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Abstract

:

This paper analyses the deformation and force behavior of a wood-piled island cofferdam based on the principle of equivalent bending stiffness. The horizontal deformation and bending moments in wood piles and the axial stress in tension bars on top of piles were both analyzed by the finite difference (FD) method. Except for the analysis of the cofferdam construction process, the influence of the pile length, the dam width, the tension bar interval, and the pile interval, among the commonly adopted parameters, were detailly examined in numerical simulations. In addition, a reinforced wood-piled cofferdam model by steel pipe piles has been established to quantify the effect of reinforcement. It was found that the dewatering inside the cofferdam was detrimental to cofferdam stability. The pile deformation reached maxima (roughly 0.6% of the pile length) at solidifying stage after dewatering. The changing trend of the cofferdam structure force within a safe district was consistent with the displacement. The dam width had a vital effect on the stability of the cofferdam, especially on the horizontal deformation. The steel pipe pile reinforcement scheme performed better in further deformation control, providing a new idea for island-type cofferdams with rigorous structural deformation control.
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1. Introduction


As an important temporary water blocking facility for water construction, cofferdams are widely applied to build docks, bridge piles, and tunnels [1,2,3]. Commonly used cofferdam structure forms include steel sheet piles, steel pipe piles, earth–rock dams, and wood piles. The construction technology of the steel sheet-pile cofferdam is relatively mature and has a wide range of applicability owing to strong resistance to deformation. However, building a cofferdam comprised of steel sheet piles is costly and requires a long construction period. Therefore, building steel cofferdams in shallow water areas with low water pressure is not economical. As a low-cost construction structure, it is worth exploring whether the wood-piled cofferdam can resist water and soil pressure and maintain its own stability in shallow water areas.



Based on different cofferdam construction backgrounds, numerous studies have been carried out over the last several decades. Arboleda-Monsalve et al. [4] presented two urban cofferdams composed of segmental steel ring beams and concrete ring beams, respectively. The results indicated that the distribution of lateral wall movements differed for both cofferdams due to noticeable differences in the structural configuration. Based on the RMA (reduced modulus action) value from measured data, Wang et al. [5] proposed a strategy for the design of the steel sheet-pile support structure. It was also confirmed that cofferdams installed in the sea face a high risk of structural damage when extreme wave load occurs ([6,7]). In 2009, Gui et al. [8] reported a failed double-wall cofferdam after heavy rainfall. The dislocation of the weld joints directionally caused the failure, warning that an appropriate support system with adequate safety margin and flexibility is vital.



Seepage effect, especially dewatering influence as investigated by Zeng et al. [9], should not be ignored as the cofferdam is exposed to water during its entire construction. This can induce piping or quicksand, detrimental to cofferdam stability. Benmebarek et al. [10] analyzed seepage failure of the sandy soil within a cofferdam subjected to an upward seepage flow. They identified the conditions for seepage failure occurring by boiling or heaving the soil behind sheet piles. Not limited to the sandy soil layer, based on different geological conditions, many scholars (e.g., refs. [11,12,13]) carried out a series of research work on the influence of seepage on the stability of cofferdams. These results indicated seepage affects the cofferdam by changing soil properties around the cofferdam structure. In addition, other issues related to cofferdam reinforcement ([14]) and cofferdam slope stability ([15]) have also received much attention.



Perhaps due to excessive safety considerations, the application of wood-piled cofferdams in large-scale projects is rare, and relevant reports have not been covered. This highlights the necessity to research the structural stability of cofferdams. Unlike other cofferdams, the double-row wood-piled cofferdam utilizes the dam-filling soil and the two rows of piles to form a whole to resist the outer water and soil pressure. This type of cofferdam has advantages in shallow water areas, with readily available raw materials and convenient construction. Especially for island-type cofferdams, the size of the cofferdam is much larger than that of the internal foundation pit, so the excavation of the foundation pit has little effect on the structure of the outer cofferdam, which means that the piles only bear the water and soil pressure above the riverbed.



Based on the principle of equivalent flexural stiffness, as mentioned in some studies [2,16,17], the study presented herein aims to research the stress and deformation behavior of a real cofferdam construction under the fluid–solid coupling effect. A plentiful parametric analysis of the cofferdam structure has also been conducted. In addition, to further reduce the deformation of the wood-piled cofferdam, a construction scheme of using steel pipe piles to reinforce the wood piles is investigated, which provides a new option for the construction of the cofferdam in shallow water areas.




2. Equivalent Bending Stiffness Principle


2.1. Equivalent Representation of the Wood-Pile Cofferdam


The wood-piled cofferdam relies on two rows of wood piles and the filling between the piles to maintain its stability. The wood piles are inserted into the riverbed, not a continuous structural material like steel sheet piles. Suppose the theoretical analysis and numerical modeling are carried out on each wood-piled structure as the analysis object alone. In that case, the amount of calculation is undoubtedly huge, and some simplifications in the calculation are necessary. Therefore, as shown in Figure 1, the idea of equivalent stiffness is considered in this paper, and the independent wood piles are equivalent to sheet piles. In addition, tension bars for reinforcement are simplified as tension rods, which facilitates the subsequent numerical simulation research.




2.2. Equivalent of Wood Piles


In the cofferdam, the double-row pile structure mainly bears the bending moment. As shown in Figure 2, considering the convenience of modeling, the wood piles were converted into sheet piles according to the principle of equal bending stiffness.



The equivalent generation relationship (Equations (1)–(3)) is as follows, where dw is the diameter of wood piles; tw is the interval of two adjacent wood piles; l is the length of the dam calculated; nw is the number of single-row wood piles ‘l’ containing; hw is the equivalent thickness of a single row of stakes; Ew is the stiffness of wood piles; also, Dw and Dh, are, respectively, the equal bending stiffness of stakes and sheet piles.


   D w  =  E w    π  d w 4    64    n w   



(1)






   D h  =  E w    l  h w 3    12    



(2)






  l =  (   n w  − 1  )   t w  +  d w   n w   



(3)




when Dw = Dh, putting Equation (3) into Equation (2). According to Equation (4), the equivalent thickness of a single row of stakes (hw) is defined as follows:


   h w  =  d w      3 π  d w    16  (   d w  +  t w  −  t w  /  n w   )     3   



(4)




when tw/nw approaches 0, according to Equation (5), hw can be approximately expressed as follow:


   h w  ≈ 0.838  d w       d w     d w  +  t w     3   



(5)








2.3. Equivalent Model of Steel Pipe Pile


The steel pipe pile reinforcement scheme, detailed in Section V, was also accounted for. To simplify the calculation, similar to wood piles, the steel pipe pile is equivalent to a sheet pile with the same stiffness in the numerical model. As shown in Figure 3, according to the principle of equivalent bending stiffness, those hollow tubular piles are equivalent to liner unit with a certain thickness.



Accordingly, Equation (6) shows the solution formula for the equivalent thickness of the steel pipe pile. Where ds is the outer diameter of steel pipe piles; dsi is the inner diameter of steel pipe piles; ts is the interval of two adjacent steel pipe piles; hs is the equivalent thickness of a row of steel pipe piles; and Es is the stiffness of steel pipe piles.


   h s  ≈ 0.838  d s       d s   (  1 −  α 4   )     d s  +  t s     3    , α =    d  s i      d s     



(6)







In this numerical model, the lower half of the steel pipe pile can be established with its equivalent thickness. The upper half of the steel pipe pile and the wood-piled cofferdam are combined into an approximate whole, so considering the superposition effect is necessary. The equivalent of the combination of the two is shown in Figure 4, without considering the effect of the steel purlin.



Equation (7) is the equivalent stiffness balance equation of the composite pile. For the convenience of calculation, also expressed in Equation (8), the sum of the two pile thicknesses is set as the equivalent pile thickness. Em (the stiffness of composite piles) is the only unknown parameter.


   E m     h m 3    12   =  E w   (     h w 3    12   +    h w   h s 2   4   )  +  E s   (     h s 3    12   +    h s   h w 2   4   )   



(7)






   h m  =  h w  +  h s   



(8)









3. Project Overview


In this study, the cofferdam was built as the land construction platform for the Textile City Bridge demolition and reconstruction project. The Textile City Bridge is located in the beautiful city of Shaoxing, Zhejiang Province, China, the hometown of Lu Xun, a famous Chinese literary master. With the high-speed development of Shaoxing, the bridge built in the 1990s could not meet the busy traffic demand. Thus, demolition and reconstruction work of this bridge was carried out. The dismantling and rebuilding of the arch rib were complex, requiring significant aerial work. Considering the large size of the bridge (200 m in length, 30 m in width) and the convenience of construction, an island-building cofferdam for land construction was necessary, as shown in Figure 5. In addition, the average water level ranges from 3.5 to 4.0 m. Applying the steel cofferdam was not economical and unnecessary. Therefore, constructing a double row wood pile cofferdam instead of steel sheet piles is a better choice in terms of duration and cost. To provide a sufficiently spacious working platform for the demolition and reconstruction of the bridge, the size of the cofferdam built is an approximate square with a side length of 90 m, surrounded by water on three sides and bordering the embankment.



Figure 6 shows the local structure and geology of the double-row wood pile cofferdam. Specifically, the diameter of the wood pile was 0.2 m, and the length was 9.0 m. Three wood piles were driven on the dam body per meter. The width between the two rows of piles was 2.5 m, and the piles were driven into the riverbed at a depth of 4.5 m. To improve the stability of the whole cofferdam, the top of the pile was set with wood piles purlins by the same specification. Purlins on both sides of the dam body were strengthened by φ10 mm threaded steel bars, and the tension bars were installed along the direction of the dam body every 1.0 m. Considering the low permeability coefficient of geomembrane and easy access of silt, the dam body between the two rows of piles was filled with river silt wrapped in geomembrane.



A bamboo fence and geomembrane were installed outside the dam body as critical parts of water resistance. After the completion of the dam construction, dewatering inside the cofferdam could be carried out. Next, the silt foundation would be treated with grouting and solidification at a depth of 2.0 m. Finally, the internal area of the cofferdam was hierarchically filled with soil. The relevant construction steps are displayed in Figure 7.




4. Numerical Analysis


4.1. Model Setup


This section established a three-dimensional simulation model in Fast Lagrangian Analysis software (FLAC3D, ITASCA, Minneapolis, MN, USA), providing a more efficient way of solving the fluid–mechanical interaction problems. Additionally, FLAC3D has been used in many deep excavation and cofferdam projects and proved to be greatly accurate and reliable [18,19].



Considering that all sides of the cofferdam have the same specifications, this simulation model could be created in a local three-dimension form to balance computational speed and model accuracy. The wood piles were driven into the riverbed at a depth of 4.5 m. Therefore, the model had set up from a section of the cofferdam with a size of 50.0 m × 15.0 m × 29.5 m (length × width × height). The model involved four layers: silt, clay, solidified soil, and backfilling soil. As clearly shown in Table 1, their constitutive behaviors were described by Mohr–Coulomb models with different parameters. Since the double-row wooden piles were equivalent to two sheet piles with the same bending stiffness, the wood-piled structure was simulated with an elastic liner model. Although wood is an anisotropic material, to facilitate modeling, it was simplified as an isotropic material, taking the flexural modulus of the wood piles as the overall elastic modulus. The tension bars were only withstanding tension force and simplified to elastic cable models. The element type was chosen for other structural components as a solid element.



Figure 8 shows the relative position of the structural elements to the soil layer. Liner element (wood piles), with a height of 9.0 m, its upper part was above the riverbed. Two rows of sheet piles were connected by tension bars, and nodes at connections were shared. The model contained a 25.0 m thick soil layer below the riverbed. The bottom five meters was clay, and silt was located 20.0 m below the riverbed. Although the average water level ranges from 3.5 m to 4.0 m, taking bad conditions into account, the model was based on a water depth of 4.0 m as a reference. Since the flow of the river was very slow, there was no large-scale wind or waves. Only the influence of hydrostatic pressure was considered in the model. The boundary conditions were fixed for the base surface and rollered for the vertical surfaces. Assuming that the geomembrane was intact and impermeable, seepage occurred only outside the dam.



To simplify the calculation, the construction process of the cofferdam was simulated at five stages, as summarized in Table 2. The wood-piled cofferdam built in the river had to consider a seepage field. Thus, the initial seepage-stress balance was calculated at the first stage. It is important to note that the geo-stress initialization assumed that the soil in each layer was homogeneous, continuous, and isotropic. All structure element, including liner and cable, was installed at the second stage. The third stage of dewatering was the key step in constructing the cofferdam, in which piles would bear large bending moments and generate large deformation. The fluid–structure interaction should be considered in this step. After pumping inside the cofferdam, grouting and solidifying work would carry out at a depth of 2.0 m below the riverbed. Accordingly, the parameters of the silt would be replaced by the parameters of the solidified soil within the appropriate scope at stage 4. The final step was to backfill the interior of the cofferdam with miscellaneous filling soil.




4.2. Simulation Results


The horizontal displacement cloud picture of the equivalent sheet piles at different construction stages is shown in Figure 9. It could be observed that piles appeared with a large horizontal displacement of 55 mm at stage 3. After pumping, grouting, and solidifying stage 4, it expanded the deformation to 59 mm due to the grouting increasing the lateral stress of the lower piles. In addition, the horizontal deformation of the piles was decreased after the soil filling step, as miscellaneous filling soil balanced out the part earth pressure of the cantilever piles. It should be noted that the maximum horizontal displacement of outer piles was at the top position. However, the inner piles occurred at a position of 1.5 m below the pile top.



It can be observed from the above analysis that the most unfavorable working condition of the cofferdam is at stage 4, the grouting and solidifying step. To shorten the article length and focus on the key points, the deformation and stress of the cofferdam at stage 4 will be pointedly discussed. Figure 10 and Figure 11 respectively present the variation of horizontal displacement and bending moment at different heights of sheet piles, and all data were taken from the middle section of sheet piles. The displacement curve indicated that inner piles and outer piles performed relatively consistently about the horizontal deformation. It is worth noting that the heights of the two maximum displacements are different. In addition, the bottom of the inner piles was close to 10 mm, while the bottom displacement of the outer piles was close to 0. As for the bending moment, the inner piles bore a large bending moment of about 9 kN·m, while the outer piles hardly bore the bending moment. The bending moment reversal point was located 0.5 m above the riverbed for inner piles. The tension bars’ maximum axial stress value (136 MPa) occurred at stage 4.



According to the bending strength of the wood pile calculated by Qiu et al. [20], the maximum allowable bending moment value of the wood pile is 42 kN·m. The 10 mm diameter tension bar fracture stress value applied in the construction is 1570 MPa, much greater than the axial stress generated by the construction. Consequently, the deformation and stress of the cofferdam structure in the original construction scheme met the corresponding control requirements. However, this is just the analysis result under normal circumstances. If the inevitable defects of the cofferdam itself are considered, it is doubtful whether the cofferdam can meet the design requirements. To improve the overall safety factor of the cofferdam, the following analysis aims to examine the specific parameters of the cofferdam structure on the influence of deformation and stress.





5. Parametric Analysis


5.1. Parameters Value


From the above analysis, the sheet pile’s maximum horizontal deformation of 59 mm in the original construction plan slightly exceeds the control threshold of 0.6% for the pile length. It is necessary to analyze the cofferdam structure’s design parameters. Considering the particularity of this wood pile cofferdam, as well, according to the previous research results, the following four parameters are selected as the influencing factors to analyze their influence on the deformation and stress of the cofferdam: length of the wood pile, width of the dam, the horizontal interval of the tension bars and spacing of wood piles. As listed in Table 3, to accurately explore the four factors’ influence on the cofferdam’s structural stability, 17 different cofferdam structural forms were established, and the various influencing factors would be analyzed separately.



It should be pointed out that during the construction of the cofferdam, since the grouting and solidification after pumping is the most unfavorable working condition, and the inner piles bear more external forces, the following numerical analysis shows the deformation and stress of the inner piles at stage 4 (grouting and solidification step) only.




5.2. The Effect of Pile Length


In general, the length of the pile influences the deformation and stress of the cofferdam structure. Figure 12 shows the deformation of the sheet pile under different pile lengths. In those simulation conditions, the cantilever part length of the pile was kept unchanged, and the embedded depth, which is the length of the part of piles driven below the riverbed, was changed only. When the pile length increased from 7.0 m to 11.0 m, the maximum horizontal displacement of the pile decreased by about 5 mm only, and the displacement of the pile top was reduced by about 10 mm. As the depth increased, this trend of decreasing displacement gradually passed off and finally manifested as a consistent displacement value of 11 mm at the bottom of the pile.



Compared with the change of the horizontal displacement under different pile lengths, the change in the pile’s bending moment was less significant. As shown in Figure 13, increasing the pile length played a small role in reducing the bending moment of the pile. In the case of different pile lengths, the changing trend of the bending moment of the pile body was almost the same, and the maximum value of the bending moment was located 2.0 m away from the pile top. In addition, the data presented in Figure 14 indicated no clear correlation between the axial force of tension bars and the length of piles.




5.3. The Effect of Dam Width


To explore the influence of the dam width on the cofferdam structure, the dam width was changed from 2.0 m to 4.0 m, there were intervals of 0.5 m, and other factors were kept unchanged. Figure 15 shows the horizontal pile deformation for different dam width conditions at stage 4, the grouting and solidifying step. Irrespective of the pile body of any part, it was evident that the horizontal displacement of the pile was closely related to the width of the dam, presenting an inverse correlation. When the dam width was 2.0 m, the maximum horizontal displacement of the pile was 83 mm, close to 1% of the pile length. However, when the dam width increases to 2.5 m, the maximum displacement of the pile shows a sharp decrease value of 55 mm. Therefore, increasing dam width can significantly reduce pile deformation. In general, the larger the width of the dam, the smaller the horizontal displacement of the pile, and the decreasing trend weakened with the increase of the dam body width.



Similarly, Figure 16 shows the variation of pile bending moment with depth for different dam widths. Compared with the deformation of piles, the dam width also significantly affects the pile’s bending moment. When the dam width increased from 2.0 m to 4.0 m, the maximum bending moment value of the pile decreased from 12.5 kN·m to 5.3 kN·m, almost half of the bending moment for the 2.0 m width condition. Besides, no matter how the width of the dam changed, the bending moment reversal point of the inner piles was always located 0.5 m above the riverbed.



As shown in Figure 17, increasing the width of the dam can significantly reduce the axial stress of tension bars. It also can be found that filling soil could significantly lower tension bars’ axial force, especially in the case of a wide dam. To sum up, increasing the width of the dam body can effectively bring the deformation and stress of the cofferdam structure down. However, the cofferdam’s safety coefficient has sometimes reached the requirements. To prevent excessive deformation of the cofferdam, based on the analysis of the above data, it is recommended that the width of the cofferdam should not be less than 2.5 m.




5.4. The Effect of Tension Bars Interval


For steel sheet-pile cofferdams, the design parameters of tension bars, including the number, layers, and relative height, greatly influence the cofferdam structure. Therefore accurate calculation and analysis of tension bars are undoubtedly necessary. Similar to tension bars in steel sheet-pile cofferdams, the tension bars in the double-row wood-piled cofferdams are composed of small-diameter steel bars, which are tied to the wood purlins on both sides to achieve a pulling effect. Due to the particularity of the pile-membrane composite cofferdam structure, the height of tension bars could only be set at the top of piles. Therefore, unlike the double-row steel sheet-pile cofferdam, just the horizontal spacing of tension bars on the structural stability of the wood-piled cofferdam was considered in the following numerical analysis.



In specific conditions, all tension bars were unified to a diameter of 10 mm, but the spacing of tension bars was different: 0.5 m, 1.0 m, 1.5 m, 2.0 m, and 2.5 m. Correspondingly, the number of tension bars per unit length of piles in the model was different. Figure 18 reflects the deformation of the pile body under different tension bar intervals. The results indicated that the density of the tension bar setting had a certain influence on the pile deformation, slightly decreasing with the reduction of the tension bar interval.



As shown in Figure 19, the changes in tension bar intervals had little effect on the bending moment for the bending moment of piles. Unexpectedly, the results indicated that reducing the interval of tension bars didn’t matter in decreasing the bending moment of the pile. According to the columnar data in Figure 20, the tension bar horizontal spacing variation significantly affected its axial stress. With the tie rods’ horizontal spacing expansion, the tension bars’ axial force rises in a straight line. It is apparent that, as the interval between tension bars increased, quantities of tension bars per unit length decreased, resulting in a sharp increase in the tensile force of each tension bar.




5.5. The Effect of Wood Piles Interval


Pile interval is an important parameter in cofferdam engineering, not only directly related to the cost of cofferdam construction but also closely related to the deformation and stress of the cofferdam structure. Based on previous engineering cases and experience in the original construction scheme, the interval between two adjacent wood piles was 0.5 m, equivalent to three wood piles per meter. This scheme was an empirical choice rather than a scientific judgment. Considering that the double-row wood piles were equivalent to sheet piles (liner element) with the same bending stiffness in this model, the sheet pile thickness under different pile intervals was calculated according to Equation (5). Therefore, the effect of pile interval could be reflected in the numerical model through sheet pile thickness conversion.



Five conditions of pile interval were selected as the object of parametric analysis, which were 0.3 m, 0.5 m, 0.7 m, 1.0 m, and 1.2 m. The corresponding thicknesses of the liner elements in the model were 146 mm, 124 mm, 110 mm, 100 mm, and 92 mm, respectively. In addition, the ‘pile interval’ mentioned in this section refers to the distance between the axial centers of two adjacent piles in the extension direction of piles.



Figure 21 reflects the pile body deformation with depth under different conditions of pile interval. It can be observed from the curve in the figure, which approximately shows the characteristic of increasing proportionally. Along with the increase in the interval between piles, the horizontal deformation of piles above the riverbed increased. By contrast, the deformation of the piles below the riverbed tended to be almost consistent, expressing little difference among the above five conditions. The increase in the pile spacing led to the lower wood piles per unit length, and the overall resistance to deformation was weakened.



As shown in Figure 22, the bending moment of the pile body was brought down with the increase of the pile spacing. The maximum positive bending moment was still located 2.5 m above the riverbed. When the pile interval increased from 0.3 m to 1.2 m, the maximum positive bending moment of the pile declined from 11 kN·m to 6.5 kN·m. The increase in pile interval was equivalent to the reduction of sheet pile thickness in the model, resulting in smaller stress and a larger bending moment of piles. Figure 23 reflects the change in the axial stress of tension bars under different pile interval conditions. The axial force rose along with the increase of the pile spacing. However, the increasing trend was not linear—the larger the pile spacing, the slower the increase of the axial stress of tension bars.




5.6. Discussion


In the above numerical simulation, analysis for the four factors of pile length, dam width, tension bar interval, and pile spacing has been carried out. Certain parameters’ effect on deformation and structure stress is inconsistent and tends to be the opposite. Based on abundant analysis of parameters, as a way of dealing with different objective construction environments, a relatively balanced parameter combination can be established between the internal force of the structure and the deformation of the pile body.



Some basic laws can be summarized from the above experimental data. Increasing the pile length can reduce the deformation of piles by a small margin but does not play a significant role in internal force control. Since the dam soil and the double-row wood piles form an integral resistance to external force, the dam width is a key factor affecting the stability of the cofferdam structure, regardless of deformation or stress, which is also the significant difference between the double-row wood-piled cofferdams and other single-row piles cofferdams. To a certain extent, enlarging the interval between tension bars is equivalent to reducing the number of tension bars on a certain length of the dam, resulting in a larger axial force shared by each tension bar. Compared with the steel sheet-pile cofferdam, bringing down the interval of tension bars does not play a significant role in reducing the pile deformation and bending moment. Reducing the spacing between the wood piles enables a great decrease in the deformation of piles but has an adverse effect on the bending moments of piles. As indicated by the above 17 simulated conditions, the axial stress of the tension bars does not reach its fracture stress limit for far. Consequently, the axial force of tension bars is not the key parameter restricting the stability of the wood pile cofferdam.





6. Steel Pipe Pile Reinforcement Effect


6.1. Description of Steel Pipe Pile Reinforcement


Due to convenient construction and the low cost of double-row wood-piled structures, the first choice under shallow water silt geological conditions, it has been widely used in some cofferdam projects. However, the wood-piled cofferdam may be unreliable for projects with high requirements for cofferdam deformation or when the water depth exceeds a certain range. To further improve the stability of the wood-piled cofferdam in unfavorable environments and enhance the ability of the cofferdam to resist deformation and bending moment, it is certainly a practical solution to add steel pipe piles inside the cofferdam.



As shown in Figure 24, based on the original double-row wood-piled cofferdam scheme, a row of steel pipe piles will be built along the inner wood piles. To make the wood pile and the steel pipe pile more closely combined and form a whole to resist deformation, the steel pipe pile is close to the steel purlin, tied to the inner wood piles. Specifically, the length of steel pipe piles is 18 m, the outer diameter is 420 mm, the thickness is 10 mm, and the interval between two adjacent steel pipe piles is 2.0 m. In the following numerical simulation, the selection of various parameters of sheet piles is determined according to the formula of equivalent bending stiffness in Section 2.3.




6.2. Analysis of Reinforcement Effect


It can be observed from the above analysis that in the cofferdam numerical model, the inner row of the cofferdam reinforced with steel pipe piles differed from that of the original double-row wood-piled cofferdam. The major performance is the difference in inner pile length and elastic modulus. Specifically, the parameters of the upper half of the reinforced inner piles are pointed out, with the thickness of 241 mm, the elastic modulus of 1.03 × 105 MPa, as well the parameters of the lower half: the thickness of 118 mm, and the elastic modulus of 2 × 105 MPa.



Figure 25 is the horizontal displacement curve of the reinforced pile. Due to the barrier effect of dam filling, the deformation of the inner and outer piles is relatively consistent at different depths; also, the deformation of the outer piles is slightly smaller than that of the inner piles. Unlike the wood-piled cofferdam, the maximum horizontal displacement of the reinforced cofferdam occurs at the top of piles. To visually compare the reinforcement effect of the steel pipe piles, the horizontal displacement curves of the piles under the two cofferdam schemes are plotted in Figure 26. Since the cofferdam has been reinforced with steel pipe piles, the deformation of the pile body is significantly reduced, especially in the final soil filling stage. The most critical thing to be observed is that the maximum horizontal deformation of the piles under the two schemes is respectively 58 mm and 28 mm, which confirms that the reinforcement effect of the steel pipe pile is significant.



Figure 27 compares the internal structural forces of the reinforced and unreinforced solutions cofferdams. For the maximum bending moment of piles, the inner piles with larger force are selected for comparison. In the original wood pile cofferdam scheme, the bending moment of the piles does not change much, and the value under the three main construction stages is around 9 kN·m within safe limits. The added steel pipe piles for the tension bars share part of the tensile force. Compared with the original wood-piled cofferdam scheme, the axial stress of tension bars decreases sharply in the steel pipe pile reinforcement scheme.



It should also be noted that the upper half of the lining unit is reinforced by steel pipe piles in the model. It is given parameters by simulating the combination of two structures with one structural element. Therefore, the deformation and stress of the two structures are regarded as consistent, which may lead to some deviations between the calculated and actual results.





7. Conclusions


Based on the principle of stiffness equivalence, the deformation and stress of the double-row wood-piled cofferdam were investigated by presenting an island-type cofferdam case in Shaoxing, China. In the field construction, the cofferdam functioned well without large deformation and leakage, confirming the double-row pile cofferdam scheme’s reliability. The primary conclusions drawn from this study can be summarized in the following points:




	
According to the analysis of the double-row wood-piled cofferdam scheme, the maximum horizontal deformation of the pile can be controlled at about 0.6% of pile length, either the peak values of the bending moment and tension bar stress in the construction process are both within the allowable range and still have large redundancy. In general, the original scheme of the wood-piled island cofferdam can meet the basic construction safety requirements.



	
The width of the dam is an important parameter affecting the stability of the cofferdam and should be the primary consideration in the design. Other parameters, such as the pile length, the pile interval, and the tension bars interval, ought to be determined by the dam interval. Summarizing a large number of parameter sensitivity analyses, it is concluded that the axial force of tension bars in the wood-piled cofferdam is not large, and the wood piles bear most of the external force. In the design of the cofferdam structure, more attention should be paid to the deformation and bending moment of the wood piles.



	
The steel pipe pile reinforcement scheme performed better than the double-row wood-piled cofferdam scheme. The deformation of the pile after reinforcement is brought down by more than half, but the reinforcement is useless in reducing the bending moment of wood piles. The scheme reinforced by steel pipe piles provides a new idea for island-type cofferdams with rigorous structural deformation control.








However, the wood piles are independently inserted in the riverbed and connected by the surrounding wood pile purlins. In this study, these independent wood piles were equivalent to continuous and homogeneous sheet pile material, which may deviate from the actual situation. Moreover, further verification of the proposed research by monitoring data in the field and centrifuge model test results is required. These issues will be addressed in future research work to extend the versatility and application of the proposed wood-piled island cofferdam by building sophisticated numerical models.
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Figure 1. Equivalence of cofferdam structure. 
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Figure 2. Equivalent of wood piles. 
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Figure 3. Equivalent of steel pipe piles. 






Figure 3. Equivalent of steel pipe piles.
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Figure 4. Equivalent of a combination of steel pipe piles and wood piles. 






Figure 4. Equivalent of a combination of steel pipe piles and wood piles.
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Figure 5. Plan view of the project. 






Figure 5. Plan view of the project.
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Figure 6. Double row wood pile structure. 
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Figure 7. Construction steps. 
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Figure 8. Mesh of the numerical model. 
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Figure 9. Horizontal displacement contours of piles at different stages (unit: m). 
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Figure 10. Horizontal displacement curve of piles at different stages. 
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Figure 11. Bending moment of piles at different stages. 
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Figure 12. Pile horizontal displacement of different pile length conditions. 
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Figure 13. Pile bending moment of different pile length conditions. 
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Figure 14. Tension bar axial stress of different pile length conditions. 
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Figure 15. Pile horizontal displacement of different dam width conditions. 
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Figure 16. Pile bending moment of different dam width conditions. 
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Figure 17. Tension bar axial stress of different dam width conditions. 
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Figure 18. Pile horizontal displacement of different tension bar interval conditions. 
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Figure 19. Pile bending moment of different tension bar interval conditions. 






Figure 19. Pile bending moment of different tension bar interval conditions.
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Figure 20. Tension bar axial stress of its different interval conditions. 
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Figure 21. Pile horizontal displacement of wood pile interval conditions. 
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Figure 22. Pile bending moment of wood pile interval conditions. 
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Figure 23. Tension bar axial stress of wood pile interval conditions. 
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Figure 24. Steel pipe pile reinforced cofferdam structure. 
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Figure 25. Horizontal displacement of reinforced piles. 
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Figure 26. Comparison of the horizontal displacement between reinforced piles and double-row wood piles. 
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Figure 27. Comparison of the internal force between reinforced piles and double-row wood piles. 
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Table 1. Properties of the materials modeled in numerical analysis.
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	Material
	Silt
	Clay
	Solidifies Soil
	Backfill

Soil
	Wood

Pile
	Tension

Bar





	Model
	Mohr-

Coulomb
	Mohr-

Coulomb
	Mohr-

Coulomb
	Mohr-

Coulomb
	Elastic
	Elastic



	Element
	Brick
	Brick
	Brick
	Brick
	Liner
	Cable



	Thickness/m
	20.0
	5.0
	2.0
	4.5
	-
	-



	Density/kg·m−3
	1700
	1900
	1800
	1800
	800
	7800



	Young’s modulus/MPa
	2.4
	6.6
	5.2
	4.6
	6.0 × 103
	2.0 × 105



	Friction angle/°
	10
	15
	12
	10
	-
	-



	Cohesion/kPa
	1.4 × 104
	5.6 × 104
	1.5 × 104
	1.0 × 104
	-
	-



	Poisson’s ratio
	0.35
	0.3
	0.3
	0.3
	0.3
	0.2



	Permeability coefficient/m·s−1
	10−6
	10−8
	10−7
	-
	-
	-
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Table 2. Stages of construction in finite difference analysis.






Table 2. Stages of construction in finite difference analysis.





	Stage No.
	Description
	Model Operation





	1
	Initializing stress field and

seepage field balance
	Activating the soil layer (silt and clay),

setting seepage boundary



	2
	Dam construction
	Activating the cofferdam structure (liner and cable elements)



	3
	Dewatering inside the

cofferdam
	Lowering the cofferdam water level from 4.0 m to the riverbed



	4
	Grouting to reinforce silty

foundations
	Modifying the silt (2.0 m below the

riverbed) parameter to solidified soil



	5
	Backfilling
	Activating the backfilling soil
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Table 3. 17 cofferdam structural forms of different parameters.
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	Number of Cases
	Length of Piles/m
	Width of the Dam Body/m
	Interval of Adjacent Tension Bars/m
	Interval of Adjacent Wood Piles/m





	1
	7.0 m
	2.5 m
	1.0 m
	0.5 m



	2
	8.0 m
	2.5 m
	1.0 m
	0.5 m



	3
	9.0 m
	2.5 m
	1.0 m
	0.5 m



	4
	10.0 m
	2.5 m
	1.0 m
	0.5 m



	5
	11.0 m
	2.5 m
	1.0 m
	0.5 m



	6
	9.0 m
	2.0 m
	1.0 m
	0.5 m



	7
	9.0 m
	3.0 m
	1.0 m
	0.5 m



	8
	9.0 m
	3.5 m
	1.0 m
	0.5 m



	9
	9.0 m
	4.0 m
	1.0 m
	0.5 m



	10
	9.0 m
	2.5 m
	0.5 m
	0.5 m



	11
	9.0 m
	2.5 m
	1.5 m
	0.5 m



	12
	9.0 m
	2.5 m
	2.0 m
	0.5 m



	13
	9.0 m
	2.5 m
	2.5 m
	0.5 m



	14
	9.0 m
	2.5 m
	1.0 m
	0.3 m



	15
	9.0 m
	2.5 m
	1.0 m
	0.7 m



	16
	9.0 m
	2.5 m
	1.0 m
	1.0 m



	17
	9.0 m
	2.5 m
	1.0 m
	1.2 m
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