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Abstract

:

In the assessment of concrete dams in cold climate, it is common that the theoretical stability becomes insufficient for load cases that include ice loads. However, the magnitude and return period of these ice loads have a high degree of uncertainty. This study estimates the magnitude of ice loads on eight concrete dam monoliths using measurements of their displacement from 29 winters. In the displacement signals, events are identified and assumed to be caused solely by ice loads. The observed displacement during an event is interpreted as an ice load using a load–displacement relationship derived from FE simulations of each dam. These simulations show that ice loads of the magnitudes given in design guidelines and recorded in previous measurements would significantly affect the structural response of the studied dams. However, only small traces of ice loads can be found in the observed responses of the studied dams. The estimated ice loads are significantly lower than the ice loads recorded in traditional ice load measurements. These results indicate that the average magnitude of ice load on an entire monolith is significantly lower than the measured local pressures. This would imply that ice loads may be a smaller concern regarding dam safety than previously believed.
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1. Introduction


The ability to store water for electricity production, agriculture, or consumption is essential for modern societies. A fundamental prerequisite for water storage is safe dams. A failure of a dam may result in catastrophic consequences. Further, the construction and rehabilitation of dams have a high economic and environmental cost. These costs can be reduced if a dam’s operation without measures can be prolonged. To do so, with a maintained high level of safety, adequate assessments are required. Therefore, refined analyses and increased knowledge about the loads that act on dams facilitate prolonging their life span, resulting in substantial economic and environmental benefits.



Dams are mainly designed to withstand the loads caused by the impounded water. In addition to the pressure from the water, dams in cold regions may be exposed to loads from an ice sheet. This ice load is caused by the restrained expansion or movement of the ice and may constitute a significant fraction of the total horizontal loads. Current guidelines for ice load on dams are typically based on the geographical location of the dam but do not consider the local conditions [1,2,3,4,5]. In these guidelines, the design ice load varies between 50 kN/m and 250 kN/m. Such magnitudes often cause a theoretically insufficient stability for load cases that includes ice loads in assessments of concrete dams in cold climate. However, the magnitude and return period of the ice loads are today among the most considerable uncertainty when evaluating dams in cold regions [6]. Furthermore, there is a discrepancy between the number of dams where ice load is a theoretical problem, and the fact that few dam safety incidents have been reported where large ice loads has been identified as a cause.



There are four categories of methods for measuring the ice load on fixed structures: interfacial measurements, methods based on Newton’s second law, internal ice stress measurements, and structural response monitoring/hindcast calculations [7]. A recent systematic literature review of ice load measurements on dams compiled 123 unique recordings of seasonal maximum ice loads [8]. An overwhelming majority of these recordings are performed with local stress sensors or interfacial stress sensors that are considerably smaller than the dam–ice interaction area of interest. This difference leads to extrapolation and uncertainty regarding the representativeness of the measured local stresses, compared to the global structural load. One way to overcome this issue is by using the third measurement method, structural response monitoring (SRM). With this method, the ice loads are back-calculated from the measured response of the structure. SRM is the only ice load measurement method that determines the global load [7]. The method is also relatively cheap to implement and use, only requires work performed on land above water, and the measurements can be used as a part of the dam owners continuous safety monitoring. Despite these advantages, only a few cases are reported where this method has been used for dams [9,10,11,12].



This study addresses this issue by back-calculating the ice load from observed displacement from dam safety monitoring of eight dam monoliths from five different dams. This is the first study to quantify the magnitude of ice loads on concrete dams based on their structural response. The back-calculated ice loads also add empirical data on the magnitude of global ice loads.



Section 2, Section 3 and Section 4 describe the methods and materials of this study. The two back-calculation approaches used to separate the displacement caused by ice loads from those caused by other loads are described in Section 2, and Section 3 describes the studied dams. Section 4 presents the analysis methods and their application. These methods include finite element simulations of the ice–load–displacement relationship and the transient behavior of the dams, data-based models to predict the behavior of the dams and calculations of ice loads. The research findings are presented and discussed in Section 5, focusing on three key themes: the expected structural response of the dams from ice loads, the accuracy of the applied methods and derived ice loads, and their practical implications. The conclusions from the research are summarized in Section 6. Table 1 explains the abbreviations that are used in figures and tables throughout the paper.




2. Back-Calculation of Ice Load


In the structural response monitoring method, the size of the ice load is back-calculated from the measured response of the structure. The method requires linearity between the ice load and the response [7]. Provided that the behavior of the dam of interest is already monitored, back-calculation of the ice load is performed in three steps:




	
Estimation of the relationship between applied ice loads and displacements, i.e., the stiffness of the dam as a function of the ice load.



	
Separation of responses caused by ice loads from responses caused by other loads in the measured signal.



	
Calculation of the magnitudes of ice loads based on (1) and (2), respectively.








Assuming that the relationship between the ice load I and the structural response u is linear, the relationship between a change in load and response can be written as


  Δ I =  K I  Δ u  



(1)




where   K I   is the structural stiffness with respect to the ice load. If the dam response to an ice load is established, for example, from simultaneous measurements of ice load and dam behavior, the stiffness can be calculated directly from the inverse of Equation (1). If not, the stiffness can be estimated from a model


    K I  ^  =   Δ  I ˜    Δ  u ˜   (  I ˜  )     



(2)







Here,   Δ  I ˜    is the model ice load,   Δ  u ˜   (  I ˜  )    is the response, and    K I  ^   is the estimated stiffness with respect to the ice load.



An observed change in the structural response,   Δ  u →   , can be divided into three parts,


  Δ  u →  = Δ u  ( I )  + Δ u  (  I c  )  + ε  



(3)




where   Δ u ( I )   is the change caused by the ice load,   Δ u (  I c  )   is the change caused by all other loads on the dam, and  ε  is the observation error. Consequently, there are two main methods to estimate the size of the ice load from the measured signal. Either by using data where   Δ u (  I c  ) ≈ 0   so that Equation (3) is reduced to


  Δ  u ^   ( I )  = Δ  u →  + ε  



(4)




where   Δ  u ^   ( I )    is an estimate of   Δ u ( I )  , or by estimating   Δ u (  I c  )   so that


  Δ  u ^   ( I )  = Δ  u →  − Δ  u ^   (  I c  )  + ε  



(5)







From the estimated stiffness and the estimated measured response caused by the ice load, its magnitude can be estimated as


  Δ  I ^  =   K I  ^  Δ  u ^   ( I )  .  



(6)







In this study, two methods have been used to quantify   Δ  u ^   ( I )   ; one event-based approach and one residual-based approach. These two methods are presented in the following sections.



2.1. Event-Based Approach


Ice load on dams occurs as events [11,13,14,15,16,17,18,19], and such an event is characterized by



	
a rise in load from an initial low level,



	
a peak load, and



	
a subsequent rapid decrease.






These ice load events predominantly last from hours up to a day, but can in some cases, last several days [11]. Figure 1 shows examples of time-histories containing three ice load events, one idealized time-history from a design guideline [20] and one measured time history, from Hellgren et al. [21]. This event-shaped time history is caused by a combination of the loading mechanisms and the mechanical behavior of the ice. The main load-causing mechanisms for ice load on dams are restrained thermal expansions and water level fluctuations. These two mechanisms have short-term duration as the maximum variation is finite and can occur as a slow change over an extended period or a rapid change over a short period. Therefore, neither the temperature nor the water level can continuously increase or decrease for more than a limited period. The mechanical behavior of fresh-water ice is highly non-linear with a high initial creep rate. This creep relaxes the stress caused by the mechanism presented above so that the ice load continuously decreases during periods when no new load generating event occur.



With the first method, the ice load is back-calculated from events in the measured crest displacement. The ice load affects the dam behavior, and an ice load event causes the dam to deform in the downstream direction due to the increased load. By identifying displacement events in the measured signal, i.e., where the dam displaces from a local minimum to a peak, and if   Δ u (  I c  ) ≈ 0   during such event, all displacements can be attributed to the ice load. The assumption that   Δ u (  I c  ) ≈ 0   for dams during an ice load event as the duration of an event is insufficient for an ambient temperature change to affect the global behavior of the dam and that water level variations related to ice loads are relatively minor for the dam.



A displacement event can be identified in the dam monitoring signal as the difference between a local minimum and a maximum. By doing this for the entire signal, N events can be identified.


  Δ  u →  = < Δ   u 1  →  , ⋯ Δ   u N  →  > .  



(7)







After these events are identified, the maximum ice loads are estimated as follows:


  Δ  I ^  =   K I  ^  Δ  u →  .  



(8)







The total ice load,   I T   is the sum of a long-term ice load,   I L   and an event ice load   Δ I  , as


   I T  =  I L  + Δ I  



(9)







The long-term load describes the ice load at the start of the event and is a pressure built up in the ice over the winter. Comfort et. al. [11] suggest that the long-term ice load   I L   is a function of the ice thickness,   h i  , and the ratio of the water level amplitude,


   I L  = 37   h i  − 0.25  +   1.47   a /  h i     



(10)




where a is the average water level amplitude over two days. Equation (10) provides the ice load in kN/m and is only valid for an ice thickness greater than 0.25 m and a ratio between a and   h i   greater than 0.08.




2.2. Residual-Based Approach


In the second method, the residual-based approach, a model is used to estimate the displacement of the dam caused by variation in all other factors except the ice load,   u (  I c  )  . For this, a model is used where


  u  (  I c  )  = f  ( H , T , t )  .  



(11)







Here,  H  is the influence of hydrostatic pressure,  T  is the variation caused by changes in the ambient temperatures, and  t  is the irreversible changes that may occur over time. These three phenomena are the main causes of variation affecting the dam’s global behavior. After the displacement caused by the complementary loads to the ice load has been estimated, the signal from the dam monitoring can be adjusted by removing these effects.


   u R  =  u →  − f  ( H , T , t )   



(12)







For a model that perfectly describes the influence of   I c   on the dam,   u R   contains the effect from the ice load and the measurement errors. Consequently, the total ice load is estimated as


   I ^  =   K I  ^  Δ  u R  .  



(13)







Figure 2 shows the difference between the two methods used to identify displacements caused by ice loads for a fictive displacement time-series.





3. Studied Dams


This study was performed as a case study where the ice load was back-calculated using measurement data from four concrete buttress dams: Bålforsen (BFN), Storfinnforsen (SFF), Ramsele (RSE), and Rätan (RTN), and one arch dam, Krokströmmen (KRN). From the four buttress dams, data from seven independent monoliths were included in the analysis, four from Storfinnforsen and one from each of the other dams. All dams are located in Sweden.



3.1. Dams


The five studied dams are all run-off-the-river plants, with small variations between the maximum and minimum allowable water levels in the reservoir (<0.5 m). All of these dams also have an insulation wall installed on the downstream side. These insulation walls reduces the displacements caused by seasonal temperature variations and thereby limits the risk of propagation of thermal cracks. For several of the buttress monoliths, the insulation wall was installed after the observation of through-cracks. The crack pattern for respective monolith includes several of the four crack types typically observed on buttress dams in Sweden: inclined cracks from the front plate that have propagated in the buttress toward the foundation, inclined cracks that have propagated from the inspection passage toward the front plate, and vertical cracks originating from the foundation, see [22,23].



The combination of small changes in water level and concrete temperature means that the dams are exposed to minimal external load changes other than the ice load. Therefore, these dam monoliths are suitable for back-calculations of the ice load. Table 2 provides a summary of the included monoliths. Below, a short presentation of each studied dam is given.



3.1.1. Bålforsen


Bålforsen hydropower dam (BFN) is located in the river Umeälven in the northern region of Sweden and was constructed in 1958. In this study, data from concrete buttress monolith number 18 were used. The properties of the monolith are summarized in Table 2 and a sketch of the section and the locations of sensors are shown in Figure 3b. The data included from the dam are



	
the crest displacements measured with a hanging pendulum,



	
local displacements measured with five crack width sensors with a 220 mm center to center distance between anchorage points



	
the air temperature outdoors and in the enclosed area between the front plate and the insulation wall,



	
the water temperature at the depths of 3 and 17 m, and



	
water level.







3.1.2. Rätan


Rätan hydropower dam (RTN) in the river Ljungan, is a 31 m high concrete buttress dam constructed in 1968 and located 20 km north of the geographic midpoint of Sweden, in the northern ice load region. At Rätan, ice load measurements have been performed using a load panel between 2015–2021, see in [19,21]. Monolith 15, the monolith where the load panel is attached, is included in this study. The dimension of the monolith, its prominent cracks, and the position of the sensors are shown in Figure 3a. The monolith is equipped with a hanging pendulum, that unfortunately is non-functioning. Instead, data from measurements of local displacements were used. The included data are



	
local displacements measured with two crack widths sensors with a 360 mm center to center distance between anchorage points;



	
the air temperature outdoors and in the enclosed area between the front plate and the insulation wall;



	
the water temperature at the depths of 3, 12, and 23 m; and



	
water level.







3.1.3. Krokströmmen


Krokströmmen hydropower dam (KRN) is located in the river Ljusnan, 30 km south of the geographical midpoint of Sweden and in the northern ice load region. The concrete dam is an arch dam that was constructed in 1952. The properties of the dam are presented in Table 2 and the section of monolith 10 are shown in Figure 3h. The included data are



	
the crest displacements measured with a hanging pendulum located at monolith 10,



	
the air temperature outdoors,



	
the water temperature at the depths of 3 and 20 m, and



	
water level.






This data from the external variables are available with hourly frequency from December 2016. However, the logging of the pendulum was non-functioning from November 2017. Thereby, only approximately one year of crest displacement recordings are available.




3.1.4. Ramsele and Storfinnforsen


Ramsele (RSE) and Storfinnforsen (SFF) are two concrete buttress dams built in the 1950s, located 10 km apart in the Faxälven river in the the northern ice load region of Sweden. The Storfinnforsen concrete dam consists of 81 independent concrete buttress monoliths, of which four are equipped with hanging pendulums. The monoliths are, Monolith 03 (Figure 3c), Monolith 42 (Figure 3d), Monolith 43 (Figure 3e), and Monolith 46 (Figure 3f), referred to as M03, M42, M43, and M46, respectively. The concrete dam at Ramsele consists of 49 independent monoliths, where the tallest monoliths are slightly higher than 40 m. From Ramsele dam, data from Monolith 23 (Figure 3g) was included in this study.



Both of these dams have recently undergone extensive renovation and rehabilitation measures, which includes a new monitoring program and installation of post-tensioned rock-anchored tendons through the buttress wall to increase stability. New sensors have been continuously added after the start of the new program in 2019. Therefore, the availability of data from secondary measurement such as indoor temperatures and water temperatures vary but are overall sparse. The data included from the dam are



	
the crest displacements measured with a hanging pendulums,



	
the air temperature outdoors, and



	
water level.









4. Analysis Methods


The eight monoliths were studied in two types of analyses: a pre-study that investigates the influence of previously measured ice loads on the transient behavior of the dams under normal conditions, and estimating the ice loads these dams have been subjected to from their measured structural response. The following analyzes were performed:




	
Pre-study



	
Simulation of transient behavior without ice load



	
Simulation of transient behavior with ice load






	
Estimation of ice loads



	
Simulation of ice load–displacement relationship



	
Back-calculation



	i

	
Event identification




	ii

	
Residual



	
Hydrostatic, Seasonal, Time (HST)



	
Hydrostatic, Thermal, Time (HTT)


















Table 2 presents the performed analysis for each dam. A more detailed presentation of each analysis is given in the following sections.



4.1. Finite Element Analyses


Three different FE-analyses were performed: one simulation of the transient behavior of the dam without ice load (1-I); one simulation of the transient behavior with applied ice load (1-II); and one to estimate the stiffness, i.e., the ice load–displacement relationship (2-I). All numerical analyses were performed with Abaqus [24], version 2021, using the standard implicit solver. The models used for the simulations includes the dam and part of the surrounding rock. All models are reused from the previous studies, and a more thoughtful description of the FE-models are given in the respective studies, see Table 3 for sources. The dams were modeled in 3D with 8-node linear brick elements with reduced integration and hourglass control (DC3D8 and C3D8R in Abaqus) or 6-node linear triangular prism elements (DC3D6 and C3D8 in Abaqus), see Table 3. A maximum element size of 0.3 m. was used for the dams. The elements of the rock match the dams at the interface surface with increasing size towards the outer edge of the models. In the mechanical model, the boundary conditions were applied to the rock by prohibiting displacements perpendicular to each side at all outer boundaries of the rock, except the top surface. The interaction properties for the interface between dam and foundation, and a linear elastic constitutive model were used for all materials with properties chosen according to previous studies as presented in Table 3 for each dam, respectively.



All different simulations were all performed in three steps. In the first step, the gravity load was applied to the dam. In the second step, the hydrostatic pressure corresponding to the maximum water level was applied on the upstream part of the rock and dam. The third step differed between the three analyses. In analyses 1-I and 1-II, the transient behavior of the dams was simulated with and without ice load. These simulations were performed in two domains, for temperature and mechanical equilibrium. In the temperature model, an adiabatic boundary condition was applied to all rock surfaces except the top surface. The top of the rock and the dam was divided into four categories of surfaces: outside, indoor, insulation, and water. On each surface, the corresponding measured temperature was applied using robin boundary condition. All temperatures are shown in Figure 4. Time steps of different length was used between periods with and without expected ice load. A two week time step was used for the period May to December and a six hour time time step for the period where ice loads are expected (January to April). The resulting temperature field was used as input to the mechanical model with a one-way coupling. Therefore, the resulting temperature distribution from the thermal domain was applied in the mechanical domain, and the strains and corresponding displacements from temperature variation were calculated using the same time steps.



In analysis 1-II, the transient simulation with ice load, the magnitude of the measured ice loads from [19,21] was applied as a uniform pressure on a one-meter high surface under the maximum water level. These data were used for all included dams. The data contain measurements from six winters. However, the signal is only complete from ice formation to ice break up for four of these winters, 2016/2017, 2018/2019, 2019/2020, and 2020/2021. Therefore, the recordings from these winters where used recurringly in that order to cover the period from 2012–2021. Figure 4 shows the applied ice load and Table 2 presents an overview of the performed analysis and used data.



In analysis 2-I, the ice load was applied the same one-meter high surface as in analysis 1-II in 30 kPa (30 kN/m) steps up to 300 kPa (300 kN/m). To mimic the measurement data, displacements corresponding to the measured were extracted from the simulated deformations of the dam. From these displacements, a relation between the magnitude of the ice load and the measured deformation of the dam was calculated.




4.2. Data-Based Models


Data-based models were used to back-calculate the ice load with the residual approach. These models where used to create adjusted measurement series, i.e., a measuring series where the effect from all external loads (except the ice loads) were removed. There are many types of data-based models intended to predict the behavior of dams [31]. In general, data-based models have a better prediction accuracy than FE-models, but are less interpretable. For this reason, two data-based models with a distinct physical coupling were chosen. The model are hydrostatic temperature and time (HTT) and hydrostatic seasonal time (HST). In the following section, a description of the implementation of these models is given.



4.2.1. Hydrostatic, Seasonal, Time Model


The HST model was first introduced in [32] and has thereafter been used as a method for behavior analysis of several types of dams [33,34,35,36,37,38,39,40]. HST is a multilinear regression model, where the variation in behavior of a dam is assumed to be function of three parts: H, the influence of hydrostatic pressure; S, seasonal effects; and t, time-dependent effects. The model thus includes a function for each phenomenon considered to affect the global behavior of the dam and is based on the hypothesis that these three variables are sufficient to explain the variation in behavior. Furthermore, the three variables are also assumed to be independent of each other.



The response of the dam can thus be written as


   y  H S T   = F  ( H )  + F  ( S )  + F  ( t )  .  



(14)







In the literature, the hydrostatic pressure is predominantly modeled with a third- or fourth-degree polynomial. However, the dams in this case study all are exposed only to small water level variations. Therefore, a simple linear relation can be assumed [41],


  F  ( H )  =  β 0  +  β 1  h .  



(15)




where h is the relative water level related to the dam height   H  d a m    and the reservoir level,   W L  , according to


  h =   W L − B L   H  d a m    ,  



(16)




where   B L   is the bottom level. Figure 4 shows h for all dams.



In HST, the seasonal variation with the first terms in a periodic Fourier series, according to


  F  ( S )  =  β 5  sin    2 π t  L   +  β 6  cos    2 π t  L   +  β 7  sin    4 π t  L   +  β 8  cos    4 π t  L    



(17)




where L = 52.18 if the time variable t has the unit of weeks. This type of function assumes that the behavior of the dam follows a seasonal pattern consisting of a full-year period and a half-year period.



The last effect is the irreversible changes over time. In this study, a linear relationship is assumed for this effect,


  F  ( t )  =  β 9  t .  



(18)








4.2.2. Hydrostatic, Thermal, Time Model


With the HTT model, the seasonal behavior is replaced by a function that considers the actual temperature,


   y  H T T   = F  ( H )  + F  ( T )  + F  ( t )   



(19)







In this study, the outside air temperature   T A  , indoor air temperature   T I  , and water temperature   T W   from each dam was used.


  F  ( T )  =  β 5   T A  +  β 6   T I  +  β 7   T W   



(20)







The HTT model was not used for Storfinnforsen and Ramsele as the required input data is unavailable. For the arch dam at Krokströmmen,   T I   was omitted. For those dams with several thermometers at different water depths, the temperatures recorded by the topmost thermometers were included in the data-based analysis.




4.2.3. Data Preparation


From the monitoring, two type of recordings were included in this study. The first type is global measurements of the crest displacement by hanging pendulums. In this study, positive changes correspond to a movement of the crest in the downstream direction, i.e., the direction the crest displaces from an increase in ice load. The included data all have a frequency of one sample per hour. The second type of included of measurements are local displacements, recorded with crack width sensors. The data from such sensors were combined through a dimension reduction using a principal component analysis (PCA), and the first principal component (PC1) was used in the analyses. The PCA was performed on the simulated response to the ice load and results in a linear combination of the crack width signal that maximize the response caused by ice loads in the recorded signals.



For fitting of the data-based models, the temperatures and response signals were re-sampled to a time-step of two weeks. In the re-sampling, the actual measured value was used and no aggregation for the data between time steps were performed. The models were fitted on the complete time-series of re-sampled data, thus without a division into training and test set. After the fitting of each model, the residuals was calculated using the actual frequency of the recorded signals.





4.3. Time History and Event Identification


Ice load events were identified via a search to find local maxima and minima in the recorded signals, i.e., the time history of the pendulum and PC1 data. A local maximum or minimum was defined as an extreme value during at least 6 h. After identifying a peak in the signal, an iteration was performed to find the nearest previous and immediate following local minimum. These three points were used to define ice load events with time and magnitude for the start, peak, and end, respectively. This search was performed with the find_peaks function from the Signal subpackage of the SciPy package [42].




4.4. Calculation of Ice Load


For all dams, the ice load was estimated using the event-based approach. From the identified events in crest displacements and PC1, all differences between the minimum value at the start of the event and the peak were assumed to be caused by the ice load. For the event-based approach, the ice thickness is a required input to Equation (10). In this study, the ice thickness was estimated using Stefans equation where the ice thickness,   h i  , is calculated from the accumulated freezing degree days (AFDD)


   h i  = α   AFDD   ,  



(21)




where  α  is a coefficient to account for local conditions. In this study,   α = 2.7   was used, recommended for conditions that maximize the ice thickness, i.e., a windy lake with no snow cover [43].



For the monoliths with a data period longer than two years the ice load was also calculated with the residual approach, see Table 2. In the residual approach, all positive residuals during the winter were interpreted as an ice load.





5. Result and Discussion


This section presents and discuss the results from the case studies and the back-calculation of ice loads. It starts with a comparison of the measured dam behavior and the predicted behavior from the three model types. After that, the estimated ice load–displacement relation is presented for each dam and behavior before the identified, and back-calculated ice load events and residual ice loads are shown.



5.1. Stiffness


Figure 5 shows the calculated crest displacement as function of ice load and presents the calculated stiffness. The relationship between increased ice load and the crest displacement and is linear for all dams. The magnitude of ice load required to displace the crest 1 mm ranges between 86 kN/m for the arch dam at Krokströmmen and 254 kN/m for Bålforsen. The monoliths at Storfinnforsen and Ramsele all have similar stiffness where an ice load of approximately 160 kN/m is required to displace the dam crest 1 mm. This indicates that the load–displacement relationship is relatively constant for dams of this type. The slope of this relationship is similar also for all seven buttress monoliths, despite their different heights and shapes. If any, the results show a small negative relation between the stiffness and the dam height.



The ice load–displacement relationship is linear also for the two PC1 signals. The slope of these relationships does not have an interpretable unit, as the data was standardized before the PCA. For Rätan, the components are 0.59 and 0.80 for sensors 1 and 2, respectively. For Bålforsen, the other dam with local sensors, the weights in PC1 are −0.16, 0.82, 0.43, 0.08, and 0.35 for Sensors 1–5, respectively. Therefore, the sensors best positioned to capture effects from the ice load are sensors 2, followed by sensors 3 and 5. Sensor 2 and 3 are located orthogonal and parallel to the crack running vertically from the inspection gallery to the foundation, while Sensor 5 are located on the front plate.




5.2. Time History of Displacements


Figure 6 shows the measured and modeled time history from the three model types—HST, HTT, and FEM—for the crest displacement and PC1 of local displacements. Figure 6 shows that the ice load of the magnitude measured and applied in this project are large enough to be detected visually in the measured crest displacement. This difference is highlighted for Rätan dam as shown in Figure 6a, where only the results from analyses 1-I and 1-II, the simulations with and without ice loads, are presented. However, this effect can also be seen for Bålforsen in Figure 6b. For Krokströmmen, the only arch dam, the ice load creates increased variation in the crest movements during the winter, but the magnitudes of these variations are relatively small and not necessarily distinguishable from the noise in the signal. One possible explanation for this difference is that the ice load does not act in the downstream direction along the whole arch dam. Thus, the dam displacements from increased ice loads are not fully represented by the downstream crest displacements measured by the pendulum. Another possible explanation is the lesser insulation and lack of heating that causes larger natural crest variations for Krokströmmen compared to the other dams. Therefore, the influence from the ice load is relatively smaller and more difficult to distinguish from the influence of other loads. This difference between the displacements for simulations with and without ice loads can also be seen in the PC1 signals from Rätan in Figure 6g, but is not as prominent as for the crest displacements.




5.3. Accuracy


Table 4 presents the root mean square error (RMSE) and the coefficient of determination (R   2  ) for analyses 1-I, 2-II-ii-A, and 2-II-ii-B. The RMSE provides an absolute measure of fit in the units mm and kN/m, which is easier to interpret but only relevant for internal comparison. In contrast, the R   2   is a relative measure of fit that can be used in comparisons between dams. All FEM models capture the expected direction of the measured displacements well but do, for some periods, predict the incorrect magnitude of the variations. The two comparisons between simulated and measured crest displacements score R   2   values of 0.76. However, the two models differ significantly in the RMSE. For the FE model of Krokströmmen, where the RMSE for the displacement is 3.44 mm, and the stiffness (86 kN/m/mm), the RMSE corresponds to an ice load of 296 kN/m. Such magnitudes of errors make it impossible to accurately back-calculate the ice load using the residual-based approach. For the FE model of Bålströmmen, the mean error is smaller but still considerable. The FEM model of Rätan shows an adequate ability to capture the local response of the dam while the FE-model of Bålforsen shows an insufficient ability to capture the local response of the dam. For that reason, the accuracy of the derived stiffness is uncertain, and the PC1 from Bålforsen was therefore excluded from further analyses.



For both approaches, potential sources of error include the measuring accuracy of the dam monitoring equipment and estimation of the load–displacement relationship. Good quality and accuracy of the measurements are essential for the quantification of the influence of different loads in the response of a dam. The installed pendulums have an accuracy of 0.01 mm [44] which translates to ice loads of approximately 0.8–2.5 kN/m based on the stiffness presented in Section 5.1. The error on the estimated ice load is directly proportional to the error of the estimated stiffness. For the crack width sensors, the accuracy is 0.005 mm and the resolution 0.00125 mm [45]. The observed variation between winter and summer for the crack with sensors with the largest variation is approximately 0.4 mm. Thus, the relative accuracy is lower for the crack width sensor than for the pendulum. This can be observed in the time history where the crest displacement signal is more smooth than the PC1 signal. The lack of resolution means that the PC1 signal varies between two discrete levels during some periods. This variation is sometimes incorrectly classified as events, which could have been avoided with higher resolution.



In the residual approach, the assumption is that the models can be used to remove the influence from all loads except the ice load from the measured signal. The model with the best prediction accuracy in this study was HTT. This model was used in the residual approach to create an adjusted signal where effects from temperature, water level, and time were removed. The HST provides R   2   values in the range 0.7–0.9, while R   2   for the HTT is over 0.89 in all comparisons. Thus, the linear combination of temperatures, water level, and time that is HTT can explain over 90% of the variance in displacements. These results can be compared to the work in [40] where a HST model was used on the buttress dams at Ancipa (R   2   = 0.95–0.97), Sabbione (R   2   = 0.95–0.96), and Malga Bissina (R   2   = 0.88–0.91, 0.92, 0.92, 0.90), and the results from in [39] where crest the crest displacement of a buttress dam was predicted with HST (R   2   = 0.95) and HTT (R   2   = 0.96). Thus, the prediction accuracy for the models in this study is similar to previous studies. However, the result presented in Table 4 shows that despite the high accuracy of the data-based models, the RMSE as ice load is relatively large. For the four predictions of crest displacements, the RMSE is between 27 and 57 kN/m. Furthermore, as shown in Figure 7, the errors are similarly distributed during both summer and winter, with only a slight tendency for the average errors to be greater during the winter. Furthermore, the most significant errors and ice loads are similarly frequent during summer and winter. Thus, the accuracy of the ice loads calculated with the residual approach was deemed unreliable. Therefore, only the ice loads from the event-based approach were included as the final results.




5.4. Time History of Ice Loads


Figure 8 shows a time history of the total ice load calculated with the event-based approach for both crest displacement and the first PC1 of the crack width sensors. The figure shows two main results: that the calculated ice loads are small and and that the deviation in crest displacement during periods with expected ice loads are similar to those from the rest of the year. In general, the ice loads are low and are combined for all dams other than Rätan, only a few occasions of ice loads in the vicinity of 100 kN/m. In comparison with the expected response of the dams shown in Figure 6, the ice loads and underlying displacements are small.



Figure 8 also shows that events occur during all months and that the most prominent occur during periods with no ice in the reservoir. Figure 7b show histograms of the identified ice load events during summer and winter. For a dam exposed to significant ice loads, the expected result is that both events will be greater and more frequent during January to April when ice loads are expected to occur. Such a trend is not visible neither in the events nor in the residuals or the resulting ice loads. A t-test for difference in the means of the events’ magnitude between winter and summer shows that the upper limit of the 95% confidence interval for the difference is from −2.2 kN/m for SM03 to 4.2 kN/m for Bålforsen, where a positive value means a larger mean for the winter period. There are two implications of these results:




	
event identification alone is not a sufficient method to identify displacements caused by ice loads



	
the ice loads in this study are most likely overestimated.








The first implication is a problem for the accuracy of the method and the estimated loads. Several improvements could be made to the classification algorithms, such as filtering the signal based on frequency or applying post-peak criteria. However, this study applied a conservative approach to ensure that the ice loads were not underestimated. In the event-based approach, all displacements that occur during an event was assumed to be caused by ice loads. During a thermal ice load event, the air temperature increases and warms the downstream part of the dam. When the temperature in this downstream part increases, thermal expansion causes a crest displacement in the upstream direction. Such displacement is in the opposite direction to a displacement caused by ice loads and could thereby conceal the influence from this load. However, the high thermal mass of concrete results in slow thermal expansion. During an event caused by water level variation, the hydrostatic pressure will also vary from the changed water level. However, this difference is also negligible as any significant water level change will break the ice sheet.



The presence of ice loads of similar magnitude and frequency during winter and summer implies that several of the events inferred as ice loads should be attributed to noise in the measured signal. Therefore, the magnitude of ice loads presented in this study is most likely overestimated. Furthermore, the static equilibrium requires the dam the deform in response to the ice load. The absence of clear evidence of such responses are a indication that the dams have not been subjected to any major global ice loads.




5.5. Annual Max of Ice Loads


Table 5 presents the maximum total ice load from each winter (Jan–April) for all included monoliths. This table shows the results without considering the reservations discussed above. The results can be divided into three categories: The first category is the single winter from the arch dam at Krokströmmen, where the maximum magnitude was 83 kN/m. The second category is the 20 winters from the remaining buttress dams. For these dams, the data from the crest displacement measurements indicate that the maximum ice load event for a typical winter is between 50 and 100 kN/m, with two occurrences of ice loads over 100 kN/m.



The third category is the eight winters of PC1-data from Rätan. During these winters, the estimated ice loads are between 67 and 205 kN/m. For seven of the eight winters, the maximum estimated ice load exceeds 100 kN/m. The results from Rätan Dam can be compared with ice loads measured with a load panel on the upstream face of the dam [19,21]. The measured ice loads with the load panel are presented in Figure 8. During the six seasons of measurements, the 1 m wide and 3 m high load panel recorded 73 ice load events with a magnitude greater than 75 kN/m and an overall maximum of 200 kN/m. During the eight winters in this study, which includes the six winters with measurements, the maximum ice load estimated from the response of the dam is 205 kN/m and 52 events greater than 75 kN/m was identified. Only two of the events occur simultaneously, i.e., ice loads were registered both by the panel and in the dam’s response. These two events occurred on 5 and 19 February 2020. On the first occasion, an ice load of 111 kN/m was measured with the panel, while the estimated total ice load from the dam’s response was 77 kN/m. The corresponding loads for the second occasion are 99 and 78 kN/m.



Traditionally, the ice load has been measured with a sensor in the ice or on the dam face. Previous measurements campaigns with such sensors have recorded ice load with significantly larger magnitudes than the design loads and those estimated in this study, e.g., 780 kN/m from one season at the Beaumont dam [46], 600 kN/m from one winter with four stress cell panels at the La Gabelle dam [46], 370 kN/m from five winters at Seven sisters dam [11], 290 kN/m from four winters at the Eleven Mile Canyon dam [47], 270 kN/m from five winters with three to four panels at the Tradalsvik dam [48], 200 kN/m from one winter with eleven panels at the Barrett Chute dam [49], and 200 kN/m for six winters with the load panel, and 720 kN/m from one winter with three stress cell panels at the Rätan dam [19].



One possible explanation for the small ice loads estimated in this study is scale effects, i.e., that local ice loads on a small area can be significantly larger than the mean of the global ice loads on the whole structure. This phenomenon is considered in design standards for piers, off-shore structures, and ships [20,50,51], but not in design guidelines for dams [1,2,3,4,5]. Ice is a material whose behavior and strength are scale-dependent. A compilation of 2073 freshwater ice beam tests shows that the scale-dependent flexural strength in kPa is proportional to   V  − 0.13    [52], where V is the volume of the beam. For ice–structure interaction, the same general relation also applies, and the average ice load decreases as the area of interaction increases. The relationship between volume and the flexural strength for freshwater ice presented in [52] gives that flexural strength for an ice volume with the width of 8 m (a dam monolith) is 7% of that of a 1 m wide volume (the load panel). The results from this study indicate that the scale effect is applicable also for dam–ice interaction and that further studies is needed to investigate how the ice loads vary along the dam and between different scales.




5.6. Practical Implications


The Swedish guidelines for ice loads on bridge piers and dams are essentially the same recommendations as given in the first guidelines from 1931 [53]. The foreword to the latest revision of the recommendations for ice loads on bridges in Sweden states that these first ice loads recommendations were created based on no actual knowledge but has gained empirical validation [54]. There are simultaneous indications that the ice loads in design guidelines are either over- or underestimated. The results from previous existing measurements and the theoretical models indicate that the current guidelines underestimate the magnitudes of ice loads. However, a common result in assessments of concrete dams in cold regions is insufficient stability for load cases that includes ice loads. For this reason, several Swedish dams has been rebuilt or strengthen to ensure sufficient stability. Despite this, there is a general public opinion among dam engineers that the current guidelines are too strict. The use of these design magnitudes worldwide in design of dams for almost a century has resulted in few incidents and no failures reported as induced by ice loads.



For the design of concrete dams, the relevant load is the global ice load, i.e., the average load on the width of the structure. This ice load is not a load in the pure sense but rather a restraint force where the ice load is the restrained movement or expansion of the ice sheet. A dam subjected to ice loads will deform until a new equilibrium position is reached. Ice loads of the magnitude in current design guidelines constitute a significant portion of the the total horizontal load on most dams. These ice loads’ magnitude combined with the long lever arm from the foundations theoretically causes a large structural response. This large expected influence of ice loads is also shown in the results from analyses 1 (I and II) and 2-II in this study.



The most probable interpretation of the results of this study is that no or very small traces of ice load can be observed in the measured response of most dams. These results are limited to the eight studied dam monoliths. However, as the ice load was included as a design load for dams approximately hundred years ago without any theoretical basis, ice loads has not caused any major incidents. Therefore, a main focus of future investigation should be to find full-scale empirical evidence of existence of global ice loads on dams of a relevant magnitude. It is likely that such evidence can be found, but before this, it is recommended that studies are performed to investigate that ice loads on concrete dams can pose a dam safety issue.



Such investigations should primarily focus on finding influence of ice loads in the structural behaviour of concrete dams. Using measurements from the dam monitoring to estimate the magnitude of the ice load is a cost-effective method that has advantages from both a scientific and dam safety perspective. From a scientific perspective, this type of measurement provides a cheap method that is readily accessible for many dams. The method also facilitates the use of data already collected, as long as it was sampled with a sufficiently high frequency. Therefore, the method presents an opportunity to rapidly expand the empirical data on the impact of ice loads on concrete dams. From a dam safety perspective, the installation of a global displacement sensor such as a hanging pendulum have several benefits. For dams where the dam owner wants to examine or monitor the magnitude of the ice load, such a method is therefore very advantageous.





6. Conclusions


This study estimates the magnitude of the ice load on an arch dam and seven monoliths from four concrete buttress dams, based on measured structural response during 29 winters. The main results are the magnitudes of ice loads calculated using identified displacement events in the measured signals. With this event-based approach, the loads were estimated from identified displacement events in the measured signal and interpreted as ice loads using a displacement–ice load relationship derived from FE simulations. The results from the FE simulations show that ice loads of magnitudes from traditional ice load measurement sensors and the applicable design guideline should significantly affect the studied dam structural response and be detected by traditional dam monitoring. Nevertheless, only small traces of ice loads can be found in the observed response of the studied dams.



The annual maximum magnitudes of ice loads estimated in this study are significantly smaller than those recorded during ice loads measurements sensors and in design guidelines. However, the results show that displacement events occur with similar frequencies and magnitudes during all months. Therefore, the conservative assumption used in this study, that ice loads cause all displacements during events, is likely to cause an overestimation of the ice loads. Therefore, the event-based approach applied in this study provides a conservative estimate of the magnitude. The true magnitude of the ice loads these dams have been subjected to is most likely even lower.



This study involves modeling the structural behavior of several concrete dams located in cold climates. Therefore, some auxiliary conclusions regarding the interpretation and modeling of the behavior of the dams in this study, adjacent to the primary research question for this study, are:




	
The relationship between increased ice load and crest displacements in the downstream direction is linear up to 300 kN/m/mm. For the seven studied buttress monoliths, the slope of the ice load–displacement relationship is approximately 180 kN/m/mm, while the corresponding slope for the arch dam is 90 kN/m/mm.



	
The magnitudes of ice loads recorded with traditional ice load measurement sensors and the applicable design guideline should cause structural displacements that are visible in the measured crest displacements of dams. The influence from ice loads should be especially prominent in such recordings from dams in reservoirs with small water level fluctuations and where the natural thermal variations between winter and summer have been dampened by insulation and heating.



	
The HTT model that considers a linear combination of variations in water level, ambient temperatures, and time can explain over 90% of the variance in the dams’ displacements.



	
The insulation walls on the downstream part of the dam monoliths and the heating of the enclosed area between the front plate and the insulation have a significant influence on the behavior of the dam. These measures both reduce the magnitude and change the phase and shape of the variation in displacements from air and water temperature variation.








This study demonstrates the need to further investigate the relationship between stresses measured in the ice sheet, pressures measured at the dam–ice interaction face, and the dam’s response. Further research should be undertaken to investigate the influence of ice loads on the structural behavior of concrete dams. The event-based method used in this study is fast and straightforward and, therefore, suitable for applying on other dams. Such studies could rapidly increase the empirical knowledge regarding the magnitudes of ice loads on dams.
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Figure 1. Illustration of ice load events with an idealized and real case. The idealized case is after ISO-19906 [20] and the example from Hellgren et al. [21]. 






Figure 1. Illustration of ice load events with an idealized and real case. The idealized case is after ISO-19906 [20] and the example from Hellgren et al. [21].



[image: Water 14 00597 g001]







[image: Water 14 00597 g002 550] 





Figure 2. Illustration of the two methods used to identify displacements caused by ice loads in the observed displacements. 
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Figure 3. Dam sections for the monoliths used in the case study. The light gray line shows a sketch of the location of the cracks included in the simulation, and the dark gray shows the insulations walls. (a) RTN, (b) BFN, (c) SM03, (d) SM42, (e) SM44, (f) SM46, (g) RSE, (h) KRN. MaWL: Maximum retention water level, the abbreviations for the dam names are presented in Table 2. 
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Figure 4. Input data for the analysis. 
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Figure 5. Ice load–displacement relationship. The legend presents the slope for each line in the kN/m per displacement unit. (a) Crest displacement, (b) PC1 of local displacements. 
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Figure 6. Measured and modeled time history for the eight included dams: crest displacements; (a) RTN, (b) BFN, (c) SM03, (d) SM42, (e) SM44, (f) SM03, (g) RSE, (h) KRN; and the first principal component of the crack width measurements; (j) BFN and (i) RTN. 
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Figure 7. Distribution of events and residuals and during the summer (June to September) and ice load season (January to April). (a) Residuals. (b) Events. For visibility, have 15 events from BFN-PC1 with magnitudes over 50 kN/m and 4 events from RTN-PC1 with magnitudes over 200 kN/m been removed. None of the removed events occurred during a winter. 
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Figure 8. Time history of the total ice load (event + long-term) identified and back-calculated from events in the crest displacements and the first principal component of the crack width sensors. (a) RTN, (b) BFN, (c) KRN, (d) SM03, (e) SM42, (f) SM44, (g) SM03, (h) RSE. 
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Table 1. Abbreviations used in the paper.
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	Abbverition
	Full Name





	AFDD
	Accumulated freeze degree days



	BFN
	Bålforsen dam



	Crest
	Crest displacments



	FEM
	Finite element model



	HTT
	Hydrostatic, Thermal, Time model



	HST
	Hydrostatic, Seasonal, Time model



	KRN
	Krokströmmen dam



	PCA
	Principal component analysis



	PC1
	First principal component



	RSE
	Ramsele dam



	RMSE
	Root mean square error



	RTN
	Rätan dam



	R   2  
	Coefficient of determination



	SFF
	Storfinnforsen dam



	WLA
	Water level amplitude
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Table 2. Overview of basic characteristics, the data and the performed analysis for each dam.
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Type

	
Buttress

	
Arch




	

	
Dam

	
Rätan

	
Bålforsen

	
Storfinnforsen

	
Ramsele

	
Krokströmmen




	

	
Name

	
RTN

	
BFN

	
SM03

	
SM42

	
SM43

	
SM46

	
RSE

	
KRN






	
Info

	
Monolith

	
15

	
18

	
-

	
3

	
42

	
43

	
46

	
23




	

	
Length [m]

	
9.0

	
8.0

	
8.0

	
8.0

	
8.0

	
8.0

	
8.0

	
160




	

	
Height [m]

	
31.0

	
20.75

	
18.0

	
41.0

	
39.0

	
36.0

	
37.0

	
45.0




	
Data

	
Start *

	
13/10

	
12/12

	
19/11

	
20/10

	
19/02

	
19/02

	
19/07

	
16/12




	

	
End *

	
21/05

	
21/05

	
21/06

	
21/06

	
21/06

	
21/06

	
21/02

	
17/11




	

	
Crest

	
-

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	

	
Crack width

	
X

	
X

	
-

	
-

	
-

	
-

	
-

	
-




	

	
   T O   

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	

	
   T I   

	
X

	
X

	
-

	
-

	
-

	
-

	
-

	
-




	

	
   T W   

	
X

	
X

	
-

	
-

	
-

	
-

	
-

	
X




	

	
WL

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	

	
Ice load

	
X

	
†

	
†

	
†

	
†

	
†

	
†

	
†




	
Analysis

	
1-I

	
X

	
X

	
-

	
-

	
-

	
-

	
-

	
X




	

	
1-II

	
X

	
X

	
-

	
-

	
-

	
-

	
-

	
X




	

	
2-I

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	

	
2-II-i

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	

	
2-II-ii-A

	
X

	
X

	
-

	
-

	
-

	
X

	
X

	
-




	

	
2-II-ii-B

	
X

	
X

	
-

	
-

	
-

	
-

	
-

	
-








X: Yes; -: No; *: Year/Month; †: Not available, data from Rätan.
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Table 3. Material properties used for simulations of the different dams.
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	Unit
	BFN
	KRN
	SFF
	RSE
	RTN





	Concrete
	Density
	kg/ m 3
	2300
	2700
	2300
	2300
	2300



	
	Elastic modulus
	GPa
	21.7
	30
	25.0
	25.0
	30.0



	
	Poisson’s ratio
	-
	0.2
	0.2
	0.2
	0.2
	0.2



	
	Conductivity
	W/ m  K 
	1.7
	1.7
	-
	-
	1.7



	
	Specific heat
	J/K
	1000
	1000
	-
	-
	1000



	
	Expansion
	  10  − 6    1/K
	10.6
	10.0
	-
	-
	10.6



	
	Element type
	-
	Brick
	Tet
	Brick
	Brick
	Brick



	Rock
	Density
	kg/ m 3
	2300
	2500
	2300
	2300
	2300



	
	Elastic modulus
	GPa
	32.0
	50.0
	60.0
	60.0
	50.0



	
	Poisson’s ratio
	-
	0.2
	0.2
	0.2
	0.2
	0.2



	
	Conductivity
	W/ m  K 
	1.7
	1.7
	1.8
	1.8
	1.7



	
	Specific heat
	J/K
	1000
	1000
	-
	-
	1000



	
	Expansion
	  10  − 6    1/K
	8.3
	8.0
	-
	-
	10.0



	
	Element type
	-
	Brick
	Tet
	Tet
	Tet
	Brick



	Temp-BC
	Reference temperature
	   ∘  C
	4
	0
	-
	-
	4



	
	filmCoeff water
	 W / m 2/ K 
	500
	500
	-
	-
	500



	
	filmCoeff air
	 W / m 2/ K 
	13
	13
	-
	-
	13



	
	filmCoeff insulation
	 W / m 2/ K 
	1
	1
	-
	-
	1



	
	Dam-Rock interaction
	-
	Tie
	Tie
	Fric
	Fric
	Fric



	
	Friction coefficient
	-
	-
	-
	1.0
	1.0
	1.0



	
	Source
	
	[25,26]
	[27]
	[28,29]
	[28,29]
	[30]
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Table 4. The root mean squared error (RMSE) and R   2   for the three analyses for crest displacement and PC1.
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Crest

	
PC1




	

	

	

	
1-I

	
2-II-ii-A

	
2-II-ii-B

	
1-I

	
2-II-ii-A

	
2-II-ii-B




	
Dam

	
Type

	
Unit

	
FEM

	
HST

	
HTT

	
FEM

	
HST

	
HTT






	
BFN

	
R   2  

	
-

	
0.76

	
0.70

	
0.89

	
0.06

	
0.78

	
0.94




	

	
RMSE

	
mm

	
0.21

	
0.23

	
0.13

	
0.13

	
0.06

	
0.03




	

	
†

	
kN/m

	
52

	
57

	
33

	
467

	
222

	
112




	
KRN

	
R   2  

	
-

	
0.76

	
-

	
-

	
-

	
-

	
-




	

	
RMSE

	
mm

	
3.44

	
-

	
-

	
-

	
-

	
-




	

	
†

	
kN/m

	
295

	
-

	
-

	
-

	
-

	
-




	
RTN

	
R   2  

	
-

	
-

	
-

	
-

	
0.81

	
0.97

	
0.97




	

	
RMSE

	
mm

	
-

	
-

	
-

	
0.01

	
0.005

	
0.004




	

	
†

	
kN/m

	
-

	
-

	
-

	
352

	
146

	
130




	
SM43

	
R   2  

	
-

	
-

	
0.92

	
-

	
-

	
-

	
-




	

	
RMSE

	
mm

	
-

	
0.16

	
-

	
-

	
-

	
-




	

	
†

	
kN/m

	
-

	
27

	
-

	
-

	
-

	
-




	
SM46

	
R   2  

	
-

	
-

	
0.78

	
-

	
-

	
-

	
-




	

	
RMSE

	
mm

	
-

	
0.24

	
-

	
-

	
-

	
-




	

	
†

	
kN/m

	
-

	
39

	
-

	
-

	
-

	
-








† RMSE ×    K I  ^  .
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Table 5. The annual maximum of total ice load, event ice load, long-term ice load, ice thickness, accumulated degree freeze days (AFFD), the minimum temperature, and the mean water level amplitude. Note that the time of the different extreme values for the different variables during a winter does not necessarily occur simultaneously.






Table 5. The annual maximum of total ice load, event ice load, long-term ice load, ice thickness, accumulated degree freeze days (AFFD), the minimum temperature, and the mean water level amplitude. Note that the time of the different extreme values for the different variables during a winter does not necessarily occur simultaneously.





	

	

	
Ice Load

	
Ice Thick.

	
Temp.

	
AFDD

	
WLA




	
Dam

	
Winter

	
Total

	
Event

	
Long-Term

	

	
min

	

	
Mean




	

	

	
kN/m

	
m

	
    ∘   C

	
    ∘   C Days

	
m/Day






	
BFN *

	
2013 †

	
97

	
75

	
30

	
0.75

	
−25

	
772

	
0.20




	

	
2014

	
60

	
43

	
21

	
0.48

	
−26

	
321

	
0.24




	

	
2015

	
65

	
54

	
18

	
0.48

	
−23

	
316

	
0.23




	

	
2016

	
73

	
53

	
27

	
0.65

	
−27

	
579

	
0.19




	

	
2017

	
64

	
54

	
14

	
0.54

	
−25

	
401

	
0.24




	

	
2018

	
58

	
37

	
31

	
0.78

	
−25

	
835

	
0.24




	

	
2019

	
87

	
67

	
29

	
0.73

	
−27

	
728

	
0.23




	

	
2020

	
61

	
51

	
22

	
0.50

	
−21

	
348

	
0.18




	

	
2021

	
52

	
30

	
26

	
0.62

	
−24

	
524

	
0.10




	
KRN

	
2017 †

	
84

	
75

	
13

	
0.46

	
−25

	
287

	
0.17




	
RSE

	
2020

	
107

	
89

	
20

	
0.46

	
−19

	
285

	
0.06




	

	
2021

	
59

	
38

	
30

	
0.72

	
−26

	
704

	
0.05




	
RTN

	
2014 †

	
68

	
64

	
9

	
0.37

	
−17

	
186

	
0.16




	

	
2015

	
115

	
99

	
18

	
0.54

	
−20

	
403

	
0.14




	

	
2016

	
208

	
182

	
28

	
0.69

	
−24

	
646

	
0.16




	

	
2017

	
173

	
155

	
20

	
0.54

	
−19

	
405

	
0.15




	

	
2018

	
152

	
130

	
33

	
0.81

	
−24

	
898

	
0.15




	

	
2019

	
116

	
97

	
27

	
0.65

	
−21

	
576

	
0.16




	

	
2020

	
101

	
91

	
15

	
0.43

	
−13

	
251

	
0.15




	

	
2021

	
118

	
117

	
27

	
0.65

	
−23

	
572

	
0.12




	
SM03

	
2020

	
33

	
13

	
20

	
0.46

	
−19

	
286

	
0.05




	

	
2021

	
46

	
18

	
30

	
0.71

	
−26

	
701

	
0.04




	
SM42

	
2021

	
95

	
67

	
30

	
0.71

	
−26

	
701

	
0.04




	
SM43

	
2019

	
49

	
24

	
26

	
0.60

	
−21

	
502

	
0.05




	

	
2020

	
71

	
57

	
20

	
0.46

	
−19

	
286

	
0.05




	

	
2021

	
108

	
79

	
30

	
0.71

	
−26

	
701

	
0.04




	
SM46

	
2019

	
76

	
53

	
26

	
0.60

	
−21

	
502

	
0.05




	

	
2020

	
66

	
51

	
20

	
0.46

	
−19

	
286

	
0.05




	

	
2021

	
87

	
57

	
30

	
0.71

	
−26

	
701

	
0.04








* From crest-displacement data, see Section 5.3. † Data not available for the full winter.
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