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Abstract: This paper presents the methodologies for numerical modelling of snow deposits and snow transport on
long-span roofs for steady and unsteady flow. The calculation of snow loads on long-span roofs is a complex
problem, solving which often involves deviating from the building code recommendations. Experiments in wind
tunnels, although widely used, do not allow reproducing the full-scale effects of all snow accumulation processes.
At the same time, the continuous improvement of mathematical models, numerical methods, software and
computer technologies makes the development and implementation of numerical modelling technologies in real
construction practice and regulatory documents inevitable. In this paper it is shown that the use of the well-known
erosion-deposition model, supported by field observations and experimental data, allows reproducing reasonably
accurate snow distributions on long-span roofs. The importance of the “synthesis” between physical and
mathematical modelling and the application of the building codes is emphasized, as only the joint use of
approaches can comprehensively describe modelling of snow accumulation and snow transport and provide better
solutions to a wider range of related problems.
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METOJUKA YUCJEHHOI'O MOJAEJMPOBAHUS
CHEIOOTJIOKEHUI U CHETOIIEPEHOCA
HA IMMOKPBITUSIX BOJBIIENPOJIETHBIX 3JAHUN
U COOPYKEHUM B CTALIUOHAPHOH
U HECTAIIMOHAPHOM ITOCTAHOBKAX

Bpumukoe H.A. '

! HanmoHaIbHBIA MCCIIen0BaTeIbCKU MOCKOBCKHUIA TOCYIapCTBEHHBII CTPOUTEIBHBII YHUBEPCHUTET,
r. Mocksa, POCCU
2 Poccuiickuii yausepceuret tparcrnopra (MHUHUT), r. Mocksa, POCCUS

AnHoTanusi: B naHHO# paboTe mpencraBieHa METOJMKA YUCICHHOTO MOJICIMPOBAHHS CHETOOTJIOKEHUH W
CHETOIIepeHOCca Ha MOKPBITHAX OOJBIIETIPONIETHBIX 3[JaHUI U COOPYKEHUH B CTAMOHAPHOM M HECTallMOHAPHOMH
MoCTaHOBKaxX. Pacuér CHEroBbIX HArpy3ok Ha OOJBLICIIPOJIETHBIC MOKPBITHS SBISIETCS CIOXKHOW 3ajadei, 1t
pelIeHus: KOTOPOH 4acTO HEJOCTAaTOYHO OJHMX JIMIIb PEKOMEHJALUI CTPOUTENBHBIX HOPM. DKCIEPUMEHTHI B
a’pOAMHAMUYECKUX TpyOax, XOTS W TPHUMEHSIOTCS MOBCEMECTHO, HE IO3BOJISIIOT  BOCIIPOHM3BECTH
MoJHOMacIuTaOHbIe 3(QGEKTh BCEX IPOIECCOB CHETOHAKOIUICHHS. B TO ke Bpems, IOCTOSHHOE pa3BUTHE
MaTeMaTH4eCKUX MOJIENEH, YHCICHHBIX METOJOB, MPOTPAMMHOIO OOECIICUCHHsI M BBIYMCIUTEILHON TEXHUKH
JenaeT Oe3aJbTepHATHBHBIM PA3BUTHE M BHEIPEHHE TEXHOJIOTHI MaTEMAaTHYECKOTO MOCIMPOBAHNS B PEATbHYIO
CTPOUTENbHYIO IMPAaKTUKY W HOPMAaTHBHBIE IOKYMEHTHL. B 1maHHON paboTe MOKa3aHO, YTO MCIOJIb30BAHHUE
M3BECTHON MOJIENIM YHOCA-OTIIOXKEHHS, TOJKPEIUIEHHOE HATYpPHBIMU HAOIIONCHUSMH M 3KCIIEPUMEHTAIbHBIMU
JaHHBIMH, CIIOCOOHO BOCIPOM3BOANTH JIOCTATOYHO TOYHBIE KAapTHHBI paclpeleleHU CHera Ha
OoubIIeTIPONETHBIE TOKPBITHsL. OTHENbHO TOMYEPKHYTAa BaXKHOCTh «CHUHTE3d» MEXKIY (U3HYECKHUM |
MaTeMaTHYECKUM MOJCIUPOBAaHUEM M TIPUMEHEHHEM HOPMATHUBHBIX PEKOMEHIAIMHA, ITOCKONBKY TOJIBKO
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COBMECTHOE HCIIOJIb30BAHUE MOAXOZOB CHOCOOHO BCECTOPOHHE pAaCKpBITh MPOOIEMYy MOJEINPOBAHUS
CHErOOTJIOKEHHUH U CHEronepeHoca U AaTh HauIy4llee eé pelleHue Ui MHUPOKOro CIEeKTpa 3ajau.

KiroueBble cj10Ba: BEIYUCIUTEIbHAS adpoaAHaMHKa, MAaTEMAaTUYCCKOE MOACINPOBAHNE, CHETOHAKOIIJICHUE,
CHETOOTJIOKEHHSA, CHETOIIEPEHOC, TOKPBITUA COOpy)KCHHfI, YUCJICHHBIC MCTO/IbI.

1. INTRODUCTION

Calculating the snow load on the roofs of large-
span buildings and structures, including unique
ones, often involves deviating from the building
code recommendations for the shape coefficient
and using experimental methods to determine the
possible location of snowdrifts. Due to the fact that
snow accumulation is a complex, highly non-linear
and multi-scale phenomenon, the simulation of
which is subject to different approaches depending
on the problem in question, the development of a
unified, verified and validated methodology for its
numerical modelling is non-trivial. However, for
most construction problems, the main interest is the
snow transport, the greatest contribution to which
(according to [4], from 50% to 75%) is made by
saltation. In this regard, a methodology has been
developed that allows to model snow transport and
snow accumulation on large-span roofs of by
means of numerical simulation of saltation, the
results of which can then be used in combination
with the building code recommendations for
determining the design roof shape coefficient L.
Based on our previous studies ([1, 2, 3]), a decision
was made to use the erosion-deposition model to
simulate saltation. Since it describes the change of
the height of the snow surface in time, the
methodology was initially developed for unsteady
flow. Then, to reduce resource intensity and
increase efficiency, the methodology was
developed for steady flow. The results of the
verification and validation of the methodologies
showed that, due to the extremely stochastic nature
of the snow accumulation process, the use of
modelled snow distribution maps alone is not
sufficient to set the design shape coefficient p.
Nevertheless, numerical modelling makes it
possible to identify areas of snow accumulation
dangerous from the point of view of mechanical
safety of the building, which cannot be predicted
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by the building code recommendations. Therefore,
the symbiosis of the numerical modelling with the
guidelines from the building code makes it possible
to obtain the most crucial snow distributions on a
particular roof.

2. UNDERLYING PRINCIPLES

Both methodologies utilize the erosion-deposition
model (described in [6]), developed on the basis of
some previous works of the early 1990s. The
aforementioned model is based on the assumption
that snow mass entrainment is the result of
aerodynamic forces, while deposition is the result
of settling and attachment of snow particles
brought by wind flow. The change in snow cover
height over time is described by the expression:

dh

14
where h is the height of the snow surface, t is
time, and y is the bulk density of snow.
The snow mass exchange flux between air and
snow cover g 1s given by:

49 =9+ —9q- (2)
uZ

g+ = Cwy (1 __Z>9(ut - u,) 3)
U

q- = Apg(u? —uf)f(u, — uy), “4)

where g, is the deposition flux, g_ is the erosion
flux, C is the snow concentration in the air near
the snow accumulation surface, wy is the average
snowfall velocity, A is the coefficient depending
on the degree of cohesion (snow particles
intergranular bonding), p, 1s the air density, u, is
the friction velocity, u; is the threshold friction
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velocity, and 6 is the Heaviside function. The
friction velocity is determined by the following
formula:

Tw

Pa

u, =

)

where T, 1s the local shear stress on the surface
calculated by numerical simulation of wind flows
over the surface in question. Threshold friction
velocity u; is determined experimentally. If the
friction velocity u, is lower than the threshold
velocity u;, deposition is observed, otherwise,
erosion is observed.

3. METHODOLOGY FOR UNSTEADY FLOW

The flowchart of the methodology for unsteady
flow can be represented as the following list:

1. Analysis of the object

Analysis of climatic characteristics at the
location, identification of possible snow
accumulation and snow drift zones.

2. Problem statement

Selection of blowing directions and velocities,
specifying the flow characteristics for each phase
(snow concentration, friction velocity, etc.).

3. Computational model generation

Creation of a geometric model of the
computational domain and a computational mesh
that takes into account the points of interest of the
object.

4. Selection and tuning of the turbulence model
Bearing in mind the computational optimization
considerations.

5. Definition of the calculation parameters
Initial and boundary conditions, timestep size,
numerical schemes and solvers.

6. Aerodynamic analysis

Transient analysis which utilizes custom code to
calculate the change in snow height.

7. Engineering analysis of the calculation results
The equation (1) is solved at each timestep At
with help of custom code, where dt = At, and
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the snow-surface mesh is deformed by moving
each node in z direction by dh = Ah provided by
the equation. The problem is solved until a
satisfactory result has been achieved.

4. VERIFICATION OF THE METHODOLOGY
FOR UNSTEADY FLOW

Two problems were considered as verification
problems:

1) The model problem (flow around a cube), for
which snow accumulation 1is investigated
qualitatively, with the formation of characteristic
structures (windward and leeward snowdrifts and
a horseshoe-shaped trace);

2) The building code problem (snow distribution
on a gable roof), for which snow accumulation is
investigated both qualitatively and
quantitatively, with calculation of the shape
coefficient p for each slope.

4.1 Solution of the model problem for
unsteady flow: a two-phase flow around a
cube

In a rectangular computational domain of
10x10x5 m a Eulerian two-phase flow around a
IxIx1 m cube (primary phase is air, secondary
phase is solid particles) with a logarithmic
velocity profile at the inlet is simulated for 60
min with timestep of 1 s. In this problem the
density of the secondary phase is 150 kg/m®. An
aerodynamic domain (Fig. 1¢) is formed from the
finite-volume mesh (Fig. 1b). A series of
additional steady-state calculations were carried
out to select the initial value of the snow volume
fraction at the inlet and the initial friction
velocity. Based on the results, they were set to
1:10*% and 0.3 m/s, respectively. Realizable k-¢
model was used for turbulence modelling.

The calculated snow accumulation (Fig. 1d) in
general agrees with the field experiment (Fig.
l1a): two characteristic drifts on the windward and
leeward sides and a horseshoe-shaped trace of the
erosion flow are observed. The results suggest
that the application of the erosion-deposition
model for the saltation is sufficient to produce

25



snow drifts of characteristic shapes and to
simulate snow transport. However, they also
demonstrate the stochasticity of the snow

- _._.-;N .

a) snowdprift around a low-rise construction

(from [8])
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¢) layout of the aerodynamic domain
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accumulation and the resource-intensive nature
of the modelling itself, for a very small timestep
is required for problem’s adequate convergence.

b) outer layer of the finite-volume mesh
(~35.8k cells)

d) snowdrift aroun;’ the c:tbe at the end of
the simulation (t = 3600 s)

Figure 1. Unsteady numerical modelling of snow accumulation and snow transport around a
cube

4.2 Solution of the building code problem for
unsteady flow: a two-phase flow around a
gable roof

In a rectangular computational domain of
40%x38x15 m, a Eulerian two-phase flow around
a 10x8x6 m building with the same
characteristics as given in paragraph 4.1 is
simulated for 50 min with timestep of 1 s. An
aerodynamic domain (Fig. 2¢) is formed from the
finite-volume mesh (Fig. 2b). In this problem, a
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series of additional steady-state calculations were
also carried out to select the initial value of the
snow inlet volume fraction and the initial friction
velocity. Realizable k-¢ model was used for
turbulence modelling, as well.

The calculated snow accumulation (Fig. 2d)
allows to conclude that qualitatively snow
erosion was obtained on the windward side of the
roof, snow deposition was obtained on the
leeward side, and a horseshoe-shaped trace was

International Journal for Computational Civil and Structural Engineering



Numerical Modelling of Snow Deposits and Snow Transport on Long-Span Roofs for Steady and Unsteady Flow

obtained around the building, but quantitatively
the result does not agree with the building codes,
because snow erosion is almost complete
(in contrast to the expected p = 0.75 according to
the code).

a) snow distribution on a gable roof

(from [9])

¢) layout of the aerodynamic domain

In conclusion, based on the results of the
verification, it is demonstrated that the erosion-
deposition model can be applied to simulate
snow accumulation and snow transport for
unsteady flow and allows to obtain a qualitative

x

b) outer layer of the finite-volume mesh
(~143k cells)

H. .x=14.4 cm

d) snow distribution on a gable roof at the end
of the simulation (t = 3000 s)

Figure 2. Unsteady numerical modelling of snow accumulation and snow transport on a gable roof

result; however, obtaining adequate guantitative
result requires multiple calculations with varying
initial conditions and analysis of intermediate
results, which are special cases of snow
accumulation.

5. VALIDATION OF THE METHODOLOGY
FOR UNSTEADY FLOW

The validation is performed for a real building
under construction for which snow accumulation
on the roof is to be investigated.

In a rectangular computational domain of
519%953%125 m, a two-phase flow around an

Volume 18, Issue 4, 2022

industrial building with the same characteristics
as in paragraph 4.1 is simulated for 40 min with
timestep of 1 s. In this problem the density of the
secondary phase is 300 kg/m>. An aerodynamic
domain (Fig. 3c) is formed from the finite-
volume mesh (Fig. 3b & 3d). Initial conditions,
the inlet velocity and snow volume fraction, were
varied to obtain different snow accumulation
patterns on the roof. The parameters are
presented in Table 1.

As a result, three snow accumulation
distributions were obtained on the roof. Although
qualitatively they allow determining the direction
of snow transport and quantitatively the height of
snow cover, it is not possible to draw a general
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In conclusion, the results suggest that it is not
possible to directly use the data from the unsteady
flow modelling to determine the design shape
coefficient .

conclusion for the value of the design shape
coefficient pu from them, as individual cases of
snow accumulation are obtained.

<

a) geometry of the industrial building

b) finite-volume mesh (~1.7m cells)

e ' /
-

¢) layout of the aerodynamic domain

d) inflation in the boundary layer
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e) final snow distribution for  f) final snow distribution for
case 1 (see table 1 for details) case 2

g) final snow distribution for
case 3

Figure 3. Unsteady numerical modelling of snow accumulation and snow transport
around an industrial building

Table 1. Validation cases summary

Case | Simulated II;efzc;?;ozZ S’:Z;;:Z:{Zfe Snow phase maximum Snow
. 0/. 3 . . .
number | snowfall ground [m/s] height [em] concentration [%-107] | distribution
1 Mild 0.84 20.9 0.19 Close to even
2 Mild 1.69 114 1.34 Uneven
3 Moderate 0.84 105 1.2 Uneven
28 International Journal for Computational Civil and Structural Engineering
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6. METHODOLOGY FOR STEADY FLOW

Due to the problems identified during
verification and testing of the methodology for
unsteady flow, it was necessary to change the
approach and develop a methodology for steady
flow, reducing resource intensity but not losing
accuracy.

For these reasons, the erosion-deposition model
is supplemented by two hypotheses:

Hypothesis I: There is initially some amount of
snow o = const on the roof;

Hypothesis 2: The flux gg and its constituent
parameters are time-independent.

The modelled shape coefficient pm 1is also
introduced to emphasize the difference between
it and the design shape coefficient p.

Then, integrating expression (1), we obtain:

H
fdh=
0

where H = (W, — Wo)Sn/y is the change in
snow cover height, T is the observed time period,
and S, is the characteristic value of snow on the
ground at the relevant site.

Assuming q, to be time-independent, (6) can be
rewritten as:

T
[ agit (©)
0

<R

mm—m):zq
% y 9
T
Wn:”0+;qg (7)

Separate observing time periods for snow
deposition T, and for snow erosion 7T_. are also
introduced. Finally:

q+T+ —q-T-

+
0 Sn

Wn = 1 (8)

By varying the initial amount of snow |y, the
observing time periods T, u T_, and the wind
speed at the inlet, different snow accumulation
distributions and different contours of the
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modelled shape coefficient p» on the roof can be
obtained to find the most unfavourable ones,
which are determined from the mechanical safety
considerations for the building.

It is important to note, with reference to the
conclusions of the validation of the methodology
for unsteady flow, that the obtained distributions
of the modelled shape coefficient w» are used
qualitatively in conjunction with the building
code recommendations. Based on the synthesis
of these approaches, the design shape coefficient
U is obtained.

For turbulence modelling, the Generalized k-
model (see [5]) is used. Through adjustments of
certain coefficients, it can be tuned for particular
objects and can predict the boundary layer flow
more accurately, which is crucial for determining
the shear stress and, subsequently, the friction
velocity. It comprises the capabilities of
previously used k-¢ and k- models, which at this
point renders their further use redundant.

The flowchart of the methodology for steady
flow can be represented as the following list:

1. Analysis of the object

Analysis of climatic characteristics at the
location, identification of possible snow
accumulation and snow drift zones.

2. Problem statement

Selection of blowing directions and velocities,
specifying the flow characteristics (friction
velocity, etc.).

3. Computational model generation

Creation of a geometric model of the
computational domain and a computational mesh
that takes into account the points of interest of the
object.

4. Tuning of the turbulence model

Adjustment of the GEKO coefficients for proper
simulation of the flow around the particular
object.

5. Definition of the calculation parameters
Initial and boundary conditions, numerical
schemes and solvers.

6. Aerodynamic analysis

Steady-state analysis which utilizes the modified
erosion-deposition model, supplemented by
hypotheses 1 and 2.
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7. Engineering analysis of the calculation
results

Derivation of the design shape coefficient p
through the synthesis of numerical modelling and
building codes.

7. VERIFICATION OF THE METHODOLOGY
FOR STEADY FLOW

Similar  problems were considered for
verification but the geometry of the dynamic
contour of the CSTB wind tunnel (Fig. 4a) was
used for the computational domain, as the data
from [7] was utilized.

7.1 Solution of the model problem for steady
flow: a one-phase flow around a cube

In a computational domain of 23x10x6 m, the
one-phase flow around a 1x1x0.5 m cube with a
logarithmic velocity profile at the inlet is
simulated for 150 iterations. As with the previous
simulations, an aerodynamic domain is formed
from the finite-volume mesh (Fig. 4b & 4c).

The calculated snow accumulation (Fig. 4d & 4e)
1s consistent with both field observations,
physical modelling in the wind tunnel and
numerical modelling results for unsteady flow.
The snow distribution on the top face of the cube
is also observed, although not taken into account
during the verification procedure. Similar to the
unsteady flow case, two characteristic drifts on
the windward and leeward sides and a horseshoe-
shaped trace of the erosion flow are observed.
The results allow to conclude that the modified
erosion-deposition model can adequately
simulate snow accumulation and snow transport
for steady flow.

7.2 Solution of the building code problem for
unsteady flow: a one-phase flow around a
gable roof

In the same computational domain from the
paragraph 7.1, the one-phase flow around a
1%1%0.92 m building with a logarithmic velocity
profile at the inlet is simulated for 150 iterations.

Nikita A. Britikov

An aerodynamic domain (Fig. 5a) is formed from
the finite-volume mesh (Fig. 5b).

The calculated snow accumulation (Fig. 5d)
suggests that qualitatively an uneven distribution
of snow on the roof and a horseshoe-shaped trace
around the building is obtained. Quantitatively,
the result is close to the physical modelling (Fig.
5¢), but not close enough to the building code
distribution (see Table 2, total discrepancy
~22%).

In conclusion, the advantage of the steady-state
approach over the transient approach is
demonstrated, but the modelling results still
cannot be used directly for the design shape
coefficient. It should be also noted that the
absolute height of the snow surface depends on
the observing time periods T, and T_ and can be
adjusted, but the pattern of the snow
accumulation and snow transport itself remains
unchanged and depends entirely on the shear
stress pattern on the roof.

8. VALIDATION OF THE METHODOLOGY
FOR STEADY FLOW

The methodology for steady flow has been

validated on several real objects under
construction, for which the synthesis of
numerical modelling and building code

recommendations has given the design shape
coefficient p. For all simulations, the following
values of experimental constants were taken:
Apg = 10" kg-s/m*, wy = 0.5 m/s, uy = 0.25 my/s.

8.1 Community Centre

In a cylindrical computational domain of
600x100 m, the one-phase flow around a civil
building (Fig. 6a) is simulated for 200 iterations.
Ten simulations were carried out for the two
wind directions due to the symmetry of the
building (180° and 210°; 20 simulations total)
using the numerical methodology for steady flow
with varying wind speed without considering the
surrounding buildings. According to Table 7.1 of
SP 131.13330.2020 Construction Climatology,
the average wind velocity at a height of 10 m
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during the winter period for the centre’s location
is 2.6 m/s. Simulations were carried out in the
velocity range from 1 m/s to 10 m/s in steps of 1
m/s. The snow concentration C was assumed to
be 5 g/m’, which corresponds to a moderate
snowfall. The contours of modelled shape

a) modelled part of the dynamic contour of
the CSTB wind tunnel

¢) inflation in the boundary layer

SnowFloor
0.1797

0.1664
0.1530
- 0.1387°

01263

01130
00996 )
00863 v
00729
0.0585
0.0462
0.0328
00185

coefficient u» obtained by numerical simulation
for steady flow (Fig. 6¢ & 6e) were then analyzed
to identify the most unfavourable cases from the
mechanical safety point of view and summarized
in the form of contours of the design shape
coefficient .

b) finite-volume mesh (~1.47m cells)

d) snow distribution on and around the cube at the
end of the simulation (150 iterations, T, =3600 s)

e) snow distribution in the whole aerodynamic domain
Figure 4. Steady numerical modelling of snow accumulation and snow transport around a cube

Volume 18, Issue 4, 2022

31



Nikita A. Britikov

a) layout of the aerodynamic domain b) inflation in the boundary layer

of the finite-volume mesh (~1.65m cells total)

Cross section of the model (roof 40°) and snow cover (wind 4m/s)

110 +
100 +

height (cm)

. 40 + 1
¢) physical modelling of snow distribution on a gable roof (from [])

d) snow distribution on a gable roof at the end of the simulation (150 iterations, T, =3600 s)
Figure 5. Steady numerical modelling of snow accumulation and snow transport on a gable roof

Table 2. Comparison of physical and numerical modelling of snow on a gable roof

Modelling approach Windward shape coefficient Leeward shape coefficient
Physical 0.88 1.13
Numerical 0.96 1.03
Discrepancy 9.1% 8.8%
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The Community Centre simulations allowed
thorough adjustments to the methodology. As
such, they revealed that such a wide range of inlet
velocities was excessive, and fewer velocities (as
well as study cases) can be utilized in obtaining
the contours of the modelled shape coefficient
wn. It was also shown that an average value of
0.25 m/s for the threshold friction velocity is
sufficient for achieving plausible snow
distributions for real buildings.

8.2 Sports Centre

In a cylindrical computational domain of
1500%1200 m, the one-phase flow around a civil
building (Fig. 7a) is simulated for 200 iterations.
For this problem, two setups were considered:
the one that includes the surrounding buildings
and terrain around the Sports Centre (Fig. 7b) and
the one that doesn’t. This was made to both
demonstrate the influence of the environment on
the snow distribution and obtain more varied
distributions in search of the most unfavourable
ones.

In numerical modelling, three simulations were
carried out for eight wind directions for the
Sports Centre (0°, 36°, 90°, 144°, 180°, 213°,
270°, 327°, 24 simulations total) using the
numerical methodology for steady flow with
varying wind speed. With reference to the
conclusions of the previous case, simulations
were only made for wind speeds of 1 m/s, 3 m/s
and 6 m/s. To simulate a longer snowfall, in
which an uneven snow distribution can be
obtained, the deposition time 7+ was assumed to
be 6 h and the erosion time 7- to be 240 h.

A more traditional physical modelling in the
wind tunnel was also carried out for the Sports
Centre, which allowed to both compare the
results given by two approaches and validate one
through the other. In physical modelling, the
same wind directions were investigated as for the
numerical, and the characteristic wind speeds at
which snow transport was analyzed on the model
ranged from 3.4 to 8 m/s. The modelling was
performed at 3.5-4% humidity using wood flour
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with a particle size of 50250 pm as a snow-like
material, which was shifted from a smooth
painted surface at a wind speed of 3.4 m/s. As a
result of prolonged exposure of the model
covered with a thin layer of wood flour in the air
flow at a speed of 6+7 m/s, the patterns of snow
transport were formed. Analysis of the obtained
snow distributions was performed to zone the
roof and obtain the physically-modelled shape
coefficient pmp for the zones. As with the
numerical modelling, the simulations were
carried out with and without taking into account
the surrounding buildings, albeit in a lesser
radius due to the wind tunnel test chamber size.
Through the comparison of the results, it was
clearly observed that both the physical and the
numerical modelling provide mostly similar
snow distributions. The overall distribution
pattern, as well as some local snow drifts, were
in agreement with each other (compare Fig. 7c
vs. 7e & Fig. 7d vs. 7f and Fig. 8a vs. 8c & Fig.
8b vs. 8d). A similar influence of the surrounding
buildings on the obtained contours was also
noted. As per the methodology, the results given
by the two approaches were summarized and
used qualitatively in the engineering analysis in
conjunction  with  the  building code
recommendations, which provided the final
contours of design shape coefficient p (Fig. 7e;
note a small p = 2.7+0.6 zone on the right side of
the picture, which was specified by the code).

In conclusion, the use of numerical modelling for
both validation cases made it possible to provide
the design shape coefficient p, as well as identify
some non-obvious and hazardous distributions of
said coefficient, which could not be obtained
solely by following the recommendations of the
Russian building code or any other building
codes. The physical modelling carried out for the
Sports Centre also evidently showed that
numerical modelling is capable of providing
similar and thus plausible results, which are true
to the nature of the snow accumulation and snow
transport processes.
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a) geometry of the Community Centre b) inflation in the boundary layer
of the finite-volume mesh (~5m cells total)

Friction Vielocity. Ims™1] My
el | HE aE .
SIRHTRIRRARARANAS FFSF PSSP

=

¢) contours of friction velocity and modelled shape d) design shape coefficient
coefficient for wind direction 180° at 7 m/s for wind direction 180°
Friction Velosity msr1) My
L] [ D .|
SERARRANRRAARAS SIS IF SIS ID

e) contours of friction velocity and modelled shape 1) design shape coefficient
coefficient for wind direction 210° at 7 m/s for wind direction 210°

Figure 6. Steady numerical modelling of snow accumulation and snow transport
for the Community Centre
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e) numerical modelling for wind direction 144°  f) numerical modelling for wind direction 213°

Figure 7. Steady numerical modelling of snow accumulation and snow transport
for the Sports Centre
(provided design shape coefficient contours for these wind directions are not given in this paper)
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A
—d

a) physical melling for wind direction 90° b) physicl modelling for wind direction 90°
(surrounding buildings ignored) (surrounding buildings considered)

¢) numerical modelling for wind direction 90°  d) numerical modelling for wind direction 90°
(surrounding buildings and terrain ignored)  (surrounding buildings and terrain considered)

e) design shape coefficient based on the results of physical and numerical modelling
and the building code recommendations for wind direction 90°

Figure 8. Steady numerical modelling of snow accumulation and snow transport
for the Sports Centre
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9. CONCLUSION

The methodologies of numerical modelling of
snow loads for unsteady and steady flows have
been developed, verified, and validated. The
specifics of the erosion-deposition model used at
their basis have been studied, the limits of the
applicability have been determined.

The methodology for unsteady flow has proven
to be capable of producing plausible results that
agree with field experiment. The validation
process also revealed its high sensitivity to initial
conditions and ability to provide a wide variety
of snow distributions for the same geometry
under different flow regimes. With that said, this
methodology is unlikely to become practically
applicable in the nearest future. High resource
intensity and computational time demands all
make it difficult to apply the methodology to
everyday engineering problems, especially when
multiple study cases need to be examined and
multiple simulations are required. Its ability to
produce special cases of snow accumulation and
snow transport also appears to be its
disadvantage in this sense, as producing a more
general snow distribution on the roof requires
varying the initial conditions and summarizing
the results.

The methodology for steady flow, on the other
hand, successfully combines the strengths of its
unsteady counterpart and benefit of being time-
independent without losing too much in
accuracy. For a wide range of long-span roof
geometries, the steady-state approach appeared
to be sufficient in producing plausible results.
Comparisons with field experiments and
physical modelling make it clear that numerical
modelling is in no way less efficient in
simulating snow accumulation and snow
transport and may be used for obtaining the
design shape coefficient p if applied reasonably.
In the case of the methodology for steady flow,
the results of the numerical modelling are
considered qualitatively to gain insight into the
snow behaviour and used in conjunction with the
building code recommendations to assign the
coefficient values for the roof. With this
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approach, the methodology for steady flow can
be applied in engineering practice due to its
lower resource intensity and efficiency and a
more generalized nature of the snow distributions
it provides.

Unsolved  problems  remain  that the
methodologies do not consider. For example, at
current time they don’t account for snowmelt, the
impact of which may be detrimental for many
roofs and buildings, specifically for translucent
constructions. We believe that the methodology
may and will be expanded to take other snow
accumulation phenomena into consideration and
thus allow to obtain higher-quality results and
further secure the mechanical safety of buildings.
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