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Numerical investigation of tunnelling effects on existing piles in structured clay
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Tunnel construction may induce ground deformations and affect the adjacent pile foundations. Up to now, few studies have investigated the soil-tunnel-pile interaction in structured clay. In this study, an anisotropic structured clay model is implemented in the finitedifference code FLAC 3D to investigate the effects of tunnelling on existing piles in structured clay. The model is first calibrated based on the oedometer and undrained triaxial test results for Shanghai structured clay. Then the finite difference model and the modelling procedure are introduced and validated by simulating the centrifuge model tests of tunnelling adjacent to piles in remoulded kaolin clay. Thereafter, influences of clay anisotropy and structure on the existing

piles due to tunnelling are investigated using the calibrated parameters for Shanghai structured clay. It is observed that the influence of clay structure on the shape of the deflection and bending moment of the pile is not significant. However, the introduction of the anisotropy and the adhesive mean stress may reduce the ground settlement while increasing the lateral soil movement at the tunnel axis depth, whereas the introduction of the bonding ratio may have the opposite effect. Moreover, introducing both the anisotropy and the soil structure will lead to the increase of pile moment.

tunnelling on existing piles in structured clay have been rarely reported, which may be due to the difficulties in the preparation of structured clay samples in the model tests. Meanwhile, in terms of numerical studies, the commonly used numerical analysis programmes for geotechnical engineering (such as FLAC, PLAXIS, ZSOIL, etc.) do not contain any built-in structured clay constitutive models, the effects of tunnelling on existing piles in structured clay are therefore not well understood.

Recently, some constitutive models that can capture the features of the structured soil have been proposed [START_REF] Huang | Simulation of yielding and stress-stain behavior of shanghai soft clay[END_REF][START_REF] Liu | A structured Cam Clay model[END_REF][START_REF] Wheeler | An anisotropic elastoplastic model for soft clays[END_REF][START_REF] Yang | Numerical analysis for the role of soil properties to the load transfer in clay foundation due to the traffic load of the metro tunnel[END_REF][START_REF] Yin | An anisotropic elasticviscoplastic model for soft clays[END_REF][START_REF] Yin | Modeling Time-Dependent Behavior of Soft Sensitive Clay[END_REF], which made it possible to numerically investigate the effects of tunnelling on existing piles. In this study, an anisotropic structured clay model (ASCM) is briefly presented and improved by introducing three degrees of disturbance for clay anisotropy and structure. It is implemented into the finite difference programme FLAC 3D through a user-defined constitutive model platform using the coding language of C++. Then, a series of undrained triaxial tests and an oedometer test on Shanghai structured clay are simulated to calibrate the ASCM model parameters. Thereafter, by using the user-defined ASCM model in FLAC 3D , the finite difference model and the modelling procedure for simulating tunnelling effects on existing piles are introduced and validated by modelling the centrifuge model tests of tunnelling adjacent to piles in remoulded kaolin clay performed by N. [START_REF] Loganathan | Centrifuge model testing of tunnellinginduced ground and pile deformations[END_REF]. On this basis, the influences of soil anisotropy and structure on soil-tunnel-pile interaction are further investigated using the validated 3D finite difference model.

Implementation of ASCM into FLAC 3D

Introduction of Anisotropic Structured Clay Model -ASCM

In this study, the Anisotropic Structured Clay Model (ASCM) proposed by [START_REF] Yang | Numerical analysis for the role of soil properties to the load transfer in clay foundation due to the traffic load of the metro tunnel[END_REF] has been adopted and improved by introducing three degrees of disturbance of clay anisotropy and structure. The model was developed under the framework of critical state concept and bounding surface plasticity.

The main constitutive equations can be found in the Appendix. The parameters of the ASCM model can be calibrated from triaxial and oedometer tests, and are mainly divided into three groups:

(1) The Modified Cam-Clay (MCC) analogous parameters (λ, κ, Mc, υ) and the initial state parameters (pc0, e0) can be determined from conventional triaxial and oedometer tests. pc0 can be replaced by the pre-overburden pressure (POP).

(2) The structured parameters (ξ, ξd, ξb) and initial state parameters (χ0, pb0) can be determined by comparing triaxial compression and one-dimensional compression tests.

(3) The parameters for plastic modulus (kp) can be obtained by best fitting the experimental results of triaxial compression tests on over-consolidated clay.

If χ0 = pb0 =0, the ASCM model degenerates to the S-Clay1 model [START_REF] Wheeler | An anisotropic elastoplastic model for soft clays[END_REF]. If 

Model implementation in FLAC 3D

The ASCM model has been implemented in the finite difference code FLAC 3D (Itasca Consulting Group Inc., 2018), through a compiled DLL file. The general calculation cycle with a user-defined constitutive model in FLAC 3D is shown in Figure 1. This procedure first invokes the equations of motion to derive new velocities and displacements from stresses and forces.

Then, strain rates are derived from velocities. Thereafter, it is the role of the compiled DLL file to update the effective stress, the state variables and the hardening parameters, given their old set of values and the applied strain rates.

Figure 1 General calculation cycle with a user-defined constitutive model in FLAC 3D

The foregoing procedure is code-related and will not be elaborated further. What is not coderelated is the stress integration scheme employed ASCM model. Figure 1 In this study, the explicit algorithm has been adopted for plastic correction. The detailed stress integration scheme and main steps of member function run() are as follows: 
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, the updated stress point is outside the yield surface, stress correction should be performed as follows:

① The consistency principle of the elastoplastic theory was adopted to calculate the plastic multiplier ( ): ④ Update hardening parameters by: ............................................................................................................ (4) ⑤ Update mapping coefficient by: 
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Model calibration for Shanghai structured clay

The model parameters for Shanghai structured clay are calibrated based on the oedometer test and the undrained triaxial test results carried out by [START_REF] Huang | Simulation of yielding and stress-stain behavior of shanghai soft clay[END_REF] 1) and used to predict the behaviours of anisotropically consolidated specimens (K0 = 0.6) under triaxial loadings. The numerical results obtained by using the ASCM model are compared with those of the MCC model. 

Model parameters

The kaolin clay was modelled by the implemented ASCM model with parameters summarized in Table 2. The parameters for clay are adopted from [START_REF] Divall | Ground movements associated with twin-tunnel construction in clay[END_REF] except for the preoverburden pressure (POP), which is deduced based on the undrained shear strength of the tested kaolin clay.

Figure 7 shows the undrained shear strength measured by the vane shear tests immediately after the three centrifuge model tests and that computed by undrained triaxial tests simulation by FLAC 3D with parameters in Table 2. In the undrained triaxial tests simulation, the initial stress corresponds to the initial stress state at different depths of the clay foundation with the preoverburden pressure (POP) equal to 600 kPa. However, it was found that the computed undrained shear strength with POP equal to 600 kPa was significantly greater than the shear strength measured in the centrifuge model test. According to N. [START_REF] Loganathan | Centrifuge model testing of tunnellinginduced ground and pile deformations[END_REF], the discrepancy was due to the disturbances of clay during the model set-up, including the swelling of the clay, cylindrical cavity excavation of the model tunnel, the pile installation, etc. Besides, the kaolin soil experienced a complex stress path, including the consolidation under constant pressure (600 kPa) at 1g condition and then the consolidation under self-weight at 100g centrifuge acceleration. By carrying out a back analysis, it was found that the computed undrained shear strength could match well with the measurements when POP was set to 300 kPa. The structural pile element inherent in FLAC 3D was used to simulate the piles, which were modelled as elastic material with Young's modulus of 30 GPa and Poisson's ratio of 0.25. The diameter of the circular concrete piles is 0.8 m. The brick elements for pile loads (zone A and zone B) that played the role of pile cap were assumed to be linear elastic with Young's modulus of 70 GPa and Poisson's ratio of 0.2. All piles were assumed to be rigidly connected to zone A or zone B.

The interaction between piles and soil was defined by the normal and shear coupling springs, which is cohesive and frictional in nature. According to (N. [START_REF] Loganathan | Ground and Pile-Group Responses Due to Tunnelling[END_REF]), the pile-soil interface has a friction of φi = 0, and cohesive strength of ci = 75 kPa.

Therefore, the friction angle of the coupling spring is 0, and the normal and shear coupling spring cohesion per unit length is 188.4 kN/m. The coupling spring stiffness can be set to ten times the equivalent stiffness of the stiffest neighbouring zone (Itasca Consulting Group Inc., 2018). Therefore, the normal and shear coupling spring stiffness per unit length of the pile can be calculated by using Equation ( 6): Figure 8 shows the non-uniform boundary contraction [START_REF] Lee | Subsidence owing to tunnelling. I. Estimating the gap parameter[END_REF] due to ground loss during tunnelling. The maximum inward displacement of the excavated surface (δmax) appears at the tunnel crown, and zero displacement occurs at the invert. The non-uniform inward displacement can be calculated as:

( ) where R0 is the radius of the converged surface, R is the radius of excavated surface, θ is the angle of the polar coordinate system with the origin located at the centre of excavation; Δ is the distance between excavation centre and convergence centre. Table 3 summarizes the parameters of the non-uniform boundary contraction for simulating the 1.0% equivalent ground loss. The application of the non-uniform inward displacement was achieved by a function written in FISH language embedded in FLAC 3D . 
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Numerical results

In this section, the ground and pile deformations measured from the centrifuge tests are compared and discussed with the numerical simulation results in terms of prototype units.

Figure 9 shows the measured and computed ground surface settlement induced by tunnelling.

It can be seen that the ground surface deforms like a "V". The maximum settlement is located at the vertical axis of the tunnel and decreases slightly with the increase of the tunnel buried depth. For the cases of H = 18 m and 21 m, the computed profiles of ground surface settlement using the ASCM model agree reasonably well with the measurements. In the case of H = 15 m, the computed surface settlement at the tunnel centre-line is relatively smaller than the measurements. This is because the measured results for planned 1.0% ground loss for the case of H = 15 m were obtained by linear interpolation of other ground loss results, due to the leakage of silicone oil from the model tunnel during the consolidation spin, which caused the initial diameter of the model tunnel to be reduced (N. [START_REF] Loganathan | Centrifuge model testing of tunnellinginduced ground and pile deformations[END_REF]. 

Analysis of tunnelling in Shanghai structured clay

In this section, the influences of clay anisotropy and structure on the existing piles due to tunnelling are investigated using the calibrated parameters of Shanghai structured clay.

Numerical results

Figure 13 shows the bending moment profiles of the piles induced by tunnelling at different depths in Shanghai structured clay. Positive and negative bending moments denote the pile bends towards and away from the tunnel, respectively. As shown in Figure 13, the bending moment profiles of the single pile are similar to those of the front pile. For the rear pile which is relatively far away from the tunnel, the maximum bending moments are smaller than those of the single and front piles. ground loss, while the induced maximum disturbance degrees of the adhesive mean stress and the bonding ratio are about 3.0% and 8.5%, respectively. Moreover, it is observed that the tunnel depth has a relatively small effect on the magnitude and distribution of the three disturbance degrees. Figure 18 shows the simulated plastic deviator strain contours induced by tunnelling. Figure 19 and Figure 20 show the ground surface and subsurface settlements, respectively. It can be seen that, compared with the isotropic ground, the introduction of anisotropy decreases the maximum plastic deviator strain, and the ground surface and subsurface settlement. This is because the inclined bounding surface of the anisotropic ASCM model increases the peak shear strength of the soil. The introduction of χ and pb means the soil is structured clay. The presents of bonding ratio χ indicate that the bounding surface will shrink due to the structural deterioration caused by the disturbance of tunnelling. As a result, the maximum plastic deviator strain, and the ground surface and subsurface settlements are the largest when the bonding ratio χ is considered. The existence of the adhesive mean stress (pb) will cause the bounding surface to expand, making the soil more difficult to yield stress, leading to a decrease of the maximum plastic deviator strain, and the ground surface and subsurface settlements. Figure 22 shows the tunnelling-induced lateral movements of the piles. The introduction of anisotropy leads to a slight increase in the lateral movement at the pile bottom, while the introduction of χ significantly reduces the lateral movements of the piles, especially at the upper pile shaft above the tunnel axis where the reduction reaches up to a maximum of about 30%.

The presence of pb reduces slightly the lateral movement at the top of the single pile, while for the front pile and the rear pile, the introduction of pb increases the lateral movement of the pile shaft above the tunnel axis. Overall, the introduction of the anisotropy, the bonding ratio, and the adhesive mean stress may lead to an increase in the deflection unevenness of the piles. Figure 23 shows the tunnelling-induced bending moments along the piles. The influence of the anisotropy and the structure of soil on the tunnelling-induced bending moments of the piles corresponds to the deflection of the piles. For the single pile and the front pile, the introduction of the anisotropy and the structure of soil makes the maximum bending moment increase to a maximum of about 60%, while for the rear pile, the influence of soil anisotropy and structure is less significant because the rear pile is relatively far away from the tunnel. The following conclusions can therefore be drawn:

(1) The tunnelling-induced bending moments of piles depend on the relative position of the tunnel and the piles. If the depth of the tunnel is equal to or greater than the pile length, the single and front piles bend away from the tunnel, the absolute maximum bending moments are located in the mid-depth of the pile shaft. While for the case where the tunnel is constructed within the depth of piles, the maximum bending moment is located at the depth of the tunnel due to the tunnelling-induced stress-release. For the studied tunnelling in Shanghai structured clay, the maximum bending moments of the single and front piles are increased from 35 kN•m to 100 kN•m when the depth of tunnel is changed from 3 m below the pile tip to 3 m above the pile tip.

(2) In terms of the influences of the anisotropy and the soil structure on the response of tunnelling, in general, the introduction of the anisotropy, the bonding ratio and the adhesive mean stress will lead to the increase of the plastic deviator strain and the maximum vertical and horizontal movements of the ground responses. For the analysed tunnelling in Shanghai structured clay, compared to the results of the isotropic MCC model, the consideration of soil anisotropy and structure leads to an increase of ground surface settlement and maximum lateral soil movement to a maximum of 9% and 14% respectively. The neglect of soil structure will underestimate the ground movement in engineering practice.

(3) The introduction of the anisotropy, the bonding ratio, and the adhesive mean stress may lead to an increase in the deflection unevenness and the bending moment of the piles. For the analysed tunnelling in Shanghai structured clay where the tunnel depth is smaller than the pile length, compared to the results in reconstituted Shanghai structured clay, the introduction of the anisotropy and the structure of soil makes the maximum bending moment increase to a maximum of about 60%. These numerical results could serve as a reference to update the specifications for design and construction to mitigate and prevent the risks.

where The bounding surface considering the structure of soil can be expressed as follows: (2) Rotational/anisotropic hardening For K0-consolidated reconstituted soils, the initial anisotropy 0 K  can be calculated as follows [START_REF] Wheeler | An anisotropic elastoplastic model for soft clays[END_REF]: The rotational hardening law that considers the adhesive mean stress ( b p ) of soil, is expressed as follows: (3)
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Adhesive mean stress hardening law

The cementation between natural clay particles makes the soil show adhesive mean stress, pb, which will be reduced as a result of the structural deterioration of soils caused by plastic strains: The degree of structure disturbance on the bonding ratio ( c R ) is introduced to describe the progressive structural deterioration relating to the bonding ratio: 

Figure captions

  the ASCM model degenerates to the MCC model. It should be noted that, due to the measurement error and the discrepancies of experimental results, the parameters are not easy to be quantified accurately by the standard way. Another efficient procedure for parameter identification is to apply the recently developed optimisation methods (Y.-F. Jin, Yin, Zhou, & Huang, 2019; Y. F. Jin, Yin, Shen, & Hicher, 2016; Z.-Y. Yin, Jin, Shen, & Huang, 2017; Z. Y. Yin, Jin, Shen, & Hicher, 2018) or Bayesian-based methods (Y.-F. Jin, Yin, Zhou, & Horpibulsuk, 2019; Y. F. Jin, Yin, Zhou, & Shao, 2019).

  also shows the detailed user development process of the ASCM model. Material parameter assignment and reading is achieved through three member functions: getProperties(), getProperty() and setProperty(). The member function getProperties() returns a string containing the names of model properties. The getProperty() returns a value for the model property of sequence number n previously defined by a getProperties() call, with n=1 denoting the first property. The setProperty() is used to set the value of dVal supplied by the call comes from a FLAC 3D command of the form PROP name=dVal. The member function of initialize() is used to perform the initialization of constitutive model property or state variables. The initialize() function is called once for each full zone when the FLAC 3D CYCLE command is given. The member function run() is to compute new stresses from strain increments with updating state variables. Within each calculation cycle or step, the run() function is called by FLAC 3D ten times (once for each subzone) for each hexahedral zone, which is internally discretized into 2 overlays.
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 2 Figure 2 to Figure 4 present the comparison between the results of the ASCM model, MCC model and the experimental data for the oedometer test and undrained triaxial tests on Shanghai structured clay. It can be seen that the implemented ASCM model can well reproduce the difference in compression characteristics before and after the damage of soil structure. The predicted effective stress paths converge towards the critical state line, and the characters of high stiffness and strain softening for structured clay are also well reflected by the implemented ASCM model, whereas the prediction of the MCC model for structured clay was less satisfactory.

FigureFigure 3 Figure 4 Figure 5 Figure 6 Figure 6

 34566 Figure 2 Simulation of oedometer test on Shanghai clay
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 7 Figure 7 Measured and computed undrained shear strength profiles of the clay

  ................................................................................................ (6)where kn and ks are the normal and shear coupling spring stiffness per unit length, respectively; K and G are the bulk modulus and shear modulus of the kaolin clay in this study; Δzmin = 0.625 m is the smallest dimension of an adjoining zone in the normal direction; d= 2.512 m is the perimeter of the pile. The 'max[ ]' notation indicates the maximum value overall zones adjacent to the pile. Therefore, kn = ks = 493 MPa were obtained and used in this study.4.4. Modelling procedureThe numerical simulation procedures were the same as the centrifuge tests: (1) Define the material properties of the numerical model; (2) Initiate the boundary and initial stress conditions, and the initial equilibrium state; (3) Activate the piles and the pile loads on top of the piles, and calculate to the equilibrium state; (4) Simulate tunnel excavation by deactivating the elements in the tunnel and stepping the solution of non-uniform boundary contraction.
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 8 Figure 8 Non-uniform boundary contraction model
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 9101112 Figure 9 Measured and computed ground surface settlement induced by tunnelling for different tunnel buried depths
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 13 Figure 13 Bending moments of piles induced by tunnelling in Shanghai structured clay
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 1414 Figure14shows the simulated plastic deviator strain contours induced by tunnelling at different depths in Shanghai structured clay. It can be seen that the distribution and magnitude of the plastic deviator strain for different tunnel buried depths are similar. The maximum plastic deviator strains corresponding to H = 15, 18 and 21 m are 1.45%, 1.28% and 1.21%, respectively. The maximum plastic deviator strain occurs at the shoulders on both sides of the tunnel crown and extends to the pile tips on both sides of the tunnel.
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 1617 Figure 15 Contours of structural disturbance degrees of the anisotropy (Ra) induced by tunnelling in Shanghai structured clay
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 192021 Figure 18 Tunnelling-induced plastic deviator strain contours of the ground considering: (a) Isotropic ASCM; (b) Anisotropic ASCM; (c) Anisotropic structure ASCM (χ); (d) Anisotropic structure ASCM (χ, pb)

  Figure 22 Influences of the anisotropy and the soil structure on tunnelling-induced lateral movements of the piles

  Figure 23 Influences of the anisotropy and the soil structure on tunnelling-induced bending moments of the piles
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   .................... (A2) where p and ij s are the mean effective and deviatoric stress tensors, respectively, and the bar indicates that these variables are related to the bounding surface; M is the slope of the critical state line in triaxial space, which is related to the Lode angle θ, and the critical state stress ratio for triaxial compression Mc and extension Me in pq -stress space; c  is the friction angle with pci, αij, pb and χ are hardening related parameters accounting for the effects of preconsolidation, anisotropy, adhesive stress and bonding of clay: pci reflecting the effect of preconsolidation controls the size of the yield surface according to the plastic volumetric strain rate p v ....................................................................................................... (A3) where λ and κ are the slope of the normal compression line and the slope of the swelling line in the log ' p e -space.
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   ...........................................  is the absolute rotation rate of the yield surface, and d is the rotation rate of the yield surface related to the deviatoric plastic strain.  and d  can be expressed as follows(Wheeler, Näätänen, Karstunen, & Lojander, 2003; Yang, Yin, Liu, & Gao, 2020; Z.-Y. Yin, Chang, Karstunen, & Hicher, 2010; Z.-Y. Yin, Karstunen, Chang, Koskinen, & Lojander, 2011): ......................................................................................... (A6) ............................................................................................ (A7) The degree of disturbance on the fabric anisotropy ( a R ) is defined as follows: ............................................................................................................ (A8) where α is a model parameter controlling the plastic deviatoric strain effect of the fabric anisotropy to the plastic deviatoric strain p d  , and can be determined by the relation α

  .......................................................................................................... (A9) where b0 p is the initial value of b p , and b  is a model parameter controlling the degradation rate of the adhesive mean stress related to the plastic deviatoric strain p d  . The degree of structure disturbance on the adhesive mean stress ( b R ) is introduced to describe the progressive structural disturbance relating to the adhesive mean stress: ........................................................................................................ (A10) (4) Bonding ratio hardening law The bonding ratio  , which represents the size of the bounding surface relative to the intrinsic yield surface, is used to control the progressive structural deterioration of soils: ...................................................................... (A11)where c p and ci p are the sizes of the bounding surface and the intrinsic yield surface, respectively.  and d  are model parameters controlling the degradation rate of the soil structure related to the plastic volumetric strain increment p v  and the plastic deviatoric strain increment p d  .

  ........................................................................................ (A12) For naturally deposited clays, the initial size of the bounding surface c0 p and the intrinsic yield surface ci0 p varies with depth and can be determined by .................................................................................. ................................................................................................................... and vertical effective stress that varies with depth.
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  on Shanghai structured clay. A numerical model of one zone cube with 1.0 m in dimension was established by FLAC 3D for model calibration for Shanghai structured clay. By applying optimization-based methods (Z.-Y. Yin, Jin, Shen, & Huang, 2017), the material parameters for Shanghai clay are calibrated from the oedometer test and isotropically consolidated undrained triaxial tests (shown in Table

Table 1 Model parameters for Shanghai clay

 1 

	λ	κ	Mc pc0 / kPa e0	υ	χ0	ξ	ξd pb0 / kPa ξb POP / kPa
	0.17 0.036 1.04	69.0	1.37 0.25	4.8	11.0 0.32	18.5	2.0	24.6

Table 2 Material properties of the foundation Description

 2 

Parameter

Saturated unit weight (kN•m -3 ): sat

Table 3 Parameters of the non-uniform boundary contraction model

 3 

	R / m	R0 / m	δmax / m	Δ / m
	3.0	2.9850	0.030	0.0150

  υ, E and K are Poisson's ratio, Young's modulus and bulk modulus; ij   , p are the effective stress tensor and the mean effective stress; ij  is Kronecker's delta, κ is the slope of the swelling line, e0 is the initial void ratio. b

	p and		ci0 p	are related to the clay structure.
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Appendix: Anisotropic Structured Clay Model

The linear mapping rule (Y. [START_REF] Dafalias | Bounding surface formulation of soil plasticity[END_REF] between the current stress ij The plastic strain inside the bounding surface can be determined as [START_REF] Manzari | On implicit integration of bounding surface plasticity models[END_REF]: where p K and p K are the plastic modulus of the current loading surface and the bounding surface, respectively. The plastic modulus is represented by the distance between the current stress state and its projection on the bounding surface (Y. F. [START_REF] Dafalias | Bounding Surface Plasticity. I: Mathematical Foundation and Hypoplasticity[END_REF]: