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Abstract

:

Erosion at either dam or spillway foundations, destabilization in riverbanks, and damage in the natural environment located downstream of either dams or spillways represent crucial elements to be taken into account in the risk assessment of hydraulic structures. One of the main problems is related to the scouring that water flow may induce at the downstream boundary of spillways. This issue is exacerbated in the case of undersized stilling basins, i.e., when a significant level of energy migrates downstream by acting on unprotected natural riverbed. If the scour depths are large enough, the structural stability of the infrastructure will be threatened. This paper aims to illustrate an innovative technical solution suitable to protect the riverbed located just downstream of stilling basins by means of artificial Antifer blocks. These kinds of artificial blocks are widely used in the field of maritime construction, but in the literature, there are no theoretical formulations for their design within the frame of river engineering. In order to demonstrate the efficacy of the proposed technical solution, it is applied to a real case investigated by means of physical modeling. The riverbed located just downstream of the stilling basin of Liscione Dam (Campobasso, Italy) experienced scour due to high discharges during and after extreme rain events. Different protection strategies have been tested to assess the influence of different placement methods and packing densities on the stability of Antifer block armor layers. Experimental findings reveal that regular placements behave more stable than irregular placements with a similar packing density.
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1. Introduction


Hydraulic risk is one of the issues that has most undermined the safety of populations and infrastructures over the years. Risk analysis relies on probabilistic studies carried out through a set of assessment and calculation methodologies (e.g., [1]). Basically, it is employed to quantitatively estimate the possibility of damage to the socio-economic fabric and public health of a specific area because of the occurrence of hazardous events (e.g., [2]). In this context, the investigation of the safety conditions of large hydraulic infrastructures such as dams is of great interest for safeguarding territories and assessing their risk level. This is especially true due to the occurrence of extreme events caused by climatic change [3,4], which motivates the reaudit of hydrological basins for various purposes, such as to verify the suitability of the spillways and outlets of existing dams to withstand any increase in the design flow.



One of the main problems is related to the scouring that water flow may induce at the downstream boundary of spillways. This paper aims to illustrate an innovative technical solution suitable to dissipate excess flow energy at the outlet of undersized stilling basins. The solution consists of protecting the riverbed located just downstream of stilling basins by means of artificial Antifer blocks, widely used in the field of maritime construction. Since in the literature there are no theoretical formulations for the design of such artificial blocks within the frame of river engineering, the originality of the paper consists in the method used to define the mass of stable artificial blocks. It has to be stressed that the proposed technique can be used as an alternative to the modification of the configuration of existing stilling basins that needs to be coupled with diversion works during the deployment. In fact, a particular advantage of the proposed solution lies in its simplicity and speed of execution since it is based on the use of precast artificial blocks that allow having large mass protection elements. The results of this study are then intended to be useful for the design of riverbed protection when natural rocks cannot be employed due to the required large mass and artificial elements are an appropriate alternative to protect riverbeds from scour.



In order to demonstrate the efficacy of the proposed technical solution, it is then applied to a real case (e.g., the Liscione Dam, Italy) investigated by means of physical modeling. Indeed, in this framework, physical models, i.e., “physical” reproductions of a scaled artifact (i.e., geometric similarity) and the phenomena that occur in it (i.e., cinematic and dynamic similarities), coupled with suitable instruments and methodologies, are key tools for assessing the current and future safety conditions of dam structures, as well as of receiving riverbeds which require proper protection strategies. Basically, laboratory measurements, also coupled to numerical models, can be very useful for existing dams, which may need either maintenance or upgrading works, such as in case of flood discharge increments or for new constructions [5].



The paper is structured as follows. Section 2 details the problem tackled by the study and describes the main features of the Liscione Dam, the investigated case study to test the efficacy of the proposed solution to protect riverbeds from scouring. Section 3 describes the experimental set-up by paying attention to the scale effects. Section 4 aims to detail the experimental method used to estimate the scour pattern. Experimental scenarios are also reported in this section. Section 5 illustrates the main results of the experimental investigation to highlight the effectiveness of the proposed solution. Concluding remarks (Section 6) close the paper.




2. Problem Definition and the Case Study of Liscione Dam


Undersized stilling basins may be ineffective in dissipating energy, which in turn may affect the stability of the downstream unprotected riverbed. Scour depths may be so high to threaten the structural stability of the stilling basin itself and sometimes also of spillways or dams.



Practical difficulties arise when modification of the geometry of existing (undersized) stilling basins are selected as a corrective measure to solve the scour issue. Indeed, diversion works are needed in this case. Alternative measures rely on the protection of the downstream riverbed. In this case, the protection system also has to fulfill the requirement of being able to be deployed quickly and possibly in phases, using summer months during which water discharge is likely to be low, hence by making it possible to work safely in the downstream river.



Jet-like flow may occur due to the configuration of the stilling basin enhancing the scour phenomena at the downstream riverbed. Then, conventional types of riverbed protection systems (i.e., gabions, small concrete blocks, riprap, etc.) do not work properly. Indeed, such a kind of protection may experience severe damage during flood event, even if the water discharge is lower than the design one, due to the singularity of the flow related to the jet-like flow. Based on these observations, the use of large (artificial) boulders is proposed herein. The main idea is to borrow the technical solutions used in the maritime field. In particular, arrangement of Antifer-type blocks [6] is suggested (and tested as well) as a protection system downstream of dams. Antifer-type blocks are used in the maritime constructions field to deploy the armor layers of rubble mound breakwaters subjected to breaking wave conditions [7]. The block has four grooves and a slightly tapered shape, so that it can be easily released from the mold. The hydraulic action of the grooves and the improved friction caused by them noticeably improve the stability of protective layers built with Antifer blocks compared to plain cubes [8]. This kind of protection is characterized by a high porosity (about 40%–50%) which contributes to the flow energy dissipation. This particular type of artificial block is chosen for its structural resistance and the reduced technical difficulties related to its construction and installation. Non-reinforced concrete with a density between 2.3 and 2.4 t/m3 and a compression resistance within a range of 20–25 MPa are recommended for Antifer blocks [9].



For the calculation of the (stable) mass of the Antifer block, the Hudson formula (e.g., [10]) is used to estimate the ratio of the Antifer and natural blocks weights:


     P a     P n    =    γ  s a      γ  s n          (     γ  s n      γ w    − 1  )   3       (     γ  s a      γ w    − 1  )   3       k  Δ n      k  Δ a      



(1)




where:




	
   P a    and    P n    are the artificial (Antifer) and natural element weights, respectively;



	
   γ  s a     and    γ  s n     are the artificial and natural elements specific weights, respectively;



	
   γ w    is water specific weight;



	
   K  Δ n     and    K  Δ a     are the stability coefficients of natural and artificial boulders.








The main assumption of Equation (1) is that the stability number [11] usually employed in marine construction can be substituted by the well-known Izbash number [12]. In this case, the wave load is replaced by the hydrodynamic load related to the fluid flow responsible for potential displacements of the blocks. On the other hand, it is usually accepted that for the design of armor stones that undergo current loads [13,14,15,16], the general criterion based on shear stress (i.e., based on the Shield number conservation) can be applied [13]. Basically, the significant wave height may be conceptually replaced by u2/2g (where u is a characteristic velocity, e.g., the mean flow velocity or the velocity at the bed) and the stability number can be extended also to the case at hand.



The design of (stable) Antifer blocks can be then achieved by estimating the natural rocks (stable) mass by using standard methods (e.g., [13,14,15,16]) and then by estimating the ratio    P a  /  P n    by criterion (1), hence by estimating the (stable) mass of the equivalent Antifer block. It should be noticed that the increased stability of the Antifer blocks with respect to natural rocks is taken into account by using an increased value of the stability coefficient (i.e.,    K  Δ n     and    K  Δ a    , [10]). The difference of material density (i.e., calcareous mineral for natural rocks and concrete for Antifer blocks) is considered as well.



The proposed protection technique is tested in a real case configuration, i.e., the spillway of Liscione dam. It was built between 1967 and 1973 and it is located about 45 km NE from Campobasso (central Italy) in the locality of Ponte Liscione on the Biferno river (Figure 1). The purpose of the infrastructure was to create an artificial reservoir, called Lake Guardialfiera, for water storage and flood retention. The dam is an embankment of loose and permeable materials (river floods), obtained from the riverbed of the Biferno river, with the sealing of the upstream face made of bitumen conglomerate (Figure 1). The dam crest is located at 131.5 m a.s.l., with the maximum reservoir water level set at 129.0 m a.s.l. The maximum surface area of the reservoir is 7.45 km2 while the total volume amounts to 173 million m3.



For flood release, the dam features a weir followed by a spillway conveying flood discharges into the stilling basin and the downstream river (Figure 2).



The surface spillway and the bottom outlet are used to prevent overtopping of the dam. Both of them convey water into the same stilling basin. The bottom outlet consists of a tunnel with an internal diameter of 7.2 m, equipped with two planar sliding gates 3.8 m wide and 4.7 m high.



The surface spillway consists of two overflow structures:




	
an ungated ogee weir, 92 m long and with crest elevation at 125.5 m a.s.l. (Figure 2a);



	
a gated weir with three 13 m wide openings, equipped with automatic flap gates with counterweights pivoted at the sill (Figure 2b); the lower and upper edges of the gates are placed at 122.0 m a.s.l. and 125.5 m a.s.l., respectively. The gate configurations are (1) open, reaching the elevation of 122.0 m a.s.l., or (2) closed, sharing the same elevation as the ogee weir. The gate drop takes place automatically and progressively as soon as the reservoir water level reaches an elevation of 125.5 m a.s.l.








The stilling basin features various components that aim to reduce the kinetic energy of the flood discharge (see Figure 2 and Figure 3):




	
a macro-roughness concrete element at the downstream boundary of the bottom outlet (sill#1);



	
nappe splitters, placed at the end of the chute;



	
ski-jump like sill at the end of the chute (sill#2);



	
a macro-roughness concrete element at the downstream boundary of the chute (sill#3);



	
a stilling basin terminal sill (sill#4), smoothed towards the valley and raised at the left end by 2.8 m to avoid erosion phenomena of the left bank which could easily affect its stability.








Downstream of the stilling basin, the central area of the riverbed is protected with 0.3 m thick Reno type mattresses, delimited on the right and left banks by 1.0 m high gabions. This protection is deployed in the first 500 m of the riverbed downstream of the stilling basin, and it is followed by the natural waterway. It is worth to be noticed that the inspection of the upper picture in Figure 2 reveals significant vegetation in the riverbed that should be removed to ensure conveyance capacity of the downstream river.



The Liscione dam was affected between 24 and 25 January 2003 by a flood due to a serious rainfall event that caused various damages. The two weather stations the dam is equipped with, made it possible to quantify the rain intensity of the event and the inflow and outflow water discharges. The latter, equal to 830.0 m3/s, caused the maximum allowed water elevation into the reservoir, i.e., 125.5 m a.s.l., to be overcome. A return period between 30 and 50 years was associated with the discharge value. The event was the heaviest ever during the lifetime of the Liscione Dam so far. The event caused extensive damage both upstream and downstream of the stilling basin: failure and breakage of some concrete elements at the end of the chute on the right side of the river; damage and removal of gabions on both the left and right banks and deletion of the bottom protection in the central area of the riverbed where scour depth of the riverbed was found in the order of a few meters.



The damage suffered by the spillway due to the flood event motivated an in-depth analysis of the problem. Then, physical modeling was selected as the most appropriate tool to guide the designer in the definition of the works needed to ensure the stability of the riverbed just downstream of the spillway. As detailed in the following, the first experimental tests performed confirmed the riverbed scour observed at the prototype scale. It was also observed that the ski-jump like sill (sill#2, Figure 3) causing an initial jump makes the energy dissipation of sill#3 inefficient, reducing the ability of the tank to dissipate energy. The reduction in the dissipative efficiency of the basin was experimentally proven by comparing riverbed scour in the presence and absence of sill#3. In fact, in the absence of sill#3 the scour was observed to be lower if compared to the case with sill#3. Nevertheless, the jet, although reduced, was observed to be still present. It was therefore concluded that even if sill#3 was eliminated, the dissipation tank was undersized for the design water discharge. Then, the proposed protection of the downstream riverbed with Antifer blocks has been experimentally tested.




3. Experimental Set-Up and Scale Effects


To test the efficacy of the proposed protection system against scour phenomena, a detailed study of the hydraulic and kinematic phenomena is needed. Physical modeling is identified as a valuable tool to conduct this study [17]. However, although physical modeling has numerous advantages, it inevitably leads to model and scale effects, since not all physical conditions present in nature are reproducible on a laboratory scale. Furthermore geometric, kinematic, and dynamic similarities are impossible to obtain at the same time [18].



At the Laboratory of Hydraulic and Maritime Constructions of Sapienza University of Rome, a 1:60 scale physical model of the Liscione dam spillways and the downstream riverbed of the Biferno river has been built. The model is scaled according to the Froude number and fully-developed turbulent flow conditions have been reproduced at the model scale (Re > 10,000) [19]. The physical model allows the investigation of key hydrodynamical parameters, such as hydraulic levels, hydraulic jump location, and morphology of the scour pattern at the riverbed downstream of the stilling basin with and without protection achieved by the deployment of Antifer blocks with different packing densities. The ski-jump sill (sill#2) at the foot of the chute has been removed for some tests to evaluate its effects on the scour measured within the riverbed. Indeed, it is trivial to observe that the downstream scour pattern may be heavily influenced by the energy dissipation occurring in the stilling basin.



The evolution of the riverbed bottom is intimately related to both the hydrodynamics of the flow and the morphodynamical features of the riverbed material. Generally speaking, though the estimation of the characteristic grain size of the disgregated bottom is reliable enough, the scour observed at the model scale is expected to be higher than that occurring at the prototype scale. Indeed, the experimental reproduction of the scour relies on the assumption that the bottom is disgregated (related to the morphodynamics). Several empirical formulae are available to estimate the maximum scour depth (for a comprehensive review refer to [20]). There are differences between the different formulas, and they cannot be generalized. Moreover, semi-empirical formulations that consider the erosive potential of the material have been developed so far. The Comprehensive Scour Model [21] represents an attempt to reproduce the physical-mechanical processes involved in the scour formation taking into account the three phases, i.e., water, solid (rocky bottom), and air. However, the dissipation mechanisms in the stilling basin are not well known and tests on physical models are still required to observe such a complex phenomenon. Furthermore, the air entrainment of the impinging jet at the model scale is quite lower than at prototype conditions (related to the hydrodynamics). As outlined by many research studies (e.g., [22]) ski jump jets at prototype scale show a blackwater core with aerated fringes, and they are aerated at the impact location. Air entrainment is due to the interactions between entrained air bubbles and turbulent structures [23]. The air transport in physical models is known to be affected by scale effects because the flow turbulence (related to the turbulent structures and then to the Reynolds number) is underestimated, while surface tension (related to the air bubbles and then to the Weber number) is overestimated [21].



A further aspect to be accounted for when dealing with physical modeling is related to the roughness reproduced at the model scale. It is well known that hydraulic roughness at model scale can be hardly reproduced (i.e., [24,25,26]) if the Reynolds number is not high enough (directly related to the model-to-prototype length scale) and if the reproduced surfaces are not smooth enough (e.g., [19]). In order to solve, at least partially, this issue thin films (i.e., spray paint or putty) are usually applied directly to the model surfaces exposed to the water flow. It can be observed that a perfect similarity is not possible, then a preliminary experimental phase aimed to calibrate/validate the observation is usually carried out (see Section 5).



In order to select the correct scaling for the riverbed material with respect to the prototype condition, a discussion on sediment transport mechanisms along with the related scale effects is needed. Indeed, hydrodynamic forcing can move sediments along the bed (bedload) or can resuspend sediment particles into the water column that are then advected downstream by the fluid flow (suspended load). A mixed sediment transport regime can occur when bedload and suspended load coexist. It is crucial to reproduce the same sediment transport mechanism occurring at the prototype scale [27]. As suggested by many authors (e.g., [28]), the flow regime near the bed can be related to the grain size Reynolds number (also known as the grain shear Reynolds number) and the bed load initiation is related to the Shield number. On the other hand, suspended sediment distribution depends on the Rouse number [18]. Then, it can be argued that bedload dominated conditions are properly reproduced if both the grain size Reynolds number and the Shields number are conserved at model scale, i.e., if bedload sediment transport and sediment motion initiation are correctly reproduced. In this case, the sediment size has to be geometrically scaled down [27]. On the other hand, the Rouse number is not conserved and the suspended load is not reproduced correctly. For the case at hand, the main sediment transport mechanism is assumed to occur at the riverbed and then the characteristic diameter D50 is used for the scaling.



To summarize, for the case study, the experimental findings allow:



(1) for the quantification of the scour at the toe of the stilling basin and the erosion at the embankments on the left and right sides of the river for different discharges and configurations of the hydraulic structure;



(2) to get meaningful design guidance and efficacy assessment of different Antifer blocks arrangements with different packing densities, with the artificial elements shape and weight chosen after experimental tests carried out on quarry boulders with a mass greater than 10 tons (prototype scale).



The physical model is described by using prototype dimensions. The modeled area is characterized by a length of 650.0 m and a height of 63.5 m, from an elevation of 68.0 m a.s.l. up to 131.5 m a.s.l. The model is fed by a pumping station that collects water from two underground tanks to the upstream feeding tank that reproduces the modeled Lake Guardialfiera. The water inside the upstream tank flows over the gates at an elevation of 122.0 m a.s.l. and also from the ogee weir when the hydraulic level reaches an elevation of 125.5 m a.s.l. The reproduced chute conveys the water into the stilling basin and then into the first 150 m of the downstream riverbed adjacent to the basin itself. Water is eventually collected in the underground tanks. The hydraulics of the bottom outlet is not reproduced. Its influence in the downstream flow features is reproduced by feeding the bottom outlet directly from a further pumping station disconnected from the main one.



The components of the spillway, i.e., the three gates (in their lowered configuration), the ogee weir, the chute, the bottom outlet terminus, the sills, and the stilling basin, are shown in Figure 4.



The stilling basin is equipped with the 4 sills described in Section 2 and shown in Figure 4. Sill#4 is configured with a greater height at the orographic left to better dissipate the energy, which in that area, due to the river bank convex bend (see Figure 2, Figure 3 and Figure 5), may lead to massive erosion.



The material used to reproduce the current configuration of the riverbed is medium size limestone gravel with a density of about 2600 kg/m3. It was characterized by a D50 (i.e., median diameter being D50 the diameter at the 50th percentile) of 8.0 × 10−3 m which corresponded to a D50 of 0.48 m in the prototype scale. The span of the particle size distribution, i.e., D90 − D10 (where D90 and D10 are the diameters at the 90th and 10th percentile, respectively), is 9.5 mm − 6.3 mm = 3.2 mm, whereas the relative span, i.e., (D90 − D10)/D50, is equal to 0.4, denoting a narrow distribution of the gravel particle dimensions. The porosity is estimated as 39%. It has to be stressed that the same shape factor [13] and density have been assumed for both the model and prototype scales, then the scaling based on the diameter is equivalent to the scaling based on mass (or weight). A 1.1 m3 volume of calcareous gravel, for a total mass of roughly 1700 kg, has been deployed in the model with a slope of 6‰ starting from a prototype elevation of 69.4 m a.s.l., which corresponds to the height of the downstream section of the concrete blocks protection. Figure 5 shows the stilling basin of the physical model and the downstream riverbed. This riverbed configuration has been employed for the first set of the physical model tests, corresponding to the current real layout.



After the tests carried out on the current real layout, the protection of the riverbed downstream of the stilling basin has been modified by using natural rocks belonging to mass classes between 6.0 t and 35.0 t. The planimetric scheme of the modified bottom protection is shown in Figure 6. The dimensions shown in the figure are in prototype scale. Natural stones are arranged with a random placement forming a double layer protective cover. The riverbed surface to protect has been defined by analyzing the scour due to the highest investigated discharge value, 2250 m3/s with a return period equal to 1000 years, without removing the ski jump sill (sill#2).



Area S1 covers the right portion of the riverbed to be protected for a width of about 20.0 m. This area, as revealed by the experimental tests, is the one subjected to the greatest actions due to the current outflowing the hydraulic structure. The width of 20.0 m has been determined based on the results of the experimental tests focused on investigating the impact area of the jet impinging into the dissipation basin. The mass of the boulders to be used for the protection of Area S1 has been established experimentally by trials and errors as there is no applicable formula in the literature for their sizing. The area of impingement (Area S1B) is protected with stones of larger mass (30–35 t in the prototype scale) with respect to the adjacent one (Area S1A, stones of mass 20–25 t in the prototype scale) to reduce the overall costs.



The same approach is followed for designing Area S2, where the action of the jets is no longer present and therefore boulders lighter than those required for Area S1 are stable (mass of stones within the class 6–10 t). It should be noted that Area S2 also protects the convex part of the left bank (see Figure 5) of the riverbed where significant erosion phenomena have been detected experimentally.



Due to the remarkable roughness provided by the natural rocks, the results obtained with such configuration are excellent in terms of energy dissipation and reduced erosion of the riverbed downstream of the dam. Nevertheless, this type of protection is not reproducible at the prototype scale because natural stones, characterized by a mass greater than 10 t, cannot be quarried and transported.



Therefore, the innovative solution proposed herein has been tested. It prescribes the use of artificial rocks named Antifer “equivalent” to the natural stones belonging to the maximum mass class (30.0 t–35.0 t). Antifer blocks are massive armor units usually employed in maritime works [10]. The scaling law to be applied has to be based upon the design criterion usually employed to relate the mass of the individual blocks to the wave load, expressed by Equation (1). To define the scaling law, i.e., to assure the same Izbash number at both model and prototype scale, the block size has to be geometrically scaled-down (given that the model is Froude scaled).



The Antifer blocks have been arranged according to the laboratory results reported in [29]. In fact, this typology of blocks is not patented and no guidelines have been developed for their placement, which strongly affects the feasibility of a project from an economical point of view. The designed planimetric layout is reported in Figure 7. Three different arrangements have been adopted, called by the authors “closed pyramid placement”, “column placement”, and “random placement”, respectively. The Antifer blocks have always been placed in double layers like natural rocks.



Two layouts have been studied, the first one characterized by the random placement and the second one by the closed pyramid placement. The key point of each configuration is the square filled area of Figure 7 (left panel). In this area of the reproduced protection, the Antifer blocks are characterized by the “column placement”. Around this area, the Antifer blocks are placed following the “closed pyramid placement” and the “random placement”, respectively. The arrangement layouts are shown in Figure 8.



Assuming (i)    γ  s a   = 22.6   kN /  m 3    for the non reinforced concrete; (ii)    γ  s n   = 25.5   kN /  m 3    for natural stones; (iii)    γ w  = 9.8   kN /  m 3    for freshwater specific weight, (iv)    K  Δ n   = 2   for natural stones and (v)    K  Δ a   = 5   for the Antifer blocks, the ratio    P a  /  P n    given by Equation (1) is equal to about 0.7. Then, given the weight of stable natural rocks selected on the basis of experimental results, the weight of stable Antifer blocks is estimated as    P a  ≅ 245.0    kN (i.e., the mass of each block is roughly   25.0    t).




4. D Reconstruction of the Scour Pattern and Experimental Scenarios


A Canon camera equipped with 18–55 mm lens set with a focal length of 18 mm has been used for acquiring the images employed to reconstruct the 3D surface of the riverbed after each test. The camera has been placed at a height of about 1.8 m for a ground resolution of 0.222 mm/pixel. Eight images have been taken moving the camera 30 cm apart in the direction transversal to the river flow. After that, the camera has been moved 20 cm ahead in the direction of the river flow and other eight images have been taken moving the camera of 30 cm. The procedure has been repeated up to the downstream boundary of the laboratory model to obtain a regular grid of 30 × 20 cm2 meshes (model scale). To allow the Agisoft Metashape software to create a more accurate Digital Elevation Model (hereinafter referred to as DEM), the images of the upstream part, including the stilling basin, have been taken according to a 15 × 10 cm2 mesh (model scale). Therefore, a total of 220 digital images have been acquired for each test. The standardization of the image acquisition procedure ensures a more effective comparison of different scenarios.



As previously mentioned, each test consists of two phases: the first one (Phase 0) represents the acquisition of the undisturbed riverbed; the second phase (Phase 1) consists of the photographic survey after the first 30 min (at model scale) of water supply, equivalent to about 3 h and 54 min in prototype scale. The difference between the DEMs at Phase 1 and Phase 0, hereinafter phase 0–1, provides the scour pattern due to the flow.



The Agisoft Metashape software has been used for the photogrammetric processing of the images and the estimation of the DEM. Agisoft Metashape is a stand-alone software for photogrammetric reconstruction from digital images. After importing the 220 photos of each phase into the software, they are aligned. Then a dense point cloud is created and the model calibration is performed. It consists of assigning to certain control points the coordinates in a local reference system. Six of these points are located on the plywood panel to the right of the stilling basin and are used to create the origin and the Oxyz reference frame, while one, located on the downstream sill, has the task of correctly aligning the digital model.



Then, a 3D mesh is generated through a triangulation process that precedes the creation of the DEM. A mean error of 0.36 m (at prototype scale) is estimated by measuring the elevation of some key points directly on the physical model by means of a high precision optical level meter and a laser distance meter.



For each test, the image analysis procedure devoted to the estimation of the scour pattern has been divided into three steps:




	
execution of two image acquisition surveys carried out for phase 0 and phase 1;



	
creation of a digital elevation model;



	
graphic rendering of the scaled DEMs and the erosion/deposition map.








To simulate the scour pattern occurring just downstream of the stilling basin and, subsequently, to evaluate the effectiveness of the proposed protection system, experimental tests have been carried out with two different discharges by comparing the extent of the scour with and without the protection system for the same discharge value. The flow rates employed within the laboratory tests are:




	-

	
Q1 = 830 m3/s, maximum flow rate discharged from the spillway during the event occurred in January 2003 (excluding the bottom outlet discharge contribution), characterizing a rainfall event with a return period between 30 and 50 years;




	-

	
Q2 = 1450 m3/s corresponding to a return period of 200 years.









Table 1 summarizes the tests carried out to assess the extent of the scour pattern downstream of the stilling basin. Test #3a and Test #3b differ for the presence or absence of the ski jump sill at the downstream boundary of the chute (sill #2 of Figure 4).




5. Results


In order to check the reliability of the results, a first set of experiments have been devoted to characterizing the hydraulic efficiency of the ogee spillway and to assess the reliability of the experimental results.



The discharge flowing through the model was varied, contextually measuring the water level within the upstream feeding tank that reproduces the modeled Lake Guardialfiera. Eighteen experiments were run with different values of the flow rate. The obtained stage-discharge rating curve was compared to the one used at the design stage. The comparison was satisfactory (maximum error roughly equal to 3%).



Figure 9 presents a further qualitative evaluation of the performance of the spillway compared to the prototype one. The figure compares the hydrodynamics that occurred during the flood event which has affected the Liscione dam between 24 and 25 January 2003 (image on the left-hand side) and the outcome of the laboratory experiment run with a discharge equal to 29.8 l/s, corresponding to the prototype value of 830.0 m3/s. Though the air entrainment at the prototype scale appears more evident, the similarity between the flow feature is rather clear.



Preliminary tests were performed also to select the most appropriate duration to reach a stable condition of the downstream riverbed, hence getting reliable results. Tentative duration of 1 h was then selected for the first trials. The tests were stopped every 15 min to gain insight on the bottom evolution. After 30 min (i.e., 3 h and 54 min) the bottom was observed to have reached a quite stable configuration. Then, the duration of each test of the experimental investigation has been selected as 30 min.



The first experimental test has been performed with the discharge that affected the Liscione dam in January 2003 (Test #1 of Table 1). The entire surface of the riverbed (see Figure 10) has suffered damages. Figure 10 highlights the erosion on the left bank, where a maximum scour of about 6.0 m is reached. The curvilinear shape of the riverbed left bank close to the stilling basin enhances the erosion phenomenon in that area. Furthermore, the raising part of sill #4 (in the stilling basin) is ineffective in reducing the scour close to the left bank. Though the discharge is the same, a direct comparison of the scour observed in the prototype and in the physical model for the January 2003 event is not feasible. In fact, both the right and the left banks are included in the laboratory model while the right bank wall collapsed during the mentioned flood event. Nevertheless, a recent survey carried out in July 2020 shows that erosion in the order of 2–3 m occurred downstream of the energy dissipator which is consistent with the experimental results. Furthermore, the damage and removal of gabions on the left bank experienced during the 2003 flood event are consistent with the flow features highlighted by the physical model which have produced a significant erosion in the same area.



Figure 11 presents the results of Test #3a and Test #3b (Table 1). The discharge was equal to 1450 m3/s, characterized by a return period Tr equal to 200 years.



Figure 11a presents the results of the experiment with a discharge equal to 1450 m3/s and the ski jump like sill in place. The figure shows the significant erosion occurring on the left bank which produces a scour hole of about 10.0 m. Furthermore, the jet impacting the riverbed induces an erosion in the order of 12.0 m. This test has suggested the need for a deeper investigation on the effects of the ski jump sill on the flow circulation, in particular downstream of the stilling basin. An experiment has then been carried out for the same discharge without the sill (Test #3b). Figure 12 shows the images of the hydrodynamics in the stilling basin and in the riverbed downstream from the lateral view. In each image, a 5 × 5 cm2 mesh (model scale) corresponding to a 3 × 3 m2 mesh at prototype scale is overlapped to the area investigated. The blue line corresponds to the end of the exit sill while the red line defines the area of impact of the jet outflowing from the spillway chute. The comparison between the images clearly shows the effect of the ski jump sill removal which produces a decrease of the distance between the jet impact area and the stilling basin of roughly 12 m.



Figure 11b presents the erosion/deposition maps recorded for the experiment run at the same discharge as Tests #3a (1450 m3/s) and without ski jump sill. Remarkably, the removal of the sill produces a drastic reduction in the erosion phenomenon (see Figure 11a). Nevertheless, the area close to the left bank is still subject to a significant scour (about 8.0 m).



The general formula suggested by [30] has been used to determine the scour:


   Y s  = k    Q a   H b   Y 0 c     g e   D m f   D  85  h   D  90  i    −  Y 0   



(2)




where Ys is the scour depth below the original bed, Y0 the tailwater depth, Q the flowrate, k an experimental coefficient, H the energy head, g the gravity acceleration, and Dm, D85, D90 the diameters at the 50th, 85th, and 90th percentile, respectively. Table 2 presents the set of coefficients adopted for the calculation.



A scour ranging between 5 m and 9 m (in prototype scale) has been calculated with the formula for the discharge equal to 830 m3/s (same as in the event of January 2003). For the higher discharge, i.e., 1450 m3/s, the scour ranges between 10 m and 14 m (in prototype scale). Scour values are displayed in Figure 13. Both results are consistent with the scour measured with the physical model.



The consistent values for the scour calculated with the empirical formulas and measured with the physical model confirm the need for an artificial protection area downstream of the stilling basin (described in Figure 10 and Figure 11).



Figure 14 presents the erosion/deposition maps for the experiment run at a discharge equal to 830 m3/s and protection area downstream of the stilling basin realized with Antifer blocks arranged with random (Test #2a, Figure 14a) and closed pyramid (Test #2b, Figure 14b) configurations. As shown in the figures, both arrangements allow a drastic reduction of the observed erosion phenomenon.



Two further tests have been run to verify the performance of the Antifer blocks at higher discharges. Figure 15 presents the results of Test #4a and Test #4b run at a discharge equal to 1450 m3/s and protection area downstream of the stilling basin realized with Antifer blocks arranged with random (Test #4a, Figure 15a) and closed pyramid (Test #4b, Figure 15b) configurations. An evident reduction of the erosion phenomenon is observed for both the Antifer arrangements compared to the results obtained for the same discharge, ski jump sill removed from the model, and no protection area realized downstream of the stilling basin (Test #3b, Figure 11b).



As far as it concerns the hydraulic stability of the Antifer blocks within the protection area, i.e., their resistance to rocking, settling, displacement, and sliding, a local displacement of the blocks has been observed at the end of Test #4a, i.e., for the random configuration. For this experiment, the maximum erosion/deposition detected in the protection area is in the order of 2.0 m, which is approximately the Antifer height. Figure 16 presents the images of the superficial protection layer at the beginning and the end of Test #4a. The artificial stones have been subject to rocking. It is worth mentioning that each test has been repeated three times to ensure consistency of the results. All the tests performed with the random arrangement have produced rocking of a few Antifer blocks in the area highlighted in Figure 16.



It is worth noting that the area characterized by the double-layer column placement is not subjected to any erosion/deposition phenomenon. Moreover, the downstream area protected with natural stones of mass 6.0–10.0 t (in prototype scale) is characterized by negligible changes after 30 min of experiment.



The main difference between the performance of the random configuration compared to the pyramid one is related to the effects of the flow on the riverbed downstream of the stilling basin. In the pyramid placement, the enhanced energy dissipation induced by the stone arrangement is lesser, compared to the dissipation induced by the random placement. This leads to a larger erosion area with small to negligible scour.




6. Concluding Remarks


This experimental study aims to test the use of Antifer blocks as effective protection of riverbeds downstream of outlet works. Basically, the proposed technique borrows the technical solutions used in the maritime field to create armors of rubble mound breakwaters subjected to breaking wave loads.



The results of the study described herein are intended to be useful when natural rocks cannot be employed due to their large stable weight. The proposed technique is an appropriate alternative to the modification of stilling basin configuration when scour phenomena are directly related to its undersizing. Indeed, such a kind of intervention usually needs diversion works. The proposed alternative represents a quickly-to-deploy technique that can be applied during summer months when water discharge is likely to be low, hence making it possible to work safely in the downstream river.



The case of the Liscione dam (Italy) has been used and experimentally tested as a case study to demonstrate the efficacy of the proposed technical solution. A first series of experimental tests was carried out to validate and calibrate the physical model and experimental observations confirmed the scour of the riverbed observed in the prototype which is linked to the undersizing of the stilling basin. The extent of the scour observed is potentially harmful to the basin as well as to the river banks. The preliminary tests further suggest that the main cause of the scour downstream of the stilling basin is represented by the significant jet-like flow outflowing from the spillway chute. Indeed, it is observed that the ski jump like sill located downstream of the surface spillway induces a surface jet making the downstream boundary of the stilling basin ineffective in the dissipation of flow energy. The dissipative efficiency of the stilling basin has been tested by removing the ski jump sill. The erosion appears significantly reduced without the sill, though the jet outflowing the surface spillways is always present. The experiments carried out on the physical models reproducing the protected riverbed have then been run removing the ski jump like sill. The proposed technique, based on the use of Antifer blocks, has been tested. The mass of the boulders has been selected by using a novel design criterion based on the stable natural rocks weight (experimentally found by trials and errors for the case at hand). The suggested protected area is divided into two parts: an area just downstream of the still basins, i.e., directly affected by the water jet, armored with heavy artificial boulders (prototype scale mass between 25.0 t and 35.0 t) arranged with a closed pyramid placement and an area far enough from the exit section of the dam where lighter natural rocks (prototype scale weight between 6.0 t and 10.0 t) are sufficient to avoid scour phenomena.



Experimental findings reveal that the proposed technique is quite effective in limiting the scour phenomenon and regular placements behave more stable than irregular placements with a similar packing density.
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Figure 1. The area investigated: geographical framework [Map data: Google]. 
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Figure 2. Upper panel: surface spillway, bottom outlet components and dissipating structures. Lower panel: surface spillway: (a) ungated ogee weir (free Creager type sill); (b) gated weir with three 13 m wide openings, equipped with automatic flap gates. 
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Figure 3. (a) Chute; (b) stilling basin; (c) terminal sill and river bed protection; (d) longitudinal section of the surface spillway, chute and stilling basin. 






Figure 3. (a) Chute; (b) stilling basin; (c) terminal sill and river bed protection; (d) longitudinal section of the surface spillway, chute and stilling basin.



[image: Water 13 00619 g003]







[image: Water 13 00619 g004 550] 





Figure 4. Laboratory model: (a) surface spillway; (b) chute, bottom outlet terminus, sills, and stilling basin. 
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Figure 5. Riverbed configuration of the first set of the physical model tests performed, corresponding to the current real layout. 
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Figure 6. Scheme of the model in which the protection of the riverbed is realized with natural stones placed downstream of the stilling basin. Dimensions in prototype scale. 
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Figure 7. Scheme of the laboratory model in which the protection of the riverbed is realized with Antifer blocks (25 t in prototype scale) placed downstream of the stilling basin. Dimensions in prototype scale. 
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Figure 8. (a) Random placement and (b) closed pyramid placement of Antifer blocks. 






Figure 8. (a) Random placement and (b) closed pyramid placement of Antifer blocks.



[image: Water 13 00619 g008]







[image: Water 13 00619 g009 550] 





Figure 9. Comparison between the 2003 flow event (on the left) and the model scale reproduction (on the right). 
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Figure 10. Erosion/deposition map (dimensions in meters) reconstructed processing images of Test #1; the discharge is equal to 830 m3/s (same as in the event of January 2003). The ski jump sill is in place during the experiment. 
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Figure 11. Erosion/deposition maps (dimensions in meters) reconstructed processing images of (a) Test #3a and (b) Test #3b; for both tests, the discharge was set to 1450 m3/s. The ski jump sill is in place during Test #3a (left-hand side panel) whereas it is removed during Test #3b (right-hand side panel). 
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Figure 12. Hydrodynamics in the stilling basin and in the riverbed downstream from the lateral view for Test #3a (ski jump like sill in place) and Test #3b (ski jump like sill removed). 
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Figure 13. Scour calculated with (2) for discharge set to 830 m3/s and 1450 m3/s. 
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Figure 14. Comparison between the erosion/deposition maps (dimensions in meters) reconstructed processing images of (a) Test #2a (left) and (b)Test #2b (right); for both tests, the discharge was set to 830 m3/s. The protection area has been realized employing Antifer blocks arranged with random (left-hand side panel) and closed pyramid (right-hand side panel) configurations. 
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Figure 15. Comparison between the erosion/deposition maps (dimensions in meters) reconstructed processing images of (a) Test #4a and (b) Test #4b; for both tests the discharge was set to 1450 m3/s. The protection area has been realized employing Antifer blocks arranged with random (left-hand side panel) and closed pyramid (right-hand side panel) configurations. 
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Figure 16. Comparison between the Antifer blocks location at the beginning and at the end of Test #4a. (a) Initial random placement configuration. (b) Antifer arrangement at the end of the experment. The local rotation of a few Antifer blocks is highlighted. 
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Table 1. Experimental test.
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	Test

#
	Return Period Tr

(Years)
	Discharge(m3/s)
	Sill#2
	“Column Placement”
	“Random Placement”
	“Closed Pyramid Placement”





	1
	30–50
	830
	Yes
	No
	No
	No



	2a
	30–50
	830
	No
	Yes
	Yes
	No



	2b
	30–50
	830
	No
	Yes
	No
	Yes



	3a
	200
	1450
	Yes
	No
	No
	No



	3b
	200
	1450
	No
	No
	No
	No



	4a
	200
	1450
	No
	Yes
	Yes
	No



	4b
	200
	1450
	No
	Yes
	No
	Yes
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Table 2. Coefficient adopted for the calculation of the scour with (2).
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	k
	a
	b
	c
	e
	f
	h
	i





	Eggenburger (1944) [31]
	1.440
	0.60
	0.5000
	0
	0
	0
	0
	0.4000



	Hartung (1959) [32]
	1.400
	0.64
	0.3600
	0
	0
	0
	0.32
	0



	Chee & Padiyar (1969) [33]
	2.126
	0.67
	0.1800
	0
	0
	0.063
	0
	0



	Martins (1973) [34]
	1.500
	0.60
	0.0000
	0
	0
	0
	0
	0



	Chian Min Wu (1973) [35]
	1.180
	0.51
	0.2350
	0
	0
	0
	0
	0



	Chee & Kung (1974) [36]
	1.663
	0.60
	0.2000
	0
	0
	0.100
	0
	0



	Martins (1975) [37]
	1.500
	0.60
	0.1000
	0
	0
	0
	0
	0



	Machado (1980) [38]
	1.350
	0.50
	0.3145
	0
	0
	0
	0
	0.0645



	INCYTH (1981) [39]
	1.413
	0.50
	0.2500
	0
	0
	0
	0
	0
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