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Uneven snow distribution plays amain role in the collapse of two-span single-pitched roofs
because of the intensified snow accumulation in the valleys and eaves. The roof pitches,
wind velocities, and wind directions are the main reasons that cause unbalanced
snowdrifts as they drastically affect the flow fields around the roofs. This research
investigates the snow distribution characteristics on two-span single-pitched roofs
based on the snow-wind combined experiment facility and new similarity criteria.
Firstly, the setup of the experiment facility is introduced, and the wind fans matrix and
snowfall simulator are calibrated, respectively. Then, a new Froude number similarity,
based on the modification of friction velocity ratio, is proposed, and its reliability as a
criterion is verified. Finally, experiments on two-span single-pitched roofs are conducted
using the new similarity criteria to study the snowdrifts patterns under different conditions.
The mechanism of snow accumulations on roofs is explained with the help of CFD
calculation. The results show that the valley and eave on the second windward roof bear a
larger snow load.
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1 INTRODUCTION

With climate change, extreme weather disasters occur all over the world frequently. For instance, in
2005, Weihai city in Shandong province was hit by a heavy snowstorm with a maximum snow depth
of over 2 m. In 2008, a continuous snow-ice disaster made most areas of southern China suffer from
casualties and property losses. Among them, the collapse of structures caused by snowdrift
overloading has become the focus in recent years (Zhang and Yi, 2010). Two-span roofed
structures are incredibly vulnerable to snow accumulation among these damaged buildings.
Table 1 shows several examples of collapsed two-span roofed structures in snow disasters in
China in recent years. Because of the characteristics of such roofs, the interaction of wind and snow
particles on the roof becomes more intensified, making more snow particles accumulate in the valley
between adjacent roofs. Therefore, a two-span roofed structure is a type snow load sensitive
structure, and engineering accidents are more likely to occur on such buildings.

Two-span single-pitched roofs are widely used in factories, warehouses, exhibition halls, etc.,
specifically for their unique shape and practicability. Many building codes and load standards in the
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United States, Canada, Western Europe, etc., presented detailed
provisions for unbalanced snow loads patterns on general two-
span roofs to ensure safety. However, most of them provided only
a little specification for two-span single-pitched roofs. In the
Chinese Load Code for the Design of Building Structures (GB
50009-2012) (Scribd, 2012), there are two patterns for unbalanced
snow loads on two-span single-pitched roofs. Although
considered separately in the Chinese Load Code, the field
observations and studies supporting the provisions for this
type of roof were rarely available (Mo et al., 2015; Mo et al.,
2016), and numerical simulations or experiments on this subject
were rarely published either domestically or internationally.
Hence, it is of great significance to investigate unbalanced
snow loads on two-span single-pitched roofs for improving
the security of building structures in the snow.

In current snow load research methods, the field observation is
most direct, reliable, and provides the fundamental first-hand
data resource for national load codes, and it has been widely used
to verify various numerical simulations and experiments with
notable contributions (Høibø, 1988; O’Rourke and Auren, 1997;
Thiis and Gjessing, 1999; Thiis, 2003; Thiis and O’Rourke, 2015).
Nevertheless, the weather conditions such as the wind field,
temperature, and snowfalls were extremely uncontrollable and
unstable, which made it difficult to obtain valuable snow load
results through measurements. Moreover, most two-span single-
pitched roofs were made of lightweight steel, so there was a
potential safety hazard in measuring on the roof. Besides, with the
rapid development of computer technology, numerical
simulation has become a fast and effective method for snow
load research. The snow load distribution under specific weather
conditions can be calculated (Beyers et al., 2004; Thiis and
Ramberg, 2008; Tominaga et al., 2011). However, for the
numerical simulation of a large-scale model in a complex
environment, the computational accuracy and efficiency are
dramatically restricted by the meshing method and
computability. Furthermore, due to the lack of experiments or
field observations data, the reliability and accuracy of numerical
simulations still need to be verified (Liu et al., 2018). In spite of the
shortcomings of numerical simulation, it is still an accurate
method of predicting the wind field, which plays an essential
role in snow loads investigations. Tominaga et al. (2016)

confirmed CFD prediction accuracy for the flow fields around
the building by comparing simulated results with results obtained
in prior wind tunnel experiments for gable roofs. Zhou et al.
(2019) used the CFD model to uncover the mechanism of wind
effects on the snow redistribution on gable roofs based on the
Realizable k-ε turbulence model. Moreover, Zhang et al. (2021)
examined the accuracy of different CFD models in predicting the
flow field around an arch-roofed building by comparing it with
experimental results.

Using wind tunnels and following specific similarity criteria to
conduct snow-wind combined experiments on scaled models is
another important method for snow engineering studies. It has
become one of the most effective methods to investigate the
accumulation mechanism and snow distribution patterns on
roofs. Unconstrained by natural environmental conditions, it
can tune various parameters according to the experimental
requirements to reproduce or analyze the process of snowfall
and snow drifting. Besides, it is convenient to carry out tests
repeatedly.

Currently, many types of experimental particles have been
used as a substitute for snow for wind tunnel experiments, for
example, silica sand, polyfoam, and saw wood ash (Zhou et al.,
2014; Zhou et al., 2016). Kind et al. (Kind and Murray, 1982)
compared the characteristics of polystyrene and other types of
simulated particles with different densities through wind
tunnel experiments. Based on the dimensionless mass flux
similarity parameters independently proposed by Li et al.
(2008), the scaled experiment for snow distribution on the
stepped flat roof was conducted using fine silica sand. Kimbar
(Kimbar and Flaga, 2008) discussed the basic similarity criteria
for snowfall experiments based on the spreading model and
experimented on a large-span stadium roof by applying
lightweight polystyrene foam pellets. Substitute particles
have no requirements with the wind tunnel inside the
environment, but they could not perfectly reproduce the
snow repose angle, intergranular viscosity, and other
essential characteristics. While on the contrary, real snow
and artificial snow particles have solved the problems
mentioned above (Delpech et al., 1998; Sato et al., 2001;
Delpech and Thiis, 2015; Qiang et al., 2019; Zhou et al.,
2021). Sato et al. (2001) conducted a series of experiments

TABLE 1 | Examples of collapsed two-span roofed buildings in snow disasters.

No Date Location Type Span
(m)

Span
number

Collapse reason

1 2005 Weihai Greenhouse 25 3 Too heavy snow accumulated in the valley between adjacent roofs caused local instability. (uneven
snow distribution)

2 2005 Weihai Factory 18 2 Overload snow accumulation in the valley. (uneven snow distribution)
3 2005 Weihai Factory 50/25 2 Snow overload on the lower roof. (large magnitude of snow)
4 2007 Shenyang — 21 — Snow overload. (magnitude of snow)
5 2007 Shenyang — 30 2 Local snow accumulations. (uneven snow distribution)
6 2008 Hunan Factory 24 2 Snowdrift overloads made the roofs collapse symmetrically inward by taking the left column as the

axis. (uneven snow distribution)
7 2008 Changsha Workshop 15 2 Local instability was due to the unbalanced snow load. (uneven snow distribution)
8 2008 Hunan Factory 18 3 Column and beam collapsed at the same time caused by overload snow. (uneven snow distribution)
9 2012 Western — — 3 Local instability (uneven snow distribution)

(“—” represents the unavailable information).
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over loosed and hard snow covers using the wind tunnel in a
cold room to investigate the saltation-layer structure of
drifting snow. Qiang et al. (2019) investigated the snow
drifting on a flat roof during snowfall in a cryogenic wind
tunnel (Shinjo Cryospheric Environment Laboratory of the
Snow and Ice Research Center (SIRC)) using artificial snow
particles. Zhou et al. (2021) carried out experiments on flat
roofs in a cryogenic wind tunnel using artificial snow particles
to investigate the impact of roof span and snowfall intensity for
snow distributions and transport rates. However, the
extravagant cost of construction and operations by using
natural or artificial snow has restrained the development of
such wind tunnel experimental methods. For example, built in
the 1990s, JV climatic wind tunnel in France had cost over 100
million euros. To overcome these defects, a snow-wind
combined experimental facility based on the outdoor wind
tunnel was developed (Liu et al., 2018). It satisfied the
requirements of similarity criteria and snow particle
characteristics simultaneously. Besides, due to the built-up
equipment being outdoors in Harbin, the meteorological
conditions for a long term and stable low-temperature were
fully utilized (the daily maximum temperature in winter was
less than −0°C and lasted for about 110 days), which reduced
the costs. Zhang et al. (2019) researched the snowdrifts on
complex long-span roofs using the snow-wind combined
experiment facility. Even if the wind-tunnel experiment
method has been developed for many years, the research
about snow drifting on building roofs is only at the starting
stage. Moreover, there is still no investigations about the snow
distribution on two-span single-pitched roofs.

The reliability of similarity criteria is the key for the snow-
wind combined experimental research. Typically, the snow
movement is induced by wind includes drifts, accumulation,
jumping, and secondary accumulation. The snow movement
stages can be divided into two processes: preferential
deposition on the one hand and blowing and drifting snow on
the other hand (Lehning et al., 2008). Preferential deposition
happens when precipitating without erosion of previously
deposited snow and thus in the absence of saltation. Blowing
snow and drifting snow are both based on previously deposited
snow and distinguished by the snow movement process. Blowing
snow is suspended snow, and drifting snow is saltating snow. At
present, most theoretical studies are only focused on the blowing
and drifting snow process. Considering that the snow-wind
combined experiment method used in this paper was also
involved preferential deposition, more practical and accurate
similarity parameters need to be proposed and verified.

By comparing existing snow load researchmethods, it could be
concluded that the snow blowing similarity criteria based on the
snow-wind combined experiment facility reproduced the
snowfall process more effectively, accurately, and economically
than previous experimental methods. Additionally, the two-span
single-pitched roofs have been used extensively but are prone to
local snow particles accumulation, leading to engineering failures
if not checked. Hence, the snow-wind combined experiments on
two-span single-pitched roofs based on new similarity criteria
were conducted in this paper. Firstly, the setup of the experiment

facility was introduced, and the wind and snow fields were
calibrated. Then, through formula derivation, a new Froude
number similarity was proposed based on the modification of
the friction velocity ratio. Moreover, the reliability of the new
similarity criterion was verified by the comparison with other
snow-wind combined experiments under the same test
conditions. Finally, using the new similarity criteria,
experiments on two-span single-pitched roofs were conducted
to study the snowdrifts patterns under different conditions; the
mechanism of snow accumulations on roofs was explained
through CFD calculations.

2 EXPERIMENTAL THEORY

2.1 Experimental Equipment
2.1.1 Snow-Wind Combined Experiment Facility
Figure 1 shows a schematic view (A) and photo (B) of the snow-
wind combined experiment facility, similar to an open-air wind
tunnel. The facility consists of a wind field generator, a snow
simulator, and a test section (Liu et al., 2018).

The test section is a 4 × 10 m platform with wind deflectors
on both sides. The wind field generator is a 3 × 2 fan-matrix
with a cross-section of 4.5 × 3.0 m which can produce a stable
wind field with a speed range of 0.5–11.5 m/s in the test
section. During the experiment, the wind field over different
terrains was modeled by adjusting the frequency of the fan
separately. The snow simulator is designed to generate natural
snowfall and has a dimension of 5 m along the vertical of the
wind direction. The facility can simulate different snowfall
rates within the range of 4–20 mm/h.

FIGURE 1 | Schematic view (A) and photo of the snow-wind combined
experiment facility (B).
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The experimental wind speed is monitored using AR866A
long-probe thermal anemometer at a pre-set location with a
measurement range of 0.3–30 m/s, resolution 0.01 m/s, and
error 1% ± 1. The snow flux is determined by doing
experiments with a box-type snow flux trapper in the absence
of any other obstacles (Oikawa et al., 1999) in the test section; the
trapper should be placed at the same position as the center of the
experimental model. Besides, during the experiments, the
environmental conditions, including the temperature,
humidity, and natural wind field, are measured with a PC-4
automatic weather station (Liu et al., 2018). The artificial snow
particles were adopted as the experimental particles which were
made by a snowmaker. The water content and density of particles
can be controlled by adjusting water pressure and flow rate.

2.1.2 Experimental Wind Field Characterization
Before the experiment, the wind field of the test section was
measured. Profiles of the normalized mean wind speed (the
ratio between the measured wind speed U(z) and the reference
wind speed UH) and the turbulence intensity at the front,
middle and rear positions above the test section are shown in
Figure 2. The vertical axis represents the height of the cross-
section, and the horizontal axis represents the normalized
wind velocity and turbulence intensity. Since the model was
fixed on a test ground with a height of 0.3 m, the wind field
below 0.3 m is not taken into account here. The fully developed
wind velocity profile of the atmospheric boundary layer shown
in Figure 2 is determined from the power-law profile as
follows:

�U(z) � U( z

z0
)

α

(1)

Where �U(z) is the average wind speed at height z, and z0 is 1 m α
is set to be 0.15 according to the common terrain index given in
the Chinese load code. It was observed that the mean wind
profiles in experiments satisfied Eq. 1. Overall, the differences
in the characteristics at the three positions were small, which
indicated that a good quality wind field was retained, so it was
stable and acceptable in the test section.

2.1.3 Experiment Snow Particles
Artificial snow was used for the experiments in this study. To
eliminate the difference in the particle properties, the snow
particles required for the experiments were all produced using
a snowmaker on 01/10/2017. However, fresh snow made with a
snowmaker is not suitable for use in the experiments owing to its
high moisture content. Thus, the fresh snow was stored at −10°C
in a storeroom for at least 5 days before the experiments. The
physical properties of the artificial snow particles were measured
before the experiments. The diameter and shape of the snow

FIGURE 2 | Normalized mean wind speed (A) and turbulence intensity profiles with height (B).

TABLE 2 | Comparison of physical parameters of snow particles.

Type of Particles [(Beyers et al., 2004; Thiis
and Ramberg, 2008; Zhou et al., 2016; Kwok
et al., 1992; Naaim et al., 1998; Sundsbø, 1998;
Oikawa et al., 1999; Tominaga et al., 2006)]

Natural
snow

Artificial
snow

Diameter Ds (mm) 0.15–0.5 0.2–0.40
Particle density ρs (kg/m

3) 50–700 910
Bulk density ρb (kg/m3) 37.5–525 286–344
Threshold friction velocity u*t (m·s−1) 0.15–0.36 0.3–0.5
Angle of repose θ (°) 30–50 38
Setting velocity wf (m·s−1) 0.2–0.8 0.5–0.7
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particles were observed with an optical microscope, the bulk
density of the snow was measured with a measuring cylinder and
a balance, and the angle of repose was 38°, as determined by
accumulation experiments. Before the experiment, the snow was
put in the precipitator. The building models were made of
plywood with a painted surface, and the artificial snow would
not deposit on the wood surface when the slope was more than
50°. A comparison of the physical parameters of natural and
artificial snow particles is presented in Table 2.

2.1.4 Experimental Snow Field Characterization
In the falling snow experiment, the snowfall simulator sprayed
the artificial snow particles into the outdoor wind tunnel. After
being transported for a distance, the snow particles become
diffused in the wind field, and then the snow particles are
deposited preferentially within the experiment section.
Considering that the preferential deposition is an essential
process in the experiment and the snow distribution patterns
on the ground are deeply impacted by the wind, a group of tests
was carried out under different wind velocities for the same snow
falling duration (0.5 h) to test the uniformity of accumulated
snow depth on the ground. Figure 3 shows the preferential snow
deposition at different inflow velocities along the downwind and
lateral directions.

According to the measurement results, it was observed that the
snow depth in the area 3.0–7.0 m away from the wind outlet has a
higher uniformity in both the downwind direction and the
crosswind direction, which was also the area chosen to locate
the experimental models.

2.2 Similarity Requirements
In the wind–snow combined experiments, selecting appropriate
similarity criteria is particularly essential to keep the consistency
of the parameters between the model and the prototype.
Generally, the similarities that two flow fields share involve
geometric, kinematic, and dynamic similarities, and many
researchers have made great contributions in these aspects.
Iversen (1979), and Delpech et al. (1998) proposed many
classical similarity theories through theoretical derivation and
experiments. Nevertheless, it is impossible to simultaneously

satisfy all similarity criteria since some criteria contradict each
other. Therefore, it is necessary to satisfy the main control factors
and relax the restrictions on the secondary factors.

Considering that the snow-wind combined experiment is
based on the snowfall pattern rather than the snow blowing
and drifting pattern, meeting the Froude number similarity is
the fundamental dynamic requirement for carrying out the
experiment successfully. According to Odar (1965) and
Calkins (1974), in order to reduce the deviation caused by
the distortion of the settling velocity ratio, the dimensionless
density term was introduced to modify the basic Froude
number:

(ρa
ρs

UH

gL
)

p

� (ρa
ρs

UH

gL
)

m

(2)

Where g is the acceleration of gravity, L is the reference length of
the structure, ρa is the air density, ρs is the snow particle density,
and UH is the reference wind speed. The air density is defined as
1.225 kg/m3, the particle density for the model is 910 kg/m3 (Fily,

FIGURE 3 | The uniformity of preferential snow deposition on the ground with snowing time of 0.5 h. (A) along the downwind direction and (B) along the lateral
direction.

FIGURE 4 | Pearson correlation coefficients of the normalized snow
depth between the prototype and scale experiments.
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1996; Delpech et al., 1998), and the particle density for the
prototype is 300 kg/m3 (the subscript “p” corresponds to the
prototype, and the subscript “m” indicates the model).

Liu et al. (2019) carried out a series of scale model experiments
based on the densimetric Froude number. However, their results
illustrated that such similarity parameters did not keep the
consistency between scale models and prototypes fairly well.
Figure 4 shows the Pearson correlation coefficients of the
normalized snow depth between the prototype and scale
experiments made by Liu et al. (2019). The normalized snow
depth was obtained by dividing the snow depth at any point by
the mean snow depth on the ground without obstacles. The
horizontal axis represents the friction velocity ratio u*/u*t, and the
vertical axis represents the Pearson correlation coefficients of the
normalized snowdepth between the prototype and scale experiments.
It was found that the friction velocity ratio was positively correlated
with the similarity of snowdrifts patterns since the friction velocity
ratio could directly affect snow particles’ erosion and deposition rate.
Hence, this paper proposes a further modification for the Froude
number based on the friction velocity ratio, which is as follows.

Storm (Strom and Kelly, 1962) proposed the lower limit of
Reynolds number for particle motion as shown in Eq.3, where υ is
the kinematic viscosity, and 1.5 × 10–5 m2 s−1 was taken for snow
particles in the present study, u*t is the threshold friction velocity,
and Ds is the snow particle diameter. The lower limit of friction
velocity ratio is defined as ξ. Combined with formula derivation,

Eq.4 is obtained. Besides, the friction velocity ratio was equal to
the ratio of reference wind speedUH and starting wind velocityU0

(Iversen, 1983).
upDs

]
> 3.5 (3)

upDs

]
> 3.55up >

3.5v
Ds

� ξupt (4)
up

upt
� UH

U0
(5)

Taking Eqs.4, 5 into Eq. 2, the new Froude number similarity
parameter modified by the lower limit of friction velocity ratio
was obtained as shown in Eq. 6:

ρa
ρs

U2
H

gL
(1 − 3.5]

Dsupt

U0

UH
) (6)

Additionally, there are several other similarity criteria, such as
the flow field, ejection process, particle trajectory, and deposition
pattern, which must also be satisfied with experiments to ensure a
reliable simulation.

Liu (2020) suggested that the experiment should satisfy the
time scaling parameter, as shown in Eq. Where T is experiment
time (s), wf is the settling velocity of snow particles.

wfT

L
(7)

FIGURE 5 | Schematic view of the cube model experiment setup in the snow–wind combined experiment facility.

TABLE 3 | Experimental conditions of the multidimensional scale experiments.

Model scale Experiment wind velocity
(m/s)

Snowfall speed (mm/h) Experiment duration (min)

prototype 2.8 15 120
1/2 2.3 15 60
1/4 2.1 15 36
1/10 1.9 15 36
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Eq. should also be satisfied to simulate the shear stress of
particles near the ground (Iversen, 1981).

( u2
pt

Dsg

ρ

(ρs − ρa))p

� ( u2
pt

Dsg

ρ

(ρs − ρa))m

(8)

To maintain the ratio of drag force to inertial force similarity,
Eq. 9 must also be satisfied (Kind, 1986).

(wf

UH
)

p

� (wf

UH
)

m

(9)

Equation 10must be satisfied to maintain the accumulated rate
similarity, where Sd is the rate of snow depth of accumulation.

(Sd
wf

)
p

� (Sd
wf

)
m

(10)

Besides, the deposition or erosion mechanisms could be
modeled satisfactorily through the similarity of the particle
ejection process, as shown in Eq. 11.

(up

upt
)

p

� (up

upt
)

m

(11)

3 VERIFICATION OF THE SIMILARITY
CRITERIA RELIABILITY

3.1 Verification Process
To verify the accuracy of the revised Froude number similitude
parameter, a group of snow-wind combined experiments similar
to the scaled experiments was performed based on the
densimetric Froude number made by Liu et al. (2019).

Experiments were conducted in the snow-wind combined
facility. Considering that the snow-wind combined facility could
provide a stable wind field and reliable snowfall condition, the snow-
wind combined experiment for a 1 m cube model was chosen to be
the prototype. Figure 5 shows the schematic view of the model
experiment setup in the facility, which is copied from Liu et al.
(2019). Additionally, three groups of multi-dimensional scale

TABLE 4 | Comparison of similarity criteria of self-test prototype and multidimensional scale models.

Similarity parameters Prototype 1/2 1/4 1/10

ρa
ρs

U2
H

gL (1 − 3.5]
Dsupt

U0
UH
) 7.46 × 10–4 6.91 × 10–4 7.17 × 1–4 7.07 × 10–4

Sd
wf

0.0167 0.0167 0.0167 0.0167

wf T
L

6,480 3,240 1944 1944

u2
pt

Dsg
ρ

(ρs−ρa)
0.0154 0.0154 0.0154 0.0154

up
upt

0.405 0.320 0.322 0.299
wf
UH

0.179 0.226 0.225 0.263

FIGURE 6 | Comparison of the snow distribution patterns of experiments using two different similarity criteria. (A1, B1, C1, D1) based on the densimetric Froude
number similarity criteria and (A2, B2, C2, D2) based on the new Froude number similarity criteria proposed in this paper.

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 7850107

Zhang et al. Harbin Institute of Technology

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


experiments were designed as the comparative subjects, and the scale
ratios were 1/2, 1/4, 1/10, respectively (Liu et al., 2019). Table 3
shows the experimental conditions of the multidimensional scale
experiments, andTable 4 gives information about the comparison of
the main similarity criteria of prototype and multidimensional scale
models. It was observed that the similarity parameters showed
agreement among the prototype model and scale models.

3.2 Verification Results and Discussions
The accuracy of snow distribution simulation can be evaluated
from two aspects: the snowdrifts patterns and normalized
snow depth.

Figure 6 compares snow distribution patterns of experiments
using two different similarity criteria. One is the densimetric
Froude number similarity criteria. The other is the new Froude
number similarity criteria proposed in this paper. The snow
surface was generated by using spatial interpolation. Almost
500 measuring points were used. The results of (A1), (B1),
(C1), and (D1) were made by Liu et al. (2019), and (A2), (B2),
(C2), and (D2) were made based on the newly proposed Froude
number similarity criteria. For (A1), (B1), (C1), and (D1), it is clear
that, for the 1/10 scale model, the erosion areas on both lateral
sides of the model were dramatically reduced compared with
other cases. With the scale decreasing, the snow deposition
separation phenomenon on the windward side of the model
disappeared gradually. Particularly for 1/10, there was only
one continuous deposition area in front of the model on the
windward side. Therefore, such similarity parameters were not
accurate enough. For (A2), (B2), (C2), and (D2), the consistency
among the self-test prototype experiment and scale model
experiments has improved. On the one hand, for all cases,
there were two horseshoe-shaped erosion areas formed on
both lateral sides of the model; besides, the patterns and sizes

of these regions were the same. Compared with the results made
by Liu et al. (2019), the problem of too small erosion areas for
scale 1/10 had been corrected. On the other hand, in front of the
windward side of the models, two deposition regions appeared,
and the separation phenomenon of the deposition areas showed
uniformity among different scales.

Figure 7 compares the normalized snow depth of experiments
using two different similarity criteria. The results of (A1) and (B1)
are for the model’s lateral sides; (A2) and (B2) are for the
streamwise direction of the model. The measuring method and
direction are shown in the figures, and the horizontal axis
“Normalized D” is the dimensionless distance obtained by
dividing the distance by the length of the cube model. It was
indicated that two “U” shape normalized snow depths were
shown on the lateral sides of the model, and an “N” shape
normalized snow depth as shown in the streamwise direction
of the model on the windward side. By comparing the coefficients
in the circles illuminated in Figure 7, the normalized snow depth
based on the new similarity criteria modified by friction velocity
ratio showed higher accuracy. Based on the analysis of the above
experimental results, the accuracy of the Froude number
similarity parameter based on the friction velocity ratio
modification proposed in this paper was proved, and it is
more suitable for use in the snow-wind combined experiments.

4 SNOWDRIFTS ON TWO-SPAN
SINGLE-PITCHED ROOFS

4.1 Experimental Settings
4.1.1 Experimental Model
Figure 8 shows schematic views of the building model (A) and
the experiment setup in the wind–snow combined experiment

FIGURE 7 | Comparison of the normalized snow depth of experiments using two different similarity criteria. (A1, B1) based on the densimetric Froude number
similarity criteria and (A2, B2) based on the new Froude number similarity criteria proposed in this paper.
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facility (B). The model is composed of two single-pitched roof
models (defined as the “first span” and “second span” as shown in
Figure 8A), and the experimental model is at a scale of 1/10. The
dimension of each single-pitched roof is 10 × 10 m, and the height
of the eave on the lower side is 0.2 m, as shown in Figure 8A. The
experimental setup is shown in Figure 8B. The model center is
located 4 m from the wind export (i.e., the output from the fan
matrix), and the anemograph used for determining the reference
wind speed UH is placed 2.5 m from the wind source.

4.1.2 Experimental Cases
The experiments were organized into three groups according to
different purposes. First, to study the influence of the wind
direction, two wind directions (the “positive direction” and
“negative direction”) were defined, as shown in Figure 8A.
Second, to study the effect of the roof pitches, six roof pitches
were selected: 5°, 10°, 15°, 20°, 25°, and 30°. Third, three different
wind speeds were chosen to study the effect of the wind speeds.
Based on the meteorological monitoring in winter in Harbin,
China, the natural wind speed ranges from wind scale 2
(1.6–3.3 m/s) to 5 (8.0–10.7 m/s) when snow is falling. Thus,
wind speeds of 2.0, 4.5, and 7.0 m/s (at the height of 10 m) were
selected for the prototype. According to Eq. 6, the resulting
reference wind speeds were 1.8, 2.7, and 3.6 m/s, respectively.
Assume that for the prototype, the snowfall rate is 5 mm/h, the
snowfall duration is 24 h, and the snow depth is 120 mm.
Therefore, the snowfall rate, snowfall duration, and snow
depth calculated for the experiments were 15 mm/h, 48 min,
and 12 mm, respectively.

To avoid the influence of the natural environment, time
durations from 6:00–10:00 a.m., and 8:00–11:00 p.m. with no
wind or solar radiation were selected for the experiments.
Besides, the environmental conditions such as air
temperature, humidity, and natural wind during the
experiments were measured by the PC-4 automatic weather
station. The case information is summarized in Table 5. Case
numbers are assigned to each experiment; for example,
experiment “PD-5-1.8” indicates that the roof pitch of the
model is 5°, the wind is in the “positive direction,” and the
reference wind speed UH is 1.8 m/s.

Based on the new similarity criteria, the major similarity
parameters for the prototype and scale model are given in
Table 6. It was found that all of the major similarity
parameters of the scale model are in good agreement with the
prototype.

4.2 Snow Distribution
The results were illustrated from two aspects: snowdrift patterns
and the normalized snow depth (defined as the ratio of the
observed snow depth at any point to the average snowfall on
the ground).

Shi (2021) simulated the snow distribution on two-span gable
roofs. It was found that the snow distribution was invariable along
the roof width in the center area. Furthermore, with the increase
of width, the snow depth in the roof’s center is hardly affected by
the roof on both sides. Considering that the two-span pitched
roofs investigated in this paper are widely used in factories and
warehouses, the roof width is normally relatively larger than the
roof span. Hence, the snow distribution along the centerline of
the roof is almost unchanged. Therefore, it should be reasonable
to use the 2-D normalized snow depth on the centerline to
represent the snow distribution on the whole roof.

4.2.1 Results Under Positive Wind Direction
The normalized snow depth along the centerline of the wind
direction on the roof for the “positive direction” is shown in
Figure 9. Here, the first span is defined as “Span Ⅰ”, and the
second span is defined as “Span Ⅱ”.

For “Span Ⅰ”: under a low wind velocity, there is a uniform
snow distribution, and the normalized snow depth value is about
equal to 1.0. With the increase of wind speed, the snowdrift area is
narrowed towards the higher edge of “Span Ⅰ”. When UH = 3.6 m/
s, almost no snow remains on “Span Ⅰ”.

For “Span Ⅱ”: when the roof pitch is equal to 5°, a snowdrift P1
appears near the valley, as shown in Figure 9. When the roof
pitch is larger than 10°, another snowdrift, P2 appears, and with
the increase of roof pitch, P1, and P2move towards the trough and
the eaves of “Span Ⅱ”, respectively. The snowdrifts (P1, P2)
separation phenomenon is more obvious when the roof pitch
is larger than 20°, and snow particles are accumulated more
intensely at the bottom of the valley. The peak value of P1 is more
than 4.0; the peak value of P2 is around 1.0. When the roof pitch is
larger than 25°, the overall snow distribution pattern on “Span Ⅱ”
presents: “triangular distribution” - “no snow” - “triangular
distribution”, and it will not change with roof pitches
increasing. Moreover, it should be noted that: from 5° to 15°,

FIGURE 8 | Schematic view of the building model (A) and the
experiment setup in the snow-wind combined experiment facility (B).
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the shape of P1 is similar to an “arch” under different wind
velocities, and the normalized snow depth slightly increases with
the increasing of roof pitch; from 20° to 30°, the shape of P1 is
similar to mirror image of “N”, and the values of the normalized
snow depth are also increasing with the increase of roof pitch.
However, when the roof pitch is larger than 25°, the peak value
declines, as shown in Figure 9. Hence, 25° is the upper critical
roof pitch for the normalized snow depth on two-span single-

pitched roofs, which is a condition needed to be considered
specially.

4.2.2 Results Under Negative Wind Direction
The normalized snow depth along the centerline of the wind
direction on the roof for the “negative direction” is shown in
Figure 10. Here, the first span is defined as “Span I”, and the
second span is defined as “Span II”.

TABLE 5 | Experiment cases and environmental conditions.

Case number Temperature Humidity (%) Max natural wind (Transient) Experiment Duration (min)

PD-5-1.8 −12°C 46 0.19 m/s 48
PD-5-2.7 −11°C 46 0.21 m/s 48
PD-5-3.6 −9°C 50 0.25 m/s 48
PD-10-1.8 −14°C 38 0.22 m/s 48
PD-10-2.7 −13°C 40 0.16 m/s 48
PD-10-3.6 −13°C 40 0.11 m/s 48
PD-15-1.8 −14°C 38 0.12 m/s 48
PD-15-2.7 −14°C 39 0.18 m/s 48
PD-15-3.6 −14°C 39 0.13 m/s 48
PD-20-1.8 −12°C 38 0.08 m/s 48
PD-20-2.7 −13°C 38 0.10 m/s 48
PD-20-3.6 −13°C 38 0.11 m/s 48
PD-25-1.8 −11°C 43 0.14 m/s 48
PD-25-2.7 −10°C 43 0.21 m/s 48
PD-25-3.6 −10°C 44 0.16 m/s 48
PD-30-1.8 −9°C 48 0.10 m/s 48
PD-30-2.7 −8°C 47 0.08 m/s 48
PD-30-3.6 −8°C 48 0.12 m/s 48
ND-5-1.8 −9°C 44 0.15 m/s 48
ND-5-2.7 −9°C 44 0.20 m/s 48
ND-5-3.6 −10°C 45 0.21 m/s 48
ND-10-1.8 −11°C 42 0.15 m/s 48
ND-10-2.7 −11°C 41 0.10 m/s 48
ND-10-3.6 −10°C 40 0.11 m/s 48
ND-15-1.8 −13°C 42 0.20 m/s 48
ND-15-2.7 −13°C 42 0.19 m/s 48
ND-15-3.6 −12°C 41 0.23 m/s 48
ND-20-1.8 −9°C 45 0.17 m/s 48
ND-20-2.7 −8°C 45 0.20 m/s 48
ND-20-3.6 −7°C 46 0.18 m/s 48
ND-20-3.6 −7°C 46 0.18 m/s 48
ND-25-1.8 −9°C 44 0.13 m/s 48
ND-25-2.7 −11°C 42 0.31 m/s 48
ND-25-3.6 −10°C 42 0.27 m/s 48
ND-30-1.8 −12°C 41 0.14 m/s 48
ND-30-2.7 −13°C 40 0.20 m/s 48

TABLE 6 | Major similarity parameters for the prototype and scale model.

Dimensionless Parameters Prototype value Model
value (1/10 scale)

ρa
ρs

U2
H

gL (1 − 3.5]
Dsupt

U0
UH
) 1.504 × 10−4–2.200 × 10–3 4.158 × 10−4–1.876 × 10–3

u2
pt

Dsg
ρ

(ρs−ρa)
0.021–0.396 0.034–0.188

ρs/ρa 223 679
up
upt

0.193–1.62 0.156–0.520
wf
UH

0.029–0.40 0.139–0.39
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FIGURE 9 | Normalized snow depth along the centerline of the roof for the positive wind direction. (A) pitch = 5° (B) pitch = 10° (C) pitch = 15° (D) pitch = 20° (E)
pitch = 25° (F) pitch = 30°.

FIGURE 10 | Normalized snow depth along the centerline of the roof for the negative wind direction. (A) pitch = 5° (B) pitch = 10° (C) pitch = 15° (D) pitch = 20° (E)
pitch = 25° (F) pitch = 30°.
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For “Span I”: there is a basic uniform snow distribution, and
the average value of the normalized snow depth is less than 0.7,
which is barely influenced by the wind velocity or roof pitch.
Additionally, when UH = 3.6 m/s, almost no snowdrifts occur on
“Span I”.

For “Span II”: no matter the wind velocity or roof pitch, two
snowdrifts, P3, P4, are present in all cases. P3 appears in the valley
between “Span I” and “Span II”, and the value of the normalized
snow depth increase with the rise of roof pitch, but when roof
pitch is larger than 25°, the value will intensely increase whose
peak value can reach 4.0. P4 occurs near the eaves of “Span II”.
The peak value of the normalized snow depth is around 1.5,
which is more than P2 under the positive wind direction. Besides,
the value is changedmarginally with the increase of wind velocity,
and the roof pitch plays the main role. It is clear that the value of
the normalized snow depth on “Span II” increases with the
increase of roof pitch.

Considering that the most severe snowdrift occurs in the valley
area, therefore, the snow distribution pattern and the peak
normalized snow depth in such area are discussed by
comparing the experimental results with snow load codes of
different countries. For the snow distribution pattern, a triangular
load is usually adopted in different national load codes, the same
as the experimental results.

However, the peak normalized snow depth could reach 4.5,
which is much larger than the suggestions in the current building
codes. For example, the peak snow coefficient for a multi-span
single-pitched roof in the Chinese building code is 2.0. The same
phenomenon is also observed in the simulations of Zhang et al.
(2021). In the study, the snowdrift characteristics on multi-span
arch roofs with one, two, three, or four-span roofs were
investigated, respectively. The results showed that the peak
normalized snow depth in the valley area could reach 4.0 in
the presence of snow drifting, and the peak value could reach 5.0
in the presence of both snow drifting and sliding. Taylor (1980)
also pointed out that snow drifting and sliding would aggravate
snow accumulation in the valley. In summary, current building
codes provided reasonable uneven snow distribution patterns for
multi-span roofs. Nevertheless, the maximum value of the snow
coefficient is too small, which should be reconsidered in the
future.

4.3 Discussions of Snowdrifts Pattern
by CFD
Through the above experimental results, it could be
concluded that the form of the snowdrifts under different
conditions presented a strong regularity, and some of the
distribution forms would cause serious adverse effects on the
safety of continuous roofs in reality. Hence, figuring out the
mechanism of snowdrifts is equally necessary. For different
snowdrifts patterns, the wind field around the models
performed the key action, and vortices played the most
vital role, particularly at a low snow concentration
(Tsuchiya et al., 2002). However, since it is hard to obtain
a detailed and accurate wind field in the experiment facility,
and the measuring apparatus itself inevitably affects the

results, CFD simulation was chosen to gain the wind fields
around the models.

4.3.1 Validation of Turbulence Model
To realistically reproduce the flow field around the building, the
predicting accuracy of the turbulence model should be
investigated first. The flow field selected as a test case is
around a pitched roof building of a wind tunnel experiment
(Ntinas et al., 2014). The experiment was carried out in a
boundary layer wind tunnel by Ntinas et al. at the Air Physics
Lab, Department of Engineering, Aarhus University, Denmark.
The experimental model was a pitched roof building with the
dimensions of 1.88H(x) × 8H(y) × H(z), where H was set to
0.063 m, as shown in Figure 11. In addition, the inflow velocity
UH at the model height was set to 0.32 m/s.

The Realizable k-ε model (RLZ, for short) was chosen as the
turbulence model for the simulation. The commercial code
ANSYS Fluent was used to solve the flow equations on
structured rectangular grids. Simulations were done assuming
a steady-state situation. The computational domain and the
boundary conditions are summarized in Figure 12. The
domain covered 41.58H(x) × 8H(y) × 8H(z), which was
discretized into 221(x) × 200(y) × 71(z) grids. The inflow
velocity and turbulence energy were set according to the
experiment results (Ntinas et al., 2014). Besides, the Standard
Wall Function was selected here for the ground surface, where the
roughness height z0 was 0.000273 m. The Green-Gauss cell-based
scheme was used for gradient discretization, and the advection
terms were discretized using a second-order upwind scheme.

Figure 13 compares the vertical profiles of the streamwise
velocity 1) and turbulence kinetic energy 2) obtained by the CFD
simulation and the wind tunnel experiments. Here, blue spots and
red lines are the results obtained from the wind tunnel
experiments and CFD simulation, respectively. Generally, for

FIGURE 11 | Pitched roof building model in the wind tunnel experiment
(H = 0.063 m).
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both wind velocity and turbulence kinetic energy, the results
obtained by the RLZ model show good agreement with the wind
tunnel experiment. Therefore, the CFD simulation method can

well reproduce the flow field around the pitched roof building,
and the Realizable k-εmodel was used as the turbulence model in
this paper.

FIGURE 12 | Computational domain and boundary conditions.

FIGURE 13 | Vertical distributions of streamwise velocities (A) and turbulence kinetic energy (B) obtained from CFD simulation and experiment.

FIGURE 14 | The meshing method and computational settings (Roof pitch = 30°).
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FIGURE 15 | Contours of dimensionless wind velocity simulated by CFD. (A-F) positive wind direction and (G-L) negative wind direction.
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4.3.2 Calculation Settings for the Two-Span
Single-Pitched Roofs
Figure 14 shows the meshing method and computational domain
settings. The dimension of the computational domain was
10m(x) × 5m(y) × 4m(z), which was consistent with that of
the experimental site. Besides, Structured grids were used in the
simulation, with the height of the first layer grid equaling 0.02 m
and dimensionless wall distance y+ ranging from 108 to 270
approximately. The total number of grids was 807000. The mean
wind and turbulence intensity profiles were obtained from
experiments, and the Realizable k-ε model is used here as the
turbulence model. Other calculation settings are the same as the
validation case. Due to snowdrifts patterns showed a strong
identical changing trend, just several typical cases were
simulated by CFD to research the influence of wind velocities,
directions, and roof pitches.

4.3.3 Wind Field Simulation Results for Two-Span
Single-Pitched Roofs
To make it easier to compare, all the results were included in
Figure 15. In the “positive direction”, the explanation for the
snow distribution patterns can be found in the results for the flow
fields. Contours of dimensionless wind velocity in the “positive
direction” under different wind velocities when roof pitch = 30°

are shown in Figures 15A–C, respectively. The dimensionless
wind velocity was obtained by dividing the wind velocity U by the
reference wind velocity UH. The results showed that a standing
vortex forms just behind the first span (above the bottom of the
valley) along the wind direction, and the wind speed is extremely
low, making it possible for the snow particles to accumulate. As
the wind speed increases, the scale of this vortex becomes a little
bit smaller and the wind speed near the roof of the second span
gets stronger, shrinking the area where snow particles can
accumulate. Thus, this shrinkage in the area slightly increases
the unevenness of the distribution.

Figures 15D–F show contours of dimensionless wind
velocity under the influence caused by the various roof
pitches when UH = 3.6 m/s. The dimensionless wind
velocity is obtained by dividing the wind velocity U by the
reference wind velocity UH. When the roof pitch is small, the
vortex is not fully formed, and the wind speed of the reverse
flow is slow. Thus, snow particles primarily get accumulated
near the separation point (where the wind velocity equals 0)
when brought near the roof by the airflow. It should be noted
explicitly that, in this case, the bottom of the valley was suitable
for the deposition of snow particles. However, there was no
snow accumulation due to the shortage of snow particles
supply during the experiment. When the roof pitch
increases, the vortex is fully formed, and more snow
particles are pushed towards the bottom of the valley by the
backflow. Hence, the snow primarily accumulates at the
bottom of the valley; the accumulation becomes more
focused with increasing wind speed.

Figure 15 also shows the contours of dimensionless wind
velocity under the “negative direction”, researching the influence
caused by the various wind velocities (G, H, I) and roof pitches
(J, K, L), respectively. The variation of wind field with roof pitches

and wind speeds in the “negative direction” share outright
similarity with that of “positive direction”; therefore, some
concise analysis is made here with no prolonged
repetition. It is indicated that the standing vortex in the
second span had the greatest contribution to the headwind
snowdrift. In particular, this pattern of snow distribution is
identical to the snow distribution at the front of the upwind
side of a cube-shaped model. Moreover, increasing the wind
speed results in an increasingly unbalanced distribution. The
scale of the vortex grew larger with increasing the roof pitch,
involving more snow particles, and making it possible for
more snow particles to be deposited at the bottom of the
valley.

The above analysis indicates that there are two key criteria for
the formation of a distinct snowdrift in an area: the first is that
there must be a sufficient supply of snow particles and the other is
that the wind speed near the roof must be slow enough to satisfy
the deposition conditions for the snow particles. In particular, a
standing vortex near the roof with a low wind speed may lead to
the formation of a distinct snowdrift. Interestingly, more snow
accumulates at the bottom of the valley at larger roof pitches
(which means the valley becomes larger). It seems that the snow
particles try to fill the valley space between the two spans under
the effect of the wind field.

5 CONCLUSION

This study investigated unbalanced snow loads on two-span
single-pitched roofs through 36 groups of experiments under
different conditions using the new Froude number similarity
criteria. In addition, typical cases were selected for numerical
simulation to reveal its mechanism further, which indicated that
vortices around the model are the main factor influencing the
snowdrifts patterns. From the results of this study, the following
conclusions could be drawn with sufficient consideration of the
limitation of the experiments:

1) The proposed new Froude number similarity criteria can
accurately reproduce the snowdrift patterns and wind field
around the model through the comparison among different
snow-wind combined experiments. By modifying the
similarity criterion with the lower limit of friction velocity
ratio, the deposition separation phenomenon in front of the
model on the windward side and the size of erosion areas on
both lateral sides of the model can keep a great consistency
with the self-test model and various scaled models. This
modification shows higher reliability and accuracy of the
similitude criteria.

2) For two-span single-pitched roofs, the snow distribution is
determined by all roof pitches, wind velocity, and wind
direction. It is the roof pitch that determines the snowdrifts
patterns a lot. The increase in roof pitch causes the formation
of a bigger vortex in between the two spans and more intense
snow accumulation at the valley. The uneven snow
distribution will be more obvious with increasing roof
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pitch. While for each type of roof pitch, the wind velocity has
little effect on the snow distribution.

3) For the experiments with the wind in the “positive direction”,
only one accumulation area, P1, where the normalized snow
depth>1.0 was observed in the valley between two spans.
On the other hand, for the experiments with the wind in the
“negative direction”, two accumulation areas P3, P4 where
the normalized snow depth>1.0 were observed, one at the
valley and another was at a distance from the bottom of the
valley along the direction of the wind. Besides, it should be
noted that the values of P1, P3, and P4 are much greater than
the provisions in current building load codes. Thus, it is
suggested that a specific provision should be considered for
this type of roof.

The current work has the following limitations that will be
improved in future studies:

Snow sliding is an important factor for snow distribution, and
roof materials also influence it. Nevertheless, the current
investigation ignored the influence of different roof materials,
which should be considered in future studies. Moreover, there is
only the wind field CFD simulation, the snow and wind
interaction process can be considered with a more precise
numerical simulation method in the future study.
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