diameter; Ly
= tunnel depth; Lp = pile tip; Cr = vertical distance from centre of tunnel to pile tip; ¢y and ¢y =
tunnel deformations)

Based on the soil profiles along the tunnel alignment and from the tunnel transition part to
the ground level maintenance centre, the subsoil condition was varied to account for soft clay and
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stiff clay as shown in Figure 4. The piles were wished-in-place at the beginning of analysis. In the
analysis the piles were loaded to their working load, which depends on the pile length and soil
condition, using a safety factor of 2.5 of their ultimate capacity, which was calculated based on the
alpha method [17]. From past experiences of a construction project in the UK, where the bored pile
was successfully located at a distance of 3 m from the tunnel [18], a maximum clearance of 3.5 m
(approximately 0.6 Dy) is adopted in this study.
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Figure 4. Soil profiles in this study
Finite Element Mesh

The soil and piles were discretised into hexahedral (or brick) elements with a suitable aspect
ratio. The shell elements were used to represent the tunnel lining. For the region of greater interest,
finer discretisation mesh is used to obtain accurate solutions, especially in the tunnel lining and the
zone between pile and tunnel. A tied interaction was assigned to the soil-pile and soil-lining
interfaces to prevent the relative displacement of adjacent nodes on the interfaces.

Figure 5 shows examples of the analytical meshes for single-pile and pile-row problems. For
the single-pile case, the dimension of the mesh is 50 m in the longitudinal direction, 60 m in the
vertical direction and 80 m in the transverse direction. The mesh dimension of the pile row is
similar to that of the single pile but with a thickness (in longitudinal direction) of 2.0 m. The pile is
located on one side of the tunnel.

Constitutive Model

The concrete bored pile and lining were assumed to be linearly elastic. The thickness of the
lining is 0.30 m. The inner and outer diameters of the lining are thus 5.70 m and 6.30 m respectively.
For the soil, several recently developed advanced models such as the hardening soil [19] can
reproduce the behaviour of soil under loading with a higher degree of satisfaction. However, the
Mohr-Coulomb model [16] is commonly used in current engineering practice due to its simplicity,
with only five parameters being required. In this study the observed values for the determination of
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influence zone are the changes in tunnel diameter. Therefore, the Mohr-Coulomb model is
considered appropriate. The model parameters can be readily obtained from the literature [20, 21].
The parameters used in the analysis, including lateral earth pressure (%), undrained and drained

Young's modulus (E,, E'), undrained and drained shear strengths (C,,C"), angle of friction (¢),

unit weight of soil (¥ ), permeability (k) and specific gravity (GS), are garnered and listed in Tables

1 and 2. Note that the parameters for the hardening soil model for Bangkok subsoil can also be
found in prior researches [e.g. 7, 22].
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Figure 5. Finite element meshes for single-pile and pile-row cases

Table 1. Material properties of tunnel lining and bored pile [20]

Young modulus of concrete (F)

Poisson’s ratio of concrete (V)

Unit weight of concrete (yc )

(KN/m?) (kN/m’)
3.1x 10’ 0.20 24
Table 2. Geotechnical design parameters in MRT Project [20, 21]

Soil stratum N:::Z:?l Ky E, E PO:;O: b C.|c|¢ 4 k GS
Weathered crust Elastic | 0.60 | 13500 | 10800 0.33 - 5 25| 18 0.08 2.70
Soft clay MC 0.75 6250 5000 0.33 20 5 20 | 16.5 | 0.0004 | 2.75
1 Stiff clay MC 0.85 | 66000 | 52800 0.33 120 5 26 | 20.5 | 0.0009 | 2.75
1* Dense sand MC 0.80 - 110000 0.25 - 0 36 | 20 0.08 2.65
2" Stiff clay MC 0.80 | 82500 | 66000 0.30 120 5 26 | 20 | 0.0002 | 2.65
2" Dense sand MC 0.80 - 150000 0.25 - 0 36 | 20 0.08 2.70

Note: MC = Mohr Coulomb; unitof E,, E', C,, C' inkN/m’, y in kN/m® and k in m/day

ko = lateral earth pressure; £, and £’ = undrained and drained Young’s modulus; C, and C’ =
undrained and drained shear strengths; ¢ = angle of friction; y = unit weight of soil; £ =

permeability; GS = specific g

ravity
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Analysis Conditions

In the initial condition, the initial distributions of vertical effective stress and horizontal
effective stress were controlled by the given soil unit weights and the coefficient of earth pressure at
rest, k,, for all strata. The bulk unit weight and £, of each soil layer were adopted from the MRT
tunnel project [23].

The displacement boundary condition was for performing the simulation in this study. The
side and bottom boundaries were sufficiently extended from the area of greatest change in the
model to avoid the boundary effect and minimise significant impacts on the analysis results.

In the finite element model, the front and rear sides of the mesh were restrained against
lateral movements but allowed for free vertical movement. Thus, no movement perpendicular to
these sides was expected. Since the bottom of the mesh was fixed, there were no vertical and
horizontal movements. These conditions were applied to all finite element meshes throughout the
study.

Each analysis was performed in 2 stages. The first involved the construction of the tunnel,
which was modelled by consecutively removing the soil elements situated in the excavation zone
and activating the tunnel lining with simultaneous application of pressure on the tunnel face to
stabilise the excavation face. The second stage was the application of the pile axial loading, which
was the design working load to a wished-in-place concrete pile. The undrained analysis was
considered.

ANALYSIS RESULTS
Single Pile

Figure 6 illustrates the changes in tunnel diameters in vertical and horizontal directions for
the single-pile case with a clearance of 0.5 m. The changes in tunnel diameter are normalised by the
tunnel diameter (D7) and plotted against the normalised depth of pile tip, Lp/Ly, for different cases
(1.e. soil types). The normalised depth of tunnel position to tunnel diameter, C/Dr, is also provided
in the y-axis on the right side. The negative and positive signs of magnitude in the x-axis denote a
shortening and widening of the tunnel diameter respectively. It is clear from the Figure that, with
identical clearance, the depth of the pile tip position relative to the tunnel has a strong influence on
the tunnel deformations. The distribution patterns of changes in tunnel diameter in both vertical
(A¢y) and horizontal (A¢y) directions are very similar for all analysis cases. The tunnel
deformations become large when the pile tip is situated in the range of 2Dy above and 2Dy
underneath the tunnel axis. Note that the pile in each case (with different length and soil profile) is
loaded with different working load. However, the magnitude of tunnel deformation is extremely
large for the tunnel in soft clay despite the smallest working load (for the same pile length), whereas
it becomes small for the tunnel in stiff clay. The pile tip position that induces the maximum change
in tunnel diameter is the point above the tunnel crown by 0.5-1D7. With regard to the pile tip
position which induces the maximum tunnel deformation, it is found that this position is higher in
stiffer soil than in softer soil. The maximum deformation occurs when the pile tip is embedded in
the soft clay layer. The deformation rapidly decreases when the pile tip reaches the stiff clay layer
underneath.
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Figure 6. Impact of pile tip position relative to the tunnel and in relation to soil profile on the
change in tunnel diameter for single pile (clearance = 0.5 m)

The tunnel-pile interaction behaviour can be determined by interpreting the numerical
results. When a pile is loaded, the force is transmitted to the soil along the shaft and around the pile
tip. This leads to an increase in stresses in soil. Simultaneously, the pile moves downward and
causes the soil surrounding the pile to move. The soil movement interacts with the nearby existing
tunnel and induces additional forces, stresses and displacements or distortion of the tunnel. The
tunnel deformations by the pile tip located in soft clay are thus large due to large movements of the
soil, as illustrated in Figure 7, which shows the distortion shapes by the same magnitude factor in
the four cases of soil profile. The non-symmetric nature of the tunnel deformation can be observed.
The tunnel diameter is reduced in the vertical direction and increased in the horizontal direction in
all cases.

The preliminary results of this part confirm that the position of the pile tip relative to the
tunnel and the soil type in which the tunnel is located have a significant impact on the tunnel
deformation. In engineering practice the tunnel deformation induced by a pile row or pile group is
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regularly encountered and is more severe due to more load concentrations. Thus, further
investigation is carried out in the next section.
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Figure 7. Tunnel distortions caused by pile under loading with the same pile tip position and
clearance for four different cases of soil profile

Pile Row

Figure 8 illustrates the changes in tunnel diameter in the vertical (A¢y) and horizontal (A¢y)
directions for the first case of soil profile (i.e. tunnel in soft clay) at various values of pile tip
position and clearance. As seen in the Figure, the magnitude of A¢y and A¢y decreases when the
clearance increases. The negative values indicate the shortening of tunnel diameter. For ease of
understanding, absolute values are considered, so an ‘increase’ means that the absolute value
becomes larger regardless of the sign. For the zone above the tunnel axis, A¢y increases with lower
pile tip position. The increase rate of A¢y drastically changes when the pile tip position reaches
approximately 2D (positive: above tunnel axis) and the maximum value occurs at a depth of about
0.80L7 (for the clearance of 0.50 m and 1.50 m) before slightly decreasing with increasing pile
length. When the pile tip is extended below the tunnel axis, A¢y gradually increases again. At the
clearance of 3.50 m, A¢y continues increasing with deeper pile tip position. The maximum Ag¢y
occurs when the pile tip (for all three cases of clearance) is at about 1.1L7. As the pile length
increases, thereby extending its tip below 1.1L7, A¢y decreases significantly. The decrease rate of
Ag¢y approaches zero when the pile tip reaches about -2D7 (negative: beneath tunnel axis). To recap,
Ag¢y becomes large when the pile tip is situated in the range of 2Dr above and 2D underneath the
tunnel axis. For A¢y, a similar tendency to that of A¢y can be observed and the magnitude is also
similar. The area with large A¢y, therefore, covers the range of 2D above and 2Dr underneath the

tunnel axis as well.
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Figure 8. Impact of pile tip position relative to tunnel axis on the changes in tunnel diameter for
tunnel in soft clay layer (case 1, Figure 4)

Investigating the three other cases of soil profile reveals that both the trend and magnitude of
Ay and Ay are almost identical to one another, so only A¢y is shown for the three other cases.
Figure 9 shows A¢y as a function of pile tip position for the tunnel in case 2 (Figure 4). Generally,
the results are similar to case 1, where the tunnel is in soft clay, although the maximum values are
lower. Besides, the level of pile tip at which A¢y rapidly decreases with increasing pile length is at
the border between soft and stiff clays. Beneath this level, the rate of decrease for A¢y becomes
noticeable. This implies that the existence of stiff layer underneath the tunnel could account for
smaller tunnel deformations and a narrower influence zone. The zone with large tunnel

deformations appears to cover a range from 2Dr above the tunnel axis to the border between soft
and stiff clays, which is 0.5Dr.
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Figure 9. Changes in tunnel diameter in vertical direction subject to pile row loading with various
pile tip positions for tunnel in case 2 (Figure 4)

The results for tunnel located between soft clay and stiff clay layers (case 3, Figure 4) are
presented in Figure 10. The border between soft and stiff clays is set at the tunnel axis. For all three
values of clearance, the values of A¢y are smaller than those from the two previous cases. In
comparison to the previous cases, the maximum values are significantly smaller and occur when the
pile tip is in soft clay at a higher level. Similar to case 2, the level of pile tip at which A¢y suddenly
decreases with increasing pile length is at the border between soft and stiff clays. However, when
the pile tip is extended below this level, which is stiff clay, A¢y slightly increases again for a certain
depth before it gradually decreases with increasing pile length. This is probably because at that
depth the piles have a larger working load (due to end bearing capacity) and their tips are at the

same level as the tunnel axis.
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Figure 10. Changes in tunnel diameter in vertical direction subject to pile row loading with

various pile tip positions for tunnel located between soft and stiff clays (case 3, Figure 4)
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Figure 11 depicts the results for the case of the tunnel constructed in stiff clay (case 4,
Figure 4). The tunnel deformations as well as their maximum values are smallest among the four
cases in this study. The tunnel in stiff soil is thus safer than that in soft soil due to smaller soil
movements in the tunnel vicinity. The maximum values still occur when the pile tip is in soft clay
even with a small working load. Therefore, caution should be exercised in the construction of the
bearing unit pile adjacent to the tunnel. When the pile tip is near the tunnel in stiff clay, A¢y
increases again with a relatively higher value and longer range (compared to the previous case) after
a large decrease at the clay border.
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Figure 11. Changes in tunnel diameter in vertical direction due to pile row loading with various
pile tip positions for tunnel in stiff clay layer (case 4, Figure 4)

The numerical results have confirmed that the deformations of an existing tunnel caused by
a pile-row loading are similar to those caused by a single-pile loading, although the magnitude of
the deformations in the former case is larger than in the latter. The deformations of the tunnel
constructed in soft clay are much larger than in stiff clay and a large tunnel deformation occurs
when the pile tip is close to the tunnel. The tunnel influence zone subject to nearby bored pile
loading should therefore be determined by taking into account the relative position between the pile
tip and the tunnel. The drastic changes of tunnel deformation are noticeable between about 2Dr
above and 2D below the tunnel axis or down to the stiff layer, depending on the ground conditions,
as listed in Table 3. For the horizontal clearance, a value of 0.6D7 (approximately 3.5 m) from the
tunnel surface seems to be sufficient. A new influence zone for the existing tunnel subject to nearby
piles can then be proposed as shown in Figure 12. By comparison with the previously used
influence zones, the developed zone obtained in this study (shaded rectangular area in Figure 12) is
much smaller. This increases the likelihood of new construction projects in the area near the tunnel
alignment. However, the proposed influence zone is specified based on one specific tunnel (i.e. that
of the MRTA) and one pile size (1 m). A broader set of data is required to enhance its reliability.
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Table 3. Significant influence zone from pile-row analyses

) Significant influence zone
Soil stratum ) ) . .
Change of vertical diameter Change of horizontal diameter
Case 1 2DT- (-ZDT) 2DT- (-ZDT)
Case 2 2Dr- (-0.5D7) 2Dr- (-0.5D7)
Case 3 2DT- (-IDT) 2DT- (-IDT)
Case 4 2DT- (-IDT) 2DT- (-IDT)

DEVELOPED INFLUENCE ZONE
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Figure 12. Developed tunnel influence zone from nearby pile tip position

CONCLUSIONS

The position of pile tip in relation to the tunnel axis and the soil type in which the tunnel is
situated have a significant impact on deformations of the existing tunnel. The numerically generated
data and the consideration of the relative position of the pile tip can suggest a new influence zone.

The following observations have been made from the study:

1) The tunnel deformations become drastically large when the pile tip is situated in a specific range,
depending on the soil type in which the tunnel is situated. However, the ranges for the four different
soil types hardly alter.

2) It is reasonable to recommend the range of 2Dr above and 2D7 underneath the tunnel centre as
the influence zone.

3) For the horizontal clearance, the value of 0.6D7 from tunnel surface seems to be sufficient.

4) By considering the lining deformation induced by the movement of soil surrounding the pile, the
proposed influence zone is much smaller than the existing zone in which all construction activities
are taken into consideration. The smaller zone increases the possibility of new construction projects
in the area near the tunnel alignment.
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However, as more complex behaviours in engineering practice are excluded from this study,
future research that includes other relevant parameters, e.g. tunnel diameter, thickness of lining and
pile size, is necessary for a more refined and more realistic tunnel influence zone. Moreover, further
study on the correlation between pile settlement, pile force distribution and soil stress distribution
around pile with lining deformation should enhance the understanding of this soil-structure
interaction problem.
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