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Abstract

:

Featured Application


This study could provide a shield lining joint leakage calculation and analysis model.




Abstract


Understanding the underlying processes of lining joint leakage is essential for predicting its waterproofing performance, improving the design, and assessing its operational health in shield tunnels. There is little literature reported on a leakage model that can reflect various influencing factors. This article introduced an analytical method for predicting joint leakage based on recently developed multi-scale contact mechanics: the Persson model. In addition, the critical leakage state and the self-sealing effect were defined, and an approach to calculate the critical leakage pressure, as well as self-sealing stress, were deduced. Then, taking the second Dapu Road Tunnel in Shanghai as a case study, the influence of various factors, including the gap and offset of joints, the roughness of sealing materials, the service time, and groundwater pressure on the lining joint leakage, was calculated. The applicability of the model was verified by comparing the calculated results with the experimental data and monitoring data in the literature. This research could contribute to understanding the development process of seepage in sealing engineering and provide a reference for waterproof design and the performance assessment of shield tunnels’ lining joints.
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1. Introduction


Leakage often occurs in operating tunnels due to the aging of sealing materials of tunnels’ lining joints [1,2,3,4,5,6]. Historically, leakages mainly start from joints of lining segments in tunnels supported by impervious concrete lining segments, since the whole tunnel lining consists of numerous longitudinal and circumferential joints, particularly, almost more than 90% occurs in circumferential joints [5,6]. Once leakage develops, surrounding soils of a tunnel can be eroded by leakages of water, which leads to tunnel deformation and further exaggerated leakages [7,8]. Consequently, continuous leakages have a significant potential impact on the operation of tunnels, which is especially adverse to the electrical equipment in it. Since leakages often happen at points of lining segments joints and have significant potential damage, the sealing and waterproofing capacity between joints of lining segments has attracted the extensive attention of researchers [6,9,10].



In the past decades, some scholars have focused on the sealing performance of shield joints [11,12,13,14,15,16,17], having experimentally investigated the waterproof and mechanical properties of shield joints. Gong and Ding [18] presented a method to predict the water-leakage pressure of segmental joints in shield tunnels using a finite element solver. Meanwhile, a series of researches [5,6,10,19,20] were conducted on tunnel leakage and its induced hazards. All of those studies, to some extent, brought insights into the mechanisms that control the sealing performance of materials between joints, and presented hazards due to leakages through in-situ monitoring and numerical simulation. However, an analytical approach to describe the water -leakage failure process and reflect the main influencing factors of gasketed joint leakage is rarely reported.



In order to understand the underlying process of shield joint leakage and the influential law of factors on it, a recently developed multi-scale contact mechanical model (the Persson model) was introduced to predict the leakage of shield lining joints. The model can reflect the joint gap (i.e., contact stress) and the offset (i.e., the length of the leak path), the service time (i.e., rheological properties of sealing materials), the roughness of sealing materials, and groundwater pressure in its parameters. Then, the model was developed to derive the calculation process of the self-sealing stress and critical leakage pressure of the sealing interface. Then, the mathematical model was applied to study the case of the second Dapu Road Tunnel in Shanghai. Finally, the affecting degrees of factors were evaluated and arranged, and the application conditions, advantages and disadvantages of this computed model were also elaborated.




2. Leakage Model of Shield Joints Based on the Persson Model


A mathematical model to describe the leakage of shield joints must contain parameters that at least can reflect the influencing factors, including the joint gap, the joint offset, the contact surface roughness, and the service time. The method explored here is adequate. This section initially describes the influencing factors of shield joints and then introduces the process of calculating the average interfacial separation using the Persson model. It then defines the critical leakage state and the self-sealing effect, as well as deduces the solution of critical leakage pressure and the self-sealing stress. Finally, the size of the percolation channel is calculated through the above process, and further the leakage is obtained by Navier-Stokes equations (N-S equations).



2.1. Influencing Factors of Shield Joints


2.1.1. Configuration of Shield Joints


The lining of a shield tunnel is composed of prefabricated reinforced concrete segments linked by high-strength bolts. Its joints seal is achieved by ethylene-propylene-diene monomer (EPDM) gaskets around the segments. An EPDM gasket is the primary component of the waterproof structure of shield joints. Under assembly pressure, a rubber gasket deforms greatly and provides a great elastic restoring force, so as to be squeezed to fill the uneven contact surface and block the seepage channel of groundwater. The lining segments and the joint configurations are shown in Figure 1.




2.1.2. Sealing Principle and Influencing Factors of Shield Joint Leakage


EPDM gaskets are affixed to grooves on lining segments by a waterproof sealant (Figure 2), so leakages may occur only in-between the area where a pair of gaskets contact each other, on the premise that the sealant-affixed areas are impermeable. Under assembly forces, the EPDM gaskets are compressed and undergo large deformations. Since it has properties of rubber with the ability of resilience, in a pair of gaskets, both of them tend to recover, which generates an elastic restoring force that presses the opposite gasket and generates contact stress, leading to close contact with each other. Consequently, the surfaces of gaskets that are rough on the microscale are squeezed and become even and smooth, which limits the development of potential leaking channels and achieves the goal of sealing. The contact pressure is inevitably affected by assembly errors during the construction. According to the GB50446—2017 “Code for construction and acceptance of shield tunnelling method”, there is usually an allowable assembly error of less than 6 mm for subway tunnels [21].



As noted above, the better sealing performance is achieved by squeezing EPDM gaskets to make the contact surface more compact. However, many factors could cause the poorer performance of joint sealing, such as deformation of the tunnel structure and relaxation or aging of EPDM gaskets. The joint gap and offset between lining segments caused by a poor assemblage or tunnel deformation (from the change of geology condition, all kinds of loads above the tunnel and ongoing surrounding construction), will change the contact stress and contact area of the sealing interface and further affect the sealing performance. The relaxation or aging of EPDM gaskets over the service time will cause some asperities on the sealing interface to show up again and further form new percolation channels. Additionally, for an underground sealing project, the roughness of contact surfaces and groundwater pressure will also influence leakage.



The geometry and stress distribution of the sealing interface are determined by the roughness of the contact surface, and their expression under stress can be given by the Persson model [22,23,24,25,26].





2.2. Persson Model


The Persson model is a multi-scale contact model that describes the contact mechanics of contact interfaces. The force-deformation correlation of sealing interfaces can be clarified by using it; then, the topography of contact interfacing asperities that characterize the percolation channel is obtained.



2.2.1. Magnification and Actual Contact Area


As shown in Figure 3, on a magnification, for two surfaces that are close contact with each other, the actual contact occurs only at some randomly distributed asperities, while the observed contact length (L) is large. Those uncontacted regions provide a possibility for the formation of leak channels. The magnification is then defined as the ratio of the observed contact length (L) to the length of the asperity wavelength (λ), as shown by Equation (1):


   ζ = L  / λ  



(1)







The definition of magnification shows that, if it is the smallest, ζ = 1, the two surfaces appear to be fully attached and as it increases, fine asperities will emerge, as well as the more non-contact region. Further, on magnification ζ, if the actual contact area is A(ζ) and the observed contact region is    A 0    when ζ = 1, the relative contact area fraction is defined by:


   P ( ζ ) = A ( ζ )  /  A 0   



(2)







Then, there are   ζ ≥ 1 ,    P ( 1 ) = 1   .




2.2.2. The Equivalent Value of the Modulus


According to the contact mechanics, for the frictionless contact between two rough elastic surfaces, the contact stresses (stresses on the contact area and adjacent area) are only related to the interfacial topography between them before loading [27,28]. Moreover, contact mechanics between two rough elastic surfaces can be simplified to contact between one perfectly smooth elastic surface and one rough, rigid surface (shown in Figure 4).



As shown in Figure 4, the upper part of the figure is a rough, rigid body and the lower portion is a perfectly smooth elastic surface. When not subjected to compressive stress, the average interfacial separation of the contact interface is    u 0   . When the squeezing pressure is p, it becomes   u ¯  . The equivalent elastic modulus E* of contacted surfaces can be calculated from Equation (3) [29,30]:


     (  1 −  v 2   )     E *    =    (  1 −  v 1 2   )     E 1    +    (  1 −  v 2 2   )     E 2     



(3)




where    E   1         and   E   2    are the elastic moduli of the two contact faces, respectively, and    v 1       and   v   2    are the respective Poisson’s ratios.



After simplification, the contact mechanics will be achieved via two steps, the characterization of roughness (topography) of the rough-rigid surface then the calculation of deformation of the perfectly smooth elastic surface. See the detailed procedure in Persson’s paper [23,31].




2.2.3. Characterization of Roughness


For a randomly rough surface, the surface topography is determined by the height autocorrelation function of asperities and is characterized by the surface roughness power spectrum    C ( q )    which is the Fourier transformation of the autocorrelation function [23]:


  C ( q ) =  1    ( 2 π )  2      ∫   〈  h (  x  ) h (  0  )  〉   e   − i   q x        d 2  x  



(4)




where   h  ( x )  h  ( 0 )    represents an autocorrelation function of the surface profiles.  q  is the wavevector, and its modulus value    q =   | q |    is an integer multiple of    2 π  / L  .



It is assumed that the substrate surface roughness is the self-affine fractal for    q 0     < q < q   1   , and    C ( q )    can be obtained as [23]:


  C  ( q )  =  H π     〈   h 2   〉     q 0 2       (   q   q 0     )    − 2  (  H + 1  )     



(5)




where H is the roughness exponent and related to the fractal dimension Df: H = 3 − Df;    q 0    represents the minimum surface fluctuation frequency, and the mean of the square of the contact surface height profile,   〈  h 2  〉 =   〈   h  r m s  2   〉. All of them can be obtained through the AFM (atomic force microscope) tests [32].




2.2.4. Average Interfacial Separation


The size of the leakage channel, which represents the sealing performance, is directly reflected by the average interfacial separation. When being pressed, the average interfacial separation will decrease, and so does the non-contact region, which further reduces the chance of penetration of the leak channel. The sealing gaskets are made of EPDM rubber, so it can be considered that the sealing material undergoes only elastic deformation when being pressed.



The relationship of the average interfacial separation   u ¯   and squeezing pressure on them can be correlated via the elastic potential energy and can be calculated as Equation (6). The detailed derivation procedure can be obtained in Persson’s papers [23,25,31].


     u ¯  =  π     ∫   q 0     q 1      q 2     C  ( q )  w  ( q )  d q     ×    ∫  p  ( ζ )   ∞    1  p ′    [  γ + 3  (  1 − γ  )   P  p ′  2   ( q )   ]      e  −    [    w  ( q )   p ′   /   E *     ]   2    d  p ′     



(6)




where    P p   ( q )    represents the relative area fraction of the contact surface under the compressive stress p and at the magnification   ζ = q /  q 0   , C(q) is the surface roughness power spectrum, and    γ    is the reduction coefficient of elastic potential energy generated per unit area of contact region relative to the complete contact.





2.3. Critical State of Leakage


Percolation theory given that when the area of the non-contact region on the seal interface is larger than a certain value, it would be interconnected to form a passage that penetrated the seal interface. The moment the first passage formed is defined as the critical leakage state.



2.3.1. Critical Percolation Channel


As the magnification increases, unconnected areas become more and larger. Therefore, on a certain scale, many non-contact regions (micro-pores and short fractures) are connected for the first time to form a hole penetrating the contact interface. The hole is defined as a critical percolation channel, and the scale is called critical magnification (   ζ c   ). Leakage is thought to occur only through the critical percolation channel, because the cross-section of the percolation channel and the pressure gradient are the largest at the moment. Critical percolation channels are shown in Figure 5; the gray area indicates the surface that has been contacted, and the green area is the unconnected surface that is observed during the increase of the magnification from    ζ c  − Δ ζ   to    ζ c   . As the magnification approaches the critical observation scale, the non-contact region penetrates the two sides of the contact surface for the first time (circle marks in Figure 5).



Then the average height of the critical percolation channel uc can be expressed by the average interfacial separation and the contact area [31].


   u c  =  u ¯   (   ζ c   )  +    u ¯   ′   (   ζ c   )    A  (   ζ c   )     A ′   (   ζ c   )     



(7)







The relative contact area at this point is given by the percolation theory; thus, the relative contact area P(ζc) = A(ζ)/A0 ≈ 1 − Pc, where Pc is the so called site percolation threshold. The literature suggests taking Pc ≈ 0.6 so that A(ζ)/A0 ≈ 0.4 will determine the critical magnification ζ = ζc [33].




2.3.2. Critical Leakage Pressure and Self-Sealing Effect


In addition to the formation of a leakage channel, energy that overcomes the viscous resistance of fluid and drives its flow is also needed to activate a leakage, though any sealing interface is permeable as long as the magnification is large enough. There is no leakage occurring in some sealing projects; the reason is that the interfacial fluid in the percolation channel will form a plug, which prevents further penetration. We call this phenomenon the self-sealing effect. All complete sealing projects are achieved through their self-sealing effects. The optimal sealing performance of joints depends on the self-sealing stress of the critical percolation channel. This may explain why the greater the squeezing pressure, the better the sealing performance, because, in this case, the size of the critical percolation channel is narrower and, further, provides stronger self-sealing stress. According to the Bernoulli equation [34], the energy consumption is:


     p 1    ρ g   +    v 1 2    2 g   +  z 1  =    p 2    ρ g   +    v 2 2    2 g   +  z 2  +  h w   



(8)




where p1 and p2 are the fluid pressure on both sides of the sealing interface, respectively, v1 and v2 are the velocities of both sides of the sealing interface, z1 and z2 are the heights of both sides of the sealing interface, and    h w    is the energy loss.



When a medium (non-contact region) is filled with fluid but no leakage occurs (i.e., the fluid is finally stationary), as shown in Figure 6, the upstream pressure at the right cross section is Pw and the pressure potential energy is all consumed along the leak path, so the velocity and pressure become 0 at the left-side cross-section. This moment is defined as the critical leakage state. The upstream pressure Pw is equal to the critical leakage pressure (   P w c   ), and it is also equal to the self-sealing stress Pss:


   P w c  =  P  S S   = ρ g  (   h w  +  z 2  −  z 1  −      (   1 2   v  max    )   2    2 g    )   



(9)







According to the equilibrium equation of the axial direction, the tangential stress can be obtained as follows:


   P w  π  r 2  − π  r 2  (  P w  +   ∂ P   ∂ l   d l ) − 2 π r l τ − π  r 2  ρ g d l sin θ  = 0   



(10)




and then, we can simplify Equation (10) to get the following equation:


  −   ∂  P w    ∂ l   −   2 τ  r  − ρ g sin θ = 0  



(11)







Additionally:


  sin θ =   ∂ z   ∂ l    



(12)







Then the tangential stress can be equal to:


  τ = −  r 2   (    ∂  P w    ∂ l   + ρ g   ∂ h   ∂ l    )   



(13)







It can be written as:


  τ = −  r 2    d  (   P w  + ρ g z  )    d l    



(14)







According to the law of Newton internal friction, the tangential stress can be calculated by


  τ = μ   d  v x    d r    



(15)







Substitute Equation (15) into Equation (14) to obtain:


  d  v x  =   d  (   P w  + ρ g z  )    d l    r  2 μ   d r  



(16)







The fluid velocity can be obtained by integrating Equation (16):


   v x  =    r 2    4 μ     d  (   P w  + ρ g z  )    d l   + C  



(17)







According to the boundary condition: when r = r0, the velocity is equal to 0, then the following equation can be obtained:


   v x  = −    r 0 2  −  r 2    4 μ     d  (   P w  + ρ g z  )    d l    



(18)







Therefore, the maximum velocity at the channel axis is equal to:


   v  max   = −    r 0 2    4 μ     d  (   P w  + ρ g z  )    d l    



(19)







The average fluid velocity in the whole percolation channel can be expressed as:


  v =  1 4   v  max   = −    r 0 2    16 μ      P w  + ρ g z  l   



(20)







The head loss during transportation satisfies the following relationship:


   h w  = λ  l   u c       v 2    2 g    



(21)




where:




	
λ is the dynamic friction coefficient of the fluid,   λ = 64 / R e  , and Re is the Reynolds number of fluids.



	
 I  is the length of the critical percolation channel;



	
   u c    is the equivalent diameter of the critical percolation channel; and



	
v is the average fluid velocity of water in the process of filing the percolation channel.








For shield tunnels, considering the change in position head, the critical leakage pressure of the tunnel joints can be expressed as:


   P w  = ρ g  (   h w  − L sin θ −      (   1 2   v  max    )   2    2 g    )   



(22)




where L is approximately equal to the length of the sealing interface, and  θ  is the relative position of the leak point in the tunnel.





2.4. Calculation of Shield Lining Joint Leakage


The calculation method of the percolation channel in the previous section is introduced, and then, the leakage can be calculated using the N-S equations and Bruggeman effective medium theory [35].



If the interfacial separation   u  (  x  )    is continuous with the change of x, the flow at the point    x  =  ( x ,   y  )   can be obtained according to the N-S equations


   J  = − σ ∇ p  



(23)






  σ =    u 3   (  x  )   /  12 μ    



(24)




where  σ  represents the conductivity of the point,  μ  is the hydrodynamic viscosity coefficient, and   ∇ p   is the pressure field distribution.



The sealed leaking fluid can be regarded as a laminar flow, which can be equivalent to a uniform leakage flow with the same seepage rate at each point. Then the fluid volume passing through any point in unit time is equal to


   J  = −  σ  eff   ∇ p  



(25)




where    σ  e f f     is the effective flow rate; it can be obtained by the following equation:


   σ  e f f   =    u c    3   (  x  )   /  12 μ    



(26)







The most commonly used sealing materials of joints between lining segments are EPDM gaskets, as shown in Figure 7, an EPDM sealing interface with geometrical dimensions of    L x     × L   y     ( L   y     > L   x  )  ; the leaking starting point of the leaking medium is    x < 0   , and the leaking endpoint is      x > L   x   . The volume of fluid leaking per unit time is


  Q =  L y   J x  =    L y     L x     σ  eff    P w   



(27)









3. Case Study and Parametric Analysis


Using the model presented above, the lining joint leakage of the second Dapu Road Tunnel [36] was analyzed computationally in this section. The influencing factors of the lining joint leakage, including the joint gap, the joint offset, the surface roughness of the EPDM gasket, the service time, and the groundwater pressure, were analyzed, founded on the calculation results. Furthermore, the applicability, advantages, and disadvantages of this mathematical model were elaborated.



The influencing factors of shield lining joint leakage can be reflected in the model directly or indirectly through transformation. The changing joint gap can be reflected by the contact stress provided by the changing gasket deformation. The joint offset is reflected through the length of the percolation channel, which is approximately the length of the sealing interface Lx. Roughness is reflected by the root -mean -square roughness of the contact surface height profile hrms. Service time can be reflected by the decrease of contact stress over time. Groundwater is reflected directly by the Pw in Equation (27).



3.1. Case Introduction and Calculation Parameters


The second Dapu Road Tunnel is a highway tunnel across the Huangpu River of Shanghai. It runs nearly parallel to the original one. The tunnel was opened in February 2010; the outer diameter of the tunnel is 11 m, the inner diameter is 10.04 m, the segment thickness is 0.48 m, and the width is 1.5 m. The tunnels constructed adopted an EPDM gasket, which has a section shape, as shown in Figure 7. Additionally, the gasket is designed to provide an effective seal under the groundwater pressure of 0.8 MPa when the offset is up to 15 mm or the gap opening is up to 8 mm.



The EPDM gasket is approximately considered as a linear elastic material, with an elastic modulus (E) of 10 MPa and Poisson’s ratio (v) of 0.5. The calculation parameters take the EPDM surface fractal dimension    D f  = 2  . 2   , the root mean square height of the EPDM gasket surface    h  rms    = 25   nm    [37], and the dynamic viscosity coefficient of groundwater      μ = 10     − 3       N · s / m   2   . The length of sealing interface Lx = 22 mm, and the length of the EPDM gasket per meter shield tunnel Ly = 6 m. For the leakage calculation, the important roughness is the part for    q L    < q < q* where q* is the wavenumber where the contact area percolates when increasing the magnification, which approximately occurs when A(q) = 0.4. Therefore, the minimum surface fluctuation frequency    q 0    =    q  Lx    , and the maximum surface fluctuation frequency    q 1   =     7.8 × 10   9   .



According to the German STUVA, the tunnel already leaks 0.024 L/m2/day when no seepage marks are observed in the tunnel lining [38]. Some of the leakages evaporate without being found, so even if the tunnel is not stored for leaking by the water storage method, the leakage amount is large. The tunnel waterproof level is 2—that is, when it is mainly dry, there is already a leakage of 0.1 L/m2/day. Therefore, this paper takes 0.1 L/m2/day as the waterproof performance evaluation standard.




3.2. Calculation and Analysis of Critical State


3.2.1. Critical Magnification and Critical Percolation Channel Height


The magnification in which the critical percolation channel appears is called the critical magnification. When the critical magnification increases, the height of the critical percolation channel decreases, and the sealing performance is enhanced. The squeezing pressure determines the waterproof ability by affecting the critical magnification and the height of the critical percolation channel. The larger the squeezing pressure, the larger the critical observation scale, the smaller the critical percolation channel’s height, and the stronger the waterproof performance.



As shown in Figure 8, at the initial stage when the nominal contact stress increases, the height of the critical leakage channel decreases rapidly. This is because, when the contact stress is very small, asperity on the contact surface does not deform sufficiently, and there are a large number of connected non-contact regions that can be found at the sealing interface, with no need to increase the observation scale; as a result, the height of the critical percolation channel mainly depends on the deformation of the larger asperity. As the nominal contact stress continues to increase, the decreasing trend of the critical leakage channel height becomes gentle, while the critical magnification increases rapidly. This is caused by that, with the increase in contact stress, the larger asperity of the contact surface is flattened, and the actual contact regions are mostly found among smaller asperities; this means that the critical percolation channel only could be found by increasing the observation scale.




3.2.2. Critical Leakage Pressure and Self-Sealing Stress


The critical leakage pressure is equal to the self-sealing stress, which is supplied by the viscous resistance of the percolation channel to the liquid. If it is assumed that the liquid pressure will not cause deformation of the seal interface; the sealing surface may be considered an absolute seal when the liquid pressure is below the critical leakage pressure. The critical leakage pressure (also equal to the self-sealing stress) of the horizontal percolation channel (no elevation head change) is calculated here and depicted in Figure 9.



As shown in Figure 9, when the nominal contact stress is on the brink of 0, the self-sealing effect is observed. The beginning of the black curve is almost vertical; after the obvious self-sealing effect, the critical percolation pressure increases exponentially, with increasing contact stress. The trend of the black curve and color curves is consistent, but the prediction is more substantial than the test of the literature [39]. This may be because the ideal conditions for the calculation hypothesis are challenging to achieve in the trial. For example, the calculation does not consider the joints of gaskets, and the specimen may have defects.



The authentic leakage process is much more complicated when the liquid pressure is large enough; it will split the seal interface to form a leakage channel, so, in theory, the real critical leakage pressure is much smaller than the calculation results.





3.3. Factors Influencing the Sealing Capacity of the EPDM Gasket


3.3.1. The Joint Gap of Lining Segments


In the process of assembling the shield segments, the joint gap is common and has a great influence on the waterproof performance of the lining joints. The joint gap (shown in Figure 2) is inevitable between a pair of lining segments besides the designed value. Whether it is the error when assembling or the outcome from the deformation of the tunnel during operations, the joint gap will occur. This may alter the pressure on the opposite gasket, leading to less pressure on a pair of gaskets, thus, making their sealing capacity less efficient. For a designed shield tunnel, the waterproof ability of the joints depends mainly on the contact stress provided by the assembly force. The smaller the clearance is, the closer the contact interface is and the stronger the sealing performance is.



The joint gap can be converted into compressive stress (i.e., nominal contact stress p) through gasket deformation and reflected in the model. As shown in Figure 10, the trend of the calculation curve is consistent with that of the analysis; when there is the smallest gap in the joints, the contact stress is the largest, and the leakage is the smallest. Under several different groundwater pressure conditions, when the gap is less than 10mm, the relationship between the logarithm of the leak rate and the joint gap is approximately linear, while the leakage begins to increase rapidly after the gap is more than 10 mm. This is because that, as the joint gap increases, the contact stress decreases significantly, and more of the non-contact region of the contact interface is penetrated. As a result, the amount and diameter of the percolation channels increase, which further leads to a rapid increase in leakage. Take that the daily average leakage does not exceed 0.1 L/m2 as the standard, and the maximum allowable joint gap in groundwater pressure of 0.4, 0.8, 1.2, 1.6 and 2 MPa is 10.4 mm, 8.48 mm, 6.69 mm, 5.02 mm, and 3.69 mm, respectively.




3.3.2. The Joint Offset of Lining Segments


The joint gap is often accompanied by joint offset. The effect of offset on leakage has multiple aspects: On the one hand, the offset will reduce the leakage path, increase the hydraulic gradient, and further increase the leakage. On the other hand, the offset reduces the contact area, and the contact surface stress increases, further reducing the leakage.



As shown in Figure 11, the calculation curve of the joint offset is in good agreement with the qualitative analysis. When the joint gap is 11.24 mm, the leakage increases from 0.22 to 0.46 L/m2/day as the joint offset increases from 0 to 15 mm, and their relationship seems to be linear, which means the leakage may be exacerbated by the growing joint offset. The reason is that the increase of joint offset shortens the seepage path and increases the hydraulic gradient. However, when the joint gap is less (9.73, 8.21, and 4.42), the curve concaves down. When the joint gap is 9.73 mm, the leak rate ascended to a peak value of 0.160 L/m2/day at an offset of 11 mm and then descendes. As the joint gap decreases, the peak value of the leakage appears earlier. When the joint gap is 8.21 and 4.42 mm, respectively, the peak value is at an offset of 0. The two peak values of the leak rate are 0.095 and 0.048 L/m2/day, respectively. This is because when the joint gap is at a certain value, although the increase of the joint offset will shorten the seepage path, it also causes the reduction of the contact area and, thus, increases the contact stress and reduces the leakage. Furthermore, the limit of the joint offset is related to the joint gap; the joint offset will not exceed the product of the joint gap and the cotangent of the groove inclination (shown in Figure 2). In our case, when the joint gap is 11.24, 9.73, 8.21, and 4.42 mm, the corresponding maximum offset is 6.49, 5.62, 4.74, and 2.55 mm, respectively. The reason why the leakage increases correspondingly mainly depends on the increasing gap, and the effect of the offset change on the leakage is slight.




3.3.3. Service Time


EPDM gaskets are subject to aging and creep during a long service, and the contact stress will experience a gradual relaxation over time, which will further lead to an aggravation of the leak. This paper uses the EPDM aging model provided by Shi CH et al. [40] to calculate the leakage evolution of EPDM in service for 100 years.


  p ( t ) =  p 0  × 1.308 exp ( − 0.004  t  0.4687   )  



(28)







The calculations agree well with the qualitative analysis. Figure 12a shows the leakage versus service time under conditions of different joint gaps within the service time of one year reported in [10]. Figure 12b shows the relationship between leakage and service time in 100 years. All five lines in Figure 12a indicate that the leakage increases with the aging of sealing materials and all five curves show the same trend illustrated by Figure 12b. The difference lies in the fact that larger gaps have more initial leakage volume (leakage at a service time of 0). The fitted curve of leakage of the second Dapu Road measured at a different time is in accordance with calculated lines. The measured leakage is almost distributed below the calculation of the joint gap of 8 mm (the maximum allowable joint gap of this tunnel design). This conclusion verifies the reliability of the model. The fitting curve of leakage monitoring of the second Dapu Road Tunnel shows a good agreement with the calculation slope.




3.3.4. Roughness of Sealing Surface


The surface roughness has a great influence on the sealing ability. The rougher the contact surface of sealing materials, the more non-contact regions will be generated, which will lead to the degradation of the waterproofing performance. Under high -contact stress, the deformation of asperity can reduce the roughness, so the rougher sealing interface requires higher contact stress. Figure 13 shows that, under different joint gaps, relationships between the leakage and surface roughness (asperity root mean square height) may all satisfy exponential functions that concave up. Specifically, as the asperity height becomes greater, the leakage grows slowly at first (asperity height is less than 15    μ m   ) and then ascends faster with an increasing slope. The reason why a larger joint gap has a more significant effect on leakage is that the flattening of asperity with a large height requires greater contact stress, as the joint gap increases, the non-contact areas around the rough body are connected to form a larger number and scale of leakage channels.




3.3.5. Groundwater Pressure


Groundwater pressure determines the hydraulic gradient and further affects the leakage. Large groundwater pressure can overcome the self-sealing stress of smaller percolation channels or split the seal interface to form a larger percolation channel, which is the reason why large groundwater pressure is more likely to cause leakage. Increasing the contact stress can reduce the size of the critical percolation channel and further improve the sealing performance of joints. This section analyzed the relationship among the contact stress (in Figure 14, replaced by a joint gap), groundwater pressure, and leakage. As shown in Figure 14, the leak rate increases linearly with the groundwater pressure, and the slopes of their curves increase exponentially with the increasing joint gap. This is because the underwater pressure directly provides the power for leakage, and its influence on the unit time leakage is linear, while the increase of the joint gap further leads to the increase of the number and diameters of leakage channels, and the leakage increases exponentially with the joint gap.




3.3.6. Sensitivity Analyses of Influencing Factors


In order to compare and analyze the influence of various factors on the shield lining joint leakage, the orthogonal array testing is designed here with four factors including the joint gap, the surface roughness, the service time, and groundwater pressure. The joint offset is not considered here, because its influence is meager. Each of those factors was calculated in five levels as Table 1. The value of each level is selected according to the possible value range of each factor in engineering practice.



According to the range analysis, the influential degree of each factor on the leakage is in the order of surface roughness > service time > groundwater pressure > joint gap. Among them, instead of the joint gap and groundwater pressure, the surface roughness of the sealing material is the most important factor affecting the joint leakage of shield tunnels. A rougher contact surface can directly result in a less -real contact region, which makes it easier to form percolation channels. The service time and the joint gap can reduce the real contact region by changing the contact stress, which indirectly affects the formation of percolation channels. The groundwater pressure can determine the leakage in the observation scales. If the water pressure is large enough, the leakage will occur through finer percolation channels.






4. Discussion


The model presented in this paper can help understand the leakage development process from a micro-scale. It provides a prediction method of leakage using physics and mathematics, which helps to clearly understand the underlying mechanisms of leakage. For the shield engineering cases mentioned above, it can reflect the influential law of factors, including the joint gap, the joint offset, roughness of the contact surface, and service time, of the EPDM gasket on leakage. It can be known that the calculated results of each influencing factor are consistent with its qualitative analysis; the slope of the self-sealing stress is similar to that in the literature, and the seepage evolution during one year is in good agreement with the observed leakage of the second Dapu Road Tunnel. These indicate that the model is suitable for analyzing the leakage of shield lining joints. However, due to the complexity of the actual engineering situation, it is hard to calculate it accurately by mathematical methods only. As a result, there are some defects in this research, especially the differences between the hypothesis and the actual situation, which are explained as follows:




	(1)

	
The measurement error of the contact surface height profile of the EPDM gasket is large, which has a great influence on the accuracy of the calculation results.




	(2)

	
Consider that the groove is filled with a fully compressed gasket and it is bonded by the sealant, the model assumes that the leakage mainly occurs at the contact interface of the gaskets and ignores the effects of water pressure (lateral pressure) on the gasket to the gasket contact pressure.




	(3)

	
When the groundwater pressure is large enough, the contact region will be split into several leakage channels, which is not reflected in the model. As a result, the calculation results may be relatively smaller than that in practice.




	(4)

	
The model cannot consider the effects of water—swelling sealing materials.




	(5)

	
The calculation results of self-sealing stress and leakage need more observed results and experiments for further verification.










5. Conclusions


In order to understand the underlying process of shield joint leakage and the influential law of factors on it, this research describes an analytical method for shield lining joint leakage calculation, which is built on the Persson contact mechanics and percolation theory. Various influencing factors, including the joint gap, the joint offset, the roughness of the contact surface, the service time, and groundwater pressure on the shield joint leakage, can be reflected by the parameters in the model. Based on this method, the critical leakage state and the self-sealing effect were defined, and their calculations are derived using the law of Newton’s inner friction. Then, taking the Dapu Road Tunnel in Shanghai (China) as a case study, the calculation results of self-sealing stress was compared with results in the literature, and the influential law of factors on shield joint leakage was analyzed, and the calculation results were verified through the leakage data observed at the tunnel. The following conclusions were drawn:




	(1)

	
Any sealing interface is permeable; they are mainly sealed by the interfacial fluid, which can form a plug, preventing further penetration. We called this phenomenon the self-sealing effect. The greater the squeezing pressure, the narrower the size of the critical percolation channel, which further provides stronger self-sealing stress.




	(2)

	
The joint gap is often accompanied by joint offset. For the case where the joint offset is independent of the joint gap, the offset with considerable contact stress will enhance the joint waterproof performance, while, for the gap-dependent offset, the offset will increase the leakage. The leakage mainly depends on the increasing gap, and the effect of the offset change on leakage is slight.




	(3)

	
The leakage increases with the aging of the sealing material. The aging model of Shi CH is utilized to calculate the leakage trend for one year, and the results show good agreement with the monitoring value of the second Dapu Road Tunnel.




	(4)

	
The orthogonal array testing is designed with four factors including the joint gap, the surface roughness, the service time, and groundwater pressure in five levels. The range analysis showed that the roughness of the contact surface is the most influential, followed then by the service time, groundwater pressure and the joint gap.




	(5)

	
The applicability of this model was verified by comparing the calculation results with experimental results in the literature. However, due to the differences between the hypothesis and the actual situation of engineering, this model aims to help more clearly understand the underlying processes of shield lining joint leakage and the influential laws of various factors rather than accurately predict it.
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Glossary




	
Definitions are given here in the following sequence: Bold quantities denote vectors or tensors.




	
ζ

	
magnification,    ζ = L  / λ = q /  q 0   




	
L

	
length of the nominal contact surface




	
λ

	
length of asperity wavelength




	
A(ζ)

	
actual contact area




	
    A 0    

	
nominal contact area (i.e., observed contact region is    A 0    when ζ = 1)




	
    P ( ζ )    

	
relative contact area fraction:    P ( ζ ) = A ( ζ )  /  A 0   




	
E*

	
equivalent elastic modulus (MPa)




	
   E 1     , E   2   ,      v   1     , v   2   

	
Young’s elastic module and respective Poisson’s ratios of the two contact faces




	
    C ( q )    

	
surface roughness power spectrum




	
〈   h 2   〉

	
mean of the square of the contact surface height profile (μm)




	
hrms

	
The root -mean -square roughness of the contact surface height profile (μm)




	
   〈 h  ( x )  h  ( 0 )  〉   

	
autocorrelation function of the surface height profiles (μm)




	
  q  

	
Wavevector of asperity, q0, q1 represent the minimum and maximum surface fluctuation frequency, respectively




	
Df

	
The fractal dimension of self-affine fractal surfaces, Df = 3 − H, where H is Hurst exponent




	
   p  (  u ¯  )    

	
the pressure distribution at sealing interface with the average interfacial separation   u ¯  




	
    U  el    (  u ¯  )    

	
the elastic potential energy (J)




	
    P p   ( q )    

	
relative area fraction of the contact surface with the compressive stress p and magnification   ζ = q /  q 0   




	
    ζ c    

	
critical observation scale




	
uc

	
the average height of the critical percolation channel (μm)




	
W(q,p)

	
elastic energy




	
   u  ( ζ )    

	
the average interfacial separation




	
p1, p2, v1, v2

	
the fluid pressure and the velocity on both sides of the sealing interface




	
z1, z2

	
Head height on both sides of the seal interface




	
    h w    

	
the energy loss




	
Pw

	
Groundwater pressure (MPa)




	
    P w c    

	
critical leakage pressure (MPa)




	
Pss

	
self-sealing stress (MPa)




	
Pc

	
site percolation threshold




	
r

	
the radius of the percolation path, r =    u ¯   ( ζ )   /2




	
vmax

	
the maximum flow rate of liquid in percolation path (m/s)




	
λ

	
Coefficient of head loss:   λ = 64 / R e  




	
Re

	
Reynolds numbers, Re = 2ρvr/μ




	
v

	
the average fluid velocity of water (m/s)




	
q*

	
the wavenumber where the contact area percolate when increasing the magnification




	
  μ  

	
hydrodynamic viscosity coefficient (     N · s / m   2   )




	
  θ  

	
the relative position of the leak point in the tunnel




	
σ,      σ    e f f    

	
the conductivity of percolation channel




	
J

	
the fluid volume per unit time passing through the percolation channel




	
   ∇ p   

	
the pressure field distribution




	
Lx, Ly

	
the geometrical dimension of sealing interface (m)




	
Q

	
total groundwater inflow (L/m2/day)
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Figure 1. Configuration of the shield segment. It can be seen from the figure that each concrete segment is hooped by an ethylene-propylene-diene monomer (EPDM) gasket. During the construction stage, the EPDM gasket will be compressed into the groove on the concrete segment by high-strength bolts. 






Figure 1. Configuration of the shield segment. It can be seen from the figure that each concrete segment is hooped by an ethylene-propylene-diene monomer (EPDM) gasket. During the construction stage, the EPDM gasket will be compressed into the groove on the concrete segment by high-strength bolts.



[image: Applsci 10 08528 g001]







[image: Applsci 10 08528 g002 550] 





Figure 2. The waterproof structure design of shield lining joints. The joint gap is the assembly clearance between the concrete segments, which determines the compression deformation of EPDM gaskets. The joint offset is the dislocation caused by a seam assembly error or tunnel structural deformation. It is subject to the joint gap and determines the length of the leakage path on the sealing interface. 
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Figure 3. The contact surface under the different observation scales. When the magnification is the smallest (ζ = 1), two contact surfaces seem to be closely attached. As the magnification increases, some micro-holes gradually appear at the contact interface. Contact only exists between asperities. 
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Figure 4. Simplified the contact surface model; the upper part of the figure is a rough, rigid body, and the lower portion is a perfectly smooth elastic surface. Under pressure, the rigid, rough surface will squeeze into the elastomer, resulting in a decrease in the average separation height of the contact interface. 
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Figure 5. Gray areas represent the contact region, white areas are the non-contact region, and green areas are the observed new non-contact region during the increase of the magnification from    ζ c  − Δ ζ   to    ζ c   , which leads to the first connection of the sealing interface. Lines with arrows represent critical percolation channels, and its average diameter is uc. 






Figure 5. Gray areas represent the contact region, white areas are the non-contact region, and green areas are the observed new non-contact region during the increase of the magnification from    ζ c  − Δ ζ   to    ζ c   , which leads to the first connection of the sealing interface. Lines with arrows represent critical percolation channels, and its average diameter is uc.



[image: Applsci 10 08528 g005]







[image: Applsci 10 08528 g006 550] 





Figure 6. Critical leakage state. Under critical leakage pressure      p   w c   , the fluid slowly seeps into the percolation channel, and the fluid kinetic energy is completely dissipated after the channel is just filled. The velocity of the water in the right side is the maximum (   v  m a x    ), and it decreases gradually to 0 in the channel, permeating the left side due to the shear stress  τ . 
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Figure 7. The EPDM joint leakage model diagram. FN represents assembly stress, which can be calculated according to the rubber strain (assume the rubber is linear elasticity). Lx is the width of the contact surface of the gasket, and Ly is the length of the circumferential joints per meter of the tunnel. 
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Figure 8. The variation curves of the critical percolation channel height    u c    and critical magnification    ζ c    with increasing nominal contact stress; the critical magnification of the sealing interface under a nominal contact stress of 2 MPa is calculated as 627250. 
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Figure 9. EPDM sealing performance, curves with different symbols are test results, and the black curve is the calculation of the critical leak pressure in this paper. The dotted line shows that the contact stress and critical leakage pressure are equal. 
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Figure 10. Effect of a joint gap and groundwater pressure on the leakage; the dashed line represents that the daily average leakage is 0.1 L/m2, and the abscissa of the intersection points between it and curves with different symbols are the maximum allowable joint gaps under groundwater pressures of 0.4, 0.8, 1.2, 1.6 and 2 MPa. 
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Figure 11. Effects of the joint offset and gap coupling on leakage; the curves from top to bottom are the relationship between leakage and offset when the joint gap is 11.24 mm, 9.73 mm, 8.21 mm, and 4.42 mm respectively. The four points of the dotted line are the maximum offsets when the groove slope is 30 degrees; they are 2.55 mm, 4.74 mm, 5.62 mm, and 6.49 mm, respectively. 
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Figure 12. Effects of the service time and joint gap coupling on leakage. In (a), the red line is the calculated leakage value for one year of service, in groundwater pressure of 0.8 MPa. The circle with half a shadow indicates the leakage monitoring data for one year of service of the second Dapu Road Tunnel in Shanghai. The dotted line is the fit to the measured data. The curves in (b) show the calculated leakage during 100 years for lining joints with gaps of 0, 2, 4, 6, and 8 mm. 
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Figure 13. Influence of the contact surface roughness on leakage. Curves of different colors indicate the relationship of leakage with the root -mean -square roughness contact surface height profile in the case of different joint gaps. 
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Figure 14. 3D diagram of the leakage, joint gap, and groundwater pressure. The leakage calculation takes the groundwater pressure from 0~2 MPa and joint gap from 0~12 mm. 
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Table 1. Orthogonal array for calculations.
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	Joint Gap (mm)
	Time (Year)
	Roughness h (nm)
	Groundwater Pressure (Mpa)
	Leakage (L/m2/day)





	1
	1 (0)
	1 (0)
	1 (10)
	1 (0.4)
	0.000123



	2
	1
	2 (25)
	2 (30)
	2 (0.6)
	0.011012



	3
	1
	3 (50)
	3 (60)
	3 (0.8)
	0.073867



	4
	1
	4 (75)
	4 (90)
	4 (1.0)
	0.288195



	5
	1
	5 (100)
	5 (120)
	5 (1.2)
	0.838985



	6
	2 (2.5)
	1
	2
	3
	0.003468



	7
	2
	2
	3
	4
	0.073565



	8
	2
	3
	4
	5
	0.312645



	9
	2
	4
	5
	1
	0.266312



	10
	2
	5
	1
	2
	0.008295



	11
	3 (5)
	1
	3
	5
	0.030485



	12
	3
	2
	4
	1
	0.090373



	13
	3
	3
	5
	2
	0.382805



	14
	3
	4
	1
	3
	0.011040



	15
	3
	5
	2
	4
	0.078869



	16
	4 (7.5)
	1
	4
	2
	0.064213



	17
	4
	2
	5
	3
	0.494333



	18
	4
	3
	1
	4
	0.014627



	19
	4
	4
	2
	5
	0.103503



	20
	4
	5
	3
	1
	0.118154



	21
	5 (10)
	1
	5
	4
	0.177043



	22
	5
	2
	1
	5
	0.007473



	23
	5
	3
	2
	1
	0.045529



	24
	5
	4
	3
	2
	0.156215



	25
	5
	5
	4
	3
	0.399236



	
	A
	B
	C
	D
	



	    R j    
	0.123722
	0.233642
	0.423584
	0.154520
	



	Rank
	4
	2
	1
	3
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