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Abstract

:

Circular diaphragm walls are increasingly being used in ultra-deep foundation pits due to their arch-shaped bearing system, which provides reasonable structural support. The trench walls that form the circular ground connection wall are typically double-angled in shape, and their stability analysis remains a challenge. In this paper, an instability model for double-angled trench walls based on 3D sliding body analysis is proposed. The objective of this paper is to determine the minimum amount of slurry needed to maintain the integrity of the trench wall. The results show that the center of symmetry on the inside of the wall is the most vulnerable to damage, followed by the inside corner, and then the center and corner on the outside. The consideration of sliding bodies in overall and local stability calculations for double-angled trench wall shapes can provide a reasonable stability assessment.
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1. Introduction


In recent years, urban development has increasingly utilized ultra-deep pits, which present significant challenges to construction safety due to their unstable nature and high risk [1,2]. Among the various types of foundation-pit-enclosing structures, underground diaphragm walls have become extensively utilized due to their benefits of high rigidity and robust integrity [3,4]. Circular diaphragm walls, in particular, have been found to be more suitable for ultra-deep foundation pits. The force characteristics of circular diaphragm walls exhibit an arch shape, whereby the ring direction is mainly subjected to axial forces, allowing for the full utilization of the enclosure structure’s strength. Nevertheless, it is worth noting that trench walls composing a diaphragm wall often suffer from collapse during construction, particularly when the structure is constructed in a soft and/or unstable soil layer with a sandy interlayer, as reported in prior research [5,6].



The conventional method of determining trench wall stability involves assuming the shape of the failure surface and developing an instability model based on the limit equilibrium theory [7,8]. Previous research has employed this approach to analyze various types of trenches. For example, Tsai [9,10,11] proposed a 3D analytical method based on the limit equilibrium theory, arching theory, and full-scale field tests for slurry-supported trenches in cohesionless soils. Fox utilized the Coulomb-type force balance method to derive analytical solutions for the safety factor and critical failure surface angle of slurry-supported trenches under drained effective stress and undrained total stress [12]. Han conducted 2D and 3D analyses of the local and overall stability of a slurry trench for cohesive soil using the limit equilibrium theory [13]. Zhang [14] proposed a limit equilibrium solution for the stability of slurry-supported trenches and combined the rotational 3D failure mechanism to analyze the stability of narrow trenches. Wang [15] adopted a 3D kinematic approach of limit analysis to analyze the trench stability and deformation law in non-uniform and undrained clay. However, these methods mainly evaluate rectangular trench sections, while circular underground diaphragm walls feature a double-angled design that increases their force characteristics and makes their stability evaluation even more complicated.



The application of numerical simulation in investigating the destruction mode of underground diaphragm walls has gained attention due to the development of computer technology. Researchers have delved into various aspects of this field, such as the impact of trench wall construction on surrounding environments, the soil response during the construction process, and factors affecting trench wall stability. Several studies have been conducted by scholars to address these issues. Oblozinsky [16] proposed a design suggestion for the stability of the slurry trench using the elastoplastic finite element method analysis and compared it with a centrifugal test. Grandas-Tavera [17] analyzed the failure laws of sliding bodies caused by the insufficient slurry support of a corner trench in normally consolidated clay. Li [18] used numerical finite element analysis to reveal the stability of 2D and 3D homogeneous and inhomogeneous undrained diaphragm wall trenches. Qin [19] investigated the stability of slurry-supported trenches by means of a discretization-based kinematic technique and upper-bound analysis. Wang [20] carried out a stability analysis of slurry-supported trenches in horizontally layered cohesive frictional soils using the kinematical approach of limit analysis. Moreover, scholars have analyzed various approaches to address the stability problem of trench walls. For instance, Xiao [21] studied the global and local stability methods and failure modes of a slurry trench wall through numerical simulation, centrifugal model tests, and theoretical analysis. These studies have contributed to the understanding of trench wall stability and the development of strategies to mitigate any risks. Lei [22] conducted a large number of literature surveys and case studies on the stability of slurry wall trenches during the construction of diaphragm wall panel trenches and summarized and analyzed key issues related to the destructive modes of slurry wall trench destabilization, theoretical analytical models and methods of stability, the formation of the slurry and its protection mechanism, and the influence of related factors on the stability of slurry wall trenches.



With the rapid development of urban construction, the demand for underground construction projects has been increasing year by year. Among them, diaphragm walls, as an important form of underground engineering, play a critical role in ensuring the safety and stability of underground structures. However, most current research on diaphragm walls is focused on rectangular trenches, while the newly emerging circular diaphragm walls composed of double-angled trench walls present unique challenges to their stability due to the presence of exterior angles. Thus, it is imperative to further investigate the factors that contribute to the stability of these walls. This study selected an ultra-deep foundation pit with a depth of 77.3 m as our research object and systematically analyzed the instability mechanism of the double-angled trench wall of the circular diaphragm wall. To this end, a theoretical analysis model for the instability of the trench wall was proposed to determine the minimum slurry weight required to maintain its stability. The findings provide valuable insights into the stability of a double-angled trench wall in circular diaphragm walls and offer practical guidance for the design and construction of underground engineering projects.




2. Analysis of Trench Wall Stability


2.1. Types of Trench Wall Instability


2.1.1. Overall Instability


Overall instabilities in soils typically occur near the surface or in shallow soils with depths ranging from approximately 5 to 15 m, and they may extend to the surface and distribute along the entire trench section. These instabilities are typically oval or rectangular in shape [22,23], as depicted in Figure 1. Shallow formations are more susceptible to instability when the ground is overloaded.




2.1.2. Local Instability


Local instability of the foundation soil is typically caused by weak interlayers, as illustrated in Figure 2. This instability can result in over-excavation, which increases the filling coefficient of the poured concrete and raises construction costs and difficulties [22]. The local stability of the trench wall with retaining slurry is also influenced by the infiltration of slurry into the soil surrounding the trench wall. The seepage force generated by the slurry infiltration into the fresh excavation surface can maintain the local stability of the soil on the trench wall before the formation of the slurry skin.





2.2. Project Overview


The Central Yunnan Water Diversion Project spans a total of 663.9 km and passes through six cities, namely Lijiang, Dali, Chuxiong, Kunming, Yuxi, and Honghe in Yunnan Province. The Kunming segment of the water transmission trunk canal, which covers a distance of 116.758 km, comprises six tunnels, four inverted siphons, an aqueduct, and a hidden culvert. The most significant inverted siphon within the Kunming section is the Longquan inverted siphon, which is situated primarily in the Panlong District of Kunming City and measures 5.07 km in length. It includes two working wells and a shield tunnel, with the originating well spanning 59 m and the receiving well comprising a circular structure with a radius of 10 m. The length of the diversion tunnel is approximately 5 km. As illustrated in Figure 3, the shield receiving well is situated within the green belt on the west side of the intersection between Kunqu Expressway and Fengyuan Road.



Illustrated in Figure 4, the enclosure structure is characterized by a circular underground diaphragm wall that is 1.5 m in thickness, complemented by an inner lining wall that is 1 m in thickness. The excavation depth of the foundation pit is recorded at 79.5 m. The main structure of the enclosure was erected using the open-cut and reverse construction approach.



The receiving well enclosure, depicted in Figure 5, consisted of a circular structure with a radius of 10 m, a 1.5 m thickness, and a 96.6 m depth, comprising 14 underground diaphragm walls. Specifically, there were seven first open-shaped wall sections and seven closed sections. Phase I and II each had seven slot sections, with the P1, P2, and P3 sections representing phase I wall sections, and S sections indicating the phase II wall section. The two phases were staggered using milled joints.



The underground continuous walls were constructed in strata primarily consisting of soft soil, which included silty clay and peat soil. The soft soil was characterized by high natural water content, low permeability, and low shear strength. It was classified as a highly sensitive soil layer, which tended to exhibit significantly reduced strength when disturbed. Therefore, treatment of the base soft soil and weak soil layers was required. The silty soil layer was susceptible to flow and sand flow, and the stability of the soil layer after excavation was weak. Table 1 presents the physical and mechanical properties of the geotechnical parameters involved.





3. 3D Sliding Force Balance Analysis


3.1. Overall Instability


To analyze the overall stability of the 3D trench wall, a wedge-shaped sliding face was assumed as the failure surface and the trench wall instability was then calculated. However, this method is only suitable for linear trench segments. As depicted in Figure 6, underground diaphragm walls are more susceptible to damage and instability due to the presence of corner angles, also known as positive angles, between the trench walls.



3.1.1. Model Building


In the absence of a retaining wall to protect the natural foundation, soil equilibrium can be disrupted by factors such as the presence of slurry, leading to the collapse of the trench wall. To analyze this instability, a wedge-shaped failure section with inclined sliding was assumed to exist, consisting of an upper triangular prism and a lower triangular pyramid (Figure 6). The limit equilibrium theory was applied, with assumptions made for various parameters, including the angle between the bottom sliding face and the horizontal plane (  α = 45 ° + φ / 2  ), the height of the failure body (H), the depth of the slurry liquid surface (   H s   ), the depth of the groundwater level from the surface (   H w   ), the height of the lower part of the wedge (   H c   ), the length of a single excavation in the trench formation process (L), and the included angle (positive angle) of the adjacent trench segments ( β ), as illustrated in Figure 6.



[image: Applsci 13 12037 g006] 





Figure 6. Schematic diagram of sliding wedge. 






Figure 6. Schematic diagram of sliding wedge.
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The destruction body is divided into two parts, including the upper triangular prism (abcdef) and the lower triangular prism (defg). The directions of each force are shown in Figure 7.




3.1.2. Destructive Force Analysis


The study utilized the soil weight below the groundwater as the floating weight in order to determine the volume of the destroying body. Specifically, we assumed that the groundwater level was within the range of the upper triangular prism (abcdef), allowing us to divide the volume of the destruction section into three distinct parts. The first part, denoted as V1, represents the volume of the triangular prism above the water level, while the second part, V2, corresponds to the triangular prism below the water level. Finally, the third part, V3, is the volume of the triangular pyramid.



The destruction volume    V 1    above the groundwater level is


   V 1  =    H w   L 2  sin β  2   



(1)







The damage volume and the value below the groundwater level    V 2    and    V 3    are


   V 2  =    L 2  sin β  (  H −  H c  −  H w   )   2   



(2)




and


   V 3  =    H c   L 2  s i n β  6   



(3)







The weight of the destroying body  W  can be obtained as


  W = γ  V 1  + γ ’ (  V 2  +  V 3  )  



(4)




where   γ   is the heaviness of the soil, while     γ   ’     is the effective heaviness. The slurry pressure can be divided into two parts, the slurry pressure acting on the triangular prism (abcdef) and the slurry pressure acting on the triangular pyramid (dgf). Taking the side face (abed) as an example, the slurry pressure    F 1    acting on the face aged above the side of the wedge is


   F 1  =   L  γ s     (  H −  H c  −  H s   )   2   2   



(5)




where     γ   s     is heaviness of the slurry. The slurry pressure    F 2    acting on the face (deg) below the side of the wedge is


   F 2  =    H c  L  γ  s    (  H −   2  H c   3  −  H s   )   2   



(6)







Then, the projected resultant force    F s    of the slurry pressure on the vertical plane is


   F s  = 2 (  F 1  +  F 2  ) cos ( 90 ° −  β 2  )  



(7)







The water pressure     F   w 1     acting on the face (acfd) above the side of the wedge is


   F  w 1   = L  γ w  sin  β 2     (  H −  H c  −  H w   )   2   



(8)







The water pressure     F   w 2     acting on the face (dfg) below the side of the wedge is


   F  w 2   =  H c  L  γ w  sin  β 2   (  H −   2  H c   3  −  H w   )   



(9)







The ground overload  Q  on the plane (abc) of the destruction face is


  Q =    L 2  q sin β  2   



(10)







The normal reaction force N2 on the side (adfc) can be obtained by the earth pressure Pa and Fw1. The earth pressure can be calculated using the Rankine active pressure method. According to the Mohr–Coulomb strength theory, the tangential reaction force T2 on the sliding face at the limit equilibrium state can be obtained, and each force is calculated as


    P   a   =     K   a     q + γ ’     H −   H   c       2     − 2 c    K   a      × 2 L   sin  ⁡    β   2       H −   H   c      



(11)






   N 2  =  F  w 1   +  P a   



(12)






    T   2   =   N   2     tan  ⁡  φ   + 2 c L   sin  ⁡    β   2       H −   H   c      



(13)




where     K   a     is the active earth pressure coefficient. According to the force balance of the wedge-shaped body on the central axis face, the normal reaction force N1 on the bottom sliding face (dgf) is


   N 1  = ( W + Q −  T 2  ) cos α + (  F s  −  N 2  ) sin α −  F  w 2    



(14)







The tangential reaction force T1 on the bottom sliding face (dgf) in the limit equilibrium state is


    T   1   =   N   1     tan  ⁡  φ   + c     H   c   L   sin  ⁡    β   2         sin  ⁡  α      



(15)







The force balance equation can be obtained by projecting the above forces on the tangent direction of the upper and lower sliding faces on the axial face:


   T 1  + (  F s  −  N 2  ) cos α = ( W + Q −  T 2  ) sin α  



(16)







The anti-sliding force and sliding force in the above formula are shifted and sorted separately, and then the safety factor is defined as follows:


  K =    F  a − s l i d e      F  s l i d e     =    T 1  +  F s  cos α +  T 2  sin α    (  Q + W  )  sin α +  N 2  cos α    



(17)







When   K = 1  , the critical slurry weight can be obtained.





3.2. Calculation of Local Instability of Double-Angled Trench


3.2.1. Model Building


We assume a partial sliding body with a single-sided trench wall, as shown in Figure 8, which exhibits circular sliding. The sliding body is simplified into a semi-circular cylinder with radius a, where the cylinder length is L, i.e., the single trench length, and the depth of the sliding body is H.




3.2.2. Destructive Force Analysis


To simplify the analysis process, the space problem is transformed into a plane strain problem by assuming that L >> a in the sliding body [22]. This simplification is shown in Figure 9, where the stress on the sliding body is depicted. In order to determine the moment of T, which is the tangential shear resistance on the sliding face, we have to solve for Ps, Pw, W, N, and T. While it is easy to calculate the moments of Ps, Pw, and W, the moment of T is more challenging to determine. To address this issue, we have utilized a section method that separates the upper soil strip and the lower part. The soil strips are subjected to micro-unit force balance, and the moment of T can be solved for by analyzing the stresses in the micro-strip element, shown in Figure 9. By ignoring the longitudinal interaction force between the soil strips, the stress of each soil strip can be obtained.



For upper soil strip i (Figure 9), the water pressure Pwi on the soil strip i is calculated as


   P  w i   =   a  γ w   (  H −  H w  − a cos  θ i   )   n   



(18)




where n is the number of upper soil strips, and the thickness of each soil strip is a/n. The slurry pressure Psi on the soil strip is


   P  s i   =   a  γ s   (  H −  H s  − a cos  θ i   )   n   



(19)







According to the Mohr–Coulomb strength criterion, the relationship between shear resistance and support force      N   i     is


    T   i   =   N   i     tan  ⁡  φ   + c   S   i    



(20)




where  φ  is the friction angle in soil,  c  is the soil cohesion, and    S i  = a / ( n × sin  θ i  )   is the contact area.



According to the mechanical balance of the horizontal direction of the soil strip, the following formula can be obtained:


   N i  sin  θ i  +  T i  cos  θ i  +  P  w i   =  P  s i    



(21)







Thus, the calculation formula of shear resistance Ti can be obtained according to Formulas (20) and (21) as follows:


   T i  =     a c   n tan φ   −   a  γ s   (   H s  − H + a cos  θ i   )   n  +   a  γ w   (   H w  − H + a cos  θ i   )   n    cos  θ i  +   sin  θ i    tan φ      



(22)







Similarly, for below soil strip j (Figure 9), the stress of each soil strip can be obtained if the longitudinal interaction force between the soil strips is ignored.



The water pressure Pwj on the soil strip is calculated as


   P  w j   =   a  γ w   (  H −  H w  + a cos  θ j   )   n   



(23)







The slurry pressure Psj on the soil strip is


   P  s j   =   a  γ s   (  H −  H s  − a cos  θ j   )   n   



(24)







The relationship between shear resistance Tj and support force Nj is


   T j  =  N j  tan φ + c  S j   



(25)







According to the mechanical balance of the horizontal direction of the soil strip, the following formula can be obtained:


   N j  cos  θ j  +  P  w j   =  P  s j   +  T j  sin  θ j   



(26)







Then, the calculation formula of shear resistance can be obtained as follows:


   T j  =     a  γ s   (  H −  H s  + a cos  θ j   )   n  +   a  γ w   (  H −  H w  + a cos  θ j   )   n  −   a c cos  θ j    n sin  θ j  tan φ     sin  θ j  −   cos  θ j    tan φ      



(27)







For the overall force, the bending moment of the whole sliding body is calculated at point O, as shown in the following equations.



The calculation of the bending moment M1 due to its own weight is


   M 1  =  1 2  π  a 2  × γ ’ ×  4  3 π   a =  2 3  γ ’  a 3   



(28)







The calculation of sliding bending moment M2 caused by water pressure is


   M 2  =  1 2  × 2  γ w  ×  a 2  =  γ w   a 2   



(29)







The calculation of anti-sliding bending moment M3 caused by slurry pressure is


   M 3  =  1 2  × 2  γ s  ×  a 2  =  γ s   a 2   



(30)







The calculation of anti-sliding bending moment M4 caused by shear resistance is


   M 4  =   ∑  i = 1  n    T i  a   +   ∑  i = 1  n    T j  a    



(31)







Thus, the sliding body maintains mechanical equilibrium conditions as follows:


   M 1  +  M 2  =  M 3  +  M 4   



(32)







The safety factor K is defined as follows:


  K =    M R     M T    =    M 3  +  M 4     M 1  +  M 2     



(33)







When,   K = 1   and   n → ∞   the critical slurry weight    γ s    can be obtained.





3.3. Calculation Results of Overall and Local Instability


The determination of both the overall stability and local stability of the double-angled trench section of the circular ground connection wall is presented in Figure 10. It can be observed from the figure that with the increase in the depth, the slurry weight necessary to maintain the stability of the diaphragm wall exhibits an initial rise followed by stabilization. This entire process can be divided into three stages.



In the initial stage (stage I), the required slurry weight to maintain the stability of the diaphragm wall gradually increases with depth. At shallower depths of less than 30 m, overall instability is found to be more likely to occur compared to local instability. This is due to the influence of external factors, such as site overloading, which may result in small-scale overall instability near the surface. Within the depth range of 10 to 30 m, the slurry weight required to ensure the stability of the diaphragm wall exhibits a linear increase. To prevent the diaphragm wall from becoming unstable due to suboptimal slurry quality, it is recommended to reinforce the wall to a depth of at least 30 m.



As the depth increases, the stability of the diaphragm wall becomes a critical concern, particularly in stage II. Here, we observe that the slurry weight required to maintain the stability of the diaphragm wall remains nearly constant, except for a sharp shift at 60 m depth, where a layer of peat soil exists at the junction of rock and soil. This layer is susceptible to stress concentration, rendering it prone to instability. The physical and mechanical properties of peaty soil, such as low natural density, high water content, a large pore ratio, high compressibility, poor uniformity, and a low bearing capacity, can significantly affect the overall stability of the diaphragm wall. As a result, the diaphragm wall is vulnerable to destabilization in the presence of peaty soil.



In the stage Ⅲ, which corresponds to the deeper regions beyond 60 m, the slurry weight required to ensure the stability of the diaphragm wall remains practically constant. The critical slurry weight is noticeably lower in comparison to stage Ⅱ. This is primarily attributed to the fact that, upon entering the rock strata, the physical and mechanical properties of the surrounding geological material greatly improve, resulting in a higher stability threshold for the diaphragm wall. The superior properties of the rock strata, including their higher values of strength, stiffness, and cohesion, enable the diaphragm wall to better resist the destabilizing forces and thus maintain the overall stability.



In stage III, the critical slurry weight required to maintain the overall stability of the double-angled trench wall remains essentially constant and is significantly lower than in stage II. This is due to the better physical and mechanical properties of the underlying rock layer, resulting in a higher value and improved stability of the diaphragm wall. Therefore, the critical weight required to maintain the overall stability of the double-angled trench wall is determined to be 10.58 N/m3, while the critical gravity needed to maintain the local stability of the trench wall is 11.14 kN/m3.



Based on the explanation above, the slurry must have a specific density and consistency in order to provide wall protection. Many research studies have shown that when the density of the slurry increases, the hydrostatic pressure increases and the slurry wall trench becomes very stable [22]. In reality, the slurry density must be more than 10.3 kN/m3. A slurry with a high density also has high shear strength, which increases the gelling action and improves the groove hole stability [24].





4. 3D Numerical Analysis


4.1. Determination of Calculation and Parameters


The diaphragm wall analyzed has a specific geometric configuration with a width of 1.5 m, a length of 6 m, and a depth of 96.6 m, and it features a double-angled trench section as depicted in Figure 11. The simulation was conducted using solid components to represent the soil body, while the Mohr–Coulomb constitutive model was employed to characterize the soil material. The computational model used had dimensions of 120 m in height and 100 m in length, as presented in Figure 12. The displacement boundary conditions were specified on the bottom and sides of the model, while the top was left as a free surface. Moreover, typical horizontal displacement limitations were imposed to ensure the accuracy of the simulation results.



In the model, the trench wall was designed with a depth of 96 m and featured a multi-step configuration with five steps, each approximately 20 m in length. To ensure its stability, the excavation surface was subjected to slurry pressure after each excavation stage. Subsequently, the slurry pressure was gradually reduced as the excavation progressed towards the base of the trough section until the trench wall reached a critical limit and underwent destabilization, ultimately leading to its collapse. The height of the slurry liquid was set to 1 m below the ground, and the slurry pressure   σ =   γ   s     h   i   =   γ   s       z   − 1    , where hi represents different depths (Figure 13).




4.2. Numerical Solution of Critical Slurry Weight


The monitoring point selection process was critical to assessing the displacement behavior of the extraction trench wall. To achieve this, the depth of Z = −62 m in the peaty soil layer was strategically chosen while setting the slurry weight at     γ   s   = 13.2   k N /   m   3    . The results, as presented in Figure 14, showed that significant displacement was mainly concentrated at the center and the angle of the trench section. Based on this observation, a series of monitoring points were carefully selected, as illustrated in Figure 15. The displacement curves of the selected monitoring points, plotted against the depth, are presented in Figure 16, with positive values indicating displacement towards the inside of the trench and negative values indicating displacement towards the outside of the trench wall.



Each point near the surface position (Figure 16), within the 0~5 m depth range, experiences displacement towards the inner direction of the trench, owing to an insufficient increase in shallow mud pressure to counteract the surface overload, ultimately resulting in overall destabilization and collapse damage. In contrast, displacement in the out-of-trench direction occurs at each point beyond 10~20 m and 70 m into the rock. The mud pressure exhibits a linear increase for depths between 10 and 20 m, whereas the soil and water pressure increases at a slower pace. For depths less than or equal to 70 m, the surrounding rock exhibits a significant soil arch effect, and the soil and water pressure is minimal. Thus, the mud pressure exceeds the soil and water pressure, causing the displacement of each measurement point towards the outside of the trench.



As the depth increased, the displacement of each measurement point towards the trench also increased, and it reached the maximum value at a depth range of 60~70 m, leading to a local instability collapse. This phenomenon can be attributed to two factors. Firstly, the meeting point of the soil and rock layers at this depth was prone to stress concentration, exacerbating the displacement towards the trench. Secondly, the physical and mechanical properties of the peat soil were inadequate, which resulted in the decreased stability of the diaphragm wall. The small natural density, high water content, large pore ratio, high compressibility, poor uniformity, and low bearing capacity of the peat soil all contributed to this instability.



According to the data presented in Figure 17, the displacement values of each point follow a consistent pattern, with the middle of the inner side of A-A being the most vulnerable area to damage in the circular ground connection wall with a double-angle trench. Whether it is the general instability failure in the shallow part or the local instability failure at depths of 60~70 m, the order of displacement values is A-A > C-C > B-B > D-D > E-E > F-F > G-G. Therefore, the corresponding measuring points on the A-A, B-B, C-C, and D-D measurement lines at Z = −62 m were selected for the further analysis of the local instability and damage points at depths of 60–70 m. As the slurry pressure decreases, the displacement change curve and change rate are as presented in Figure 17.



The findings presented in Figure 18 reveal a noteworthy trend in the horizontal displacement of each measurement point as the slurry weight decreases. Notably, the increase in displacement can be classified into two distinctive stages, a linear stage I and an exponential stage II. During stage I, when the slurry weight is above 9.5 kN/m3, each location displacement displays a linear growth trend in response to a decrease in slurry weight. Conversely, when the slurry weight falls below 9.5 kN/m3 in stage II, the displacement at each location shows an exponential growth trend. Interestingly, Figure 18 shows a sudden change in the rate of displacement as the slurry weight drops to approximately 9.5 kN/m3, indicating a shift from stage I to stage II. Collectively, these results demonstrate that the critical slurry weight for the diaphragm wall is approximately 9.5 kN/m3, as determined by the numerical simulation.



The geographical situation is one of the most important variables influencing the stability of the groove hole [22]. Aside from the shear strength (as demonstrated in experiments, if the soil’s cohesion and internal friction angle are low, the slurry wall trench can easily collapse), the soil density, grain size composition, and particle size all influence the stability of the groove hole. If the soil has high density and an excellent grain size composition, the slurry will not be readily lost, and a solid mud cake will build quickly on the slurry wall trench to maintain its stability. A mud cake, on the other hand, cannot be easily created if the soil has low density and a poor grain size composition and the slurry wall trench has high water permeability.





5. Engineering Verification


5.1. Comparison Results of Different Methods


In conclusion, this study calculates the critical gravity of the slurry using a variety of methods and compares the results with those found in the literature without taking the positive angle method into account, in order to determine the stability of the trench wall of the double-angle trench section. The results calculated with the 2D model are also given. The summary results are shown in Table 2.



Table 2 reveals the slurry weight obtained from the 3D calculation. After considering all the calculation methods presented above, it is recommended that, for this project, the slurry weight should be maintained at a level higher than 11.1 kN/m3, which is equivalent to a slurry specific gravity of no less than 1.14 g/cm3. During the actual construction process, the weight of the newly made slurry should be strictly controlled to not fall below 1.1 g/cm3, and the slurry weight in the wall should be maintained at approximately 1.2 g/cm3 by adjusting the slurry circulation. Such an approach will ensure that the diaphragm wall has adequate stability and is less susceptible to failure, which can be further improved by implementing real-time monitoring of the slurry weight during construction. The integration of these recommendations into the construction process is vital to minimize the risk of potential instability and ensure the safety and integrity of the project.




5.2. Stability Inspection


Prior to the commencement of concrete pouring during the construction process, ultrasonic inspections were conducted to assess the trench wall’s verticality. The results of the inspection for the I-1 trench segment are presented in Figure 18. The visual representation illustrates that the overall verticality of the ground connection wall is deemed satisfactory and meets the criterion of 1/650 for verticality. Additionally, no indications of instability were detected along the trench wall. These observations serve as evidence that the chosen slurry weight was effective in ensuring the stability of the trench wall.



The location of the collapsed hole in the trench wall can also be judged with the help of the rate of liquid level rise during concrete pouring. The construction records are analyzed using section Ⅰ-11 of this project as an example. The I-11 underground diaphragm wall is 98.2 m deep and the width type is double-angled, referring to Figure 15. The rate of concrete level rise during pouring is shown in Figure 19.



Figure 19 compares the calculated rising height of concrete with the actual rising height of concrete, as well as identifying the presence of any collapsed holes in the underground continuous wall. The calculated rising height of concrete represents the theoretical height of the liquid surface that should rise after pouring concrete, whereas the actual rising height of concrete refers to the measured height of the liquid surface on-site. A slow-down in the slope of the actual ascending height line may suggest the presence of a collapsed hole. Our results demonstrate that the slope of the actual ascending height line tends to slow down at the depth of 9~15 m and 77~82 m from the top of the wall, indicating the suspected location of the collapsed hole in the wall. This indicates that a heavier slurry is needed here for containment. This finding was found to be consistent with the results of ultrasonic trenching inspection records depicted in Figure 11, verifying the correctness of the 3D sliding force balance analysis proposed in Section 2.





6. Conclusions


This research investigates the instability mechanism of the double-angle trench section’s continuous wall through a combination of theoretical analysis, numerical simulation, and on-site measurement. A calculation model for trench wall instability is proposed by summarizing the types and calculations of instability. The circular ground connecting wall of the shield receiving well foundation pit in Yunnan Province, China is taken as a case study, and the results of various calculation methods are compared and examined. The study ultimately determines the minimum slurry weight required to ensure the stability of the diaphragm wall. The findings of this study are summarized as follows.



	(1)

	
In this study, we have developed a novel calculation model to assess the overall stability of the double-angled trench. Drawing upon the Mohr–Coulomb strength theory and limit equilibrium conditions, our model accounts for the influence of the positive angle of the sliding body of the double-angled trench section. Specifically, a minimum slurry weight calculation formula to ensure the total stability of the diaphragm wall was derived.




	(2)

	
A theoretical calculation model for the maintenance of the local stability of the diaphragm wall is established by utilizing the strip method and the limit equilibrium condition to analyze the force of the micro-soil unit. This model allows for the consideration of the impact of various factors on local instability. By employing this model, a formula for the calculation of the minimum slurry weight required to ensure the local stability of the diaphragm wall was derived.




	(3)

	
The stability of the double-angled trench section’s wall was analyzed using the finite element method that employed the strength reduction approach. The results showed that the center of the inner side of the trench wall was the most susceptible to damage, followed by the inner corner of the trench wall, and then the middle and outer corner of the outer side of the trench wall.




	(4)

	
The model proposed in this paper is verified to be valid, but more extensive validation is still needed, such as considering different geologic conditions and trenching methods. In addition, the description of the connections between the groove segments and the methods of strengthening the reliability of the connections will be the focus of further research.
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Figure 1. Schematic diagram of overall instability and destruction. 
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Figure 2. Schematic diagram of local instability and destruction. 
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Figure 3. Satellite map of receiving well location. 
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Figure 4. Longitudinal section of receiving well structure (unit: m). 
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Figure 5. Enclosure structure of the diaphragm wall. 
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Figure 7. Stress balance analysis of trench wall destruction body. 






Figure 7. Stress balance analysis of trench wall destruction body.



[image: Applsci 13 12037 g007]







[image: Applsci 13 12037 g008] 





Figure 8. Local sliding body of the wall trench. 
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Figure 9. Stress of failure body analysis model. 
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Figure 10. Calculation results of overall stability and local instability. 
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Figure 11. Schematic diagram of double-angled trench wall (unit: m). 
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Figure 12. Calculation model diagram. 
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Figure 13. Hydrostatic slurry pressure diagram. 
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Figure 14. Horizontal displacement cloud around the trench wall at the depth of Z = −62 m. (a) X-direction; (b) Y-direction. 
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Figure 15. Schematic diagram of the location of each measuring line. 
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Figure 16. Distribution curve of horizontal displacement of each point on the measuring line. 
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Figure 17. Curves of displacement at each measuring point with slurry weight. (a) Displacement; (b) displacement rate. 
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Figure 18. Ⅰ-1 trench wall detection analysis (0~45 m). 
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Figure 19. Real-time concrete level rise curve. 
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Table 1. Geotechnical physical and mechanical parameters.
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	Type
	Thickness (m)
	Gravity

(kN/m3)
	Poisson Ratio (−)
	Cohesion (kPa)
	Internal Friction Angle (°)
	Compression Modulus (MPa)
	Permeability Coefficient (m/s)





	Plain fill
	4.7
	18.7
	0.35
	12
	8
	6.75
	1.20 × 10−6



	Clay ①
	5.8
	18.9
	0.4
	31
	7.8
	6.5
	5.00 × 10−6



	Silty clay ①
	7
	19.3
	0.4
	30.8
	9.6
	6.62
	1.60 × 10−7



	Clay ②
	10.5
	18.8
	0.38
	30.5
	9
	8.84
	5.00 × 10−6



	Silty clay ②
	31.4
	20.1
	0.35
	31.3
	12.2
	8.52
	1.10 × 10−7



	Peaty soil
	9.8
	13.9
	0.35
	15
	8.6
	7.24
	1.70 × 10−8



	Dolomitic limestone
	50.8
	21.6
	0.3
	110
	45
	26
	5.00 × 10−5










 





Table 2. The critical gravity of slurry obtained by different calculation methods (unit: kN/m3).
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Overall Stability

	
Local Stability




	
Double-Angle Trench Wall

	
Rectangular Section






	
10.58

	
10.06

	
11.14
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