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Abstract: The change in the joint wave-ice load acting on a freestanding hydraulic structure under conditions of 
ice freezing to the support is considered. The existing scientific works on this problem were analyzed and the 
appropriate research method was chosen. The topic of the article is relevant in the light of active development of 
the Arctic part of Russia and construction of new hydraulic structures, which require more accurate methods of 
determining ice and wave loads. The novelty of the work lies in the analysis of the joint impact of the wave and 
ice floe on the structure. Numerical modeling in LS-DYNA program and analytical methods presented in norma-
tive documents were used for the study. Verification of the model by loads was performed by comparing numerical 
data with the results of analytical calculation. Changes in the horizontal forces of wave and ice floe pressure on 
the structure, as well as the wave impact on the ice floe were obtained. Dependences of changes in these forces 
and their ratios on the ice floe length were plotted. In the course of analyzing the results it was determined that the 
ice floe pressure force on the structure changes most significantly. The cyclic character of changes in the wave 
and ice forces was also revealed. Presumably, this is due to the dynamic nature of ice breakup and the effect of 
"ice floe surfacing-submergence". In further research, it is recommended to apply the developed model for differ-
ent scenarios involving other types of ice and types of structures. The results of the paper can be used to develop 
more accurate methods for analytical calculation of the impact of waves and ice on structures. 
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INTRODUCTION 
 
To date, the joint impact of waves and ice on 
structures remains poorly studied. The approach 
adopted in the regulatory documents is to sepa-
rately determine the wave and ice loads on a 
structure using a combination factor. This 
method does not take into account hydraulic ef-
fects arising from the impact of waves on the ice 
floe, such as ice floe surfacing and submergence, 
as well as redistribution of ice debris in the water. 
In addition, the nature of changes in ice and wave 
loads on the structure depending on the ice field 
length, wavelength and other characteristics is 
unknown. 
The purpose of this paper is to investigate the 
wave-ice effect on a freestanding support and 
then analyze the dependencies of each of the 
loads on the wavelength of the wave and ice field.  
The objective of the paper is to study the changes 
in the load on the structure caused by the factors 
of ice freezing with the support and the impact of 
a single surface wave. 
To solve this problem, a numerical model was 
developed in the LS-DYNA program. The struc-
ture in the model is designed as a vertical support 
of square cross-section, but any other shape of 
the cross-section of the structure can be used. The 
wave impacts the ice floe, causing it to collide 
with the structure, which leads to an increase in 
the kinetic energy of the ice floe motion and in-
tense changes in the load on the ice floe and the 
support. The horizontal forces of wave and ice 
floe impact on the structure were measured in the 
model. The research methods include analysis of 
numerical simulation results and comparison 
with the results of calculations performed by an-
alytical methods.  
Numerical modeling studies of wave-ice interac-
tion use models in which each ice floe is treated 
as a separate fundamental degree of freedom. Ac-
cording to the data from the paper Kantarzhi I. 
G., 2023 [1], this type of models allows to take 
into account many different physical and me-
chanical phenomena and provides high predic-
tive accuracy of calculations. 

Numerical calculations in this work are per-
formed through the use of LS-DYNA program, 
which is actively used to analyze the impact of 
ice load on structures in other studies. The main 
purpose of such works is the correct selection of 
physical and mechanical properties of ice, as well 
as modeling of plausible processes of crack for-
mation with subsequent failure. The Cohesive El-
ement Method (CEM), which allows creating ad-
ditional layers with unique properties between 
the volumetric finite elements of the ice floe, is 
particularly widespread. 
In the study of Gurtner A., 2009 [2], the impact 
of an ice floe on a rigid lighthouse and its foun-
dation was analyzed in order to determine the na-
ture of stress redistribution in the structure. The 
model was built correctly, but with significant 
simplifications: ice thickness and velocity were 
not taken into account, and the hydraulic effects 
of water were completely ignored (the ice floe 
moved on a rigid smooth surface). These limita-
tions were corrected in a subsequent study by 
Gurtner A., 2010 [3]. 
In a study by Daiyan H., 2011 [4], the variation 
of ice load on an inclined structure is considered 
as a function of the friction coefficient between 
the ice floe and the structure, as well as the incli-
nation angle of the structure. The Arbitrary La-
grangian-Eulerian (ALE) method is used for 
modeling the aquatic environment, which is also 
used in this paper.  
In the paper by Pang S. D., 2015 [5], the effect of 
mesh size and finite element shape on the magni-
tude of ice load applied to a cylindrical structure 
is studied. It is found that the use of CEM method 
gives ice load results that are directly propor-
tional to the mesh size. The use of octahedral 
hexahedrons facilitates mesh construction but 
limits crack propagation along orthogonal trajec-
tories, which makes the use of tetrahedral meshes 
preferable. 
In Herrnring H., 2019 [6], the accuracy of a CEM 
model for simulating ice splitting under tension 
is analyzed. It is found that larger elements of the 
generated mesh due to their non-uniform distrib-
uted volume reduce the peak normal stresses, 
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which may be the reason for requiring higher ten-
sile forces when modeling coarse mesh ice. 
In a study by Zhan K., 2020 [7], the dependence 
of ice loading on the inclination angle of the 
structure and ice thickness is studied. It is found 
that the CEM method reliably models the load 
changes due to the formation of ice debris. Ac-
cording to the calculation results, the increase in 
the inclination angle led to a decrease in the ver-
tical load, which can be explained by a reduction 
in the formation of new debris. The results of the 
work were confirmed by comparison with exper-
imental data. 
Recommendations on the application of the CEM 
method are presented in Herrnring H., 2018 [8], 
where the advantages and disadvantages of this 
method for modeling the interaction of ice with 
structures are considered. Among the ad-
vantages, the preservation of the full volume of 
the ice floe in the defragmented state and the abil-
ity to model arbitrary crack propagation trajecto-
ries are noted. Major disadvantages include mass 
loss during ice breakup and high computational 
resource requirements. 
For the latter two reasons, the CEM method was 
not applied to ice modeling in this work. 
Among the studies dealing with numerical mod-
eling of ice-structure interaction that do not use 
the coupling element method are the following 
works. 
In the study by Mintu S., 2018 [9], an ice floe 
interaction model with a cone structure is devel-
oped using Smoothed Particle Hydrodynamics 
(SPH) and Computational Fluid Dynamics 
(CFD) technique. This has achieved high accu-
racy of results, but the SPH method, like the 
CEM method, requires significant computational 
resources.  
In a study by Jeon S., 2020 [10], numerical mod-
eling of the interaction of flat ice with structures 
was performed using the Drucker-Prager plastic-
ity model and erosion model, which contributed 
to modeling the rapid loss of the ice floe's bearing 
capacity characteristic of brittle ice failure. 
In the work of Jang H. S., 2024 [11], a collapsible 
foam model with damping and stretching con-
straints, as well as the already mentioned 

Drucker-Prager model that takes into account 
various yield criteria including dynamic strain 
rate, were used to model the impact of an ice floe 
on marine structures. The results showed that the 
yield criterion in the Drucker-Prager model 
within the elastic-plastic framework most ade-
quately reflects the realism of ice impact loads. 
There are very few studies devoted to direct nu-
merical modeling of simultaneous wave and ice 
impact on structures.  
One of them is the work of Behnen J., 2021 [12], 
which presents a model of wave, ice and structure 
interaction created in the LS-DYNA program. It 
compares different water modeling methods such 
as CFD, ALE and SPH in terms of computational 
time, but no analysis of the direct changes in the 
ice load acting on the structure.  
Most of the works on the subject are devoted to 
experimental study of the problem. 
The paper by D. J. McGovern (2014) investigates 
the impact of an ice floe on a structure under the 
influence of different waves. With irregular 
waves, impacts can occur at any time, whereas 
with regular waves, impacts can occur at crests. 
As the wavelength decreases, the probability of 
impact increases. 
The work of S. Mintu (2021) studies the impact 
of waves on a hexagonal support at different ice 
concentrations and wavelengths. It is found that 
analytical methods accurately determine the av-
erage ice loads, but the prediction of impulsive 
loads remains unpredictable. 
A study by A. Tsarau (2017) evaluates ice loads 
on a cylindrical structure when regular waves 
pass through an ice field. The aim is to determine 
the changes in the vertical displacement of the 
ice, the hydrodynamic force of the wave and the 
impact force of the ice floe. In all cases, an in-
crease in ice load with increasing wave height 
was observed.  
 
 
METHODS 
 
The Mohr-Coulomb model is used to model the 
ice frozen to the structure. The physical-mechan-
ical and geometric characteristics of the ice floe 
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are taken as follows: density i = 900 kg/m3, 
Young's modulus E = 5,2 GPa, shear modulus G 
= 2 GPa, Poisson's ratio  = 0.3, angle of internal 
friction  = 30°, cohesion c = 0.5 MPa, shear 
strength Rs = 0.85 MPa, compressive strength Rc 
= 1.82 MPa, tensile strength Re = 0.57 MPa, 
thickness hd = 0.4 m, width B = 5 m, length L 
varies from 1 to 10 m. 
The CONSTRAINED_TIED_NODES_FAI-
LURE keyword is used to model the breakage of 
ice into debris, which allows breaking the con-
nection between nodes of a common solid ele-
ment when a certain value of plastic volumetric 
strain is reached, which was assumed to be 
0.35% according to [16].  
The edge nodes of the ice floe are constrained to 
move towards the y-axis. 
MAT_VACUUM, which is a virtual vacuum 
modeling material, is used to model air.   
For water modeling, ALE method and 
MAT_NULL material are used, the characteris-
tics of which are presented in Table 1. 
 

Table 1. Properties of water. Source: [17]. 

Quantity 
Unit of 

measurement 
Value 

Density w kg/m3 1000.00 
Dynamic 
viscosity d 

Pa*s 0.001 

 
The state of water is described by the Gruneisen 
equation [18] (1): 
 

=

( )
( )

+ ( + ) ,  (1) 

 
where p – water pressure, 0 – initial density of 
water, C = 1500 m/s – speed of sound in water. 
S1 = 1.75, S2 = 0, S3 = 0 – shock adiabatic slope 
coefficients, 0 = 0.28 – Gruneisen coefficient 
characterizing the thermal pressure from the vi-
brating atoms, a = 0 – coefficient characterizing 
the slope of the graph of dependence of the 
Gruneisen coefficient on the volume,  = / 0 – 
1,  – current water density, E – internal energy 

per unit volume of water. Values are taken ac-
cording to [19].  
To create a wave, the model uses a rigid body of 
triangular shape [20] (Fig. 1), where the short 
side ab is taken to be equal to the wave height h 
(ab = h) and the long side bb is taken to be half 
the wavelength  (bb = 0.5 ). The body moves in 
a cycle, sinking into the water and then rising, 
thus creating waves, according to law (2): 
 

     f(t)=0.5hsin(2 t/T),                      (2) 
 

where t is time, T is wave period. 
The water depth d was modeled so that the ratio 
d/  was kept constant. The calculations are per-
formed at two wavelengths equal to 16 m and 32 
m, so the depth was assumed to be 3 m and 6 m, 
respectively. 
 

 
Figure 1. Wave modeling. Source: Compiled by 

the authors 
 
The boundary conditions for the model are repro-
duced by the CONSTRAINED_GLOBAL key-
word, which defines a global plane of boundary 
conditions-restrictions around the model. 
The dimensions of the structure are a = 1; b = 1 
m, and the height is 5.8 m. The base nodes are 
motion and rotation constrained.  
The contact between the ice floe and the structure 
is reproduced by the CONTACT_AUTOMA-
TIC_SURFACE_TO_SURFACE keyword. The 
coefficient of static friction is 0.2. The coefficient 
of dynamic friction is 0.1 [19]. 
The contact of ice floe debris with each other is 
reproduced by the CONTACT_AUTOMA-
TIC_SINGLE_SURFACE keyword. The coeffi-
cient of static friction is 0.1. The coefficient of 
dynamic friction is 0.05 [19]. 
The gravitational force in the model is accounted 
for by the LOAD_BODY_Z keyword. 
The model is shown in Fig. 2. 
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Figure 2. A model of wave, ice and structure in-

teraction. Source: Compiled by the authors 
 
Verification of the model by ice load. 
The model described above is used, but without the 
rigid body – wave-producer (Fig. 3). The velocity 
vector V = 1 m/s is applied to the back side of the 
ice floe. The graph of the time dependence of the 
horizontal force on the ice floe is shown in Fig. 4.  
The results obtained from the model are com-
pared with the analytical calculation according to 
SP 38.13330.2018. The formula for determining 
the horizontal force of ice impact on a vertical 
structure Fc,w is presented below (3): 
 

     Fc,w = 2.2*10-3Vhd = 

= 2.2*10-3*1*0.4 3 1 1000 1.82 = (3) 
= 0.065 MN = 65.02 kN 

 
where A = 3b2 = 3*12 = 3 m2 – the maximum area 
of the ice field affecting the structure; kV – ice de-
formation velocity coefficient – it is taken equal to 
1.0, because not the first ice movement is taken into 
account, but the entire ice floe movement. 
 

 
Figure 3. Model of ice floe-structure interac-

tion. Source: Compiled by the authors 

 
Figure 4. Graph of change in the horizontal 
component of the ice floe impact force on the 

structure. Blue line – results obtained from the 
model. Orange line – calculation according to 

SP 38.13330.2018. Source: Compiled by the au-
thors 

 
The first ice breaking against the structure oc-
curred at a reaction force equal to 67.34 kN, 
which is approximately equal to the ice force ob-
tained analytically – 65.02 kN. Subsequently, 
due to the formation of ice debris, the loads either 
increase (debris gets stuck between the ice floe 
and the structure) or decrease (debris goes to the 
bottom or piles up on the ice floe). 
The nature of the loading is cyclic, which can 
lead to dynamic effects. 
Verification of the model by wave loading. 
The model described in the first section is used, 
but without the ice floe. Verification is per-
formed for waves of height h = 1.6 m with 
lengths  = 16 m (Fig. 5, a) and  = 32 m (Fig. 5, 
b). The plots of the changes in the wave force on 
the structure are presented in Fig. 6. and Fig. 7.  
The model results are compared with the analyt-
ical calculation according to SNiP 2.06.04-82. 
The maximum force of the wave impact on the 
structure Qmax is determined by formula (4):
 

Qmax = Qi,max i + Qv,max v,               (4) 
 

where Qi,max is the inertial component of the wave 
force on the structure (5): 
 

      Qi,max = 0.25 wg b2hkv i i,             (5) 
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where Qv,max is the velocity component of the 
wave force on the structure (6): 
 

      Qv,max = 0.083 wgbh2kv2 v v,            (6) 
 

i and v – coefficients of combination of inertial 
and velocity components of the wave impact 
force on the structure, depending on the distance 
between the top of the wave and the center of the 
structure x, m: for  = 16 m x = 1.6 m, corre-
sponding to the calculation time t = 1.5 s (Fig. 8, 
a); for  = 32 m x = 4.1 m, corresponding to the 
calculation time t = 1.4 s (Fig. 8, b), is taken; kv – 
coefficient depending on the relative size of the 
structure; i and v – inertial and velocity coeffi-
cients of depth; i and v – inertial and velocity 
coefficients of the obstacle shape.
The calculations are presented in Table 2. 
 

Table 2. Calculation of the wave force on a 
freestanding structure according to SNiP 

2.06.04-82. Source: Compiled by the authors 
, m 16 32 

d, m 3 6 
kv 1 1 

i 0.9 0.875 
v 2.1 1.5 
i 1.6 1.6 
v 1.6 1.6 

Qi,max, kN 17.74 17.25 
Qv,max, kN 7.03 5.02 

i 1 0.9 
v 0.6 0.4 

Qmax, kN 21.96 17.53 
 

 
Figure 5. Wave-structure interaction model: a – 
at  = 16 m, b – at  = 32 m. Source: Compiled 

by the authors 

 

 
Figure 6. Graph of the change in horizontal 

line – results obtained from the model for the 
structure. Blue line – smoothed results from the 
model. Orange line – calculation according to 
SNiP 2.06.04-82. Source: Compiled by the au-

thors 
 
 

 
Figure 7. Graph of change of horizontal wave 
force on the structure at  = 32 m. Pink line – 

results obtained from the model. Red line – 
smoothed results from the model. Orange line – 

calculation according to SNiP 2.06.04-82. 
Source: Compiled by the authors. 

 
In both cases, the numerical (21.92 kN and 17.17 
kN) and analytical (21.96 kN and 17.53 kN, re-
spectively) methods give almost completely con-
vergent results. 
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Figure 8. Coordinates of the wave top: a – at 

time t = 1.5 s for  = 16 m, b – at time t = 1.4 s 
for  = 32 m. Source: Compiled by the authors 

 
 
RESULTS AND DISCUSSION   
 
The model described at the beginning of the pa-
per is used. Eleven calculations were performed 
for wavelengths  = 16 m and  = 32 m, respec-
tively, with ice floe length L ranging from 0 to 10 
m each. The wave pressure force per running me-
ter of ice floe Fwi, the ice floe pressure force on 
the structure Fis, the wave pressure force on the 
structure Fws, and the total horizontal force on the 
structure Fs were measured. For each load, the 
average values were taken at the moment of the 
most active interaction with the structure. The 
values of force ratios Fwi =16m/Fwi =32m and 
Fs =16m/Fs =32m are presented in Table 3. 
 

Table 3. Dependence of the ratios 
Fwi /Fwi  and Fs /Fs  on the ice 
floe length. Source: Compiled by the authors 
L, m Fwi =16m/Fwi =32m Fs =16m/Fs =32m 

0 1 1 
1 0.59 0.45 
2 0.47 0.60 
3 0.90 0.76 
4 0.81 0.56 
5 0.79 0.49 
6 0.74 0.62 
7 0.72 0.81 
8 0.65 0.57 
9 0.63 0.46 
10 0.46 0.42 

Graphs of changes in horizontal forces Fwi, Fis 
and Fws are shown in Fig. 9. 
 

 
Figure 9. Dependence of forces Fwi, Fis and Fws 
on L at  = 16 m (blue line) and  = 32 m (or-
ange line). Source: Compiled by the authors 

 
As Fig. 9 shows, the pattern of variation of the 
wave force on running meter of ice floe Fwi and 
structure Fws, starting from L = 3 m becomes al-
most linear. While the force Fis exhibits cycles, 
and the peak values of the cycles are larger the 
longer the wavelength of the wave. 
Graphs of changes in the Fis/Fws and Fwi/Fws ra-
tios are shown in Fig. 10. 
Figure 10 shows the cyclic dependence for the 
Fwi/Fws and Fis/Fws ratios on L. And, while the 
variation of Fis/Fws remains linear enough to ap-
proximate this relationship by a linear function of 
the form f(L) = aL + b (red dashed line in Fig. 
10), Fwi/Fws varies significantly, allowing the 
function to be averaged as follows (7): 
 

f(L) = kL + g|sin(aL+b)| + c,            (4) 
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where k, g, a, b and c are some values depending 
on the wavelength and height of the wave, ice 
thickness and strength, and other parameters. For 
the blue dashed line in Fig. 10, this function has 
the form: f(L) = 0.117L – 0.2|sin(L – 2)| when L 

m. And for orange – f(L) = 0.1L – 
0.79|sin(0.6L)| + 0.79 at L 
noted that in order to use dependences of the type 
(7) for practical calculations, it is necessary to re-
late the cyclic nature of loads to the physics of 
the interaction process between the wave, ice floe 
and structure. 
The plots of the change in Fs are shown in Fig. 11. 
Fig. 11 also shows the cyclic character of the de-
crease of the total horizontal force on the struc-
ture with the growth of the ice floe length. 
The plots of changes in the ratios 
Fwi =16m/Fwi =32m and Fs =16m/Fs =32m are shown in 
Fig. 12. 
Fig. 12 shows that the ratio of loads 
Fwi =16m/Fwi =32m for L 
arly – by 0.04 per 1 m of ice floe length.  
 
 

 
Figure 10. Dependence of Fis/Fws and Fwi/Fws 

ratios on L at  = 16 m (blue line) and  = 32 m 
(orange line). Blue dashed line – smoothed 

Fis/Fws function at  = 16 m; orange dashed line 
– smoothed Fis/Fws function at  = 32 m; red 

dashed line – linearization of Fwi/Fws function. 
Source: Compiled by the authors 

 

 

 
Figure 11. Dependence of force Fs on L at  = 
16 m (blue line) and  = 32 m (orange line). 

Source: Compiled by the authors
 

 
Figure 12. Dependence of Fwi /Fwi  and 
Fs /Fs  on L. Source: Compiled by the 

authors 
 
The dependence of Fs =16m/Fs =32m also changes 
cyclically, where the coefficient of the force ratio 
Fs changes from 0.4 to 0.8 with further decrease. 
It can also be noted that the ice force will change 
over time, and not only because of further wave 
action and ice breakup. During the interaction 
with the wave, the ice floe first rises (Fig. 13, a) 
and then falls (Fig. 13, b), causing a change in the 
horizontal component of the force. As the length 
of the ice floe increases, the load peaks decrease 
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and almost reach zero, but as the wavelength in-
creases, the forces continue to increase due to the 
stronger influences of the ice floe surfacing-sub-
mergence effect, decreasing to zero only when L 
reaches 10m. 

 
Figure 13. Changing the position of the ice floe: 
a – surfacing, b – sinking. Source: Compiled by 

the authors 
 
 
CONCLUSION 
 
A study analyzing the change in the total wave-
ice load on a free-standing vertical support in the 
case of ice freezing with the structure has been 
carried out, with the development and verifica-
tion of a numerical model in the LS-DYNA pro-
gram. The following conclusions can be drawn 
from the results of the work: 
1. The dependence between the forces of wave 
and ice impact on the structure at different wave-
lengths with keeping constant the ratio of water 
depth to wavelength d/  has been established. It 
turned out that the pressure force from the ice 
floe changes most noticeably, and not only the 
peak values of the loads differ, but also the char-
acter of their distribution depending on the ice 
floe length.  
2. The cyclic nature of the dependence of wave 
pressure forces on ice and ice pressure on the 
structure on the ice floe length was determined. 
When developing the normative method of cal-
culation for wave loads acting on streamlined 
barriers, these dependencies can be used. 

3. The character of the change of the wave pres-
sure force on ice and the total force acting on the 
structure depending on the length of the wave 
and ice floe is revealed. The variation of the wave 
pressure force with a sufficiently long ice field 
was found to be linear, whereas the total force 
acting on the structure also varied cyclically. 
This information may be useful in determining 
the general law of variation of wave-ice load on 
structures. 
4. In further research, it is advisable to continue 
using the developed numerical model to analyze 
the changes in loads depending on the thickness 
and physical and mechanical properties of ice. 
Similar calculations should also be carried out for 
structures of other shapes and designs. In the end, 
combining the methods of normative documents 
and the results of the numerical model, it is pos-
sible to develop more accurate methods for cal-
culating the wave-ice impact on hydraulic struc-
tures. 
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