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Abstract. Estimation of foundation and subsequently, superstructure response 

due to tunneling is essential to assess the preliminary risk. Several aspects of 

pile, tunnel, and soil characteristics influence the pile response during staged 

tunneling. In the present study, the response of a single and group pile due to 

staged tunneling has been investigated in cohesionless soil through finite ele-

ment analysis in three dimensions. Numerical modeling procedure and parame-

ters studied are described here. Volume loss of tunnel, load level on the pile, 

and lateral distance of pile from tunnel axis have been investigated and reported 

here. Results of a large number of numerical analyses can identify and quantify 

the parameters influencing the pile response due to tunneling. Volume loss of 

the tunnel significantly influences the axial response of the pile. Lateral and 

longitudinal influence zone of pile settlement due to tunneling has been identi-

fied and reported here.  Working load on the pile significantly reduces the ini-

tial factor of safety due to tunneling. The results of the present study are useful 

for preliminary assessment regarding the safety and stability of the existing pile 

foundation for a range of practical parameters of tunnel and pile. 
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1 Introduction 

The distress on the substructure ultimately influences the response and stability of 

superstructures. This causes a threat and permanent risk to the stability of the struc-

ture. The vulnerability of the pile foundation to tunneling is more compared to other 

foundations as it extends up to a larger depth than a shallow foundation. The larger 

depth of the pile foundation possesses a greater possibility of extending into the influ-

ence zone of the tunnel. The length and location of piles are key parameters for the 

estimation of tunneling induced settlement. Therefore, the response estimation of pile 
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foundations due to staged tunneling is essential for preliminary hazards analysis of 

structures situated on or adjacent to the alignment of the tunnel.  

A large number of numerical, analytical, experimental studies in 1g and centrifuge 

contributed to a greater understanding of tunnel - pile interaction. Experimental stud-

ies in the scaled-down model in 1g and centrifuge are mostly conducted. Model stud-

ies on tunnel-pile interaction are primarily conducted in plane strain conditions. Con-

trolled volume loss within the soil mass has been adopted to simulate the tunnel con-

struction procedure. Instrumentation like earth pressure cell, strain gauge, and pore 

pressure transducer is employed to measure the bending and axial response of pile, 

change in earth and pore water pressure within soil medium (Loganathan et al. 2000, 

Jacobz et al. 2004, Lee and Bassett 2006 & 2007, Meguid and Mattar 2009, Marshal 

2012). Deformation patterns of ground and pile, delineation of zone of influence, and 

pile response are the main focus of these studies. The result shows that the pile settles 

more exactly above the tunnel. Higher deformation occurs around the centerline of the 

tunnel. The end bearing capacity of the pile significantly reduces, leading to stability 

issues in the foundation. 

Evaluation of tunnel-pile interaction numerically is done in two ways. First, green-

field settlement due to tunneling is estimated, and subsequently, in the second stage, 

estimated settlement are superposed to pile foundation to obtain the pile response due 

to tunneling. Also, a combined analysis involving tunnel construction stages and ex-

isting piles are simulated to obtain the response of piles due to tunneling. Finite ele-

ment method (FEM), Boundary element method (BEM) or a combination of FEM and 

BEM are used for numerical analysis of pile – tunnel interaction (Chen et al. 2000, 

Mroueh and Shahrour 2000, Surjadinata 2006, Cheng et al. 2007, Mahmood et al. 

2011, Lee 2013, Wan 2017, Nematollahi and Daniel 2019). Observations from the 

field studies also contributed to understanding the different aspects of the soil - tunnel 

and soil - pile - tunnel interaction (Standing and Selman 2001, Yu 2014, Jiang and Li. 

2016, Wan et al. 2017).  Existing piles are usually in-service piles and are subjected to 

the working load. It is necessary to investigate the loaded pile response due to tunnel-

ing to a realistic framework of estimating the tunneling induced hazards to existing 

adjacent structures. The undrained response of cohesive soil mainly governed the 

short-term behavior of the pile foundation during tunnel construction. Dilatancy a 

major factor controlling the cohesionless soil behavior and soil - tunnel and soil –pile 

-tunnel interaction.    

In the present study, the axial response of free head single pile has been investigat-

ed through three-dimensional finite element analyses in a cohesionless medium. Dif-

ferent pile and tunnel parameters, i.e., volume loss of tunnel and offset distance on the 

axial response, are investigated and reported. Particular attention has been paid to the 

influence of the working load of a pile on the axial response.  Results of the present 

study are useful for preliminary hazards analysis of pile foundation situated adjacent 

and/or alignment of tunnel construction.    
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2 Materials and Methods  

An extensive three-dimensional numerical analysis has been conducted using Plaxis 

3D. Tunnel construction procedures, numerical analysis stages, geometric domain, 

and discretization of soil, tunnel, and pile have been discussed here. 

2.1 Validation of Numerical model   

The present numerical model has been validated with a 1g experimental study con-

ducted at the institute and published results from the literature.  A scaled-down labor-

atory experimental study has been carried out in 1g conditions to investigate the tun-

nel - pile interaction. Model studies have been conducted in a mild steel tank of size 2 

m x 2 m x 1.5 m.  A hollow cylindrical pipe of 114 m diameter has been used as a 

model tunnel. A staged fluid extraction technique has been used to simulate the staged 

tunneling construction. Hollow circular aluminum pipe of 19 mm outside diameter 

and 1 mm wall thickens has been used as a model pile foundation. The response of the 

pile foundation has been studied for a volume loss in the range of 0.5 % to 10%.  All 

the model studies are conducted in a cohesionless soil medium. Properties of the soil 

medium are evaluated through a drained triaxial test. Details of the experimental pro-

cedure, sample bed preparation are out of the scope of the present paper. The same 

has been modeled numerically through Plaxis 3D. Results of the vertical settlement of 

the pile from experimental and numerical analysis match quite well with a variation of 

4 – 6%.  

Another benchmarking of the present numerical model has been done with the pub-

lished results by Lee et al. (2016). Authors introduced a three-dimensional numerical 

model to simulate the Double O-tube staged tunnel construction procedure and esti-

mate the surface settlement. The numerical model has created adopting material prop-

erties and layering systems, as mentioned in the paper. The present numerical model 

shows a maximum surface settlement adopting a small strain hardening soil model for 

the monitoring section 1 of 31.5 mm. The reported surface settlement from numerical 

analysis and field measurement is 29.5 mm and 22.5 mm, respectively. This close 

resembles of the present results, with the reported numerical results established the 

accuracy of the present model.                      

2.2 Soil and Tunnel parameters 

This section describes different soil parameters, tunnel parameters employed in the 

present numerical study. Soil parameters of the present numerical model are evaluated 

from a series of drained triaxial tests on cohesionless soil medium at a relative density 

of 76%. The test small strain hardening soil parameters are evaluated and employed in 

the numerical analysis. Table 1 shows the different soil parameters.  The embedded 

pile option available in the Plaxis library has been to simulate the pile in the present 

study. Table 2 shows the different properties of the pile. Maximum skin resistance 

and base resistance are calculated from soil parameters following IS procedure, and 
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values are employed in numerical analysis. Tunnel lining has been model with plate 

element. Table 3 shows the lining properties used in the present study. 

Table 1. Small Strain Hardening Soil Parameters 

Soil Parameters Value 

Cohesion, C (kN/m2) 9.0 

Angle of internal friction, θ (°) 35.8 

Minimum unit weight (kN/m3) 16.6 

Maximum unit weight (kN/m3) 17.7 

Secant stiffness in the standard drained triaxial 

test/tangent stiffness for primary oedometer loading, 

E50
ref/ Eode

ref (kN/m2) 

8.374E3 

Unloading/ reloading stiffness at engineering strains, 

Eur
ref (kN/m2) 

25.122E3 

Dilatancy angle, Ψ (°) 10.5 

Poisson’s ratio, µ 0.2 

Shear strain at which Gs = 0.722Go; γ0.7 0.65E-3 

Reference shear modulus at very small strains, G0
ref 

(kN/m2) 

106E3 

Power for stress-level dependency of stiffness, m 0.6 

Failure ratio, Rf 0.9 

Earth pressure coefficient, K0
nc 0.415 

Table 2. Pile Properties 

 Parameters Value 

Pile Type Circular 

Pile Diameter (m) 0.6 m 

Unit weight (kN/m3) 25 

Young’s modulus (kN/m2) 2.5 E 107 

Poisson’s ratio, µ 0.15 

Table 3. Tunnel Liner Properties 

Parameters Value 

Unit weight (kN/m3) 25 

Young’s modulus, (kN/m2) 2.5 E107 

Poisson’s ratio, µ 0.25 

Liner thickness (m) 0.12 

2.3 Numerical modelling 

The numerical validation is done using the Finite Element software Plaxis 3D. The 

borehole option available is utilized in creating the soil medium. From the initial trial 

analysis, the size of the numerical domain has been fixed as 150 m x 52 m x 48 m.  10 
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noded tetrahedral elements with three translational degrees of freedom have been used 

to discretize the soil domain. Six noded triangular plate elements with six degrees of 

freedom have been used to discretize the tunnel liner. Mesh convergence studies have 

also been carried out before actual analysis. In the numerical analysis, the number of 

elements varies in the range of 50,000 – 60,000 for the different parameters and geo-

metric conditions used in the present study. The bottom of the numerical boundary is 

fixed in all directions. Side boundaries are free to move in the plane, but the perpen-

dicular movement is restricted, i.e., roller boundary conditions are applied at the side 

of the numerical model. The top surface is free to move in any direction. A 4 m diam-

eter circular tunnel has been simulated in the present study. The volume loss control 

method has been used to simulate the tunnel construction procedure. Volume loss in 

the present study varies in the range of 0.5 % to 2.5%. Staged excavation with each 

excavation length of 2.5 m is used in the present study. Linearly increasing face pres-

sure with depth calculated from earth pressure at rest condition has been applied at the 

tunnel face during excavation. The crown of the tunnel is at a depth of 24 m from the 

top surface. Piles length of 8 m and 16 m is used in the present study. 

The location of the pile varies from 0D, i.e., crown, to 6D from tunnel centerline, 

D being the diameter of the tunnel. Pile is located at a longitudinal distance of 44 m 

from the tunnel face.  Fig. 1(a-c) shows different stages of numerical modeling of half 

of the numerical domain. Fig. 2 (a-d) shows the different lengths of the tunnel excava-

tion. Stages of tunnel construction in a single step include deactivating soil volume 

for a length of 2.5 m within the tunnel and activating the tunnel liner material, subse-

quently applying specified volume loss at the surface of the tunnel. In the present 

case, one half of the full geometry has been numerically analyzed. Pile situated at 

other distance rather than crown represent two pile condition in the full model. No 

interference is expected as the minimum distance between the two piles is more than 

25d, d is the diameter of the pile   

       
(a) Tunnel with pile                            (b)  Soil, tunnel and pile 

 

 
 

(c) Discretized model 

 

Fig. 1. Different stages of numerical modelling 



Manojit Samanta, Abishek R R and V A Sawant 

Theme 13                                                                                                              96 

 

 

         
(a)  2.5 m                                            (b) 25 m 

 

            
  

                              (c ) 50 m                                      (d) 100 m 

 

Fig 2. Different length of tunnel excavation                                 

3 Results and Discussions  

3.1 Pile Head settlement 

Fig. 3 shows the load-displacement relation of 8 m and 16 m pile. The load-

displacement responses of piles are established from the separate analysis. The analy-

sis aims to estimate the pile head load corresponding to equal settlement induced to 

pile due to tunneling. Fig. 4 shows the increase in pile head settlement with the lateral 

location of the pile from tunnel centerline for 1.5% volume loss and 16 m pile for 

different tunnel excavation length. Pile head settlement is expressed in the percentage 

of pile diameter, and tunnel excavation length is expressed in terms of tunnel diame-

ter. Pile head settlement presented here is due to tunneling only. The settlement of 

pile due to installation has been found from another set of numerical analysis. The 

result shows that the pile suffers significant settlement depending on the location up 

to 6D lateral distance from tunnel centerline. Pile head settlement linearly decreases 

with an increase in lateral distance from the tunnel centerline.  

Fig. 5(a - d) shows the increase in head settlement for the different lateral positions 

of the pile from tunnel axis for different volume loss of tunnel for no working load on 

the pile head. Pile head settlement decrease and increase with an increase in lateral 

distance of pile from tunnel axis and tunnel volume loss, respectively. The maximum 
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settlement of the pile head is 0.703 % of pile diameter for pile located at the crown 

and tunnel volume loss of 2.5 %.  At a lateral distance of 6D, pile head settlement is 

0.182% of diameter for the same volume loss of tunnel. From the graph, a clear zone 

of influence of tunnel excavation where pile suffers significant settlement may also be 

identified. For all the analysis, the pile is located at a longitudinal distance of 11 times 

tunnel diameter from the tunnel face. The settlement of the pile started increasing 

rapidly when tunnel excavation length reached a distance of 6.25D from the tunnel 

face. Within a tunnel excavation length of 6.25D and 18.75D from the tunnel face, 

significant pile settlement occurs. Beyond 18.75D, pile settlement almost remains 

constant. From the present analysis, a zone of pile settlement of 5D distance ahead of 

pile location and 7.75D distance beyond of pile location may be identified. A similar 

result has been obtained for all the volumes loss of tunnel. For comparison purposes, 

settlement of pile due to tunneling has been compared with the pile load-displacement 

graph obtained from another set of numerical analyses employing the same soil mate-

rial parameters. To obtain the same settlement of pile situated at the crown as induced 

by tunnel construction for 2.5% volume loss of tunnel, an equivalent load of 2600 kN 

is required. Equivalent load corresponding to the same pile settlement induced by 

tunnel construction varies in the range of 300 kN to 2600 kN for the parameters con-

siders in the present study.  It is to be noted here that the pile situated away from the 

center line may suffer rotational displacement also. This study mainly focuses on the 

axial response of pile, and rotational response is out of the scope of the present study.    

 

 
Fig. 3. Load displacement relationship of pile       
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Fig. 4. Increase in displacement with position of pile for 1.5% volume loss 

 

 
(a) 0.5 % Volume loss                        (b)  1 % Volume loss 

 

  
(c )1.5 % Volume loss                        (d)  2.5 % Volume loss   

 

Fig. 5. Pile head settlement with progressive tunneling for different volume loss 
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3.2 Effect of length of the pile 

Pile head settlement for pile length of 8 m and 16 m has been investigated in this sec-

tion. Fig. 6 shows the variation of pile head settlement for 8 m and 16 m pile situated 

at the crown with different volume loss of tunnel without any axial load on the pile 

head. Pile head settlement increases with an increase in pile length. The distance be-

tween tips of the pile to tunnel crown is 16 m and 8 m for 8 m and 16 m pile, respec-

tively. Due to the volume loss of the tunnel, the soil around the tunnel undergoes vol-

ume contraction, resulting in a drag down force along the pile shaft. Drag down force 

is proportional to the surface area of the pile with the influence zone of tunnel excava-

tion.  A longer pile of the same diameter subjected to greater drag down force, which 

results in a higher settlement smaller length of the pile. Results also clearly show the 

effect of volume loss on pile settlement. Settlement varies nonlinearly with volume 

loss of tunnel, and the settlement rate is observed to increase with volume loss of 

tunnel.       

 

 

                             Fig. 6. Pile head settlement with volume loss 

3.3 Effect of working load on pile 

 In this section, the influence of working load on pile head settlement due to progres-

sive tunnel construction has been investigated for 16 m length of the pile. Axial verti-

cal load on pile has been applied before the start of the construction of the tunnel. 

Different levels of the working load have been chosen from a load-displacement rela-

tionship of pile established beforehand for the same material properties (Fig. 3). Axial 

load is so determined to represent the different trend of load-displacement graph. A 

working load of 512 kN, 1778 kN, and 3537 kN have been applied at the pile head. 

While load-displacement relation remains linear for 512 kN and 1778 kN of axial 

load, nonlinearity starts from an axial load of 3537 kN and onward. Fig. 7 (a &b) 

shows the pile head settlement response at an axial load of 512 kN and 1778 kN for 

2.5% volume loss. Fig. 8 (a &b) shows the pile head settlement response at 3537 kN 
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at 2.5 % volume loss of tunnel. For pile situated at the crown, an increase in pile head 

settlement of 0.63 %, 0.67 %, and 0.8 % has been observed for the above-mentioned 

working load for 2.5% volume loss. The equivalent load obtained from the load-

displacement relationship is 2600 kN, 3500 kN and 3900 kN for a settlement of 0.734 

%, 1.1 %, and 1.84 % of pile diameter. A load increment of approximately 2088 kN, 

1722 kN, and 363 kN has been observed for different working loads applied on the 

pile foundation. Load level 1778 kN corresponds to a safety factor of 2.5 as deter-

mined from the isolated pile load-displacement relationship. The factor of safety after 

tunnel construction is 1.27. Results show that the level of working loads significantly 

influences the settlement of the pile foundation. For smaller working loads, the re-

serve capacity of the pile comes into effect during tunnel construction and prevents 

excessive pile settlement. If the working load is high or the safety margin of the pile 

at working conditions is minimal, an excessive settlement of pile during tunneling is 

expected, and the pile may fail.     

  
(a)  Load 512 kN                         (b)  Load 1778 kN 

 

Fig. 7. Pile head settlement with progressive tunneling for different axial load at 2.5 % volume 

contraction 

  
(a) 0.5 % Volume loss                        (b) 2.5 % Volume loss 

 

Fig. 8.  Pile head settlement with progressive tunneling at 3537 kN axial load 
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4  Conclusions 

The present study investigates the axial response of a free head single pile due to pro-

gressive tunnel construction. A three-dimensional numerical model of soil, tunnel, 

and pile has been adopted to investigate the axial pile response. First, a numerical 

model has been benchmarked against experimental and published results in the litera-

ture, and subsequently, a parametric study has been conducted. Different parameters, 

i.e., volume loss of tunnel, pile length, pile position, and working load on the pile on 

the axial response of the pile foundation, have been investigated and reported here. 

Following conclusions may be drawn from the present study 

1. Tunneling induced volume loss significantly influences the pile head re-

sponse. The settlement of pile increases with an increase in volume loss of 

tunnel. The rate of increase increases with volume loss of the tunnel. In the 

present study, volume loss in the range of 0.5 % to 2.5 % has been consid-

ered. 

2. A zone of influence where pile suffers excessive settlement has been identi-

fied. A zone, five times the diameter of the tunnel ahead and 7.75 times be-

yond pile location has been identified as the most vulnerable zone of pile set-

tlement. Beyond a distance of 7.75D, pile settlement remains almost con-

stant. 

3. The level of working load plays a significant role in the pile head response. 

For smaller working load, the reserve capacity of the pile comes into effect 

during tunnel construction and prevents excessive pile settlement. If the 

working load is high or the safety margin of the pile at working conditions is 

minimal, an excessive settlement of pile during tunneling is expected, and 

the pile may fail.  A 50% reduction of safety factor has been observed for the 

adopted parameters in the present study.  

4. The lateral influence zone of pile settlement has been extending up to 6 times 

of tunnel diameter from the tunnel centerline for the parameters and condi-

tions adopted in the present study. Pile settlement varies linearly with a lat-

eral distance of pile location from tunnel axis.  
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