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!ōǎǘǊŀŎǘ 

Tephra fall can significantly increase loading on roofs and by better understanding the 

factors that influence roof vulnerability to collapse, mitigations can be more appropriately 

targeted. My research assessed tephra sliding behaviour, modelled tephra loads and 

developed a GIS tool to estimate how vulnerable individual buildings are to roof collapse.  

In the laboratory I confirmed the geomechanical properties of synthetic tephra that 

influence deposit sliding behaviour (bulk density, grain size distribution, internal angle of 

friction) match well to natural samples. I then used synthetic samples to characterise how 

tephra slides on roofs and validated my results with field observations during the 2021 

Cumbre Vieja eruption (La Palma, Canary Islands). Grain size, roof material and pitch were 

the key factors influencing sliding. I compiled initial sliding coefficients for three roof 

materials on simply pitched roofs, based on the Eurocode approach for snow loads. These 

coefficients estimate the fraction of tephra load on the ground that is expected to remain 

on a roof.  

I conducted a probabilistic tephra fall hazard analysis for Ascension Island, using knowledge 

from the geological record and data from analogous eruptions on São Miguel, Azores. I 

modelled possible future eruption scenarios and provided probabilities of tephra fall loads 

exceeding threshold values for roof failure. There was a 50 % probability that three basaltic 

events, each with a 6ς10 km plume height could produce proximal tephra loads sufficient 

to cause roof collapse if roofs were not cleared between eruptive phases.  

Finally, I combined my results to develop a GIS tool that assesses susceptibility to roof 

collapse at a building level. The tool takes model output tephra loading, data on individual 

buildings, my tephra sliding coefficients and published estimates of collapse loads to 

identify buildings where tephra loads may exceed the roof failure load for a given eruption 

scenario.
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Chapter 1  
 
LƴǘǊƻŘǳŎǘƛƻƴ 
 

During explosive volcanic eruptions, tephra fall deposits can increase loading on roofs and 

pose a significant problem to the structural integrity of buildings. The additional roof load 

due to tephra (the term for ejected particles of all sizes) depends on a complex interplay of 

factors which must be considered when assessing possible impacts on buildings. These 

include eruption parameters (vent location, eruption size and intensity), deposit properties 

(grain size distribution, bulk density), atmospheric conditions (wind velocity, precipitation) 

and building features (proximity to the source, roof material, pitch).  

Observations after eruptions provide valuable data on conditions that may lead to roof 

damage. However, large eruptions that produce tephra deposits sufficient to cause roof 

collapse are relatively infrequent and field observations are therefore limited. In addition, 

surveys need to be conducted as soon as possible after deposits are emplaced, but this 

must be balanced with the risks of entering areas while there is still a danger of further 

explosive activity and sensitivities regarding affected communities and emergency 

response. 

Experimental studies and model simulations can help to fill in knowledge gaps by exploring 

a wider range of conditions than is easily encountered in the field. In this project I use these 

methods to investigate tephra fall loading and sliding on roofs.  
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!ƛƳ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘ 

The overall aim of this project is to better understand the factors influencing roof 

vulnerability to collapse under tephra fall loading using laboratory tests validated with field 

data and numerical modelling. A secondary aim is to combine my results with building data, 

using geographic information systems (GIS) to identify buildings where tephra loading may 

lead to roof collapse so they can be prioritised for roof clearing or other mitigations.  

To achieve these aims, my specific objectives are to: 

¶ Confirm the geomechanical properties of synthetic tephra, made from crushing and 

grading volcanic aggregates, match those of natural samples when considering 

deposit sliding behaviour, enabling synthetic samples to be used for sliding tests.  

¶ Characterise tephra sliding behaviour on roofs using laboratory tests to investigate 

how grain size and density, roof material and pitch impact sliding, and ground-truth 

the results with field observations taken during the Cumbre Vieja 2021 eruption, La 

Palma, Canary Islands. 

¶ Compile an initial set of tephra sliding coefficients from the laboratory results, 

applicable to simply pitched roofs, using an approach based on the Eurocode 

building standard for snow loads. 

¶ Conduct a probabilistic tephra fall hazard analysis for Ascension Island and assess 

possible impacts to buildings, focusing on eruptions large enough to potentially 

ŎŀǳǎŜ ǊƻƻŦ ŎƻƭƭŀǇǎŜ ŀƴŘ ǘŀƪƛƴƎ ŀŎŎƻǳƴǘ ƻŦ ƪƴƻǿƭŜŘƎŜ ƎŀǇǎ ƛƴ ǘƘŜ ƛǎƭŀƴŘΩǎ ŜǊǳǇǘƛǾŜ 

history because of poor deposit preservation.  

¶ Develop a GIS tool that combines the tephra sliding coefficients with published roof 

collapse load estimates and data on individual buildings to identify buildings where 

tephra loading may exceed the roof failure load for a given eruption scenario. 

¢ƘŜǎƛǎ ƻǳǘƭƛƴŜ 

The remainder of this first thesis chapter provides background and context for the later 

chapters. I discuss tephra hazards, focusing on tephra fall, and introduce tephra transport 

and dispersal modelling. I review exposure data and assess existing knowledge on tephra 

fall impacts on buildings, based on field observations and laboratory studies. Finally, I 

consider mitigation measures and summarise the Eurocode building standard approach for 
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assessing roof loads. Chapters 2 to 5 present the laboratory tests, modelling and GIS 

analysis that make up this project (Fig. 1-1). 

 

Fig. 1-1 Outline of thesis science chapters 

 

In Chapter 2, I detail my investigation on the geomechanical properties of tephra relevant 

to roof loading for application in vulnerability analyses. I compare bulk density, grain size 

distribution and internal angle of friction for natural and synthetic tephra deposits using a 

combination of published data and new experimental results from sieving, Camsizer 

analyses and shear box tests. I show that synthetic samples match well to the natural 

tephra deposits, an important finding confirming that we can use synthetic samples in 
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experiments relating to tephra loading of roofs. The work in this chapter has been 

published in the peer-reviewed Journal of Applied Volcanology (Osman et al. 2022). 

Chapter 3 presents small-scale laboratory tilt-table tests to investigate how tephra sliding 

on a roof is affected by the roof material and pitch, as well as the density and grain size 

distribution of the deposit. From the results, ground-truthed by field observations in La 

Palma during the 2021 eruption of Cumbre Vieja, I develop a preliminary set of sliding 

coefficients for simply pitched roofs using methodology adapted from the Eurocode 

standard for snow loading. This work has been published in the peer-reviewed Journal of 

Applied Volcanology (Osman et al. 2023). 

Chapter 4 describes a probabilistic hazard analysis for Ascension Island which quantifies 

tephra fall hazard and appraises the possible impact on buildings. I model a range of felsic 

and mafic scenarios, for explosive events that could lead to tephra deposition sufficient to 

cŀǳǎŜ ǊƻƻŦ ŎƻƭƭŀǇǎŜΦ .ŜŎŀǳǎŜ !ǎŎŜƴǎƛƻƴΩǎ ŜǊǳǇǘƛǾŜ ƘƛǎǘƻǊȅ ƛǎ ǇƻƻǊƭȅ ŎƻƴǎǘǊŀƛƴŜŘΣ L ŎƻƳōƛƴŜ 

data from the geological record on Ascension with analogue eruptions from São Miguel, 

Azores to calibrate the model and identify eruption source parameters for the simulations. 

There are insufficient data to assess vent opening probabilities and so I use a novel grid of 

possible source locations to account for uncertainty in vent location for eruptions from the 

monogenetic field. The work in this chapter has been submitted to the peer-reviewed 

Bulletin of Volcanology, with an abstract that has already been accepted for a special issue 

on Uncertainty quantification. 

In Chapter 5 I present a new GIS tool (available for ArcGIS Pro and QGIS) to enable roofs 

susceptible to failure under tephra fall loading to be identified. As inputs, the tool takes a 

spatial tephra load distribution (I use an example from Ascension Island (Chapter 4)), tephra 

sliding coefficients (detailed in Chapter 3), published roof collapse load estimates and 

building characteristics (location, roof material, pitch and building condition). The output is 

a map highlighting buildings for which the tephra load on the roof is greater than the 

estimated roof collapse load for that building, given the event being considered. The tool 

could assist emergency managers to identify buildings most vulnerable to collapse for 

different eruption scenarios, enabling them to prioritise roof clearing or other mitigation 

measures. The work in this chapter is being prepared for submission to the peer-reviewed 

journal Natural Hazards. 
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Finally, Chapter 6 provides a critical discussion of the whole project, presents conclusions 

from the work and recommends directions for future research. 

¢ŜǇƘǊŀ ƘŀȊŀǊŘǎ 

Explosive volcanic eruptions are a major global hazard with the potential to impact ~ 800 

million people who live within 100 km of an active volcano (Brown et al. 2015). The United 

Nations Office for Disaster Risk Reduction (UNDRR) defines a hazard as a phenomenon that 

has the potential to cause damage or disruption (2016) and volcanic hazards vary with 

eruption size and distance from the eruptive vent.  They include blocks ejected ballistically 

or falling from the plume, which can travel hundreds of metres (e.g. Tsunematsu et al. 

2016; Osman et al. 2019; Waythomas and Mastin 2020), pyroclastic density currents (PDCs) 

with hot and fast-moving, gravity-driven mixtures of tephra and gas extending to tens of 

kilometres from the source (e.g. Jenkins et al. 2013; Baxter et al. 2017; Risica et al. 2022) 

and tephra dispersed by the wind, where the finest particles can travel hundreds or even 

thousands of kilometres (e.g. Watson et al. 2017; Cashman and Rust 2020; Buckland et al. 

2022).  

When in the air, the finest tephra can pose a hazard to aircraft, as ingested particles can 

melt at the high temperatures found in jet engines, leading to engine failure (Song et al. 

2019; Pearson and Brooker 2020; Lokachari et al. 2020). Airborne tephra can also impact 

human health with respiratory problems reported due to inhalation of the finest ash, 

particularly when particles are fragmented by wind or traffic after deposition (e.g. Horwell 

et al. 2017; Zabert et al. 2019; Eychenne et al. 2022).  

After deposition, tephra accumulations of just a few millimetres can severely impact critical 

infrastructure by causing electrical flashovers, clogging water filters and corroding metal 

components (e.g. Jenkins et al. 2015; Wilson et al. 2017; Deligne et al. 2022). When 

deposits reach a few centimetres thickness, crops can be damaged if a tephra blanket 

prevents photosynthesis or abrades leaves or fruit, and livestock can be lost as a result of 

fluorosis (e.g. Craig et al. 2016; Flueck 2016; Ligot et al. 2022). Thicker deposits (tens of 

centimetres) can cause buildings to fail due to increased roof loading (e.g. Jenkins et al. 

2014; Blong et al. 2017; Williams et al. 2020) and this is the focus of my project. 
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Hot particles can also start fires (Wardman, et al. 2012; Jenkins et al. 2013; Day et al. 2022) 

and if the deposit remains in place long-term, metal roofs can corrode, as was reported in 

Montserrat (Sword-Daniels et al. 2014) and Rabaul, Papua New Guinea (Blong 2003).  

Populations of small volcanically active islands can be particularly susceptible to disruption 

from tephra fall because of their proximity to the source and logistical difficulties in 

arranging prompt evacuations (e.g. Hicks et al. 2014; Sword-Daniels et al. 2014; Miller et al. 

2022). However, better understanding of potential future hazards through modelling a 

range of eruption scenarios enables mitigations to be considered, both prior to an eruption 

and during events. This project models a range of eruption scenarios for Ascension Island, 

focusing on events where tephra fall deposits could be sufficient to cause roof collapse.  

aƻŘŜƭƭƛƴƎ ǘŜǇƘǊŀ Ŧŀƭƭ ƘŀȊŀǊŘ 

Tephra transport and dispersal models (TTDM) can be used to reconstruct past events by 

matching outputs to field observations (inverse mode), to provide short-term tephra hazard 

forecasts during eruptions (forward mode) and to generate probabilistic hazard analyses 

that can assist in longer-term planning for potential future events (Folch 2012). Scenarios 

can be used to assess the impact on current infrastructure of eruptions similar to those in 

the historic or geological record (e.g. Barsotti et al. 2018; Wild et al. 2019; Aravena et al. 

2023) The modelling work in this project underpins probabilistic analysis of tephra fall 

hazard and related impacts on buildings, focusing on Ascension Island.  

TTDMs that focus on deposit hazards usually simplify the physics of the rising plume and 

use empirical scaling relationships to relate plume height to mass eruption rate (MER), 

which provides a time-averaged MER as variations in plume height during an eruptive 

phase are rarely recorded (Aubry et al. 2023; Dürig et al. 2023). The models then solve 

advection-diffusion-sedimentation equations to simulate diffusion of particles in the plume, 

advection by wind and sedimentation under gravity (Folch 2012). Near source processes 

such as aggregation and gravitational settling are usually accounted for through selection of 

appropriate input parameters (Kavanagh et al. 2018).   

Models are calibrated using observations from past eruptions to optimise the model 

parameters for the volcano of interest (e.g. those defining diffusion of particles within the 

plume). Where possible, calibration and selection of eruption source parameters (ESPs) 

should be based on the historic or geological record at that volcano, but gaps in our 

knowledge of past eruptions may make this impossible. This can occur when tephra is 
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deposited over inaccessible terrain or over the sea and when erosion rates are high 

because of wind or rain, making it difficult to constrain previous eruptive events (e.g. Cole 

et al. 2019; Preece et al. 2021; Burgos et al. 2023). We must then use well-studied 

volcanoes or eruptions with similar characteristics as analogues, as we assume that 

ΨŎƻƳƳƻƴ ǇǊƻŎŜǎǎŜǎ ώƻŎŎǳǊϐ ŀǘ ǳƴƛǉǳŜ ǾƻƭŎŀƴƻŜǎΩ (Cashman and Biggs 2014). Criteria for 

selection of analogues include tectonic setting, eruption size and style, repose intervals, 

magma composition and deposit geochemistry (Tierz et al. 2019). In this project, I used 

eruptions on São Miguel, Azores as analogues for poorly-constrained explosive events on 

Ascension Island, with selection criteria described in detail in Chapter 4. 

Modelling of future tephra fall hazard must take account of both the intrinsic variability in 

volcanic processes and atmospheric conditions, that together influence plume dispersal and 

tephra deposition (aleatory uncertainty) as well as uncertainties arising from our 

incomplete knowledge of those processes (epistemic uncertainty) (Beven et al. 2018; 

Marzocchi et al. 2021). As an example, selection of eruption source parameters based on 

deposit data introduces uncertainty as many combinations of ESPs may produce tephra 

deposits that match observed values (Constantinescu et al. 2022). To attempt to quantify 

these uncertainties, probabilistic hazard analysis uses a large number of simulations, with 

input parameters for each simulation (e.g. plume height, eruption duration, erupted mass 

and wind fields) sampled from a range of possible values (Bonadonna et al. 2015; Connor et 

al. 2015). This allows the probabilities of different outcomes to be assessed, a feature I 

discuss in detail in Chapter 4. 

9ȄǇƻǎǳǊŜ ŀƴŘ ƛƳǇŀŎǘǎ 

Exposure can be defined as the people and infrastructure located in areas affected by a 

hazard, while vulnerability considers their susceptibility to the impacts of that hazard 

(UNDRR 2016). Over the past ~ 500 years, over 2400 fatalities resulting from tephra-

induced roof collapse have been recorded (Table 1-1). The largest loss of life (2000 deaths) 

occurred in Guatemala following the VEI 6 eruption of Santa María in 1902. However, even 

small eruptions can have devastating local impact, with the VEI 3 eruptions of Cerro Negro 

(1992) and Mayon (1886) leading to 9 and 15 deaths respectively (Brown et al. 2017). In 

addition, tephra clean-up can result in injury or death, with 17 major injuries reported after 

the Shinmoedake 2013 eruption due to falls from roofs or ladders (Magill et al. 2013). 



Chapter 1: Introduction  
 

 

8 
 

Tephra deposits sufficient to cause roof collapse can extend tens of kilometres from source 

for even relatively small eruptions, and global population growth means that increasing 

numbers of people are exposed to volcanic hazard. In 2015, around 59 million people were 

estimated to live within 10 km of a Holocene volcano (active within the last ~ 11 ka) up 

from 29 million in 1975 (Freire et al. 2019).  

Table 1-1 Fatalities resulting from building or roof collapse due to tephra fall (Brown et al. 

2017)  

Volcano Date Eruption 

size (VEI) 

Fatalities 

Santa María, Guatemala 1902 6 2000 

Pinatubo, Philippines 1991 6 > 300 

El Chichón, Mexico 1982 5 100 

Kelut, Indonesia 1990 4 35 

Mayon, Philippines 1886 3 15 

Cerro Negro, Nicaragua 1992 3 9 

Taal, Philippines 1754 4 6 

 

The number of people potentially exposed to tephra fall hazard is particularly large because 

one of the key controls on tephra deposition is wind velocity, with the plume spread 

depending on the wind direction during an eruption. Using Fuego Volcano in Guatemala 

and Cerro Negro in Nicaragua as examples, we can estimate current population exposure if 

eruptions similar to ones in recent decades were to occur, using LandScan global population 

data (Sims et al. 2023)Φ CǳŜƎƻΩǎ ±9L п ŜǊǳǇǘƛƻƴ ƛƴ hŎǘƻōŜǊ мфтп ŘŜǇƻǎƛǘŜŘ нр ŎƳ ǘƘƛŎƪƴŜǎǎ 

of tephra up to 15 km from the source, as shown in Fig. 1-2a (Rose et al. 1978). The current 

population living in the area bounded by the 25 cm isopach is ~ 7000, but ~ 197 000 people 

who live within 15 km of Fuego may experience roof collapse from a similar future eruption 

(Sims et al. 2023). Of course, tephra fall would need to be considered alongside other 

volcanic hazards such as PDCs which occur on the steep slopes of the volcano and tragically 

resulted in at least 300 deaths and over 5000 people made homeless following paroxysms 

in June 2018 (Naismith et al. 2020).   

At Cerro Negro in Nicaragua, VEI 3 eruptions in 1971 and 1992 resulted in tephra deposits ~ 

20 cm thick ~ 10 km from source (Fig. 1-2b) with roof collapse from tephra loading leading  
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Fig. 1-2  Area impacted by tephra fall > 20 cm thick following a) 1974 eruption of Fuego, 

Guatemala (Rose et al. 1978), b) 1971 and 1992 eruptions of Cerro Negro, Nicaragua (Rose 

et al. 1973; Courtland et al. 2012). Maps show 2022 population (Sims et al. 2023) 
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to 9 fatalities in 1992  (Rose et al. 1973; Courtland et al. 2012; Brown et al. 2017). The area 

within the 20 cm isopach has a current population of ~ 1000, but ~ 10 000 people live 

within 10 km of the volcano and so may potentially be impacted (Sims et al. 2023). A VEI 2 

eruption in 1995 also deposited 30 cm of tephra 2 km from source, but this was in a 

virtually uninhabited area (Hill et al. 1998; Sims et al. 2023).   

LƳǇŀŎǘǎ ƻƴ ōǳƛƭŘƛƴƎǎ 

In volcanic regions, it is important to understand which buildings are most vulnerable to 

tephra fall hazard so that mitigations can be considered, but data on building damage from 

tephra fall are limited. Post-eruption surveys in Olangapo City and Castillejos, Philippines in 

1991 (Spence et al. 1996) and Rabaul, Papua New Guinea in 1994 (Blong 2003) provided 

estimates of collapse loads for a range of building types. Jenkins et al. (2014) combined 

field data with theoretical and experimental results to identify the range of failure loads 

expected for different roof types. Surveys of buildings in Chile impacted by the Calbuco 

2015 eruption (Hayes et al. 2019) and a remote survey of buildings within ~ 10 km of Kelud 

volcano in Indonesia following the 2015 eruption (Williams et al. 2020) provided further 

data on damage to timber- and bamboo-framed buildings. These observations indicate that 

roofs can collapse at tephra loads of ~ 1ς10 kPa depending on the roof material, with the 

quality of construction and the condition of the building being key factors in determining 

the failure load. More recently, following an estimated VEI 4 eruption of Taal volcano, 

Philippines in 2020, deposition of wet andesitic ash led to collapse of low-strength roofs in 

the proximal towns of Agoncillo and Laurel, with deposit thickness of 11 cm measured in 

Agoncillo ~ 8 km from source (Balangue-Tarriela et al. 2022). This suggests collapse at a 

load of 1ς2 kPa (assuming dry andesite bulk density of 500ς1500 kg m-3 and water 

increasing load by ~ 50 % (Hayes et al. 2019; Osman et al. 2022)). 

Long-lasting eruptions present additional challenges as tephra deposits can build up over 

the course of days or weeks when eruptions consist of multiple explosive pulses. The 2021 

eruptions of Soufrière, St Vincent and Cumbre Vieja, La Palma, Canary Islands showed that 

this increase in tephra fall loading on roofs could lead to roof collapse, highlighting the 

importance of clearing tephra when it is safe to do so (Bonadonna et al. 2022; Miller et al. 

2022; Martí et al. 2022; Cole et al. 2024). 

Expanding the dataset of field observations is difficult as tephra fall sufficient to cause 

building failure usually occurs proximal to the source and it may not be possible to access 



Chapter 1: Introduction 
 
 

11 
 

buildings within exclusion zones before clean-up has begun or the deposit has been altered 

by wind or rain. Remotely sensed data can complement fieldwork (Thouret et al. 2022) and 

laboratory tests allow a wider range of conditions to be explored than is easily encountered 

in the field. Detailed building surveys supplemented with strength testing of structural 

components enabled failure loads to be estimated for typical tiled-roof buildings in the 

Azores (Pomonis et al. 1999). Experimental results have also shown how rainfall and 

deposit sliding can affect roof loads, although to date only a limited set of conditions has 

been tested.  

Large-scale testing of ash sliding on metal sheet roofing and its impact on guttering found 

ǎƭƛŘƛƴƎ ƻŦ ŀ ŘǊȅ ŘŜǇƻǎƛǘ ƻŎŎǳǊǊŜŘ ƻƴ ǊƻƻŦ ǇƛǘŎƘŜǎ җ мр ϲ ǿƛǘƘ ǎǳōǎǘŀƴǘƛŀƭ ŀǎƘ ōǳƛƭŘ ǳǇ ƛƴ 

ƎǳǘǘŜǊƛƴƎ ǿƘŜƴ ǘƘŜ ǊƻƻŦ ǇƛǘŎƘ ǿŀǎ җ ол ϲ (Hampton et al. 2015). For dry loads, most of the 

ash was shed from roofs steeper than 35 °, while wet deposits were stable on roofs with 

ǇƛǘŎƘŜǎ Җ пр ϲ (Hampton et al. 2015). Small-scale testing on the impact of post-depositional 

rainfall on ash found grain size distribution and rainfall intensity affected the depth to 

which water could infiltrate a deposit, with surface crusting limiting rainfall penetration 

(Jones et al. 2017; Tarasenko et al. 2019; Williams et al. 2021). On low pitched roofs (15 °) 

rainfall increased deposit density by 18ς30 % (Williams et al. 2021), much lower than 

theoretical values assuming deposit saturation (Macedonio and Costa 2012). This project 

expands the range of parameters tested in the laboratory by assessing the geomechanical 

properties of tephra that are relevant to roof loading (Chapter 2) and identifying their 

influence on deposit sliding. Small and large shear box tests are used to measure internal 

angle of friction of fine- and coarse-grained deposits respectively. The test set-up is shown 

in Fig 1-3 and the method is detailed in Chapter 2. Small-scale sliding tests on a tilt table (Fig 

1-4) are used to quantify the impact of grain size and density, roof type and pitch on sliding 

and assess the resulting reduction in tephra fall loading on a roof (Chapter 3).  

aƛǘƛƎŀǘƛƻƴ ŀŎǘƛƻƴǎ 

During and immediately after eruptions, clearing tephra from roofs and gutters can reduce 

the likelihood of building failure loads being reached. This requires careful planning for 

long-lasting eruptions where deposits can build up in evacuated areas (Leonard et al. 2005) 

and the costs of repeated clean-up must be balanced against timely intervention to 

minimise building damage (Hayes et al. 2015). In addition, it is important to follow best  
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Fig. 1-3 Shear box equipment. a) Schematic diagram amended from BS 1377-7 (British 

Standards Institution 1990). LVDT = linear variable differential transformer, b) Loading 

sample (10 x 10 x 2 cm) in small shear box, (c) Small shear box set-up, d) Loading sample  

(30 x 30 x 16 cm) in large shear box, e) Large shear box set-up  
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Fig. 1-4 Tilt table equipment. a) Schematic diagram, b) Scoria sample on metal sheet roofing 

during test, c) Scoria on metal sheet after sliding. Sample size 22 x 22 x 10 cm per cell 

 

practice guidelines (IVHHN 2021), as injuries during clean-up activities, including falling 

from roofs, are common (Leonard et al. 2005; Magill et al. 2013) and sweeping away 

abrasive deposits can damage waterproof roof coatings creating additional structural issues 

(Wardman, et al. 2012). 

In the longer term, constructing buildings to withstand tephra loading could reduce 

vulnerability if an eruption occurs. This approach is common for snow or wind loads where 

building standards specify design thresholds that structures must meet. These design codes 

are based on expected maximum loads that may occur during ŀ ōǳƛƭŘƛƴƎΩǎ ŘŜǎƛƎƴ ƭƛŦŜΦ ¢ƘŜȅ 

do not routinely consider tephra fall, but the methodology for designing for snow loads can 

provide a useful model when considering how tephra load standards could be compiled as 

they are both air-fall deposits (Leder et al. 2017).   
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.ǳƛƭŘƛƴƎ ŘŜǎƛƎƴ ǎǘŀƴŘŀǊŘǎ 

The Structural Eurocodes, used in the UK, throughout Europe and more widely, take a limit 

state approach to design, where expected loads on a building and its components must 

never exceed the specified design values that would lead to failure or loss of function 

(British Standards Institution 2010).   

The Eurocode dealing with snow loads (Eurocode 1, part 1-3, enacted in the UK as BS EN 

1991-1-3) first defines characteristic values for snow loading on the ground and then uses 

roof shape coefficients to quantify the fraction of that load that is expected to remain on a 

roof (British Standards Institution 2009). The characteristic value for snow load on the 

ground is the load with an expected 50-year return period, calculated using empirical 

equations which take account of local conditions (British Standards Institution 2009, 2018). 

These best-fit equations were obtained from statistical analyses of historical snow depth 

measurements across the EU (Sanpaolesi et al. 1998).  

A 50-year timeframe is not appropriate for tephra loading, where repose periods between 

eruptions may be decades to millennia. It may be more helpful to consider the probabilistic 

approach to earthquake hazard taken in Eurocode 8 (BS EN 1998). This bases the size and 

frequency of possible events on previous occurrences at the design location, compiled from 

earthquake catalogues, historical records and geological investigations (McGuire 1995; 

British Standards Institution 2013). For buildings with a design life of 50 years, Eurocode 8 

requires buildings to sustain no more than light structural damage during events with an 

expected 225-year return period, and to avoid collapse during events expected once every 

2475 years (British Standards Institution 2004).  

The impact of a fall deposit on a roof depends in part on the roof shape.  Eurocode 1 

defines a shape coefficient (µ) which takes account of roof shape and pitch. Shape 

coefficients were empirically derived from measurements of ground and roof snow loads 

collected for 81 buildings over the 1998-99 winter season (Sanpaolesi et al. 1999). Values of 

µ for undrifted snow depend on the roof pitch (h) as shown in equations 1-1 ς 1-3, with 

ǎǘŜŜǇƭȅ ǇƛǘŎƘŜŘ ǊƻƻŦǎ όҗ сл °) assumed to shed all snow. 

For h  Җ 30 °  µ = 0.8   (1-1) 

For 30 ° < h  < 60 ° µ = 0.8(60 ς h )/30  (1-2) 

For h  җ 60 °   µ = 0   (1-3) 
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A single shape coefficient is used on the simplest monopitch or symmetrically pitched roofs 

(Fig. 1-5a), with two values used for a roof with different pitch angles (Fig. 1-5b). The 

standard also provides equations to take account of drifting and more complex roof shapes 

(British Standards Institution 2009). 

 

 

Fig. 1-5 Roof shape coefficients (µ) used in snow load calculations for a) monopitch roof, b) 

pitched roof. Values of µ are defined in equations 1ς3 (based on British Standards 

Institution 2009). 

In this research I follow the Eurocode approach, using laboratory sliding tests on analogue 

simply pitched roofs to define preliminary roof shape coefficients that can be used to 

calculate tephra load on a roof as a fraction of tephra ground load (Chapter 3). 

Characteristic values of ground loads for a range of possible eruption scenarios are 

obtained by probabilistic hazards analyses, as I show in my case study of Ascension Island 

(Chapter 4).  

.ǳƛƭŘƛƴƎ ǎŎŀƭŜ ŀǎǎŜǎǎƳŜƴǘ 

The impact of tephra fall on an individual roof depends not only on its distance from the 

source (which influences the tephra load) but also on the type of construction and 

condition of the building (which control the failure load for the roof). In the final part of this 

project, I develop a GIS tool that assesses susceptibility to roof collapse at a building scale, 

enabling mitigation measures to be most appropriately targeted (Chapter 5). The tool 

combines tephra load maps with my experimental sliding results, published typical collapse 

loads and data on individual buildings to estimate the probability of roof failure for the 

eruption scenario being considered.  
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!ōǎǘǊŀŎǘ 

Tephra fall can lead to significant additional loading on roofs. Understanding the relevant 

geomechanical properties of tephra is critical when assessing the vulnerability of buildings 

to tephra fall and designing buildings to withstand tephra loads. Through analysis of 

published data and new experimental results on dry tephra (both natural samples from 

Ascension Island, South Atlantic and synthetic tephra made from crushed aggregates), we 

discuss the geomechanical properties of tephra relevant to roof loading, which include bulk 

density, grain size distribution and internal angle of friction. Compiled published data for 

deposits from 64 global eruptions reveal no clear trend in deposit densities based on magma 

composition or eruption size. The global data show a wide range of values within single 

eruptions and between eruptions of similar compositions. Published grain size distributions 

near to source (Җ 10 km) vary widely but again there are no clear trends relating to magma 

composition. We used laboratory tests to investigate the internal angle of friction, which 

influences deposit sliding behaviour. For dry tephra, at the low normal stresses likely to be 

experienced in roof loads (Җ 35 kPa), we found similar values across all our tests (35.8°ς 36.5°) 

suggesting that any internal sliding will be consistent across a variety of deposits. By 

considering different magma compositions, densities and grain size distributions, we have 

provided an envelope of values for deposit parameters relevant to roof loading, in which 

future eruptions are likely to sit. Finally, we created synthetic tephra (fine- and coarse-

grained pumice and scoria) by crushing volcanic aggregates and compared it to samples 

from Ascension and published data. Our results reveal that synthetic tephra successfully 

replicated the properties relevant to loading, potentially reducing the need to collect and 

transport natural samples. 

LƴǘǊƻŘǳŎǘƛƻƴ 

During an explosive volcanic eruption, the fall out of tephra (ejected particles of all sizes) 

from the eruptive plume can lead to significant additional loading on roofs. Buildings close 

to an eruptive vent can sustain substantial damage or even collapse (e.g. Blong 2003; 

Jenkins et al. 2014; Hayes et al. 2019). Most recently, roof collapses occurred following the 

April 2021 eruption of La Soufrière on St Vincent (Lesser Antilles).  

The key factors that are thought to influence the load transferred to the roof by a tephra 

deposit, are magma composition and vesicularity, the size distribution and shape of the 

grains, and properties of the roof (Fig. 2-1). Magma properties influence the density of 
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individual grains, while their size distribution and shape influence packing (Estrada 2016; 

Landauer et al. 2020).  

 

Fig. 2-1 Key factors influencing the load transferred to the roof by a tephra deposit. Shaded 

factors are the focus of this study 

 

Deposit density depends on both grain density and packing and can also increase 

substantially if the deposit is wet (e.g. Blong 1981; Macedonio and Costa 2012; Hayes et al. 

2019; Williams et al. 2021). The size and intensity of the eruption impact the height of the 

volcanic plume (e.g. Bonadonna and Costa 2013; Suzuki et al. 2016; Cassidy et al. 2018) and 

atmospheric processes, including wind velocity and precipitation, influence the transport 

and deposition of particles (e.g. Petersen et al. 2012; Bonadonna et al. 2015; Poulidis et al. 

2018). In turn, these factors affect the amount of tephra deposited at any location. The load 

on the roof depends on the bulk density and thickness of the deposit, but tephra thickness 

can be altered after deposition by drifting and sliding. These processes are influenced by 

tephra properties, such as the internal angle of friction and grain size distribution, as well as 

the material, shape and pitch of the roof and the coefficient of friction between the tephra 

and the roof (e.g. Hampton et al. 2015). 
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The aim of this study is to discuss and present the geomechanical properties of tephra 

relevant to roof loading. Understanding these properties is critical when assessing the 

vulnerability of buildings in areas susceptible to tephra fall as they influence the additional 

load that is transferred to a roof and hence its likelihood of collapse. Estimating this 

additional loading is also important for building design, where building codes use a 

combination of historic records and experimental results to assess loads likely to occur 

ǿƛǘƘƛƴ ŀ ōǳƛƭŘƛƴƎΩǎ lifespan. Snow loading, which is fundamentally similar to loading from 

tephra in that it a granular air-fall deposit, is well characterised and routinely included in 

international design standards (e.g. British Standards Institution 2009; International 

Standards Organization 2013; American Society of Civil Engineers and Structural 

Engineering Institute 2017), but tephra fall is not routinely taken into account, and at the 

time of writing is not specifically considered in any international design standards or 

building codes. 

This study forms part of a wider body of research investigating the potential of roof collapse 

by tephra loading with relevance to Ascension Island and the development of standards to 

account for tephra loads in building design. Ascension is a volcanically active UK Overseas 

Territory in the south Atlantic with an area of 98 km2 and ~ 780 residents. Because of 

!ǎŎŜƴǎƛƻƴΩǎ ǊŜƳƻǘŜ ƭƻŎŀǘƛƻƴ and exposure to potential volcanic hazards, buildings could be 

vulnerable to collapse from any future explosive activity. In addition, Ascension tephra 

deposits vary widely in grain size and composition (e.g. Winstanley 2020; Preece et al. 

2021), making it an ideal location to investigate any variation in the geomechanical 

properties of tephra, and whether synthetic tephra can be used in lieu of natural material. 

In order to undertake the required laboratory tests, large volumes of tephra are required, 

and these are not always easily obtained from natural sources due to the hazards 

associated with near-source sampling following an eruption and the costs of transporting 

large volumes of samples. We therefore investigated whether synthetic tephra (of unknown 

composition, made from crushing and sieving commercially available volcanic aggregates) 

could be used to model the properties of naturally occurring deposits that are relevant 

when considering roof loads (bulk density, grain size distribution and internal angle of 

friction). By comparing synthetic tephra of a non-specific composition to published data 

and the results from tests conducted as part of this study on Ascension tephra, the 

possibility of using commercially available aggregate to generate the volumes of material 

required for large scale testing can be assessed. 
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We compiled published density and grain size data for deposits from 64 global eruptions, 

measured the grain size distributions (GSDs) of samples of pumice, scoria and ash from 

Ascension and selected representative GSDs for our synthetic samples. We then used shear 

box tests to measure the internal angle of friction of dry samples of both natural and 

synthetic material. The tests undertaken in this study were only performed on dry tephra 

and do not consider the saturated state of the deposit. Results for our synthetic samples 

matched well with both Ascension samples and published data from a wide range of 

eruptions; we can therefore be confident in using synthetic tephra to investigate the 

properties that control loading and sliding. 

aŜǘƘƻŘǎ 

To ensure our test samples were representative of natural deposits, we compared them to 

published GSDs from global mafic, intermediate and silicic eruptions (listed in Table 2-1), 

focusing on proximal samples (֒ 10 km from source) to enable comparison with GSDs of 

samples from Ascension. The Ascension samples were ǎƛŜǾŜŘ ǘƻ п ˒g όсо ˃Ƴύ ŘƛŀƳŜǘŜǊΣ 

with smaller particles analysed by dynamic image analysis (British Standards Institution 

2006) using a Microtrac CAMSIZER® X2. These samples comprised trachytic ash, lithic-rich 

and lithic-poor trachytic pumice (Preece et al. 2021) and coarse-grained and fine-grained 

basaltic scoria (Winstanley 2020) from five locations shown in Fig. 2-2. 

Bulk densities for dry deposits were compiled from published data for 61 eruptions at 33 

volcanoes (detailed in the Appendix). These cover small to large eruptions (VEI 2ς7), with 

mafic to silicic magma compositions, and include both proximal-medial (< 50 km from 

source) and distal (֓  50 km from source) values. 

Test samples were created by crushing commercially available volcanic material using a 

Proctor compactor to obtain a range of grain sizes. The aggregates comprised mafic 

ΨǾƻƭŎŀƴƛŎ ƭŀǾŀ ŦƛƭǘǊŀǘƛƻƴ ƎǊŀǾŜƭΩ ŀƴŘ ǎƛƭƛŎƛŎ ΨǇǳƳƛŎŜ ƎǊŀǾŜƭΩ ŀƴŘ ΨǇǳƳƛŎŜ ŎǊǳǎƘΩ ŦǊƻƳ {ǇŜŎƛŀƭƛǎǘ 

AggregaǘŜǎ [ǘŘΦ {ŀƳǇƭŜǎ ǿŜǊŜ ǘƘŜƴ ǎƛŜǾŜŘ ǘƻ п ˒g όсо ˃Ƴύ ŀƴŘ ŦƛƴŜǊ ƎǊŀƛƴ ǎƛȊŜǎ ǿŜǊŜ 

ŀƴŀƭȅǎŜŘ ǳǎƛƴƎ ǘƘŜ /!a{L½9wϯ ·нΦ ¢ƘŜ ŎƻŀǊǎŜ όҗ ҍ п ˒gΣ Җ мс ƳƳύ ŀƴŘ ŦƛƴŜ όҗ м ˒gΣ Җ н ƳƳύ 

test GSDs were selected to be consistent with published global data and the Ascension 

deposits. For each test, samples were oven dried and the sample mass and volume were 

measured, and density calculated to ensure that test densities were consistent with our 

dataset of published values. 
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Table 2-1 Published grain size distribution (GSD), size and magma composition for 

eruptions with published GSDs  ֒10 km from source, used in Fig. 2-3 

Eruption VEI Composition GSD distance 

from source 

(km) 

Reference 

Askja 1875 Unit D 5* Rhyolite 1ς7 (Sparks et al. 1981) 

Fogo A 5 Trachyte ~ 3ς8 (Walker and Croasdale 1970; 

Pensa et al. 2015) 

Eyjafjallajökull 

2010 

4 Trachyte 2ς9.6 (Bonadonna et al. 2011) 

Quizapu 1932 6 Dacite 2.5ς7.4 (Hildreth and Drake 1992) 

Agung 1963 5 Andesite 7 (Self and Rampino 2012) 

Ruapehu 1996 3 Andesite 0.4 (Bonadonna et al. 2005) 

Hekla 1991 3 Basaltic 

andesite 

5 (Gudnason et al. 2017) 

Calbuco 2015 4 Basaltic 

andesite 

5ς6 (Castruccio et al. 2016; 

Romero et al. 2016) 

Etna 2002-3 3 Basalt 3.7ς10 (Andronico et al. 2008) 

Grimsvötn 2004 3 Basalt 5ς10 (Oddsson 2007) 

Kilauea Iki 1959 2 Basalt ~ 0.5ς4 (Mueller et al. 2019) 

 

Shear box tests were used to measure the internal angle of friction of the test samples. 

These tests represent stress along a shear plane, as described in BS 1377ς7 (British 

Standards Institution 1990) and use the Mohr-Coulomb equation. For dry samples (with no 

fluid pore pressure) the equation can be written as: 

 ̱= ̀  tan ˒ f + c   (2-1) 

where ̱  is the shear stress at failure along a plane, ˋ is normal stress, ˒f is the internal angle 

of friction, and c is cohesion. 

For each test, the sample was loaded into the shear box and a normal force applied via a 

load plate. For the small shear box, this force came from calibrated weights added to a 

lever arm; for the large shear box, weights were added directly to the load plate for normal 

ŦƻǊŎŜǎ ғ м ƪbΣ ŀƴŘ Ǿƛŀ ŀ ǇƴŜǳƳŀǘƛŎ ƭƻŀŘƛƴƎ ǎȅǎǘŜƳ ŦƻǊ ŦƻǊŎŜǎ җ м ƪbΦ ¢ƘŜ ŜǉǳƛǾŀƭŜƴǘ ƴƻǊƳŀƭ 

stress, ̀ , was calculated from stress = force/area. The shear box consisted of an upper and  
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Fig. 2-2 Map of Ascension Island showing the locations of tephra samples used in this study 

 

lower section which were gradually moved relative to each other. The shear force required 

to move the sections was measured using a proving ring. Values were recorded throughout 

the test and used to calculate the equivalent shear stress, .̱ Horizontal and vertical 

displacement in the sample were also recorded using Linear Variable Differential 

Transformers (LVDT). The test finished when the shear force peaked or reached a plateau, 

as this represented the maximum shear stress in the sample before failure. Tests were 

carried out at different normal stresses (̀) and plotted against corresponding values of 

shear stress (̱). The internal angle of friction of the sample (f˒) is the gradient of the best fit 

ƭƛƴŜ ǘƘǊƻǳƎƘ ǘƘŜ Řŀǘŀ Ǉƻƛƴǘǎ ƻƴ ŀ ˋ Ǿǎ ˍ plot (Eq. 2-1). 

To minimise any scale effects, BS 1377-7 specified that the largest grain size in the sample 

must be ֒  one tenth of the specimen height in the shear box. We used small shear box tests 

(sample size 100 × 100 × 20 mm) for samples ֒ 2 mm in diameter and large shear box 

tests (sample size 300 × 300 × 160 mm) for samples ֒ 16 mm in diameter. We conducted 

tests at normal stresses of 3ς35 kPa, representing deposit depths for our test samples of 
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~ 50ς220 cm. These depths can lead to roof failure depending on the density of the deposit 

(Blong 1984; Jenkins et al. 2014). 

To compare ˒ f values for the test tephra to natural samples, small shear box tests were also 

used to determine the internal friction angle for the Ascension ash ( ֒2 mm) samples. The 

sample volumes of pumice and scoria were too small to enable large shear box tests to be 

carried out on these materials. 

wŜǎǳƭǘǎ 

bŜŀǊȤǎƻǳǊŎŜ D{5ǎ 

Published proximal GSDs vary widely, even for eruptions with similar magma compositions 

Fig. 2-3a-c for mafic (basalt, ֒  52 % SiO2), intermediate (basaltic andesiteτandesite, 52ς

63 % SiO2) and silicic (daciteτrhyolite, > 63 % SiO2) eruptions detailed in Table 2-1). The 

Ascension deposits (Fig. 2-3d) also show coarse to fine GSDs. When all the GSDs are plotted 

together (Fig. 2-4) there is a large overlap and, for these proximal deposits, magma 

composition does not seem to control GSD. The coarse and fine GSDs of the test tephra 

(also shown on Fig. 2-4) were selected to be representative of both published data and the 

Ascension Island samples. The coarse test distribution is at the finer end of the published 

range of GSDs; however, a maximum grain size of 16 mm was chosen because of size 

constraints of the laboratory equipment, and because we are interested in the properties of 

the bulk deposit rather than properties of individual large clasts. 

5ŜǇƻǎƛǘ ŘŜƴǎƛǘƛŜǎ 

Deposit densities compiled from published data reveal a range of values from ~ 400 to 1500 

kg mҍ3 for all magma compositions. For individual eruptions, where proximal/medial and 

distal bulk densities are reported separately, distal values are usually higher, likely 

indicating higher grain density and/or more efficient packing of finer grains. For some 

eruptions e.g. Fuego 1973 (Rose et al. 2008) textural variation in the deposits results in 

both low and high proximal to medial bulk densities. There is more variability in the density 

for low to medium silica content materials and some high silica samples have lower bulk 

densities. However, when the dataset is taken as a whole, there are no clear trends relating 

to magma composition, eruption size or distance from source (Figs. 2-5 and 2-6). Densities 

of the (dry) test samples are within the range of values found in the published data, as 

shown in Table 2-2. 
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Fig. 2-3 Grain size distributions for proximal (֒ 10 km from source) samples from published 

data (Table 2-1) from a) mafic eruptions, b) intermediate eruptions and c) silicic eruptions. 

d) presents trachytic pumice and ash, and basaltic scoria samples from Ascension Island 
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Fig. 2-4 Summary of published grain size distributions (GSDs) for eruptions listed in Table  

2-1 and presented in Fig. 2-3, plus GSDs for the Ascension samples and the test samples 

used in this study 

 

Fig. 2-5 Variation of bulk density with magma composition. Values are for proximal-medial 

samples (< 50 km from source), distal samples ( ֓50 km from source) or the whole deposit. 

Dotted lines indicate a range of values was reported. Proximal-medial and distal values 

from the same eruption are linked by a solid green line 
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Fig. 2-6 Variation of bulk density with eruption size (VEI). Values are for proximal-medial 

ǎŀƳǇƭŜǎ όғ рл ƪƳ ŦǊƻƳ ǎƻǳǊŎŜύΣ Řƛǎǘŀƭ ǎŀƳǇƭŜǎ όҗ рл ƪƳ ŦǊƻƳ ǎƻǳǊŎŜύ ƻǊ ǘƘŜ ǿƘƻƭŜ ŘŜǇƻǎƛǘΦ 

Dotted lines indicate a range of values was reported. Proximal-medial and distal values 

from the same eruption are linked by a solid green line. 

 

Table 2-2 Dry densities of test samples, and published data listed in the Appendix. Coarse 

and fine grain size distributions are shown in Fig. 2-4 

Sample Grain size distribution Mean density (kg m-3) 

Synthetic pumice 

 

Fine 602 

Coarse 412 

Synthetic scoria 

 

Fine 1532 

Coarse 1223 

Ascension ash Fine 1019 

Published data All 400 - 1500 
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tŜŀƪ ǎǘǊŜǎǎ ŀƴŘ ƛƴǘŜǊƴŀƭ ŀƴƎƭŜ ƻŦ ŦǊƛŎǘƛƻƴ 

Results from the shear box tests (Figs. 2-7 and 2-8) reveal that after initial compaction the 

synthetic samples dilated and shear stress reached a peak value. In comparison, the 

Ascension ash samples compacted throughout the tests (negative vertical displacement) 

and shear stress reached a plateau rather than peaking. No breaking or crushing of the grains 

was observed, with changes in volume achieved by rearrangement of deposit packing.  

On plots of normal stress vs peak shear stress, for both pumice and scoria the coarse and 

fine GSDs plot on the same line (Fig. 2-9). The friction angles (˒f), calculated using Eq. (2-1), 

are very similar for the test samples and the Ascension ash, at between 35.8 and 36.5° 

(Table 2-3). These results suggest that the internal angle of friction is independent of both 

tephra composition and grain size at the low normal stresses of these tests. 

 

Table 2-3 Internal angle of friction from shear box tests for synthetic pumice and scoria and 

Ascension Island ash 

 Friction angle (°) 

Synthetic pumice 36.5 

Synthetic scoria 35.8 

Ascension ash 36.4 

 

5ƛǎŎǳǎǎƛƻƴ 

bŜŀǊȤǎƻǳǊŎŜ ƎǊŀƛƴ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴ Řŀǘŀ 

Typically, GSDs of deposits become finer with increasing distance from the vent, as larger 

particles fall out close to source and finer particles remain in the plume (Koyaguchi and 

Ohno 2001a). However, the GSD of a proximal deposit depends on many factors which 

influence the eruption, transport and sedimentation of tephra. The magma fragmentation 

process influences the total grainsize distribution of the erupted products (e.g. Kueppers et 

al. 2006; Cashman and Rust 2016), while sedimentation is affected by particle aggregation 

(e.g. Mueller et al. 2018; Rossi et al. 2021), plume dynamics (e.g. Scollo et al. 2017) and 

atmospheric conditions (e.g. Genareau et al. 2019; Poulidis et al. 2021). Our results reflect 

this complexity as eruptions of similar compositions show a wide range of near-source 
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GSDs, while there is a large overlap between samples with different compositions and from 

eruptions of different sizes. The Ascension samples are not fresh (with last known eruptions 

 ֓500 y ago) and may have been reworked, however, the Ascension GSDs are consistent 

with the published data for proximal samples from 11 eruptions (Table 2-1). 

 

Fig. 2-7 Results of small shear box tests for particles  ֒2 mm, horizontal displacement vs 

shear stress (left column) and horizontal vs vertical displacement (right column). a) Synthetic 

pumice, b) Synthetic scoria, c) Ascension ash. The tests are limited by the maximum amount 

of travel available for the sample in the shear box. The rate of change of shear stress vs 

time has been examined and this shows the rate of change peaking early in the test and 

then subsiding to alternate between small positive and negative values oscillating around 

0. Therefore, we are confident that the peak shear stress value measured is representative 
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Fig. 2-8 Results of large shear box tests for particles Җ 16 mm, horizontal displacement vs 

shear stress (left column) and horizontal vs vertical displacement (right column). a) 

Synthetic pumice, b) Synthetic scoria 

 

Fig. 2-9 Peak shear stress vs normal stress for synthetic pumice and scoria and Ascension 

Island ash. Open markers indicate small shear box tests for particle diameters  ֒2 mm, 

filled markers indicate large shear box tests for particle diameters  ֒16 mm 



Chapter 2: Geomechanical properties of tephra 
 
 

41 
 

5ŜǇƻǎƛǘ ŘŜƴǎƛǘƛŜǎ 

Bulk density is influenced by both the density of individual grains, degree of saturation and 

the deposit packing. The latter depends on grain size distribution as this affects the extent 

to which voids between coarser grains can be filled by finer particles. A small number of 

eruptions have published data on both proximal/medial and distal bulk densities, with 

some having higher distal values (e.g. Thorarinsson and Sigvaldason 1972; Walker 1980; 

Todde et al. 2017), likely due to distal deposits having a higher crystal content or higher 

pumice density, as smaller particles have a relatively lower proportion of vesicles. However, 

this pattern is not followed for all eruptions (e.g. Thorarinsson 1954; Rose et al. 2008), 

particularly where the range of proximal densities is wide. Uncertainties with these data 

include the impact of changes over time, both short-term (compaction) and long-term 

(weathering), as well as the different methods used to measure deposit density. As noted in 

the introduction, tests in this study were only performed on dry samples, and the degree of 

saturation may add further uncertainly. The wide range of reported bulk densities and the 

lack of a clear trend relating to magma composition, eruption size or distance from source 

suggest these factors alone cannot reliably be used to estimate tephra loading. 

tǊƻǇŜǊǘƛŜǎ ƻŦ ǎȅƴǘƘŜǘƛŎ ǎŀƳǇƭŜǎ 

The GSDs and internal angles of friction of our synthetic samples matched well with the 

natural samples from Ascension for the grain sizes we considered ( ֓Ӈ п ˒g, ֒  16 mm) and 

the densities of the synthetic samples (412ς1532 kg mӇ3) lie within the range of published 

deposit densities. These important findings provide confidence that we can use synthetic 

samples to test the geomechanical behaviour of tephra deposits and so avoid the 

difficulties and costs associated with collecting and transporting natural samples. 

LƴǘŜǊƴŀƭ ŀƴƎƭŜ ƻŦ ŦǊƛŎǘƛƻƴ 

In plots of peak shear stress vs normal stress, results for coarse and fine GSDs plotted on 

the same line for both synthetic pumice and scoria (Fig. 2-9). This suggests that the friction 

angle is independent of grain size at the low normal stresses likely to be experienced in roof 

loads, where field surveys indicate that collapse can occur at ~ 1ς10 kPa (Jenkins et al. 

2014). This contrasts with results at higher normal stresses (> 100 kPa) where the internal 

angle of friction has been shown to vary with grain size (e.g. Hamidi et al. 2009; Mostefa 
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Kara et al. 2013; Alias et al. 2014). At higher normal stresses the largest grains may provide 

a greater barrier to movement than found in our study. 

Values of the internal angle of friction were very similar for pumice and scoria (36.5° and 

35.8° respectively) suggesting that the friction angle is also independent of magma 

composition and deposit density. This implies that any internal sliding of the deposit will be 

consistent across a range of different compositions and grain sizes, at least for the 

compositions and GSDs tested here. This in turn is important, as tests at one GSD could 

provide information about the friction angle of other GSDs. However, these results should 

be confirmed by laboratory sliding tests. 

The peak shear stresses for the volcanic ash from Ascension Island were lower than values 

for the synthetic samples at similar normal stresses. The ash also compacted throughout 

the tests, whereas the synthetic samples mainly showed dilatory behaviour after initial 

compaction. This is thought to be due to the natural sample having a higher proportion of 

very fine grains, which more easily reorganised and compacted into void spaces between 

the larger grains when stresses were applied. However, despite these differences in 

behaviour, the angle of friction of the Ascension ash (36.4°) was similar to the synthetic 

samples (36.5° and 35.8°) and consistent with values for a range of volcanic rocks at similar 

normal stresses (Heap and Violay 2021). This indicates that this friction angle is applicable 

across different tephra compositions and grain sizes, including the synthetic deposits. 

The angle of repose and the internal angle of friction ( f˒) may not be the same, as the 

failure plane is constrained when ˒ f is determined using shear box tests. However, they are 

both related to the frictional properties of the grains. Tests on a range of granular materials 

(with maximum grain size ~ 6 mm) found that the angle of repose after consolidation 

closely matched the internal friction angle and was independent of grain size distribution 

(Metcalf 1966). This suggests that our results are relevant when considering the minimum 

roof pitch at which tephra will slide. 

wŜƭŜǾŀƴŎŜ ǘƻ ǘŜǇƘǊŀ ƭƻŀŘƛƴƎ ƻƴ ǊƻƻŦǎ 

The load transferred to a roof depends on the depth and density of a tephra fall deposit. 

Our results show that bulk density varies widely, even within a single eruption, and cannot 

be reliably estimated from magma composition or eruption size. Hence when assessing 

building vulnerability or designing new buildings to withstand tephra fall it is important to 

understand the range of loads likely to be experienced. This study has considered mafic and 
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silicic deposits, with low to high bulk densities and coarse and fine GSDs and so our results 

are likely to be relevant when considering roof loading from future eruptions. However, our 

dataset should be supplemented where possible with relevant data from historic eruptions. 

[ƛƳƛǘŀǘƛƻƴǎ 

This work only considered dry tephra and the addition of water would change the 

properties of the deposit considerably. Deposit densities have been reported to increase by 

45ς100% following rain (Blong 1981; Macedonio and Costa 2012; Hayes et al. 2019; 

Williams et al. 2021) and further work is needed to consider how water affects bulk 

densities and friction angles. As our shear box tests were limited to grains  ֓Ӈ п ˒g (  ֒16 

mm), we did not consider how larger particles may affect the internal angle of friction 

within a deposit. Aspects other than simple gravitational sliding (e.g. drifting) may also 

change the distribution of material on a roof and these also need further investigation. In 

order to understand more about tephra sliding behaviour and how this impacts the load 

transferred to a roof, the effect of roof properties, for example, material and pitch, must 

also be considered. This should be the focus of future work that will allow development of 

standards to account for tephra loads in building design and risk analysis. 

/ƻƴŎƭǳǎƛƻƴǎ 

We combined published data and experimental results to investigate key geomechanical 

properties of tephra: bulk density, grain size distribution and internal angle of friction. 

These properties influence roof loading and are therefore important when assessing the 

vulnerability of buildings to collapse. 

Published tephra deposit densities and near-source grain size distributions (Җ 10 km) vary 

widely but there are no clear trends when considering eruptions of different compositions 

and sizes that can be used when assessing vulnerability.  

Our laboratory experiments revealed that, at the low normal stresses likely to be 

experienced in roof loads (Җ 35 kPa), values of the internal angle of friction were very 

similar across all our tests (35.8°ς 36.5°). As the friction angle influences deposit sliding 

behaviour, this suggests that any internal sliding of the deposit will be consistent across a 

range of different magma compositions, deposit densities and grain sizes. 
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We have shown that synthetic tephra samples, made from crushing and grading volcanic 

aggregates, can be used to represent natural tephra deposits in tests of geomechanical 

properties relevant to roof loading, regardless of eruption type or composition. This is of 

particular importance given the difficulty of sourcing the required volumes of natural 

tephra. 

We considered deposits with a wide range of magma compositions, densities and grain size 

distributions and so we have provided an envelope of values for parameters relevant to 

roof loading (Tables 2-2 and 2-3), in which future eruptions are likely to sit. 

[ƛǎǘ ƻŦ ŀōōǊŜǾƛŀǘƛƻƴǎ 

g˒: Grain size (Phi scale);  

:̱ Shear stress at failure along a plane;  

:̀ Normal stress; 

f˒: Internal angle of friction;  

c: Cohesion. 
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!ōǎǘǊŀŎǘ 

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 10ς30 cm thicknesses for dry and wet deposits of 

ǇǳƳƛŎŜΣ ǎŎƻǊƛŀ ŀƴŘ ōŀǎŀƭǘƛŎ ŀǎƘΦ ²Ŝ ŦƻǳƴŘ ǘƘŀǘ ǘŜǇƘǊŀ ŘƛŘ ƴƻǘ ǎƭƛŘŜ ƻƴ ǊƻƻŦ ǇƛǘŎƘŜǎ Җ мрϲ ŦƻǊ 

coarse-ƎǊŀƛƴŜŘ ŘŜǇƻǎƛǘǎ ŀƴŘ Җ мнϲ ŦƻǊ ŘǊȅ ŀǎƘΦ ¢Ƙƛƴ ŘŜǇƻǎits of wet ash were stable at 

ǇƛǘŎƘŜǎ Җ олϲΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘŜǇƘǊŀ ǿŀǎ Ƴŀƛƴƭȅ ǎƘŜŘ ƻƴ ǇƛǘŎƘŜǎ җ онϲ ŦƻǊ ƳŜǘŀƭ ǊƻƻŦǎ ŀƴŘ җ орϲ 

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 

clearing during an eruption and assist in designing roofs to withstand tephra fall. 

LƴǘǊƻŘǳŎǘƛƻƴ 

Tephra is the most widespread volcanic hazard, impacting 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 (Җ 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 (Oze et al. 2014; Miller et al. 2022). 

Thicknesses of 10ς100 mm may cause collapse of structures which are not built to 

regulated building design standards (non-engineered buildings) or which are in poor 

condition (Jenkins et al. 2014; Hayes et al. 2019a), as we observed on La Palma, Canary 

Islands during the 2021 eruption of Cumbre Vieja. Thicker deposits can lead to more 

widespread failure 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 the most vulnerable structures 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 
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showing load increases of 30 ς 45 % when rain falls after deposition (Hayes et al. 2019a; 

Williams et al. 2021).  

Surveys following eruptions indicate that roofs can collapse at tephra loads of ~ 1ς10 kPa, 

equivalent to tephra thicknesses of ~ 10 cm ς 1 m depending on deposit density. Key 

factors in determining the collapse load are the roof material, quality of construction and 

condition of the building (Blong 2003; Jenkins et al. 2014; Hayes et al. 2019a; 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 loading. 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 during building design. The Eurocodes are a harmonised set of 

documents that cover the technical aspects of structural and fire design of buildings and 

the civil engineering 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 (Sanpaolesi et al. 1998; British Standards Institution 2009). This is 

then multiplied by a shape coefficient (˃), which takes account of sliding, to produce the 

load on the roof. Snow sliding behaviour depends mainly on temperature and altitude, and 

 ˃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 

subsequently be compacted or modified by wind and rain (e.g. Varekamp et al. 1984; Hayes 

et al. 2019b; Del Bello et al. 2021). 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 behaviour depends on the 

density and thickness of the deposit and the roof material (Fig. 3-1, 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 density), 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 
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how tephra type, grain size distribution, water content, deposit thickness and roof material 

influenced the angle of sliding (Fig. 3-1). 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. 

 

Fig. 3-1 Key factors affecting sliding angle of tephra on roofs (amended from Osman et al. 

2022). Shaded boxes represent the factors investigated in this study 

aŜǘƘƻŘǎ 

We carried out over 400 small-scale tilt table experiments to investigate sliding of pumice, 

scoria and basaltic ash in dry and wet conditions. We tested three roof materials: metal 

sheet (ƎŀƭǾŀƴƛȊŜŘ ǎǘŜŜƭΣ оέ corrugated profile), fibre cement sheet (corrugated Eternit 

Profile 3 (Eternit 2021)) and clay tiles (Terreal Rustique plain tile (Terreal)). Tephra was 

loaded into Perspex cells with dimensions 22 x 22 x 10 cm (Fig. 3-2). The cells could move 

ŦǊŜŜƭȅ ƻǾŜǊ ŜŀŎƘ ƻǘƘŜǊΣ ŦŀŎƛƭƛǘŀǘŜŘ ōȅ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ t¢C9 ǘŀǇŜ όΨ¢9C{L[ оΩ ŦǊƻƳ ¢ŜŎƘōŜƭǘ 

[ǘŘΣ ǿƛǘƘ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ŦǊƛŎǘƛƻƴ Җ лΦмлύ ōŜǘǿŜŜƴ ǘƘŜ ŎŜƭls to reduce friction. 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 
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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 presented in a later section. 

 

Fig. 3-2 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 

¢ŜǇƘǊŀ ǎŀƳǇƭŜǎ 

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 material has been shown to be well matched to natural 

samples when considering the properties that are likely to affect sliding behaviour: bulk 

density, grain size distribution and internal angle of friction (Osman et al. 2022). To 

investigate the influence of grain size distribution and bulk density on sliding behaviour, we 

used three tephra samples (detailed in Fig. 3-3 and Table 3-1): 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 consider sliding from uniformly applied loads and 

hence minimise any effect from individual large clasts and we therefore selected a 

maximum grain size of -4  (16 mm). This maximum grain size is also consistent with 

samples used to assess the geomechanical properties 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.  
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Fig. 3-3 Grain size distribution for pumice, scoria and ash used in sliding tests 

 

Table 3-1 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 

( ) (mm) ( ) (mm) 10cm 20cm 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 

 

We tested both wet and dry tephra. For the wet samples 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 
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mixed thoroughly to ensure it was uniformly wet. When water was observed draining from 

the sample it was left to fully drain off any excess water and then reweighed. The water 

content was calculated by: 

7ÁÔÅÒ ÃÏÎÔÅÎÔ ×ÅÉÇÈÔ Ϸ  
 ×ÅÔ ×ÅÉÇÈÔ ÏÆ ÔÅÐÈÒÁ  ÄÒÙ ×ÅÉÇÈÔ ÏÆ ÔÅÐÈÒÁ z ρππ

ÄÒÙ ×ÅÉÇÈÔ ÏÆ ÔÅÐÈÒÁ
 

The recorded water contents for pumice, scoria and ash were 40 wt%, 15 wt% and 22 wt% 

respectively, ǿƘƛŎƘ ǿŜǊŜ ǘƘŜƴ ǳǎŜŘ ƛƴ ŀƭƭ άǿŜǘέ ǎƭƛŘƛƴƎ ǘŜǎǘǎ ŦƻǊ ǘƘŜǎŜ ƳŀǘŜǊƛŀƭǎΦ 

The mean bulk densities of the dry samples ranged from 433 to 1443 kg m-3 (Table 3-1). 

These values are within published deposit density values of ~ 400 ς 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 density did not increase as much as expected 

based on theoretical 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 density 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 ς 6 % and + 10 %, with respect to the dry 

density, were possible. To better constrain the wet 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 ŀǎ Ϥ мл ҈ ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŜ ǎŀƳǇƭŜΩǎ ŘǊȅ ŘŜƴǎƛǘȅ 

(after oven drying). We therefore aimed to replicate this for all our wet ash tests (Table 

3-1). 

For the coarser deposits, we investigated whether pouring 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 Җ м ƳƳ ŘƛŀƳŜǘŜǊ ǿƻǳƭŘ ǊŜŀŎƘ ǘŜǊƳƛƴŀƭ ǾŜƭƻŎƛǘȅ (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 3-1). 
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Lƴƛǘƛŀƭ ǎƭƛŘƛƴƎ ǘŜǎǘǎ  

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 identify the minimum angle at which 

sliding would be controlled by the tephra. The edges of the empty cell were coated in PTFE 

tape (ΨTEFSIL 3Ω ŦǊƻƳ ¢ŜŎƘōŜƭǘ [ǘŘΣ ǿƛǘƘ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ŦǊƛŎǘƛƻƴ Җ лΦмл) to reduce friction (Fig. 

3-4a). The cell was placed on each roof material and the roof angle increased until sliding 

occurred (Fig. 3-4b). Sliding angles are shown in Table 3-2. 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. 

 

Fig. 3-4 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  
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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 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 3-2) 

between these two tests and so for all the remaining tests the cell was placed over the 

ridges, as this minimised tephra loss when sliding occurred.  

 

Table 3-2 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  

 

Effect of cell weight 

To investigate whether the presence of the Perspex cell or the area of the cell in contact 

with the roofing 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. 3-4c). 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 20cm thickness of pumiŎŜΣ ǘƘŜ ǘŜǇƘǊŀ άƭŜŀƪŜŘέ ŦǊƻƳ 
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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. 3-5). 

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. 

 

 

Fig. 3-5 Comparison of sliding angles for cardboard and Perspex cells with 10 and 20 cm 

thickness of pumice on metal sheet, fibre cement and tiles 

!ƴƎƭŜ ƻŦ ǊŜǇƻǎŜ ŀƴŘ ƛƴƛǘƛŀƭ ƳƻǾŜƳŜƴǘ ƻŦ ǘŜǇƘǊŀ ƎǊŀƛƴǎ 

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 horizontally, 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 surface. 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 
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completely contained in the cell during the sliding tests and mitigate any possibility that the 

initial recorded onset of sliding would be inhibited by the cell. 

{ƭƛŘƛƴƎ ǘŜǎǘǎ 

With the tilt table set horizontally, the roof material and then the load cell were added (Fig. 

3-2). The tephra sample 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 mass of test tephra in 

the cell was calculated. This mass was kept constant throughout the series of tests. The 

volume 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 calculated (Table 3-1). 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 

3-1). 

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 weathered (moss-covered) fibre cement sheet and a weathered metal 

sheet. Both sheets, supplied by Garage Revamps (http://www.revamps.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. 
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wŜǎǳƭǘǎ 

!ƴƎƭŜ ƻŦ ǊŜǇƻǎŜ ŀƴŘ ƛƴƛǘƛŀƭ ƳƻǾŜƳŜƴǘ ƻŦ ǘƘŜ ƎǊŀƛƴǎ 

The mean angle of repose was the same for all dry deposits (35°), with a range of 33ς36° 

for pumice and 34ς37° for scoria and ash (Fig. 3-6). 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 sliding over each other at tilt angles of 

10ς14° for ash (mean: 12°) and 13ς16° 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. 3-

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°.  

 

Fig. 3-6 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° 

{ƭƛŘƛƴƎ ǘŜǎǘǎ 

Mean sliding angles varied between 26° and 33° for pumice, 24° and 36° for scoria and 23° 

and 36° for ash (range for total dataset: 22ς37°) (Fig. 3-7). Deposits slid at shallower angles  
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Fig. 3-7 Mean sliding angles and range of values for tilt tests with 10ς30 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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on metal sheet compared to fibre cement and tiles (Fig. 3-8), and at shallower angles on 

each roof material when the deposit was thicker (Fig. 3-8a). There were no clear trends 

when considering grain size (Fig. 3-8b) but on fibre cement and tile, the steepest sliding 

angles for pumice were lower than for scoria and ash (Fig. 3-8c). 

 

 

Fig. 3-8 Impact of key factors (shown in Fig. 3-1) on mean sliding angles for tilt tests, a) 

deposit thickness: 10, 20, 30 cm, b) grain size: coarse-grained, fine-grained (defined in Fig. 

3-3), 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 

 

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. 3-7 and 3-8d). When the roof was wet, the tephra in 

contact 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. 3-7). For 
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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. 

3-7). 

For the dry, coarser-grained tephra, sliding always occurred at the base of the deposit, that 

is at the interface 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 cement. On tiles, approximately 

half of the dry-dry and dry-wet tests failed within the tephra at 20 cm thickness, and all 

failed within the tephra for the 30 cm thick deposit (Table 3-3). 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 3-3). Thicker deposits failed more often by overcoming 

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 samples it mainly occurred in wet deposits. 

 

Table 3-3 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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5ƛǎŎǳǎǎƛƻƴ 

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.  

!ƴƎƭŜ ƻŦ ǊŜǇƻǎŜ ŀƴŘ ƛƴƛǘƛŀƭ ƳƻǾŜƳŜƴǘ ƻŦ ƎǊŀƛƴǎ 

Our mean repose angle of 35° for dry tephra is consistent with the internal angle of friction 

of 35.8ς36.5° 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 40ς45° 

for coarse tephra (Hornby et al. 2020; Williams et al. 2021) seem to suggest that the finer 

grains in our sample are controlling the repose angle. Mean repose angles of 42ς48° 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 indication of the shallowest roof pitch 

where sliding might occur. Our values of ~ 15° for the coarser-grained deposits 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. 3-9).  
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Fig. 3-9 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 

{ƭƛŘƛƴƎ 

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 maximum 

tested pumice test loads of < 2 kPa (Fig. 3-10a) are unlikely to lead to collapse unless roofs 

are of poor quality or badly maintained (Jenkins et al. 2014). However, test loads of 1ς4 kPa 

and 1ς5 kPa for scoria and ash respectively could lead to collapse in good quality buildings, 

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 compared to the rougher 

surfaces of fibre cement and tiles (Fig. 3-10b). When considering the other factors we 

investigated (shown in Fig. 3-1), 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. 3-10), but no clear trends 

related to the other factors (Fig. 3-10a, c). This suggests the increased weight of tephra is 

key in overcoming the frictional forces that resist sliding when compared to other factors.  
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Fig. 3-10 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  

 

²Ŝ ŦƻǳƴŘ ǘƘŀǘ ƳŜǘŀƭ ǊƻƻŦǎ ǊŜǉǳƛǊŜ ŀ ǇƛǘŎƘ җ он° 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 

ŦƛōǊŜ ŎŜƳŜƴǘ ŀƴŘ ǘƛƭŜǎΣ ŀ ǇƛǘŎƘ ƻŦ җ орϲ ƛǎ ƴŜŜŘŜŘ ǘƻ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǎƘŜŘ ǘŜǇƘǊŀΣ ǿƘƛŎƘ ƛǎ 

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. 3-11).  

The impact of rainfall on deposit behaviour likely depends on whether it occurs before, 

ŘǳǊƛƴƎ ƻǊ ŀŦǘŜǊ ǘŜǇƘǊŀ ŘŜǇƻǎƛǘƛƻƴΦ hǳǊ άǿŜǘέ ǘŜǎǘǎ ŀƛƳŜŘ ǘƻ ǎƛƳǳƭŀǘŜ ǘŜǇƘǊŀ ŦŀƭƭƛƴƎ ŘǳǊƛƴƎ 

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 sliding (Tarasenko et al. 2019; Williams et al. 2021). Our maximum sliding 

angle for wet tephra (36° for both scoria 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 observations that wet ash deposits demonstrated apparent 

cohesion, suggest that further work, including at large scale, is particularly needed to 

investigate the behaviour of fine-grained tephra when water is present.  
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Fig. 3-11 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°) 

 

In our tests, sliding mainly occurred at the base of the tephra, between the deposit and the 

roof material. However, on the higher friction roofing material, and in particular for thicker 

deposits and when water was present, sliding also occurred within the deposit (Table 3-3). 

This suggests that for these roofs and for thicker, wetter tephra deposits, the failure 

mechanism depends on the internal 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.  

LƳǇƭƛŎŀǘƛƻƴǎ ŦƻǊ ŘƛǎŀǎǘŜǊ Ǌƛǎƪ ƳŀƴŀƎŜƳŜƴǘ 

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 

vulnerability can help when assessing priorities for clean-up during and after an eruption 

and when planning for future eruptions.  

For buildings proximal to the source, clearing roofs of tephra can significantly reduce 

vulnerability to building failure, but clean-up operations often pose significant logistical 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 

ŦƻǳƴŘ ǘƘŀǘ ǇǳƳƛŎŜ ŀƴŘ ǎŎƻǊƛŀ ŘŜǇƻǎƛǘǎ ŀǊŜ ǳƴƭƛƪŜƭȅ ǘƻ ǎƭƛŘŜ ƻƴ ǊƻƻŦǎ ǿƛǘƘ ǇƛǘŎƘŜǎ Җ Ϥ мрϲ 
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while for fine-ƎǊŀƛƴŜŘ ǘŜǇƘǊŀΣ ǊƻƻŦǎ Җ Ϥ мнϲ Ŏŀƴ ōŜ ǘǊŜŀǘŜŘ ŀǎ ŦƭŀǘΦ Lƴ ŀŘŘƛǘƛƻƴΣ ƳǳŎƘ ƻŦ ǘƘŜ 

ƭƻŀŘ ƛǎ ƭƛƪŜƭȅ ǘƻ ōŜ ǎƘŜŘ ƻƴ ƳŜǘŀƭ ǊƻƻŦǎ ǿƛǘƘ ǇƛǘŎƘŜǎ җ онϲ ŀƴŘ ŦƛōǊŜ ŎŜƳŜƴǘ ƻǊ ǘƛƭŜ ǊƻƻŦǎ ǿƛǘƘ 

ǇƛǘŎƘŜǎ җ орϲΦ  

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 

environmental 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 Columbia estimated that collapse after 

tephra fall could occur under loads of 0.5ς5 kPa, with the roof support structure 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, vulnerability in areas susceptible to tephra fall could be reduced by 

ǇƭŀƴƴƛƴƎ ōǳƛƭŘƛƴƎǎ ǿƛǘƘ ǇƛǘŎƘŜǎ җ орϲ ǘƻ ŜƴƘŀƴŎŜ ǘƘŜ ƭƛƪŜƭƛƘƻƻŘ ƻŦ ǘŜǇƘǊŀ ǎƭƛŘƛƴƎΦ 9ȄƛǎǘƛƴƎ 

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).  

LƳǇƭƛŎŀǘƛƻƴǎ ŦƻǊ ōǳƛƭŘƛƴƎ ŘŜǎƛƎƴ 

Building design standards aim to ensure that buildings remain fit for purpose during their 

design life and take account of transient loads such as snow (e.g. British 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 characteristic value for 

snow load on the ground, taken as the load with an expected 50-year return period (British 

Standards 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 
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shape coefficient (ranging from 0 to 1) which accounts for the fraction of the load that 

slides off a roof depending on its shape. These shape coefficients were derived from 

measurements of ground and roof snow loads collected for 81 buildings over the 1998ς99 

winter season (Sanpaolesi et al. 1999). 

For tephra loading, the characteristic value of the ground load could routinely be obtained 

from numerical 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 fraction of 

ground load remaining on a roof varies with roof pitch for the different tephra types we 

considered (Fig. 3-12a-c): 

¶ The angle at which grains initially move (Fig. 3-6) represents the lowest roof pitch at 

which any tephra load is likely to be removed by sliding. 

¶ The deposit sliding angle (Fig. 3-7) 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. 

We can then select characteristic curves for each tephra type (Fig. 3-12d). 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 assessment, 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. 3-12a,b), while 

ash requires two curves (Fig. 3-12c): one for thin, wet deposits, which are stable at steep 

roof pitches, and one for all other ash.  



Chapter 3: Tephra sliding tests  
 

 

76 
 

 

Fig. 3-12 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 

 

As a final step, we can present these results as indicative sliding coefficient equations for 

simply pitched roofs (Table 3-4), using the same format as the Eurocode snow loading 

coefficients. The sliding coefficient, ˃ , varies with roof pitch and is a multiplier that converts 

tephra load on the ground to tephra load on a roof. The geological setting is important 

when considering likely deposit characteristics in any future eruption, and expert 

judgement of local hazard should be used to select the most appropriate Eqs. (3-1, 3-2 or 3-

3) in any area. 

[ƛƳƛǘŀǘƛƻƴǎ ŀƴŘ ŦǳǘǳǊŜ ǿƻǊƪ 

When considering building failure due to natural hazards, there will ultimately be the 

possibility of loss. For financial loss, insurance companies typically use vulnerability 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 information held by insurers, as exposure data at the level of 

individual buildings are rarely available (Silva et al. 2018; Murnane et al. 2019). However,  
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Table 3-4 Tephra sliding coefficients for monopitch and simply pitched roofs  

Roof type aƻƴƻǇƛǘŎƘ ƻǊ ǎƛƳǇƭȅ ǇƛǘŎƘŜŘΣ ǿƛǘƘ ǇƛǘŎƘ Ґ ʰ  

 

Tephra type Low pitch Medium pitch  Steep pitch  Equation 

Coarse-grained 

(Pumice or scoria) 

 

ʰ Җ мрϲ 

c˃oarse = 1 

мрϲ ғ ʰ ғ орϲ 

c˃oarse = (35 ς h ύκнл 

орϲ Җ ʰ 

c˃oarse = 0 

(3-1) 

Fine-grained (Ash) 

 

 

ʰ Җ нлϲ 

f˃ine = 1 

нлϲ ғ ʰ ғ орϲ 

f˃ine = (35 ς h ύκмр 

орϲ Җ ʰ 

f˃ine = 0 

(3-2) 

Wet ash < 20 cm 

thicka 

ʰ Җ олϲ 

f˃inewet = 1 

олϲ ғ ʰ ғ орϲ 

f˃inewet = (35 ς h ύκр 

орϲ Җ ʰ 

f˃inewet = 0 

(3-3) 

a When considering critical roof loads, this case will likely only lead to failure for dense 

deposits or low strength roofs. 

 

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 vulnerability (and hence also 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, whereas 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 gutters may form barriers inhibiting 
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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, considering 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 

vulnerability 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 testing on even just three roofing materials within 

the scope of this project, and the importance of testing the influence of different roofing 

materials was considered a priority. 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 susceptible to 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. 3-12) 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. 
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/ƻƴŎƭǳǎƛƻƴǎ 

Using small-scale laboratory tests to investigate tephra sliding behaviour on roofs, we have 

developed a set of preliminary sliding coefficients for monopitched or simply 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 distribution (median grain size = -2.3  (5 

mm)), as well as high density basaltic ash (median grain size = 1.7  (0.3 mm)).  

Our results show that sliding of coarse-grained deposits is unlikely to occur on roofs with 

ǇƛǘŎƘŜǎ Җ Ϥ мрϲΣ ǿƘƛƭŜ ŦƻǊ ŘǊȅ ŀǎƘ ǘƘƛǎ ǾŀƭǳŜ ƛǎ Ϥ мнϲΦ ²Ŝǘ ŀǎƘ ōŜƘŀǾŜŘ ŘƛŦŦŜǊŜƴǘƭȅ ǿƛǘƘ ǘƘƛƴ 

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. 

Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ƭƻŀŘ ƛǎ Ƴŀƛƴƭȅ ǎƘŜŘ ƻƴ ƳŜǘŀƭ ǊƻƻŦǎ ǿƛǘƘ ǇƛǘŎƘŜǎ җ онϲ ŀƴŘ ŦƛōǊŜ ŎŜƳŜƴǘ ƻǊ 

ǘƛƭŜǎ ǿƛǘƘ ǇƛǘŎƘŜǎ җ орϲΣ ǾŀƭǳŜǎ ǘƘŀǘ ƘƻƭŘ ŦƻǊ ōƻǘƘ ƴew and weathered roofing.  

For monopitch and simply pitched roofs, we have produced characteristic curves and sliding 

coefficients enabling 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. Additional roof types need consideration to build up a 

comprehensive 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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!ōǎǘǊŀŎǘ 

Proximal to source, tephra fall can cause severe disruption, and populations of small 

volcanically active islands can be particularly susceptible. Volcanic hazard assessments draw 

on data from past events generated from historic observations and the geological record. 

However, on small volcanic islands many eruptive deposits are under-represented or 

missing due to the bulk of tephra being deposited offshore and high erosion rates from 

weather and landslides. Ascension Island, is such an island, located in the South Atlantic, 

with geological evidence of mafic and felsic explosive volcanism. Limited tephra 

preservation makes it difficult to correlate explosive eruption deposits and constrain the 

frequency or magnitude of past eruptions. We therefore combined knowledge from the 

geological record together with eruptions from the analogous São Miguel island, Azores to 

probabilistically model a range of possible future explosive eruption scenarios. We 

simulated felsic events from a single vent in the east of the island and, as mafic volcanism 

has largely occurred from monogenetic vents, we accounted for uncertainty in future vent 

location by using a grid of equally probable source locations within the areas of most recent 

eruptive activity. We investigated the hazards and some potential impacts of short-lived 

explosive events where tephra fall deposits could cause significant damage and our results 

provide probabilities of tephra fall loads from modelled events exceeding threshold values 

for potential damage. For basaltic events with 6ς10 km plume heights, we found a 50 % 

probability that tephra fallout across the west side of the island would impact roads and the 

airport during a single explosive event and, if roofs cannot be cleared, three modelled 

ŜȄǇƭƻǎƛǾŜ ǇƘŀǎŜǎ ǇǊƻŘǳŎŜŘ ǘŜǇƘǊŀ ƭƻŀŘǎ ǘƘŀǘ Ƴŀȅ ōŜ ǎǳŦŦƛŎƛŜƴǘ ǘƻ ŎŀǳǎŜ ǊƻƻŦ ŎƻƭƭŀǇǎŜ όҗ млл 

kg m-2). For trachytic events our results show a 50 % probability of loads of 2ς12 kg m-2 for a 

plume height of 6 km increasing to 898ς3167 kg m-2 for a plume height of 19 km. Our 

results can assist in raising awareness of the potential impacts of tephra fall from short-

lived explosive events on small islands. 

LƴǘǊƻŘǳŎǘƛƻƴ 

Tephra is produced in all explosive volcanic eruptions, with a range of observed impacts 

depending on the size and duration of the eruption and proximity to the source. For 

communities in volcanically active areas, airborne or remobilised tephra can lead to health 

issues (IVHHN 2021; Stewart et al. 2022; Eychenne et al. 2022) while deposits can cause 

significant disruption depending on their thickness and the loading placed on structures 



Chapter 4: Probabilistic hazard analysis for Ascension 
 

 

89 
 

(Table 4-1). Accumulations of < 1 mm (~ 1 kg m-2 depending on deposit density) can affect 

roads and airports, with markings covered and skid resistance reduced (Blake et al. 2017). 

Tephra loads of 1ς10 kg m-2 (thickness ~ 1ς10 mm) can damage power, water and 

communications networks and severely disrupt road and rail travel (Jenkins et al. 2015; 

Blake et al. 2017; Hayes et al. 2022). At these loads, crops can suffer discolouration or loss 

of leaves and abrasion or rotting of fruit, but the severity depends on the stage of the crop 

development cycle (Jenkins et al. 2015; Wilson et al. 2017; Ligot et al. 2022). Tephra loads ~ 

100 kg m-2 have been observed to cause extensive infrastructure damage and result in 

collapse of the weakest roofs, while loads above ~ 150 kg m- 2 have potential to cause 

significant roof damage or collapse regardless of condition (Jenkins et al. 2014; Wilson et al. 

2014; Hayes et al. 2022).   

 

Table 4-1 Summary of likely impacts at different tephra fall loads (amended from Jenkins et 

al. 2014)  

Tephra load (kg m-2) Likely impact 

1 Skid resistance reduced and markings covered at airports 

and on roads 

10 Damage to power, water and communications networks 

Severe impact to roads and closure of airports 

Impact on crops, depending on stage in growth cycle 

100 Collapse of weakest roofs 

150 Collapse of long span roofs 

300 Collapse of good quality metal roofs 

400 Collapse of good quality tile roofs 

700 Collapse of good quality concrete roofs 

 

Populations of small volcanically active islands can be especially susceptible to the impacts 

of tephra fall because of their proximity to the vent. It is therefore crucial to understand 

this potential hazard to aid in planning for possible future explosive events. However, there 
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are large uncertainties associated with the lack of geological data, as small ocean islands 

often have significant gaps in our knowledge of their eruptive history. This is due to a 

substantial proportion of tephra being deposited offshore, high erosion rates from rainfall 

and wind, and the susceptibility of volcanic islands to landslides. To address these 

knowledge gaps, we can use data from well-studied analogue volcanoes to model possible 

future events (e.g. Hone et al. 2007; Cashman and Biggs 2014; Tierz et al. 2019; Burgos et 

al. 2023). 

To gain a better understanding of tephra fall hazard and impact on a remote island, we 

have carried out an exploratory probabilistic tephra fall analysis for Ascension Island in the 

South Atlantic (referred to as Ascension hereafter) for a range of discrete, short-lived 

explosive events from selected vent locations across the island. Ascension is a strategically 

important UK Overseas Territory, located ~ 90 km west of the mid-Atlantic ridge in the 

South Atlantic Ocean, with an area of ~ 98 km2 and ~ 780 residents (Fig. 4-1). Key 

infrastructure includes the airport, Royal Air Force (Travellers Hill) and US Air Force (USAF) 

bases, the South Atlantic Relay communications station, a power plant and the small 

settlements of Georgetown and Two Boats (Fig. 4-1). Ascension has been volcanically active 

for ~ 6 Ma and recent research has given insights into its magmatic history, with deposits 

providing evidence for past effusive and explosive eruptions of both mafic and felsic 

composition (e.g. Chamberlain et al. 2016, 2019, 2020; Winstanley 2020; Davies et al. 2021; 

Preece et al. 2021). The most recent known effusive eruptive activity has been dated to just 

500 years ago (Preece et al. 2018); however, poor tephra preservation (with deposits 

missing from the record and units being untraceable across the island) means that past 

explosive eruptions are not well constrained (Preece et al. 2021). We have therefore used 

eruption source parameters from analogue eruptions together with published geological 

data to model a range of possible future explosive events and discuss potential impacts on 

infrastructure. 

Tephra fall is, of course, just one of the potential volcanic hazards that are considered in 

comprehensive hazard and impact assessments, which often use event trees to quantify the 

likelihood of each hazard (including lava flows, pyroclastic density currents and lahars, as 

well as tephra fall) (e.g. Newhall and Hoblitt 2002; Marzocchi et al. 2012; Alatorre-

Ibargüengoitia et al. 2021; Tadini et al. 2021). Such assessments are beyond the scope of 

this work, in which we consider only the largest explosive events, where the additional 

loading on roofs due to tephra fall deposits may lead to collapse. Because of the knowledge 
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gaps in the AscensionΩǎ ŜǊǳǇǘƛǾŜ ƘƛǎǘƻǊȅ όtǊŜŜŎŜ et al. 2021), we have no indication of the 

frequency of these large explosive events. Our results therefore provide conditional 

probabilities of tephra fall loads exceeding threshold values ie. probabilities given that an 

explosive event has occurred. If future research provides more detailed data on the 

eruptive history of Ascension, our results could be combined with the probabilities of such 

events occurring to produce unconditional probabilities (Connor et al. 2015).   

DŜƻƭƻƎƛŎŀƭ ōŀŎƪƎǊƻǳƴŘ 

The volcanic edifice of Ascension is built on oceanic crust from ~ 7 Ma, with borehole 

evidence suggesting subaerial eruptions began ~ 2.5 Ma and the oldest surface deposits 

dated to ~ 1Ma (Minshull et al. 2010; Jicha et al. 2013). Eruptive products cover the full 

compositional range from basalt to rhyolite, with alkaline felsic magmas produced by 

fractional crystallisation in a closed system (Chamberlain et al. 2016). Felsic eruptive vents 

are concentrated in the centre and east of the island while mafic vents occur in the north, 

south and west. Spatial separation of mafic and felsic volcanism indicates a crustal control 

on composition and has been interpreted to result from low magma flux, a pattern also 

ǎŜŜƴ ŀǘ ƻǘƘŜǊ ƻŎŜŀƴ ƛǎƭŀƴŘǎ ŜΦƎΦ {Ňƻ aƛƎǳŜƭΣ !ȊƻǊŜǎ (Chamberlain et al. 2019). At least 80 

explosive felsic eruptions have occurred over the past 1 Ma, with the most recent occurring 

~ 60 ka in the Eastern Felsic Complex (Preece et al. 2021). Deposits provide evidence of a 

range of styles from Strombolian to Plinian (Davies et al. 2021). Mafic eruptions occur from 

monogenetic vents and 40Ar/39Ar dating of the youngest lava flows gave ages of ~ 500 years 

and suggested the three more ǊŜŎŜƴǘ ŜǊǳǇǘƛǾŜ ŀǊŜŀǎ ŀǊŜ ŀǊƻǳƴŘ /ƻƳŦƻǊǘƭŜǎǎ /ƻǾŜΣ {ƛǎǘŜǊΩǎ 

Peak and to the east of the airport (Airport East), shown in Fig. 4-1 (Jicha et al. 2013; Preece 

et al. 2018).  

aŜǘƘƻŘǎ 

Our simulations considered discrete explosive events (our model scenarios) with eruptive 

plumes ranging from 6ς27 km above sea level (a.s.l.) and durations of 1ς12 hours. While 

the reasoning for the location of the events is discussed further below, this work simply 

assumes that an event will occur at the chosen locations without further supporting 

evidence indicating active volcanic unrest in the areas. For each model scenario we 

assessed the probability of tephra fall loads exceeding failure thresholds for different roof 

types.  
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Fig. 4-1 Map of Ascension Island showing main settlements and infrastructure, eruptive 

ǾŜƴǘǎ ŀƴŘ ŀǇǇǊƻȄƛƳŀǘŜ ŀǊŜŀǎ ƻŦ ŦŜƭǎƛŎ ŀƴŘ ƳŀŦƛŎ ǾƻƭŎŀƴƛǎƳΦ 9ǊǳǇǘƛǾŜ ǾŜƴǘΥ 5/ Ґ 5ŜǾƛƭΩǎ 

/ŀǳƭŘǊƻƴ ǾŜƴǘΦ aƻǎǘ ǊŜŎŜƴǘ ǾŜƴǘǎΥ // Ґ /ƻƳŦƻǊǘƭŜǎǎ /ƻǾŜΣ {t Ґ {ƛǎǘŜǊΩǎ tŜŀƪΣ ! Ґ !ƛǊǇƻǊǘ 

East. Mafic and felsic deposits amended from Chamberlain et al. 2020, vent locations from 

Vye-Brown et al. 2019 

 

Despite the geological data on Ascension in the published literature, there are large 

uncertainties around the eruption source parameters, plume heights, erupted volumes and 

grain size distributions. We therefore make assumptions and rely on analogues to derive 

the input parameters for our model scenarios (detailed further below).   

{ŜƭŜŎǘƛƻƴ ƻŦ ŀƴŀƭƻƎǳŜǎ 

Based on geological setting, geochemistry of eruptive products and deposit characteristics, 

ǘƘŜ ƻŎŜŀƴƛŎ ƛǎƭŀƴŘ ƻŦ {Ňƻ aƛƎǳŜƭ ƛƴ ǘƘŜ !ȊƻǊŜǎ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ŀǎ ŀƴ ŀƴŀƭƻƎǳŜ ŦƻǊ Ascension. 

{Ňƻ aƛƎǳŜƭ ŜȄƘƛōƛǘǎ ŀ ǿƛŘŜ ŎƻƳǇƻǎƛǘƛƻƴŀƭ ǊŀƴƎŜ ƻŦ ŜǊǳǇǘŜŘ ǇǊƻŘǳŎǘǎΣ ŦƻǊƳŜŘ ōȅ ŦǊŀŎǘƛƻƴŀƭ 

crystallisation in a low magma flux environment with spatial separation of felsic and mafic 
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eruptions (Guest et al. 1999; Chamberlain et al. 2019). The eruptive history for the past 5 ka 

is well constrained, with trachytic eruptions from Sete Cidades, Fogo (Agua de Pau) and 

Furnas volcanoes and basaltic activity in the Picos and Congro Fissural Volcanic Systems 

(Guest et al. 1999). The well-studied peralkaline, trachytic deposits of the Fogo A (4.6 ka, 

plume height 21ς30 km) and Fogo 1563 (plume height ~ 19 km) eruptions (Carey and 

Sigurdsson 1989; Guest et al. 1999; Pensa et al. 2015) enable estimates of eruption source 

parameters to be made for future large, felsic eruptions. These provide good analogues for 

the thick pyroclastic deposits of alkaline trachyte on Ascension (Chamberlain et al. 2019; 

Preece et al. 2021). Thirty-six basaltic eruptions have occurred over the past 5 ka in the 

Picos Fissural Volcanic System (Gaspar et al. 2015). The Serra Gorda eruption (3ς5 ka), 

estimated at VEI 3, produced the largest scoria cone in this system with deposits 50 cm 

thick at distances up to 4 km from source (Booth et al. 1978; Newhall and Self 1982; 

Ferreira et al. 2015). Although there are many examples of smaller eruptions of this type, 

including on Ascension (Winstanley 2020),  we consider this eruption a good analogue for 

the scale of monogenetic volcanism on Ascension that might produce tephra fall deposits 

sufficient to cause roof collapse (hence of interest to this study), without commenting on 

the likelihood of an event of this size. 

{ŜƭŜŎǘƛƻƴ ƻŦ ƳƻŘŜƭ ǎŎŜƴŀǊƛƻǎ  

Our simulations build on initial tephra fall modelling for Ascension carried out by the British 

Geological Survey (BGS) (Vye-Brown et al. 2019) and specific to this study, aim to quantify 

tephra fall hazard from a range of possible explosive events where deposit loads may lead 

to significant roof damage. Both the felsic and mafic explosive events were modelled using 

eruption source parameters from our selected analogue eruptions on São Miguel.   

Felsic events 

²Ŝ ǎƛƳǳƭŀǘŜŘ ŜȄǇƭƻǎƛǾŜΣ ǘǊŀŎƘȅǘƛŎ ŜǾŜƴǘǎ ŦǊƻƳ ǘƘŜ 5ŜǾƛƭΩǎ /ŀǳƭŘǊƻƴ ǾŜƴǘ όCƛƎΦ 4-1) in the 

Eastern Felsic Complex, with plume heights of 6ς27 km a.s.l. This was the assumed vent for 

an eruption ~ 65 ka, (Preece et al. 2021). To investigate potential impacts from specifically 

large events we ran simulations with 19 and 27 km plume heights, based on the Fogo 1563 

and Fogo A eruptions on São Miguel (Walker and Croasdale 1970; Carey and Sigurdsson 

1989; Gaspar et al. 2015; Pensa et al. 2015). We also simulated smaller volume events 

(Davies et al. 2021) with 6, 12 and 15 km plume heights.  
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Mafic events 

To investigate an explosive basaltic event with tephra fall deposits that may cause 

significant roof damage, we ran simulations based on the São Miguel Serra Gorda eruption 

(Booth et al. 1978). Our model scenarios used vent locations in each of the three most 

ǊŜŎŜƴǘ ŜǊǳǇǘƛǾŜ ŀǊŜŀǎΣ ƴŀƳŜƭȅ /ƻƳŦƻǊǘƭŜǎǎ /ƻǾŜΣ {ƛǎǘŜǊΩǎ tŜŀƪ ŀƴŘ !ƛǊǇƻǊǘ 9ŀǎǘ ŀƴŘ 

modelled a single event with plume heights sampled in the range 6 ς 10 km. We also 

explored the tephra fall footprint and potential impacts from multiple explosive pulses 

during an eruption, as observed during the 2021 eruptions at Soufrière St Vincent (Miller et 

al. 2022), and Cumbre Vieja, La Palma (Bonadonna et al. 2022; Martí et al. 2022) by 

simulating three separate events, each with 6ς10 km plume heights. It can be difficult to 

clear tephra deposits from roofs proximal to the source because of the possibility of further 

volcanic activity and the need to ensure safe working conditions and avoid injuries due to 

falls from roofs or ladders (Wardman, et al. 2012; Magill et al. 2013). We therefore summed 

the loads from each pulse, simulating a worst-case scenario where roofs were not cleared 

and there was no erosion of the fall deposit between explosive phases. 

!ŎŎƻǳƴǘƛƴƎ ŦƻǊ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ǾŜƴǘ ƭƻŎŀǘƛƻƴ 

Many mafic eruptions on Ascension have occurred from monogenetic vents, but assessing 

the hazard from monogenetic volcanic fields is difficult due to uncertainty with respect to 

the location of future vents (Valentine and Connor 2015). This is a particular issue on small 

ocean islands, including Ascension, where gaps in the eruptive record can make it difficult 

to assess the age relationships between vents, precluding the use of statistical methods to 

define vent opening probabilities (e.g. le Corvec et al. 2013; Connor et al. 2019; Gallant et 

al. 2021). However, selection of a single vent location for simulations can underestimate 

the area over which tephra loadings may exceed given thresholds compared to modelling a 

spread of possible vent locations. We therefore used a novel approach to model multiple 

vent locations within a specified area in order to consider a wider spread of tephra impacts, 

given the uncertainty of vent location. We defined an area in which we assumed a new vent 

would occur by creating a buffer around the most recent vents. For the youngest vents in 

ōƻǘƘ ǘƘŜ {ƛǎǘŜǊΩǎ tŜŀƪ ŀƴŘ !ƛǊǇƻǊǘ 9ŀǎǘ ŀǊŜŀǎΣ ǘƘŜ ŀǾŜǊŀƎŜ ǎǇŀŎƛƴƎ ōŜǘǿŜŜƴ ǘƘŜ ǾŜƴǘǎ Ƙŀǎ 

been estimated at ~ 400 m (Vye-Brown et al. 2019). We therefore assumed that the source 

of a future eruption would be within 400 m of these historic vents. Within this buffer area 

we created a grid of vents with equal probability of eruption and selected a grid spacing of 

200 m, to ensure meaningful differences in model outputs, balanced with computational 
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resource to run multiple simulations (Fig. 4-2). For Comfortless Cove, on the west of the 

island, the prevailing winds from the south-east would result in most tephra being 

deposited over the sea with vent location having little impact on tephra loads on land, 

therefore, for this location our scenarios were based on a single vent.  

 

Fig. 4-2 Areas of most recent volcanism on Ascension and grid of model vents used for 

mafic eruptive scenarios. Key locations: A: airport, G: Georgetown, PP: power plant and 

South Atlantic Relay station, TB: Two Boats, TH: Travellers Hill, AF: US Air Force Base. 

 

²ƛƴŘ Řŀǘŀ 

Wind velocity influences the direction of spread of the volcanic plume as well as the 

sedimentation of tephra, which controls the extent of the tephra footprint on the ground. 

We took account of variations in the wind field by stochastically sampling wind velocity 

from a ten-year ERA5 dataset for Ascension. The ERA5 reanalysis data covered the period 

2010ς2019 and comprised six-hourly wind data at 37 pressure levels within the atmosphere 

with horizontal resolution of ~ 30 km (Hersbach et al. 2018, 2020). To investigate seasonal 

variability, we analysed wind speed and direction by month using TephraProb (Biass et al. 

2016). Wind roses for 3-monthly intervals at heights up to ~ 30 km above sea level 

(covering the heights of our simulated plumes) did not show significant seasonal trends 

(Fig. C-1 in Appendix C1) and therefore we sampled winds from the whole 10-year dataset 

for each of our simulations (14608 wind profiles in total) (Fig. 4-3).  
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Fig. 4-3 Summary of wind conditions on Ascension Island (mean speed and mean direction 

that the wind is blowing towards) from the ERA5 2010ς2019 reanalysis dataset (Hersbach 

et al. 2018) stochastically sampled for all simulations 

 

¢ŜǇƘǊŀ ƳƻŘŜƭƭƛƴƎ 

We used Tephra2 with the TephraProb Matlab package for our probabilistic hazard 

modelling (Bonadonna et al. 2005; Connor and Connor 2006; Biass et al. 2016). Tephra2 

takes inputs defining eruptive conditions (plume height, eruption duration, total mass 

erupted, grain size distribution, particle density) and solves the advection-diffusion 

equation in two dimensions to calculate tephra accumulation on the ground. The model 

uses a wind field that is assumed to be vertically stratified but horizontally constant, an 

assumption that is likely to be valid over the small area of Ascension. TephraProb enables 

multiple runs of Tephra2, with input parameters sampled within user-defined ranges, to be 

combined into a probabilistic output. Both Tephra2 and TephraProb have been widely used 

and the outputs are now routinely accepted in scenario-based tephra fall hazard 

assessments of possible future events (e.g. Wild et al. 2019; Warwick et al. 2022; Aravena 

et al. 2023) and inversion modelling to recreate past events (e.g. Crummy et al. 2019; 

Jenkins et al. 2020; Tennant et al. 2021). We used analogue eruptions on São Miguel to 

calibrate the model and select best-fit values for model variables (including diffusion 

coefficient, fall time threshold and the plume model, detailed in Tables 4-2 and 4-3) which 

describe the release, transport and deposition of particles.  
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Table 4-2 Input parameters used for felsic simulations  

Parameter Value  Rationale 

Plume height (km 

asl) 

27 19 Selected to best match Fogo 1563 and 

Fogo A eruptions (Walker and Croasdale 

1970; Carey and Sigurdsson 1989; 

Gaspar et al. 2015; Pensa et al. 2015). 

 

Mass erupted (kg) 1011ς5 × 1012  1010ς1012 

Duration (h) 3ς12 2ς6 

Plume height (km 

asl) 

15 12 6 Selected to model smaller 

volume eruptions (e.g. 

Davies et al. 2021). Mass erupted (kg) 1010ς5 × 1011 109ς1011 107ς1010 

Duration (h) 1ς4 1ς3 1ς3  

Grain size distribution    

ʊ range (Mdʊ) -5 ς 6 (0.5)  Based on published grain size 

distributions for Fogo 1563 and Fogo A 

eruptions (Walker and Croasdale 1970). 

ʊ̀ 2  

Aggregation No  

Particle densities   

ˊ lithic (kg mҍ3) 2400 Scollo (2008) found particle density has negligible effect 

on modelled tephra loads and so we used typical values 

for trachytic tephra deposits on São Miguel (Kueppers et 

al. 2019). 

 ́pumice (kg mҍ3) 800 

Model parameters  

Diffusion coefficient 

(m s-2) 

5000 Selected so that tephra loads best matched observed Fogo A 

deposit (with tephra depths converted to loads using 

published deposit density of 500 kg m-3) (Walker and 

Fall time threshold 

(s) 

6000 Croasdale 1970). ̡ ŘƛǎǘǊƛōǳǘƛƻƴǎ ǊŜŦƭŜŎǘ ǘƘŜ ǾŜǊǘƛŎŀƭ 

distribution of mass in the plume. We tested: 

   h  Ґ мΣ ʲ Ґ м όƳŀǎǎ ŜǾŜƴƭȅ ŘƛǎǘǊƛōǳǘŜŘύ 

Plume model 

ʲ ŘƛǎǘǊƛōǳǘƛƻƴ όʰΣ ʲύ 

1,1    h  Ґ нΣ ʲ Ґ н όƳŀǎǎ ŎƻƴŎŜƴǘǊŀǘŜŘ ŀǘ ŎŜƴǘǊŜ ƻŦ ǘƘŜ ǇƭǳƳŜύ 

   h  Ґ оΣ ʲ Ґ н όmass concentrated towards plume top) 

   h  Ґ нΣ ʲ Ґ о όƳŀǎǎ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻǿŀǊŘǎ ǇƭǳƳŜ ōƻǘǘƻƳ) 

Column integration 

steps 

50 Produced stable load contours while optimising run time 
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Table 4-3 Input parameters used for mafic simulations  

Parameter Value Rationale  

Plume height (km 

asl) 

6ς10 Selected to simulate relatively small eruption, but one 

that could lead to tephra deposits likely to cause roof 

collapse. 6 km was minimum plume height where deposit 

loads reached roof collapse values beyond the vent area. 

Mass erupted (kg) 109ς1010  

Duration (h) 1ς6 

Grain size distribution  

ʊ range  

(Mdʊ) 

-5 ς 5  

(-1) 

Based on maximum and median grain size data from 

Serra Gorda eruption (Booth et al. 1978). 

 ʊ̀ 2 

Aggregation No 

Particle densities 

ˊ lithic (kg mҍ3) 

 

2900 

 

Scollo (2008) found particle density has negligible effect 

on modelled tephra loads and so we used typical values 

(https://volcanoes.usgs.gov/volcanic_ash/

density_hardness.html) 

 ́pumice (kg mҍ3) 1000 

Model parameters  

Diffusion 

coefficient (m s-2) 

 

4000 Selected to best match observed Serra Gorda deposit (Booth 

et al. 1978), (with tephra depths converted to loads using 

estimated deposit density of 1000 kg m-3ύΦ ʲ ŘƛǎǘǊƛōǳǘƛƻƴǎ 

reflect the vertical distribution of mass in the plume. We 

tested: 

   h  Ґ мΣ ʲ Ґ м όƳŀǎǎ ŜǾŜƴƭȅ ŘƛǎǘǊƛōǳǘŜŘύΦ 

   h  Ґ нΣ ʲ Ґ н όƳŀǎǎ ŎƻƴŎŜƴǘǊŀǘŜŘ ŀǘ ŎŜƴǘǊŜ ƻŦ ǘƘŜ   plume). 

   h  Ґ оΣ ʲ Ґ н όƳŀǎǎ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻǿŀǊŘǎ ǇƭǳƳŜ ǘƻǇύΦ 

   h  Ґ нΣ ʲ Ґ о όƳŀǎǎ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻǿŀǊŘǎ ǇƭǳƳŜ bottom). 

Fall time 

threshold (s) 

 

5000 

 Plume model 

ʲ ŘƛǎǘǊƛōǳǘƛƻƴ  

όʰΣ ʲύ 

 

2, 2  

Column 

integration steps 

50 Produced stable load contours while optimising run time 
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We ran 1000 simulations for each model scenario and accounted for uncertainty in 

meteorological conditions by randomly selecting a wind profile from the ERA5 2010ς2019 

dataset for each simulation. Tephra fall loads were mapped onto a 500 m grid, selected to 

produce a stable output while optimising run time. For each felsic simulation, plume height 

was fixed, and event duration was sampled from a range (Table 4-2). Values were 

constrained so that combinations of duration and mass eruption rate (calculated within 

TephraProb from plume height and wind data using Degruyter and Bonadonna (2012)) 

were only selected for the simulations when the resulting total erupted mass fell within the 

ranges defined based on our analogue eruptions (Biass et al. 2016). All input parameters for 

the felsic model scenarios and the rationale for their selection are shown in Table 4-2. 

For each mafic scenario, we ran 1000 simulations from each model vent (Fig. 4-2 and Table 

C-1). Plume height was sampled within the range 6ς10 km, using a logarithmic distribution 

to account for small eruptions occurring more frequently than large ones, with 

combinations of plume height, duration and total mass erupted constrained as for the felsic 

simulations. All input parameters for the mafic model scenarios and the rationale for their 

selection are shown in Table 4-3. 

Output from TephraProb can be expressed as the probability of tephra load on the ground 

exceeding a threshold or ground tephra loads given a threshold probability. Our focus is on 

investigating the probabilities of key reported load thresholds (Table 4-1) being exceeded 

and therefore we report our results as ground tephra loads with probabilities of 

exceedance of 10, 50 and 90 %.  This enables us to explore both more probable and rare-

but-possible outcomes. It is important to note that the probabilistic results are explicitly 

linked to the modelled event(s) and are calculated on the basis that the modelled events 

we defined have happened. While we have selected events with a possibility of occurring 

on Ascension, we offer no appraisal of the likelihood of such events, or their location, 

simply the potential impacts of tephra loading if such an event were to occur. 

For a simulation of an eruption, using one vent location and consisting of a total of N runs, 

each model run, i, gives a tephra load, lix, at grid cell, x. The probability, P, of the modelled 

load in grid cell x (lx) exceeding a mass threshold, T, is shown in Eq. 4-1 (Biass et al. 2016). 
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ὖὰ Ὕȿρ ÅÒÕÐÔÉÏÎ ÆÒÏÍ ÖÅÎÔ ὺ  
ὲ

ὔ
 

where  v = known vent and ὲ  
ρ ÉÆ ὰ  Ὕ 
π ÏÔÈÅÒ×ÉÓÅ 

 

 

 

(4-1) 

When the vent location is uncertain, we can run simulations from a vent V, selected from a 

set of m possible vent locations (v1, v2Σ ΧΦǾm), which we assume are all equally likely to be 

the source. The output combines the results from all simulations to give the probability of 

the modelled load exceeding T in grid cell x for an eruption from any one of m vents. In this 

case, Eq. 4-1 is modified to Eq. 4-2. 

ὖὰ Ὕȿρ ÅÒÕÐÔÉÏÎ ÆÒÏÍ ÖÅÎÔ ὠ  
ὲ

ὔά
 

where ὠ  ɴὺȣȢȢὺ  and ὲ  
ρ ÉÆ ὰ  Ὕ 
π ÏÔÈÅÒ×ÉÓÅ 

 

 

 

(4-2) 

The grid spacing described in the Accounting for uncertainty in vent location section gives 

values of m = 42 and m Ґ ро ŦƻǊ !ƛǊǇƻǊǘ 9ŀǎǘ ŀƴŘ {ƛǎǘŜǊΩǎ tŜŀƪ ŀǊŜŀǎ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

When considering multiple events, we assumed the load is not cleared between eruptions 

(a worst-case scenario) and hence the tephra load from each event is summed in each grid 

cell. For K eruptions, during model run, i, the total load in grid cell x (Lix) is given by Eq. 4-3: 

ὒ  ὰ  
 

(4-3) 

In this case, Eqs. 4-1 and 4-2 are modified to Eqs. 4-4 and 4-5 respectively: 

ὖὒ Ὕȿὑ ÅÒÕÐÔÉÏÎÓ ÆÒÏÍ ÖÅÎÔ ὺ  
ὲ

ὔ
 

Where v = known vent and ὲ  
ρ ÉÆ ὒ   Ὕ 
π ÏÔÈÅÒ×ÉÓÅ 

 

 

 

 

(4-4) 

ὖὒ Ὕȿὑ ÅÒÕÐÔÉÏÎÓ ÆÒÏÍ ÖÅÎÔ ὠ  
ὲ

ὔά
 

Where ὠ  ɴὺȣȢȢὺ  and ὲ   
ρ ÉÆ ὒ   Ὕ
π ÏÔÈÅÒ×ÉÓÅ 

 

 

 

(4-5) 
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wŜǎǳƭǘǎ 

CŜƭǎƛŎ ŜǾŜƴǘǎ 

For all our selected model ǎƛƳǳƭŀǘƛƻƴǎ ŦǊƻƳ 5ŜǾƛƭΩǎ /ŀǳƭŘǊƻƴ ǘŜǇƘǊŀ Ŧŀƭƭ ŎƻǾŜǊŜŘ ǘƘŜ ǿƘƻƭŜ 

island with a 50 ҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ н ƪƎ Ƴ-2 for a 6 km plume height and a 90 % 

ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ мнрл ƪƎ Ƴ-2 for a plume reaching 27 km a.s.l. (Table 4-4). For our 

scenario with a plume height of 6 km lasting 1ς3 hours, there was a 50 % probability of 

ǘŜǇƘǊŀ ƭƻŀŘǎ җ м ƪƎ Ƴ-2 over most of the island, with loads at key locations reaching 

threshold values ranging from 2 kg m-2 at Georgetown, the airport and the USAF Base to 12 

kg m-2 at Two Boats (Fig. 4-4a and Table 4-4). Loads with a 10 % probability of exceedance 

ranged from 4 kg m-2 at the airport to 23 kg m-2 at Two Boats (Fig. 4-5a and Table 4-4) and 

there was a 90 % probability of loads of 2ς6 kg m-2 at Two Boats, Travellers Hill, the power 

plant and South Atlantic Relay station with loads at other key locations < 1 kg m-2 (Fig. 4-5b 

and Table 4-4). 

 

Fig. 4-4 Tephra ground loads with 50 % probability of exceedance for trachytic event from 

5ŜǾƛƭΩǎ /ŀǳƭŘǊƻƴ ǿƛǘƘ ǇƭǳƳŜ ƘŜƛƎƘǘ ŀύ с ƪƳΣ ōύ мн ƪƳΣ Ŏύ мр ƪƳΣ Řύ мф ƪƳΦ YŜȅ ƭƻŎŀǘƛƻƴǎΥ !Υ 

airport, G: Georgetown, PP: power plant and South Atlantic Relay station, TB: Two Boats, 

TH: Travellers Hill, AF: US Air Force Base. 
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Table 4-4 Highest modelled tephra ground loads at key locations for trachytic model 

ǎŎŜƴŀǊƛƻǎ ŦǊƻƳ 5ŜǾƛƭΩǎ /ŀǳƭŘǊƻƴ όCƛƎΦ 4-1), with 10, 50 and 90 % probability of exceedance  
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Fig. 4-5 Tephra ground loads with 10 and 90 % probability of exceedance respectively for 

ǘǊŀŎƘȅǘƛŎ ŜǾŜƴǘ ŦǊƻƳ 5ŜǾƛƭΩǎ /ŀǳƭŘǊƻƴ ǿƛǘƘ ǇƭǳƳŜ ƘŜƛƎƘǘ ŀύ ŀƴŘ ōύ с ƪƳΣ Ŏύ ŀƴŘ Řύ мн ƪƳΣ Ŝύ 

and f) 15 km, g) and h) 19 km. Key locations: A: airport, G: Georgetown, PP: power plant 

and South Atlantic Relay station, TB: Two Boats, TH: Travellers Hill, AF: US Air Force Base. 
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For our scenario with a 12 km plume height, results revealed a 50 % probability of tephra 

ƭƻŀŘǎ җ рл ƪƎ Ƴ-2 over the whole island with loads of 154 and 194 kg m-2 at Travellers Hill 

and Two Boats respectively (Fig. 4-4b and Table 4-4). There was a 10 % probability of loads 

between 100 kg m- 2 (at the airport) and 364 kg m-2 (at Two Boats). For a 90 % probability of 

exceedance, loads ranged from 14 kg m-2 at the airport, Georgetown and the USAF Base to 

93 kg m-2 at Two Boats (Fig. 4-5c, d and Table 4-4). 

Our scenario of a 1ς4 hour event with a 15 km plume height produced a 50 % probability of 

ǘŜǇƘǊŀ ƭƻŀŘǎ җ мрл ƪƎ Ƴ-2 in all key locations, with the highest loads at Travellers Hill and 

Two Boats (724 and 577 kg m-2 respectively) (Fig. 4-4c and Table 4-4). There was a 10 % 

ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ прл ƪƎ Ƴ-2 across the whole island, with a maximum load at Two 

Boats of 1413 kg m-2 (Fig. 4-5e and Table 4-4). When considering a 90 % probability of 

exceedance, loads ranged from 55 kg m-2 at Georgetown and the USAF Base to 329 kg m-2 

at Two Boats (Fig. 4-5f and Table 4-4). 

For a plume height of 19 km lasting 3ςс ƘƻǳǊǎΣ ǿŜ ŦƻǳƴŘ ŀ рл ҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ Ϥ флл 

kg m-2 ŀƴŘ ŀ мл ҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ мулл ƪƎ Ƴ-2 at all key locations (Figs. 4-4d, 4-5g and 

Table 4-пύΦ  ¢ƘŜǊŜ ǿŀǎ ŀ ǇǊƻōŀōƛƭƛǘȅ ƻŦ фл ҈ ƻŦ ƭƻŀŘǎ җ ммлл ƪƎ Ƴ-2 at Two Boats and 

Travellers Hill, with loads of 200ς350 kg m-2 elsewhere (Fig. 4-5h and Table 4-4). An event 

similar to Fogo A (with a plume of 27 km lasting up to 12 hours) resulted in a 90 % 

ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ мнрл ƪƎ Ƴ-2 across the entire island (Table 4-4). 

aŀŦƛŎ ŜǾŜƴǘǎ 

Single phase  

For our basaltic scenario with a plume height of 6ς10 km lasting 1ς6 hours, our scenarios 

ŦǊƻƳ {ƛǎǘŜǊΩǎ tŜŀƪ ǊŜǎǳƭǘŜŘ ƛƴ ŀ рл ҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ǘƘŜ ƴƻǊǘƘ ŀƴŘ ǿŜǎǘ ƻŦ ǘƘŜ ƛǎƭŀƴŘ 

ǊŜŎŜƛǾƛƴƎ ŀ ǘŜǇƘǊŀ ƭƻŀŘ җ м ƪƎ Ƴ-2, with values in key locations ranging from 5 kg m-2 at the 

airport to 87 kg m-2 at Two Boats (Fig. 4-6a and Table 4-5). Loads with a 10 % probability of 

being exceeded ranged from 18 kg m-2 at the airport to 231 kg m-2 at Two Boats and there 

was a 90 % probability of loads of 1ς24 kg m-2 at the key locations (Table 4-5 and Figs. C-2a 

and C-3a). 

²ƘŜƴ ǘƘŜ ǾŜƴǘ ǿŀǎ ƛƴ ǘƘŜ !ƛǊǇƻǊǘ 9ŀǎǘ ŀǊŜŀΣ ǿŜ ŦƻǳƴŘ ŀ рл ҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ Җ м ƪƎ Ƴ-2 

at the power plant and South Atlantic Relay station, with loads at other key locations 

ranging from 7 kg m-2 (at Two Boats) to 203 kg m-2 (at the airport) (Fig. 4-6b and Table 4-5). 

For a 10 % probability of exceedance, we found loads between 3 kg m-2 (at the power plant  
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Fig. 4-6 Tephra ground loads with 50 % probability of exceedance for basaltic events. a), b) 

and c) show results for one event with 6ς10 km plume height, d), e) and f) show results for 

three events, each with 6ςмл ƪƳ ǇƭǳƳŜ ƘŜƛƎƘǘΣ ŦǊƻƳ {ƛǎǘŜǊΩǎ tŜŀƪΣ !ƛǊǇƻǊǘ 9ŀǎǘ ŀƴŘ 

Comfortless Cove respectively. For multiple events, we assume the tephra is not cleared or 

eroded between each pulse. Key locations: A: airport, G: Georgetown, PP: power plant and 

South Atlantic Relay station, TB: Two Boats, TH: Travellers Hill, AF: US Air Force Base. 
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Table 4-5 Highest modelled tephra ground loads at key locations (Fig. 4-1) for basaltic 

ƳƻŘŜƭ ǎŎŜƴŀǊƛƻǎ ŦǊƻƳ {ƛǎǘŜǊΩǎ tŜŀƪΣ !ƛǊǇƻǊǘ 9ŀǎǘ ŀƴŘ /ƻƳŦƻǊǘƭŜǎǎ /ƻǾŜ όCƛƎΦ 4-2) with 10, 50 

and 90 % probability of exceedance  
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Table 4-5 continued 
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and South Atlantic Relay station) and 387 kg m-2 (at the airport) (Table 4-5 and Fig. C-2b). 

There was a 90 % probability of loads of 82 kg m-2 ŀǘ ǘƘŜ ŀƛǊǇƻǊǘ ŀƴŘ Җ рм ƪƎ Ƴ-2 across the 

rest of the island (Table 4-5 and Fig. C-3b). 

For our scenario of an event from Comfortless Cove, there was a 50 % probability of loads < 

1 kg m-2 at Travellers Hill, Two Boats and the airport, with Georgetown having the highest 

load of 55 kg m-2 (Fig. 4-6c and Table 4-5). Loads with a 10 % probability of being exceeded 

ranged from 6 kg m-2 at Two Boats to 121 kg m-2 at Georgetown (Table 4-5 and Fig. C-2c). 

For a 90 % probability, Georgetown received a load of 20 kg m-2 and loads at the other key 

ƭƻŎŀǘƛƻƴǎ ǿŜǊŜ Җ н ƪƎ Ƴ-2 (Table 4-5 and Fig. C-3c). 

Multiple phases  

Simulations of three explosive pulses of similar plume height and duration, with no erosion 

or clearing of the deposit between pulses, showed a 50 % probability of all key locations 

ǊŜŎŜƛǾƛƴƎ ŀ ǘŜǇƘǊŀ ƭƻŀŘ җ нл ƪƎ Ƴ-2 ŦƻǊ ŀƴ ŜǾŜƴǘ ŦǊƻƳ {ƛǎǘŜǊΩǎ tŜŀƪΣ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ ǘŜǇƘǊŀ 

load of 290 kg m-2 at Two Boats (Fig. 4-6d and Table 4-5). There was a 10 % probability of 

loads of 46ς615 kg m-2, with all key locations except the airport receiving loads > 100 kg m-2 

(Table 4-5 and Fig. C-2d). There was a 90 % probability of loads of 7ς107 kg m-2 with the 

highest loads at Two Boats and Travellers Hill (Table 4-5 and Fig. C-3d).  

For a multi-phase event from Airport East, tephra loads with a 50 % probability of 

exceedance ranged from 2 kg m-2 at the power plant and South Atlantic Relay station to 631 

kg m-2 at the airport (Fig. 4-6e and Table 4-5). There was a 10 % probability of loads 

between 7 and 1025 kg m-2, with loads > 500 kg m-2 at Travellers Hill, the airport and the 

USAF Base, and a 90 % probability of loads of 354 kg m-2 at the airport, 237 kg m-2 at the 

USAF Base and < 80 kg m-2 at the other key locations (Table 4-5 and Figs. C-2e and C-3e). 

Our multi-phase scenario from Comfortless Cove revealed a 50 % probability of all 

ǎŜǘǘƭŜƳŜƴǘǎ ŀƴŘ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ǊŜŎŜƛǾƛƴƎ ƭƻŀŘǎ җ н ƪƎ Ƴ-2. At Georgetown there was a 50 % 

probability of loads reaching 176 kg m-2 (with 10 % and 90 % probabilities of loads of 278 kg 

m-2 and 104 kg m-2 respectively) (Table 4-5 and Figs. 4-6f, C-2f and C-3f). 

5ƛǎŎǳǎǎƛƻƴ 

We have modelled a set of defined discrete explosive events of various plume heights from 

vent locations across Ascension to explore the range of tephra fall hazard footprints and 

impacts from such short-lived events. These events have been selected based on analogue 
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eruptions from other small islands together with published geological data to represent a 

range of possible future explosive events. The results of these models are explicitly linked 

to the models themselves, and while they are within the range of possible events on 

Ascension, we make no comment of the likelihood of such events, only commenting on the 

outputs of the models, assuming such events have occurred. A probabilistic approach to 

these events allows us to investigate the intrinsically variable nature of volcanic processes 

and atmospheric conditions which affect tephra dispersal and deposition.  

aƻŘŜƭƭƛƴƎ ŀǎǎǳƳǇǘƛƻƴǎ ŀƴŘ ǳƴŎŜǊǘŀƛƴǘƛŜǎ 

When considering possible future explosive events on Ascension, we must take account of 

uncertainties related to our knowledge of past eruptions and make assumptions when 

selecting input parameters for our model runs, as well as being aware of uncertainties in 

the model itself.  

DŀǇǎ ƛƴ ƻǳǊ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ ƛǎƭŀƴŘΩǎ ŜǊǳǇǘƛǾŜ ƘƛǎǘƻǊȅ ŀƴŘ ƭƛƳƛǘŜŘ ǇǊŜǎŜǊǾŀǘƛƻƴ ƻŦ ǘŜǇƘǊŀ 

fall deposits meant that it was necessary to use well-studied analogue eruptions to provide 

input parameters for our modelling. Our approach builds on the outcomes of an expert 

elicitation and initial modelling work conducted by BGS (Vye-Brown et al. 2019). As detailed 

in the Methods section, we selected eruptions on São Miguel, Azores which matched the 

characteristics of Ascension tephra fall deposits. We used these analogue eruptions to 

calibrate the model, including selecting optimal model parameters covering dispersal and 

deposition of particles, and to select eruption source parameters (plume height, mass 

erupted, grain size distribution) for our simulations. We assume that these are 

representative of explosive events that could occur in future on Ascension.  

As discussed in previous sections both Tephra2 and TephraProb have been widely used, and 

the outputs are now routinely accepted in scenario-based tephra fall hazard assessments. 

However, as with all models they necessarily simplify physical processes to enable outputs 

to be obtained within reasonable timescales. Tephra2 solves a two-dimensional version of 

the advection-diffusion equation and assumes a vertically stratified and horizontally 

constant wind field. It therefore does not account for small scale atmospheric features such 

as eddies or temporal changes within the timescale of each wind profile (in our case 6 

hours). Tephra2 also assumes that the specified input parameters are representative of 

average conditions during peak eruptive activity (Connor and Connor, 2006). Hence, events 

modelled here do not fully reflect the waxing and waning of an ongoing eruption with 
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multiple explosive phases, as observed at the 2021 eruptions at Soufrière St Vincent (Cole 

et al. 2024) and Cumbre Vieja, La Palma (Martí et al. 2022), but rather treat each event as a 

discrete explosion. 

tƻǘŜƴǘƛŀƭ ƛƳǇŀŎǘ ƻŦ ŜȄǇƭƻǎƛǾŜ ŜǾŜƴǘǎ ƻƴ !ǎŎŜƴǎƛƻƴ 

Felsic events 

Our results revealed that short-lived explosive events on Ascension could result in 

ǿƛŘŜǎǇǊŜŀŘ ǘŜǇƘǊŀ ŦŀƭƭΣ ǇƻǘŜƴǘƛŀƭƭȅ ƛƳǇŀŎǘƛƴƎ ǘƘŜ ƛǎƭŀƴŘΩǎ ǊŜǎƛŘŜƴǘǎ ŀƴŘ ƪŜȅ ǇƻǿŜǊΣ 

ǘǊŀƴǎǇƻǊǘ ŀƴŘ ŎƻƳƳǳƴƛŎŀǘƛƻƴǎ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜΦ 9ǾŜƴ ŀ ǎƳŀƭƭ ŦŜƭǎƛŎ ŜǊǳǇǘƛƻƴ ŦǊƻƳ 5ŜǾƛƭΩǎ 

Cauldron, with a 6 km plume height, would impact the airport and many roads with 50 % 

ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ м ƪƎ Ƴ-2 (~ 1 mm depth, depending on deposit density) across the 

island (Fig. 4-4a and Table 4-1). A 12 km plume could additionally affect power and 

communications with our results showing a фл ҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ мл ƪƎ Ƴ-2 across the 

majority of the island (Fig. 4-5d) and a 50 % probability of loads җ 150 kg m-2 at Two Boats 

and Travellers Hill (Fig. 4-4b and Table 4-4). Previous studies have shown that, if roofs are 

not cleared of tephra, these loads can be sufficient to cause collapse in weak or long span 

structures (Table 4-1 and Jenkins et al. 2014). Larger volume events could cause widespread 

disruption and even collapse of good quality roofs. For a 15 km plume, we found a 50 % 

ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ 150 kg m-2 at all key locations. The highest loads were at Two Boats 

and Travellers Hill, with a фл ҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ 150 kg m-2, a 50 % probability of loads 

sufficient to cause collapse of good quality metal and tile roofs (җ 400 kg m-2) and a 10 % 

probability of loads that have the potential to collapse even the strongest roofs (җ 700 kg 

m-2) (Table 4-1, Figs4- 4c, 4-5e,f). When considering a 19 km plume height, these impacts 

ŎƻǳƭŘ ōŜ ŦŀǊ ƎǊŜŀǘŜǊ ŀƴŘ ƳƻǊŜ ǿƛŘŜǎǇǊŜŀŘΣ ǿƛǘƘ ŀ рл ҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ җ 700 kg m-2 

(Figs. 4-4d, 4-5h), necessitating extensive clean-up operations (Hayes et al. 2015). 

Mafic events 

Some of the recent deposits on Ascension came from monogenetic basaltic eruptions (Fig. 

4-1) and probabilistic spatial density distributions using mapped vent locations have 

identified areas where future vents are most likely to occur (Vye-Brown et al. 2019). 

However it is not possible to assess the temporal relationship between these vents because 

of limited deposit preservation on the island and hence we are unable to assess vent 

opening probability. This is a common issue on small volcanic Islands, our simulations 

therefore took account of the uncertainty in the source location of a future eruption by 
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using a grid of equally probable vent locations within the most recently active areas (Fig. 4-

2). This approach reduces the likelihood of overestimating loads proximal to the source as 

the results produced a smaller area where there is 90 % probability of tephra fall loading 

sufficient to cause roof collapse (җ 100 kg m-2). It also better highlights the full extent of the 

area that could be impacted, with a larger area having a 10 % probability of tephra fall 

loading җ 100 kg m-2. For one basaltic event with a 6ς10 km plume height, we found a 50 % 

probability of tephra loads > 1 kg m- 2 across the west side of the island, a deposit that could 

impact roads. In two of the three scenarios the airport also received similar tephra loads 

(Fig. 4-6 a-c). There was a 10 % probability of loads that may cause roof collapse (җ 100 kg 

m- 2) with Georgetown, Two Boats, Travellers Hill, the power plant and South Atlantic Relay 

ǎǘŀǘƛƻƴ ƛƳǇŀŎǘŜŘ ōȅ ŀƴ ŜǾŜƴǘ ŦǊƻƳ {ƛǎǘŜǊΩǎ tŜŀƪ, and Travellers Hill, the USAF Base and the 

airport impacted by an event from Airport East. Georgetown was also impacted by an event 

from Comfortless Cove (Fig. C-2 a-c). 

The 2021 eruption of Soufrière St Vincent showed that build-up of tephra from multiple 

small events can create substantial hazard, particularly near to source if clean-up is not 

possible between eruptive events (Miller et al. 2022). Multiple pulses over a timescale of 

weeks were also seen during the eruption of Cumbre Vieja, La Palma in 2021 (Bonadonna et 

al. 2022; Martí et al. 2022), showing the importance of considering this type of scenario. For 

our multi-phase events, we assumed that tephra was not cleared from roofs between 

pulses, a worst-ŎŀǎŜ ǎŎŜƴŀǊƛƻΦ CƻǊ ǘƘǊŜŜ ǇǳƭǎŜǎ ŦǊƻƳ {ƛǎǘŜǊΩǎ tŜŀƪ, we found a 50 % 

probability of tephra loads that could lead to collapse of poor quality and long span roofs (җ 

150 kg m- 2) in Georgetown, Travellers Hill and Two Boats (Fig. 4-7a). Three pulses from 

Airport East could lead to collapse of these types of roof in Travellers Hill, as well as 

collapse of metal and tile roofs around the airport and at the USAF Base (loads җ 400 kg 

m- 2) (Fig. 4-7b). For events from Comfortless Cove, deposition was mainly over the sea, 

although there was a 50 % probability that poor quality and long span roofs may be 

vulnerable in Georgetown, if tephra was not cleared (Fig. 4-7c). For three events from 

{ƛǎǘŜǊΩǎ tŜŀƪ ƻǊ !ƛǊǇƻǊǘ 9ŀǎǘΣ ǘƘŜǊŜ ǿŀǎ ŀ мл ҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƭƻŀŘǎ ǘƘŀǘ ŎƻǳƭŘ ŎƻƭƭŀǇǎŜ ƎƻƻŘ 

quality metal and tile roofs (җ 400 kg m- 2) and for three events from any of our source 

areas, we found a 90 % probability of loads that could cause collapse of poor-quality roofs 

(җ 100 kg m- 2) (Figs. C-4 and C-5 Table 4-1). 

In this work, we have only considered the impacts of tephra fall but within a few hundred 

metres of a vent, ballistics can also cause serious injury and damage to infrastructure 
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(Fitzgerald et al. 2020; Massaro et al. 2022). This should be investigated, given the 

proximity of the airport, Two Boats and Travellers Hill to the most recent eruptive areas. 

Airborne ash could also lead to health issues (e.g. IVHHN 2021; Eychenne et al. 2022; 

Stewart et al. 2022) and the plume could have a substantial impact on airspace, particularly 

for larger eruptions (e.g. Witham et al. 2012; Hirtl et al. 2020; Mastin et al. 2021).  

 

Fig. 4-7 Tephra ground loads likely to cause roof collapse (> 150 kg m-2) with 50 % 

probability of exceedance for three basaltic eruptions, each with 6ς10 km plume from a) 

{ƛǎǘŜǊΩǎ tŜŀƪΣ ōύ !ƛǊǇƻǊǘ 9ŀǎǘ ŀƴŘ Ŏύ /ƻƳŦƻǊǘƭŜǎǎ /ƻǾŜΣ Řύ ƻƴŜ ƻŦ {ƛǎǘŜǊΩǎ tŜŀƪΣ !ƛǊǇƻǊǘ 9ŀǎǘ 

and Comfortless Cove. Contours show likely collapse loads for different roof types (Table 

4-1). We assume the tephra is not cleared or eroded between each pulse. Key locations: A: 

airport, G: Georgetown, PP: power plant and South Atlantic Relay station, TB: Two Boats, 

TH: Travellers Hill, AF: US Air Force Base. 
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/ƻƴŎƭǳǎƛƻƴ 

Small volcanic islands can be particularly susceptible to the impacts of tephra fall, given 

their size and potential proximity to the vent. Using Ascension as a case study, we carried 

out a probabilistic hazard analysis to quantify tephra fall hazard and discuss potential 

impacts on infrastructure from a suite of defined eruptive events. As eruptive deposits are 

poorly preserved on the island, we combined existing geological data from Ascension with 

analogue eruptions from São Miguel, Azores to model a wide range of possible future 

short-lived explosive events of both felsic and mafic composition.  

Perhaps unsurprisingly, our felsic model scenarios revealed there could be significant 

impacts on the island, ranging from a few millimetres of tephra fall potentially causing 

disruption to transport and infrastructure (for a 6 km plume), to widespread impacts 

including damage to key infrastructure and buildings, including potential collapse of roofs 

(from a 15ς19 km plume). 

There are numerous mafic monogenetic vents across the north, west and south of the 

island, but insufficient data to carry out probabilistic vent susceptibility modelling. We have 

therefore taken account of vent uncertainty by modelling basaltic eruptions from the 

monogenetic volcanic field using a grid of possible vent locations within the most recently 

active areas. Results reveal that for an explosive event with a 6ς10 km plume, there was a 

50 % probability that tephra fallout from a single pulse would disrupt the airport and 

impact roads across the west side of the island. For our scenarios comprising three distinct 

explosive phases, there was a 50 % probability of loads that could lead to roof collapse in 

settlements close to the vent, assuming that roofs are not cleared between phases. In 

nearly all of our mafic scenarios, the airport was impacted while the eastern side of the 

island was least likely to be disrupted, given prevailing wind to the west. 

Our results are not predictive as we have no data pertaining to the likelihood of an 

eruption, its location, type or size, but they clearly show, given the modelling of events 

which may be possible on Ascension, that consideration should be given to the impact from 

tephra fall hazard on key infrastructure. Our approach is relevant to other low-data volcanic 

islands where it can assist in planning for possible future eruptions, by identifying areas 

most susceptible to tephra loading.  
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!ōǎǘǊŀŎǘ 

Following large explosive eruptions, tephra fall can severely impact buildings proximal to 

the source and roof collapse may occur when the tephra load exceeds a ōǳƛƭŘƛƴƎΩǎ ŦŀƛƭǳǊŜ 

load. However, the hazard may be reduced when tephra slides off pitched roofs. By 

understanding which buildings are vulnerable to failure, mitigation measures can be 

prioritised. We have developed a GIS tool for ArcGIS Pro and QGIS that estimates 

vulnerability to roof collapse under tephra fall loads at an individual building scale. The tool 

combines modelled tephra fall loads on the ground with building characteristics (location, 

roof material and pitch, building condition and long or short span construction) and uses 

published data on tephra sliding and typical collapse loads from post-eruption surveys to 

estimate a Fail fraction, F. This is the ratio of tephra fall load to roof failure load, where for 

values of F җ м ǘƘŜ ǊƻƻŦ ƛǎ potentially vulnerable to collapse. The tool can easily be run 

multiple times with different modelled tephra loadings to assess the impact of a range of 

eruption scenarios.  

LƴǘǊƻŘǳŎǘƛƻƴ 

Tephra fall is a key hazard to consider when assessing the impact of explosive volcanic 

eruptions on communities and infrastructure. Buildings proximal to the source can be 

impacted by deposits a few centimetres thick, which can clog heating and ventilation 

equipment, dislodge gutters and damage other non-structural elements (Wilson et al. 2012; 

Hampton et al. 2015). When the deposit is thicker, structural damage may occur including 

buckling or collapse of roof materials and supports (Hayes et al. 2019; Blong, 2003; Spence 

et al. 1996; Jenkins et al. 2014).   

Roof or building collapse because of tephra fall is estimated to have resulted in > 2400 

deaths in the past 500 years, including > 300 fatalities following the eruption of Pinatubo, 

Philippines in 1991 and 100 deaths during the 1982 eruption of El Chichón, Mexico (Brown 

et al. 2017). Exposure of communities is increasing as the global population grows and in 

2015 it was estimated that 59 million people lived within 10 km of a Holocene volcano (one 

that has erupted in the last ~ 11 ka), double the number compared to forty years previously 

(Freire et al. 2019). In order to assess impacts, we must understand both the additional 

ƭƻŀŘ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ǘŜǇƘǊŀ Ŧŀƭƭ ŀƴŘ ǿƘŜǘƘŜǊ ŀ ǊƻƻŦΩǎ ŦŀƛƭǳǊŜ ƭƻŀŘ ǿƛƭƭ ōŜ ŜȄŎŜŜŘŜŘΦ  
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Tephra fall load on a building depends on the interplay of many factors including distance 

from the source, size and intensity of the eruption and weather conditions, as wind velocity 

and precipitation influence tephra transport and deposition. Post deposition, deposit sliding 

on pitched roofs may reduce the load, assuming tephra is removed from the roof rather 

than being redistributed (Osman et al. 2023). The deposit will cause structural damage if it 

exceeds the failure load for the roof and this varies with the type of construction and the 

condition of the building (Spence et al. 2005; Torres-Corredor et al. 2017; Thouret et al. 

2022). If we can identify buildings that may be susceptible to collapse under tephra loading, 

they can be prioritised for mitigation measures. These might include roof clearing during 

and after an eruption (Hayes et al. 2015; Magill et al. 2013) and longer-term interventions 

such as strengthening roof supports or increasing roof pitches to enable deposit sliding 

(Zuccaro and Leone 2012).  

To address this issue, we have developed a tool for GIS users which enables susceptibility to 

roof collapse under tephra fall loading to be assessed for individual buildings and different 

eruption scenarios. Building data (location, roof material and pitch, building condition and 

long or short span construction) are used to estimate vulnerability to collapse at a building 

scale. The tool uses tephra load on the ground as a starting point and this is typically the 

output from a tephra dispersion model (sometimes presented as tephra thickness by 

assuming a constant deposit density) (e.g. Biass et al. 2016b; Barker et al. 2019). The tool 

takes this output in raster file format (i.e. gridded cells with the value of each cell 

representing tephra load on the ground) and interpolates tephra load on the ground at a 

ōǳƛƭŘƛƴƎΩǎ ƭƻŎŀǘƛƻƴ ŦƻǊ ǘƘŜ ŜǊǳǇǘƛƻƴ ǎŎŜƴŀǊƛƻ ǳƴŘŜǊ ŎƻƴǎƛŘŜǊŀǘƛƻƴΦ Lǘ ǘhen calculates the 

fraction of that load expected to remain on the roof, taking account of tephra sliding on 

pitched roofs. It assesses the collapse load for the roof, by adjusting a typical failure load 

for that roof type (taken from published post-eruption field surveys) to reflect individual 

building characteristics. Finally, it calculates a Fail fraction, F, as the ratio of tephra fall load 

to roof failure load, where for values of F җ м ǘƘŜ ǊƻƻŦ ƛǎ potentially vulnerable to collapse. 

The tool can be run multiple times to assess impacts for a range of eruption scenarios.  

To show how the tool can be used, we present a theoretical case study of Ascension Island, 

a volcanically active UK Overseas Territory in the South Atlantic. As is typical for small 

islands, buildings across Ascension could be impacted by tephra fall loads during an 

explosive eruption and our tool can assist in planning for potential future events. Our case 

study (described in more detail in a later section) takes a scenario where tephra fall loads 
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may be high enough to cause building failure and uses synthetic building characteristic data 

(roof material, pitch, condition, long- or short-span). This enables us to showcase key 

aspects of the tool. We utilise typical roof failure loads derived from mean values for good 

quality roofs based on post-eruption field surveys (Jenkins et al. 2014). However, the tool is 

flexible and alternative values can be used depending on local circumstances.  

¢ƘŜ ǘƻƻƭ 

hǾŜǊǾƛŜǿ 

The GIS tool and full instructions can be downloaded from https://doi.org/10.5518/1458. 

It is available as an ArcGIS Pro toolbox and two QGIS models. A layer file is also provided to 

symbolise the map output. GIS requirements and details of the processing steps are given 

in Appendix D. The steps in the tool are also summarised in Fig. 5-1. The user must first 

select which version of the tool to use for the eruption scenario being considered: coarse- 

or fine-grained tephra (described further in the Input data section). The decision should be 

based on knowledge of the eruptive history of the volcano of interest. 

 

Fig. 5-1 Overview of the GIS tool steps to calculate Fail fraction for a roof under tephra fall 

loading. Tool inputs are shaded 

https://doi.org/10.5518/1458
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As inputs the tool takes: 

¶ A raster file of tephra loads on the ground όΨǘŜǇƘǊŀ ǊŀǎǘŜǊΩύ.  

¶ A vector file of building point data including roof characteristics όΨōǳƛƭŘƛƴƎ ŘŀǘŀΩύ. 

¶ A table of typical failure loads by roof materiaƭ όΨǘȅǇƛŎŀƭ ƭƻŀŘǎΩύ. 

The key processing steps are: 

1. Estimate the tephra load on the ground at each building location. 

2. Identify the typical collapse load for each building based on its roof material. 

3. Calculate the expected failure load for each building based on its construction 

(short or long span) and condition.   

4. Calculate what fraction of tephra load on the ground is expected to remain on the 

roof.  

5. Calculate the expected tephra load on the roof. 

6. Calculate the Fail fraction, F (tephra load on the roof as a fraction of the roof failure 

load).  

The output is a map of the building points, symbolised by the layer file to show the Fail 

fraction value for each building.  

LƴǇǳǘ Řŀǘŀ 

Tephra loads 

The tool requires a raster file of tephra load on the ground, which is typically the output 

from a tephra transport and dispersion model (e.g. Barsotti et al. 2008; Biass et al. 2016b). 

Probabilistic hazard analyses (PHA), which combine results from many simulations, take 

account of uncertainties in source and atmospheric conditions and output probabilistic 

estimates of tephra loads. PHA results can be presented as exceedance probability maps 

i.e. tephra loads on the ground for a given probability of exceedance (e.g. Biass et al. 2016a; 

Massaro et al. 2023) and we require this type of model output as an input for the GIS tool.   

Deposit grain size distribution 

Tephra load on a roof is likely to be the same as the load on the ground for flat roofs, but 

on pitched roofs sliding of the deposit can reduce the load. Laboratory sliding tests have 

shown the tephra roof load depends on the grain size distribution (GSD) of the deposit and 

the roof pitch, with fine-grained deposits being stable on steeper roofs compared to 

coarse-grained ones (Osman et al. 2023). The two versions of the tool, for coarse and fine 
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tephra are based on the GSDs used in the Osman et al. (2023) study (Fig. 5-2). The user 

must select the most appropriate version of the tool, based on expert judgement of the 

likely grain-size distribution of the deposit for the eruption under investigation. The fine-

grained tephra tool provides a more conservative estimate of roof loads, and this should be 

used if the likely grain-size distribution for the scenario being considered is unknown. 

  

Fig. 5-2 Grain size distributions of coarse and fine tephra used in GIS tool (amended from 

Osman et al. 2023). Maximum/median grain sizes: 16/5 mm (- 4/- 2.3 ˒ ) for coarse tephra; 

2/ 0.3 mm (- 1/1.7 ˒ ) for fine tephra 

 

Building data 

Buildings are represented by point data and the characteristics required for each building 

are: location, roof material, roof pitch, roof condition (good or poor) and long span (yes or 

no). These parameters have been shown to affect roof collapse load (Jenkins et al. 2014) 

and are used in the Fail fraction calculations (detailed in the Processing steps section).   

Typical collapse loads 

This input table details typical collapse loads for different roof materials in good quality 

buildings (reduced failure loads for poor quality buildings are calculated during the tool 

run). We have used mean collapse loads from published data from post-eruption surveys 

(Jenkins et al. 2014), but values in the typical loads table can be amended to reflect local 

circumstances. 
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{ƭƛŘƛƴƎ Ŝǉǳŀǘƛƻƴǎ 

Tephra sliding behaviour in the tool is based on laboratory tests that quantified sliding on 

simply pitched roofs, following the approach of the Eurocode standard for snow loading 

(Osman et al. 2023; British Standards Institution 2009). The research investigated sliding of 

low- and high-density coarse-grained tephra (pumice and scoria) and high-density ash on 

metal sheet, fibre cement sheet and clay tile roofing. The results were used to produce 

characteristic sliding curves and roof shape factor (RSF) equations (Fig. 5-3 and Table 5-1). 

The tool uses the RSF multiplier to convert tephra loads on the ground to loads on the roof. 

 

Fig. 5-3 Variation of roof shape factor (RSF) with roof pitch for coarse- and fine- grained 

tephra. RSF is the fraction of the tephra load on the ground expected to remain on a roof 

(amended from Osman et al. 2023). Coarse and fine grain size distributions are detailed in 

Fig. 5-2. The curve for thin wet ash is not used in the GIS tool 

 

Sliding depended on the grain-size of the deposit and the pitch of the roof, with fine-

grained deposits stable on higher roof pitches compared to coarse-grained deposits. No 

sliding was observed on roof pitches Җ 15 ° for coarse-ƎǊŀƛƴŜŘ ŘŜǇƻǎƛǘǎ ŀƴŘ Җ 20 ° for fine-

grained deposits i.e. tephra load on the roof is expected to be the same as on the ground. 

In all cases the whole deposit was removed for roof pitches җ 35 °. It was assumed that 

tephra load decreased linearly with increasing roof pitch between these values.  
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Table 5-1 Roof shape factors (RSF) for monopitch and simply pitched roofs (amended from 

Osman et al. 2023). RSF is a multiplier which allows tephra load on a roof to be calculated 

from load on the ground. Coarse and fine grain size distributions are detailed in Fig. 5-2 

 

Roof type aƻƴƻǇƛǘŎƘ ƻǊ ǎƛƳǇƭȅ ǇƛǘŎƘŜŘΣ ǿƛǘƘ ǇƛǘŎƘ Ґ ʰ  

 

Tephra type Low pitch Medium pitch  Steep pitch  Equation 

Coarse-grained  

 

ʰ Җ мрϲ 

RSFcoarse = 1 

мрϲ ғ ʰ ғ орϲ 

RSFcoarse = (35 ς h ύκнл 

орϲ Җ ʰ 

RSFcoarse = 0 

(5-1) 

Fine-grained  

 

 

ʰ Җ нлϲ 

RSFfine = 1 

нлϲ ғ ʰ ғ орϲ 

RSFfine = (35 ς h ύκмр 

орϲ Җ ʰ 

RSFfine = 0 

(5-2) 

 

A note on thin wet ash: The sliding tests also showed that thin (10 cm) deposits of wet ash 

were stable to high roof pitches (30 °) (Fig. 5-3) and in this case the deposit often failed by 

slumping rather than sliding. These conditions are not considered in our GIS tool, as we are 

focusing on tephra sliding behaviour and hence the tool in the presented format is not 

appropriate for this type of deposit. Loading from 10 cm of wet ash is likely to be 0.6ς2.2 

kPa (assuming dry bulk deposit densities of 400ς1500 kg m-3 and water increasing load by ~ 

50 % (Hayes et al. 2019; Osman et al. 2022)), which may lead to failure for low strength 

roofs (Jenkins et al. 2014) but expert judgement is needed to assess the likelihood of 

building failure under these conditions.  

tǊƻŎŜǎǎƛƴƎ ǎǘŜǇǎ  

Tephra deposits typically thin with distance from source (Pyle 1989) and so the first step is 

to estimate tephra load at each building point (Step 1, Table 5-2). A typical collapse load is 

then identified for each building based on the roof material (Step 2) and this is adjusted to 

account for lower expected failure loads for long span or poor-quality buildings (Step 3, 

based on Jenkins et al. 2014). RSF is then calculated to take account of tephra sliding (Step 

4, based on Osman et al. 2023) and this is used to calculate the expected tephra load on 
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Table 5-2 Tool calculation steps 

 

Step Task Calculation 

1 Estimate tephra load on the 

ground at each building location 

Interpolate values in the Tephra raster to 

each building point (using bilinear 

interpolation) 

 

2 Identify typical failure load for 

each roof (in good condition) 

based on roof material 

 

Take values from Typical loads table 

3 Calculate the expected fail load 

for each roof 

Value from Step 2 is adjusted for buildings 

that are not short span and in good 

condition: 

Long span:  failure = 200 kg m-2 

Poor quality: value is divided by 2 

 

4 Calculate the Roof Shape Factor 

(RSF) i.e. the fraction of the 

ground tephra load expected to 

remain on the roof  

 

Calculate RSF using appropriate equation 

from Table 5-1 for coarse and fine tephra  

 

5 Calculate the expected tephra 

load on the roof 

Tephra load on the ground multiplied by 

RSF. (Step 1 multiplied by Step 4) 

 

6 Calculate the Fail fraction, F Tephra load on the roof divided by roof 

failure load. (Step 5 divided by Step 3). If F > 

10, F is set to 10 to enable the map output to 

be symbolised consistently 
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each roof (Step 5). Finally, the Fail fraction, F, is calculated as the ratio of tephra load to 

roof failure load (Step 6).  Values of F > 1 indicate that the failure load has been exceeded 

and roof collapse is possible. 

Full details of the calculations are given in Appendix D. 

The output from the tool is a map with building points categorised by F values where 

vulnerability to collapse is low (F < 0.7), medium (F = 0.7ς1) and high (F > 1). This highlights 

buildings that should be prioritised for mitigation measures.  

[ƛƳƛǘǎ ƻŦ ǘƘŜ ǘƻƻƭ  

The calculations of tephra load removed by sliding were based on small-scale laboratory 

tests on simply pitched roofs of three materials: metal and fibre cement sheets and tiles 

(Osman et al. 2023) and it should therefore only be used for these roof types. However, as 

data on other roof materials become available the tool will be expanded. We also assumed 

that sliding completely removed the deposit and it was not retained in gutters or 

redistributed to another part of the roof.   

In addition, we assumed uniform loading from tephra fall and did not consider drifting of 

the deposit or how ballistics may alter loading and sliding behaviour (Williams et al. 2019). 

We also assumed that roof collapse occurs because the roof material fails, but in some 

cases structural supports may fail at loads that the roof material can withstand (e.g. Blong 

2003; Spence et al. 2005; Williams et al. 2020).   

As detailed in the Sliding equations section, thin (10 cm) wet ash often failed by slumping 

rather than sliding and so this type of deposit was not considered in this tool.   

The typical failure loads for each roof material are taken from post-eruption field surveys 

(Jenkins et al. 2014), but these cover a limited range of buildings and roof types and 

therefore this dataset will need to be expanded for widespread use of the tool.  

¢ƘŜƻǊŜǘƛŎŀƭ ŎŀǎŜ ǎǘǳŘȅ ŦƻǊ !ǎŎŜƴǎƛƻƴ LǎƭŀƴŘ 

To demonstrate the usability of the tool, we have applied it to Ascension Island using 

probabilistic hazard analysis results (detailed in Chapter 4 (Osman et al. Bull Volc in review)) 

combined with synthetic field data. In order to highlight key features of our GIS tool, we 

selected an event where tephra loads may be sufficient to cause roof collapse, but we make 

no comment on the likelihood of such an event occurring. The case study used tephra 



Chapter 5: GIS tool  
 
 

133 
 

ground loads with a 50 % probability of exceedance from three explosive basaltic events 

ŦǊƻƳ {ƛǎǘŜǊΩǎ tŜŀƪΣ ŜŀŎƘ ǿƛǘƘ сς10 km plume height and lasting 1ς6 hours (shown in Fig. 5-

пύΦ 9ǊǳǇǘƛƻƴǎ ŦǊƻƳ {ƛǎǘŜǊΩǎ tŜŀƪ ƘŀǾŜ ǇǊƻŘǳŎŜŘ ŘŜǇƻǎƛǘǎ ǿƛǘƘ ƳŜŘƛŀƴ ƎǊŀƛƴ ǎƛȊŜ ranging 

from 0.3 ς - оΦн ˒ όлΦуς9.0 mm) (Winstanley 2020) and so we selected the coarse-grained 

version of the tool.    

 

Fig. 5-4 Tephra ground loads with 50 % probability of exceedance for three basaltic events, 

each with 6ςмл ƪƳ ǇƭǳƳŜ ƘŜƛƎƘǘΣ ŦǊƻƳ {ƛǎǘŜǊΩǎ tŜŀƪ, Ascension Island. We assume the 

tephra is not cleared or eroded between each pulse (amended from Fig. 4-5a)  

 

The building data we used are synthetic (Fig. 5-5a) with the exception of building location. 

We do not present any data relating to building characteristics on Ascension and this case 

study simply uses building locations on the island, with randomised roof data, for model 

testing purposes only. These data are not intended to represent the characteristics (roof 

material, pitch, condition) of any buildings on Ascension and are used solely to show 

features of our GIS tool. For our typical collapse loads table (Fig. 5-5b), we selected mean 

values from published data for post-eruption surveys (Jenkins et al. 2014).  

The output map and associated building attribute table are shown in Fig. 5-6. The output 

data are synthetic, but they show how buildings located close to each other could have very 

different Fail fraction values. This is because tephra load is influenced by roof pitch (which 

controls tephra sliding) and failure load depends on the building construction (roof 
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material, short- or long-span) and its condition. These results can be used to prioritise 

buildings for mitigation measures in a more appropriate way than assuming hazard and risk 

are based solely on the distance from an eruption centre. Few population centres consist of 

buildings constructed in an identical way, at an identical time, with an identical usage 

history and this tool addresses the resulting variations in susceptibility of structures to 

tephra loading.  

 

  

Fig. 5-5 Ascension Island case study input data a) Synthetic building point data, b) Typical 

collapse load table (from Jenkins 2014). Building point data are for model testing purposes 

only and do not represent characteristics of buildings on Ascension 

 

/ƻƴŎƭǳŘƛƴƎ ǊŜƳŀǊƪǎ 

Tephra fall can lead to roof failure in buildings proximal to source, but the impact on 

individual buildings depends on many factors. Roof collapse can occur when the tephra fall 

load is greater than the roof failure load and this depends on the building construction and 

its condition. In addition, tephra may slide off pitched roofs and so the load on the roof may 

differ from the load on the ground.   

To assist in building-scale assessments of susceptibility to roof collapse under tephra fall 

loading, we have developed a GIS tool for ArcGIS Pro and QGIS. This uses tephra fall loads 

from numerical simulations (Chapter 4), sliding data from laboratory tests (Osman et al. 

2023), typical collapse loads for different roofs materials from post-eruption surveys 
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(Jenkins et al. 2014) and characteristics of individual buildings. The output is a Fail fraction 

value for each building which estimates tephra load on the roof as a fraction of the roof 

failure load. The tool can be used to assess the impact of different eruption scenarios and 

the output enables the most vulnerable buildings to be identified so that appropriate 

mitigation measures can be considered.   

 

 

Fig. 5-6 Ascension Island case study model output. a) Map b) Attribute table. Building data 

are for model testing purposes only and do not represent characteristics of buildings on 

Ascension 

  



Chapter 5: GIS tool  
 

 

136 
 

5ŜŎƭŀǊŀǘƛƻƴǎ 

Acknowledgments 

Thanks to Clare Gordon for helpful discussions on QGIS tools. JC publishes with permission 

of the executive director of the British Geological Survey (UKRI).  

Funding 

SO is supported by the Leeds-York-Hull Natural Environment Research Council (NERC) 

Doctoral Training Partnership (DTP) Panorama under grant NE/S007458/1. This work was in 

part funded by the British Geological Survey University Funding Initiative (BUFI) PhD 

studentship S426.  

Conflicts of interest/Competing interests 

The authors declare they have no conflicts of interest or competing interests. 

Availability of data and material  

The tools and full instructions for their use are available at: https://doi.org/10.5518/1458 

wŜŦŜǊŜƴŎŜǎ 

Barker SJ, Van Eaton, AR, Mastin LG, Wilson CJN, Thompson MA, Wilson TM, Davis C, 

Renwick JA (2019) Modeling ash dispersal from future eruptions of Taupo 

Supervolcano. Geochem Geophys Geosys 20: 3375ς3401. https://doi.org/10.1029/

2018GC008152 

Barsotti S, Neri A, Scire JS (2008) The VOL-CALPUFF model for atmospheric ash dispersal: 1. 

Approach and physical formulation. J Geophys Res 113:B03208. https://doi.org/

10.1029/2006JB004623  

Biass S, Bonadonna C, Connor LJ, Connor CB (2016a) TephraProb: a Matlab package for 

probabilistic hazard assessments of tephra fallout. J Appl Volcanology 5:10. 

https://doi.org/10.1186/s13617-016-0050-5  

Biass S, Bonadonna C, di Traglia F, Pistolesi M, Rosi M, Lestuzzi P (2016b) Probabilistic 

evaluation of the physical impact of future tephra fallout events for the Island of 

Vulcano, Italy. Bull Volcanol 78:37. https://doi.org/10.1007/s00445-016-1028-1  

https://doi.org/10.5518/1458


Chapter 5: GIS tool  
 
 

137 
 

Blong R (2003) Building damage in Rabaul, Papua New Guinea, 1994. Bull Volcanol 65:43ς

54. https://doi.org/10.1007/s00445-002-0238-x  

British Standards Institution (2009) BS EN 1991-1-3: 2003 + A1:2015. Eurocode 1 ς actions 

on structures. Part 1-3: general actions ς snow loads. BSI, London  

Brown SK, Jenkins SF, Sparks RSJ, Odbert H, and Auker MR (2017) Volcanic fatalities 

database: analysis of volcanic threat with distance and victim classification. J Appl 

Volcanology 6:15. https://doi.org/10.1186/s13617-017-0067-4  

Freire S, Florczyk AJ, Pesaresi M, Sliuzas R (2019) An improved global analysis of population 

distribution in proximity to active volcanoes, 1975-2015. ISPRS Int J Geoinf 8:341. 

https://doi.org/10.3390/ijgi8080341  

Hampton SJ, Cole JW, Wilson G, Wilson T, Broom S (2015) Volcanic ashfall accumulation 

and loading on gutters and pitched roofs from laboratory empirical experiments: 

implications for risk assessment. J Volcanol Geotherm Res 304:237ς252. 

https://doi.org/10.1016/j.jvolgeores.2015.08.012  

Hayes JL, Calderón R, Deligne NI, Jenkins SF, Leonard GS, Mcsporran AM, Williams GT, 

Wilson TM (2019) Timber-framed building damage from tephra fall and lahar: 2015 

Calbuco eruption, Chile. J Volcanol Geotherm Res 374:142ς159. 

https://doi.org/10.1016/j.jvolgeores.2019.02.017  

Hayes JL, Wilson TM, Magill C (2015) Tephra fall clean-up in urban environments. J Volcanol 

Geotherm Res 304:359ς377. https://doi.org/10.1016/j.jvolgeores.2015.09.014  

Jenkins SF, Spence RJS, Fonseca JFBD, Solidum RU, Wilson TM (2014) Volcanic risk 

assessment: quantifying physical vulnerability in the built environment. J Volcanol 

Geotherm Res 276:105ς120. https://doi.org/10.1016/j.jvolgeores.2014.03.002  

Magill C, Wilson T, Okada T (2013) Observations of tephra fall impacts from the 2011 

Shinmoedake eruption, Japan. Earth Planets Space 65:677ς698. https://doi.org/

10.5047/eps.2013.05.010  

  



Chapter 5: GIS tool  
 

 

138 
 

Massaro S, Stocchi M, Martínez Montesinos B, Sandri L, Selva J, Sulpizio R, Giaccio B, 

Moscatelli M, Peronace E, Nocentini M, Isaia R, Titos Luzón M, Dellino P, Naso G, Costa 

A (2023) Assessing long-term tephra fallout hazard in southern Italy from Neapolitan 

volcanoes. Nat Hazards Earth Syst Sci 23:2289ς2311. https://doi.org/10.5194/nhess-

23-2289-2023  

Osman S, Thomas M, Crummy J, Sharp A, Carver S (2023) Laboratory tests to understand 

tephra sliding behaviour on roofs. J Appl Volcanology 12:11. 

https://doi.org/10.1186/s13617-023-00137-2  

Osman S, Thomas M, Crummy J, Carver S (2022) Investigation of geomechanical properties 

of tephra relevant to roof loading for application in vulnerability analyses. J Appl 

Volcanology 11:9. https://doi.org/10.1186/s13617-022-00121-2  

Pyle DM (1989) The thickness, volume and grainsize of tephra fall deposits. Bull Volcanol 

51:1ς15. https://doi.org/10.1007/BF01086757  

Spence RJS, Kelman I, Baxter PJ, Zuccaro G, Petrazzuoli S (2005) Residential building and 

occupant vulnerability to tephra fall. Nat Hazards Earth Syst Sci 5:477ς494. 

https://doi.org/10.5194/nhess-5-477-2005  

Spence RJS, Pomonis A, Baxter PJ, Coburn AW, White M, Dayrit M, Field Epidemiology 

Training Program Team (1996) Building damage caused by the Mount Pinatubo 

eruption of June 15, 1991. In: Newhall CG, Punongbayan RS (eds) Fire and mud: 

eruptions and lahars of Mount Pinatubo, Philippines. University of Washington Press, 

Seattle, pp 1055ς1061  

Thouret J-C, Arapa E, Charbonnier S, Guerrero A, Kelfoun K, Cordoba G, Rodriguez D, 

Santoni O (2022) Modeling tephra fall and sediment-water flows to assess their 

impacts on a vulnerable building stock in the city of Arequipa, Peru. Front Earth Sci 

10:865989. https://doi.org/10.3389/feart.2022.865989  

Torres-Corredor RA, Ponce-Villarreal P, Gómez-Martínez DM (2017) Vulnerabilidad física de 

cubiertas de edificaciones de uso de ocupación normal ante caídas de ceniza en la zona 

de influencia del Volcán Galeras. Boletín de Geología 39:67ς82. https://doi.org/

10.18273/revbol.v39n2-2017005  



Chapter 5: GIS tool  
 
 

139 
 

Williams GT, Jenkins SF, Biass S, Wibowo HE, Harijoko A (2020) Remotely assessing tephra 

fall building damage and vulnerability: Kelud Volcano, Indonesia. J Appl Volcanology 

9:10. https://doi.org/10.1186/s13617-020-00100-5  

Williams GT, Kennedy BM, Lallemant D, Wilson TM, Allen N, Scott A, Jenkins SF (2019) 

Tephra cushioning of ballistic impacts: quantifying building vulnerability through 

pneumatic cannon experiments and multiple fragility curve fitting approaches. J 

Volcanol Geotherm Res 388:106711. https://doi.org/10.1016/

j.jvolgeores.2019.106711  

Wilson TM, Stewart C, Sword-Daniels V, Leonard GS, Johnston DM, Cole JW, Wardman J, 

Wilson G, Barnard ST (2012) Volcanic ash impacts on critical infrastructure. Phys Chem 

Earth 45ς46:5ς23. https://doi.org/10.1016/j.pce.2011.06.006  

Winstanley R (2020) A preliminary investigation into the growth of the Sisters scoria cone 

complex, Ascension Island. M.Sc. thesis. MSc. Thesis, University of Durham  

Zuccaro G, Leone MF (2012) Building technologies for the mitigation of volcanic risk: 

Vesuvius and Campi Flegrei. Nat Hazards Rev 13:221ς232. https://doi.org/10.1061/

(ASCE)NH.1527-6996.0000071  





 
 

141 
 

 

 

 

 

 

 

Chapter 6  
 
5ƛǎŎǳǎǎƛƻƴ ŀƴŘ ŎƻƴŎƭǳǎƛƻƴǎ 
 

In this chapter I summarise the main findings of my work and discuss how each strand of 

the project can be combined to improve our understanding of roof vulnerability under 

tephra fall loading. 

When assessing whether tephra fall will lead to roof collapse there are many factors to be 

considered. These include eruption parameters, atmospheric conditions and building 

characteristics. When undertaking roof vulnerability assessments, it will likely never be 

possible to consider all of these elements for every potentially affected structure, so it is 

important to identify which have the most impact on roof loading and failure.  

I have used a combination of published data, laboratory tests, field observation and 

numerical modelling to show how tephra sliding may reduce the load on a roof, and how 

buildings might be prioritised for mitigation measures. I have used small scale experiments 

on a limited number of roof types, but my results show the process through which a wider 

range of buildings could be assessed. There is, however, more work to be done and I 

expand on this in the Further work section.  
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/ƻƳǇŀǊƛǎƻƴ ƻŦ ƴŀǘǳǊŀƭ ŀƴŘ ǎȅƴǘƘŜǘƛŎ ǘŜǇƘǊŀ 

The first objective of the project was to confirm that synthetic samples match well to 

natural samples when considering the geomechanical properties relevant to tephra loading 

on roofs. I created synthetic samples with coarse and fine grain size distributions (GSD) 

matching those of natural tephra (samples from Ascension Island and published data), and 

deposit densities within the range of published values. At the low normal stresses typical of 

roof loads (֒  35 kPa), the internal angle of friction of the synthetic tephra (~ 36 °) was the 

same as for natural samples (Table 2-3). This important finding confirmed that synthetic 

samples can be reliably used for laboratory testing of tephra loading and sliding, reducing 

the cost and difficulty associated with acquiring and transporting large quantities of tephra 

from proximal locations following an eruption. However, further testing of a wider range of 

natural tephra samples from different eruptions would make this conclusion more robust. 

One outstanding question from my shear tests was when a peak value of shear stress is 

reached for natural tephra, as the limited horizontal displacement of the small shear box 

meant I did not see clear peak and residual shear stress values for my Ascension Island ash 

(Fig. 2-7c). I was however able to show that there was no clear indication that the shear 

stress was still increasing in these tests (Appendix A2), so I was confident in reporting this 

as a peak shear stress. I have recently participated in tests for another project, using an 

Imperial ring shear (Bishop et al. 1971), and these have provided additional data for 

samples of ash from Taupo, New Zealand and Brown Tuff from Lipari, Italy. In contrast to 

the small shear box, maximum horizontal travel is not constrained in the ring shear, and 

tests on dry tephra recorded peak values of shear stress after horizontal displacements of Җ 

160 cm and clear, lower residual values. Data from these tests have been plotted in Fig. 6-1 

(amended from Fig. 2-9) showing these new peak shear stress values fit well with my earlier 

results for Ascension Island ash, with an estimated angle of friction for all these natural 

samples of 35.7 °. This provides further validation for using synthetic tephra in roof loading 

tests, as proposed in Chapter 2. 

¢ŜǇƘǊŀ ƭƻŀŘƛƴƎ ŀƴŘ ŜǊǳǇǘƛƻƴ ǇŀǊŀƳŜǘŜǊǎ 

I investigated trends in GSD by compiling published data from a wide range of eruptions 

and found that proximal deposit density and GSD cannot be inferred from magma 

composition or eruption size (Figs. 2-3, 2-5, 2-6). The range of bulk densities within a single 

deposit and between deposits from similar eruptions was at least as large as any trends 
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related to composition or size. There are of course uncertainties in the data used for these 

compilations because it can be impossible to quantify how much post-depositional change 

has occurred. Compaction can increase deposit density by up to 50 % in just two years 

(Engwell et al. 2013)  and the extent of any reworking varies with climate, ground slope and 

the presence of vegetation (Dugmore et al. 2020; Morison and Streeter 2022). In addition, 

dry and windy conditions can favour remobilisation which may winnow out the finest grains 

(Del Bello et al. 2021; Fries et al. 2021; Cutler et al. 2021). 

However, these results confirm that assessments of roof vulnerability should not use a 

default bulk density value based on eruption size or composition. When estimating 

proximal tephra loading, we need to take a more nuanced approach, for example by 

modelling tephra dispersion as demonstrated in Chapter 4.  

 

Fig. 6-1 Peak shear stress vs normal stress for Ascension Island ash (small shear box tests, 

Fig. 2-9), Taupo ash and Lipari Brown Tuff (Imperial ring shear tests) 

 

tƻǎǘ ŘŜǇƻǎƛǘƛƻƴŀƭ ǘŜǇƘǊŀ ǎƭƛŘƛƴƎ 

Tephra load on roofs that are not flat may be reduced if the roof slope is steep enough for 

the tephra to slide, i.e. if the weight of the tephra acting downslope can overcome the 

frictional forces within the deposit or between the tephra and the roof material. However, 

the load is only reduced if tephra is completely removed. If the deposit is simply 

redistributed, for example by clogging gutters, locally higher loads may lead to deformation 
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or detachment of guttering and damage to the roof material or structure (Hampton et al. 

2015).  

Here, I assumed that sliding completely removed the load and my laboratory tests focused 

on one roof shape and three materials that are typically used in engineered buildings (i.e. 

those built to regulated design standards): a simply pitched roof of metal sheet, fibre 

cement and tiles. For this roof shape, my experiments tested a range of tephra deposits: 

wet and dry; low and high density; coarse and fine GSDs. 

With the limited size of the laboratory equipment, I used separate tests to identify: 

¶ The roof pitch at which grains began to move (simulating shedding from the front 

edge of the deposit)  

¶ The pitch at which the whole deposit slid (simulating complete removal of the 

load). 

When considering all of the tests, I found that coarser grained deposits started to move at 

shallower roof pitches (~ 15 °) compared to finer deposits (~ 20 °). Thin, wet ash was stable 

up to ~ 30 °, but this needs further investigation at larger scale to confirm my findings. 

Sliding of the whole deposit was controlled by roof material and pitch, with the load mainly 

shed on roofs with pitches җ 32 ° for metal sheet and җ 35 ° for fibre cement and tiles. In all 

the tests the roof pitch at which sliding occurred reduced as the tephra load increased (Fig. 

3-8) suggesting that my results, with tephra thicknesses of 10ς30 cm, can be taken as 

conservative values for tephra sliding. When considering both shedding of the load at the 

free surface and sliding of the entire deposit, I found that, as expected, roof pitch is a key 

factor, but grain size must also be taken into account as finer-grained deposits are stable on 

steeper roof pitches. 

CƛŜƭŘ ƻōǎŜǊǾŀǘƛƻƴǎ ƛƴ [ŀ tŀƭƳŀ 

Although laboratory tests enable a wide range of conditions to be explored, field 

observations are necessary to validate experimental and numerical modelling results.    

During the 2021 Tajogaite eruption of Cumbre Vieja on La Palma, Canary Islands, I was 

invited to join the monitoring team from the Instituto Geológico y Minero de España 

(IGME) from 1ς3 December. The 85-day eruption (19 September to 13 December) consisted 

of alternating (and sometimes simultaneous) lava flows and tephra plumes (Bonadonna et 

al. 2022) and IGME staff were sampling at several proximal locations. This enabled me to 
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undertake a visual survey of 47 buildings in the exclusion zone (within ~ 5 km of the source) 

which had all been affected by tephra fall. The survey covered building type, roof material 

and pitch, building condition and damage. Details of survey locations and results are given 

in Appendix E1 and Appendix E2 details key findings which I shared with IGME. 

The visit enabled me to validate my laboratory findings, to witness the impact of an 

eruption on local communities and to better understand the work of emergency 

responders and researchers during a crisis. House roofs were being cleared of tephra by 

emergency crews and they mainly appeared to be undamaged. I observed collapse of 

weaker structures (outbuildings, porches etc) because of failures in roof material, roof 

supports and building structure, highlighting the importance of considering all these 

elements when assessing potential failure mechanisms. An earlier survey (in October 2021) 

had also only found failure of secondary structures (Dominguez Barragan et al. 2022) and 

confirms that fire crews clearing house roofs play a key role in reducing collapses, 

particularly for long lasting eruptions. The long span metal sheet roof of the wrestling arena 

in Las Manchas (~ 3 km from the vent) had partially collapsed (Fig. 6-2), while nearby 

houses appeared undamaged, a finding consistent with observations following other 

eruptions that long span buildings (with > 5 m between supports) may have failure loads 

only ~ 50 % of those of short span buildings (Wardman, et al. 2012; Magill et al. 2013; 

Jenkins et al. 2014). This could be important if buildings such as sports halls are identified as 

possible emergency evacuation centres, as they may be susceptible to collapse under 

relatively low tephra loads. 

 

  

Fig. 6-2 Partial roof collapse at the wrestling arena in Las Manchas 



Chapter 6: Discussion and conclusions  
 

 

146 
 

I was able to validate results from my sliding tests as I observed tephra had slid on steeper 

(35°) sections of roofs, but not on shallower sections (20°) and that there was no sliding on 

ǊƻƻŦǎ ǿƛǘƘ ǇƛǘŎƘŜǎ Җ мрϲΦ From tephra samples I collected, I estimated the in-situ bulk 

density as 1460ς1680 kg m-3 and dry density as 1335ς1535 kg m-3 and I used these values to 

constrain ash densities in my sliding tests (Chapter 3).  

I also estimated the collapse load of thin metal sheet roofing as the roof of one outbuilding 

had buckled under 26 cm depth of undisturbed tephra but had not completely failed. This 

indicated it was very close to its failure load (Appendix E3). Using the estimated bulk 

density above suggests a collapse load of 3.7ς4.3 kPa, consistent with published data from 

surveys following previous eruptions which found an interdecile range of collapse loads for 

metal sheet roofs of 1.3ς7.6 kPa (Jenkins et al. 2014). 

While this research has focused on roof materials of engineered buildings, my field visit 

highlighted the importance of also considering impacts on non-engineered structures.  

Bananas are a key crop in La Palma and while some greenhouses (covered in plastic sheet) 

failed under the tephra load, more extensive damage was caused by rain washing tephra 

inside the greenhouses through seams in the sheeting. This resulted in failure of the banana 

crop which may take years to recover. Crop damage in greenhouses was also reported after 

the 2011 Shinmoedake eruption, Japan. However, in that case the vinyl coverings were 

undamaged, but crops were lost because tephra deposits lowered light levels inside the 

greenhouses and blocked vents leading to higher humidity (Magill et al. 2013).  

¦ǎƛƴƎ ƭŀōƻǊŀǘƻǊȅ ǊŜǎǳƭǘǎ ǘƻ ŀǎǎŜǎǎ ǘŜǇƘǊŀ ƭƻŀŘ ƻƴ ŀ ǊƻƻŦ 

The Eurocode approach to designing for snow loading uses field observations of deposit 

sliding to produce empirical equations that calculate snow load on a roof from the load on 

the ground (British Standards Institution 2009). For tephra loads, my laboratory results 

showed that the load on the roof is expected to be the same as the load on the ground for 

roof pitches shallower than ~ 15 ° if the deposit is coarse-grained and ~ 20 ° if it is fine-

grained.  I found the load was substantially shed for roof pitches җ 35 ° (Fig. 3-12) and I 

assumed that once significant movement was observed in the test, the deposit would 

completely slide off the roof. I also made the assumption that the load reduces linearly as 

increasing amounts of the deposit slide with increasing roof pitch. This is shown in cartoon 

form in Fig. 6-3, which includes supporting observations from La Palma.  
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The sliding coefficient equations I produced (Eqns. 3-1 ς 3-3) demonstrate how laboratory 

tests could inform tephra load assessments where field observations are difficult to obtain. 

This approach could be used to investigate sliding on the other roof shapes included in the 

Eurocode standards to produce equivalent sliding equations for multi-span and cylindrical 

roofs (British Standards Institution 2009). Large-scale testing is required to validate the 

laboratory results (discussed in the Further work section), but these equations could then 

be used when assessing loads during the building design process. This could reduce 

vulnerability to roof collapse for buildings in volcanic areas, where wind, snow and seismic 

loads are already assessed (British Standards Institution 2009, 2010, 2013).  

 

 

Fig. 6-3 Cartoon showing expected tephra sliding on roofs that are a) flat or low pitched, b) 

medium pitched, c) steep, including examples of these roof types from La Palma during the 

2021 eruption of Cumbre Vieja  

¢ŜǇƘǊŀ Ŧŀƭƭ ƘŀȊŀǊŘ ƛƴ ŘƛǎŀǎǘŜǊ Ǌƛǎƪ ƳŀƴŀƎŜƳŜƴǘ 

As well as the need for design standards that ensure buildings can withstand tephra fall 

loading, it is important to have procedures in place to check the standards are followed. 

Lack of building code enforcement can lead to buildings being more susceptible to collapse 

from a range of natural hazards including hurricanes and earthquakes, as seen in the 






























































































































