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Appendix A. List of symbols 

A: cross-sectional area 

D: diameter of existing shield tunnel/pipeline 

EI: bending stiffness of beam 

Es: soil elastic modulus 

e1(x): virtual pressure for modeling shearing dislocation of joints 

e2(x): virtual pressure for modeling bending opening of joints 

F1: concentrated force exerting at joints 

GA: shear stiffness of beam 

H(x–xj): Heaviside step function 

I: second moment of inertia 

i: settlement trough width 

k: coefficient of subgrade reaction 

L: overall length 

l: length of difference nodes 

ls: width of each segmental ring 

M2: a pair of couples applied at joints 

M(x): bending moment of beam 

Me(x): virtual bending moment induced by virtual pressures 

Mj(x): bending moment of longitudinal joint 

Q(x): shear force of beam 

Qe(x): virtual shear force induced by virtual pressures 

Qj(x): shear force of longitudinal joint 

q(x): additional pressure exerting on Timoshenko beam 

r: radius of tunnel 

s(x): tunneling-induced subsurface settlement 

smax: maximum subsurface settlement 

Vl: new tunneling-induced volume loss 

w(x): deflection of Timoshenko beam 

xj: location of longitudinal joint 

Z0: buried depth of new tunnel 

zp: buried depth of pipeline 

α: coefficient of shearing stiffness reduction 

β: coefficient of bending stiffness reduction 

∆θ: relative rotation angle 

∆δ: relative dislocation 

δ' (x–xj): first-order derivative of Dirac delta function 

δ" (x–xj): second-order derivative of Dirac delta function 
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ψ: neutral-axis angle 

μ: soil Poisson's ratio 

 

Appendix B. Detailed expressions of equations, matrices, and vectors 

The finite differential forms of virtual pressures e1(x) and e2(x) are as follows. 
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The finite differential form of the governing differential equation is as follows. 
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(B.2) 

No virtual pressure, e1(x) or e2(x), was observed at the two ends of the shield tunnel. The four virtual 

nodes (w-2, w-1, wn+1, and wn+2) at each end of the tunnel were obtained because the boundary condition 

ensured that both the bending moments and shear forces were zero. 
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The matrices and vectors in Eq. (20) are presented below. 
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where [D11], [D12], [D13], [D21], and [D22] are the stiffness matrices of the longitudinal joints. Considering 

an existing structure with multiple longitudinal joints, [E11], [E12], [QE1], [E21], [E22], and [QE2] will 

feature several [D11], [D12], [D13], [D21], and [D22] at the positive diagonal lines, respectively. 


