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Abstract 

Following explosive eruptions, loading from tephra fall deposits can lead to roof collapse. However, the load may be 
reduced significantly by tephra sliding on pitched roofs. We present small-scale laboratory tests to investigate tephra 
sliding behaviour on metal, fibre cement sheet and tile roofing. We tested 10–30 cm thicknesses for dry and wet 
deposits of pumice, scoria and basaltic ash. We found that tephra did not slide on roof pitches ≤ 15° for coarse-grained 
deposits and ≤ 12° for dry ash. Thin deposits of wet ash were stable at pitches ≤ 30°. In addition, tephra was mainly 
shed on pitches ≥ 32° for metal roofs and ≥ 35° for fibre cement and tiles. Using these results, we have produced 
an initial set of sliding coefficients for tephra for simply pitched roofs that can be used to help prioritise roofs for clear-
ing during an eruption and assist in designing roofs to withstand tephra fall.

Keywords Ash fall, Roof loading, Building damage, Volcanic hazards, Eruption impacts

Introduction
Tephra is the most widespread volcanic hazard, impact-
ing large numbers of people and causing disruption 
across many sectors including infrastructure, agriculture 
and transport (e.g. Wilson et al. 2014; Jenkins et al. 2015). 
Buildings and building support systems can be damaged 
by even small amounts of tephra fall (≤ 10 mm thick) if 
heating, ventilation and air-conditioning equipment is 
clogged by ash (Wilson et  al. 2014) or leachates lead to 
corrosion of metal roofs over the longer term (Miller 
et al. 2022; Oze et al. 2014). Thicknesses of 10–100 mm 
may cause collapse of structures which are not built to 
regulated building design standards (non-engineered 
buildings) or which are in poor condition (Hayes et  al. 

2019a; Jenkins et al. 2014), as we observed on La Palma, 
Canary Islands during the 2021 eruption of Cumbre 
Vieja. Thicker deposits can lead to more widespread fail-
ure of roofs when the load exceeds the strength of the 
roof material or the supporting structure (Jenkins et  al. 
2014; Hampton et al. 2015).

Clean-up operations can mitigate the likelihood of 
roof failure (Hayes et  al. 2015) and an understanding 
of loads on individual buildings can enable those struc-
tures at highest risk to be prioritised. On flat roofs, the 
tephra load is likely to be similar to that of the deposit 
on the ground (unless the roof is particularly sheltered 
or windswept) but on pitched roofs some of the tephra 
can slide off, potentially reducing the load on the roof 
significantly; therefore, it is important to understand 
tephra sliding behaviour. Tephra loads also have the 
potential to increase if conditions are wet, with field 
and laboratory observations showing load increases of 
30–45% when rain falls after deposition (Hayes et  al. 
2019a; Williams et al. 2021).

Surveys following eruptions indicate that roofs can col-
lapse at tephra loads of ~ 1–10 kPa, equivalent to tephra 
thicknesses of ~ 10 cm – 1 m depending on deposit den-
sity. Key factors in determining the collapse load are 
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the roof material, quality of construction and condition 
of the building (Blong 2003; Hayes et  al. 2019a; Jenkins 
et al. 2014; Williams et al. 2020). However, despite almost 
60  million people living within 10  km of a volcano that 
has the potential to erupt (Freire et  al. 2019), global 
building standards do not routinely consider tephra load-
ing. The loads imposed by heavy snowfall are however 
considered in some standards (e.g. British Standards 
Institution 2009; International Standards Organization 
2013) and the approach they take on snow loading can 
help when considering how to assess tephra loading dur-
ing building design. The Eurocodes are a harmonised set 
of documents that cover the technical aspects of struc-
tural and fire design of buildings and the civil engineer-
ing of structures. Document BS EN 1991-1-3 from within 
the Eurocodes deals with snow loads and a characteristic 
value of the load on the ground is selected using decades 
of historical data (British Standards Institution 2009; 
Sanpaolesi et al. 1998). This is then multiplied by a shape 
coefficient (µ), which takes account of sliding, to produce 
the load on the roof. Snow sliding behaviour depends 
mainly on temperature and altitude, and µ values are 
defined by empirical equations based on roof load data 
(Sanpaolesi et al. 1999).

For consideration of tephra loads, this approach needs 
to be amended as large historical datasets for tephra fall 
do not exist. It is difficult to collect field data proximal 
to source, given the obvious hazard during the eruption 

and the speed at which tephra deposits may subse-
quently be compacted or modified by wind and rain (e.g. 
Del Bello et al. 2021; Hayes et al. 2019b; Varekamp et al. 
1984). Characteristic tephra ground loads for different 
eruption scenarios can be estimated using probabilistic 
tephra dispersion models (e.g. Barker et al. 2019; Vázquez 
et al. 2019; Wild et al. 2019), while tephra sliding behav-
iour depends on the density and thickness of the deposit 
and the roof material (Fig. 1, amended from Osman et al. 
2022). Bulk (i.e. whole deposit) density varies with tephra 
type i.e. pumice, scoria or ash (which impacts grain den-
sity), the grain size distribution (which impacts deposit 
packing) and the amount of water in the deposit. To 
quantify how tephra sliding reduces roof load, we have 
carried out a series of laboratory tests to identify the roof 
pitches at which tephra loads are reduced or completely 
removed by sliding and have investigated how tephra 
type, grain size distribution, water content, deposit thick-
ness and roof material influenced the angle of sliding 
(Fig. 1). From our results we have produced an indicative 
set of sliding coefficients for tephra loading as a first step 
to help assess the technical impact of tephra loading on 
simply pitched buildings in volcanic environments.

Methods
We carried out over 400 small-scale tilt table experi-
ments to investigate sliding of pumice, scoria and basal-
tic ash in dry and wet conditions. We tested three roof 

Fig. 1 Key factors affecting sliding angle of tephra on roofs (amended from Osman et al. 2022). Shaded boxes represent the factors investigated 
in this study
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materials: metal sheet (galvanized steel, 3” corrugated 
profile), fibre cement sheet (corrugated Eternit Profile 
3 (Eternit 2021)) and clay tiles (Terreal Rustique plain 
tile (Terreal n.d.)). Tephra was loaded into Perspex cells 
with dimensions 22 × 22 × 10 cm (Fig. 2). The cells could 
move freely over each other, facilitated by the application 
of PTFE tape (‘TEFSIL 3’ from Techbelt Ltd, with coef-
ficient of friction ≤ 0.10) between the cells to reduce fric-
tion. This ensured that sliding could occur both within 
the deposit and at the interface between the deposit 
and the roof material. We used one, two and three cells 
to observe sliding for tephra thicknesses of 10, 20 and 
30  cm, respectively. Sliding tests were conducted with 
dry tephra on a dry roof (dry-dry), dry tephra on a wet 
roof (dry-wet) and wet tephra on a wet roof (wet-wet). 
Consideration of the impact the cell had on sliding is pre-
sented in a later section.

Tephra samples
Large volumes of material were needed for the sliding 
tests, therefore synthetic tephra was used, created by 
crushing and grading commercially available volcanic 
aggregates of mafic and silicic composition. This mate-
rial has been shown to be well matched to natural sam-
ples when considering the properties that are likely to 
affect sliding behaviour: bulk density, grain size dis-
tribution and internal angle of friction (Osman et  al. 

2022). To investigate the influence of grain size distri-
bution and bulk density on sliding behaviour, we used 
three tephra samples (detailed in Fig.  3; Table  1): low 
density, coarse-to-fine grain size distribution (GSD) 
(pumice); high density, coarse-to-fine GSD (scoria) 
and high density, fine GSD (ash). We wanted to con-
sider sliding from uniformly applied loads and hence 
minimise any affect from individual large clasts and 
we therefore selected a maximum grain size of -4 φ 
(16  mm). This maximum grain size is also consistent 
with samples used to assess the geomechanical prop-
erties of tephra (Osman et al. 2022), where the size of 
the apparatus used to conduct the geomechanical tests 
limits the maximum size of individual particles relative 
to the total sample size.

We tested both wet and dry tephra. For the wet sam-
ples we aimed to simulate tephra that was naturally 
saturated by rainfall, adding the maximum amount of 
water to the sample and stopping as soon as any runoff 
from the sample occurred. The dry tephra sample was 
weighed and placed on a board inclined at 5°, to allow 
excess water to drain. Water was added gradually so that 
the finest grains were not washed out, and the sample 
was then mixed thoroughly to ensure it was uniformly 
wet. When water was observed draining from the sam-
ple it was left to fully drain off any excess water and then 
reweighed. The water content was calculated by:

Water content (weight %) =
wet weight of tephra − dry weight of tephra ∗ 100

dry weight of tephra

Fig. 2 Tilt table set-up. The roof material was placed on the horizontal tilt table, the cell was placed on it and filled with tephra. The inclination 
of the table was then increased in half degree increments until tephra sliding occurred
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The recorded water contents for pumice, scoria and ash 
were 40 wt%, 15 wt% and 22 wt% respectively, which were 
then used in all “wet” sliding tests for these materials.

The mean bulk densities of the dry samples ranged 
from 433 to 1443 kg  m−3 (Table  1). These values are 
within published deposit density values of ~ 400–1500 
kg  m−3, covering a wide range of eruption sizes and 
compositions (Osman et  al. 2022). However, when 
loaded into the test cell, wet sample bulk deposit den-
sity did not increase as much as expected based on the-
oretical literature values (Macedonio and Costa 2012). 

In the dry deposits, any finer particles were free to move 
relative to the larger grains, filling void spaces. When 
wet, the fine particles aggregated around and adhered 
to larger grains, leading to less efficient deposit packing 
and more void space. This resulted in the bulk density 
of wet pumice increasing by 28%, while the bulk den-
sity of wet scoria actually decreased by 7% compared to 
the dry samples. For ash, the dry deposit flowed like a 
powder but when wet, it did not flow at all and density 
changes between – 6% and + 10%, with respect to the 
dry density, were possible. To better constrain the wet 

Fig. 3 Grain size distribution for pumice, scoria and ash used in sliding tests

Table 1 Grain size, deposit density and equivalent tephra loads for pumice, scoria and ash test samples

Tephra type Wet/Dry Median grain size Maximum grain size Mean deposit 
density (kg  m−3)

Equivalent distributed tephra 
load (kPa) for test deposit 
thickness

(φ) (mm) (φ) (mm) 10 cm 20 cm 30 cm

Pumice Dry -2.3 5 -4 16 433 0.42 0.85 1.27

Pumice Wet -2.3 5 -4 16 556 0.55 1.09 1.64

Scoria Dry -2.3 5 -4 16 1235 1.21 2.42 3.63

Scoria Wet -2.3 5 -4 16 1152 1.13 2.26 3.39

Ash Dry 1.7 0.3 -1 2 1443 1.41 2.83 4.24

Ash Wet 1.7 0.3 -1 2 1574 1.54 3.09 4.63



Page 5 of 16Osman et al. Journal of Applied Volcanology           (2023) 12:11  

ash bulk density, we used a value consistent with field 
samples of basaltic ash and lapilli collected during the 
La Palma 2021 eruption. For these samples, collected 
within a few days of deposition and following rain, the 
natural deposit density was measured as ~ 10% higher 
than the sample’s dry density (after oven drying). We 
therefore aimed to replicate this for all our wet ash tests 
(Table 1).

For the coarser deposits, we investigated whether pour-
ing tephra into the load cell from a greater height (forcing 
greater compaction) would increase the bulk density and 
whether this would impact the sliding angle. We poured 
tephra into the load cell directly and from a height of 
~ 1.5 m when particles ≤ 1 mm diameter would reach ter-
minal velocity (Bagheri and Bonadonna 2016). Deposit 
density increased for the samples poured from height 
(from ~ 500 to 600 kg  m−3 for pumice and from ~ 1000 
to 1200  kg  m−3 for scoria) but the sliding angle did not 
change. We therefore ensured deposit density was within 
these ranges for all our sliding tests with wet pumice and 
scoria (Table 1).

Initial sliding tests
We conducted a series of tests to ensure that sliding 
was controlled by the tephra and not the Perspex cell, 
including consideration of the weight of the cell and its 

placement over the ridges (rather than the troughs) of the 
corrugated sheets.

Control of sliding
We conducted sliding tests with an empty cell to iden-
tify the minimum angle at which sliding would be con-
trolled by the tephra. The edges of the empty cell were 
coated in PTFE tape (‘TEFSIL 3’ from Techbelt Ltd, 
with coefficient of friction ≤ 0.10) to reduce friction 
(Fig. 4a). The cell was placed on each roof material and 
the roof angle increased until sliding occurred (Fig. 4b). 
Sliding angles are shown in Table  2. For the tiles, the 
sliding angle was > 30° which is similar to the expected 
internal angle of friction for tephra deposits (Osman 
et al. 2022), and so the PTFE tape was also the applied 
to the tile directly beneath the cell.

Effect of corrugations
For the corrugated metal and fibre cement sheets, tests 
with 10 cm thickness of pumice were carried out with 
the cell edges over the troughs and the ridges of the 
roofing sheet to check whether the direct contact of 
the ridges along the entire down-slope length of the cell 
impacted the sliding angle. When the cell edges were 
over the ridges, little tephra leakage occurred. When 

Fig. 4 Initial test set-up, a Perspex cell with edges coated in PTFE tape, b testing the sliding angle for one empty Perspex cell on metal sheet, 
c testing the sliding angle using a cardboard cell

Table 2 Sliding angles for the empty Perspex cell on all roof materials used in the sliding tests and for the Perspex cell with 10 cm 
thickness of pumice on the corrugated sheets. For corrugated sheets, angles were measured with the cell placed over the ridges and 
over the troughs. In each case, 3 tests were performed

Roofing material Cell over ridge or trough Mean empty cell sliding angle (°) Mean sliding angle (°) with 
10 cm thickness of pumice

Fibre cement Ridge 24 32

Fibre cement Trough 21 32

Metal sheet Ridge 19 26

Metal sheet Trough 13 27

Tile (no PTFE tape) N/A 32

Tile (with PTFE tape) N/A 24
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the edges were over the troughs, the weight of tephra 
held the deposit in place with tephra only leaking as 
we started to fill the cell and when it slid along the roof 
material. No measurable difference was found in the 
sliding angle (Table 2) and so for all the remaining tests 
the cell was placed over the ridges, as this minimised 
tephra loss when sliding occurred.

Effect of cell weight
To investigate whether the presence of the Perspex 
cell or the area of the cell in contact with the roof-
ing material affected the sliding angle, we carried out 
tests using a cardboard cell weighing < 50  g, with the 
cell walls being ~ 0.3  cm thick (Fig.  4c). We tested 10 
and 20  cm of pumice on all roof materials using the 
cardboard cell. The only notable observed difference 
between the Perspex cell (of weight 2.35  kg for each 
10 cm depth) and the cardboard cell was that on tiles 
with 20  cm thickness of pumice, the tephra “leaked” 
from beneath the sides of the cell before sliding 
occurred. No measurable difference was seen between 
the sliding angles for tests using the cardboard and 
Perspex cells (Fig. 5).

Despite the significant difference in material, weight 
and cell wall size, changing from one cell type to the 
other had no effect on the recorded sliding angles and 
as a result of these tests, we are confident that it is the 
tephra that is controlling the sliding rather than any of 
the test equipment. The tests and results discussed in this 

manuscript therefore assume that all sliding behaviour is 
controlled by the tephra.

Angle of repose and initial movement of tephra grains
The repose angle of the deposit and initial movement 
of the grains (rolling and sliding on the surface of the 
deposit) were investigated with the tilt table set horizon-
tally, by gently pouring tephra to approximately half fill 
one side of the cell. The repose angle was measured, and 
the table was then raised in half degree increments until 
the grains on the surface of the deposit started to move. 
In some tests, individual grains rolled at low tilt angles, 
but the initial movement angle was measured when 
grains moved across a substantial part of the deposit sur-
face. By investigating when the deposit starts to move 
with only one half of the cell filled, we are able to account 
for the fact that the deposit is completely contained in 
the cell during the sliding tests, and mitigate any possi-
bility that the initial recorded onset of sliding would be 
inhibited by the cell.

Sliding tests
With the tilt table set horizontally, the roof material and 
then the load cell were added (Fig.  2). The tephra sam-
ple was weighed, and tephra was carefully poured into 
the cell and distributed to ensure that the deposit was 
evenly dispersed into the corners of the cell. After the 
cell was filled, the remaining tephra was weighed and the 

Fig. 5 Comparison of sliding angles for cardboard and Perspex cells with 10 and 20 cm thickness of pumice on metal sheet, fibre cement and tiles
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mass of test tephra in the cell was calculated. This mass 
was kept constant throughout the series of tests. The vol-
ume of tephra was calculated from measurements of the 
dimensions of the cell (plus an estimate of the volume of 
the corrugations for the metal and fibre cement sheets) 
and from this the bulk density of the test deposit was cal-
culated (Table 1). Tephra loads for the tests ranged from 
0.42 kPa for 10 cm of dry pumice to 4.63 kPa for 30 cm of 
wet ash (Table 1).

To ensure the motion of the tilt table did not initiate 
sliding, slope angle was increased slowly in half degree 
increments until sliding occurred, when the angle of tilt 
was measured with a clinometer. Tests were replicated 
five times, apart from 10 cm of pumice on the corrugated 
roof sheets, where 6 tests were carried out (3 with the cell 
over the ridges and 3 over the troughs).

For the dry-wet and wet-wet tests, the tilt table was 
set to 5°, the empty load cell was added, and the roof was 
thoroughly wetted ensuring the whole area within the 
cell was wet. Any excess water was allowed to run off and 
tephra was then immediately poured onto the roofing 
before the surface dried.

The effect of roof condition was also investigated by 
testing 20 cm of both pumice and scoria on a very weath-
ered (moss-covered) fibre cement sheet and a weathered 
metal sheet. Both sheets, supplied by Garage Revamps 
(http:// www. revam ps. co. uk), had been on garage roofs in 
the UK for > 10 years. The weathered fibre cement tests 

were only able to be carried out twice, as the surface in 
contact with the tephra was substantially changed after 
each test due to the sliding deposit scouring the moss and 
material that had built up on the surface of the roof.

Results
Angle of repose and initial movement of the grains
The mean angle of repose was the same for all dry depos-
its (35°), with a range of 33–36° for pumice and 34–37° 
for scoria and ash (Fig. 6). For the wet deposit, the mean 
repose angle increased to 48° for pumice, 43° for scoria 
and 42° for ash.

In dry samples, grains initially started rolling and slid-
ing over each other at tilt angles of 10–14° for ash (mean: 
12°) and 13–16° for the coarser-grained samples (mean: 
14° for pumice and 15° for scoria). No change was seen 
when scoria was wetted, but wet pumice grains required 
a higher tilt before movement started (mean value 18°), as 
shown in Fig. 6. Wet ash behaved very differently to the 
dry sample, with apparent cohesion between the grains 
resulting in more stable deposits. The 10  cm deposit 
failed by sliding at the base at a tilt angle of 28° on metal 
sheet, and slumping at a tilt of 30° on fibre cement and 
tile. At 20 cm thickness, slumping occurred at tilts of 21°.

Sliding tests
Mean sliding angles varied between 26° and 33° for pum-
ice, 24° and 36° for scoria and 23° and 36° for ash (range 

Fig. 6 Repose angle and angle at which tephra grains started to move on the surface of the deposit for dry and wet pumice, scoria and ash. * Initial 
movement of wet ash varied with deposit thickness. 10 cm: sliding at the base (between tephra and roof ) at 28° on metal sheet and slumping 
of deposit at 30° on fibre cement and tile; 20 cm: slumping at 21° 

http://www.revamps.co.uk
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for total dataset: 22–37°) (Fig.  7). Deposits slid at shal-
lower angles on metal sheet compared to fibre cement 
and tiles (Fig.  8), and at shallower angles on each roof 
material when the deposit was thicker (Fig.  8a). There 
were no clear trends when considering grain size (Fig. 8b) 
but on fibre cement and tile, the steepest sliding angles 
for pumice were lower than for scoria and ash (Fig. 8c).

When considering the impact of water, for the low 
friction metal sheet the dry-dry tests resulted in the 
shallowest sliding angle for all tephra types and the dry-
wet test typically gave the steepest sliding angle (Figs. 7 
and 8d). When the roof was wet, the tephra in con-
tact with the metal sheet formed a distinct layer that 
appeared to hold the deposit at steeper roof angles. On 
fibre cement and tiles, results varied with tephra type 

(Fig.  7). For fibre cement, the steepest sliding angles 
were for the dry-dry and dry-wet tests for the coarse-
grained deposits and the wet-wet tests for ash. On tiles, 
the dry-dry and dry-wet tests gave the steepest sliding 
angles for pumice, the dry-wet tests for scoria and the 
dry-wet and wet-wet tests for ash. Sliding angles on 
weathered metal and fibre cement sheet fell within the 
range found for new roofing sheets for both pumice and 
scoria deposits (Fig. 7).

For the dry, coarser-grained tephra, sliding always 
occurred at the base of the deposit, that is at the inter-
face of the deposit and the roofing material, except for 
one test with 30 cm of pumice on fibre cement, where 
sliding occurred within the deposit. For dry ash, sliding 
always occurred at the base on the metal sheet and fibre 

Fig. 7 Mean sliding angles and range of values for tilt tests with 10–30 cm of pumice, scoria and ash on metal sheet, fibre cement and tile 
roofing. Dry deposits were tested on dry and wet roofs; wet deposits were tested on wet roofs. Dry deposits of 10 and 20 cm of pumice and scoria 
were also tested on dry weathered metal and fibre cement. In the key the hyphenated symbol descriptions refer to the state (dry or wet) 
of the deposit-roof. All results are available in Supplementary material
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cement. On tiles, approximately half of the dry-dry and 
dry-wet tests failed within the tephra at 20  cm thick-
ness, and all failed within the tephra for the 30 cm thick 
deposit (Table 3). For wet tephra, 20 cm thick deposits 

always slid at the base, but at 30 cm thickness, sliding 
was observed both at the base and within the tephra 
(Table  3). Thicker deposits failed more often by over-
coming the internal friction between the grains rather 
than the friction between the tephra and the roofing 
material. For ash this mechanism was more likely when 
the deposit was dry, while for the coarser-grained sam-
ples it mainly occurred in wet deposits.

Discussion
When assessing whether roofs are likely to collapse under 
tephra loading, we need to consider how much, if any, of 
a tephra deposit will slide off and so reduce the load. Our 
experiments considered low- and high-density tephra, 
coarse and fine grain size distributions, both dry and wet, 
at thicknesses up to 30  cm on metal, fibre cement and 
tile roofing. These results can therefore provide initial 
bounds on when sliding is likely to occur for a range of 
deposits and roof materials for simply pitched roofs.

Fig. 8 Impact of key factors (shown in Fig. 1) on mean sliding angles for tilt tests, a deposit thickness: 10, 20 30 cm, b grain size: coarse-grained, 
fine-grained (defined in Fig. 3), c tephra type: pumice, scoria, ash, d presence of water: dry tephra on dry roof, dry tephra on wet roof, wet tephra 
on wet roof. Plots show results on three roof materials: metal sheet, fibre cement sheet and tiles

Table 3 Number of sliding tests (of 5 in total in each case) where 
failure occurred through sliding within the tephra rather than 
at the base of the deposit. For all other tests, sliding occurred 
between the tephra and the roofing material

Test Tephra thickness

20 cm 30 cm

Dry-dry Ash: 2 on tile Pumice: 1 on fibre cement
Ash: 5 on tile

Dry-wet Ash: 3 on tile Ash: 5 on tile

Wet-wet Pumice: 3 on fibre cement; 4 on tile
Scoria: 1 on fibre cement; 5 on tile
Ash: 2 on fibre cement; 1 on tile
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Angle of repose and initial movement of grains
Our mean repose angle of 35° for dry tephra is consist-
ent with the internal angle of friction of 35.8–36.5° 
observed in shear box tests for dry samples with the same 
grain size distributions (Osman et  al. 2022). Published 
experimental results of 35° for ash and 40–45° for coarse 
tephra (Hornby et  al. 2020; Williams et  al. 2021) seem 
to suggest that the finer grains in our sample are con-
trolling the repose angle. Mean repose angles of 42–48° 
for wet deposits are consistent with findings for other 
granular materials that water increases the repose angle 
(e.g. Hornbaker et  al. 1997; Beakawi Al-Hashemi and 
Baghabra Al-Amoudi 2018).

The angle at which grains initially move gives an indi-
cation of the shallowest roof pitch where sliding might 
occur. Our values of ~ 15° for the coarser-grained depos-
its and ~ 12° for dry ash are consistent with experiments 
simulating ash deposition on metal roofing, which found 
26% of the ash was shed from a 15° roof (Hampton et al. 

2015). The behaviour of wet ash, where a 10 cm deposit 
could be stable to ~ 30° and a 20 cm deposit slumped at 
~ 21°, requires further investigation on larger scale roofs 
and at greater tephra thickness than possible with our 
equipment. However, overall, our results suggest that low 
pitched roofs can be considered as flat when assessing 
how sliding may reduce tephra loading, consistent with 
our observations in La Palma, Canary Islands, following 
the 2021 Cumbre Vieja eruption (Fig. 9).

Sliding
The angle at which the entire test deposit slid gives an 
indication of the shallowest roof pitch on which most of 
the deposit will be shed. For steeper angles than those 
recorded we expect the load to be entirely removed as 
we have assumed that the tephra is not inhibited from 
sliding off the roof by the presence of guttering or snow 
guards. Roof collapse occurs when the tephra load 
exceeds the roof failure load. Even without sliding, our 

Fig. 9 Low pitched roofs in (a) Las Manchas and (b) Tacande, La Palma following the Cumbre Vieja 2021 eruption, showing no evidence 
of the deposit sliding except at the deposit edges where the angle of repose has been formed

Fig. 10 Summary plot showing variation of mean sliding angle with tephra load for all tests, highlighted by a tephra type, b roof material 
and c presence of water
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maximum tested pumice test loads of < 2 kPa (Fig. 10a) 
are unlikely to lead to collapse unless roofs are of poor 
quality or badly maintained (Jenkins et  al. 2014). How-
ever, test loads of 1–4 kPa and 1–5 kPa for scoria and ash 
respectively could lead to collapse in good quality build-
ings, hence sliding is an important factor to consider. 
As expected, our results show that sliding occurs at a 
shallower angle on the lower friction metal sheet com-
pared to the rougher surfaces of fibre cement and tiles 
(Fig. 10b). When considering the other factors we investi-
gated (shown in Fig. 1), namely deposit thickness, tephra 
type, grain size distribution and presence of water, there 
is a clear trend on each roof type for the sliding angle to 
be lower for higher loads (i.e. thicker deposits) (Fig. 10), 
but no clear trends related to the other factors (Fig. 10a, 
c). This suggests the increased weight of tephra is key in 
overcoming the frictional forces that resist sliding when 
compared to other factors.

We found that metal roofs require a pitch ≥ 32° to 
ensure the deposit is substantially shed, consistent with 
larger scale tests using dry basaltic ash, where ~ 45% of 
the deposit remained on a 30° metal sheet roof, reducing 
to < 10% at 35° (Hampton et  al. 2015). For fibre cement 
and tiles, a pitch of ≥ 35° is needed to significantly shed 
tephra, which is consistent with our observations of 
tile roofs in La Palma, where sliding had occurred on a 
pitch ~ 35° but tephra built up on a ~ 20° section (Fig. 11).

The impact of rainfall on deposit behaviour likely 
depends on whether it occurs before, during or after 
tephra deposition. Our “wet” tests aimed to simulate 
tephra falling during rain as the tephra was wet before 

deposition into the test cells. Our measured wet density 
increases of 28% for pumice and 9% for ash are consistent 
with observations following the eruption of Pinatubo in 
1991 (Spence et al. 2005) and our findings on La Palma 
in 2021, respectively. However, for wet scoria, as our bulk 
density was 7% lower than for the dry deposit, higher 
saturated loads may be possible if deposition from the 
plume leads to more efficient grain packing than achieved 
in our tests. For rain falling after deposition, grain size 
distribution and rainfall intensity affect the depth to 
which water can penetrate and hence its impact on slid-
ing (Tarasenko et  al. 2019; Williams et  al. 2021). Our 
maximum sliding angle for wet tephra (36° for both sco-
ria and ash) is substantially lower than previous results 
where wet ash remained stable at 45° pitch (Hampton 
et al. 2015). These higher values, taken with our observa-
tions that wet ash deposits demonstrated apparent cohe-
sion, suggest that further work, including at large scale, is 
particularly needed to investigate the behaviour of fine-
grained tephra when water is present.

In our tests, sliding mainly occurred at the base of the 
tephra, between the deposit and the roof material. How-
ever, on the higher friction roofing material, and in par-
ticular for thicker deposits and when water was present, 
sliding also occurred within the deposit (Table  3). This 
suggests that for these roofs and for thicker, wetter tephra 
deposits, the failure mechanism depends on the inter-
nal angle of friction of the tephra rather than the type 
of roofing material and that the frictional strength at the 
deposit-roof interface in these situations is higher than 
the internal frictional strength of the tephra deposit.

Fig. 11 Tephra deposit on a roof in Tacande, La Palma, December 2021 during the Cumbre Vieja eruption. Tephra has slid on the steeper part 
of the roof (~ 35° pitch) but accumulated on the lower, shallower part (~ 20°)
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Implications for disaster risk management
Disaster risk considers the potential harms to people 
and infrastructure in a community resulting from their 
exposure to a hazard, mitigated by their capacity to deal 
with its impacts (United Nations Office for Disaster Risk 
Reduction 2016). Understanding when tephra fall loads 
might lead to building collapse and how deposit sliding 
may reduce that risk can help when assessing priorities 
for clean-up during and after an eruption and when plan-
ning for future eruptions.

For buildings proximal to the source, clearing roofs of 
tephra can significantly reduce the risk of building fail-
ure, but clean-up operations often pose significant logis-
tical and health and safety challenges (Hayes et al. 2015; 
IVHHN 2021). Our results can help prioritise roofs for 
clearance by highlighting when the deposit is likely to 
be reduced by sliding. We found that pumice and scoria 
deposits are unlikely to slide on roofs with pitches ≤ ~ 15° 
while for fine-grained tephra, roofs ≤ ~ 12° can be treated 
as flat. In addition, much of the load is likely to be shed 
on metal roofs with pitches ≥ 32° and fibre cement or tile 
roofs with pitches ≥ 35°.

We also found that weathering of the roof material 
did not significantly change tephra sliding behaviour, 
although when considering the physical load that a roof 
can withstand, it would be important to consider any 
deterioration in the material strength due to environ-
mental exposure which might result in collapse at lower 
imposed loads. Of course, the roofing material may not 
be the weakest part of the roof and collapse may occur 
through failure of weak structural support, as was 
observed following the Cordón Caulle 2011 eruption 
(Elissondo et  al. 2016) and most recently in La Palma 
after the 2021 eruptions (e.g. Dominguez Barragan et al. 
2022). Surveys of roofs on both engineered and non-
engineered buildings around Galeras volcano in Colum-
bia estimated that collapse after tephra fall could occur 
under loads of 0.5–5  kPa, with the roof support struc-
ture and the type and quality of roofing material being 
key factors in determining failure load (Torres-Corredor 
et al. 2017). A range of failure points were also identified 
following the Pinatubo 1991, Rabaul 1994 and Kelud 2014 
eruptions (roof covering, rafters and purlins), with longer 
span roofs and those with overhangs performing poorly 
(Blong 2003; Spence et al. 2005; Williams et al. 2020).

Over the longer term, the risk of failure in vulner-
able areas could be reduced by planning buildings with 
pitches ≥ 35° to enhance the likelihood of tephra sliding. 
Existing buildings where tephra is unlikely to slide could 
also be identified and roof strengthening considered for 
particular key buildings (e.g. Zuccaro and Leone 2012).

Implications for building design
Building design standards aim to ensure that build-
ings remain fit for purpose during their design life and 
take account of transient loads such as snow (e.g. Brit-
ish Standards Institution 2009; International Standards 
Organization 2013). Although tephra loads are not 
routinely considered, the snow load approach could be 
adapted for tephra loading. The Eurocode standard for 
snow loading (BS EN 1991-3) first defines a characteris-
tic value for snow load on the ground, taken as the load 
with an expected 50-year return period (British Stand-
ards Institution 2009). This value is calculated using an 
empirical equation which was derived from statistical 
analyses of historical snow depth measurements and 
takes account of local climatic conditions (Sanpaolesi 
et  al. 1998). The ground load is then multiplied by a 
shape coefficient (ranging from 0 to 1) which accounts 
for the fraction of the load that slides off a roof depend-
ing on its shape. These shape coefficients were derived 
from measurements of ground and roof snow loads col-
lected for 81 buildings over the 1998-99 winter season 
(Sanpaolesi et al. 1999).

For tephra loading, the characteristic value of the 
ground load could routinely be obtained from numeri-
cal modelling of different eruption scenarios (e.g. 
Barker et al. 2019; Vázquez et al. 2019; Wild et al. 2019). 
To build up a comprehensive set of sliding coefficients 
tephra sliding behaviour must be quantified on a wide 
range of roof shapes and materials. As a first step 
towards this, our results can inform values for simply 
pitched roofs. By making the following assumptions, 
we can summarise all our results to show how the frac-
tion of ground load remaining on a roof varies with 
roof pitch for the different tephra types we considered 
(Fig. 12a-c):

• The angle at which grains initially move (Fig. 6) rep-
resents the lowest roof pitch at which any tephra load 
is likely to be removed by sliding.

• The deposit sliding angle (Fig.  7) represents the 
steepest pitch on which any ash will remain.

• Load reduces linearly for roofs with pitches between 
these values.

• Initial sliding occurs at the same angle in 20 and 
30  cm deposits (as we were unable to measure this 
for 30 cm thickness with our equipment).

• Where tephra deposits slide internally rather than 
at the interface with the roofing material, this action 
results in the erosion of the underlying deposit so 
that there is little difference between deposits that fail 
at the base or internally.
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We can then select characteristic curves for each 
tephra type (Fig.  12d). In building design, it is usual to 
present results with a 95% confidence interval, but the 
number of tests needed for that is beyond the scope of 
this study due to the limited size of the test equipment 
and roofing materials available to test. We have however 

selected conservative values and, for this initial assess-
ment, chosen changes of slope at 5° intervals (i.e. at 15, 
20, 30 and 35°). Pumice and scoria can be represented by 
a single curve (Fig. 12a,b), while ash requires two curves 
(Fig. 12c): one for thin, wet deposits, which are stable at 
steep roof pitches, and one for all other ash.

Fig. 12 Summary of all tests showing percentage of ground tephra load expected to remain on a roof for deposits of (a) pumice, (b) scoria, (c) 
ash. Characteristic values for each tephra type are shown in (d). Load is assumed to reduce linearly for roof pitches between lab values for initial 
movement and total sliding

Table 4 Tephra sliding coefficients for monopitch and simply pitched roofs

a When considering critical roof loads, this case will likely only lead to failure for dense deposits or low strength roofs

Roof type Tephra type Low pitch Medium pitch Steep pitch Equation

Monopitch or simply pitched, with pitch = α Coarse-grained (Pumice or scoria) α ≤ 15°
µcoarse  = 1

15° < α < 35°
µcoarse = (35 – α)/20

35° ≤ α
µcoarse  = 0

(1)

Fine-grained (Ash) α ≤ 20°
µfine  = 1

20° < α < 35°
µfine = (35 – α)/15

35° ≤ α
µfine  = 0

(2)

Wet ash < 20 cm  thicka α ≤ 30°
µfinewet  = 1

30° < α < 35°
µfinewet = (35 – α)/5

35° ≤ α
µfinewet  = 0

(3)
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As a final step, we can present these results as indica-
tive sliding coefficient equations for simply pitched roofs 
(Table  4), using the same format as the Eurocode snow 
loading coefficients. The sliding coefficient, µ, varies with 
roof pitch and is a multiplier that converts tephra load on 
the ground to tephra load on a roof. The geological set-
ting is important when considering likely deposit charac-
teristics in any future eruption, and expert judgement of 
local hazard should be used to select the most appropri-
ate Eqs. (1, 2 or 3) in any area.

Limitations and future work
When considering building failure due to natural haz-
ards, there will ultimately be the possibility of loss. For 
financial loss, insurance companies typically use vulner-
ability curves to link hazard intensity (in our case, tephra 
fall loads) to likely damage for different building types 
(Blong et al. 2017; Oramas-Dorta et al. 2021). Exposure is 
often considered at a regional scale, aligning with infor-
mation held by insurers, as exposure data at the level of 
individual buildings are rarely available (Murnane et  al. 
2019; Silva et  al. 2018). However, where detailed asset 
information is obtained, we see the potential of using 
our results to shift the vulnerability curves depending 
on tephra type and roof shape, providing more accurate 
damage and loss estimates for tephra fall events. In the 
case of loss of life, the best approach to avoid this is to 
identify the hazard and reduce the risk. The hazard posed 
by tephra loading leading to roof collapse is obvious, but 
the risk is controlled by the quality of the structure and 
ability of the tephra load to be shed. The characteristic 
curves developed here demonstrate the process through 
which this risk can begin to be calculated.

To fully realise the potential benefits of this work more 
testing on different materials and at different scales is 
needed. The findings presented here relate to uniform 
loads on simply pitched roofs and assume that the tephra 
load is removed when the deposit slides, rather than 
being redistributed on the roof. Our experiments do not 
represent the process of deposition, where the deposit 
may be stratified by grain size (Eychenne and Engwell 
2022) and tephra falls on an inclined surface, while in our 
tests we poured tephra onto a horizontal surface which 
was then inclined. The rate of deposition may also affect 
the ability of tephra to slide or be cleared, clogging of gut-
ters may form barriers inhibiting sliding (Hampton et al. 
2015) and for multi-pitched roofs, sliding from one area 
may lead to increased loading elsewhere. We have not 
considered post-depositional changes, where rain can 
lead to deposit surfaces becoming cemented, which may 
affect the sliding behaviour (Tarasenko et al. 2019). Wind 
can also cause drifting on sheltered roofs and this can 
significantly increase loading, as has been seen from field 

observations and laboratory tests for snow loads (e.g. 
Bennett et al. 2014; Wang et al. 2020; Zhang et al. 2021).

We have focused on one of the hazards of tephra fall, 
namely increased roof loading. However, fire from hot 
tephra and impact from larger ballistics should also be 
considered (e.g. Hampton et  al. 2015; Williams et  al. 
2019). In addition, if the deposit remains in place long 
term, corrosion may weaken metal roofs, as was reported 
in Montserrat (Sword-Daniels et  al. 2014) and Rabaul, 
Papua New Guinea (Blong 2003), although laboratory 
tests indicate this is unlikely to occur over timescales less 
than one month (Oze et al. 2014). It would be useful to 
investigate how tephra fall may promote corrosion and 
lead to building failures beyond proximal areas, consider-
ing both the residue left after sliding (as we found in our 
dry-wet tests) and deposits thinner than 10 cm. We have 
also not considered any structural aspects of roofs, but 
these are important when assessing the collapse risk for 
individual roofs (Torres-Corredor et al. 2017).

The largest limitation of our work is that our tests were 
small-scale and considered sliding on a simple slope for 
three roof materials. The volumes of tephra required for 
large-scale testing precluded statistically relevant test-
ing on even just three roofing materials within the scope 
of this project, and the importance of testing the influ-
ence of different roofing materials was considered a pri-
ority. Larger scale experiments are however now needed 
to confirm our results and assess the impact of the roof 
structure on failure. Tests covering other roof materials 
and more complex roof geometries would also add to 
these findings and allow application to a wider range of 
roof types found in areas at risk of tephra loading.

In contrast to our other tephra samples, wet ash did 
not flow and thin deposits were stable to high angles (30° 
on fibre cement and tiles) before failing by slumping or 
sliding along the roof. This means that our assumption 
that roof loads decrease linearly for roofs with pitches 
between the initial movement and final sliding angles 
(Fig. 12) may not be valid for this deposit. Again, larger 
scale tests should investigate how varying thicknesses of 
wet ash behave on different roof materials and slopes.

Conclusions
Using small-scale laboratory tests to investigate tephra 
sliding behaviour on roofs, we have developed a set of 
preliminary sliding coefficients for monopitched or sim-
ply pitched roofs. These have been derived by adapting 
the European Eurocode standard procedure for snow 
loads on roofs. Our tests considered thicknesses of 10, 
20 and 30  cm on corrugated metal, fibre cement sheets 
and tiles for dry and wet deposits of low-density pumice 
and high-density scoria with a coarse-to-fine grain size 
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distribution (median grain size = -2.3 φ (5 mm)), as well 
as high density basaltic ash (median grain size = 1.7 φ 
(0.3 mm)).

Our results show that sliding of coarse-grained depos-
its is unlikely to occur on roofs with pitches ≤ ~ 15°, while 
for dry ash this value is ~ 12°. Wet ash behaved differently 
with thin deposits (10  cm thick) stable at pitches up to 
30°; however, our results for wet ash are inconclusive and 
further work is needed to investigate the effects of water 
on ash deposits. In addition, the load is mainly shed on 
metal roofs with pitches ≥ 32° and fibre cement or tiles 
with pitches ≥ 35°, values that hold for both new and 
weathered roofing.

For monopitch and simply pitched roofs, we have pro-
duced characteristic curves and sliding coefficients ena-
bling tephra loads on a roof to be estimated from the 
ground load. These results can assist in prioritising roofs 
to be cleared during and after an eruption. This is a first 
step towards developing building standards for tephra 
loading; however, there is further work to be done. Addi-
tional roof types need consideration to build up a com-
prehensive set of sliding coefficients that can be used 
in building design and large, structure-scale testing is 
required to validate the laboratory results.
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