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ABSTRACT 

Advancing tunnel boring machine (TBM) during tunnel construction induces a surface settlement, affecting 

adjacent buildings and facilities. A three-dimensional finite-element model (Plaxis 3D) was used to simulate 

and analyze this process. A comparison between the numerical model and field measurements of the Greater 

Cairo Metro (Line 3) was made to validate the obtained results. A sensitivity analysis was conducted to 

determine how changes in some parameters, such as constitutive models, pile position relative to the tunnel 

axis and pile spacing, affect the results of the finite-element model. Three constitutive models: hardening soil 

small (HSS), hardening soil (HS) and the Mohr-Coulomb (MC) models, were used to evaluate the effect of the 

constitutive models on the results. From the numerical analysis, it is clear that the numerical results are in good 

agreement with field measurements. The results of the HSS model are more realistic and closer to field 

measurements than those of the HS and MC models. Furthermore, the effect of the tunnel construction on the 

settlement of adjacent piles is virtually null at a distance of 2 D (where D is the tunnel diameter). Finally, 

increasing the pile spacing decreases the effect of tunnel excavation on adjacent pile foundations. 

KEYWORDS:  Tunneling, Numerical models, Constitutive models, Pile foundation, Pile spacing. 

 

INTRODUCTION 

Tunnels are the optimal solution to traffic problems 

in crowded cities. Moreover, tunnels also reduce traffic 

noise and pollution. Many studies have been conducted 

on the subject of the ground movement caused by 

tunneling and its effect on adjacent structures (Peck, 

1969; Reilly and New, 1982; Attewell et al., 1986; Mair 

et al., 1993; Klar et al., 2005; Vorster et al., 2005; Klar 

et al., 2008; Marshall et al., 2010; Marshall et al., 2012; 

Fethi, 2015; Qingming et al., 2022). 

Many buildings in urban areas are constructed on 

piles. Sometimes, it is necessary to construct tunnels 

closely beneath piles. This process may affect the 

stability of the overlying structures, such as buildings, 

bridges and piled embankments. In addition, tunneling 

may reduce the pile capacity to the point of failure 

(Marshall et al., 2020). Furthermore, tunnel construction 

induces soil movement and stress relief. Therefore, the 

end bearing capacity and shaft resistance of piles may be 

diminished. Moreover, the existing piles are subjected to 

additional axial forces, bending moment, lateral forces, 

deflection and settlement (Soomro et al., 2018). 

Consequently, the designers must take into 

consideration the following two factors: 

1) The serviceability of the structure (e.g. the piles do 

not move due to ground movement). 

2) The additional bending moment and axial force 

caused by ground movement in piles (Francesco 

Basile, 2014). 

The effect of tunneling on pile foundations has been 

studied by many researchers using field data, 

experimental work, numerical modeling and analytical 

analysis (Jacobsz et al., 2002; Jacobsz et al., 2004; Lee 

et al., 2005; Kitiyodom et al., 2005; Pang et al., 2006; 

Selemetas et al.,2006; Cheng et al., 2007; Shong-Loong 

Chen et al., 2016; Hui Hu et al., 2021). 
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Two methods (simplified and numerical methods) 

can be used to estimate the impact of the tunneling 

process on pile foundations. The simplified method 

consists of two stages: after computing the soil 

movement, the effect of soil movement on piles is 

evaluated. The numerical methods include soil, pile and 

tunnel excavation modeling (Francesco Basile, 2014). 

To predict the displacement of soil caused by 

tunneling, the soil-structure interaction problem can be 

examined using the finite-element method. The finite-

element analysis results depend primarily on the input 

parameters and the soil model. 

Ayasrah et al. (2021) conducted a parametric 

analysis utilizing MIDAS GTS software, which 

included the influence of tunnel diameter, the impact of 

distance between piles and tunnel and the effect of 

tunnel depth using modified Mohr-Coulomb. It was 

found that the tunnel depth has a significant impact on 

piles. Moreover, the tunnel diameter has a notable effect 

on the behavior of piles and the distance between tunnels 

and piles has a considerable impact on the behavior of 

piles. 

Soomro et al. (2018) conducted three-dimensional 

simulations to investigate the effect of tunnel 

construction on pile foundation response. A parametric 

study was carried out to examine the impact of the 

tunnel’s relative depth on the behavior of piles. 

Moreover, Loganathan et al. (2011) conducted a 

numerical simulation using the finite-element software 

FLAC3D to investigate the effect of tunneling on pile 

caps of various configurations and the influence of pile 

length on the behavior of piles. 

Thus, it can be inferred that most of the studies 

focused on determining how tunnel construction would 

affect foundations. However, the main objective of the 

current analysis is to examine the effect of the tunneling 

progress (soil removal and lining installation) on pile 

foundations. Moreover, a sensitivity analysis was 

performed to determine how changes in some 

parameters, like constitutive models, pile position 

relative to the tunnel axis and pile spacing, influence the 

results of the finite-element model. 

In this analysis, the response of pile foundations to 

tunneling was investigated using Plaxis 3D. In addition, 

the estimates of ground movement and pile response 

were performed. Furthermore, the Greater Cairo Metro 

(Line 3) field measurements were compared to the 

results of numerical model for validation. 

 

Case Study 

As a case study for this investigation, the pile 

foundations of the Garage El-Attaba building adjacent 

to the Greater Cairo Metro (Line 3) were considered. In 

recent decades, the Greater Cairo Metro is one of the 

most significant transportation projects in Egypt and 

Africa. In 1987, the first metro line was inaugurated. 

Greater Cairo is one of the most densely populated cities 

in the world and the Greater Cairo Metro has helped 

alleviate its traffic crises. Its construction uses a tunnel 

boring machine (TBM). On the other hand, Line 3 of this 

metro begins at Imbaba station and terminates at Cairo 

airport, with a 47.87-km longth. In 2011, the 

construction of the first phase of line 3 started from 

Imbaba station to El-Attaba station, with a length of 4.3 

km. Over this distance, the tunnel passes adjacent to the 

foundation of the Garage El-Attaba building. The 

internal and external diameters of the tunnel are 8.35m 

and 9.15 m, respectively. (NAT, 2017). 

The vertical displacement around the building was 

monitored during construction at certain points (SSP.B, 

SSP. C, SSP.D, SSP. E and SSP.F). Furthermore, the 

vertical displacement of the building was measured from 

July 2010 to August 2010 at the point (ERP), as shown 

in Figure (1) (NAT, 2010). In this analysis, the field 

settlement was used to validate the results obtained from 

a finite-element model. 

 

 

Figure (1): The layout of the monitoring system 

(after NAT, 2010) 

 

Data of Garage El-Attaba Building 

The dimensions of the Garage El-Attaba building are 

77.04 m in length and 45.55 m in width.  The building 

consists of eight stories and the nearest pile group is 
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located 6.45m from the tunnel’s center, as shown in 

Figure (2). The building was supported by 245 bored 

concrete piles. With a diameter of 0.6m and a length of 

20m, each pile has a bearing capacity of 120 tons. As 

presented in Figure (2), pile caps P1, P2, P3 and P4 are 

the closest pile caps to the tunnel axis and are considered 

the pile caps most affected by the tunnel construction. 

Therefore, only pile caps P1, P2, P3 and P4 were 

considered in this analysis. The details of pile caps are 

depicted in Figure (3). 

 

 

Figure (2): The location of the pile caps relative to the tunnel axis 

(all dimensions are in meters) 

 

 

Figure (3): The details of pile caps (all dimensions are in meters) 

(after Mocarthy Brothers, 1984) 

 

Soil Characteristics in the Study Area 

Thirteen boreholes were drilled to investigate the 

soil conditions for line 3 of the Greater Cairo Metro. As 

shown in Figure (4), the soil profile beneath the Garage 

El-Attaba building consists of a 6.06 m-thick fill layer. 

The first layer is followed by a layer of silty clay with a 

thickness of 3.58 m. This layer is followed by a 

13.81-m thick layer of upper sand that ranges from 
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medium to dense sand. In addition, a 1.15m-thick layer 

of sand and gravel appeared beneath the upper sand and 

a layer below the layer of sand and gravel is a stiff silty 

sand layer with a thickness of 1.38 m. Finally, there is a 

layer of dense sand called the lower sand that extends 

from the upper sand to the bedrock. The depth of the 

groundwater table varies between 2.0 m and 4.0 m from 

the ground surface (Hamza Associates, 2002). 

 

 

Figure (4): Soil profile in the study area and 

the position of the pile cap relative to the tunnel 

(after Hamza, 2002) 

 

 

The Finite-element Model 

The Plaxis 3D (ver. 22) computer program was used 

for conducting numerical analysis of geotechnical 

problems. This software is used to solve various 

geotechnical engineering problems, including the 

simulation of tunnel construction using a TBM (Tunnel 

Boring Machine). Default Plaxis Iterative Concurrent 

Solver, known as Picos (multicore iterative), was 

employed. Picos is a powerful iterative solver that 

effectively solves the system of equations in parallel on 

multicore processors. Typically, it is the quickest 

method to perform calculations (Bringreve et al., 2019). 

The modeling of soil layers was done using the 

advanced HSS. The configuration of the numerical 

model is shown in Figure (5), where the dimensions of 

the model are 100 m in width, 100 m in length and 100 

m in depth. 

The distance from the lateral boundary of the model 

and the distance between the lower bound of the model 

from the top should be taken sufficient. So, the effects 

of the boundaries in the numerical model on the results 

were minimized. The displacement and the stress 

contours in the finite-element software indicate that this 

distance is sufficient (Maleki and Nabizadeh, 2021; 

Maleki et al., 2022; Maleki et al., 2023). 

The 10-node tetrahedral elements’ mesh used in the 

current analysis consists of 183547 nodes and 119078 

elements. The mesh size used was a default medium 

mesh with automatic mesh refinement around the 

structural elements utilizing the enhanced mesh 

refinement feature in Plaxis 3D software (Bringreve et 

al., 2019; Maleki et al., 2019; Rahmani et al., 2022; 

Maleki and Imani, 2022). 

 

 

 

Figure (5): Numerical-model setup and 

3D finite-element mesh 

 

Modeling of the TBM shield and pile caps was 

conducted using plate elements. Piles are modeled using 

embedded beam elements, whereas the linear elastic 

model was used to simulate tunnel lining (Smulders et 

al., 2019). 

To stimulate the soil-structure interaction, interface 

elements were applied. Moreover, the interface 

elements’ decreased strength was applied using a 

strength-reduction factor (Rinter) equal to 0.8. 

Table 1 presents the material properties of TBM 

shield pile caps, piles and tunnel lining (Mocarthy 

Brothers Company, 1984; NAT, 2010; Ayasrah et al., 

2021). 
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Table 1. Properties of the structural elements used in the numerical analysis 

Property Pile Caps Pile TBM Shield Tunnel Lining 

Elasticity modulus E(MPa) 3x104 3x104 2x105 1.4x104 

Unit weight γ (kN/m3) 25 25 247 25 

Poisson’s ratio () 0.15 0.15 0.1 0.1 

Thickness (cm) 112 60 17 40 

 

Hardening Soil Small-model Parameters 

The HS-small model requires ten input parameters as 

follows: 

- Three reference parameters of stiffness at reference 

stress level pref are required, which are: E50
ref for 

triaxial compression, Eoed
ref for oedometer loading 

and Eeur
ref, which is unloading/reloading stiffness for 

triaxial compression. 

- Unloading/reloading Poisson’s ratio (υur). 

- Power (m) for stiffness depending on the stress level. 

- Soil Shear strength parameters (, c and). () 

friction angle, © cohesion and () dilation angle. 

- Small shear strain modulus (Go) 

- The reference shear modulus at very small strains 

(Go
ref) and shear strain (0.7) at which Gs = 0.722Go. 

Small shear strain modulus (Go) is calculated using 

Eq. (1). 

 

- The reference shear modulus at very small strains 

(Go
ref) was estimated using Eq. (2) and shear strain 

(0.7) at which Gs = 0.722Go using Eq. (3). 

 

 

 

 

where: σ1= vertical principal effective stress, σ3= 

horizontal, vertical effective stress, e = initial soil void 

ratio, ko= coefficient of earth pressure at rest, c= 

effective cohesion, = effective angle of shearing 

resistance (Brinkgreve et al., 2019). 

Table 2 shows the soil properties beneath Garage El-

Attaba (Hamza Associates, 2002). 

 

Table 2. Soil properties adopted in the finite-element method analysis 

Soil 

Parameter 

Made 

Ground 
Silty Clay 

Upper 

Sand 

Sand and 

Gravel 

Silty 

Sand 

Lower 

Sand 

Unit weight γ (kN/m3) 17 19.5 19.5 20 19.5 19.5 

Friction angle  (Degree) 27 0 36 41 38 38 

Cohesion (C) kPa 1 111 1 1 1 1 

Dilatancy angle  () 0 0 6 11 8 8 

Poisson’s ratio  υur 0.2 0.2 0.2 0.2 0.2 0.2 

E50
ref   (MPa) 4 27 40 100 70 120 

Eoed
ref   (MPa) 4 27 40 100 70 120 

Eeur
ref   (MPa) 12 81 120 300 210 360 

Go
ref   (MPa) 25 137.5 250 625 437.5 750 

0.7 2x10-4 2x10-4 2x10-4 2x10-4 2x10-4 2x10-4 

 

Numerical Simulation of the Tunnel Construction 

The tunnel construction process is performed by the 

tunnel boring machine (TBM), which is 9.0m long with 

a diameter of 9.15m. 

Each subsequent phase will represent the tunnel 

advancement by 1.5m. The advancement rate of the 
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tunnel was 9.0 m per day. 

To effectively simulate the tunnel construction, the 

following stages are implemented in the numerical-

analysis program: 

1- Initial phase: The generation of the initial stresses 

was performed using the K0 procedure. 

2- Construction of piles and pile caps: The 

construction of piles and pile caps was modeled by 

activating these structural elements.  

3- Applying building loading to pile caps: This stage 

simulates the application of loads to the pile caps. 

The displacements were reset to zero to evaluate the 

impact of tunnel construction on the behaviour of 

piles and pile caps. 

4- Simulation of face excavation of the tunnel (step 

1): In this stage, the simulation of excavation of the 

first 1.5m of the tunnel and application of face 

pressure (a bentonite pressure of the magnitude of 

220 kPa), which is necessary for maintaining the 

excavation stability in front of the TBM machine. 

5- Simulation of advancement of TBM (steps 2 to 6): 

In these steps, the simulation of TBM advancement 

is modeled by applying surface contraction. 

The surface contraction is the application of linear 

surface contraction to simulate the cone part of the TBM 

shield, where the cross-sectional area of the tail of the 

TBM machine is 0.5%, which is smaller than the area in 

front of the TBM machine, as shown in Figure (6). 

Therefore, the reference contraction value (Cref) = 0.5% 

with an increment Cinc,axial (axial incremental contraction 

value) = -0.0667% was applied. 

 

 
 

Figure (6): Schematic view of a TBM machine 

 

 

6- Simulation of applying grouting and jack 

thrusting (step 7): In this step, the application of 

jack force is necessary to continue the tunneling 

process and grouting is modeled. This thrust, with a 

magnitude of 635 kPa, is applied to the tail of the 

TBM machine. 

7- Installation of the final lining ring (step 8): In this 

step, the installation of the lining ring or segment is 

simulated.  

8- Stages (4-7) are repeated to simulate continued 

tunnel excavation until all tunnel segments are 

constructed. 

 

Validation of the Finite-element Model 

As mentioned earlier, the surface settlement at 

specific points around the building was monitored 

during construction. Therefore, field measurement of 

the ground settlement at two points (SSP.B and SSP.F) 

was compared with the ground settlement obtained from 

Plaxis 3D to validate the numerical-model results, as 

shown in Figures (7) and (8). The comparison between 

the results indicated that the numerical results agree with 

the field measurements. 
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Figure (7): The ground settlement at the reference point (SSP.B) relative to the tunnel advancement 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (8): The ground settlement at the reference point (SSP.F) relative to tunnel advancement 

 

Numerical-model Results 

As shown in Figures (7) and (8), the maximum 

calculated settlement from the numerical analysis using 

the HSS model was 10 mm at a distance of 9.4D (D is 

the tunnel diameter) from the point (SSP.B). Moreover, 

the maximum settlement obtained from the numerical 

model was 10.5 mm at a distance of 9.4D from the point 

(SSP.F). Furthermore, the numerical results indicated 

that the ground settlement started to occur when the face 

of the TBM was at a distance of 2.2D from both points 

(SSP.B) and (SSP.F). Then, the settlement increased 

with the tunnel advancement. 

The effects of the tunneling process on the bending 

moment, axial force and lateral defection for pile no. 

1(the closest pile to the tunnel) were investigated.   

Figure (9. a) shows the effect of tunnel construction 

on the lateral deflection for pile no. 1. The numerical 

results indicated that a significant lateral deflection 

occurred along the pile after tunnel construction due to 

soil movement. The lateral deflection was 2.2 mm at the 

pile head. Then, the lateral deflection decreased to 0.6 

mm at a depth of 10 d (d is the pile diameter). 

Subsequently, the lateral deflection increased with 

increasing depth. Moreover, the maximum lateral 

deflection occurred at the pile tip due to the proximity 

of the tunnel to the pile tip. In addition, the soil 

movement is significant at the bottom of the pile. Figure 

(9.b) shows the effect of tunnel construction on the 

bending moment for pile no. 1. The results reflected that 

the bending moment increased significantly after the 

tunnel construction due to soil movement and the 

maximum bending moment occurred at16-m depth. 

Additionally, Figure (9.c) illustrates the axial force 

along pile no. 1 before and after tunnel construction. The 

numerical results reported that the axial force increased 

due to ground movement after tunnel construction. The 

axial force increased at the pile head by about 13%. At 

a depth of 6.0 m, the axial force was equal before and 

after tunnel construction. Afterwards, the axial force 

decreased along the pile and the maximum axial force 
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occurred at the head of the pile.  

According to the numerical-model results, the tunnel 

construction significantly affected the bending 

moments, axial forces and lateral displacement of the 

piles adjacent to the tunnel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (9) (a): Effect of the tunneling process on 

the pile lateral deflection 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (9) (b): Effect of the tunneling process on 

the pile bending moment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (9) (c): Effect of the tunneling process on 

the pile axial force 
 

Sensitivity Analysis 

The sensitivity analysis of the numerical model was 

performed to determine how changes in some 

parameters affect the results of the finite-element model. 

 

Constitutive Models 

The constitutive model is an essential factor 

affecting the accuracy of the numerical-model results. 

Moreover, the mechanical properties of soil can be 

simulated and modeled via various constitutive models 

with different degrees of accuracy. Therefore, the 

Hardening Soil model with small strain (HSS), the 

Hardening Soil model (HS) and the Mohr-Coulomb 

model (MC) were adopted in this analysis to evaluate 

the effect of the constitutive models on the finite-

element results. In the MC model, the strain was divided 

into plastic and elastic portions and the soil behavior 

followed Hooke's law. Hence, the failure contour is 

considered linear elastic and the accuracy of the model 

to simulate the deformation behavior of soil before 

failure occurs is limited (Brinkgreve, 2005). 

In the HS model, the stress depends on the soil 

stiffness. The relation between the deviator stress and 

strain takes a hyperbolic shape. Moreover, the HS model 

contains advanced parameters, such as the reference 

stress for stiffness (Pref), as the soil stiffness changes 

with the stress level. In the MC model, a constant value 

of the elasticity modulus is assumed. According to the 

previous considerations, the HS model is considered an 

advanced model in numerical analysis. 

From Figures (10) and (11), it can be noticed that the 

maximum ground settlement analyzed via the MC 

model was 9.15 mm at a distance of 3.7D (D is the tunnel 

diameter) from the point (SSP.F). Additionally, the 

maximum ground settlement was 8.8 mm at a distance 

of 2.6D m from the point (SSP.B). When simulated 

using the HS model, the maximum ground settlement 

was 21.5 mm at a distance of 5.4D from the point 

(SSP.F). For the point (SSP.B), the maximum ground 

settlement was 20.4 mm at a distance of 4.9D. 

Moreover, the HSS model-based analysis indicated that 

the maximum ground settlement was 10.5 mm at a 

distance of4.9D from the point (SSP.F). For the point 

(SSP.B), the maximum ground settlement was 9.55 mm 

at a distance of 4.9D. According to the field 

observations, the maximum settlement was 12 mm at a 

distance of 5.4D from the point (SSP.F). For the point 

(SSP.B), the maximum ground settlement was 10 mm at 

a distance of 4.9D. 

According to the information mentioned above, the 

analysis via the MC model gives the smallest value of 

ground settlement. Moreover, the analysis via the HS 
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model gives a higher value of ground settlement. 

Additionally, the results obtained from the modeling 

using the HSS model are more realistic and closer to 

field measurements than the results obtained from the 

analysis by the HS and MC models. This result is 

because when a very small strain is applied, the soil is 

considered elastic. Furthermore, soil stiffness decreases 

nonlinearly with increasing strain amplitude 

(Brinkgreve et al., 2012). 

Furthermore, the HSS model is more accurate, 

because it considers more material parameters than the 

HS and MC models. The HSS model contains more 

parameters than the HS model. These parameters are the 

very-small-strain shear modulus (Go), the shear strain 

(γ0.7) where Gs (the secant shear modulus) = 0.7Go and 

the reference shear modulus (Go
ref) at a very small strain. 

The stiffness parameter Go is an important parameter 

showing the initial part of the stress-strain curve 

(Atkinson and Sallfors, 1991). The additional 

parameters accurately describe the change of the soil 

stiffness with the strain, which reflects positively on the 

accuracy of the model results.  

Accordingly, the HSS was selected in this analysis 

rather than the conventional MC and standard HS 

models, because the HSS model gives more accurate 

results, especially for simulating excavation problems 

like the case of tunneling construction. 

 

Figure (10): Effect of the constitutive models on the settlement at the reference point (SSP.B) 

relative to the tunnel advancement 
 

 

Figure (11): Effect of the constitutive models on the settlement at the reference point (SSP.F) 

relative to the tunnel advancement 
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Effect of Pile Position Relative to Tunnel Axis 

This analysis investigated the effect of pile position 

relative to the tunnel axis. The distances between the 

axis of the tunnel and the center of the pile (XP), as well 

as the pile settlement due to tunneling, were determined. 

Figure (12) shows that the pile closest to the tunnel (P1) 

was the most affected pile by the construction of the 

tunnel. Moreover, the effect of the tunnel construction 

decreased by increasing the distance between the tunnel 

and the pile. When Xp=D (D is the tunnel diameter), the 

settlement decreased by about 50% from the maximum 

value. At Xp=1.5D, the settlement decreased by about 

70% from the maximum value. Furthermore, the effect 

of the tunnel construction disappeared at a distance of 

2D. 

 

 

 

 

Figure (12): Effect of pile position relative to tunnel axis on vertical settlement 

 

 

Effect of Pile Spacing 

The building codes stipulate the minimum and 

maximum pile spacing. Generally, the pile spacing (S) 

may vary from 2d to 6d (d is the pile diameter). The pile 

spacing depends on many parameters, such as the soil 

characteristics and the type of piles (Murthy, 2003). The 

optimum spacing between piles to reduce the impact of 

the tunneling process on the adjacent piles was studied. 

The spacing between piles for Garage El-Attaba 

foundations is 1.5m. In this part, the pile spacing (S) was 

varied as follows: 2.5d, 3d and 3.5d. Then, the effects of 

tunnel construction on bending moment, axial force and 

lateral deflection were investigated for each pile spacing 

individually. 

As shown in Figure (13a), the maximum bending 

moment occurred when (S=2.5d) at a depth of 27d, 

where the bending moment increased from 5.18 kN.m to 

77.2 kN.m. Moreover, the maximum axial force at the 

pile head occurred at (S=2.5d), as shown in Figure 

(13b). It is worth noting that the axial force before the 

tunnel construction was compression. After the tunnel 

construction, a tension force was generated on the pile 

at a depth of 23d due to the ground movement. 

Furthermore, the axial force decreased as the pile 

spacing increased. 

Figure (13c) reports that there is no noticeable 

change in the lateral deflection due to the difference in 

pile spacing. Moreover, the maximum lateral deflection 

at the pile head occurred at (S=3d) and the maximum 

lateral deflection at the pile tip occurred at (S=2.5d). 

Figure (14) illustrates the effect of pile spacing on 

the vertical settlement. It can be seen that the vertical 

settlement decreases as the pile spacing increases. 
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Figure (13) (a): Effect of pile spacing on bending moments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (13) (b): Effect of pile spacing on axial force 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (13) (c): Effect of pile spacing on lateral deflection 
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Figure (14): Effect of pile spacing on vertical displacement 

 

 

The numerical-analysis results revealed that as the 

pile spacing increases, the impact of tunnel excavation 

on the piles decreases. This result can be considered 

when designing the pile foundations of the buildings that 

will be constructed near the tracks of the planned metro 

lines in the future, in order to reduce the impact of the 

tunneling process on the pile foundations. 

The reason for this phenomenon is that in close piles, 

a highly compressed area of soil is generated between 

the piles due to the overlapping stresses, as shown in 

Figure (15). Therefore, when the soil moves due to the 

tunneling process, more soil disturbance occurs, 

especially in the compressed area of soil, which further 

affects the behavior of the piles. Moreover, in the case 

of closely spaced piles, the isobar extends to a greater 

distance. 

 

 

Figure (15): Pressure distribution of (a) closely 

spaced and (b) piles far apart (Murthy, 2003) 

 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Based on the analysis results, the following 

conclusions can be drawn: 

1- Numerical results are in good agreement with field 

measurements. 

2- The results obtained from the modeling by the HSS 

model are more realistic and closer to field 

measurement than the results obtained from the 

analysis by the HS and MC models.  

3- The analysis via the MC model gives the least value 

of ground settlement. Moreover, the analysis via the 

HS model gives a higher value of ground settlement. 

4- The effect of the tunnel construction on the 

settlement of adjacent piles nearly vanishes at a 

distance of 2D, where (D) is the tunnel diameter. 

Therefore, it is recommended that the distance 

between the tunnel and the adjacent piles should not 

be less than 2D. 

5- It is recommended to increase the pile spacing to 

reduce the impact of tunnel excavation on adjacent 

pile foundations. 

 

List of Symbols Used in the Study 

Symbol                                     Definition 

HSS                    Hardening soil model with small strain    

HS                      Hardening soil model  

MC                     Mohr-Coulomb soil model   

D                        Tunnel diameter 
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d              Pile diameter  

TBM       Tunnel boring machine      

NAT        National Authority for Tunnels 

Rinter        Strength-reduction factor 

E             Modulus of elasticity 

             Poisson’s ratio 

pref          Reference stress level 

E50
ref            Secant stiffness in standard drained triaxial test 

Eoed
ref      Oedometer modulus 

Eeur
ref          Unloading / reloading stiffness 

υur           Poisson’s ratio for unloading - reloading  

Go
ref        Reference shear modulus at very small strains 

Go           Small-shear strain modulus 

0.7             Shear strain at which Gs = 0.722Go 

c                 Soil cohesion  

                Effective angle of shearing resistance 

1                Major principal stress  

3               Minor principal stress  

eo                Initial soil void ratio 

 ko              Coefficient of earth pressure at rest 

                 Dilatancy angle 

Cref              Reference contraction value 

Cinc,axial        Axial incremental contraction value  

Xp             Horizontal distance between the tunnel and 

the pile 

S                  Piles spacing. 
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