

  infrastructures-09-00023




infrastructures-09-00023







Infrastructures 2024, 9(2), 23; doi:10.3390/infrastructures9020023




Technical Note



Seismic Behavior of Rock-Filled Concrete Dam Compared with Conventional Vibrating Concrete Dam Using Finite Element Method



Can Tang 1, Xinchao Hou 1, Yanjie Xu 1,2,* and Feng Jin 1,2





1



Department of Hydraulic Engineering, Tsinghua University, Beijing 100084, China






2



State Key Laboratory of Hydroscience and Engineering, Tsinghua University, Beijing 100084, China









*



Correspondence: xuyanjie@tsinghua.edu.cn







Citation: Tang, C.; Hou, X.; Xu, Y.; Jin, F. Seismic Behavior of Rock-Filled Concrete Dam Compared with Conventional Vibrating Concrete Dam Using Finite Element Method. Infrastructures 2024, 9, 23. https://doi.org/10.3390/infrastructures9020023



Academic Editors: Jerzy Salamon, Hasan Tosun, Russell Michael Gunn, Zeping Xu, Camilo E. Marulanda and M. Amin Hariri-Ardebili



Received: 4 December 2023 / Revised: 18 January 2024 / Accepted: 20 January 2024 / Published: 30 January 2024



Abstract

:

A rock-filled concrete (RFC) dam is an original dam construction technology invented in China nearly 20 years ago. The technology has been continuously improved and innovated upon, and the accumulated rich practical experience gradually formed a complete dam design and construction technology. Seismic design is a key design area for RFC dams that still requires more investigation; therefore, this article attempts to address some questions in this area. In the article, the seismic design for a curved gravity dam, currently under construction, is compared for RFC and conventional vibrating concrete (CVC) dam alternatives based on American design documents. The conclusions drawn from investigations include the following: The displacement and stress distributions in both the CVC and RFC alternatives are similar, but the maximum computed values for the RFC dam model are slightly smaller than those for the CVC one, while the sliding resistance of both dam alternatives can meet the requirements of the specifications. Regarding the nonlinear seismic analysis results, the extent of damage in the RFC dam model is significantly reduced when compared with the CVC model, which can be explained by the higher cracking resistance of RFC. In general, the seismic performance of the investigated dam made of RFC appears to be better than that of CVC.
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1. Introduction


The U.S. Bureau of Reclamation popularized the construction of concrete dams at the beginning of the 20th century. A mass CVC dam needs mechanical vibration and temperature control using cooling water during construction. Some of the ways to reduce the hydration heat and cost of concrete in a dam are to reduce the volume proportion of cement or use large-size aggregates to increase the volume proportion of aggregate.



In 2003, a new construction method called rock-filled concrete (RFC) was developed by Jin and An [1] from Tsinghua University in China. RFC combines high-performance self-compacting concrete (HSCC) and pre-filled aggregate rocks [2]. There are two main steps in the construction of RFC: (1) fill the frame with large rocks (aggregates greater than 300 mm) and (2) pour the HSCC to fill the voids between the rocks, producing a complete concrete structure. Compared with CVC, the proportion of rock in RFC is about 55–60% [3], which reduces the amount of cement, saves more energy, protects the environment, and reduces the cost [4]. On the other hand, rock can help absorb the hydration heat of cement, so temperature control measures are not required in the construction process; thus, the construction process is simplified [2]. According to the statistics, the comprehensive unit price of an RFC dam is 10–30% lower than that of a CVC dam or a roller-compacted concrete (RCC) dam [5]. Liu et al. conducted systematic research on the environmental impact and life cycle assessment of RFC and CVC [6]. The results showed that carbon dioxide (CO2) emissions were reduced by 72% in materials production, 25% in transportation, 51% in construction, and 15.6% in operating maintenance.



With the continuous maturity and improvement of RFC dam construction technology in practice, it has been widely applied in hundreds of engineering projects [5]. To date, more than 130 RFC dams have been constructed, and more than 30 RFC dams are under construction in China [2]. The practice of using RFC also shows good durability in cold areas, such as the Manping high-RFC dam in the Qinghai–Tibet Plateau. The Xiaolonggou RFC dam, which has a crest elevation of 3957 m, was completed in 2023 [2]. RFC dams have been recognized by the international community, and RFC dam constructions are set to break ground in countries beyond China, such as Burundi and Angola [2]. Recently, the International Commission on Large Dams (ICOLD) released bulletin No. 190 Cemented Material Dam: Design and Practice—RFC Dam [7]. According to this bulletin, RFC dams are efficient in terms of cost and duration. The technology is also more environmentally friendly, with lower cement consumption and lower carbon emissions during construction than the traditional CVC technology.



At present, basic RFC research is mainly divided into two categories: the study of pouring compactness and the study of material properties. Over the years, the pouring compactness of RFC has been deeply investigated as related to the filling process with HSCC. Tsinghua University in China and Northwestern University in the United States jointly carried out a series of experiments to study the flow patterns of HSCC in the large rock structure. Through these experiments, the porosities of the interfacial transition zone (ITZ) between the large rocks and HSCC were examined [8]. To obtain better pouring compactness of RFC, the interface porosity of the specimen after hardening needs to be controlled [9,10,11,12,13]. Also, some discrete element numerical simulation research [14,15,16] has been carried out for the study of pouring compactness. In terms of material properties, the standard test methods for conventional concrete are not suitable for RFC; therefore, some well-designed experiments have been developed to determine the various physical properties of RFC, including static and dynamic compressive strength, tensile strength, elastic modulus, fracture energy, density, adiabatic thermal rise, frost and seepage resistance, creep, and interface behaviors [8,10,17,18,19,20,21]. However, there is currently no relevant research focusing on the dynamic performance of RFC or comparing it to the alternatives, making it difficult to evaluate the difference in performance in comparison with CVC dams during earthquakes. In this study, we built a 2D finite element model of a gravity dam to simulate its dynamic behaviors and then tested which type of material (RFC or CVC) has higher seismic capacity.




2. Numerical Model for the Dynamic Analysis of a Gravity Dam


2.1. Introduction of the Dam


The case study presented in this paper is a project in the design phase. It is a concrete gravity dam with a curved axis, with a radius of 187 m. The profile was selected from the non-overflow section of the dam, and the geometric information was obtained from the design drawings. The maximum dam height is 50 m. The face of the dam body consists of a vertical and a 1H:1.5V slope, while the downstream face of the dam slope is 1.2H:1V. Specific geometric information is presented in Figure 1. The normal operating water level is 1288 m at elevation. In the calculation and analysis of this paper, the downstream water depth was assumed to be 10 m.




2.2. The Finite Element Model of the Dam


The finite element mesh of the basic profile used in the calculation is shown in Figure 2. The maximum dam height is 50 m, and the length of the foundation in the model is 75 m, which extends 1.5 times the dam height from the dam heel to the upstream direction and extends 1.5 times the dam height from the dam toe to the downstream direction; the depth is 81 m, which extends the dam height. There are 12,721 nodes and 12,687 elements in the dam body and the foundation. For the dam, the average element size is 0.5 m. We adopt plane stress elements for the dam body and plane strain elements for the foundation. In this paper, the above two-dimensional dam profile model is selected for calculation. In this case, it is not possible to consider the three-dimensional dam interaction among monoliths and the valley effect.




2.3. Material Parameter Selection


For the values of elastic modulus, tensile strength, and compressive strength in CVC, we choose C25 concrete parameters under Chinese design codes [22,23,24], referring to the research results of Tianying Liu et al. [25], and convert them into corresponding parameters under US design documents [26,27], as shown in Table 1. The specific conversion process is shown in Appendix A.



The value of Poisson’s ratio of concrete is 0.2 in reference to Koyna Dam [28].



According to the American Concrete Institute [29], when no specific test value is available, the cohesion of concrete should be 0.1 times the compressive strength of concrete, and the friction coefficient should be 1.0.



As for the shear strength parameters between the concrete and bedrock, there is no clear experiment in the literature to show the difference and conversion relationship between the shear strength parameters between rock and concrete in the Chinese and American design documents [30,31,32]. The shear parameters between the foundation and concrete are provided by Beifang Investigation, Design & Research CO. LTD in Tianjin, China.



The material partition of the RFC dam scheme is shown in Figure 3. Here, 1 m thick C25 self-compacting concrete is used as the impermeable layer on the upstream and downstream surfaces, 1 m thick C25 CVC is used as the transition surface on the base of the dam, 1.4 m thick C25 CVC is laid on the top of the dam, and C25 RFC is used for the main part of the dam.



The static material parameters of the dam body and the foundation are shown in Table 2, and according to the US design documents [30], the dynamic material parameters are shown in Table 3. Among them, the shear strength of the dam refers to the parameters between the concrete body of the dam, and the shear strength of the bedrock refers to the parameters between the concrete and the foundation rock. All the foundation parameters are derived from geological survey data.



Based on the work of Liang et al. [19], the elastic modulus of the RFC can be calculated using the following equations:
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where  v  and  μ  represent Poisson’s ratio and shear modulus of the reference matrix in spatially averaged composite Eshelby tensor; f is the volume fraction of the inclusion;    μ C    represents the shear modulus of the surrounding composite;    κ ¯   τ    and    μ ¯   τ    are the homogenized results of the effective bulk and shear modulus of RFC at  τ ;    κ R    and    μ R    represent the bulk and shear modulus, respectively;    μ S   τ    and    κ S   τ    are the shear and bulk modulus of the SCC at  τ ;    μ ˜   τ    and    κ ˜   τ    are the shear and bulk modulus of the comparison solid at  τ ;     E ¯   RFC    τ    is the homogenized result of the elastic modulus of RFC at  τ .



When the elastic modulus of rock and HSCC is 40 GPa and 21 GPa respectively, the elastic modulus of the RFC calculated using Equations (1)–(5) is 26.83 GPa. In this paper, conservatively, we set the elastic modulus of RFC to 1.2 times that of CVC, which is 25.2 GPa. In addition, according to the construction code of the RFC dam [31], the unit weight of RFC is 2450 kN/m3.




2.4. Seismic Input


Operational Basis Earthquake (OBE) and Maximum Credible Earthquake (MCE) are determined by seismic safety evaluation, with peak ground acceleration (PGA) values of 0.253 g and 0.701 g, respectively. The United States Geological Survey provides an earthquake risk map within the United States (USGS, 2014), and because the site is located in a region where earthquakes occur frequently, it is analogous to an area of California in the United States where earthquakes are more hazardous. According to the seismic risk map, the corresponding acceleration response spectra    S S   ,   S 1    for periods of 0.2 s and 1.0 s with a 50-year overshooting probability of 10% (return period of 475 years) and a 50-year overshooting probability of 2% (return period of 2475 years) can be obtained, as shown in Table 4.



The US standard response spectrum formula for the horizontal direction of OBE and MCE levels [30] is normalized (that is, the standard response spectrum formula is divided by PGA) and plotted in Figure 4. According to the standard response spectrum, the time history of ground motion used in the subsequent calculation is obtained, as shown in Figure 5.




2.5. Other Loads


	(1)

	
Dead load of the dam.




	(2)

	
Upper and lower water pressure. The upstream water depth is 46 m, and the downstream water depth is 10 m.




	(3)

	
Lifting pressure. According to USACE EM1110-2-2200 [32] (see pages 3–4 and 3–5 for details), the lifting pressure is calculated as follows:







In Figure 6, X is the distance from the drainage gallery to the dam heel, which is 13.43 m in this project; H1 represents the upstream water level; H2 represents the downstream water level; H3 = H2 + K(H1 − H2), and K is taken as 1/3.




	(4)

	
The hydrodynamic effects of the dam reservoir are modeled as an added mass of water moving with the dam using Westergaard’s formula:











  p =  7 8  ρ   H ( H − Z )     v ¨  g   



(6)




where p is the dynamic water pressure at a certain point on the dam surface,  ρ  is the mass density of reservoir water, H is the depth of reservoir water in front of the dam, Z is the height of the point above the dam foundation, and     v ¨  g    is the acceleration of the joint point on the dam surface. It should be noted that the Westergaard added mass approach has limitations in the time-history analysis of dams because the added mass is constant but the actual hydrodynamic pressure changes in time as the dam structure responds to the seismic excitations. In addition, the Westergaard added mass approach ignores compressibility. However, for the comparative study in this paper, the method does not have a great impact on the results.





3. Methods


3.1. The Analysis Methods and Conditions of Strength Evaluation


In the design documents regarding seismic analysis of dams [23,30], there are usually three methods used to evaluate the strength of the gravity dam body, namely the static method, quasi-static method, and dynamic method. In the calculation, we generally adopt these methods to evaluate the seismic performance of the dam in turn.



The dynamic method is a method considering the seismic action according to the structural dynamic theory, which is widely used in the present mode superposition response spectrum method and time-history analysis. The mode superposition response spectrum method involves calculating the seismic response under each mode separately and then combining the seismic action under each mode together; that is, first the seismic response under a single-degree-of-freedom system is calculated, and then the results are combined to form the seismic response of the multi-degree-of-freedom structure. This method cannot reflect the change in the seismic response of the dam with time and cannot consider the different directions of force and displacement under different vibration modes when the vibration modes are combined and superimposed, so the calculation results are not accurate enough. The time-history analysis method can make up for these two shortcomings. The time-history analysis method involves taking the acceleration time history of the earthquake as the ground motion input, calculating the seismic response of the dam at each moment, and obtaining the response result of the dam every second through the form of step-by-step integration.



In this study, we use time-history dynamic analysis to study the seismic performance of CVC and RFC.




3.2. The Plastic Damage Model Used in the Nonlinear Analysis


For nonlinear analysis, the plastic damage model [33] is used to represent the damage mechanism of the concrete. Combined with continuous damage mechanics and plastic theory, this model can simulate the plastic deformation of the stiffness degradation variable and the constitutive relation of concrete plastic damage which is not coupled and suitable for cyclic loading. The model uses two damage variables to describe the tensile and compressive failure under different damage states, respectively.



Given that the compressive strength of concrete is higher than its tensile strength, dam safety is usually controlled by seismic-induced tension stresses. Therefore, only the tensile damage of concrete is taken into consideration for simplicity [34]. When the tensile stress of concrete does not reach the tensile strength, the concrete is in the linear elastic stage. After reaching the tensile strength, the stiffness of the concrete deteriorates and is in the softening stage. At a certain point in the softening stage, it is unloaded along the stiffness after degradation. After unloading to zero, there remains an unrecoverable strain including micro-cracks. During reloading, the load is applied along the uninstall path. Based on this theory, the constitutive relation of concrete is shown in Figure 7, and it can be expressed as follows:


  σ =        E 0  ε ,                     0 < ϵ <  ϵ t          ε −  ϵ t     ϵ t  −  ϵ f     f  t       ,                                ϵ t  < ϵ <  ϵ f          ,                         0 ,                                             ϵ >  ϵ f               



(7)




where  σ  and  ε  represent stress and strain, respectively;    E 0    is the initial elastic modulus; dt is the damage factor from 0 to 1 (fully damaged); Gf is the fracture energy;    f t    represents the uniaxial tensile strength;    l c    is the characteristic length of concrete; and    ε t  ,  ε f  ,  ε p    represent the maximum, limit, and equivalent plastic strains, respectively.




3.3. The Analysis Methods and Conditions of Anti-Sliding Ability


According to Section 6.2 of NB/T 35026-2014 [22], the limit state of carrying capacity is generally adopted for checking calculations, in which the effects of dead weight, water pressure, lifting pressure, and silt pressure are multiplied by corresponding sub-coefficients.


   γ 0  ψ S    γ G   G K  ,  γ Q   Q K  ,  γ E   E K  ,  a K    ≤  1   γ d    R      f K     γ m    ,  a K     



(8)




where    γ 0    is the structural importance coefficient,  ψ  is the design condition factor,   S  ∗    is the action effect function,   R  ∗    is the structure and component resistance function,    γ G    is the partial coefficient of permanent action,    γ Q    is the partial coefficient of variable action,    γ E    is the partial coefficient of seismic action,    G K    is the standard value of permanent action,    Q K    is the standard value of variable action,    E K    is the representative value of seismic action,    a K    is the standard value of geometric parameters,    f K    is the standard value of material properties,    γ m    is the partial coefficient of material properties, and    γ d    is the structural coefficient.



Formula (8) is rewritten as Formula (9):


    R      f k     γ m    ,  a k         γ 0  ψ S     ≥  γ d   



(9)







And let us write the left-hand side of this inequality as Equation (10).


   γ d *  =   R      f k     γ m    ,  a k         γ 0   γ d  ψ S      



(10)







For the anti-sliding stability review, we only need to calculate    γ d *    and then compare its size relationship with 1; if    γ d *  ≥ 1  , it meets the requirements of the specification.



The rigid body limit equilibrium method is also adopted for anti-sliding stability analysis in the American design document. According to Sections 4–6 of EM 1110-2-2200 [32], the method for calculating the safety factor of anti-sliding stability is shown in Equation (11).


  F S =    T F   T  =       N tan ϕ + c L      T   



(11)




where N represents the resultant force perpendicular to the assumed sliding surface, c is the cohesion strength, L is the length of the dam foundation surface, and  ϕ  is the internal friction angle.





4. Linear Elastic Simulation Results: Seismic Behavior of the Dam


This section presents the use of the time-history analysis method to calculate and analyze the seismic response of the dam section via ABAQUS, using the artificial acceleration time history generated by the inversion of the standard design response spectrum (Figure 4) drawn according to the American design [30] as input. A massless foundation model is used to simulate the dam–canyon interaction, and the design seismic time history is input uniformly on the boundary of the foundation. It should be noted that the massless foundation model does not take into account the absorption of seismic waves by the remote foundation, which may lead to greater structural effects in the system than in the actual situation. However, based on the comparative study in this paper, the use of this model is reasonable. The load includes the dam body weight, upstream and downstream hydrostatic pressure, dam foundation lifting pressure, and seismic excitation. The concrete material of the dam body and the rock mass of the dam foundation are considered linear elastic. In the calculation, the damping ratio of the calculation model is 5% under the OBE scenario and 10% under the MCE scenario.



4.1. Analysis of Natural Vibration Characteristics


In this section, the natural vibration characteristics of the dam are analyzed to provide the basis for dynamic analysis. The first 10 frequencies of the dam are shown in Table 5, compared with the frequencies of the CVC dam. The frequencies of the RFC dam are close to those of the CVC dam in each vibrating mode, especially for the first two modes, which means the RFC dam has almost the same natural vibration characteristics as the CVC dam.



The first five vibration modes of the dam are shown in Figure 8. The first vibration mode is mainly horizontal, and the second mode is simultaneously both horizontal and vertical, which conforms to the general dynamic characteristics of gravity dams.




4.2. Analysis of Linear Elastic Dynamic Response of Dam


	(1)

	
RFC dam







The maximum instantaneous displacement values of the dam body are listed in Table 6, and the contour maps of the horizontal displacement are shown in Figure 9. We can see that the distributions of horizontal displacement with different materials under the OBE scenario are the same. The same results can be obtained in extra cases for vertical components and with other input conditions (e.g., with MCE input).



	(2)

	
Dam stress







The principal stress envelopes of the dam body are shown in Figure 10, Figure 11, Figure 12 and Figure 13.



It can be seen from Figure 10, Figure 11, Figure 12 and Figure 13 that the stress distribution in the dam body with two kinds of concrete materials is the same, and the high-stress area of the dam body is mainly concentrated in the upstream break slope, dam heel, and dam toe area. There is a large range of high-tensile-stress areas in the downstream slope of the dam body.



In terms of response, the extreme stress of the RFC dam is slightly lower than that of the CVC dam, and the overall stress level is also lower.



In the analysis mentioned above, we can see that Young’s modulus and density of RFC are both only slightly higher than those of CVC, which causes the fundamental natural frequency of RFC dams to be close to that of CVC dams. Therefore, the linear elastic analysis results of the RFC and the CVC dams are similar.



In addition, the dynamic response of gravity dams is particularly sensitive to the first and second natural frequencies. The fundamental frequencies of RFC and CVC dams are both ~0.2 s (Table 5), with constant values of β (Figure 4). Therefore, the input seismic waves of these two dam types have almost the same dominant components near the fundamental nature frequency. This explains why the linear elastic response of the RFC dam is almost the same as that of the CVC dam, with only a slightly smaller response.




4.3. Safety Evaluation of Linear Elastic Strength


The demand-to-capacity ratio (DCR), according to USACE EM 1110-2-6051 [35] is used in this paper. The cumulative inelastic duration (CID) and performance curve are evaluation indicators.



The DCR is the ratio of requirements to capabilities. For the plain concrete used in this calculation, the DCR is the ratio of the principal stress required by the dam body to the static tensile strength of the concrete material. According to the DCR value, combined with the CID and performance curve, the dam dynamic response results can be divided into three performance levels:




	(1)

	
Minor or no damage. The dam response is considered to be within the linear elastic range of behavior with little or no possibility of damage if DCR ≤ 1.




	(2)

	
Acceptable level of damage. The dam will exhibit a nonlinear response in the form of cracking and joint opening if the estimated DCR > 1. The level of nonlinear response or cracking is considered acceptable with no possibility of failure if DCR < 2, overstressed regions are limited to 15 percent of the dam cross-section surface area, and the cumulative duration of stress excursions for all DCR values between 1 and 2 falls below the performance curve given in Figure 14.




	(3)

	
Severe damage. The damage is considered severe when DCR > 2 or cumulative overstress duration for all DCR values in the range of 1 to 2 falls above the performance curves given in Figure 14. In these situations, a nonlinear time-history analysis may be required, especially if the fundamental period of the dam falls in the ascending region of the response spectra.









Under OBE conditions, the dam stress level does not exceed the material strength of concrete in the main dam body (neglecting the stress concentration effect), which means the dam concrete material remains within the linear elastic range. Under MCE conditions, the principal tensile stress exceeds the strength of the concrete in some dam body areas, so it is necessary to evaluate DCR under MCE conditions to determine whether subsequent nonlinear analysis is necessary.



As can be seen from Figure 15, there is an area of DCR > 2 in the dam body under MCE conditions, and the area of 1 < DCR < 2 in the profile is greater than 15% of the surface area of the dam section.



As can be seen from Figure 16, the maximum principal stress of the dam body responds greatly between 7 s and 17 s, and the maximum principal stress of the dam body section substantially exceeds the dynamic tensile strength of concrete (2.22 MPa, see Table 2) in many moments.



As can be seen from Figure 17, the model performance curve of the dam is completely in the nonlinear region, and further calculation of the nonlinear performance of the dam body is necessary.





5. Nonlinear Analysis of the Dam


To simulate the nonlinear properties of dam concrete, ABAQUS commercial software was used. The concrete plastic damage model adopted in this software was the CDP model, which is based on isotropic assumption and combines damage mechanics and plastic theory.



5.1. Fracture Energy Selection of RFC


The technology of dam construction using RFC breaks through the compaction theory constraint of traditional continuous gradation and adopts “bulk rock-filled + high self-compacting performance concrete” to cement and realize RFC with 6–7 gradation or even larger particle size aggregate. Compared with CVC, the maximum aggregate size of RFC is larger. According to some existing tests and research results [36], the aggregate size is positively correlated with the fracture energy of concrete. Beygi et al. [37] and Giaccio and Zerbino [38] found that the strength, size, shape, and surface texture of aggregate have significant effects on fracture energy and cracking degree. Hillerborg [39] analyzed the influence of the maximum particle size of aggregate on the fracture energy and found that with the increase in the aggregate particle size, the fracture energy tended to increase. Mihashi et al. [40], Bažant and Oh [41], Zhao et al. [42], and Trunk et al. [43] also summarized the same trend. To simulate the relationship between the fracture energy and the maximum particle size of the aggregate, they introduced a power function. Issa et al. [44] observed that the fracture energy increased monotonically with an increase in the maximum particle size of the aggregate. Zhou et al. [45] systematically tested the influence of different maximum particle sizes of aggregates on the fracture performance of high-strength concrete and found that the fracture energy increased with an increase in the maximum particle size of aggregates. According to the above research results, it can be inferred that the fracture energy of RFC is greater than that of CVC.



As for the fracture energy of RFC, according to the experimental results of Li [46], the post-processing correction of the test data shows that for an RFC specimen of 0.45 × 0.45 × 1.9 m, the type I fracture energy is 288.2 N/m, and the measured type II fracture energy of RFC is generally about ten times the type I fracture energy. Type I and type II fracture energies have different behaviors in different parts of the dam, so the two kinds of fracture energy may be different when nonlinear failure occurs in the dam. In summary, the fracture energy of the dam should be greater than the type I fracture energy. In addition, the size effect of dam concrete should also be taken into account. Although no scholars have given the relationship between the fracture energy and the size of RFC specimens, we can make a reasonable prediction. According to the test results of Zhang [47], when the thickness of specimens is the same, the fracture energy will increase to 1.2~1.3 times when the length and height of specimens are slightly increased. For the relationship between the test results of Li [46] and the fracture energy of the real RFC dam, this section takes the fracture energy of the real RFC dam as 1.4 times the test result.



In summary, it can be inferred that the fracture energy of an RFC dam is greater than 400 N/m. As for CVC, the fracture energy provided by Beifang Investigation, Design & Research CO.LTD is 262 N/m. For safety reasons, the fracture energy of RFC is set as 400 N/m, which is conservative. So, the fracture energy of RFC is about 1.5 times that of CVC.




5.2. Nonlinear Damage Result


As can be seen from Figure 18 under the massless foundation model, the application of RFC can greatly reduce the damage degree and damage area. When the CVC material is used, the dam body has penetrating damage between the upstream break slope and the downstream dam face, and there is a large area of damage in the middle height area of the dam. However, when RFC is used, the damage area at the upstream break slope is only 1/10 of the dam thickness, and the damage degree is reduced.



There are large-diameter stones in RFC dams. According to previous research [39], fracture energy is positively correlated with stone size. Therefore, the fracture energy of RFC dams is greater than that of CVC dams. From a physical mechanism perspective, since RFC is a three-phase medium, that is, HSCC, rock, and ITZ, the rock is wrapped, dispersed, and suspended in the HSCC, and the ITZ is a weak layer between the rock and the HSCC. So, seismic waves always reach the large rocks in RFC dams, and the crack always propagates via the boundaries of rocks (ITZ) instead of through the rocks, which shows a relatively higher resistance to earthquakes.





6. Safety Evaluation of Anti-Sliding Stability


Three anti-sliding stability calculation layers are selected, namely the foundation surface, upstream broken slope plane, and downstream broken slope plane. The specific positions are shown in Figure 19.



The safety factor method is used. The minimum sliding coefficient under OBE conditions is 1.7, and the minimum sliding coefficient under MCE conditions is 1.3.



In the process of time-history analysis, we calculate the safety factor of all levels at each seismic moment and check whether it is greater than the allowed value. If the calculation result of the safety factor is greater than 10, it is treated as 10, and the result is drawn into a time-history curve, that is, the time-history diagram of the safety factor of anti-sliding stability.



The instantaneous minimum values of safety factors of anti-sliding stability at all levels of the profile under OBE and MCE conditions are shown in Table 7, along with time-history diagrams of safety factors at all levels of the dam body profile.



Under OBE conditions, the three typical layers of the CVC dam and RFC dam can pass the anti-sliding stability check, and there is little difference in safety coefficient between them. The safety margin of the RFC dam against sliding is higher on the downstream broken slope. On the foundation surface, the safety margin of the CVC dam against sliding is higher.



As we can see, under MCE conditions, the three typical layers of the CVC dam and RFC dam can pass the anti-sliding stability check, and the safety coefficient does not differ between the two. The safety margin of the RFC dam against sliding is higher on the downstream broken slope. There is almost no difference in the anti-sliding safety margin between the RFC dam and the CVC dam on the foundation surface and upstream broken slope. The time-history diagrams of safety factors at all levels of the dam body profile are shown in Figure 20.



In summary, in terms of anti-sliding stability, there is no situation in which the safety factor of three typical layers is less than the allowable value.



The difference in anti-sliding stability between the RFC dam and the CVC dam is not particularly large. Considering that the shear strength of RFC is better than that of CVC, and the shear strength of the two is taken as the same in numerical simulation, this conclusion is conservative.




7. Discussion


Under the same loadings, the results show that the RFC dam exhibits similar responses in terms of natural vibration characteristics and seismic analysis. As shown in Figure 15, the overstress area is mainly concentrated in the vicinity of the break of the upstream and downstream slopes, which is consistent with the results of Corai and Maity [48]. As for the damage analysis, there are damaged areas in the downstream slope at the middle elevation, the break of the upstream slope, and the base of the RFC dam. Some research has been conducted on the nonlinear seismic analysis of CVC dams, and the results also show such a phenomenon [49,50]. According to the phenomenon of less damage in the RFC dam model, the main reason is that RFC has greater fracture energy, and more energy is required to damage RFC. However, the reason for the larger fracture energy of RFC is that from the perspective of the physical mechanism, since RFC is a three-phase medium, when the damage begins to develop in RFC, the cracking will develop along the weaker ITZ around the rocks. In this process, the energy of cracking is lost, so the cracking development is slower.



To facilitate the comparison, a two-dimensional gravity dam model and a simplified consideration of the Westergaard model were used in the simulation. Consistent with the hypothesis about hydrodynamic pressure and the assumption of 2D geometry in this paper, Nguyen [51] proposed a procedure with the combination of Westergaard added mass to analyze a two-dimensional gravity dam considering soil–structure interaction. Due to its simplicity and conservative estimation, the Westergaard model is still widely used in the current seismic analysis of concrete dams. More and more researchers have studied the realistic seismic performance of concrete dams based on three-dimensional models and acoustic–solid coupling reflecting the interaction between the dam and the reservoir. Nikkhakian et al. [52] carried out two- and three-dimensional nonlinear analyses to investigate the effects of canyon shape. The results show that two- and three-dimensional dam–reservoir–foundation coupled systems may lead to partly different results. Wang et al. [53] also carried out a seismic response analysis of a gravity dam based on a three-dimensional model with the acoustic–solid coupling method compared with a two-dimensional model and found that there are some differences in damage level between the two models. Admittedly, these assumptions affect the response of the structure. Nevertheless, maintaining the same assumption, we can also compare the differences in seismic response between the RFC dams and CVC dams and obtain some conclusions worth exploring. Based on this paper, we can deeply discuss the seismic performance of RFC dams under the dam–foundation–reservoir system to depict the differences between RFC dams and CVC dams in detail.




8. Conclusions


Since the RFC technology was invented in 2003, it has developed rapidly in China and gradually gained international recognition. In this study, the time-history analysis method and massless foundation model were used to carry out dynamic calculations on a 2D finite element model of a gravity dam body with RFC and CVC to evaluate the safety of the dam body strength and anti-sliding stability. The following conclusions were reached:




	(1)

	
In terms of linear stress response, due to the increase in elastic modulus, the model stiffness of the RFC dam is larger, and its deformation and stress are smaller under the same load. Under the OBE and MCE scenarios, the stress distributions of the CVC dam and RFC dam are roughly the same, but the extreme stress value and stress level of the RFC dam are smaller than those of the CVC dam.




	(2)

	
Both models can pass the anti-sliding stability check. Under the OBE scenario, the safety margin of the CVC dam on the foundation surface is larger. Under the MCE scenario, the safety margin of the RFC dam on the foundation surface is larger.




	(3)

	
In terms of nonlinear calculation, compared with CVC dam, the damage degree and damage area of RFC dam are greatly reduced, since the larger fracture energy of RFC means that the energy required for damage is larger, so the damage area is smaller under the same input.









In summary, according to the geometry calculated, all the assumptions and material properties, and the seismic records used in this model, the performance of the RFC dam is better than that of the CVC dam, and the damage caused by earthquakes is less.



The value of RFC material is conservative, and the properties other than the two factors of elastic modulus and fracture energy improved by the addition of RFC are not considered. Therefore, compared with the numerical simulation results, the RFC material has a better performance in seismic performance in actual engineering. In the calculations of this study, it can be inferred that the current seismic codes for CVC dams are suitable for RFC dams.



The above discussions are only based on a case study for the dam using a simplified numerical simulation with specific material properties, according to previous studies and conservative estimation, and a specific seismic load record. It should be pointed out that the model parameters in this paper are based on basic scenarios. If more complex conditions are considered, such as load and boundary conditions and material parameters, the results would be more complex.



Based on the most advanced experimental data and some theoretical derivation formulas of current research on RFC, this paper gives some guidelines for selecting material parameters of RFC. However, at present, some more in-depth research on the material properties of RFC is underway or still in the preliminary stage. Therefore, it may be necessary to study the seismic performance of RFC in a more comprehensive and in-depth way based on experiments and numerical simulation in the future. Specifically, for further research, specific lab experiments and microscopic simulations need to be conducted, combined with more engineering applications to verify the reliability of these possible mechanisms and have a better understanding of the seismic performance of RFC dams.
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Appendix A. Chinese and American Concrete Parameter Conversion


The Chinese code for the Design of Concrete Structures (GB 50010-2010) [24] is used to convert the values of relevant mechanical properties parameters of concrete in this section. The United States specifications are “Standard Practice for Making and Curing Concrete Specimens in the Field” (ASTM C31) [26] and “Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens” (ASTM C39) [27]. The difference between the codes in the two countries mainly lies in the size of the specimen and the requirements for the guaranteed rate. The Chinese code stipulates that a cube specimen with a side length of 150 mm is used for the test, while the US design documents usually use a φ150 × 300 mm cylinder specimen for the test.



According to the Chinese code, the standard compressive strength value of the cube    f  c u , k     is the compressive strength value with a 95% guarantee rate measured using the standard test method at 28d age under standard conditions, and the specific calculation method is shown in Equation (A1):


   f  c u , k   =  f  c m   − 1.645  σ c   



(A1)




where    f  c u , k     is the standard value of the compressive strength of the cube,    f  c m     is the average compressive strength (MPa) of the specimen obtained from the test of concrete with a specified strength grade, and    σ c    is the standard deviation (MPa) of the compressive strength of the specimen. The values of the standard deviation of concrete under different strength grades in Chinese standards are shown in Table A1.





 





Table A1. The standard deviation of concrete of different strengths under Chinese specifications.






Table A1. The standard deviation of concrete of different strengths under Chinese specifications.





	Strength Grade
	C15
	C20
	C25
	C30
	C35
	C40





	Standard deviation (MPa)
	4.8
	5.1
	5.4
	5.5
	5.8
	6.0








According to the research results of Shi Zhihua et al. [54], the relationship between the compressive strength of the American standard concrete cylinder    f c ′    and the standard compressive strength of the cube is approximately given as    f c ′  = 0.80  f  c u    . The American standard also uses standard deviation to control the guarantee rate of concrete strength, but its guarantee rate is not uniform and is related to the quality of concrete. The standard deviation of concrete strength of different control standards is shown in Table A2. According to the US design document [26,27], when the specified concrete compressive strength    f c ′    is less than or equal to 35 MPa, the required average compressive strength    f  c r  ′    is the greater value of the result calculated according to Equations (A2) and (A3):


   f  c r  ′  =  f c ′  + 1.34  S S   



(A2)






   f  c r  ′  =  f c ′  + 2.33  S S  − 3.5  



(A3)









 





Table A2. The standard deviation of concrete strength under US design documents.






Table A2. The standard deviation of concrete strength under US design documents.





	Excellent
	Very Good
	Good
	Ordinary
	Bad





	Less than 2.8 MPa
	2.8~3.4 MPa
	3.4~4.1 MPa
	4.1~4.8 MPa
	Greater than 4.8 MPa








In the conversion of concrete compressive strength parameters under the two national norms, let    f  c r  ′    under the US design documents be equal to    f  c m     under the Chinese design codes, and then calculate the corresponding concrete compressive strength of the cube specimen according to Formulas (A2) and (A3), and then multiply the result by 0.8 to obtain the compressive strength    f c ′    of the cylinder specimen under the US design documents.



The tensile strength    f t ′    and elastic modulus    E  c a  ′    can be expressed as follows [26,27]:


   f t ′  = 0.33 ∗  f c  ′ 0.5    



(A4)






   E  c a  ′  = 4700 ∗  f c  ′ 0.5    



(A5)
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Figure 1. The geometry of the dam profile. 
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Figure 2. Finite element model of the non-overflow section of the gravity dam. 
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Figure 3. The gravity dam RFC dam scheme material zoning map. 
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Figure 4. The standard design response spectrum comparison diagram. 
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Figure 5. Seismic time records used in the analysis: (a) OBE; (b) SEE. 
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Figure 6. Schematic diagram of lifting pressure distribution on the foundation surface of a gravity dam. 
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Figure 7. Concrete constitutive relation diagram. 
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Figure 8. Vibration pattern of the first five modes of the RFC dam. 
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Figure 9. Horizontal displacement of the gravity dam body profile with different materials under OBE conditions (unit: cm): (a) CVC dam; (b) RFC dam. Maximum values are marked in red. 
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Figure 10. Maximum principal stress of the gravity dam body profile with different materials under OBE conditions (unit: MPa): (a) CVC dam; (b) RFC dam. Maximum values are marked in red. 
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Figure 11. Minimum principal stress of the gravity dam body profile with different materials under OBE conditions (unit: MPa): (a) CVC dam; (b) RFC dam. Maximum values are marked in red. 
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Figure 12. Maximum principal stress of the gravity dam body profile with different materials under MCE conditions (unit: MPa): (a) CVC dam; (b) RFC dam. Maximum values are marked in red. 
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Figure 13. Minimum principal stress of the gravity dam body profile with different materials under MCE conditions (unit: MPa): (a) CVC dam; (b) RFC dam. Minimum values are marked in red. 
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Figure 14. Performance/damage acceptance for gravity dam. 
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Figure 15. DCR value distribution of the gravity dam under MCE conditions: (a) CVC dam; (b) RFC dam. Contour lines with values of 1.0 and 2.0 are marked in red. 
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Figure 16. Maximum principal stress time-history curve of the gravity dam body section under MCE conditions: (a) CVC dam; (b) RFC dam. The maximum value is marked with a star. 
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Figure 17. Performance curve of the gravity dam model under MCE conditions: (a) CVC dam; (b) RFC dam. The CID under the specific DCR is marked with a square. 
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Figure 18. Damage distribution under massless foundation model under MCE conditions: (a) CVC dam; (b) RFC dam. 
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Figure 19. Schematic diagram of anti-sliding stability calculation plane of the gravity dam. Red lines indicate candidate sliding profiles. 
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Figure 20. Time-history diagram of the safety factor of the foundation surface of the gravity dam under MCE conditions: (a) CVC dam; (b) RFC dam. 
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Table 1. Comparison table of Chinese and American concrete material parameters [24,25,26,27].
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Strength Grade of Concrete

	
Compressive Strength (MPa)

	
Tensile Strength (MPa)

	
Elasticity Modulus (GPa)




	
Chinese Standards

	
American Design Documents

	
Chinese Standards

	
American Design Documents

	
Chinese Standards

	
American Design Documents






	
C15

	
10.0

	
12

	
1.27

	
1.14

	
22.0

	
16.3




	
C20

	
13.4

	
16

	
1.54

	
1.32

	
25.5

	
18.8




	
C25

	
16.7

	
20

	
1.78

	
1.48

	
28.0

	
21.0




	
C30

	
20.1

	
24

	
2.01

	
1.62

	
30.0

	
23.0




	
C35

	
23.4

	
28

	
2.20

	
1.75

	
31.5

	
24.9




	
C40

	
26.8

	
32

	
2.39

	
1.87

	
32.5

	
26.6











 





Table 2. Static material parameters of the gravity dam body and foundation.
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Elasticity Modulus (GPa)

	
Static Compressive Strength Standard Value (MPa)

	
Static Tensile Strength Standard Value (MPa)

