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Abstract

:

This research examines the impact of soil heterogeneity on the bridge piles beneath a nearby tunnel excavation using Monte-Carlo stochastic analysis. Sensitivity analysis is specifically used to the variation of stratum range, variation coefficient (COV), and fluctuation distance of the soil Young’s modulus. Meanwhile, the reliability evaluation approach is also applied to systematically examine the impact of COV on the likelihood of a pile failing. The findings suggest that more consideration should be given to the degree and range of geological parameter variations in the strata surrounding the tunnel. The horizontal and vertical fluctuation distances in this project are predicted to be around 18 m and 4.5 m, respectively. The fluctuation range influences the frequency of low stiffness zones in the soil. Additionally, the variation coefficient has a significant effect on the pile deformation, presenting a positive association. The pile deformation exhibits an increasing tendency in the wake of the growing variation coefficient. More significantly, the increase of the COV will directly lead to a rising failure probability of the pile settlement. According to extensive Monte-Carlo simulation calculations, the simulation results considering the variability of soil parameters have a certain deviation from the deterministic in the perspective of probability statistics. It is quite necessary to attach importance to the soil heterogeneity effects in the pile foundation stability under construction disturbance.
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1. Introduction


In recent decades, urban underground tunnel development has been in full swing, and issues with tunnel excavation near to structures are not uncommon. Scholars have carried out large numbers of studies on such problems [1,2,3,4,5,6]. As for the impact evaluation of shield tunnel construction adjacent to pile foundation, researchers have conducted in-depth research based on theoretical analysis [7,8,9,10], on-site monitoring [11,12,13], model tests [14,15,16], and numerical simulations [17,18]. Geological issues are seldom addressed in the few studies that exist, which focus mostly on the effect of tunnel construction parameters and the relative spatial locations of the pile and tunnel.



However, the influence of geological variability factors on the disturbance induced by adjacent construction is quite significant, especially in coastal areas [19,20,21]. Huang et al. [22] investigated the influence of spatial variability of soil elastic modulus on tunnel convergence, indicating that ignoring the spatial variability of elastic modulus will underestimate the convergence deformation of tunnel. Luo et al. [23] proposed the effects of soil vertical spatial variability on several major geotechnical and structural failure modes, also demonstrating the importance of addressing the spatial variation of soil properties for complicated soil-structural interaction problems. The soil deformation and strength parameters under construction disturbance are closely related to the stress and deformation of the existing pile foundation. The spatial variability of soil parameters exists objectively and satisfies certain laws [24]. Due to the inadequacy of present survey techniques, engineering geological conditions are minimally simplified as homogenous strata, which deviates significantly from real geological conditions and increases structural deformation uncertainty. Therefore, proper characterization of soil heterogeneity can better estimate the pile deformation induced by adjacent construction.



The variability of soil parameters can be divided into two categories in terms of performance characteristics [25]. As Yang et al. [26] proposed, the variability can be expressed as the difference between layers (inter-layer heterogeneity) and the spatial change of soil characteristic points in each layer (intra-layer heterogeneity) at large and small scales, respectively. Until now, numerical modeling, including random finite element method (RFEM) and random difference method (RDM), has been the only study technique capable of incorporating the spatial variability of soil properties (RFDM). The random soil parameters are defined in computer language as a collection of functional data with fluctuation and correlation, which are finally mapped into the numerical model. Quantitative characterization of soil parameters by random fields has been widely applied in geotechnical engineering, such as slope stability [27,28,29], tunneling [30,31,32], and foundation pit excavation [23,33].



In recent years, random field methods combined with the Monte-Carlo strategy have emerged in order to characterize the variability of soil parameters through computer technology and serve for engineering safety assessment. These methods aim to obtain large numbers of random statistics based on the vast generated random field models [34,35]. The outcome of a numerical computation is no longer a unique, deterministic value, but rather a probability that conforms to a particular distribution type.



In addition, Bayes methods have been extensively adopted in the investigation of reliability evaluation, especially the studies of soil variation based on the Monte-Carlo strategy. Accordingly, the Monte-Carlo method provides a large number of complex samples for Bayesian parameter estimation, hence ensuring the accuracy and reliability of the estimated probabilistic outcomes. Yang et al. [36] proposed an efficient probabilistic back estimation method for characterization of spatial variability based on the integration of three random field generation methods, and the correctness of this method was validated by subsequent field monitoring investigations [37,38]. Chen et al. [39] presented a simplified procedure to evaluate the failure probability of crossing tunnels considering the spatial variabilities of rock mass properties, and it provides an effective way to evaluate the safety and serviceability of tunnelling perpendicularly beneath an existing tunnel in spatial variable rock mass. El-Ramly et al. [40] applied a spreadsheet-based, probabilistic slope analysis methodology to evaluate the stability of a section of the Syncrude Tailings Dyke in Fort McMurray, Canada. Pang et al. [41] proposed a novel approach for nonlinear stochastic dynamic analysis, and for the first time, the impact of aftershocks on nonlinear structures is described from a probabilistic standpoint. From the perspective of geological parameter variability, these investigations indicated that Bayesian approaches based on the Monte-Carlo strategy and random field theory (RFT) can better characterize reliable probabilistic assessments of structure or geology. However, published studies considering the spatial variability of soil parameters on the deformation of pile foundation under disturbed dynamic conditions is rarely involved. As a result, related research exploration has attracted attention and warrants further study.



Based on Monte-Carlo stochastic analysis, this study explores the influence rule under the spatial variability of soil parameters on pile foundation deformation (including differential settlement and lateral displacement) caused by the disruption of neighboring tunnel excavation. Specifically, the variation of stratum range, variation coefficient (COV) and fluctuation distance of the soil are taken as the object of sensitivity analysis of Young’s modulus. Meanwhile, the influence of COV on the pile failure probability is also systematically analyzed by the Bayesian reliability evaluation method.




2. Random Field Theory (RFT) and Reliability Evaluation


2.1. Random Field Theory (RFT) and Monte-Carlo Analysis


The properties of the soil exhibit stochasticity and spatial variation, according to the random field theory, are the soil properties at any given location which are random variables that approach a specified probability distribution. In the meanwhile, statistical features of the random field are described by the standard deviation (σln) and mean value (μln) of the log-normal function due to the stringent non-negative merit of log-normal distribution and in accordance with the statistical characteristics of soil parameters. The relevant parameters can be expressed as


   σ  ln   =     ln ( 1 + C O  V 2  )     1 / 2    



(1)






   μ  ln   =   ln  μ  − 0.5  σ  ln  2   



(2)




where COV represents the variation coefficient.



Correspondingly, COV, fluctuation distance (including horizontal and vertical directions) and other parameters are applied in the random field model to reflect the spatial variability of soil properties. In this study, the log-normal distribution function is introduced to describe the uncertainty of soil parameters. The autocorrelation function that satisfies the anisotropy can be expressed as [34,42,43]


   ρ  ln   (  τ x  ,  τ z  ) = exp ( −   2  τ x     δ x    −   2  τ z     δ z    )  



(3)




where ρln(τx, τz) represents the autocorrelation coefficient of two points in the logarithmic modulus fields, indicating the strength of the correlation between two points. τx and τz are horizontal and vertical distances, respectively; in proportion, δx and δz are expressed as the horizontal and vertical of fluctuation scales.



In order to realize the accurate mapping of random field parameters in the numerical model, the authors have edited the random field generation program by Python language, applying random fields to simulate the soil spatial variability. It is integral to first discretize the soil parameters and then generate random data conforming to the log-normal distribution, mapping the random parameters to the grid in the numerical model one by one. Methods of random field simulation include the Karhunen-Loève (K-L) expansion series method [35,44,45,46], the matrix decomposition method [47], the fast Fourier transform method [48], the local average method [49], the spectral representation method [50], the Fourier series transform method [51], the loop nesting method [52] and other methods. In this paper, a matrix decomposition method is used to generate random field samples. The n-order covariance matrix C is constructed according to Equation (3), and the matrix obtained by Cholesky decomposition is positively definite symmetric. The equation can be expressed as


  C = M N = M  M T   



(4)




where M and N are the lower triangular matrix and the upper triangular matrix, respectively, and MT is the transpose of the matrix M.



The generated column vectors Q are independent of each other and obey the standard normal distribution, and the stationary standard normal random field P is obtained by left multiplying the matrix M. Thus, the matrix P can be expressed as


  P = M Q  



(5)







According to Monte-Carlo strategy, substantial random field DOM files under various operating conditions are generated, then the DOM files will be imported into the numerical models with the help of the built-in IPython module of FLAC3D. In this way, the mapping of random field parameters to numerical models is realized, and plentiful Monte-Carlo stochastic analysis could be implemented.




2.2. Probabilistic Analysis Model


In addition, several studies have shown that incorporating random field theory into probability analysis and reliability assessment is constructive [47,53]. On the basis of a large number of Monte-Carlo simulations under above random processes, the resultant data is used as analysis samples to analyze the allowable value of a certain control index in the project, which can be the value including the deformation, displacement and internal force of the structure or soil. The allowable value Dl of an index is evaluated with the probability of exceeding the standard. Based on a large number of result values Dt, the function Z is established, and the failure probability Pf is imported. Accordingly, the relevant equations can be expressed as


  Z =  D t  −  D l   



(6)






   P f  =    N f     N a    × 100 %  



(7)




where Nf is the number of results greater than Dl in the samples (Z > 0), and Na is the total number of results. The failure probability Pf is solved by integral method, expressed as


   P f  = P   Z < 0   =    ∫  − ∞  0    f z      Z  d z = Φ     −  μ z   /   σ z       



(8)







Substituting reliability index β into μz/σz, and the value of β can be derived as


   P f  = Φ   − β   = 1 − Φ  β   



(9)






  β =  Φ  − 1     1 −  P f    =  Φ  − 1      P s     



(10)




where Ps represents the effective probability.




2.3. RFDM Analysis Procedure


To clearly demonstrate the whole derivation process of the proposed analytical method, a flow chart is helpful, which is presented in Figure 1.





3. Finite Difference Analysis


3.1. Project Overview


The case study under consideration is a twin shield tunneling machine near viaduct pile group foundation for the construction of Hefei Metro in Hefei, China. The relative location of the twin tunnels and pile groups is depicted in Figure 2. The engineering geological conditions are relatively uncomplicated, and, from top to bottom, are plain fill stratum, clay stratum, and decomposed rock stratum.



The twin tunnels (left and right tunnels) were dug to a cover depth of 20 m, and the horizontal distance between the tunnel axes of the left and right tunnels is 35 m. In addition, the dimension of the tunnel segment is 0.3 m in thickness and 1.5 m in ring width. The tunnel has an exterior diameter of 6 m and an interior diameter of 5.4 m. Aside from that, the grouting in the Tunnel Boring Machine (TBM) tail interspace is 0.3 m thick. The piling foundation consists of six one-meter-diameter by forty-meter-long bored concrete piles. The distance between the axis of two adjacent piles is 3 m, distributed in the midst of the pile cap, which has a size of 8 × 5 × 0.5 m (i.e., length × width × thickness). As depicted in Figure 2, the left tunnel, sited in the center of the twin pile groups, is only clear 3 m away from the pile groups, hence settlement and deformation of bridge pile foundation attracts intensive attention. The top viaduct pier has suffered significantly as a result of differential settling and lateral displacement of bridge pile groups.




3.2. Numerical Modeling


This section establishes a three-dimensional simulation model in Fast Lagrangian Analysis software (FLAC3D, ITASCA, Minneapolis, MN, USA), providing a more efficient way of solving the geotechnical engineering problems. FLAC3D is based on the finite difference approach, in addition to the discrete model method and the dynamic solution method. The laws of motion of a continuous unity are converted into the discrete version of Newton’s laws at the nodes using these methods, and the resultant system of ordinary differential equations is solved numerically using the explicit finite difference technique in time. Additionally, FLAC3D has been used in many tunneling-by-shield tunnel projects and proved to be highly accurate and reliable [54,55].



In the actual construction, the twin tunnels penetrate through both sides of the bridge piles. In particular, the horizontal distance between the two tunnels is approximately 35 m, and the distance between the left-line tunnel and the pile group has been shortened to 22 m, which has minimal effect on the pile group foundation during tunnel excavation. Considering the parameters, this study disregards the influence of the model’s right-line tunnel building procedure. Since the left-line tunnel is sited in the center of the bridge piles on both sides, the disturbance to the surrounding stratum and pile foundations during tunnel excavation can be regarded as symmetrical, and the stress and deformation of the pile group is consistent, which has been successfully applied in many simplified modeling cases [43,56,57,58]. Therefore, only half of the pile-tunnel model needs to be established, which could save a significant amount of time for subsequent Monte-Carlo analysis without affecting the research results.



In general, the groundwater level affects the mechanical properties of soil and consequently, the stress and strain distribution of an already existing pile foundation. However, the groundwater level generally fluctuates within a relatively fixed depth range, and the variability of hydraulic gradient and pore water pressure is minimal. This study focuses on the influence of soil parameter variability on the existing pile foundation under disturbed construction. Taking the water factor into consideration in this numerical model enhances the complexity of the study and is of little significance. Consequently, the influence of water is disregarded in the simulation, and the geographic diversity of stratums is emphasized.



Figure 3 presents the meshing of the FLAC3D-based numerical model. A spatial model size of 30 × 42 × 60 m (i.e., x × y × z) is selected for the purpose of minimizing the potential boundary effects. The boundary conditions were fixed for the base surface and rollered for the vertical surfaces. Solid elements are adopted here to mesh the soil stratums, the pile cap, and the grouting layer. The shield segments and pile groups are modeled with shell elements and pile elements, respectively.



As clearly shown in Table 1, the constitutive behaviors of geomaterials (i.e., plain fill, clay, and decomposed rock) are described by Mohr–Coulomb models with different parameters. As for artificial materials, including pile caps and tunnel grouting layers, an elastic constitutive is assigned. Isotropic properties are assigned to structural components like pile groups and tunnel segments. As the spacing between concrete group piles is often rather small, it is possible that a more accurate simulation of the mechanical behavior of the piles and soil can be achieved by employing solid components. Tests on the model suggest that under comparison modeling, the difference in calculation results between the solid elements and structural elements used in the model is negligible.




3.3. Deterministic Analysis Results


Considering the project geology as a homogeneous stratum, the shield excavation is calculated according to the above model and parameter settings. The calculated displacement of 6 piles is revealed in Figure 4. Among them, Pile 4, Pile 5 and Pile 6 are close to the tunnel with a net distance of about 3 m, while the other three are located far from the tunnel side. In addition, the tunneling excavation direction of the shield machine is from Pile 4 to Pile 6. It could be observed that the piles closer to the tunnel are greatly affected by the shield construction, and their horizontal displacement and vertical settlement is larger than those far from the tunnel.



In the horizontal displacement caused by neighboring tunnel excavation, the pile foundations take on various properties. The greatest horizontal displacement of the piles (Pile 4, 5, 6) near the tunnel is located along the tunnel axis. In contrast to piles closer to the tunnel, the horizontal displacement of the top of the piles (Pile 1, 2, 3) distant from the tunnel side has a maximum value of roughly 9.5 mm and falls along the depth direction of the pile body. Similarly, the horizontal displacement at the piles’ bottoms is all near to zero.



In addition, the vertical displacement of the piles is strongly connected to their distance from the tunnel, with what seems to be a negative connection between the pile top settlement and the distance from the tunnel. According to the settlement curve of the piles, it can be concluded that the settlement of the pile body is the overall settlement of the piles, mainly manifested in the friction and sliding between the piles and the surrounding soil. As a result, the pile’s compressibility is quite low, with only a settling difference of around 2 mm between the pile’s top and bottom.



Engineers and scholars emphasize the influence of the bridge piles deformation induced by the adjacent tunneling process. According to the data above, Pile 4’s horizontal displacement (8.50 mm) and pile top settlement (14.22 mm) are the largest since it is the closest to the tunnel. Pile 3 is the farthest from the tunnel, hence its displacement is expressed as the smallest. The settlement difference between Pile 3 and Pile 4 is the maximum of 3.84 mm. Figure 5 provides a detailed description of the deformation trend and pattern of pile groups and pile caps based on numerical calculation results. As the piles supporting a bridge are normally buried in the ground, the movement of the piers is usually solely monitored for safety purposes. According to automatic monitoring data collected on the construction site, the maximum settlement value of the bridge pier observed during the tunnel construction period is about 12 mm, the maximum lateral displacement is about 6 mm and the inclined settlement of the bridge pier is around 3 mm. This monitoring result is consistent with the pile deformation in this numerical simulation, which has a deviation within 20% between them, primely proving the accuracy of the finite difference model. Nevertheless, the reasons for the 20% bias between numerical calculation and field monitoring deserve deeper investigation and reflection. One important factor is that the spatial variability of geological parameters has not been adequately accounted for in the numerical model, which will be addressed in the following sections. Under the influence of the pile group foundation deformation, the upper pier would incline toward the tunnel. On the condition that the pile group’s absolute or differential settlement exceeds a certain limit, the pier abutment may have excessive settlement and inclination, and the consequences are unacceptable and unforgivable.





4. Random Parameter Analysis


4.1. Settings of RFDM Analysis


The deformation of pile foundation is not only relevant to the adjacent construction disturbance conditions, but also directly correlative to the formation parameters. Based on the random field theory and the Monte-Carlo strategy, this study maps the random field model of soil parameters into the finite difference model and carries out massive random modeling analysis. The random finite difference model generated at one time is revealed in Figure 6.



The stratum deformation induced by construction disturbance mainly depends on the deformation parameters, including Young’s modulus, cohesive force and Poisson’s ratio. He et al. [59] found that the pile deformation under adjacent tunnel excavation is greatest affected by the soil in Young’s modulus. As a result, it is of great significance to study the variability of the soil in Young’s modulus for the pile foundation deformation under the adjacent tunnel excavation. This research exclusively investigates the influence of the spatial variability of the soil in Young’s modulus on the pile foundation deformation, ignoring the spatial variability of other soil deformation and strength factors. The parameter settings of other geotechnical materials (i.e., plain fill, clay and decomposed rock) and artificial materials (i.e., piles, pile cap and grouting) in the model are all accordant with parameters in deterministic modeling.



In light of the special engineering characteristics of the pile foundation deformation disturbed by the tunnel excavation in this study, it is also essential to investigate the influence of the stratum variation range. The following will evaluate the sensitivity and influence patterns of soil in Young’s modulus spatial variability on adjacent pile group foundations induced by shield tunnel excavation from four aspects: soil variation range, variation coefficient (COV), horizontal fluctuation distance (δx) and vertical fluctuation distance (δz).



For stochastic analysis, the simulation number of random models should be firstly determined to obtain a converged result. If the number of runs is limited, an event with a small probability may not occur in a Monte-Carlo simulation, and may result in a major error of the confidence level in a failure probability assessment [60,61]. Conversely, the computational efficiency will be unacceptable if the number of runs is too large. Therefore, a suitable number should be optimized from the point of the required accuracy and efficiency [22]. Before the formal Monte-Carlo operation, the authors conducted a rigorous trial calculation on vast quantities of simulation times. The selected case is COV = 0.5, δx = 12 m and δz = 3 m, which could characterize most of the random field operating conditions. In addition, the influence of run number on the variations of calculated mean values of Pile 4 absolute settlement and differential settlement between Pile 3 and Pile 4 is depicted in Figure 7. It can be clearly observed that the variation of mean tends to be stable and converged with a value larger than 300. Therefore, 300 runs are suitable for the subsequent RFDM analysis and can well satisfy the requirements of calculation accuracy in this paper.




4.2. Effect of Different Stratum Variation


The group piles penetrate three strata: plain fill, clay and decomposed rock. The shield tunnel is positioned inside the intermediate clay layer. This paper aims to analyze the variability of different soil layers where the pile foundation is located and explore the impact of the soil in Young’s modulus variability of each stratum on the pile deformation under tunnel excavation. As shown in Table 2, only the soil layer variation area is altered, and other random field parameters are kept consistent.



According to the relevant research results [22,62,63], the horizontal fluctuation distance of strata is in the range of 3–80 m, and the vertical is between 0.4 and 10 m. In general, the range of horizontal fluctuations is often more extensive than its vertical counterpart. Consequently, the horizontal and vertical fluctuation ranges in this study are, respectively, set as 12 m (twice the tunnel outer diameter) and 3 m (0.5 times the tunnel outer diameter). A total of 300 Monte-Carlo random calculations are performed according to the above parameter settings, and the processed data results are presented in the form of the following curves, as depicted in Figure 8.



There are certain differences in horizontal displacement and settlement of the six piles due to the distance from the shield tunnel, as observed from Section 3.3. Nonetheless, it can be determined that the horizontal displacement and settlement of Pile 4 is the maximum, while that of Pile 3 is the smallest. Therefore, the following research and analysis can concentrate on Pile 3 and 4, and three crucial data (piles’ maximum settlement, piles’ maximum horizontal deformation and differential settlement between piles) that characterize the overall stability of pile groups can be obtained. In particular, the two curves in Figure 8b represent the average value of the Monte-Carlo calculation of the pile top settlement of Pile 4 and the differential settlement between Pile 3 and 4. Figure 8c,d reflect the outcomes of horizontal displacement and settlement of Pile 4 by 300 Monte-Carlo calculations. The following graphs and curves are produced based on this guideline and will not be duplicated.



According to the results of 300 stochastic analyses, compared with the deterministic analysis, the stratum variability where the pile’s top and bottom are positioned is conducive to minimizing the pile’s absolute and differential settlement. However, the spatial variability of the soil layer the tunnel excavated expands the settlement and differential settlement of the pile. Although the COV setup is in accordance with Monte-Carlo stochastic simulation, the discreteness of pile displacement under three working conditions is considerably different, and the variation of layer 2 in Young’s modulus has a significant influence on the pile deformation. In general, it stands to reason that the pile deformation is directly triggered by the tunnel excavation, and that the geological characteristics of the stratum around the tunnel have a tight relationship with the pile deformation. From this perspective, it is crucial to concentrate on the spatial parameter variability of the stratum in which the tunnel is situated.




4.3. Effect of Variable Coefficient


In order to investigate the sensitivity of the soil mechanical parameters to pile deformation under different variation levels, the influences of the soil variable coefficient must be comprehensively considered. According to Phoon [62], the COV of clay mostly falls within the range of 5%~45%, hence the COV could be divided into three levels (i.e., 0.1, 0.3 and 0.5), which can well describe clay variability in the field. In this paper, three reference conditions for variation coefficient were similarly designed, with variation levels of COV = 0.1, 0.3, and 0.5, respectively. Compared to the variational stratigraphic range study in the previous section, the range of variation in this section is expanded to the entire stratigraphic range involved in the model, while keeping other parameters unchanged. Accordingly, random parameters are assigned to the three strata in the model, which are mapped three times by the Ipython module in flac3D. The corresponding working conditions and random field parameter settings are displayed in Table 3.



Figure 9 reflects the statistical results of the pile deformation that occurred under 300 Monte-Carlo stochastic calculations when δx = 12 m, δz = 3 m, COV = 0.1, 0.3 and 0.5, specifically including the effect of the Young’s modulus variation coefficient fluctuation on the horizontal deformation, absolute settlement and differential settlement of piles. Under the condition of COV = 0.1, it can be noted that the horizontal displacement curve and settlement curve of Pile 4 are highly concentrated, while the deformation curve swings within a limited range close to the deterministic result. Along with the increase of COV, the inhomogeneity of formation parameters intensifies, and the curve distribution tends to be discrete and quite different from the deterministic results.



Pile deformation varies significantly over the range of Young’s modulus variations in the strata, as seen by the shape of the mean and differential settlement curves. The stochastic calculation results deviate little from the deterministic findings at low levels of variance, particularly for the pile differential settlement. When compared to the deterministic results, the mean absolute settlement of Pile 4 in the simulated circumstances of COV = 0.3 and COV = 0.5 is found to have a slight increase, while the settlement value of the conditions with a significant variation degree extends to be larger. It can be perceived that the variation of the stratum of Young’s modulus is not conducive to the pile stability under the disturbance of the tunnel excavation, and the spatial variation of the strata parameters has a quite significant influence on the pile deformation.




4.4. Effect of Horizontal Fluctuation Distance


Under the identical formation parameter variation level, the influence rule of Young’s modulus fluctuation distance on pile deformation is studied. The influence of the horizontal fluctuation distance is firstly investigated, while the vertical fluctuation distance is held constant at 3 m, and other random field parameters are set in accordance with Table 4.



Figure 10 presents the pile foundation displacements under different horizontal fluctuation distances for 300 Monte-Carlo stochastic simulations. The coverage of displacement curve is quite accordant, indicating that the horizontal fluctuation distance variation has little influence on the fluctuation range of the pile deformation. Then, the discreteness of the random results tends to be relatively consistent. The pile absolute settlement and differential settlement under different δx present different characteristics, as depicted by the mean curve in Figure 10b. Under the cases with small horizontal correlation distance (δx = 6 m, δx = 12 m), the pile settlement increases slightly compared with the deterministic result. Whereas for other cases of HOR_3 and HOR_4 (δx = 24 m, δx = 48 m), the settlement values are lower than the deterministic results. Thus, it can be inferred that the actual δx of stratum parameters in this project is within the range of 12–24 m, where results of stochastic calculation is close to that of deterministic calculation and fluctuates up and down. The pile deformation value under the disturbance of adjacent tunnel excavation is inversely correlated with the δx value of strata Young’s modulus, manifesting that the pile foundation stability would keep nonlinearly rising along with the increase of δx.



It reasons that the stiffness of some areas in the model does not approach the average value, since the random field Young’s modulus parameter following the lognormal distribution is mapped into the finite difference model. The existence of a relatively low stiffness area in the model would result in a disproportionately significant pile displacement in comparison to the deterministic result. However, since the size and frequency of the localized low-stiffness region in the random model are closely related to the δx, then the random models with smaller δx would enhance the occurrence of low stiffness zones. Conversely, the larger the δx is, the smaller the unit difference in one random field simulation calculation becomes, and the probability of the pile foundation being disturbed by the local low stiffness area in the surrounding stratum will also be greatly diminished.




4.5. Effect of Vertical Fluctuation Distance


Despite the fact that the degree of vertical fluctuation of formation parameters is significantly lower than that of horizontal variation, investigating the δz influence of Young’s modulus on pile foundation deformation under tunnel excavation disturbance is still of great necessity. In the following simulation condition settings, only the δz is altered, and δx is controlled with 12 m. Other random field parameters are kept consistent with the above settings, as described in Table 5.



Figure 11 illustrates the pile displacement under different vertical fluctuation distance conditions of 300 Monte-Carlo stochastic simulations. It can be observed that the variation of the δz has little influence on the pile deformation fluctuation, and the discreteness of the stochastic results is relatively consistent. The pile absolute settlement and differential settlement under different δz present different characteristics, as depicted by the mean curve in Figure 11b. In the case of VER_1 with a small δz of 3 m, the pile settlement value rises slightly compared with the deterministic results. However, in other cases with large δz (δz = 6, 12 and 18 m, respectively), the settlement values are all less than the deterministic results.



It is observed that the pile deformation is inversely correlated with the Young’s modulus δz, and the δz of the formation parameters is closely related to the pile stability under the adjacent tunnel excavation disturbance. Based on the above analysis, it can be inferred that the actual δz of the project strata parameters should be fluctuated within the range of 3–6 m, where the results of stochastic calculation are close to that of deterministic calculation and fluctuate up and down. Once δz exceeds this range, whether the pile’s absolute settlement or differential settlement, the deviation between the random calculation results and the deterministic results is further expanded, and the random results show a decreasing trend.





5. Reliability Analysis


Excessive absolute or differential settlement of bridge piles would result in the entire settlement and inclination of bridge piers, which would perhaps pose unbearable safety hazards. In this section, the settlement value of Pile 4 top and the settlement difference between Pile 3 and 4 are selected as two key indicators to evaluate the bridge pier’s reliability. In view of the absence of preexisting bridge pile settlement control specifications and the insufficient applicability of the control value for the construction impact of adjacent preexisting bridges, the spatial variability of soil strength is introduced into the analysis of pile foundation reliability and failure probability. Accordingly, this paper explores such issues from the perspective of the variation degree of the soil in Young’s modulus, and the relevant working conditions and parameter settings are concordant with those in Section 4.2.



5.1. Frequency Distribution of the Pile Settlement


300 Monte-Carlo stochastic simulation results under three variation coefficients of soil in Young’s modulus (COV = 0.1, 0.3, 0.5) are revealed in Figure 12. The green histogram depicts the frequency distribution of the settlement value at the top of Pile 4, while the blue histogram represents the frequency distribution of the differential settlement between the tops of Pile 3 and Pile 4. The frequency results are fitted into a log-normal distribution curve by a powerful function (as signed with the red curve). In addition, the top 95% random computed statistics are identified by the orange dashed lines (in ascending order). The deterministic results are also depicted by the blue dashed lines as a reference.



It is clear from the graph’s abscissa that both absolute and differential settlement of piles become more granular as COV rises. The calculated fitting curves under three simulation conditions accord well with the respective deterministic results, which further proves the stochastic finite difference model in this study greatly accurate. As depicted in Figure 12 curve, the pile settlement developing in an unfavorable direction rises with the increase of Young’s modulus variability. Varieties of the top 95% statistical data cut-off value in ascending order (hereinafter referred to as “DV-95%”) indicates that for absolute settlement or differential settlement of piles, the “DV-95%” is positively correlated with the corresponding COV, and the probability of pile settlement and differential settlement expansion keeps the same trend. Specifically, when the COV increases from 0.1 to 0.5, the absolute and differential settlement of the pile “DV-95%” expands from 14.84 to 20.29 mm, and from 4.24 to 4.99 mm, respectively. It can be inferred that the soil inhomogeneity has a very significant impact on pile settlement, and that geological surveys should take this into account.




5.2. Reliability Analysis under Different COVs


Figure 13 illustrates the relationship between the failure probability of the pile settlement and the allowable value under different soil Young’s modulus variation levels. Two cases of COV = 0.2 and COV = 0.4 are added on the basis of the three variation coefficient conditions in the previous section. The data are derived from the statistics of 300 Monte-Carlo stochastic calculations, then numerous data points are fitted into smooth curves.



It can be seen from Figure 13 that the intervals of curves with different coefficients of variation are quite different. The larger the coefficient of variation is, the longer the interval develops, and the more scattered the data tends to be. Meanwhile, the curve with the large COV presents a tendency of shifting to the right. With regard to the pile absolute settlement data in Figure 13a, for the case with small variation coefficients (COV = 0.1, 0.2, 0.3), the pile top settlement value is mostly concentrated within the range of 11–17 mm. Other situations with substantial variation coefficients (COV = 0.4, 0.5) have corresponding span lengths of 10 and 20 mm, respectively, and the data tends to be relatively discrete. Similar to the pile absolute settlement data, the pile top differential settlement values also incline to be discrete under the large COV, then the data distribution under the low variation level is relatively concentrated. Therefore, the degree of geological parameter fluctuation must be thoroughly considered while establishing the settlement control specification for disturbed bridge piles. Millimeter-level deviations of soil parameters under low variation levels will result in a huge impact on the reliability results.



However, a key problem is the determination of the allowable maximum displacement of the pier, that is, the acceptable maximum settlement value and differential settlement value of the bridge piles. However, the engineering construction control standard for the maximum allowable deformation of bridge piles has not been proposed, and detailed engineering survey data and field monitoring is insufficient to judge the specific deformation state of each bridge pile buried in the soil, therefore it is difficult to define the maximum settlement and differential settlement that bridge piles can withstand. In this paper, the deformation values of the bridge pile in the deterministic analysis, including the maximum absolute settlement and differential settlement of the pile top, were selected as the criterion of the failure of bridge piles. Additionally, the influence of considering soil variability on the reliability evaluation can be clearly presented. Referring to the deterministic analysis results, the absolute settlement and differential settlement of piles in the deterministic model (depicted by the blue dashed line) are marked in Figure 13. The failure probability, as determined by deterministic results at various levels of variation, is depicted by the point where the blue dashed line and the curve intersect. Similarly, the allowable settlement values corresponding to different variation levels under 5% failure probability are marked with red dashed lines. The data above has been collated in Table 6.



According to the data fed back in Table 6, the failure probability of the pile settlement based on the deterministic results is directly related to the variation coefficient. The rule of thumb is that the failure probability increases as the variation coefficient raises. It has been thoroughly studied how the soil parameter variation coefficient below 5% Pf relates to the allowable value of pile foundation settlement (hereafter referred to as “AV-5%”). The value of “AV-5%” is positively correlated with the COV of soil in Young’s modulus. With the expansion of COV, the allowable value of pile differential settlement tends to increase slightly. Once COV exceeds 0.4, the allowable value of the pile absolute settlement has a saltation, presenting a trend of substantial increase.





6. Conclusions


Based on random field theory and the Monte-Carlo strategy, this study carries out test statistics on a large number of stochastic samples, transforming the findings from being purely deterministic to being statistically probabilistic. As the entry point for the spatial variability of soil properties, the soil in Young’s modulus variability is emphatically investigated. In the meanwhile, the influence of nearby tunnel excavation on pile deformation is studied systematically, along with the sensitivity of stratum range, COV and fluctuation distance (including δx and δz). In addition, the influence of COV on the pile Pf is further analyzed by the reliability evaluation approach. The main conclusions are summarized as follows:




	
The expansion of COV is detrimental to the building stability. For the construction of the tunnel excavation adjacent to the pile foundation, consideration should be given to the stratum variability characteristics of the pile top and bottom, as well as the geological conditions and the degree of stratum variation surrounding the tunnel where the disturbance source is located. The spatial variation degree of soil parameters greatly influences the pile deformation results, especially the range of probability distribution.



	
The influence of δx and δz on the strata is consistent. The fluctuation range of soil parameters affects the probability of low stiffness areas in the stratum and has little correlation with the discreteness of pile deformation results. The pile displacement tends to increase under the cases of small fluctuation range. In addition, based on many random Monte-Carlo calculation results compared with deterministic results, the actual δx and δz are inferred to lie in the ranges of 12–24 m and 3–6 m, respectively.



	
In a Monte-Carlo stochastic analysis, the COV is proportional to the analysis’s degree of discreteness. Under the same pile foundation deformation control index, the case Pf with a large variation coefficient is higher than that with a small COV, and this trend presents more significantly as COV increases. The distribution of findings is highly concentrated under geological settings with a small COV, and differences in millimeter-level control indicators may lead to huge variation in Pf.








According to the analysis results, applying random field theory to assess engineering failure probability and reliability is practical and promising. As a result, in the event of tunnel excavation or disturbance construction of nearby existing buildings, it is required to examine the diversity of geological characteristics (including inter-layer and intra-layer heterogeneity), which has a significant influence on construction safety evaluation. This study has only taken the spatial variability of Young’s modulus into consideration in the stochastic finite difference model, whereas other soil deformation and strength parameters (e.g., Poisson’s ratio, cohesion and internal friction angle) also exist objectively. Their influences on the pile deformation under the disturbance of tunnel excavation deserve further exploration. Furthermore, this article only investigated the pile foundation deformation in a single pier under strata heterogeneity induced by adjacent construction disturbance, and more complex differential settlement between multiple piers would be carried out in subsequent work.
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Figure 1. Flow chart of the proposed RFDM method. 
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Figure 2. The relative position of twin tunnels and pile foundation. 
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Figure 3. Numerical model presentation: (a) the overall model; (b) the pile group and pile cap; (c) left-line tunnel and grouting. 
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Figure 4. The pile group displacement curve: (a) horizontal displacement; (b) vertical displacement. 
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Figure 5. The pile group displacement induced by tunnel excavation. 
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Figure 6. The random finite difference model. 
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Figure 7. The converging trend of piles’ settlement. 
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Figure 8. Statistics of 300 Monte-Carlo stochastic simulation results under different variation stratum: (a) The random finite difference model; (b) Mean statistics; (c) Horizontal displacement of Pile 4; (d) Settlement of Pile 4. 
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Figure 9. Statistics of 300 Monte-Carlo stochastic simulation results under different variation coefficients: (a) The random finite difference model; (b) Mean statistics; (c) Horizontal displacement of Pile 4; (d) Settlement of Pile 4. 
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Figure 10. Statistics of 300 Monte-Carlo stochastic simulation results under different horizontal fluctuation distance: (a) The random finite difference model; (b) Mean statistics; (c) Horizontal displacement of Pile 4; (d) Settlement of Pile 4. 
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Figure 11. Statistics of 300 Monte-Carlo stochastic simulation results under different vertical fluctuation distance: (a) The random finite difference model; (b) Mean statistics; (c) Horizontal displacement of Pile 4; (d) Settlement of Pile 4. 
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Figure 12. Frequency distribution of the pile maximum settlement and settlement difference: (a) COV = 0.1; (b) COV = 0.3; (c) COV = 0.5. 
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Figure 13. Cumulative distribution of failure probability under different COV: (a) The pile top settlement allowable value; (b) the pile top settlement allowable difference. 
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Table 1. Properties of the materials modeled in numerical analysis.
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	Category
	Plain Fill
	Clay
	Decomposed Rock
	Grouting Layer
	Lining

Segment
	Pile

Caps
	Pile





	Model
	Mohr-

Coulomb
	Mohr-

Coulomb
	Mohr-

Coulomb
	Elastic
	Isotropic
	Elastic
	Isotropic



	Element
	Solid
	Solid
	Solid
	Solid
	Shell
	Solid
	Pile



	Thickness(diameter)/m
	5.0
	25.0
	20.0
	0.3
	0.3
	0.5
	1.0



	Density/kg·m−3
	1700
	1900
	1800
	2400
	2450
	2500
	2500



	Young’s modulus/mPa
	13
	27
	100
	100
	6.0 × 103
	3.0 × 104
	3.3 × 104



	Friction angle/°
	8
	12
	15
	-
	-
	-
	-



	Cohesion/kPa
	10
	40
	35
	-
	-
	-
	-



	Poisson’s ratio
	0.35
	0.33
	0.3
	0.25
	0.2
	0.2
	0.2
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Table 2. Parameters of random fields under different variation stratum (D = 6 m).
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Variation Object

	
Case

	
Variation Layer

	
COV

	
Fluctuation Scale




	
δx

	
δz






	
Variable stratum

	
STR_1

	
Layer1

	
0.3

	
12 m/2 D

	
3 m/0.5 D




	
STR_2

	
Layer2

	
0.3

	
12 m/2 D

	
3 m/0.5 D




	
STR_3

	
Layer3

	
0.3

	
12 m/2 D

	
3 m/0.5 D
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Table 3. Parameters of random fields under different variation coefficients (D = 6 m).






Table 3. Parameters of random fields under different variation coefficients (D = 6 m).





	
Variation Object

	
Case

	
COV

	
Scale of Fluctuation




	
δx

	
δz






	
Variable coefficient

	
COE_1

	
0.1

	
12 m/2 D

	
3 m/0.5 D




	
COE_2

	
0.3

	
12 m/2 D

	
3 m/0.5 D




	
COE_3

	
0.5

	
12 m/2 D

	
3 m/0.5 D
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Table 4. Parameters of random fields under different horizontal fluctuation distance (D = 6 m).






Table 4. Parameters of random fields under different horizontal fluctuation distance (D = 6 m).





	
Variation Object

	
Case

	
Scale of Fluctuation

	
COV




	
δx

	
δz






	
Horizontal fluctuation distance

	
HOR_1

	
6 m/1 D

	
3 m/0.5 D

	
0.3




	
HOR_2

	
12 m/2 D

	
3 m/0.5 D

	
0.3




	
HOR_3

	
24 m/4 D

	
3 m/0.5 D

	
0.3




	
HOR_4

	
48 m/8 D

	
3 m/0.5 D

	
0.3
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Table 5. Parameters of random fields under different vertical fluctuation distance (D = 6 m).






Table 5. Parameters of random fields under different vertical fluctuation distance (D = 6 m).





	
Variation Object

	
Case

	
Scale of Fluctuation

	
COV




	
δx

	
δz






	
Vertical fluctuation distance

	
VER_1

	
12 m/2 D

	
3 m/0.5 D

	
0.3




	
VER_2

	
12 m/2 D

	
6 m/1 D

	
0.3




	
VER_3

	
12 m/2 D

	
12 m/2 D

	
0.3




	
VER_4

	
12 m/2 D

	
18 m/3 D

	
0.3
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Table 6. Analysis of failure probability and allowable settlement value.






Table 6. Analysis of failure probability and allowable settlement value.





	
COV

	
Failure Probability under Deterministic Result

	
Allowed Values Corresponding to 5% Pf




	
Absolute Settlement

	
Differential Settlement

	
Absolute Settlement

	
Differential Settlement






	
0.1

	
12.22%

	
68.17%

	
14.62 mm

	
4.31 mm




	
0.2

	
76.89%

	
76.05%

	
16.35 mm

	
4.36 mm




	
0.3

	
55.18%

	
51.79%

	
18.09 mm

	
4.59 mm




	
0.4

	
94.86%

	
69.24%

	
21.59 mm

	
5.35 mm




	
0.5

	
95.52%

	
98.63%

	
22.96 mm

	
6.83 mm
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