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ABSTRACT: Avalanche impact pressures on structures remain challenging to predict because
avalanche—structure interactions depend strongly on flow regime, snow properties and the geome-
try of the object. Current guidelines on structural actions predominantly estimate impact pressure using a
hydrodynamic approach proportional to density and velocity squared. This approach may not adequately
represent slow, wet avalanches, for which frictional, and cohesive effects can contribute substantially
to the impact pressure. With wet-snow avalanches becoming more frequent in a warming climate, we
assess the robustness and applicability of current guidelines on structural actions under such condi-
tions. To achieve this, we use three-dimensional Material Point Method (MPM) simulations to investigate
wet-snow avalanche impacts on structures representative of typical residential buildings. We compare
the simulated pressures with predictions from current guidelines on structural actions and a recently
proposed equation incorporating frictional and cohesive effects. Our results provide insight into the
influence of avalanche width, flow velocity, and material cohesion on impact pressures. We find that the
current guidelines generally underestimates impact pressures for slow avalanches, whereas including
frictional and cohesive pressure contributions provides better agreement, particularly for wide avalanches.
The simulations further reveal a strong dependence of impact pressure on the relative avalanche and
structure widths, highlighting the importance of lateral confinement and the resulting mobilized domain in
avalanche—structure interactions.

KEYWORDS: Wet avalanche impact loads; Guidelines on structural actions; 3D Numerical modelling;
Material Point Method; Climate change

1. INTRODUCTION

can be calculated as:
1

Phyd = ipav2CDa (1)

where p, is the avalanche density, v is the flow
velocity, and Cp is a drag coefficient. For perpen-
dicular impact of a dense avalanche on a “large
building” wider than 5 m, the Swiss guidelines pre-
scribe a drag coefficient of Cp = 2 (SIA261/1,
2020).

Calculating avalanche impact pressures on struc-
tures is one of the most important engineering
tasks in avalanche science. However, predict-
ing these pressures remains challenging because
avalanche—structure interactions involve a range
of processes that are only partly understood. The
complexity is further increased by the strong de-
pendence of snow properties and avalanche flow
regimes on ambient conditions, which can lead to
substantial variations in avalanche dynamics and
impact behavior.

This formulation represents impact pressure purely
as an inertial contribution and therefore implies
that pressure decreases rapidly with decreasing
avalanche velocity.

Current guidelines on structural actions, including
the Swiss SIA standards and European guidelines,
generally estimate avalanche impact pressure us-
ing a hydrodynamic formulation (e.g. Gauer et al.,
2009; SIA261/1, 2020). According to the Swiss
guidelines on structural actions (SIA261/1, 2020),
the pressure of a perpendicular impact of a dense
avalanche flow on a “large building” wider than 5m
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Field observations, however, have shown that
slow, wet avalanches can exhibit a hydrostatic
pressure profile that is not proportional to veloc-
ity (e.g. Sovilla, Kern, et al., 2010), but to flow
height. Such effects are often neglected in current
guidelines. In recent years, research has therefore
focused on identifying the processes governing
avalanche—structure interactions and quantifying
their contributions to the resulting impact pressure.
Based on conceptual and experimental studies
(Faug, 2015; Thibert and Baroudi, 2010; Sovilla,
Kern, et al., 2010), Kyburz, Sovilla, Gaume, et
al. (2020) interpreted avalanche impact pressure
as the sum of three contributions. The relative
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importance of the contributions depends on the
flow regime, characterized by the Froude num-
ber Fr = v/y/gh, which provides a measure of
the balance between inertial and gravitational ef-
fects. The concept of the mobilized domain (Faug,
2015; Kyburz, Sovilla, Gaume, et al., 2022b) fur-
ther provides a framework to account for the mass
of snow mobilized during the interaction. Building
on these developments, Kyburz, Sovilla, Gaume,
et al. (2022a) proposed a pressure calculation ap-
proach that extends the purely hydrodynamic ap-
proach by explicitly incorporating granular and co-
hesive effects:

B Cp) - f. )

where f. is the cohesion amplification factor, typi-
cally in the range between 1 and 2.5, and the drag
coefficient is defined as Cp = C,,C,(1 + C,/Fr?)
with coefficients C,, depending on the width of the
structure and C, depending on the geometry of
the structure. Consistent with (SIA261/1, 2020),
C, = 2 for perpendicular impact on a flat wall. As
the study Kyburz, Sovilla, Gaume, et al. (2022a)
focused on impact on narrow obstacles C,, ~ 1
was considered for structures wider than 6 m.

Prkyb = (

Direct field measurements of avalanche impacts
on structures representative of residential build-
ings remain difficult and costly because of the large
forces involved. Numerical simulations therefore
provide a valuable complementary approach for

investigating the underlying interaction processes.

In this study, we use the Material Point Method
(MPM) (Gaume et al., 2018) to simulate snow
avalanche impact on structures with dimensions
of typical residential buildings targeted by current
building codes. In particular, in this study we con-
sider the characteristic parameters of the material
and avalanche flow of wet-snow avalanches and
compare the resulting impact pressures with those
predicted by current guidelines on structural ac-
tions and the approach of Kyburz, Sovilla, Gaume,
et al. (2022a), which accounts for granular and
cohesive effects.

2. SETUP AND METHOD
2.1. Numerical Method

In this study, we use the fully three-dimensional
SLAB3D code based on the Material Point Method
(MPM) (Gaume et al., 2018). MPM is a hybrid
method, where the mass, displacement and ve-
locity are tracked with Lagrangian material points
and stresses and deformations are calculated on
an Eulerian background grid. To simulate a par-
ticular material in MPM, constitutive models are
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implemented in an elastoplastic framework. In this
study, the constitutive model is the Modified Cam
Clay (MCC) model (Gaume et al., 2018), which
yielded good results in reproducing the granular
flow characteristics of snow avalanches (e.g. Li et
al., 2020; Kyburz, Sovilla, Buhler, et al., 2025),
as well as capturing snow compressibility and
avalanche—structure interactions (e.g. Ceccato et
al., 2018; Kyburz, Margreth, et al., 2024; Kohler
et al., 2026b). To model wet snow with MCC, we
use a range of values typical of wet snow and other
avalanche simulations (e.g. Li et al., 2020; Kyburz,
Sovilla, Buhler, et al., 2025; Kohler et al., 2026b).
We summarize the most important material pa-
rameters in Table 1.

Table 1: MCC constitutive parameters for wet
show.

Quantity Symbol  Unit Values
Youngs’s modulus E MPa 1
Density p kg/m3 300
SCL* M - 0.8
Pre-consolidation Do kPa 15
Cohesion' c kPa 0.0,3.75
Hardening coeff. £ - 0.2

*Slope of Critical state Line
t ¢ = Bpy, where we choose 3 = 0.0, 0.25

2.2. Simulation Setup

For the present study, we use a simple setup vi-
sualized in Figure 1 of a building represented by a
cube of width W 10m and 20 m. The height H is
high enough to prevent overflowing. We only con-
sider perpendicular impact on a flat plane. Due to
lack of slope, we prescribe the velocity of the snow
release at an upstream distance greater than 2.5
times the structure width . The material closer
to the structure flows and interacts freely with the

structure.
[
|
w rrrr ng
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Figure 1: Schematic sketch of the numerical setup
with the glide plane in light gray, the structure in
dark gray and the snow avalanche volume check-
ered. The objects are not to scale.

In our study, we use typical wet snow avalanche
characteristics, such as flow heights h of 1, 3 and
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5m, avalanche widths w of 10m, 50m and 100 m,
a volume of 50'000 m?, as well as velocities v be-
tween 3 and 10 m/s. However, not all combina-
tions of these parameters are simulated, as for
certain combinations the avalanche volume be-
comes very elongated, short or the interaction time
with the structure is too short to obtain a represen-
tative impact pressure value.

In the simulations the impact force is evaluated as
the integral reaction force on the whole structure.
The simulated impact force varies over time as
shown for two exemplary simulations in Figure 2.
To be able to compare the impact force and pres-
sure between different simulations, we extract
a single value per simulation by taking the 90-
percentile value of the whole time series. To ob-
tain a pressure value, we divide the impact force
by the structure width W and the pressure height
(Kohler et al., 2026a), which is the vertical ex-
tent over which significant impact pressure, > 5%
of the depth-averaged pressure within distance
h from the ground, acts on the structure. In our
analysis, we discard simulations, where the auto-
matically detected pressure height is < 80% than
the avalanche flow height h, because this is con-
sidered unrealistic and leads to excessively high
impact pressures. All simulations are stopped after
a simulated time of 30 s.

w
1

N
1

Force (10°N)

Time (s)

Figure 2: Time series (dots and continuous line) of
simulated of impact force on 10 m-wide structure
for 10 m and 50 m wide avalanche and represen-
tative force value (dash-dotted line) based on the
90-percentile criterion.

3. RESULTS

We first investigate how avalanche width affects
the interaction with a 10 m-wide structure. Fig-
ures 3 a-b show two representative simulations of
cohesive avalanches with ¢ = 3.75kPa, h = 5m,
and v = 5m/s, with avalanche widths of w = 10m
and w = 50 m, respectively. For the 10 m-wide
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avalanche (Figure 3 a), the avalanche initially im-
pacts the structure perpendicularly but is subse-
quently deflected laterally by the deposits that ac-
cumulate upstream of the structure. The inset illus-
trates that a similar deflection can occur for narrow
wet-snow avalanches even in the absence of a
structure. Figure 2 shows that the impact force
may exhibit considerable oscillations. The fluc-
tuations characterizing the purple curve demon-
strate that the deflected flow is not stationary. As
material accumulates on the side toward which
the avalanche is deflected, the flow may become
temporarily blocked, causing it to recenter on the
structure or switch entirely to the opposite side.
Even during deflection, the impact pressure does
not decrease to zero, because residual stresses
are transmitted to the structure through the static
deposits.

In contrast, the 50 m-wide avalanche forms a pro-
nounced stagnation zone, or mobilized domain
(Thibert, Faug, et al., 2013; Faug, 2015; Sovilla,
Faug, et al., 2016; Kyburz, Sovilla, Gaume, et
al., 2022b), upstream of the structure. The wider
avalanche laterally confines this domain as the
flow continues around both sides of the structure.
Time variations in the force signal in this configu-
ration (pink curve in Figure 2) most probably origi-
nate from the well-known frictional and jamming
processes in the mobilized domain (Albert et al.,
2000; Sovilla, Kern, et al., 2010; Kyburz, Sovilla,
Gaume, et al., 2022b).

Figures 3c-d compare the simulated impact
pressure p;,, With pressures calculated using
equations (1) and (2) for varying avalanche
velocities.  We consider both non-cohesive
avalanches (¢ = 0.0 kPa, empty circles) and cohe-
sive avalanches (¢ = 3.75kPa, filled squares).
The simulated pressure remains approximately
constant even as the velocity increases to 10 m/s,
whereas both equations (1) and (2) predict a
stronger velocity dependence. The relatively large
difference between p,;,, and calculated pressures
for v > 5 m/s deserves further investigation.

For the 10 m-wide avalanches (Figure 3 c), co-
hesive avalanches produce almost twice the im-
pact pressure of non-cohesive avalanches for ve-
locities v < 5m/s. This difference decreases
at higher velocities. Equation (2) reproduces the
same qualitative trend, but consistently predicts
higher pressures than the simulations for both,
non-cohesive and cohesive avalanches. In con-
trast, equation (1) underestimates p,;,, for all ve-
locities and cohesion values except for the non-
cohesive avalanche at v = 10 m/s.

For the 50 m-wide avalanches (Figure 3 d), the
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Figure 3: (a) Simulated impact of 10 m-wide and (b) 50 m-wide avalanche on a 10 m-wide structure
(brown). The inset in panel a shows the run-out of wet-snow avalanche fingers on an open field (Picture:
SLF, S. Margreth). (c) Comparison of simulated and calculated impact pressures for varying velocity of
10 m-wide and (d) 50 m-wide avalanche on a 10 m-wide structure.

calculated pressures from equations (1) and (2)
remain identical to those in panel c because nei-
ther equation explicitly accounts for avalanche
width. However, the simulated impact pressure
increases considerably with avalanche width. For
these wider avalanches, values obtained from
equation (2) agree well with p,;,,, and capture the
difference between cohesive and non-cohesive
material. Equation (1), in contrast, considerably
underestimates p;,,, for all cases, although the
discrepancy decreases with increasing velocity.

We quantify this discrepancy by calculating rela-
tive error between the simulated pressure and the
values calculated from equations (1) and (2) for 10
m-wide structures and non-cohesive and cohesive
avalanches withv =3 - 10m/sand h =1 —-5m.

The results in Figure 4 a and b show that, despite
some outliers, the relative error between simulated
and calculated pressure is generally below 1.7.
Analyzing the relative error confirms the same gen-
eral tendency as visible in Figure 3 ¢ and d, where
for v < 5 m/s, py,» generally provides a closer
estimate of p,;,, than py,q for both, non-cohesive
and cohesive avalanches. At higher velocities, this
trend reverses. The large relative error between
Psim and pryp for v > 5m/s may be related to
the relatively low simulated impact pressure sim-
ulated in MPM, as mentioned above. Figure5a
shows the simulated impact pressure for different
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structure-to-avalanche-width-ratios W /w colored
by the flow height, across the range of flow condi-
tions described in Section 2.2. We observe a clear
decrease in pg;,, with increasing W /w. This con-
firms the trend observed in Figure 3 c and d: for a
structure of constant width, a narrower avalanche
produces lower impact pressure. The results in
Figure 5 indicate that, more generally, the rela-
tive widths of the structure and avalanche, rather
than their absolute widths alone, strongly influence
the impact pressure. The absolute pressure p;,,
changes for varying flow height but the trend per-
sists for cohesive and non-cohesive flows as well
as different flow heights.

The remaining scatter of the data originates from
the differing flow velocities. We show this for the
exemplary case of h = 1m, W = 20m by color-
ing the data points by velocity in Figure5b. As
expected for slow avalanches (Fr < 1) the influ-
ence of velocity on the impact pressure is weaker
than the influence of the flow height. Neverthe-
less, Figure 5b clearly shows that the tendency of
decreasing ps;,, persists also for a flow height as
lowas h=1m.

4. DISCUSSION AND CONCLUSIONS

The simulated impact pressures fall within a
physically reasonable range, but experimental
data, ideally from full-scale experiments, are
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Figure 4: Panels a and b show boxplots of relative
error between py,, and pg;,, (green), as well as
Phyd @nd pgin, (blue) for impacts of cohesive and
non-cohesive avalanches, respectively. The me-
dian value is marked with the red lines and outliers
with single markers of the corresponding color.

required to validate the individual pressure values.

We therefore do not interpret the simulations
as providing highly accurate absolute pressure
predictions. Instead, we focus on the robust
tendencies that persist across the range of
material parameters.

The simulations consistently show that
equation (1) from the current guidelines on
structural actions underestimates impact pressure
for slow avalanches (v < 5 m/s). This discrepancy
results from the omission of cohesive and frictional
effects in equation (1). Accounting for these
additional contributions, as in the approach of
Kyburz, Sovilla, Gaume, et al. (2022a), reduces

the discrepancy with the simulated pressures.

In particular, for wide avalanches, or when the
structure is narrow relative to the avalanche
width, the proposed calculation method, originally
developed for narrow obstacles, provides good
agreement with the simulations, whereas the
current guidelines considerably underestimates
the pressure.

The dependence of ps;,, on W/w is likely the
result of the influence of the lateral confinement of
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Figure 5: Panel a shows simulated impact pres-
sure against W /w for various v, colored by
flow height . Panel b shows simulated impact
pressure against W /w for the case of h = 1 m,
W = 20 m with the data points colored by velocity.
In both panels, empty circles mark non-cohesive
avalanches (c = 0.0 kPa) and filled squares mark
cohesive avalanches (c = 3.75kPa). Panels 1-4
at the bottom illustrate the different W /w combi-
nations indicated in the plots above.

the avalanche near the structure. We can identify
two limiting configurations: a laterally unconfined
case, in which the avalanche can spread freely,
and a strongly confined case, in which the lateral
extent of the avalanche itself constrains the
material around the structure. While further
in-depth investigation is needed, we assume that
in the unconfined configuration, as soon as the
stress in the material accumulating upstream of
the structure reaches the yield stress, a local
shear failure is induced and the incoming material
is deflected to the side with little resistance. A
wider avalanche, however, inhibits the lateral
deformation due to the confinement and allows
greater compressive stress to develop upstream
of the structure, where the resistance to flow is
low in the absence of lateral confinement.

In the Swiss guidelines on structural actions
(SIA261/1, 2020), the structures are assumed
to be infinitely wide. From practical experience,
this assumption is mostly valid for W > 5m, as
stated in the guidelines, and h < 2m is implicitly
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assumed for typical flow heights. However,
this range of h is characteristic of dry dense
avalanches and are likely larger in wet avalanches
(e.g. Sovilla, Kern, et al.,, 2010). Moreover,
Figure 5b indicates, that the dependency of pg;.,
with W /w still holds for flow heights in the range
of h < 2m. In the light of these results and of wet
avalanches becoming more frequent, the limit
between “narrow”, for which other guidelines exist
(Margreth, 2007), and “wide” structures should be
defined more precisely, possibly as a function of
avalanche flow height and width.

The simulated setup and interaction mechanisms
represent idealized cases. Conditions in the
field are often more complex. For example, old
avalanche deposits or a snow cover that remains
in front of the structure could deflect even a wide
avalanche and thereby reduce the impact pres-
sure. In addition, we only consider perpendicular
impacts, which represent a special case. As a con-
tinuation of this work, we will investigate impacts
at an angle of 20°, corresponding to the impact-
angle variation considered in the SIA guidelines
on structural actions (SIA261/1, 2020).

In summary, our results suggest that hazard as-
sessments for wet-snow avalanches should con-
sider not only the inertial impact pressure pjyq
prescribed by current guidelines, but also poten-
tially significant frictional and cohesive contribu-
tions. Avalanche width and, consequently, lat-
eral confinement represent an additional impor-
tant factor. Given the difficulty of predicting the
effective avalanche width, hazard assessments
may need to consider the conservative case of
a highly confined avalanche—structure interaction.
Although recent advances have improved our un-
derstanding of these processes, the complexity of
avalanche—structure interactions and the remain-
ing uncertainties warrant further investigation.
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