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The paper discusses how ice loads exerted on dam walls could change if the 

reservoir ice type changes due to global warming. The impact of the structure of 

an ice cover on the ice load on a dam is studied using 3D and 2D plane strain 

finite-element modelling (ANSYS). The article provides a brief introduction to 

ice force, to ice types and to the model. On a basis of a real event measured by 

researchers from Hydro-Québec’s Research Institute (IREQ) and Laval 

University, thermal structural analysis was conducted and ice loads assessed for 

ice covers consisted of different types of ice. The paper explains how some 

aspects of the climate change could affect reservoir ice type and therefore future 

loads. It is also discussed how ice loads could be affected by the type of 

precipitations (snow, rain) and its amount as well as the possible increasing of the 

amount of warm days during the winter. 
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1. Introduction 

Ice loading is an important factor to properly design safe dams. Ice loads are evaluated using 

numerous design codes (ICOLD, RIDAS, CDA). Each jurisdiction uses its own criteria. For 

example, Hydro-Québec uses 100 kN/m for normal events and 150 kN/m for extreme events 

(Hydro-Québec, 2003). Researchers from IREQ and Laval University actually measured an 

average load of 145 kN/m (point loads were higher) at a random dam (Barrett Chute, ON) during 

a random year (Taras et al, 2011). 

 

With reference to an actual measured event, this paper, through the use of a newly developed finite-

element model (FEM), explores how the reservoir ice type may affect load values with specific 

reference to the importance of amount of snowfall and water level fluctuations. The article 

provides a brief introduction to ice forces, to ice types and to the model. In comparison with the 

historical event at Barrett Chute, it then presents the impact of ice type on predicted loads. Finally, 

it is discussed how the climate change could affect the type and thickness of reservoir ice and 

therefore future loads. 

2. Major mechanisms that contribute to ice loads 

There are two major mechanisms that contribute to ice loads on a dam: thermal expansion of ice 

and water level fluctuations (Comfort et al., 2004). 

 
The surface temperature of an ice cover without snow on it depends on the temperature near of 

surrounding air, while the bottom is at 0°C due to its contact with the water below. The value of 

ice load depends on the ice temperature at the start of an event, temperature gradient and the rate 

of temperature change. The high thermal loads are generally produced by a cold spell followed by 

an extended warming period or after a rain event that forces ice surface to rise up towards 0°C 

(Comfort et al., 2004). Warming or rain events could become more common for future winters due 

to the climate change, although the period of cold spell could be less severe and less frequent. The 

snowfalls could be reduced during global warming that would also have an impact on ice loads. 

As snow isolates ice from air temperature changes, therefore a lesser amount of snow would affect 

the temperature gradients and temperature change sequences, and, hence, it could produce higher 

loads on dams. 

 

As for water level fluctuations, they generate cracks in ice that run parallel to a dam wall and 

reservoir shores. When the water level goes down, these cracks become opened until the water 

level goes up. While crack is opened, a certain amount of new ice grows on its walls. When the 

water level rises, ice tries to match the dimensions of a reservoir. To match it, ice must be deformed 

to its previous dimension, and this jacking creates a push on a dam (Stander, 2006). 

3. Reservoir ice types 

A typical ice cover on a reservoir upstream of a hydroelectric dam usually consists of two types of 

ice: columnar ice (S2) covered by snow ice (T1) on top of it. Symbols S2 and T1 are taken from 

the Michel and Ramseier’s classification (1971). 

 
The formation of T1 snow ice begins when snow is saturated with water during a rain or flooding 

event. The snow-water layer (i.e., slush) then freezes to form the snow ice layer (Ashton, 2011). 

T1 snow ice is an isotropic material with round to angular shape of grains and the grain size ranging 



from less than 1 mm to 5 mm. As the climate changes, reservoir ice either could contain a thinner 

layer of T1 snow ice or could not contain a layer of T1 snow ice at all. 

 

S2 columnar ice is an arrangement of crystals oriented so that their c-axes preferentially lie in-

plane. Such crystals are generally in the size range of 3-100 mm. Under normal growth conditions, 

the crystals are elongated in the vertical direction with their c-axes randomly distributed in the 

horizontal plane. It is usually transversely isotropic in properties, i. e., its properties are the same 

in all directions in the horizontal plane (Sanderson, 1988). 

 
Under uniaxial loading conditions, T1 snow ice is stronger than S2 columnar ice (Drouin and 

Michel, 1971). However, Frederking (1977) has shown that S2 columnar ice becomes considerably 

stronger than T1 snow ice in presence of lateral confinement. Schemes for biaxial experiments 

conducted by Frederking (1977) are shown in the Figures 1a and 1b for T1 snow ice and S2 

columnar ice, respectively. He found that the strength of isotropic T1 ice under confined conditions 

is 15% greater than the strength under unconfined uniaxial loading. It has also been found that 

confined S2 ice becomes two to four times stronger than unconfined columnar ice at the same 

loading rate. Therefore the structure of ice cover should be taken into account while assessment of 

ice load on a dam wall, as in situ ice cover is confined by dam wall and shores – particularly when 

the water levels rise. 

 

The scheme of S2 ice superimposed by T1 ice is given in the Figure 2. S2 ice is depicted as a blue 

parallelepiped and T1 ice as a transparent parallelepiped. The assumed coordinate system related 

to the structure of S2 columnar ice is also given in the figure. This coordinate system will be used 

throughout the entire paper. Note that the direction parallel to the columns of S2 ice is y-direction, 

and “p” is a plane of isotropy of S2 ice (xz-plane). 

4. Model description 

A FEM was built that takes into account both the mechanical (or so-called structural) and the 

thermal behavior of ice. The total strain (ε) was calculated as a sum of thermal (εth) and structural 

(εst) strains. 

 
[ε] = [εth] + [εst]                [1] 

 

For thermal strain calculations, the coefficient of linear thermal expansion given by Drouin and 

Michel (1971) was used. As a basic structural (or rheological) model of ice, Sinha’s 1D model 

(1978) was found to be suitable for the most engineering needs (Lupien, 2012). Sinha (1979) also 

showed that his model predicts well the results of uniaxial experiments on T1 ice with the same 

set of material constants. According to the chosen model, the structural strain (εst) is a sum of 

elastic (εe), delayed elastic (εd) and viscous (εv) strains: 

 

[εst] = [εe] + [εd] +[εv]               [2] 

 
The summary of 1D thermal-structural model is given in the Table 1. Sinha’s model has been 

generalized by Zhan (1993) into 3D. The influence of anisotropy of S2 ice on its strength during 

confinement was taken into account in the effective stress formulation of Zhan (1993). This 

generalization with some changes was adopted for the FEM used in this paper. Von Mises effective 



stress was used in the model to convert 1D formulation for T1 snow ice into 3D. Lack of space 

does not permit to describe fully this generalization in this paper. Interested reader is referred to 

Zhan (1993) or can contact authors for more information. The described FEM was built with 

ANSYS using its User programmable feature Usermat3d. Convergence checks were performed 

after each stress-strain state calculation (ANSYS, 2009). 

5. Model validation and calibration 

The model was validated using analytical solutions and experimental results of Sinha (1981, 1982) 

on S2 ice loaded perpendicular to its columns. Calibration of the model was conducted based on 

the Frederking’s (1977) experimental results on T1 snow ice and S2 columnar ice loaded biaxially. 

 

Figure 3 shows the model used for both tests (z-axis is directed towards the observer). The symbol 

“P” represents either constant load or constant strain rate. An ice rectangular specimen was 

modelled as 3D solid. Dimensions of the solid, its temperature and grain size as well as values of 

“P” and boundary conditions for constant load and constant strain rate tests are given in the Table 

2 in the columns called “constant load (uniaxial)” and “constant strain rate (uniaxial)”, 

respectively. The comparison of numerical results with analytical solution and experimental data 

is shown in the Figures 4 and 5, respectively. Figures 4 and 5 show good agreement between model 

predictions and analytical solution as well as experimental data. The dependence of the numerical 

solution from the mesh and time step size was also checked and it was demonstrated that the chosen 

values introduced negligible error. 

 

The 2D plane strain numerical formulation was used to model Frederking’s (1977) biaxial 

experiments on T1 ice and S2 ice using the same FEM. Rectangular ice specimen was modelled 

as 2D solid with the plane strain option in axis z (Figure 3). Dimensions of the solid, its temperature 

and grain size as well as constant strain rates (value of “P”) and boundary conditions are given in 

the Table 2 in the last column. The comparisons of numerical results with experimental data for 

T1 snow ice and S2 columnar ice are shown in the Figures 6 and 7, respectively. Numerical 

calculations were performed using both material constants proposed originally by Sinha (Table 1) 

and those using material constants calibrated to match experimental data of Frederking (1977). 

There are only two material constants that have been changed as a result of model calibration: 
1

  

and n, and their values for T1 ice and S2 ice are given in the Table 3. The results of uniaxial 

experiments on T1 snow ice and S2 columnar ice are also given in the Figures 6 and 7 to illustrate 

the effect of confinement on maximum axial stress. 

6. Numerical studies 

6.1 Event description 

The FEM was used to calculate the Barrett ice load on a dam face due to ice temperature change. 

The upper half of the 45-cm ice cover consisted of T1 snow ice, and lower 22.5 cm was S2 

columnar ice (for full description, see Morse et al. (2011) and Taras et al. (2011). 

 

The chosen event started at February 23 at 7h15 and ended approximately fifteen hours later. This 

event can be treated as a fast event (lasts less than 24 hours). The temperature at the ice surface 

had risen from -10°C to -2°C during eight hours approximately (rate of temperature rise of 1°C/h). 

Figure 8 shows measured temperature profiles of the ice cover at different moments of time during 



the event. Ice loads peaked after 6 hours at 13h20 when the ice surface temperature was -3.5°C 

(ΔT = 6.5°C). 

 

Figure 9 presents the measured loads at the dam face from 11 panel gauges having 4 flat jacks 

each. Presented on the figure is the average line load of the 11 panels (max of 145 kN/m). Also 

presented on the figure are the maximum and minimum instantaneous loads recorded at any of the 

11 panels. The variability of the loads from one panel to the next changes in time and may be a 

result of the changing contact along the crack in the ice in front of the dam as well as the change 

in confinement due to water level changes in the reservoir forcing the cracks along its shores to 

close up and jack the ice up. The figure presents loads that are a combination of many factors. In 

addition to ice thickness and ice type, the magnitude of the load depends on many contributing 

factors: the rate of rise in temperatures, the ice temperature, tidal ‘jacking’, ice confinement 

(caused primarily by jacking). Numerical simulations can help capture some of the effects and help 

us understand their relative importance and inter-connectivity. 

6.2 Load assessment of different types of ice due to temperature profile change 

The analysis of the field data from the biaxial gages installed in the ice sheet in front of the dam 

shows that ice has different levels of confinement (σzz / σxx) with depth during described event. It 

varied from 0.6 to 1, generally increasing as the loads increased. The average ice confinement 

during significant loads was about 0.8. In the following calculations, the worst case scenario was 

assumed, namely that the ice is rigidly confined (confinement = 1). To model the load of ice on a 

dam wall, an ice cover was represented by a 2D solid with the plane strain option in axis z. Thus 

the 2D solid represents ice laterally confined in the directions perpendicular and parallel to dam 

face (x- and z-directions). The structural scheme of the problem is given in the Figure 10. The 2D 

ice solid was subjected to the change of the temperature that varied with depth and time. For the 

thermal loading, the temperature data measured in situ was used for the event. Ice temperatures 

between measurements were calculated by linear interpolation and were converted in degrees of 

Kelvin. The event was simulated using different properties of ice. 

 

Figure 11 shows the comparison of measured load with the calculated load of a 2-layered ice (S2 

columnar ice superimposed by T1 snow ice) using the calibrated material constants (Section 5, 

Table 3). Under full (perfect) confinement the calculated load is 2.2 times the average measured 

line load and 1.1 times the maximum line load measured at one of the eleven panels. In principle, 

the numerical model should capture the maximum load as it does not take into account all the 

processes that are responsible for the ‘indentation’ effect related to large surfaces. (All field data 

exhibit this effect of lower average line loads as the surface are increases – see Sanderson, 1988, 

for a discussion that may explain some of these processes). The over-estimation of 10% of the 

maximum value suggests that the model based on Frederking’s laboratory data may need more 

validation, that the physical properties of the ice on the reservoir may be a little different than the 

ice used by Frederking, that the change in temperatures may be poorly extrapolated/interpolated 

and/or that the confinement is not perfect. (That is the assumption of 1.0 is too conservative). 

 

Figure 12 shows calculated loads of ice covers consisting of either T1/S2 ice, T1 ice only or S2 

ice only (Table 3). It can be seen that ice cover consisting of T1 ice only exerts a bit lower load on 

a dam wall than the other scenarios. When interpreting the results, note that according to the Figure 

8, the upper half of ice cover experiences considerable temperature changes (and, hence, expands 



more) during the event than the lower half of ice cover. Therefore, the most load exerted on the 

structure comes from the upper half (or T1 ice, in the actual field case). 

 

Same problems were solved using the original model constants (Section 4, Table 1). Figure 13 

shows the comparison of measured load with the calculated loads of ice covers consisted of either 

T1/S2 ice, T1 snow ice only or S2 columnar ice only. The calculated load correlates well with 

measurements. This may be seen very good but recall that the parameters used in this original 

model were validated for fairly high strain rates (5·10-7 s-1 - 3·10-5 s-1) whereas the strain rate here 

in upper 15 cm is approximately 2·10-10 s-1 - 2·10-8 s-1. So in fact, the Table 3 model may be better 

once the indentation effect and lower confinement of ice cover are included in simulated scenarios 

that will reduce the load (as was discussed earlier). 

 

Using the calibrated parameters, when the same event is modeled assuming an ice sheet consisted 

of S2 columnar ice only, the calculated load is 1.5 times higher than the calculated load for 2-

layered ice, while the calculation made using the original parameters show that the S2 ice load is 

1.4 times higher than T1/S2 ice calculated load. 

6.3 Discussion of the possible impact of climate change 

Many studies (IPCC, 2014) have predicted major impacts on precipitation and temperature due to 

climate change. Their main prediction is a global temperature increase which will reduce ice 

thickness. There are regional differences for precipitation. In particular, a recent study for the 

province of Quebec (Guay et al., 2015) predicts that the maximum height of snow cover and the 

number of days with snow on the ground are likely to diminish for the southern part of the 

province, while the northern part will see more snow, but a shorter snow season as well. 

 

Numerical results show that reservoir ice cover consisted of S2 columnar ice only creates greater 

loads on a dam wall than a 2-layered ice sheet. The ice cover consisted of T1 snow ice only creates 

the lowest load. This result leads to the conclusion that an ice cover with thinner snow ice layer 

will create a higher load on a dam than an ice cover of the same thickness but with the thicker 

snow ice layer. It was also shown that the upper half of ice cover contributes significantly more to 

the ice load than its lower half. For an ice sheet consisted of T1 snow ice and S2 columnar ice in 

proportion of 50/50, S2 columnar ice contributes less to the ice load than T1 snow ice, although 

this type of ice is stronger under confined conditions. However, the higher strength of columnar 

ice under confinement should be taken into account for regions where reservoir ice cover consists 

of S2 columnar ice only (Comfort, 2004). 

 

These results are discussed in the context of the possible influence of global warming on the future 

ice loads. Firstly, the ice thickness will probably be reduced due to the shorter winter season and 

the warmer temperature. Secondly, the climate change will probably increase the temperature and 

will reduce the ice temperature area that is the driving force for the thermal loads. Thirdly, the 

climate change could reduce the amount of snowfalls during the winter. This could lead to the 

formation of reservoir ice covers consisted of S2 columnar ice only. Formation of such ice sheets 

is already observed in the regions with little amount of snowfalls in the winter (Comfort, 2004). 

The FEM simulations show that for the event reported here, the line load of a S2-only ice cover is 

1.5 times higher than the line load of T1/S2 ice cover of the same thickness. Fourthly, a little 

amount of snowfalls leads to the absence of snow on a reservoir ice sheet. This factor influences 



the ice load as snow isolates ice from air temperature changes. When covered with snow, the ice 

cannot undergo considerable temperature gradients during air temperature warming events, and, 

therefore, cannot exert high loads on a structure. Finally, climate change could lead to winters with 

more frequent and/or more intense warm days (with considerable temperature gradients) and 

particularly more to more rain events that could quickly raise the temperature of a bare ice sheet. 

The final result on the ice load is not clear since the results of each effect could counterbalance the 

others. 

7. Conclusions 

The paper discusses how the reservoir ice type and degree of confinement may affect ice load 

exerted on dam walls. Small amounts of snow inhibit the formation of snow ice on reservoirs and 

that leads to ice sheets consisted primarily of columnar ice that, when effectively confined, lead to 

high loads. The paper demonstrates the importance of ice type and confinement on loads and 

furthers the understanding of why water level rises can lead to large loads through providing the 

confinement in addition to the jacking effect. 

 

The paper simulates the best documented ice load event ever measured against a dam. It shows 

that an ice cover consisted of columnar ice only will produce the greatest load on a dam wall than 

a cover of the same thickness but containing T1 snow ice layer. Engineers should then pay attention 

to snow precipitations in a region and to the structure of ice cover that forms on a reservoir when 

assessing the stability of a dam. They should also consider the possible impacts of climate change 

on the ice cover thickness and type and on the frequency and intensity of loading events if hydro-

meteorological conditions change. 
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Table 1. Summary of the thermal-structural model equations and parameters used for the 1D 

loading case (* parameter values at the reference temperature of 263 K or -10°C). 

Symbol 

(units) 
Definition 

Formula for calculation or value 

(if applicable) 

ε (ε) total strain = Δl/l = εth + εst 

Δl (m) 
difference between original and 

final lengths of a specimen 
= l - L 

l (m) original length of a specimen  

L (m) final length of a specimen  

εth (ε) thermal strain = αΔT 

α (K-1) 

coefficient of linear thermal 

expansion according to Drouin 

and Michel (1971) 

  61022.006.5  T  

ΔT temperature difference = T2 – T1 

T, T1, T2 (K) temperature  

Summary of 1D Sinha’s model (1978) 

εst (ε) structural strain = εel + εd + εν 

εel (ε) elastic strain E  

σ (kPa) stress  

Exz; ET1 (kPa) 

Young’s modulus for plane of 

isotropy of S2 ice; Young’s 

modulus of T1 ice 

9500000 

Ey (kPa) 
Young’s modulus in the 

direction of columns of S2 ice 
9610000 

εd (ε) delayed elastic strain    b

T ta
Ed

d
c 
















 exp11

1


 

c1 constant 9 

d1 (mm) unit of grain size 1 

d (mm) grain size 5 

aT (s-1) 
inverse relaxation time at 

temperature T 
 *4105.2  ;     2,121 STaTa TT   

S1,2 shift function 




















21

11
exp

TTR

Q
 

Q (J/mol) activation energy 67000 

R (J mol-1 K-1) gas constant 8.31 

t (s) time  

b time exponent 0.34 (≈ 1/n) 

εν (ε) viscous strain t

n

v 
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1v
  (1/s) 

minimum viscous strain rate 

corresponding to σ1  *71076.1  ;     2,11111
STT      

σ1 (kPa) unit stress 1000 

n stress exponent 3 



 

Table 2. Solid parameters and boundary conditions for validation and calibration tests. 

 
Constant load 

(uniaxial) 

Constant strain rate 

(uniaxial) 

Constant strain rate (plane 

strain) 

P 
100 kPa, 500 kPa, 

900 kPa 

5·10-7 s-1, 10-6 s-1, 

1.7·10-6 s-1, 10-5 s-1, 

3·10-5 s-1 

10-7 s-1, 1.79·10-7 s-1, 

1.89·10-7 s-1, 1.71·10-6 s-1, 

10-5 s-1 

Dimensions in cm 

(corresponding 

coordinates) 

25×10×5 (x×y×z) 20×5 (x×y) 

Temperature in K 

(°C) 
263 (-10) 

Grain size (mm) 4.5 5 

Boundary conditions 

Left side zero displacement in x-direction 

Right side constant load constant strain rate 

Point (0;0;0) 

for 3D 

zero displacement in x-, y- and z-direction 

and zero rotation (to exclude rigid body 

motion during numerical solution) 

 

 

Table 3. Values of material constants for T1 snow ice and S2 columnar ice calibrated in biaxial 

experiments of Frederking (1977). 

Symbol (units) Value for T1 snow ice Value for S2 columnar ice 

1v
  (s-1) 4.89·10-9 1.55·10-9 

n 5.15 6.7 

 



a)  b)  

Figure 1. Schemes of biaxial experiments conducted by Frederking (1977) on a) T1-snow ice, 

and b) S2-columnar ice (schemes are from Sanderson, 1988). 

 

 
Figure 2. S2 columnar ice (blue) superimposed by T1 snow ice (transparent) and the assumed 

coordinate system related to the structure of S2 columnar ice (“p” is the plane of transverse 

isotropy of S2 columnar ice). 

 

 
Figure 3. Scheme for numerical tests used for the FE model validation and calibration (z-axis is 

directed towards the observer). 



 

 
Figure 4. Comparison of numerical results of uniaxial constant load tests with analytical solution. 

 

 
Figure 5. Comparison of FE model predictions with results of constant strain rate experiments 

(Sinha, 1981, 1982). 

 



 
Figure 6. Calibration of the model using biaxial experiments on T1 snow ice. 

 

 
Figure 7. Calibration of the model using biaxial experiments on S2 columnar ice. 

 



 
Figure 8. Temperature distribution within an ice cover at different moments of time. 

 

 
Figure 9. Average measured ice load with its variation on the wall. 

 



 
Figure 10. Structural scheme used for numerical calculations of ice load (z-axis is directed 

towards the observer). 

 

 
Figure 11. Thermal load of 2-layred ice calculated with ANSYS (using calibrated constants from 

Table 2) along with the average measured load on the dam wall. 

 



 
Figure 12. Comparison of calculated thermal loads using calibrated constants with measured 

load. 

 

 
Figure 13. Comparison of calculated thermal loads using original with measured load. 


