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During construction of concrete faced rockfill dam (CFRD), the extrusion-sidewall will be protruding or deficiency under normal. Before panel construction, local slope cutting should be taken for the squeezed side wall or supplementary filling measures should be taken after excavating the squeezed side wall, which will affect the mechanical deformation of the panel. According to the monitoring data of concrete-faced rockfill dams of some hydro-electric station in Hubei Province, the three-dimensional finite element analysis method is used to simulate the original filling sequence process of the concrete face rockfill dam. By comparing the difference between the monitoring data and the calculation results, the deformation law of the extrusion side wall and the dam is obtained, which verifies the rationality of the three-dimensional simulation analysis of the dam. The characteristic values of settlement and horizontal displacement obtained from dam monitoring and numerical calculation are compared with those of other high concrete faced rockfill dams. The characteristic values of this dam are close to those of general concrete faced rockfill dams. The deformation law of extrusion side wall and dam under two optimization schemes with different filling sequence is studied. It is found that if conditions permit, the upstream should be filled first and then the downstream to reduce the deformation of extrusion side wall to the upstream.
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1 INTRODUCTION
The construction technology of extruding side wall (abbreviated as extruded-sidewall) is a new construction method of concrete faced rockfill dam (CFRD), which especially reduces the over-filling repair process of cushion material, reduces labor intensity and saves labor. No need for traditional construction techniques in slope leveling, slope rolling, sand blasting slurry to stabilize slope. Because of the advantages of improving the rolling quality of cushion materials, speeding up the construction progress, and protecting the surface of cushion materials from rain erosion during construction, this technology has been adopted in high face rockfill dam projects such as Shuibuya, Gongbo Gorge, Jishi Gorge, and Bakun, Malaysia (Jiang 1997; Galvao et al., 1999; Li 2011). Although the construction of the extrusion-sidewall has many advantages and has been widely used (Luo et al., 2005), the application of the extrusion-sidewall in the panel dam is still very short, and people are not very clear about many aspects of its problems. For example, because the elastic modulus of the side wall material is much larger than that of the rockfill material, a certain degree of stress concentration may occur on the extrusion-sidewall. The sidewall concrete is different from the conventional concrete and rockfill. It is a special structural material with rapid setting, low elastic modulus, and plastic damage. As a semi-elastic layer sandwiched between the concrete panel and the rockfill, how about its stress and strain, which is not clear at present. At the same time, since the extrusion-sidewall is constructed layer by layer along the dam axis, there will be more or less staggered layers. From the perspective of contact friction, the staggered layers of the upper and lower extrusion-sidewalls will increase the deformation of the extrusion-sidewall towards the upstream, and also increase the constraint effect on the panel (Peng et al., 2008; Zhou et al., 2008). In the past, the first thing people pay attention to is the stress deformation and stability of the CFRD (Sun et al., 2006; Deng et al., 2008; Liu et al., 2010; Li and Yang. 2012; Liu and Liu. 2013; Yang et al., 2014; Zhang et al., 2022), followed by the contact between the face slab and the extrusion-sidewall (Zhang et al., 2005; Hou et al., 2008; Zou et al., 2009) and the stress and strain of the concrete face slab (Cheng et al., 2011; Deng et al., 2015; Zhou et al., 2015; Liu et al., 2022), and little attention is paid to the factors affecting the extrusion-sidewall and the deformation law (Pan et al., 2014; Hu et al., 2016).
The extrusion-sidewall is constructed at the same time with the dam. Due to the influence of dam deformation and the discontinuity between layers caused by the layered construction of the extrusion-sidewall, many concrete faced rockfill dams have to cut and fill the extrusion-sidewall before the construction of the dam is completed and the panel is not constructed, resulting in a large difference between the actual size of the extrusion-sidewall and the design size, which affects the stress and deformation of the panel. In order to reduce the cutting and filling of the extrusion-sidewall, it is generally necessary to reserve a certain amount of space for extruding sidewall to deform upstream during dam construction to meet the design requirements of the extrusion-sidewall. In the case of the dam type and filler are determined, it is worth paying attention to the study of the influence of the construction sequence on the deformation of the layered discontinuous extrusion-sidewall.
This paper strictly simulates the actual construction process through the FEM calculation method based on the actual construction of the CFRD of a hydropower station in Hubei Province. It compares the horizontal displacement and settlement deformation monitored during the actual filling process of the dam with the numerical simulation results, which verifies the scientific nature of the numerical simulation method, the rationality of material parameter selection, and the correctness of the results. On this basis, the deformation law of the extrusion side wall of the CFRD of the hydropower station under different construction schemes is studied, which provides a reference for the construction scheme design of the same type of dam.
2 PROJECT OVERVIEW
The dam of a hydropower station in Hubei is a reinforced the CFRD. The length of the dam crest axis is 465.00 m, the width of the dam crest is 10 m, the elevation of the dam crest is 524.30 m, the foundation surface elevation of the riverbed toe slab is 366.00 m, and the maximum dam height is 158.3 m. The upstream slope ratio of the dam is 1:1.4, and the downstream comprehensive slope ratio is 1:1.44. The thickness of the upper part of the reinforced concrete panel is 30 cm, and the thickness of the bottom is 84 cm. The dam is divided into primary and secondary rockfill areas, and the downstream dam toe is equipped with a filter rockfill prism. The dam under construction is shown in Figure 1, and the material partition is shown in Figure 2.
[image: Figure 1]FIGURE 1 | The construction of concrete face rockfill dam.
[image: Figure 2]FIGURE 2 | Dam material partition drawing.
The total filling amount of the dam is about 7 million m3, of which more than 600,000 m3 is weakly weathered sand shale excavated from the spillway, and 400,000 m3 is natural gravel of riverbed sand field. The rock material for constructing dam in the main rockfill area is mainly gray thick strip limestone and gray thick dolomite.
3 DEFORMATION MONITORING OF DAM AND EXTRUSION-SIDEWALL DURING CONSTRUCTION
In order to evaluate the construction quality, the deformation of the concrete face rockfill dam during the construction period is monitored to prevent accidents such as uncompacted rolling or excessive deformation of the dam. According to the characteristics of concrete face rockfill dam, a comprehensive safety monitoring system is set up to carry out real-time monitoring according to the requirements of relevant regulations and specifications during construction. Figure 3 shows that the sequence and time of dam filling.
[image: Figure 3]FIGURE 3 | Dam filling sequence diagram.
3.1 Monitoring instrument layout scheme
In order to obtain the deformation of the dam and the extrusion-sidewall during the construction period, deformation measuring instruments are specially set at the section of the riverbed centerline perpendicular to the dam and the extrusion side wall. The vertical displacement is measured by water tube type settlement meter in Figure 4. The horizontal displacement is measured by tension wire type horizontal displacement meter in Figure 5.
[image: Figure 4]FIGURE 4 | Layout of deformation monitoring instrument at riverbed cross section.
[image: Figure 5]FIGURE 5 | Layout of squeezed sidewall deformation monitoring instrument.
3.2 Arrangement and analysis of monitoring data
When the dam was completed in March 2014, the maximum upstream deformation at the dam elevation of 412.00 was 33.0 cm, and the deformation at the downstream measuring point was 32.5 cm. At the dam elevations of 437.00 and 462.00, the upstream horizontal displacement decreases slightly and the downstream horizontal displacement increases slightly, as shown in Figure 6. The vertical displacement occurs at the elevation of 437.00, with the maximum value of 134.1 cm. It is located near the upper of one-third of the dam height, and the settlement decreases gradually along the dam towards the upstream and downstream areas, as shown in Figure 7. The maximum position of horizontal and vertical deformation is not at the same height, but it conforms to the general deformation law of dam.
[image: Figure 6]FIGURE 6 | Horizontal deformation of dam In March 2014.
[image: Figure 7]FIGURE 7 | Vertical deformation of dam In March 2014.
The deformation of the extruded side wall along the river occurs at the dam height of 418 m, and the maximum deformation upstream is 33.4 cm, which occurs on the left side of the dam, 40 m from the centerline of the riverbed, and is one-third of the dam height. As the right side of dam abutment is steeper than the left side, the upstream displacement along the river on the left side of the dam is smaller than the right side, and the displacement near the dam abutment on both sides is reduced, which is mainly restricted by the dam abutment on both sides, as shown in Figure 8. The maximum vertical displacement of the extrusion-sidewall is 34.7 cm, which occurs at the dam height of 450 m, and is near two-thirds of the dam height. It occurs on the left side of the dam and is 40 m away from the riverbed centerline in Figure 9. Although the maximum horizontal displacement and vertical displacement do not occur at the same dam height, they are consistent with the laws of horizontal and vertical deformation of the dam.
[image: Figure 8]FIGURE 8 | Displacement of wall extrusion along the river in March 2014.
[image: Figure 9]FIGURE 9 | Vertical displacement of extrusion-sidewall in March 2014.
4 NUMERICAL SIMULATION METHOD
4.1 Calculation principle
The midpoint increment method is used in this calculation. For the first load increment [image: image], the midpoint increment method establishes the stiffness matrix [image: image] with the initial tangential modulus [image: image] and calculates the displacement [image: image], strain [image: image] and stress [image: image]. Starting with the second stage load increment, apply half of the load increment [image: image] first, and establish the stiffness matrix by using the stress level at the end of the previous increment to obtain the incremental midpoint displacement [image: image] and the corresponding stress state [image: image]. Based on this stress state, the corresponding modulus [image: image] is obtained, and then the mid-point stiffness matrix of increment [image: image] is established. Then a linear analysis is performed with the secondary full load [image: image] to obtain the displacement [image: image] and stress [image: image] under this load, which is repeated until the final increment. The experience of water conservancy design department in China shows that the calculation results obtained by midpoint increment method are closer to the actual situation than the general incremental analysis.
4.2 Computational model
Three-dimensional solid modeling and finite element meshing are carried out according to dam material partition and filling scheme, as shown in Figure 10. The rockfill, dam and foundation are modeled mainly by three-dimensional eight-node hexahedron element. It is proposed that four-node quadrilateral element are used in the local areas. The number of elements is 18,920 and the number of nodes is 21,241. The boundary is constrained by displacement, and the left and right sides and bottom of the dam are fully constrained. For the treatment of extrusion-sidewall, refer to the method in reference (Zhang et al., 2005), and the extrusion-sidewall is equivalent to a whole concrete continuous thin plate, with the thickness of the side wall equivalent to 24 cm. A thin layer unit is set between the extrusion-sidewall and the cushion material as the equivalent contact surface (Popp et al., 2010). The thickness of the thin layer unit is 10 cm, and its modulus is the modulus of the cushion.
[image: Figure 10]FIGURE 10 | FEM mesh of the dam.
4.3 Material constitutive model and parameters
Linear elastic constitutive model is adopted for extrusion-sidewall in this calculation. The elastoplastic “Nanshui” constitutive model is adopted for rockfill, because the elastic-plastic model can well reflect the shear shrinkage of rockfill (Luo and Xiu-run. 2008). Calculation model parameters are shown in Table 1.
TABLE 1 | The Nanshui model’s parameters of the dam’s material.
[image: Table 1]4.4 Load and application method
During the construction period of the dam, the load is the weight of the rockfill, and there is no water in the upstream and downstream of the dam. The simulated construction process is to calculate the stress-strain process of the squeezed side wall from the foundation to the dam crest elevation during construction. The load is applied to a total of 14 levels. The extrusion side wall is constructed from the third level of the dam when it is filled with the dam, as shown in Figure 3.
4.5 Comparison and analysis of calculation results and monitoring data
According to the calculation, the maximum displacement of dam settlement on the section of riverbed centerline during the completion period is 1.2 m. Compared with the monitoring results, the location is similar, and the value is smaller than the monitoring value, with a difference of 0.14 m. At the same time, the three-dimensional calculation results show that due to the asymmetric “V” shape of the river valley, the dam settlement has obvious arch effect, and two large deformation and settlement areas are formed along the dam height, as shown in Figure 11. However, due to the limitation of the layout scope of monitoring instruments, this feature was not found in the monitoring results. Compared with the displacement and deformation in the horizontal direction of the dam, Figure 12 shows that the range of the horizontal displacement in the vertical direction along the river of the upstream face of the dam is basically close to the monitoring results, and the range of the downstream displacement along the river greater than 0.42 m is relatively small, which is in the shape of a long strip close to the slope. Compared with the monitoring results, the calculated values at the same location are smaller. Due to the limitation of the layout of monitoring points, the monitoring values cannot reflect the overall horizontal displacement of the downstream dam.
[image: Figure 11]FIGURE 11 | Settlement of the section of the river center line in Completion period (unit: m).
[image: Figure 12]FIGURE 12 | Horizontal deformation of the section of river center line in Completion period (unit: m).
Comparing the calculated and monitored horizontal displacement and deformation of the extrusion-sidewall along the river, it is found that the calculated value of 30 cm is less than the monitored value of 34.7 cm, and the range of calculated displacement of more than 30 cm is also less than the monitored value of more than 30 cm. However, the results of calculation and monitoring are in good agreement with each other. The maximum horizontal displacement occurs slightly less than one-half of the dam height, and deformation towards the downstream of the river occurs at the top of the dam, as shown in Figure 13. Figure 14 shows that it reflects the calculated vertical displacement diagram of the extrusion-sidewall during the completion period of the dam. The maximum calculated value is 28 cm, which is 6.7 cm smaller than the monitored vertical displacement 34.7 of the side wall. However, the maximum vertical displacement is located at two-thirds of the dam height, which is similar to the monitoring data and has the same rule, and also conforms to the general rule of the deformation of the extrusion-sidewall.
[image: Figure 13]FIGURE 13 | Horizontal deformation of the extruding side-wall in Completion period (unit: m).
[image: Figure 14]FIGURE 14 | Vertical deformation of the extruding side-wall in Completion period (unit: m).
Comparing the monitoring and calculation results, the deformation laws of the two are the same. The calculated data is less than the monitoring data, and the error is about 10%. It shows that the numerical calculation method is more scientific and reasonable, which can better reflect the deformation law of the dam and the extruded side wall.
It is appropriate to use the settlement characteristic value [image: image] of the dam, the upstream horizontal displacement characteristic value [image: image] of the dam and the downstream horizontal displacement characteristic value [image: image] of the dam to evaluate the dam deformation behavior (Li 2011b).
[image: image]
Where [image: image], [image: image] and [image: image] are respectively the characteristic value of dam settlement, the characteristic value of dam upstream horizontal displacement and dam downstream horizontal displacement, and [image: image], [image: image] and [image: image] are respectively the maximum settlement of the dam at the dam axis, the horizontal displacement of the dam upstream and the dam downstream, and [image: image] are the maximum dam height at the dam axis. Table 2 shows that the test results and finite element calculation results.
TABLE 2 | Settlement and horizontal displacement’s characteristic value of numerical calculation and monitoring.
[image: Table 2]The [image: image] value of 200 m high concrete faced rockfill dams (Shuibuya, Sanbanxi and Hongjiadu) built in the 21st century are mostly in the range of 0.2 × 10−4–0.5 × 10−4, and the characteristic values of horizontal displacements are in the range of 3 × 10−4–18 × 10−4 (Li 2011b). When the characteristic values of settlement and horizontal displacement are within this range, the cracks in cushion area, the voids and cracks in the panel and the extrusion failure of the panel concrete are rarely found in the general dam. The monitoring and calculation values of the dam are close to this range, and some are within this range, which conforms to the principle of deformation coordination in the design of high concrete faced rockfill dam.
5 INFLUENCE OF FILLING SEQUENCE ON DEFORMATION OF EXTRUSION-SIDEWALL AND DAM
5.1 Optimization of dam filling sequence
The extrusion-sidewall is generally trapezoidal, the upper thickness is generally 10 cm, and the lower thickness is about 70 cm. After the completion of dam filling, the extrusion-sidewall may have some slope loss or surplus. In order to lay the panel to reach the design coordinates, the method of partial slope cutting or filling after excavating the extrusion-sidewall is generally adopted. The other method is to predict the possible settlement and horizontal displacement of the extrusion-sidewall at a certain elevation of the dam surface through certain calculation and analysis, leaving a certain space for compensation during the dam filling process. On the basis of verifying the correctness of the numerical simulation method, this paper optimizes and selects two kinds of dam filling sequence schemes are shown in Figures 15, 16. In order to minimize the upstream deformation of dam, influence of the filling sequence on the horizontal displacement and settlement deformation of the extrusion-sidewall is studied. The correlation between the horizontal displacement of the extrusion side wall and the settlement deformation of the dam is compared and analyzed, and the dam filling sequence to reduce the deformation of the extrusion side wall is analyzed.
[image: Figure 15]FIGURE 15 | Plan Ⅰ of optimize the filling sequence.
[image: Figure 16]FIGURE 16 | Plan Ⅱ of optimize the filling sequence.
5.2 Analysis of calculation results of optimization scheme
The deformation of the dam is mainly caused by the weight of the rockfill. When filling by stages, the deformation sequence of the upstream and downstream sections of the dam is different. Analyzing the upstream displacement along the river of the extrusion-sidewall after changing the filling sequence of the dam, it is found that the downstream first small block filling in the optimized schemeⅠreduces the horizontal displacement along the river to the upstream compared with the original actual large block filling, and the maximum value decreases by 4.2 cm. The position where the maximum value occurs rises slightly, the area decreases, and the deformation is gentle. At the same time, the deformation from the dam top to the downstream also decreases. When the upstream is filled first and the downstream is filled later, the upstream section has been filled and tends to be stable, and the later filling has little impact on its deformation, while the newly filled dam has large deformation, so the optimization scheme Ⅱ of the upstream early filling is better. As the filling is divided into small blocks, the deformation of the extrusion-sidewall towards the upstream decreases by 6.8 cm compared with the actual filling, and the maximum deformation is −26.6 cm, as shown in Figure 17.
[image: Figure 17]FIGURE 17 | Displacement of Squeezing sidewall along the elevation along the river.
In order to compare the deformation of the side wall and dam under different filling schemes better and more intuitively, the calculation results are summarized as follows. From Table 3, it can be clearly seen that the maximum deformation of the side wall under the two filling schemes and the change rate between the monitoring value of the original filling scheme and the optimized scheme Ⅱ.
TABLE 3 | Compare results of different filling the order.
[image: Table 3]It is reflected that when the optimum scheme Ⅱ is used for stage filling, the upstream section is filled first, then the downstream section in Table 3. The downstream section filling causes a small increment of settlement and horizontal displacement of the filled part of the dam. The final settlement and horizontal displacement of the dam are mainly affected by the upstream section filling body and the lower filling body. In scheme Ⅱ, the displacement of the extrusion-sidewall along the river to the upstream is reduced by 20.3%, the maximum settlement is reduced by 14.1%, the displacement of the dam to the upstream is reduced by 22%, and the maximum settlement is reduced by 7%. It also reflects that the filling sequence has more influence on the horizontal displacement of dam and extrusion-sidewall than the settlement deformation.
6 CONCLUSION
According to the monitoring data of concrete faced rockfill dams of some hydro-electric station in Hubei Province, the three-dimensional finite element analysis method is used to simulate the original filling sequence process of the concrete face rockfill dam. The conclusions are as follows.
(1) According to the deformation monitoring results of the extrusion side wall and the dam, the displacement of the extrusion side wall along the river to the upstream occurs at 1/4 of the dam height at the lower part of the dam body, and the maximum settlement occurs at 2/3 of the dam height at the middle of the side wall. The maximum horizontal displacement and vertical displacement occur in different locations, and the upper part of the side wall produces a smaller area of downstream shrinkage deformation.
(2) Comparing the monitoring and three-dimensional calculation results of the dam and the extrusion side wall, the deformation laws of the two are the same. The calculated data is less than the monitoring data, and the error is about 10%. It shows that the finite element calculation method is more scientific and reasonable, which can better reflect the deformation law of the dam and the extruded side wall. It is found that the eigenvalue of the dam is close to that of general concrete face rockfill dam.
(3) Through the optimization of the original filling sequence of the dam, it is found that the scientific and reasonable zoning filling sequence can reduce the horizontal displacement along the river of the extrusion-sidewall, especially the displacement and deformation towards the upstream of the dam. But its influence on vertical displacement is less obvious than that on horizontal displacement.
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