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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 tepida énd

developed a GIS tool to estimatew vulnerale individual buildingsreto roof collapse.

In the laboratory | 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. | then used synthetic samples tacteise how
tephra slides on roofs and validated my results with field observatiomsg the 2021

Cumbre Vieja eruptiofLa Palma, Canary IslafdGrain size, roof material and pitch were

the key factors influencing sliding. | compiled initial sliding coefficients for three roof
materials on simply pitched roofs, based on the Eurocode approach for snow loads. These
coefficients estimate the fractioof tephra load on the ground that is expected to remain

on a roof.

| conducted a probabilistic tephra fall hazard analysis for Ascension Island, using knowledge
from the geological record and data from analogous eruptions on Sao Miguel, Azores. |
modelled possible future eruption scenarios and provided probabilitiespifreefall loads
exceeding threshold values for roof failure. There was a 50 % probability that three basaltic
events, each with ac@0 km plume height could produce proximal tephra loads sufficient

to cause roof collapsk roofs were not cleared betweerrgptive phases.

Finally, I combined my results to develop a GIS tool that asssgsesptibility toroof

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 foad giveneruption

scenario

Vil






| 2y aSyia

LIS Of FIQUIES. . i e e e e et s e e e e e e e eeeeeeseeasaeees XV
LISt OF TaADIES ...t XiX
List of Abbreviations and SymbaQlS............coooriiiiiiiiii XXi
ADDIEVIALIONS. ...ttt et e e e e e e e e e e e e e as XXi
SYMDOIS. . e araaa XXi
(O 0=V o1 (=Tt A 1) v o T [ 1o 1o o IR 1
AIM OF the PrOJECT....eeei e e e e e e e e e 2
TRESIS OULINE. ... e e e e e e e 2
TePNra NAZANTS ......ccoeiiiii et e e e e 5
Modelling tephra fall hazard...............ccooviiii e 6.
(o TO I == 1o T 1 4] 0= Lo i3 4
IMPACES ON DUIAINGS. ... 10

YT Te F= LA o] g = Tod 1 0] o - SR 11
Building design Standards............coouiiiiiiiiiiiie e 14
Building SCale @SSESSMENL..........ccvviiiiiiiiicee et e e e e e 15
RETEIENCES. ... 16

Chapter 2 Investigation of geomechanical properties of tephra relevant to roof

loading for application in vulnerability analyses...........ccccccceeeiiienniiiins 27

ADSITACT. ...ttt e e e e e e e e e e e e e e e e 28
INEFOTUCTION. ...t r e e e e e e e e 28
METNOTS. ...t 31
RESUILS. ...ttt e ettt e e e e e e e e e e e e e e 34
ST 17 010 [ (o= T 1 ] B L 34
DEPOSIt HENSILIES. . .uuieei i e 34
Peak stress and internal angle of friCtiQn.............oooviiiiiiiiiiiii 38



Gontents

DISCUSSION. ...ttt ettt e e e e e e e e e ettt e e e e e e e e e e e e e e s e ansnnnenneeees 38
Neai&ource grain size distribution dataL.............cccvviiiiiiiieiiieeeeeeee e 38
DEPOSIt AENSILIES. . ..ot e e e e e e e e e e e e e e e eee e 41
Properties of synthetic SamMPIEs.............uvvviiiiiiiiiee e 41
Internal angle Of frICHION............uuiiiiiii e 41
Relevance to tephra loading 0N ro0fS..........ccooiiii i 42
LIMITATIONS ...t e e e e e e s 43

CONCIUSIONS. ...ttt e et e e e e e e et r e e e e e e e e e e e e e e e aaaans 43

LiSt Of @DDreVIAtIONS. ......eeiiiiiiiie e 44

ACKNOWIEAGEMENTS. ... e e e 44

DECIAIALIONS. ...ttt e e 44

REIEIENCES. ... 45

Chapter 3 Laboratory tests to understand tephra sliding behaviour on raafs.......... 55

Y 0] 1 = To! PP PP PP PPPPPPPPP 56

110 o [8 o3 1 o] o H PP PP 56

MEENOUS. ...ttt e e e e e e 58
=] o] 1= TEST= T ] o] 1= 59
INItIal SHOING tESTS ...t 62
Angle of repose and initial movement of tephra grains..............ccccvvveeeeieennnee 64
] 1o [T o TR (=TS USRS 65

RESUIES. ... e e e 66
Angle of repose and initial movement of the grains.............ccccceeeiiiiiieie e, 66
SIAING TESTS. ..ttt e e e e e e e e 66

DISCUSSION. ...ttt ettt e e e e e e e e et e e e e e e e e e e e e e e e s e eees 70
Angle of repose and initial movement of grains.............ccccovvivevvvvicccieiee e 70
1S 1o [ o T 71
Implications for disaster risk ManagemMent..............cccueeveviiieeeiieeeeeeee e 73



Gontents

Implications for building deSIgN............uuvviiiiiiiiiiiiniiieeecceee e A D

Limitations and fUtUre WOTK............oooiiiiiiiiiiii e 76
(O70] 0 Tod (1] (o] o 1= SO RRRPPRPRTT PPN 79
Supplementary information............ccccceeeeiiiiiiiniiicceeee e e d D
ACKNOWIEAGEMENLS.....coieiiiiieice e e e e e e e e e e e e e e as 79
DECIAIALIONS. ... ..ttt e e e e e e e e e 80
RETEIEINCES. ...ttt e e e e e e e e e e e e e e e s aaees 80

Chapter 4 Probabilistic hazard analysis for a small island: quantifying tephra fall hazard

and appraising the possible impact on Ascension Island....................... 87
ADSTIACT. ...ttt e e 88
INEFOAUCTION. ...ttt e e e e e e e e e e e e e e e e e e 88
Geological background...........ccoiiiiiiiiee 91
IMEBENOUS. ...ttt e e e e 91

Selection Of ANAlOGUES..........cooiiiiieeeece e 92
Selection of MOdel SCENANOS. ........cooiiriiiiiiiiii e a3
Accounting for uncertainty in vent loCatiQn..............eevvviiiiiiiieieeiiiieeeeeee 94
WING GAEA. ...ttt e e e e e e e e e as 95
TephramModelling.........ooovireiiee e 96
RESUILS. ... 101
FEISIC BVENTS. ...ttt e e e 101
MAFIC BVENES. ...t e e e e e e e e e 104
DISCUSSION. ...ttt ettt e e e e e e e e e e e e s e e e e e e e e e e e e e e e e e e aaanas 108
Modelling assumptions and unCertainties.............cceeeeeevieeeevviiiiiicce e 109
Potential impact of explosive events on ASCENSIQN..............cvvvviviceiiieeeeeeeennnn, 110
CONCIUSION . ...ttt e e e e e e e e e e e e e e e s 113
DECIAIALIONS. .....eei ittt 114
RETEIENCES. ... 114

Xi



Gontents

Chapter 5 From probabilistic tephra load modelling to vulnerability assessment:

a GIS tool to identify buildingsisceptible taoof collapse........................ 123

ADSITACT ...ttt e e e e e e e as 124
INEFOAUCTION.....co it e e 124
LI =30 (0o SRR 126
OVEIVIEW. ..ttt ettt e e e e e e e e e e e e e e e e et e e e e e e e aeeeeeeaaaaannnnes 126
1] o101 F= 1 - 127

Y 1o [ aTo J=To U= L1 To] o S 129

[ (0Tt E TS T o ] (=T o 1 130
LimitS Of the T00L......oiiiiiieee e 132
Theoretical case study for Ascension ISland.............cccceeeiiieireeeeiiiiiieeieeeieeee 132
Concluding reMAIKS........ui e e 134
DECIAIALIONS. ...ttt 136
RETEIENCES. ...t 136
Chapter 6 Discussion and CONCIUSIONS .........ciiiiiiiiiiiiieiee e 141
Comparison of natural ang/sthetiC tePNra............ovvveviiiiiiiiiiie e 142
Tephra loading and eruption parameters.............oovvveeviiiiiieiiei e eee e eaeens 142
Post depositional tephra Sliding............cccviiiiiiiiiee e 143
Field observations in RAIMA...........coeiiiiiiiiiiiiee e 144
Using laboratory results to assess tephra load on a.raaf................ccoevveeeenrennnen. 146
Tephra fall hazard in disaster risk management..........ccccccee e eeeeiin e eveviien e 147
Accounting for knowledge gaps when modelling tephra fall hazard.................... 148
FULUrE UNCEIAINTIES ... ..eiiiiiiiiiiii et 149
Understanding impacts at a building scale..............cccuviiiiiimiiiiii e 149
FUINEE WOTK. ...t 149
Summary and Key fINdINGS. ......uvuvuuiiiiiiiiii e e e e e e e e e e e e eaaaeens 151
(@] 11113 (o] 4 USRS 152

Xii



Gontents

REEIENCES. .. oo e a e e 152
Appendix A Appendix t0 Chapter.2..........oooo i 157
AL Bulk density Of tEPNEA. ........coiiiiiiiiie e 158

A2 Rate of change of shear stress vs time for small shear box tests with Ascension

= L] PP P PP PP PPPRPPPPPRT 163
Appendix B Supplementary material for Chapter.3.........ccccccviiiiiini 165
BL SHAING tESE FESUILS......eeeiiiiieeiei e 166
L1 F= VIS [T 11 o R 167

Y 1o [ 0o IR (=TS £ 169

B2 Volume of corrugated sheet troughs...........ccceeeeiiiiiiiiee e 177
Appendix C Supplementary material for Chapter.4.........ccccccevieeiiinieiiiiiiiiiieee 179
C1 SuppIemMENTArY fIQUIES.......eviiiiiiiieeeeee et e e 180
C2 Tephra dispersal model calibration.............ccociiiiiiieiiii e 187
References for APPENAIX C2........uuuuuiiiiiiiiiiiiee e eee e e e e e e e e e e eeeaees 190
Appendix D Appendbo Chapter S........ccooiiiiiii e e e e 191
GIS TEQUITEIMENTS. ...ttt ettt e e e e e e e e e e e e e e eaaeeeas 191
Using the Fail fraCtion t0QL..........c..uviiiiiiiiiiieee e 191
QL0 o] =10 T3 g =T oYU 192
Appendix EBuilding survey on La Palma during the 28&iption...............ccccvvvvennnnn. 195
EL BUIlAING SUMNVEBY......oiiiiiiiieieee ettt e e e e e e e 196
E2 Key findings from the SUNVEY.......c.uuiii e e e 208
E3 CollapSe 10AdS.......c i i e 209

Xiii






[ A 4G JANE &

1-1
1-2

2-1
2-2

2-3
2-4

2-5
2-6
2-7
2-8
2-9

3-6

Outline of thesis science chapters

Area impacted by tephra fall > 20 cm thick following a) 1974 eruption ¢
FuegoGuatemala, b) 1971 and 1992 eruptions of Cerro Negro, Nicarai
Shear box equipment

Tilt table equipment

Roof shape coefficients (1) used in snow load calculations for a) mono

roof, b) pitched roof

Key factors influencing the load transferred to the roof by a tephra dep
Map of Ascension Island showing the locations of tephra samples usec
this study

DN} AYy &A1 S RAAUGNROdziAZya F2NJ LN
{dzYYI NBE 27F LlJzofAaKSR 3INIAYy aarls
Ascension samples and the test samples used in this study

Variation of bulk density with magma composition

Variation of bulk density with eruption size (VEI).

wSadzAZ Ga 2F aviff aKSFENJo2E GSad.
Results of large shear box tests for particl€s mm

Peak shear stress vs normal stress for synthetic pumice and scoria an

Ascension Island ash

Key factors affecting sliding angle of tephra on roofs (amended from
Osmaret al.2022)

Tilt table setup

Grain size distribution for pumice, scoria and ash used in sliding tests
Initial test setup

Comparison of sliding angles for cardboard and Perspex cells with 10 i
20 cm thickness of pumice on metal sheet, fibre cement and tiles
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

XV

12
13
15

29
33

35
36

36
37
39
40
40

58

59

60
62

66



List of figures

3-7

3-8

3-9

3-10

3-11

3-12

4-4

4-5

4-6

5-2
5-3

Mean sliding angles and range of values for tilt tests witlq 30 cm of 67
pumice, scoria and ash on metal sheet, fibre cement and tile roofing
Impact of key factors on mean sliding angles foteits 68
Low pitched roofs in a) Las Manchas and b) Tacande, La Palma follow 71
the Cumbre Vieja 2021 eruption, showing no evidence of the deposit
sliding

Summary plot showing variation of mean sliding angle with tephra load 72
all tests

Tephra deposit on a roof in Tacande, La Palma, December 2021 durin 73
Cumbre Vieja eruption

Summary of all tests showing percentage of ground tephra load expec 76

to remain on a roof

Map of Ascension Island showing main settlements and infrastructure, 92
eruptive vents and approximate areas of felsic and mafic volcanism

Areas of most recent volcanism on Ascension gidi of model vents usec 95
for mafic eruptive scenarios

Summary of wind conditions on Ascension Island from the ERA% 2010 96
2019 reanalysis dataset stochastically sampled faimulations

Tephra ground loads with 50 % probability of exceedance for trachytic 101
SgSyli FTNRY 5S8S0AftQa /| di RNRY

Tephra ground loads with 10 and 90 % probability of exceedance 103
NEaLISOGA@gSte T2NJ NI OKBGUAO S@Sy
Tephra ground loads with 50 % probabilityeateedance for basaltic 105
events

Tephra ground loads likely to cause roof collapse (> 150%gvith 50 % 112

probability of exceedance for three basaltic eruptions

Overview of the GIS tool steps to calculate Fail fraction for a roof unde 126
tephra fall loading

Grain size distributions of coarse afiite tephra used in GIS tool 128
Variation of roof shape factor (RSF) with roof pitch for cozaisd fine 129

grained tephra

XVi



List of figures

54

6-2
6-3

6-4

CG1

G2

G3

G4

G7

G8

Tephra ground loads with 50 % probability of exceedance for three bas
events, eachwithévun 1Y LI dz¥YS KSAIKGZ TNP
Ascension Island caséudy input data a) Synthetic building point data,
b) Typical collapse load table

Ascension Island adel output. aMap, b) Attribute table

Peak shear stress vs normal stress for Ascension Island (small shear t

tests), Taupo ash and Lipari Brown Tuff (Imperial ring siests)

Partial roof collapse at the wrestling arena in Las Manchas

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 Palmduring the 2021 eruption of Cumbre Vieja

Roof shape coefficientst{used in snow load calculations for a multispar

roof with drifting snow

ERAS reanalysis data 202019 for Ascension Islan8:monthly wind
roses up to ~ 30 km above sea level

Tephra ground loads with 10 % probability of exceedance for basaltic
events

Tephra ground loads with 90 % probability of exceedance for basaltic
events

Tephra ground loads likely to cause roof collapse (> 150%guvith 10 %
probability of exceedance for three basaltic eruptions, each withOekm
plume

Tephra ground loads likely to cause roof collapse (> 150%guvith 90 %
probability of exceedance for three basaltic eruptions, each withOekm
plume

Wind conditions (mean speed and direction the wind is blowing toward
by month for So Miguel, Azores from ERA5 262019 reanalysis dataset
Modelled distribution of mass within the plume for differéent I y R |
valuesothei RAAGNAOGdziAZ2Y

Optimised model calibration results using a) Fogo A eruption and b) Se

Gorda eruption

XVii

133

134

135

143

145
147

150

180

183

184

185

186

188

189

189



List of figures

(=

E2
E3
E4
E5
E6
E7

Locations of buildings surveyed from3lDecember 2021 to identify
impact of tephra fall on buildings

Buildings surveyed idedey

Buildings surveyed in Las Manchas

Buildings surveyed in Tacande

Buildings surveyed in Tacande, Tajuya and La Laguna

Viewpoints of eruption

196

202
203
205
206
207

Outbuilding T10 in Tacande showing a) and b) Buckled metal sheet ror 209

c¢) and d) Tephra deposit on the roof

XViii



[ Aadioe Ba

1-1

2-2
2-3

3-2

3-3

3-4

4-5

5-1
5-2

Fatalities resulting fronbuilding or roof collapse due to tephra fall 8

Published grain size distribution (GSD), size and magma compositioni 32
eruptions with published GSDs10 km from source

Dry densities of test samples, and published data listed irAigendix 37
Internal angle of friction from shear box tests for synthetic pumice and 38

scoria and Ascension Island ash

Grain size, deposit density and equivalent tephra loads for pumice, scc 60
and ash test samples

Sliding angles for the empty Perspex cell on all roof materials used int 63
sliding tests and for the Perspex cell with 10 cm thickness of pumice ol
corrugated sheets

Number of sliding tests (of 5 in total in each case) where failure occurri 69

through sliding within the tephra rather than at the base of the deposit

Tephra sliding coefficients for monopitch and simply pitched roofs 77
Summary of likely impacts at different tephra fall loads 89
Input parameters used for felsic simulations 97
Input parameters used for mafic simulations 98

Highest modelled tephra ground loads at key locations for trachytic mo 102
A0Syl NA2a FNRBY 5S@AfQa /I ddf RNRY
exceedance

Highest modelled tephra ground loads at key locations for basaltic moc 106
A0Syl NA2a FNBY {AadSNRa tSriz !,

and 90 % probability of exceedance

Roof shape factors (RSF) for monopitch and simply pitched roofs 130

Tool calculation steps 131

XiX



List of tables

G1
G2

E1l
E2
E3
E4
E5

Model vent locations for TephraProb simulations

Input parameters used to calibrate model

Tephra thicknesses measured by IGME and during this survey
Building survey in Jedey

Building survey in Las Manchas

Building survey in Tacande

Building survey in Tajuya and La Laguna

XX

181
187

196
197
198
200
201



[ A &l® 6

| 00ONBOAL A2y A

BGS
DC
ESP
FTT
GSD
GIS

IGME

LVDT

Vd Lol

AN

British Geological Survey
Diffusion coefficient
Eruption source parameter
Falttime threshold

Grain size distribution

Geographic information
systems

Instituto Geolégico y
Minero de Espafia

Linear Variabl®ifferential
Transformers

{evoz2fa

C
F

I
Md.

Cohesion
Fail fraction
Modelled tephra load

Median gain size (Phi
scale)

Number of model runs
Probability

Modelled tephra mass
loading threshold

Model vent

Roof pitch

GA IYRA BB

MER
PDC
RS
SiQ %
TTDM

UNDRR

VEI

XXi

Mass eruption rate
Pyroclastic density current
Roof shape factor

Weight percent gica

Tephra transport and
dispersal models

United Nations Office for
Disaster Risk Reduction

Volcanic explosivity index

Roof shape coefficient
for deposit sliding

Density
Normal stress

Standard deviation of
grain size distribution
(Phi scale)

Shear stress at failure
along a plane

Internal angle of friction

Grain sizen Phi scale
(Chapter 2/ Chapter 3)

O

2






Chapter 1
LYUNRRdAzZOGAZ2Y

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) dependa 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), atmosphenditions (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 limitedddition,
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 activitand sensitivities regarding affected commurstind emergency

response.

Experimental studies and model simulations can help to fill in knowledgebyagsploring
a wider range of conditions than is easily encountered in the field. In this project | use these

methods to investigate tephra fall loading and sliding on roofs.



Chapter 1: Introduction

I'AY 2F GKS LINR22SOi

The overall aim of this project is to better understahe factors influencingoof

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

data and numerical modelling\ secondary aim is ttombine 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 thse aims, my specific objectives are to:

1

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 groutid

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

Ol dzaS NR2F O2fflL1AS FyR GF{Ay3 | 0O02dzyi
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.

¢CKSaAra 2dzift AyS

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

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

and dispersal modelling. | review exposure data and assess existing kgewledephra

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

consider mitigatiormeasures and summarise the Eurocode building standard approach for

27T
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assessing roof loads. Chapters 2 to 5 present the laboratory tests, modelling and GIS

analysis that make up this project (Figl}1

Understanding geamechanical properties of
tephra relevant to roof loading

Confirming synthetic tephra can be used in
roof loading laboratory testing

(Osman et al. 2022)

Chapter 2
\4
Laboratory characterisation of

tephra sliding Probabilisitic tephra fall hazard

L modelling and assessment of

Ground-truthing in La Palma impact on buildings
Compilation of sliding coefficients Ascension Island case study
(Osman et al. 2023) Chapter 4
Chapter 3

Published

Data on individual collapse loads
(Jenkins et al.

buildings (I use
synthetic data) 2014)

I |

GIS tool to identify buildings susceptible to
failure under tephra fall loading for
selected eruption scenarios

Chapter 5

Fig 1-1 Outline of thesis science chapters

In Chapter 2, | detail my investigation on tipgomechanical properties eéphra relevant

to roof loading forapplication invulnerability analyses. | compare bulk density, grain size
distribution and internal angle of friction for natural and synthedplira deposits using a
combination of published data and new experimental results from sieving, Camsizer
analyses and shear box tests. | show that synthetic samples match well to the natural

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

published in the peereviewed Journal of Applied Volcanolg@sman et al. 2022)

Chapter 3 presents smaitale laboratory tiltable 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, groutrdthed by fieldobservations in La
Palma during the 2021 eruption of Cumbre Vieja, | 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-qee#gwed Journal of

Applied VolcanologfOsman et al. 2023)

Chapter 4 describesprobabilistic hazard analysis for Ascension Island which quantifies

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

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

cdzaS NB2F O2ftflLIAS® . SOFdzaS ! Aa0SyaAaz2yQa SNHzZI A D!
data from the geological record on Ascension with analogue eruptions féonM&juel,

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

There are insufficient data to assess vent opening probabilities and so | 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 stiiechito the peerreviewed

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

on Uncertainty quantification.

In Chapter 5 | present a new GIS tool (available for ArcGIS Pro and QGIS) to enable roofs
susceptible tdfailure 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 ¢strand

building characteristicddcation,roof material, pitch and building condition). The output is

a map highlighihg buildings for which the teplarload 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 buildimgst vulnerable tacollapse for

different eruption scenarios, enabling them to prioritise roof clearing or other mitigation
measure. The work in this chapter is being prepared for submission to the nee@wed

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.

¢SLIKN} KITIFNRA

Explosive volcanic eruptions are a major global hazard with the potential to impact ~ 800
million people who live within 100 km of an active volcgBoown et al. 2015)TheUnited
Nations Office for Disaster Risk Reduc(ioNDRR) defines a hazard as a phenomenon that
has the potential tacause 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 mefieg. Tsunematsu et al.

2016; Osman et al. 2019; Waythomas and Mastin 20@@pclastic density currents (PDCs)
with hot and fastmoving, gravitydriven mixtures of tephra and gas extending to tens of
kilometres from the sourcée.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 kilometrege.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 fafsioag et al.
2019; Pearson and Brooker 2020; Lokachari et al. 2@2@orne tephra can also impact
human health with respiratory problems reported due to inhalation of the finest ash,
particularly when patrticles are fragmented by wind or traffic after deposifeg. 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
componentge.g. Jenkins et al. 2015; Wilson et al. 2017; Deligne et al. 202{8n

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. 202#23ker deposits (tens of
centimetres) can cause buildings to fail due to increased roof loddigg Jenkins et al.

2014; Blong et al. 2017; Williams et al. 2020Jl this is the focus of my project.
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Hot particles can also start firéé/ardman, et al. 2012; Jenkins et al. 2013; Day et al. 2022)
andif the deposit remains in place logrm, metal roofs can corrode, as was reported in
Montserrat(SwordDaniels et al. 2014nd Rabaul, Papua New Guir({@&ong 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 evacuatior(®.g. Hicks et al. 2014; Swelldhniels 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 Asceshaiah |

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

a2zRStftAYy3 GSLKNY FlLff KFTFNR

Tephra transport and dispersal models (TTDM) can be used to reconstruct past events by
matching outputs to field observations (inverse mode), to provide stesrh tephra hazard
forecasts during eruptions (forward mode) and to generate probabilistic hazaatlyses

that can assist in longeerm planning for potential future event$olch 2012)Scenarios

can be used to assess the impact on current infrastructure of eruptions similar to those in
the historic or geological recol@.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 timaveraged MER as variations in plume height during antieeup

phase are rarely recordg@\ubry et al. 2023; Dirig et al. 2023he models then solve
advectiondiffusionsedimentation equations to simulate diffusion of particles in the plume,
advection by wind and sedimentation under grafplch 2012)Near source processes

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

appropriate input parametergKavanagh 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 possib]ealibration 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

6
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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 e\ems Cole

et al. 2019; Preece et al. 2021; Burgos et al. 2028 must then use welitudied

volcanoes or eruptions with similar characteristics as analogues, as we assume that
wo2YY2y LINRPOS&aasSa w2 (Castizhab ant Biggsd0ig)jtetiSford2 t OF y2 S
selection of analogues include tectonic setting, eruption size and style, repose intervals,

magma composition and deposit geochemigifjerz et al. 2019)n this project, | used

eruptions on 8o Miguel, Azores as analogues for poarbnstrained 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 uncertaintysavell asuncertainties arising from our

incomplete knowledge of those processes (epistemic uncerta{Bigyen 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 valu@Sonstantinescu et al. 2022jo 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 possi@ties(Bonadonna et al. 2015; Connor et
al. 2015) This allows the probabilities of different outcomes to be assessed, a feature |

discuss in detail in Chapter 4.
OELR&dzNBE | YR AYLI OGa

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 2016Dver the past ~ 500 years, over 2400 fatalities resulting from tephra

induced roof collapse have been recorded (Tablg.IThe largest loss of life (2000 deaths)
occurred in Guatemala following the VEI 6 eruption of Santa Maria in 1902. However, even
smadl eruptions can have devastating local impact, with the VEI 3 eruptions of Cerro Negro
(1992) and Mayon (1886) leading to 9 and 15 deaths respect{Bebyvn et al. 2017)In

addition, tephra cleafup can result in injury or death, with 17 major injuries reported after

the Shinmoedak&®013 eruption due to falls from roofs or ladd€Magill et al. 2013)
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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 volcahazard 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 197%Freire et al. 2019)

Tablel-1 Fatalities resulting from building or roof collapse due to tephra(Brbwn et al.

2017)

Volcano Date Eruption  Fatalities
size (VEI)
Santa MariaGuatemala 1902 6 2000
Pinatubo, Philippines 1991 6 > 300
ElIChichon Mexico 1982 5 100
Kelut,Indonesia 1990 4 35
Mayon,Philippines 1886 3 15
Cerro Negro, Nicarague 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, withghene 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 popebgiosureif

eruptions similar to ones in recent decades were to ocoging LandScan global population

data (Simsetal. 202®) CdzS32Qa =+9L

n

SNHzZLIGAZ2Y AY

hOG206SNJ mdrT

of tephra up to 15 km from the source, as shown in Figa (Rose et al. 1978Yhe current

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

who live within 15 km of Fuegoay experienceoof collapse from a similar future eruption

(Sims et al. 20230f 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 June2018(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 sourdeig.1-2b) with roof collapse from tephra loading leading

8
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to 9 fatalities in 1992(Rose et al. 1973; Courtland et al. 2012; Brown et al. 20h&area
within the 20 cm isopach has a current population of ~ 1000, @600 people live
within 10 km of the volcano and soay potentially be impacte@Sims et al. 2023A VEI 2
eruptionin 1995 also deposited 30 cm of tephra 2 km from source, but this was in a
virtually uninhabited aredHill et al. 1998; Sims et al. 2023)

LYLI OG& 2y odaAf RAYI&

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

tephra fall hazardo that mitigations can be considered, but data on building damage from
tephra fall are limitedPosteruption surveys in Olangapo City and Castillejos, Philippines in
1991 (Spence et al. 199@)nd Rabaul, Papua New Guinea in 1gBfbng 2003provided
estimates ofcollapse loads for a range biiilding types Jenkins et a(2014)combined

field data withtheoreticalandexperimentalresults b identifythe range offailure loads
expected for differentoof types. Surveys of buildings in Chile impacted by the Calbuco
2015 eruption(Hayes et al. 2019nd a remote survey of buildings within ~ 10 km of Kelud
volcano in Indonesia following the 2015 eruptigWilliams et al. 202Q)rovided further

data on damage to timbeand bamboeframed buildingsThese observations indicate that
roofs can collapse at tephra loads ofe1@ 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, followingn estimated VEI 4 eruption of Taal volcano
Philippines in 2020, deposition of wet andesitic ash led to collapse esti@mgth roofs in

the proximal towns of Agoncillo and Launsith deposit thickness of 11 cm measured in
Agoncillo ~ 8 km from sour¢BalangueTarriela et al. 2022)T'his suggests collapse at a

load of X2 kPa (assuming dry andesite bulk density ofc3800 kg ¥ and water

increasing load by ~ 50 @ayes et al. 2019; Osman et al. 2022)

Longlasting 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 Soufare, 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 daBonadonna et al. 2022; Miller et al.
2022; Marti 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

10
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buildings within exclusion zones before clagmhas begun or the deposit has been altered
by wind or rain. Remotely sensed data can complement fieldbnkburet et al. 2022and
laboratory tests allow a wider range of conditions to be explored than is easily encountered
in the field.Detailed building surveys supplemented witrengthtesting of structural
components enabled failure loads to be estimated for typiidedl-roof buildings in the
Azoreg(Pomonis et al. 1999Fperimental results havalsoshown how rainfall and

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

been tested.

Largescale testingf ash sliding on metal sheet roofiagd its impact on gutteringpund

af ARAY3 2F | RNE RSLI2aAiAid 200dz2NNBR 2y Ne2¥F

Jdzi G SNAY 3T gKSy ( KBampi@nztfal. AAPSFaDdty laads Zmosk of ther ¢
ash was shed from roofs steeper than 35 °, while wet deposits were stable on roofs with
LIA G O K S(alamptonrepal. 2015)Smaliscale testing on the impact of pedepositional
rainfall on ash foungjrain 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. 20B1pw pitched roofsls 9
rainfall increased deposit density by %(Williams et al. 2021)much lower than
theoretical values assuming deposit saturatiddacedonio and Costa 2012)his project
expands the range of parameters tested in the laboratonassessing the geomechanical
properties of tephra that are relevant to roof loading (Chapter 2) aedtifying their
influence on deposit slidingmall and large shear box tests are used to measure internal
angle of friction of fineand coarsegrained deposits respectively. The test-gptis shown

in Fig 13 and the method is detailed in Chapter@nallscale sliding testsn a tilt table (Fig
1-4) are usedo quantify the impacbf grain size and density, roof type and pitch on sliding

and assess the resulting reduction in tephra fall loading on a(@udpter 3)

aAldAIrGAz2y | OlGArz2ya

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 giteesnard et al. 2005)
and the costs of repeated clearp must be balanced against timely intervention to

minimise building damagg@ayes et al. 2015)n addition, it is important to follow best

11
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a)
Normal load

Vertical displacement
Two-.part measured by LVDT
loading cell l

|« Shear force measured by
proving ring

Load from drive

unit (constant

speed)

Horizontal displacement
measured by LVDT

Plane of shearing Sample

Loading cell

Fig 1-3 Shear boxequipment a)Schematic diagraramended from BS 1377 (British
Standards Institution 1990LVDT = linear variable differential transformer, b) Loading
sample(10 x 10 x 2 cmip small shear boxc) Small shear box sap, d) Loading sample

(30x30x16cm)in large shear bax) Large shear box sap

12
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a) .
Sample in one-,
two- or three-part
cell

Table raised in
increments by
rotating arm

-
Roof |
material \ Tilt angle measured
[~ with a clinometer
when the sample
slides

Fig 1-4 Tilt tableequipment a)Schematic diagranb) Scoria sample on metal sheet roofing

during test, ¢) Scoria on metal sheet after slidiBgmple size 2222 x 10 cm per cell

practice guideline§lVHHN 2021)as injuries during cleamp activities, including falling

from roofs, are commoifLeonard et al. 2005; Magill et al. 20E3)d 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. Thegm desies

are based on expected maximum loads that may occur diiringd dzA f RAy 3Qa& RSaA 3y
do not routinely consider tephra fall, but the methodology for designing for snow loads can

provide a useful model when considering how tephra load standewdi&d be compileds

they are both aifall depositqLeder et al. 2017)

13
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dZA t RAy3 RSaAdIy adl yRINRA
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 lossatioiu

(British Standards Institution 2010)

TheEurocodedealing withsnow loadgEurocode 1, part-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 20Q9)he characteristic value for snow load on the
groundisthe load with an expected 59ear return period, calculated using empirical
equations which take account of local conditigBsitish Standards Institution 2009, 2018)
These bestit equations were obtained from statistical analyses of historical snow depth

measurements across the ESanpaolesi et al. 1998)

A 50year timeframeis 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
frequercy of possible events on previous occurrences at the design locatiomiled from
earthquake catalogues, historical records and geological investiggtibcSuire 1995;

British Standards Institution 2013jor 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 225year return period, and to avoid collapse during events expected once every

2475 yeargBritish 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) 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 199® winter seasotiSanpaolesi et al. 199%alues of

u for undrifted snow depend on the roof pitch)as shown in equatiors1 ¢ 1-3, with
AGSSLX & LI G 6 KsSurmedN®sBed all siow, ¢ N

Forh XG30° nu=0.8 (1-1)
For 30° <h < 60° p=10.8(605")/30 (1-2)
Forh %60° u=0 (1-3)

14
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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.(Figb). The

standard also provides equations to take account of drifting and more complex roof shapes
(British Standards Institution 2009)

a) b)

[ | ufa) ula) —] | ufa)

Fig 1-5 Roof shape coefficientgl(used in snow load calculations for a) monopitch roof, b)
pitched roof. Values qgi are defined in equationsB (based on British Standards
Institution 2009)

In this research | 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

Characteristic values of ground loads for a range of possible eruption scenarios are
obtained by probabilistic hazards analyses, as | show in my case study of Ascension Island
(Chapter 4).

dZAf RAy3 aoOltS FraaSaayvySyl
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 thalfjpart of this
project, | develop a GIS tool that assessesceptibility toroof collapse at a building scale
enabling mitigation measuedo be most appropriatelyargeted(Chapter 5). The tool
combines tephra load maps with my experimental slidingitss 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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1 6adN} O

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. Tdti@nalysis 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 roofit@gdvhich 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 sourceXL0 km) vary widely but again there are no clear trends relating to magma
composition. We used laboratotgsts 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 loadst35 kPa), we found similar values across all our tests (3365°)
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 roofhgadiwhich

future eruptions are likely to sit. Finally, we created synthetic tephra{fine coarse

grained pumice and scoria) by crushing volcanic aggregates and compared it to samples
from Ascension and published data. Our results reveal that synthetivaeguccessfully
replicated the properties relevant to loading, potentially reducing the need to collect and

transport natural samples.

LYUONRRdAzOGAZ2Y

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 coli@geBlong 2003;

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

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

The key factors that are thought to influence tload transferred to the roof by a tephra
deposit, aremagma composition and vesicularity, the size distributad shape of the

grains, and properties of thmof (Fig. 21). Magma properties influence the densil
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individual grains, while their size distributiamd shape influence packing (Estrada 2016;

Landaueet al. 2020).

Magma | Grainsize
composition distribution
Tephra Roof
properties properties
Vesicularity | Grain shape [
A
v Drifting and sliding
behaviour
Grain Grain
density packing
[ Atmospheric Eruption
properties properties

A ¥

Deposit thickness
on roof

| |
'

Roof load from
tephra deposit

Deposit density

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 botitaindensity and packing and can also increase
substantiallyif the deposit is wet (e.g. Blong 1981; Macedoau Costa 2012; Hayes et al.
2019; Williams et aR021). The size and intensity of the eruption impet height of the
volcanic plume (e.g. Bonadonna a@idsta 2013; Suzuki et al. 2016; Cassidy et al. 201B)
atmospheric processes, including wind veloaity precipitation, influence the transport
and depositiorof particles (e.g. Petersen et al. 2012; Bonadoeihal. 2015; Poulidis et al.
2018). In turn, these factomaffect the amount of tephra deposited at any locatidie load
on the roof depends on the bulk density atidckness of the deposit, but tephra thickness
can bealtered after deposition by drifting and sliding. Thgsecesses are influenced by
tephra properties, such abe internal angle of friction and grain size distributias,well as
the material, shape and pitch of the roand the coefficient of friction between the tephra

andthe roof (e.g. Hampton et al. 2015).
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The aim of this study is to discuss and presentgéemechanical properties of tephra
relevant to roofloading. Understanding these properties is critiwllen assessing the
vulnerability of buildings in areasisceptible tdephra fall as they influence the additional
loadthat is transferred to a roof and hence its likelihoofdcollapse. Estimating this
additional loading is alsionportant for building design, where building codese a
combination of historic records and experimentesults to assedsads likely to occur
gAGKAY | lifegpdmh SndwAoAdING, &vhich is fundamentally simddpading from
tephra in that it a granular aifall deposit, is well characterised and routinely included in
international design standards (e.g. BritiStandarddnstitution 2009; International
Standards Organizatid?013; American Society of Civil Engineers and Structural
Engineering Institute 2017), but tephra fall is motitinely taken into account, and at the
time of writingis not specifically considered in any internatiodasign standards or

building codes.

This study forms part of a wider body of research investigdkiagotential of roofcollapse

by tephra loadingvith relevance to Ascension Island and the developnodrstandards to
account for tephra loads in buildirdgsign. Ascension is a volcanically active UK Overseas
Territory in the south Atlantic with an area of 98 kamd ~ 780 residents. Because of

1 Aa0SyaArz2yQa didbexmsiu® tofpdedtialvolcanit hazards, buildiogsld be
vulnerable to collapse from any futuexplosive activityln addition, Ascension tephra
depositsvary widely in grain size and composition (e.g. Winsta@0; Preece et al.

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

propertiesof tephra, and whether synthetic tephra can be usedieu of natural material.

In order to undertake the required laboratory testarge volumes of tephra are required
and these are noalways easily obtained from natural sources due toliheards
associated with neasource sampling followingn eruption and the costs of transporting
large volume®f samples. We therefore investigated whetlggnthetic tephra (of unknown
composition, made fronerushing and sieving commercially available volcaggregates)
could be used to model the properties whturally occurring deposits thaire relevant
when considering roof loads (bulk density, grain size distribusiod internal angle of
friction). By comparingynthetic tephra of aon-specific composition tpublished data
and the results from tests conducted part of this study on Ascension tephra, the
possibilityof using commercially available aggregate to genetiagevolumes of material

required for large scale testirgan be assessed.
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We compiled published density and grain size datadeposits from 64 global eruptions,
measured thayrain size distributions (GSDs) of samples of puraa@ja and ash from
Ascension and selected representat@&Ds for our synthetic samples. We thesed shear
box tests to measure the internal anglefattion of dry samples of both natural and
syntheticmaterial. The tests undertaken in this study were guéyformed on dry tephra
and do not consider the saturatesdate of the deposit. Results for osyntheticsamples
matched well with both Ascension sampbesd published data from a wide range of
eruptions; wecan therefore be confident in using synthetic tephoanvestigate the
properties that control loading ansliding.

aSiK2Ra

To ensure our test samples were representative of natdeglosits, we compared them to
published GSDisom global mafic, intermediate and silicic eruptidtisted inTable 21),
focusing on proximal samples 10 km from source) to enable comparison with GSDs of
samples from Ascension. The Ascension samples&vdresSs S RB6 &i@ =Y0OL RAI YSGSN
with smaller particlesnalysed by dynamic image analysis (British Standastiution
2006) using a Microtrac CAMSIZERGI M&se samples comprised trachytit akthic-rich
andlithic-poor trachytic pumice (Preece et al. 2021) axodirsegrained and finegrained

basaltic scoria (Winstanle3020) from five locations shown Fig. 22.

Bulk densities for dry deposits were compiled frpoblished data for 61 eruptions at 33
volcanoes (detaileth the Appendi). These cover small to large eruptidV&El 27), with
mafic to silicic magma compositions, aindlude both proximamedial (< 50 km from

source) andlistal ( 50 km from source) values.

Test samples werereated by crushing commercially available volcanic material using a

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

W2t OFLyAO tF @I FAELAONFrdA2Yy 3INIGBSEQ yR aArftiAoa
Aggregéi S&a [ GR® { I YL S& 0 8NB>VHESYYRASOHFRNI ANR A Y
Iyt @aSR dzaAy3a (GKS /! aZLUOwl Yd JFKR GANVNER D
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
measuredand density calculated to ensure that test densities were consistent with our

dataset of published values.
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Table2-1 Published grain size distribution (GSD), size and magma composition for

eruptions with published GSD<10 km from source, used in Fig32

Eruption VEI Composition GSD distance Reference
from source
(km)
Askja 1875 Unit D 5* Rhyolite 1¢7 (Sparks etl. 1981)
Fogo A 5 Trachyte ~ 38 (Walker and Croasdale 197(
Pensa et al. 2015)

Eyjafjallapkull 4 Trachyte 2¢9.6 (Bonadonna et al. 2011)
2010
Quizapu 1932 6 Dacite 2.57.4 (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 5 (Gudnason et al. 2017)

andesite
Calbuco 2015 4 Basaltic 5¢6 (Castruccio et al. 2016;

andesite Romero et al. 2016)
Etna 20023 3 Basalt 3.7¢10 (Andronico et al. 2008)
Grimsvotn 2004 3 Basalt 5¢10 (Oddsson 2007)
Kilauea Iki 1959 2 Basalt ~0.54 (Mueller et al. 2019)

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

These tests represent streakong a shear plane, aescribed in BS 13¢7 (British

Standards Institution 1990) and use the Md@boulombequation. For dry samples (with no

fluid pore pressuredhe equation can be written as:

_="tan., i+cC

(1)

where_ is the shear stress at failure along a plané normal stress, ¢ is the internal angle

of friction, andcis cohesion.

For each test, the sample was loaded into the shear box and a nhormal 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 fdanormal
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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 streddprizontal 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 sangdfiere failure. Tets were

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

shear stress_J. The internal angle of friction of the sample)(is the gradient of the best fit

fAYyS GKNRAAK (KSpREGEH). LIR2AYGa 2y | ° @4

To minimise any scale effects, BS 137/&pecified that the largest grain size in the sample
must be’ one tenth of the specimen height in the sirebox. We used small shear biests
(sample size 108 100x 20 mm) for samples 2 mm in diameter and large shehox

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

tests at normal stresses 035 kPa, representing deposit depths for our test samples of
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~50¢220 cm. These depths can le@adroof failure depending on the density of the deposit
(Blong 1984, Jenkins et al. 2014).

To compare fvalues for the test tephra to natural samplespall shear box tests were also
used to determinethe internal friction angle for the Ascension ast2(mm)samples. The
sample volumes of pumice and scoria weye small to enable large shear box tests to be

carried outon these materials.
wSadA Ga
b SERIIZNDS D{ 54

Published proximal GSDs vary widely, even for eruptigtissimilar magma compositions
Fig. 23a-c for mafic(basalt, 52% Si@), intermediate (basaltic andesiteandesite, 52

63 % SiQ) and silicic (dacite rhyolite,> 63% Si@) eruptions detailed ifTable 21). The
Ascensiordeposits Fig. 23d) also show coarse to fine GSDs. WhethallGSDs are plotted
together (Fig. 24)there is a large overlagnd, for these proximal deposits, magma
compositiondoes not seem to control GSD. The coarse and fine GiSbxs test tephra

(also shown orfrig. 24) were selected tde representative of both published data and the
Ascensiorisland samples. The coarse test distribution ithatfiner end of the published
range of GSDs; howeverpraximum grain size of 16 mm was chosen because of size
constraints of the laboratory equipment, and becausease interested in the properties of
the bulk deposit rathethan properties of individual large clasts.

5SLRaAld RSyaArdASa

Deposit densities compiled from published data reveal a range of values from ~ 400 to 1500
kg nt2 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 mar@bility 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 distaricem source (Figs.-2 and 26). Densities

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

shown in Table 2.
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Fig.2-3 Grain size distributions for proximal 10 km from source) samples from published
data (Table 21) from a) mafic eruptions, b) intermediate eruptions and c) silicic eruptions.

d) presents trachytic pumice and astnd basaltic scoria samples from Ascension Island
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used in this study
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Table 22 Dry densities of test samples, and published data ligtetie Appendix. Coarse

and fine grain size distributions asbown inFig. 24

Sample Grain size distribution Mean density (kg i)
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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Results from the shear bdgsts Figs. 27 and2-8) revealhat after initial compaction the

synthetic sampledilated and shear stress reached a peak valueoiparison, the

Ascension ash samples compactkughout the tests (negative vertical displacement)

and shear stress reached a plateau rather than pealndoreaking or crushing of the grains

was observedwith changes in volume achieved by rearrangemerdegosit 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 (Fi@)2The friction angles ), calculated using ER-(),

are very similar for the test samples and the Ascension ash, at between 35.8 and 36.5°
(Table 23). These results suggest that the internal angle of fricti@mdspendent of both

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

Table 23 Internal angle of friction from shear box tests Bynthetic pumice and scoria and

Ascension Island ash

Friction angl€°®)

Synthetic pumice 36.5
Synthetic scoria 35.8
Ascension ash 36.4

5A40dAaA2Y
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Typically GSDs of deposits become finer with increasiisiance from the vent, as larger
particles fall out close teource and finer particlagemain in the plume (Koyaguchid

Ohno 2001a). However, the GSD of a proxideglosit depends on many factors which
influence theeruption, transport and sedimentation of tephra. Theagma fragmentation
process influences the total grainsize distribution of the erupted products (e.g. Kuegpers
al. 2006; Cashman and Rust 2016), while sedimentadiaffected by particle aggregation
(e.g. Mueller et al2018; Rossi et al. 2021), plume dynamics (e.g. Scollo28131) and
atmospheric conditions (e.g. Gareau et al2019; Poulidis et al. 2021). Our results reflect

this complexityas eruptions of similar compositions show a widage of neaisource
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GSDs, while there is a large overtagtween samples with different compaositions and from
eruptions of different sizes. The Ascension samplesiatdresh (with last known eruptions
" 500 y ago) andhay have been reworked, however, the Ascension G&®sonsistent

with the published data for proximal samplgem 11 eruptions Table 21).
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Fig.2-7 Results of small shear box tests for particlé&smm, horizontal displacement vs

shear stress (left column) and horizontal vs vertical displacement (right column). a) Synthetic
pumice, b) Synthetic scoria, ¢) 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 negatalaes oscillatinground

0. Therefore, we are confident that the peak shear stress value measured is representative
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Bulk density is influenced by both the density of individirains, degree of saturation and
the deposit packinglhe latter depends on grain size distributiontlais affects the extent
to which voids between coarsgrains can be filled by finer particles. A small number of
eruptions have published data on both proximal/medial distal bulk densities, with
some having higher distahlues (e.g. Thorarinsson and Sigvaldason 1972; WEGGEY,
Todde et al. 2017), likely due to distal deposits hawitggher crystal content or higher
pumice densityas smaller particles have a relatively lower proporturvesicles. However,
this pattern is not followed for aéiruptions (e.g. Thorarinsson 1954; Rose et al. 2008),
particularlywhere the range of proximal densities is witlincertainties with these data
include the impact o€hanges over time, both shetérm (compaction) andbngterm
(weathering), as well as the different methodsed to measure deposit density. As noted in
the introduction,tests in thg study were only performed on dsamples, and the degree of
saturation may add furtheuncertainly. The wide range of reported bulk densitesl the
lack of a clear trend relating to magma compositieryption size or distance from source

suggest theséactors alone cannot reliably be used to estimate teploading.
t NPLISNIIASAE 2F aeyuUKSOAO al YLX Sa

The GSDs and internal angles of friction of our syntisaticples matched well with the
natural samples fromiscension for the grain sizes we consideredit g 16 mm) and
the densities of the synthetic samples (41832 kg rtf) lie within the range of published
depositdensities. These important findings provide confidetita we can use synthetic
samples tdest the geomechanicdlehaviour of tephra deposits and so avoid the

difficulties and costs associated with collecting and transpontigiigiral samples.
LYGSNYyIlFt |y3atsS 2F FNAOGAZ2Y

In plots of peak shear stress vs normal stress, resulisofarse and fine GSDs plotted on
the same line for botlsynthetic pumice and scori&i. 29). This suggests th#te friction
angle is independent of grain size at the loarmal stresses likely to be experienced in roof
loads,where field surveys indicate that collapse can occur &10 kPa (Jenkins et al.
2014). This contrasts witlesults at higher normal stresses (> 100 kPa) wherénteenal

angle of friction has been shown to vary witain size (e.g. Hamidi et al. 2009; Mostefa
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Kara et al2013; Alias et al. 2014). At higher normal stressedalgest grains may provide

a greater barrier to movemerthan found in our study.

Values of the internal angle of friction were very simitarpumice and scoria (36.5° and
35.8° respectivelyduggesting that the friction angle is also independennafyma
composition and deposit density. This implikat any internal sliding of the deposit will be
consistentacross a range of different compositions and gsanes, at least for the
compositions and GSDs tested herais in turn is important, as tests at one GSD could
provideinformation about the friction angle of other GSbwwever these results should

be confirmed by laboratorgliding tests.

The peak shear stresses for the volcanic ash #aeension Island were lower than values
for the syntheticsamples at similar normal stresses. The ash@sepacted throughout

the tests, whereas the synthet&amples mainly showed dilatory behaviour after initial
compaction. This is thought to be due to the natwainple having a higher proportion of
very fine grainsywhich more easily reorganised and compacted into \spidces between
the larger grains when stresses wexgplied. However, despite these differences in
behaviourthe angle of friction of the Ascension ash (36wda} similar to the synthetic
samples (36.5° and 35.8d consistent with values for a range of volcanic ratksmilar
normal stresses (Heap and Violay 2021). ifltiEates that this friction angle is applicable

across differentephra mmpositions and grain sizes, includihg synthetic deposits.

The angle of repose and the internal angle of frictjof) may not be the same, as the

failure plane is constrainedhen. tis determined using shear box teskéowever, they are
both related to the frictional propertiesf the grains. Tests on a range of granular materials
(with maximum grain size ~ 6 mm) found that the arafleepose after consolidation

closely matched the internditiction angle and was independent of grain size distribution
(Metcalf 1966). This suggests that our resalts relevant viaen considering the minimum

roof pitch atwhich tephra will slide.
wSt SOl yOoS (2 GSLKNY f2FRAY3I 2y NR27F4

The load transferred to a roof depends on the deptid density of a tephra fall deposit.
Our results shovthat bulk density varies widely, even within a singtaption, and cannot
be reliably estimated frormagma composition or eruption size. Hence wlassessing
building vulnerability or designing ndwiildings to withstand tephra fall it is important to

understand the range of loads likely to be experiencHus study has considered mafic and
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silicicdeposits, with low to high bulk densities and coaasel fine GSDs and so our results
are likely to be relevanvhen considering roof loading from futueguptions. However, our

dataset should be supplementadhere possible with relevant data from histogouptions.

[AYAGFGAZ2Y A

This work only considered dry tephra and the additidnvater would change the
properties of the depositonsiderably. Deposit densities have been repottedcrease by
45¢100% following rain (Blong 198#acedonio and Costa 2012; Hayes et al. 2019;
Williamset al. 2021) and further work is needed to consitlew water affects bulk
densities and frictiorangles. Asur shear box tests were limited to graingjn 4( 16
mm), we did not consider how larger particles nadfect the internal angle of friction
within a depositAspects other than simple gravitational sliding (efting) may also
change the distribution of materian a roof and these also need further investigation. In
order to understand more about tephra sliding behaviand how this impacts the load
transferred to aroof, the effect of roof properties, for example, mater&id pitch,must
also be considered. This shouldthe focus of future work that will allow development of

standards to account for tephra loads in building desigd risk analysis.

| 2y Of d&AA2Y A

We combined published data and experimental restdtivestigate key geomechanical
properties of tephrabulk density, grain size distribution and internal anglériation.
These properties influence roof loading and #rerefore important when assessing the

vulnerability ofbuildings to collapse.

Published tephra deposit densities and nasaurce grain size distribution®{{0 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 loadsi35 kPa), values of the internal angle of friction were very
similar across all our tes{85.8¢ 36.5°).As thefriction angle influences deposit sliding
behaviour, thissuggests that any internal sliding of the deposit wilcbesistent across a

range of different magma compositiordgposit densities and grain sizes.
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We have shown that synthetic tephra samples, m&oden crushing and grading volcanic
aggregates, cahe used to represent natural tephra deposits in testgeomechanical
properties relevant to roof loadingegardless of eruption type or compaosition. This is of
particular importance given the difficulty of sourcitige required volumes of natural

tephra.

We considered deposits with a wide range of magroapositions, densities and grain size
distributions andso we have provided an envelope of values for parameatdevant to

roof loading (Table2-2 and2-3), in whichfuture eruptions are likely to sit.

[Aa0 2F 60O0ONBGAlLFIGA2Y A

. g Grain size (Phi scale);

_: Shear stress at failure along a plane;

" Normal stress;

. 1. Internal angle of friction;

c: Cohesion.
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Chapter 3: Tephra sliding tests

1 040N} O

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 smalkcale laboratory tests to investigate tephra sliding behavioumetal, fibre

cement sheet and tile roofing. We tested¢BD cm thicknesses for dry and wet deposits of

LJdzYA OS> &02NARI FyR olalfdiAd aKe 2SS F2dzy R GKI G @
coarseANI AYSR RSLIZaAiida I yR itstfwehHash werg2 Mdbl@aE | KD ¢ KAY
LIAGOKSa X oncd LY FRRAGAZ2YZ GSLIKNY gla YIFEAyfte &K
for fibre cement and tiles. Using these results, we have produced an initial set of sliding

coefficients for tephra for simply pited roofs that can be used to help prioritise roofs for

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

LYUNRRdAzOGAZ2Y

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. 20Balildingsand building support systentan be
damaged by even small amounts of tephra fa{LQ mm thick) if heating, ventilation and
air-conditioning equipment is clogged by a8Milson et al. 20149r leachates lead to
corrosion of metal roofs over the longer terf@ze et al. 2014; Miller et al. 2022)
Thicknessesf 10¢100mm may cause collapse of structures which are not built to
regulated building design standards (rRengineered buildings) or which are in poor
condition(Jenkins et al. 2014; Hayes et al. 20188)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 structurgJenkins et al. 2014; Hampton et al. 2015)

Cleanup operations can mitigate the likelihood of roof fail(t¢ayes et al. 201%)nd an
understanding of loads on individual buildings can enabtentfost vulnerablestructures 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 reducthg load on the roof significantly;
therefore, it is important to understand tephra sliding behaviour. Tephra loads also have

the potential to increase if conditions aresty with field and laboratory observations
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showing load increases 80 ¢ 45%when rain falls after depositiofHayes et al. 2019a;

Williams et al. 2021)

Surveys following eruptions indicate that roofs can collapse at tephra loadsqdfokPa,
equivalent to tephra thicknesses of ~ 10 ¢grh m depending on deposit density. Key
factors in determining the collapse load are the roof material, quality of coogbn and
condition of the buildindBlong 2003; Jenkins et al. 2014; Hayes et al. 2048liams et al.
2020) However, despite almost 60 million people living within 10 kmwblaano that has
the potential to erupt(Freire et al. 2019plobal building standards do not routinely
consider tephra loadinglhe loads imposed by heavy snowfall are however considered in
some standardse(g. British Standards Institution 2009; International Standards
Organization 2013nd the approach they take on snow loading can help when considering
how to assess tephra loading during building desidre 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 193 from within the Eurocodes
deals with snow loads and a charactedstalue of the load on the grounsiselected using
decades of historical dat@anpaolesi et al. 1998; British Standards Institution 2008 is
then multiplied by a shape coefficiert)( which takes account of sliding, to produce the
load on the roof. Snow sliding behaviowgmbnds mainlyon temperature and altitudeand
>values are defined by empirical equations based on roof load (&&tapaolesi 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 whighréedeposits may
subsequently be compacted or modified by wind and feig. Varekamp et al. 1984; Hayes
et al. 2019b; Del Bello et al. 2020haracteristic tephra ground loads for different eruption
scenarios can be estimated using probabilistic tephra dispersion m(elglsBarker et al.
2019; Vazquez et al. 2019; Wild et al. 201®)ile tephra sliding behaviour depends on the
density and thickness of the deposit and the roof material (Fig.&8nended 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 deposib. quantify how tephra sliding reduces

roof load, we have carried out a series of laboratory tests to identify the roof pitches at

which tephra dads are reduced or completely removed by slichnd haveinvestigated
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how tephratype, grain size distribution, water content, deposit thickness and roof material
influenced the angle of slidin@rig. 31). From our results we have produced indicative
set of sliding coefficients for tephra loadiag a first step tdelp assess the technical

impact of tephra loading osimply pitched buildings in volcanic environments

Tephra type Grain size Water
(i.e. grain distribution content
density)
Deposit density Deposit thickness

on roof

|

Roof load from
tephra deposit

Roof material

:

Sliding angle

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

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

aSiK2Ra

We carried out over 400 smadtale tilt table experiments to investigate sliding of pumice,

scoria and basaltic ash in dry and wet conditions. We tested threematdrials: metal

sheet@ I t @I y A1 SoRugatetBdile) Jibreocément sheet (corrugateBiternit

Profile 3(Eternit 2021) and claytiles (Terreal Rustique plain til@erreal). Tephra was

loaded into Perspex cells with dimensions 22 x 22 x 10 cm (E)jgTBe cells could move

TNBESte 20SNI SIOK 20KSNE FrOAfAGIGSR o0& (GKS | LILX A
[ URZ S6AGK O2STFAOASY(H B reduddfiionr Fhisenkureddmno o06SG6SS
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, respectivEliding tests were conducted with dry tephra
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on a dry roof (drnydry), dry tephra on a wet roof (dnywet) 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 setup. 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
¢SLIKNF &l YLX Sa

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 matcheakttral

samples when considering the properties that are likely to affect sliding behaviour: bulk
density, grain size distribution and internal angle of fricf@sman et al. 2022 o

investigate the influence of grain sidestribution and bulk density on sliding behaviour, we
used three tephra samples (detailedkig. 33 and Table 31): low density, coarsto-fine

grain size distribution (GSD) (pumice); high density, cearfime GSD (scoria) and high
density, fine GSD (asiW/e wanted to consider sliding from uniformly applied loads and
hence minimise angffect from individual large clastnd we therefore selected a

maximum grain size eff (16 mm). This maximum graineii also consistent with

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

Table3-1 Grain size, deposit density and equivalent tephra loads for pumice, scoria and ash

test samples

Tephra Wet/ Median Maximum  Mean Equivalent distributed
type Dry grain size grain size  deposit tephra load (kPa) for test
density deposit thickness

() (mm) () (mm) (kg m?) 10cm 20cm 30 cm
Pumice Dry 23 5 -4 16 433 042 0.85 1.27
Pumice Wet -23 5 -4 16 556 055 1.09 1.64
Scoria  Dry 23 5 -4 16 1235 121 242 3.63
Scoria Wet -23 5 -4 16 1152 113 226 3.39
Ash Dry 1.7 03 -1 2 1443 141 283 4.24
Ash Wet 1.7 0.3 -1 2 1574 154 3.09 4.63

We tested both wet and dry tephra. For the wet samples we aimeginwlate 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 exe@ssr to drain. Water was

added graduallgo that the finest grains were not washed oahd 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:

s . . . xAOAECEADPE GMOUAE ¢ A b E2OpAn T
7 AOAOT OARBOEOD AOUAECEBDEOA

The recorded ater contensfor pumice, scoria and ash were 4%, 15n5% and 2 wt%

respectivelyg KA OK ¢ SNB GKSYy dzaSR Ay Fff aoSié afARA

The mean bulk densities of the dry samples ranged from 43348kg m?® (Table 31).
These values are within published deposit density values of -€ 4600kg n®, covering a
wide range of eruption sizes and compositions (Osetaal. 2022).However, when loaded
into the test cell, wet samplbulk deposit density did not increase as much as expected
based on theoretical literature valu¢slacedonio and Costa 2012 the dry depositsany
finer particleswere free to move relative to the larger grains, fillvgjd spaces. Wen wet,
the fine particlesaggregated aroundnd adhered tdarger grains, leading to less efficient
deposit packingnd more void spacelhis resulted in the bulkensity ofwet pumice
increasng by 28 % while the bulk density of wet scoréctually decreased by %
compared to the dry samples. Fash, the dry deposit flowed like a powder but wheat,

it did not flowat alland density chages betweert 6 % and + 10 %with respect to the dry
density,were possibleTo better constrain the wet ash bulk density, we usedalue
consistent with field samplesf basaltic ash and lapitibllected during the La Palma 2021

eruption. For these samples, collected within a few days of deposition and following rain,

the natural deposit density was measuredd 9 wmn 2 KAIKSNI GKIFy GKS

(after oven drying). We therefore aimed to replicate this for all our wet ash (@stisle
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 celttijrandfrom a
height of ~ 1.5 mwhen particle§ M YY RALF YS (G SNJ ¢ 2 dzf (Ragheds I OK
and Bonadonna 20)6Deposit density increasddr the samples poured from heigffrom

~ 500 to 600 kg rfifor pumice and from ~ 1000 to 1200 kg*fior scoria) but the sliding

angle did not changé/Ne thereforeensured deposit densitywaswithin theserangesfor all

our sliding testswvith wet pumice and scori@lable 31).
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LYAGALE AatARAY3 (84ia

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 (WEFSILGB FNRB Y ¢35 OKOBK 107 $IRT A OroSefice faciion(igNA OG A 2y XX n
3-4a). The cell was placed on each roof material and the roof angle increased until sliding

occurred (Fig.-3b). Sliding angles are shown in Tabl& Bor the tiles, the sliding angle

was > 30° which is similar to the expected interanadle of friction for tephra deposits

(Osmaret al.2022), and so the PTFE tape was also the applied to the tile directly beneath

the cell.

Fig 3-4 Initial test setup, 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 gheet
check whether the direct contact of the ridges along the entire dsbape 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 ofadpgid the
deposit in place with tephra only leaking as we started to filladbkk and when it slid along
the roof material. No measurable difference was found in the sliding angle (T&)le 3
between these two tests and so for all the remaining tests the cell was placed over the

ridges, as this minimised tephra loss when slidinguoed.

Table3-2 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 ridgesranthe

troughs. In each case, 3 tests were performed

Roofing material Cell over ridge Mean empty cell Mean sliding angle (°) witt
or trough sliding angle (°) 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 materiahffected the sliding angle, we carried out tests using a cardboard
cell weighing < 50 g, with the cell walls bein@.3 cm thick fig. 34c). 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 thicknespumiOS X G KS G SLIKNIF daf S| ]
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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 cellsgFig. 3

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 #tieing 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.

34 -
b
i
_ I
w 30 -
oo
& |
1
£ 28 h
= |
< i ® Perspex cell
26 Cardboard cell
— Range
24
Depth (cm) 10 20 10 20 10
Metal sheet Fibre cement Tile

Fig.3-5 Comparison of sliding angles for cardboard and Perspex cells with 12Dad

thickness of pumice on metal sheet, fibre cement and tiles
ly3tS 2F NBLRAS YR AYAGALIE Y20SYSyl

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. Thesepangle 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 wheimgnaoved across a
substantial part of the deposit surfacBy investigating when the deposit starts to move

with only one half of the cell filledve are able to account for the fact that the deposit is
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completely containedn the cellduring the sliding testand mitigate any possibility that the

initial recorded onset of sliding would be inhigitby the cell.

{ftARAY3 (GSaia

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 esrof 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 thmatisions 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 (Takl¢. Bephra loads for the

tests ranged from 0.42 kPa for 10 cm of dry pumice to 4.63 kPa for 30 cm of wéataddd (
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 cpuafice 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 drywet and wetwet 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 immediatelggour

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 (messvered) fibre cement sheet and a weathered metal
sheet. Bothsheets, supplied by Garage Revamps (http://www.revamps.co.uk)béad on
garage roofs in the UK for > 10 years. Weatheredfibre cement tess were only able to
be carried out twice as thesurfacein contact with the tephravassubstantiallychanged
after each testlue to the sliding depos#icouring the moss and materidddt had built up

on the surface of the roof
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The mean angle of repose was the same for all dry deposity, (86h a range of 3B6°
for pumice and 3¢37° for scoria and ash (Fig6R 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
10¢14° for ash (mean: 12°) anddi®° for the coarsegrained 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 & Fig

6. Wet ash behaved very differently to the dry sample, with apparent cohesion between
the grains resulting in more stable deposits. The 10 cm depogtfhil 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°.

50 - +
Q
40 - t
(] o ¢ Repose
g Jrr————
L { 10cm *
Q2
1]
& 20 , é 20cm
t ¢ + 6
10 A
Initial movement
0
Dry Wet
® Pumice © Scoria ® Ash —— Range

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&tah

sheet and slumping of deposit at 30° on fibre cement and tile; 20 cm: slumping at 21°
{tARAY3 GSada
Mean sliding angles varied between®2thd 33 for pumice24° and 36 for scoria an@3°

and 36 for ash (range for total dataset: 827°) (Fig. &). Deposits slid at shallower angles

66

27



Chapter3: Tephrasliding tests
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Fig.3-7 Mean sliding angles and rangewaflues for tilt tests with 130 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
pumice and scoria were also tested on dry weathered metal and fibre cermeiite key

the hyphenated symbol descriptions refer to the state (dry or wet) of the deosit All

results are available in Supplementary material

67



Chapter 3: Tephra sliding tests

on metal sheet compared to fibre cement and tiles (Fi§),3and at shallower angles on
each roof material when the deposit was thicker (Fi§a3. There were no clear trends
when considering grain size (Fig8I3) but on fibre cement and tile, the steegt sliding

angles for pumice were lower than for scoria and ash (F&r)3
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Fig 3-8 Impact of key factorgshown in Fig.-3) on mean sliding angles for tilt testa)

deposit thickness: 10, 280 cm, b) grain size: coargeained, finegrained (defined in Fig.
3-3), ¢) 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, ftire low friction metal sheethe dry-dry tests
resulted in theshallowestslidinganglefor all tephra typesandthe dry-wet test typically
gave thesteepestslidingangle(Figs. 37 and 38d). When the roof was wet, the tephra in
contact with the metal sheet formed a distinct layer ttegdpeared to holdhe deposit at

steeper roof anglegOn fibre cement and tiles, results varied with tephra type (Fig). For
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fibre cement, the steepest sliding angles were for the-diny and drywet tests for the
coarsegrained deposits and the watet tests for ash. On tileshé dry-dry and drywet
testsgave the steepest sliding angles for pumice, thewley tests for scoria and the dry

wet and wetwet tests for ash. Sliding angles weathered metal and fibre cement sheet

fell within the range found for new roofing sheets for both pumice and scoria deposits (Fig.
3-7).

Forthe dry, coarsergrained tephrasliding always occurred at the base of the depdisit

is at the interface ofhe deposit and the roofinghaterial, except for one test with 30 cm of
pumice on fibre cement, where sliding occurred within the dep&it.dry ash, sliding

always occurred at the base on the metal sheet and fibre cement. On tiles, approximately
half of the drydry and drywet tests failed within the tephra at 20 cm thickness, and all
failed within the tephra for the 30 cm thick deposiafle 33). For wet tephra, 20 crthick
deposits always slid at the base, but at@athickness sliding was observed both at the
base and within the tephrar@ble 33). 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 coarse-grained samples inainly occurred in wet deposits.

Table3-3 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: 3on 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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5Aa0dzaarzy

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 lovand highdensity 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.
ly3tS 2F NBLRAS YR AYAGALIE Y20SYSyl

Our mean repose angle 86° for dry tephra is consistent with the internal angle of friction
of 35.8;36.5° observed in shear box tests for damples with the samegrain size
distributions(Osman et al, 2022Published experimental results of 3r ashand 4@;45°

for coarse tephrgHornby et al. 2020; Williams et al. 202Eem to suggest that the finer
grains in our sample are controlling the repose angle. Mean repose angl@g4s for

wet deposits are consistent with findings for other granular materials that water increases
the repose anglée.g. Hornbaker et al. 1997; Beakawit#sshemi and Baghabra-Aimoudi
2018)

The angle at which grains initially move gives an indication of the shallowest roof pitch
where sliding might occufur values of ~ 15° for the coaragnained deposits and ~ 12°

for dry ash are consistent witBxperiments simulating ash deposition on metal roofing
whichfound 26 %of the ashwas shed froma 15° roof (Hamptoet al.2015).The

behaviour of wet ash, where a 10 cm deposit could be stable t¢ ar8Da 20 cm deposit
slumped at ~ 2%, requires further investigation on larger scale roofs ahdreater tephra
thickness than possible with our equipment. However, overall, our results suggest that low
pitched roofs can beonsidered as flavhen assessingow sliding may reduce tephra

loading consistent with our observations in La Palma, Canary Islands, following the 2021

Cumbre Vieja eruption (Fig-3.
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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
{f ARAY3

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 tépmeat 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 (Fid.08) are unlikelyo lead to collapse unless roofs

are of poor quality or badly maintained (Jenkins et al. 20léwever, test loads ofc# kPa

and 1c5 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 showlittiag s
occursat a shallower anglen the lower friction metal sheet compared to the rougher
surfaces of fibre cement and tiles (Figl@b). When considering the other factors we
investigated (shown inif. 31), namely deposit thickness, tephra type, grain size

distribution and presence of water, there is a clear trend on each roof type fotittiegs

angle to be lower for higher loads (i.e. thicker deposits) (Fif))3but no clear trends

related to the other factors (Fig-B0a, c). This suggests the increased weight of tephra is

key in overcoming the frictional forces that resist sliding when cawgbéo 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
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consistent withlarger scale tests using dry basaltic ashere~ 45 % of the deposit

remained on a 3Dmetal sheet roof, reducing to <01% & 35°(Hampton et al. 2015}or

FAONBE OSYSyd FyR GAfSasz F LAGOK 2F x opc A& YySSR
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 (Rl

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

RAZNAY I 2NJ F FGEGSNI GSLIKNF RSLRAAGAZ2Y D hdzNJ a6SiG¢

(p))
Q)¢

rain as the tephra was wet before deposition into the test cells. Our medsnet density
increases of 28 % for pumice and 9 % for ash are consistent with observations following the
eruption of Pinatubo in 199(@Spence et al. 2008nd our findings on La Palma in 2021,
respectively. However, for wet scoria, as our bulk density was 7 % lower than for the dry
deposit, highesaturated loads may be possible if deposition from the plume leads to more
efficient grain packing than achieved in our tests. faam falling after deposition, grain size
distribution and rainfall intensity affect the depth to which water can penetrate and hence
its impact on slidingTarasenko et al. 2019; Williams et al. 20Z1)r maximum sliding
anglefor wet tephra(36° for both scoria and ash) is substantially lower than previous
resultswherewet ashremained stable a#5°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 fingrained 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, Bding mainly occurred at the base of the tephb&tweenthe depositandthe
roof material. Howeveron the higher friction roofing material, and in particular for thicker
deposits and when water was present, sliding also occurred within the deposit (F8ple 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 depesabf interface in these

situations is higher than the internal frictional strength of the tephra deposit.

LYLX AOFGA2ya F2NJRAAIFAGSNI NRAA] Yyl 3

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 2018dlerstanding when
tephra fall loads might lead to building collapse and how deposit sliding may reduce
vulnerabilitycan help when assessing priorities for clegnduring and after an eruption

and when planning for future eruptions.

For buildings proximal to the source, clearing roofs of tephra can significantly reduce
vulnerabilityto building failure, but cleaip operationsoften pose significant logistical and
health and safety challengéklayes et al. 2015; IVHHN 2022yr results can help prioritise
roofs for clearance by highlighting when the deposit is likely to be reduced by sliding. We
F2dzy R GKIFG LddzYAOS FyR aA02NARI RSLIRaArAda I NB
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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 strengtle tu

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 andapse may occur

through failure of weak structural support, as was obseriaibwing theCordbn Caulle

2011 eruption(Elissondo et al. 201@nhd most recentlym La Palma aftehe 2021
eruptions(e.g. Dominguez Barragan et al. 20&)rveys 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 @%kPa, with the roof support structure and the

type and quality of roofing materi#leing key factors in determining failure loétbrres
Corredor et al. 2017)A range ofailure points were also identified following theinatubo

1991, Rabaul 1994 arelud 2014ruptions (roof covering, rafters and purlins), with

longer span roofand those with overhangs performing poo(Blong 2003; Spence et al.
2005; Williams et al. 2020)

Over the longer term, vulneradlity in areassusceptible to tephra fatfould be reduced by
LI I yYAy3 o0dzAf RAYy3da 6AGK LAGOKSE % opc G2 SyKIFyOS
buildings where tephra is unlikely to slide could also be identified and roof strengthening

considered for particular key buildings.g. Zuccaro and Leone 2012)

LYLX AOFGA2yAa F2NJ odzif RAy3d RSaAdy

Building design standards aim to ensure that buildings remain fit for purpose during their
design life and take account of transient loads such as geayv British Standards

Institution 2009; International Standards Organization 2028hough tephra loads are not
routinely considered, the snow load approach could be adapted for tephra loading. The
Eurocode standard for snow loading (BS EN 499irst defines a characteristic value for
snow load on the ground, taken #e load with an expected 5@ear return periodBritish
Standards Institution 2009T his value is calculated using an empirical equation which was
derived from statistical analyses of historical snow depth measurements and takes account

of local climaticonditions(Sanpaolesi et al. 1998Fheground 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. Thdwgpe coefficients were derived from
measurements of pund and roof snow loads collected for 81 buildings over the ¢998

winter seasor(Sanpaolesi et al. 1999)

For tephra loading, the characteristic value of the ground load could routinely be obtained
from numerical modelling of different eruption scenari@sg. Barker et al. 2019; Vazquez

et al. 2019; Wild et al. 2019Jo build up a comprehensive set of sliding coefficigathra
slidingbehaviour must be quantifiedn a wide range ofoof shapesand materialsAs a

first step towards this, or resultscaninform values for simply pitched rooBy making the
following assumptions, weansummarise all our results to shdwow thefraction of
groundload remairing on a roofvaries with pof pitchfor the different tephra types we

considered (Fig.-22a<c):

1 The angle at which grains initially move (Fi§) 3epresents the lowest roof pitch at
which any tephra load is likely to be removed by sliding.

1 The deposit sliding angle (Fig7Brepresents the steepest pitch on which any ash
will remain.

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

1 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).

1 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 (Bigd 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 limitesl gizhe test

equipment and roofing materials available to test. We have however selected conservative
values and, for this initial assessment, chosen changes of slopénd¢als (i.e. at 15, 20,

30 and 35°)Pumice and scoria can be represented tgmagle curve (Fig-B2a,b), while

ash requires two curves (Figl2c): one for thin, wet deposits, which are stable at steep

roof pitches, and one for all other ash.
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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 roof¢Table 34), 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 settimgprtant

when considering likely deposit characteristics in any future eruption, and expert
judgement of local hazard should be used to select the most appropriate Ehs3@or 3

3) in any area.

[AYAGFGAZ2YE FyR Fdzi dNB 62 N

When considering building failure due to natural hazards, there will ultimatetide
possibility of loss. For financial logssurance 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; Oramd3orta 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 availal{gilva et al. 2018; Murnane et al. 201Bpwever,
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Table3-4 Tephra sliding coefficients for monopitch and simply pitched roofs

Roof type a2y2LIAGOK 2NJ aAYLX @& LAGOK
Tephra type Low pitch Medium pitch Steep pitch  Equation
Coarsegrained h XX mnmMpc f M fopc X (31

(Pumice or scoria)  >coarse= 1 >coarse= (35¢ N 0 K | >coarse= 0

Finegrained (Ash) h > HHANnc f M fopc X (32

>hine= 1 Sfine = (35C h' 0 KM >e=0

Wet ash < 20 cm h X oconc ¥ h fFopc X (33
thick® Sfinewet= 1 Sfinewet = (35C h 0 K >finewet=0
aWhen 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 ldesthe

best approach to avoid this is to identify the hazard and redheeaisk The hazard posed

by tephra loading leading to roof collapse is obvious vulmerability (and hence also risk)

is controlled by the quality of the structure and atyilof 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 scalsis neededThe 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 lte deposit may be stratified by grain s{#g/chenne 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 barribiisiiilmg
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sliding(Hampton et al. 2015nd for multipitched roofs, sliding from one area may lead to
increased loading elsewhere. We have not considered-gepbsitional changes, where
rain can lead to deposit surfaces becoming cemented, which may affect the sliding
behaviour(Tarasenko et al. 201Vind can also cause driftirogn sheltered roofsand this
can significantly increase loadiag has been seen from field observations and laboratory

tests for snow loadée.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. 2018)addition, if the deposit remains in place
long term, corrosion may weaken metal roofs, as was reported in Monts¢Srabrd

Daniels et al. 2014nd Rabaul, Papua New Guin@&ong 2003)although laboratory tests
indicate this is unlikely to occur over timescales less than one m@ub et al. 2014}t

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 drywet tests) and deposits thinner than 10 cWe have also not considered any
structural aspectsf roofs but these are important when assessing the collapse

vulnerabilityfor individual roofTorresCorredor et al. 2017)

The largest limitation of our work is that our tests were srsalile and considered sliding

on a simple slope for three roof materials. The volumes of tephra required forsmaje

testing precluded statistically relevant testing on even just threeirmpfaterials 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 ranfcture 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 asseptible tdephra

loading.

In contrast to our other tephra samples, wet ash did not flow and thin deposits were stable
to high angles (303n fibre cement and tiled)efore 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)3nay not be valid

for this deposit. Again, largescale tests should investigate how varying thicknesses of wet

ash behave on different roof materials and slopes.
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Using smaikcale 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 standaetpre for snow
loads on roofs. Our tests considered thicknesses of 10, 20 and 30 cm on corrugated metal,
fibre cement sheets and tilder dry and wet deposits of lowlensity pumice and high

density scoria with a coarge-fine grain size distribution (natan grain size 2.3 (5

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

Our results show that sliding of coargeained deposits is unlikely to occur on roofs with
LAGOKSA X 9 mMpcs gKAfS T2NJ RNE akK GKA&a Ot f d
deposits (10 cm thick) stable at pitches up to 30°; however, ourtesulwet ash are

inconclusive and further work is needed to investigate the effects of water on ash deposits.

LY FTRRAGAZ2YS GKS t2FR Aa YlIAyfte akKSR 2y YSil
GAfSa 6AGK LAGOKSAE x ewpndWeatddretl ixSidg. 0 K & K2f R T

For monopitch and simply pitched roofs, we have produdeatacteristic curveand 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 teplwading; 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 buittisign and large,

structure-scale testing is required to validate the laboratory results.

{ dzLJLJX SYSY Ul NBE AYF2N¥VIGAZ2Y

The online version contains supplementary material available at https://doi.org/10. 1186/
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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 giealagcord.
However, on small volcanic islands many eruptive deposits are usgegsented 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, locatedSouth 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 combineovkiedge from the
geological record together with eruptions from the analogous Sao 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 tlamisand, 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 hardarand some potential impacts of shdisted

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 baktic events with §10 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 evearid, if roofs cannot be cleared, three modelled

SELX 2aA0S LKI&Sa LINBPRdzOSR GSLIKN} €2FRa GKFdG YLl @
kg m?). For trachytic events our results show a 50 % probability of loadsl@ &y n¥ for a
plume height of 6 km increasing to 88867 kg rf 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.

ly 0 N2 RdzOG A 2y

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 canddeehtth
issuegIVHHN 2021; Stewart et al. 2022; Eychenne et al. 2082 deposits can cause

significant disruption depending on their thickness and the loading placed on structures
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(Table4-1). Accumulations of < 1 mm (~ 1 k¢ depending on deposit density) can affect
roads and airports, with markings covered and sksistance reduce(Blake et al. 2017)
Tephra loads of @10 kg n¥ (thickness ~ 410 mm) can damage power, water and
communications networks and severely disrupt road and rail tr@ezikins et al. 2015;

Blake et al. 2017; Hayes et al. 202%f) 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 cycléJenkins et al. 2015; Wilson et al. 2017; Ligot et al. 202hra loads ~
100 kg n? have been observed to cause extensive infrastructure damage and result in
collapse of the weakest roofs, while loads above ~ 15@Kdave potential to cause
significant roof damage or collapse regardless of condtienkins et al. 2014; Wilson et al.

2014; Hayes et al. 2022)

Table4-1 Summary of likely impacts at different tephra fall logdsended from Jenkins et

al. 2014)

Tephra load (kg1  Likely impact

1 Skidresistance reducednd 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 exptsivents. 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 erosioag&tom rainfall

and wind, and the susceptibility of volcanic islands to landslides. To address these
knowledge gaps, we can use data from vatlidied 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 Atlantiqreferred to as Ascension hereaftdor a range of discrete, shaolived

explosive events from selected vent locations across the island. Ascension is a strategically
important UK Overseas Territory, located ~ 90 km west of theAtlahtic ridge in the

South Atlantic Ocean, with an area-088 kni and ~ 780 regents (Fig4-1). Key

infrastructure includes the airporRoyal Air ForcéTravellerdHill)and US Air Fordg@JSAF)
basesthe South Atlantic Relay communications station, a power plant and the small
settlements of Georgetown and Two Boats (Bid). 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. 2021The most recent known effusive eruptive activity has been dated to just
500 years ag@Preece et al. 2018however, poor tephra preservation (with deposits

missing from the record and units being untraceable across the island) means that past
explosive eruptions are not well constrain@reece et al. 2021We 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 densityrasresd lahars, as

well as tephra fallje.g. Newhall and Hoblitt 2002; Marzocchi et al. 2012; Alatorre
Ibarguiengoitia et al. 2021; Tadini et al. 2023)ch 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 theAscensio® & S NHzLJG A @ S et &.2021), vdEave did indilBafiad 8f 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 futuresearch 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 probabilit{€onnor et al. 2015)

DS2ft 23A0Fft o6F Ol 3INRdzyR

The volcanic edifice @scensions built on oceanic crust from ~ 7 Ma, with borehole

evidence suggesting subaerial eruptions began ~ 2.5 Ma and the oldest surface deposits

dated to ~ 1MgMinshull et al. 2010; Jicha et al. 201Bjuptive products cover the full

compositional range from basalt to rhyolite, with alkaline felsic magmas produced by

fractional crystallisation in a closed syst¢@hamberlain et al. 2016frelsic 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 réswom low magma flux, a pattern also

aSSy |G 20KSNJ 20SIy A @hampeRain etbZD At feddtB0 a A 3dzSt =
explosive felsic eruptions have occurred over the past 1 Ma, with the most recent occurring

~ 60 ka in the Eastern Felsic Comjlreece et al. 2021Peposits provide evidence of a

range of styles from Strombolian to Plini@davies et al. 2021Mafic eruptions occur from
monogenetic vents antPAr/*°Ar dating of the youngest lava flows gave ages of ~y8a@s

and suggestedhe three moeNBE OSy & SNUzLJGA @S | NBI & | NB | NR dzy |
Peak and to the east of the airport (Airport Eastiown inFig.4-1 (Jicha et al. 2013; Preece

et al. 2018)

aSuK2z2Ra

Our simulations considered discrete explosive events (our model scenarios) with eruptive
plumes ranging fromd7 km above sea level (a.s.l.) and durationsgdf2lhours. While

the reasoning for the location of the events is discussed further below, thik 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 loaslseedindailure thresholds fodifferent roof

types.
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East. Mafic and felsic deposits amended from Chamberlain et al. 2020, vent locations from

VyeBrown et al. 2019

Despite thegeological data on Ascensionthe published literaturethere 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 furthelow).

{ St SOGA2Yy 2F |yl f23dSa

Based on geological setting, geochemistry of eruptive products and deposit characteristics,
G§KS 20SIHyAO AatlyR 2F { N2 aA3dzsSt AseensiorKkS ! T 2 NB&a K
{ N2 aA3ddzSt SEKAOAGA | H6ARS O2YLRaAGA2YIt Nry3asS 2

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)e 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 he welistudied peralkaline, trachytic deposits of the Fogo A (4.6 ka,
plume height 2£30 km) and Fogo 1563 (plume height ~ 19 km) erupt{Qasey and
Sigurdsson 1989; Guest et al. 1999; Pensa et al. 20Hb)e 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 Ascen&itramberlain et al. 2019;
Preece et al. 2021 hirty-six basaltic eruptions have occurred over the past 5 ka in the
Picos Fissural Volcanic Systgbaspar et al. 2015The Serra Gorda eruption¢iBka),
estimated at VEI 3, produced the largest scoria cone in this system with deposits 50 cm
thick at distances up to 4 km from sour@ooth et al. 1978; Newhall and Self 1982;

Ferreira et al. 2015Although there are many examples of smaller eruptions of this type,
including on AscensiafWinstanley 202Q) we consider this eruption a good analogue for

the scale of monogenetic volcanism Ascensiorthat 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.

{StSOUA2Y 2F Y2RStf aOSylI NAZzZa

Our simulations build on initial tephra fall modelling for Ascension carried out by the British
Geological SurveBGS}VyeBrown et al. 2019and specifi¢o 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 selectadalogue eruptions on Sao Miguel.

Felsic events

28 AAYdZ F SR SELX 2aA@0Ss (NI} OK&a (MA)id@Syida TNER
Eastern Felsic Complex, with plume heights@¥®km a.s.l. This was the assumed vent for

an eruption ~ 65 kgPreece et al. 2021)Y o 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 S&o Mig(@lalker and Croasdale 1970; Carey and Sigurdsson

1989; Gaspar et al. 2015; Pensa et al. 200 also simulated smaller volume events

(Davies et al. 2021yith 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 Sdo Miguel Serra Gorda eruption
(Booth et al. 1978)Our model scenarios used vent locations in each of the three most
NBOSYyid SNHzZIJXiAGS IINBlFax yrYySte /2YF2NIlfSaa /20Sz
modelled a single event with plume heights sampled in the rang&@km. We also

explored the tephra fthfootprint and potential impacts from multiple explosive pulses

during an eruption, as observed during the 2021 eruptions at Soufriere St Vii\dilet et

al. 2022) and Cumbre Vieja, La Palf@onadonna et al. 2022; Marti et al. 2021)

simulating three separate events, each wittil6 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 theeed to ensure safe working conditions and aviajdries due to

falls from roofs or ladder8Nardman, et al. 2012; Magill et al. 2018Ye therefore summed

the loads from each pulse, simulating a wecase scenario where roofs were not cleared

and there was no erosion of the fall deposit between explosive phases.

1 002dzy iAy3a F2N) dzy OSNI I AyaGe Ay @Syid 20!l

Many mafic eruptions orAscensiorhave occurred from monogenetic vents, but assessing

the hazardfrom 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 cantrddfeuilt

to assess the age relationships between vents, precluding the use of statistical methods to
define vent opening probabilitig@.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. Foythumgest vents in
020K (0KS {AadSNna tSIF{1 FYyR ! ANLIRNI 9Fad I NBIFaxz
been estimated at ~ 400 m (\4Brownet 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 téfences in model outputs, balanced with computational
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resource to run multiple simulations (F&2). For Comfortless Cove, on the west of the
island, the prevailing winds from the soudfast 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 scenas were based on a single vent.
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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 HUSA:ForceBase
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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 welodity

from a tenyear ERA5 dataset férscensionThe ERAS reanalysis data covered the period
20102019 and comprised stxourly wind data at 37 pressure levels within the atmosphere
with horizontal resolution of ~ 30 kiffHersbach et al. 2018, 2020jo investigate seasonal
variability, we analysed wind speed and direction by month using TephrgBiats et al.
2016) Wind roses for 3nonthly intervals at heights up to ~ 30 km above sea level
(covering the heights of our simulated plumes) did not show significant seasonal trends
(Fig.G1 inAppendixCl) and therefore we sampled winds from the wholeyi€ar dataset

for each of our simulations (14608 wind profiles in total) (&i8).
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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 ERAS5 202019 reanalysis datas@tiersbach

et al. 2018%tochastically sampled for all simulations
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We used Tephra2 with the TephraProb Matlab package for our probabilistic hazard
modelling(Bonadonna et al. 2005; Connor and Connor 2006; Biass et al. 2@&pya2
takes inputs defining eruptive conditions (plume height, eruption duration, total mass
erupted, grain size distribution, particle density) and solves the advediitusion

equation in two dimensions to calculate tephra accumulation on the gilotihe 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 areAsifensionTephraProb enables
multiple runs of Tephra2, with input parameters sampled withserdefined ranges, to be
combined into a probabilistic output. Both Tephra2 and TephraProb have been widely used
and the outputs are now routinely accepted in scendrased tephra fall hazard
assessments of possible future evefdsy. Wild et al. 2019; Warwick et al. 2022; Aravena
et al. 2023)nd inversion modelling to recreate past eve(gsy. Crummy et al. 2019;
Jenkins et al. 2020; Tennant et al. 2024/ used analogue eruptions on Sao Miguel to
calibrate the modeand select bestit values for model variables (including diffusion
coefficient, fall time threshold and the plume model, detailed in Ta8sand4-3) which

describe the release, transport and deposition of particles.
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Table4-2 Input parameters used for felsic simulations

Parameter Value Rationale

Plume height (km 27 19 Selected to best match Fogo 1563 anc
asl) Fogo A eruptiongWalker and Croasdal
Mass erupted (kg) 10%¢5 x 132 10910 1970; Carey and Sigurdsson 1989;
Duration (h) 3¢12 2¢6 Gaspar et al. 2015; Pensa et al. 2015)
Plume height (km 15 12 6 Selected to model smalle
asl) volume eruptionge.g.
Mass erupted (kg) 10%%5 x 16! 10°¢10**  10'¢10' Davies et al. 2021)
Duration (h) 1c¢4 1g3 1¢3

Grain size distribution

u range (Md) -5¢ 6 (0.5) Based on published grain size

s 2 distributions for Fogo 1563 and Fogo /
Aggregation No eruptions(Walker and Croasdale 1970
Particle densities

"~ lithic (kg n%) 2400 Scollo(2008)found particle density has negligible effect
" pumice (kg rt¥) 800 on modelled tephra loads and so we used typical value:

for trachytic tephra deposits on Sao Mig(gueppers et
al. 2019)
Model parameters
Diffusion coefficient 5000 Selected so that tephra loads best matched observed Fog
(m s?) deposit (with tephra depths converted to loads using
published deposit density of 500 kg3(Walker and
Fall time threshold 6000 Croasdale 1970). RA&AGNRAR o dziA2y a NB-

(s) distribution of mass in the plume. We tested:

hoF mME i I wm oYlaa S08yte
Plume model 1,1 h ' w3 i ' W o0YlLaa O2yO0Sy
i RAAGNRAOG h ' o Bass corcentated towards plume top)

h ' wx I T o oYlLaa 0O02yQSy

Column integration 50 Produced stable load contours while optimising run time

steps
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Table4-3 Input parameters used for mafic simulations

Parameter Value Rationale
Plume height (km 6¢10 Selected to simulate relatively small eruption, but one
asl) that could lead to tephra deposits likely to cause roof

Mass erupted (kg 10°¢10* collapse. 6 km was minimum plume height where depc
Duration (h) 1¢6 loads reached roof collapse values beyondikeat area.

Grain size distribution

U range -5¢5 Based on maximum and median grain size data from
(Mdy) (-1) Serra Gorda eruptiofBooth et al. 1978)

) 5

Aggregation No

Particledensities

" lithic (kg %) 2900 Scollo(2008)found particle density has negligible effect

" pumice (kg rf¥) 1000 on modelled tephra loads and so we used typical value
(https://volcanoes.usgs.govblcanic_ash/
density_hardness.htnl

Model parameters

Diffusion 4000 Selected to best match observed Serra Gorda defgBsibth
coefficient (m %) et al. 1978) (with tephra depths converted to loads using
estimated deposit density of 1000 kg®m® i RA &
Fall time reflect the vertical distribution of mass in the plume. We
threshold (s) 5000 tested:
h I mMX i I M o6Yraa S@Syfte
Plume model 2,2 h ' uwxX i T H oYlFaa OpymdSy
i RA&GNR h " oX i I' W o6YlFL&aa O2yO0Sy
6hx 10 h ' wxX I T o o0Ylaa OoetyndSy
Column 50 Produced stable load contours while optimising run time

integration steps
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We ran 1000 simulations for each model scenario and accountaghfmertainty in
meteorological conditions by randomly selecting a wind profile from the ERA%,2019
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 eachidedsnulation, plume height
was fixedand event duration was sampled from a range (TdkR®). Values were

constrained so that combinations of duration and mass eruption rate (calculated within
TephraProb from plume height and wind data using DegruytdrBonadonng2012)

were only selected for the simulations when the resulting total erupted mass fell within the
ranges defined based on our analogue erupti@mss et al. 2016\l input parameters for

the felsic model scenarios and the rationale for their selection are shown in Fable

For each mafic scenario, we ran 1000 simulations from each model vert-gFamd Table
G1). Plume height was sampled within the rangd® 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 fels
simulations. All input parameters for the mafic model scenarios and the rationale for their

selection are shown in Tabe3.

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 (T4Hlg being exceeded

and therefore we report our results as ground tephra loads with probabilities of
exceedancef 10, 50 and 90 %. This enables us to explore both more probable and rare
but-possible outcomes. It is important to note that the probabilisticutesare 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 Ascensionwe 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 tatalofs,
each model runi, gives a tephra loadl, at grid cellx. The probabilityP,of the modelled

load in grid cell fx) exceeding a mass thresholldjs shown in Eg-1 (Biass et al. 2016)
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. e o A 3
ba "wAOODEBIIADO -

PEGE Y

where v =known vent andc i OEAOXEOA 4-1)

When the vent location is uncertain, we can run simulations from a Ves¢lected from a
set ofm possible vent locations/{, wS ¥, @kich 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 exceedinbin grid celixfor an eruption from any one oh vents. In this
case, E4-1 is modified to Ef-2.

. . 5
0a "“YPAOODEBIOA KO —

o

C

v b 8 e ;  PEE Y 42
wheremN 0 8 &) andé T CEAOXEOGA (4-2)
The grid spacing described in the Accounting for uncertainty in vent location section gives

valuesoin =42 andml’ po F2NJ ! ANLE2 NI 9Fad FyR {A&adSNRa tStH

When considering multiple events, we assumed the load is not cleared between eruptions
(a worstcase scenario) and hence the tephra load from each event is summed in each grid

cell. ForKeruptions, during model run, the total load in grid ceX (L) is given by Edk-3:

(4-3)
In this case, Egqd-1 and4-2 are modified to Eq€l-4 and4-5 respectively:
50 "wAOODOENOALO o
Wherev =known vent anck ?TEIE%EE Ag X EO/ (4-4)
50 "% AOGD GENIGAO -
WheremN 0 8 8 and pEUE Y (4-5)

ni OEAOxXEO
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LINPOI 0Af AGE 2 Fforfaplinie geaching @Hkm a.s.|] (Babléf4For our
scenario with a plume height of 6 km lastingBlhours, there was a 50 % probability of

i SLIK NI f 2%oReémost ofhe fslahd, With loads at key locations reaching
threshold values ranging from 2 kgt Georgetown, the airport anthe USAF Bage 12
kg m? at Two Boats (Fig-4a and Table4). Loads with a 10 % probabilityex{ceedance
ranged from 4 kg raat the airport to 23 kg Mat Two Boats (Fig-8a and Table-4) and
there was a 90 % probability of loads abxg n? at Two Boats, Travellers Hill, the power

plant and South Atlantic Relay station with loads at other key locations < 1 kgiga 45b
and Table 4).
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Fig.4-4 Tephra ground loads with 50 % probabilityeaceedancdor trachytic event from
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TH: Travellers Hill, ABSAir ForceBase
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Chapterd. Probabilistic hazard analysis for Ascension
Table4-4 Highest modelled tephra ground loads at key locations for trachytic model

a
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For our scenario with a 12 km plume height, results revealed a 50 % probability of tephra
f 2 R& >Roverihe Whdle i¥land with loads of 154 and 194 k§anTravellers Hill

and Two Boats respectively (Mgdb and Tabld-4). There was a 10 % probability of loads
between 100 kg nt (at the airport) and 364 kg ¥(at Two Boats). For a 90 % probability of
exceedanceloads ranged from 14 kg2at the airport, Georgetown and thdSAF Base

93 kgm2at Two Boats (Fig-5c, d and Tabld-4).

Our scenario of a4 hour event with a 15 km plume height produced a 50 % probability of
0 SLIK NI f 2 Rraall key locgtions, Wilh th¥ highest loads at Travellers Hill and
Two Boats (724 and 577 kg’mespectively) (Figl-4c and Tabld-4). There was a 10 %
LINROLFOAT AGE 2%Acrdsthe Riole igland, pvith a naimdim load at Two
Boats of 1413 kg m(Fig.4-5e and Tabld-4). When considering a 90 % probability of
exceedanceloads ranged from 55 kghat Georgetown and th&/SAF Base 329 kg nt

at Two Boats (Fig-5f and Tablel-4).

For a plume height of 19 km lastingl3 K2 dzNE>X ¢S F2dzyR | pn 22 LINBOIF 0A
kgn?F YR F mMnAa 22 LINR O | 0 Afahall ey I&Fions FiggRd4-5gandy nn 13 Y
Table4-n 0 ® ¢CKSNB 46Fa | LINROI oRat TwaBoat®ahd con 22 2F f 2| RE

Travellers Hill, with loads of 2850 kg nt elsewhere Fig.4-5h and Table-4). An event

similar to Fogo A (with a plume of 27 kasting up to 12 hours) resulted in a 90 %

LINPOFOAf AGE 2 Fachs® thkentiretslam{Tamed)] I Y

al TAO $0Syia

Single phase

For our basaltic scenario with a plume height Q18 km lasting 46 hours, our scenarios

FNRY {AaidSNN&a tSF]1 NBadzZ GSR Ay | pn 22 LINRPOIFOATALD
NBEOSAGAY A | (9§ it Mluesfinkey Rcatipnsmanging frovh 5 k§anhthe

airport to 87 kg it at Two Boats (Fig-6a and Tabld-5). Loads with a 10 % probability of

being exceeded ranged from 18 k¢t @t the airport to 231 kg mat Two Boats and there

was a 90 % probability of loads af24 kg n¥ at the keylocations (Tabld-5 and FigsG2a
andG3a).

2 KSy GKS OSyid sla Ay GKS ! ANLRNI 9Fad | NBlFIs ¢S 7
at the power plant and South Atlantic Relay station, with loads at other key locations

ranging from 7 kg m(at Two Boats) to 203 kg hfat the airport) (Figd-6b and Tabl&-5).

For a 10 % probability @xceedancewe found loads between 3 kg#fat the power plant
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Fig.4-6 Tephra ground loads with 50 % probabilityeaceedancdor basaltic events. a), b)

and c) show results for one event with km plume height, d), e) and f) show results for

three events, eachwith@dan 1Y LJ dz¥YS KSAIKGZ FNBY {AadSNRa
Comfortless Cove respectively. For multiple evewts 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: TravelleraHillS Air Force Base
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Table4-5 Highest modelled tephra ground loads at key locations &-ig.for basaltic
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Table4-5 continued
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and South Atlantic Relay station) and 387 k§(at the airport) (Tabld-5 and FigG2b).
There was a 90 % probability of loads of 82 Kgnii G KS | A NLJ2®MNdiosslth¢ R X pwm 13
rest of the island (Tablé-5 and FigG3b).

For our scenario of an event from Comfortless Cove, there was a 50 % probability of loads <
1 kg n? at Travellers Hill, Two Boats and the airport, with Georgetown having the highest
load of 55 kg M (Fig.4-6¢c and Tabld-5). Loads with a 10 % probability of bemgeeded

ranged from 6 kg mat Two Boats to 121 kg frat Georgetown (Tablé-5 and FigG2c).

For a 90 % probability, Georgetown received a load of 20%anuh loads at the other key

f 20 GA2ya FTamedsand FigG3cd Y

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
NEOSAQGAY I | (SPEHRND y2ISBSY in ANRY YAAUGSNRAa tSH1Z ¢
load of 290 kg mat Two Boats (Fig-6d and Tabl@-5). There was a 10 % probability of

loads of 46615 kg n¥, with all key locations except the airport receiving loads > 100%kg m

(Table4-5 and FigG2d). There was a 90 % probliy of loads of €107 kg nt with the

highest loads at Two Boats and Travellers Hill (T&bland FigG3d).

For a multiphase event from Airport East, tephra loads with a 50 % probability of
exceedanceanged from 2 kg rhat the power plant and South Atlantic Relay station to 631
kg m? at the airport (Fig4-6e and Tabld&-5). There was a 10 % probability of loads
between 7 and 1025 kg fwith loads > 500 kg Hat Travellers Hill, the airport and the
USAF Basand a 90 % probability of loads of 354 kdanthe airport, 237 kg rat the

USAF Basand < 80 kg rhat the other key locations (Tab#e5 and kgs.G2e andG3e).

Our multiphase scenario from Comfortless Cove revealed a 50 % probability of all

aStatSYSyda yR Ay TNI aNtifeirgetdBn tied WS ARy 3 21 RA X
probability of loads reaching 176 kg?rfwith 10 % and 90 % probabilities of loads of 278 kg

m2and 104 kg M respectively) (Tabld-5 and Figs4-6f, G2f andG3f).

5Aa0daarzy
We have modelled a set of defined discrete explosive events of various plume heights from

vent locations acros8scensiorio explore the range of tephra fall hazard footprints and

impacts from such shotived 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 possil#ats on
Ascensionwe make no comment of the likelihood of such events, only commenting on the
outputs of the models, assuming such events have occurred. A probabilistic appooach
these events allows us to investigate the intrinsically variable naitiwlcanic processes

and atmospheric conditions which affect tephra dispersal and deposition.
a2RSEEAYI FaadzYLliA2ya YR dzy OSNIF Ay

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 uncersaimtie

the model itself.

DFLJA Ay 2dzNJ {y2¢6fSR3IS 2F GKS AaflyRQ& SNHzLI A
fall deposits meant that it was necessary to use wtltied analogue eruptions to provide

input parameters for our modelling. Our approach builds on the outcomes @xpert

elicitation and initial modelling work conducted by BE$eBrown et al. 2019)As detailed

in the Methods section, we selected eruptions dio $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 erumti source parameters (plume height, mass

erupted, grain size distribution) for our simulatioWge assume that these are

representative of explosive events that could occur in future on Asican

As discussed in previous sections both Tephra2 and TephraProb have been widely used, and
the outputs are now routinely accepted in scenabiased 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 adtmensional version of

the advectiondiffusion equation and assumes a vertically stratified andzomtally

constant wind field. It therefore does not account for small scateoapheric features such

as eddies or temporal changes within the timescale of each wind profile (in our case 6
hours).Tephra2alsoassumes that thepecifiedinput parameters are representativaf

average conditionduringpeakeruptive activity Connor and Connor, 2006jence 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 Soufriere St \(lDoknt
et al. 2024)and Cumbre Vieja, La PalifMarti et al. 2022)but rather treat each event as a

discrete explosion.

t20SyGAlLf AYLI Ol 23S BEAT Y aADS SoSyia 2y
Felsic events

Our results revealed that shelived explosive events on Ascension could result in

GARSALINBIR GSLIKNY Friftz LRGSYGAFIff& AYLIOGAYy3 (K
N} yaLR2 NI FyR O02YYdzyAOlI GA2ya AYTNI aidNHOGdzNBD® 9085
Cauldron, with a 6 km plume height, would impact the airport and many roads with 50 %

LINPOFOAT AG@E 24-FL mimz2iéptR,aepending o] dBposit density) across the

island Fig.4-4a and Tabld-1). A 12 km plume could additionally affect power and

communications wittour results showingepn 272 LINB 6 0 A f A facroste f 2 R&A X M~
majority of the island (Figt-5d) and a 50 % probability of loasd50 kg nt at Two Boats

and Travellers HilHg.4-4b and Tabld-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 41 and Jenkins et al. 2014)arger volume eventould cause widespread

disruption and even collapse of good quality roofs. For a 15 km plume, we found a 50 %

LINR 6 | 0 A f A 16@ kg B7Ht all kel IdRationsk The highest loads werdab Boats

and Travellers Hjllvith adon 27> LINE 6 | 6 A5D Rgiire a 58 % probalilify &f loagls

sufficient to cause collapse of good quality metal and tile rag#00 kg n¥) anda 10 %

probability of loads thahave the potential to collapse even the strongest roeg @0 kg

m?) (Table4-1, Figg- 4c,4-5e,f).When considering a 19 km plume height, these impacts

O2dzf R 68 FFNJ ANBFGSNI YR Y2NB ¢ KWO0&GntINB L RS A GK |
(Figs. 44d, 4-5h), necessitating extensive cleap operationgHayes et al. 2015)

Mafic events

Some of theecent deposits on Ascension came from monogenetic basaltic eruptions (Fig.
4-1) and probabilistic gatial densitydistributions using mapped vent locations have

identified areas where future vents are most likely to ocdtyeBrown et al. 2019).

However i is not possible to assess the temporal relationship between these vents because
of limited deposit preservation on the island and henceaseunable 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 aread-(Fig.
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 collapsi{00 kg n¥). 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 100 kg n?. For one basaltic event thia 6,10 km plume height, we found a 50 %
probability of tephra loads > 1 kg fracross 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 ac). There was a 10 % probability of loads that may cause roof colbgh6e kg

m2) with Georgetown, Two Boats, Travellers Hill, the power plant and South Atlantic Relay
a0l adA2y AYLI OGSR 0@ ,angdTra8efiegsydill, th® S Basgnditidell SN &  t
airport impacted by an event from Airport East. Georgetown was also impacted by an event

from Comfortless Cové-{g.G2 a-c).

The 2021 eruption of Souérie St Vincent showed that buidp of tephra from multiple

small events can create substantial hazard, particularly near to source ifbemmot

possible between eruptive even(Miller et al. 2022)Multiple pulses over a timescale of

weeks were also seen during the eruption of Cumbre Vieja, La Palma ifjiEaix2ddonna et

al. 2022; Marti et al. 20223howing the importance of considering this type of scendfa.

our multi-phaseevents, we assumed that tephra was not cleared from roofs between
pulses,aworsOl &S aO0Sy I NA2d C2NJ (i fwbhéddaddtoa Sa FNRY |
probability of tephra loads that could lead to collapse of poor quality and $pag roofs

150 kg m?) in Georgetown, Travellers Hill and Two Boats @i@). 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 th8 AF Basgoadsx400 kg

m2) (Fig4-7b). For events from Comfortless Cove, deposition was mainly over the sea,

although there was a 50 % probability that poor quality and lsman roofs may be

vulnerablein Georgetown, if tephra was not cleared (Hg.c). For three events from

{AadSNDa tSF] 2NIJ ! ANLENI 9lads GKSNB sla I m
quality metal and tile roofs{400 kg m?) and for three events from any of our source

areas, we found a 90 % probability of loads that could cause collags®pguality roofs

(k100 kg m?) (FigsG4 andG5 Table4-1).

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)is 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 iss(eg. IVHHN 2021; Eychenne et al. 2022;
Stewart et al. 20223nd the plume could have a substantial impact on airspace, particularly
for larger eruptionge.g. Witham et al. 2012; Hirtl et al. 2020; Mastin et al. 2021)
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Fig.4-7 Tephra ground loads likely to cause roof collapse (> 150%gvith 50 %

probability ofexceedancdor three basaltic eruptions, each witlg 80 km plume from a)

{A&2GSNDE t ST 60 ! ANLRNI 9lad FyR OO0 /2YF2NIt Sa
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 AtldRéilaystation, TB: Two Boats,

TH: Travellers HiljF: US Air Force Base
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| 2y Of daA2Y

Smallvolcanicislandscanbe particularlysusceptibleto the impactsof tephrafall, given
their sizeand potential proximity to the vent. Usingscensioras a case study, we carried
out a probabilistichazardanalysigo quantifytephrafall hazardand discussotential
impactson infrastructurefrom a suite of definederuptive events.Aseruptive depositsare
poorly preservedon the island,we combinedexistinggeologicatatafrom Ascensiorwith
analogueeruptionsfrom SaoMiguel, Azoreso modela wide rangeof possiblefuture

shortlived explosiveeventsof both felsicand maficcomposition.

Perhapaunsurprisinglypur felsicmodelscenariogevealedthere could be significant
impactson the island,rangingfrom a few millimetres of tephrafall potentially causing
disruptionto transportandinfrastructure(for a 6 km plume),to widespreadmpacts
includingdamageto keyinfrastructureandbuildings,includingpotential collapseof roofs
(from a 15¢19 km plume).

Thereare numerousmaficmonogeneticventsacrosshe north, westand south of the
island,but insufficientdatato carryout probabilisticvent susceptibilitynmodelling.We have
therefore takenaccountof vent uncertaintyby modellingbasalticeruptionsfrom the
monogeneticvolcanicfield usinga grid of possibleventlocationswithin the mostrecently
activeareas.Resultgevealthat for anexplosiveeventwith a 6¢10 km plume,there wasa
50 % probabilitythat tephrafallout from a singlepulsewould disrupt the airport and
impactroadsacrosshe westsideof the island.Forour scenariocomprisingthree distinct
explosivephasesthere wasa 50 % probability of loadsthat couldleadto roof collapsein
settlementscloseto the vent,assuminghat roofsare not clearedbetweenphasesin
nearlyall of our maficscenariosthe airport wasimpactedwhile the easternsideof the

islandwasleastlikelyto be disrupted,givenprevailingwind to the west.

Ourresultsare not predictiveaswe haveno datapertainingto the likelihoodof an
eruption, its location, type or size,but they clearlyshow,giventhe moddling of events
whichmaybe possibleon Ascensionthat considerationshouldbe givento the impactfrom
tephrafall hazardon keyinfrastructure Ourapproachis relevantto other low-datavolcanic
islandswhereit canassistin planningfor possiblefuture eruptions,by identifyingareas

mostsusceptibleo tephraloading.

113



Chapterd. Probabilistic hazard analysis for Ascension

580t N} GA2YV A
Acknowledgments

We would like to thank Charlotte Vygrown for discussions and her valuable insights on
Ascension Island geology and infrastructurbeis work builds on initial modelling conducted
as part of a volcanic hazard analysis on Ascension Island by the British GeologicalSurvey.

publishes with permission of the executive director of the British Geological Survey (UKRI).
Funding

SO is supported by the LeedsrkHull 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 S4261C was funded by a Leverhulme Trust Research Project Grar2(RBG

AnHO YR GKS . D{ LYGSNYyIFdGA2ylf b/ LINRINIYYS
/| KI £ffSYy3SaQ> b9K: - NNCHPPKMD

Conflicts of interest/Competing interests

The authors declare they have no conflicts of interest@mpeting interests.

Availability of data and material

Relevant data are available in the tables or Supplementary information.

WSTFSNBYyOSa

Alatorre-lbargtiengoitia MA, Hernandézrbina K, Rameklernandez SG (2021) Leagd
shortterm volcanic hazard assessment of ElI Chichén Volcano (Mexico) through

Bayesian inference. Nat Hazards 106:X10B5. https://doi.org/10.1007/s1106921-
045061

Aravena A, Bevilacqua A, Neri A, et al (2023) Scebasied probabilistic hazard
assessment for explosive events at the San Salvador volcanic complex, El Salvador. J
Volcanol Geoth Res 438:107809. https://doi.org/10.1016/].jvolgeores.2023.107809

Biass S, Bonadonna C, Connor LJ, Connor CB (2016) TephraProb: a Matlab package for
probabilistic hazard assessments of tephra falldétppl Volcanology 5:10.
https://doi.org/10.1186/s13617016-00505

114

wpS 2



Chapterd: Probabilistic hazard analysis for Ascension

Blake DM, Deligne NI, Wilson TM, et al (2017) Investigating the consequences of urban
volcanism using a scenario approach Il: Insights into transportation network damage
and functionalityJ Volcanol Geotherm R840:92;116. https://doi.org/10.1016/
j-jvolgeores.2017.04.010

Bonadonna C, Connor CB, Houghton BF, et al (2005) Probabilistic modeling of tephra
dispersal: Hazard assessment of a multiphase rhyolitic eruption at Tarawera, New
Zealand. J Geophys Res Solid Earth 110:B03203. https://doi.org/10.1029/
2003JB002896

. 2YIFR2YYlF /X tAad2ftSar azX . Ataa {X SiG It owun
hybrid eruptions: the 2021 Tajogaite eruption of Cumbre Vieja (La Palma, Canary
Islands). J Geophys Res Solid Earth 127:€2022JB025302. https://doi.org/10.1029/
2022JB025302

Booth B, Croasdale R, Walker GPL (1978) A quantitative study of five thousand years of
volcanism on Sao Miguel, Azoréilos. Trans. Royal So288:27%319.
https://doi.org/10.1098/rsta.1978.0018

Burgos V, Jenkins SF, Bono Troncoso L, et al (2023) Identifying analogues|foitdata
volcanoes using hierarchical clustering and expert knowledge: a case study of
Melimoyu (Chile). Front Earth Sci 11:1144386. https://doi.org/10.3389/
feart.2023.1144386

Carey S, Sigurdsson H (1989) The intensity of plinian eruptions. Bull Volcang#61:28
https://doi.org/10.1007/BF01086759

Cashman K, Biggs J (2014) Common processes at unigue volcanoésanological
conundrum. Front Earth Sci 2:28. https://doi.org/10.3389/feart.2014.00028

Chamberlain K, Barclay J, Preece K, et al (2016) Origin and evolution of silicic magmas at
ocean islands: perspectives from a zoned fall deposit on Ascension Island, South
Atlantic.J Volcanol Geotherm R887:34%360. https://doi.org/10.1016/
j-jvolgeores.2016.08.014

Chamberlain K, Barclay J, Preece K, et al (2020) Deep and disturbed: conditions for
formation and eruption of a mingled rhyolite at Ascension Island, south Atlantic.

Volcanica 3:13@153. https://doi.org/10.30909/v0l.03.01.139153

115



Chapterd. Probabilistic hazard analysis for Ascension

Chamberlain K, Barclay J, Preece K, et al (2019) Lower crustal heterogeneity and fractional
crystallization control evolution of smalblume magma batches at ocean island
volcanoes (Ascension Island, South AtlantiPetdd 60:148%1522. https://doi.org/
10.1093/petrology/egz037

Connor C, Bebbington M, Marzocchi W (2015) Probabilistic volcanic hazard assessment. In:
Sigurdsson H, Houghton B, McNutt S, Rymer H (eds) The Encyclopedia of Volcanoes,
2nd edn. Elsevier, Oxford, pp 8910

Connor LJ, Connor CB (2006) Inversion is the key to dispersion: understanding eruption
dynamics by inverting tephra fallout. In: Mader H, Coles; SG, Connor; CB, Connor LJ
(eds) Statistics in Volcanology. Geological Society, London, gg4231
https://doi.org/10.1144/IAVCEI001.18

Connor CB, Connor L, Germa A, et al (2019) How to use kernel density estimation as a
diagnostic and forecasting tool for distributed volcanic vents. Statistics in Volcanology
4:1¢25. https://doi.org/10.5038/216338X.4.3

Crummy JM, Savov IP, Loughlin SC, et al (2019) Challenges of determining frequency and
magnitudes of explosive eruptions even with an unprecedented stratigrapAppl
Volcanology8:3. https://doi.org/10.1186/s1361019-00837

Davies BV, Brown RJ, Barclay J, et al (2021) Rapid eruptive transitions from low to high
intensity explosions and effusive activity: insights from textural analysis of a small
volume trachytic eruption, Ascension Island, South Atlantic. Bull Volcanol.83:58

https://doi.org/10.1007/S0044%21-014801

Degruyter W, Bonadonna C (2012) Improving on mass flow rate estimates of volcanic

eruptions. Geophys Res Lett 39: L16308. https://doi.org/10.1029/2012GL052566

Eychenne J, Gurioli L, Damby D, et al (2022) Spatial distribution and physicochemical
properties of respirable volcanic ash from the¢l8 August 2006 Tungurahua eruption
690dzr R2ZNLSE FyR £ @82t FN SLAMGKSE Adzy NBaLRYyasS Ay
https://doi.org/10.1029/2022GH000680

Ferreira T, Gomes A, Gaspar JL, Guest J (2015) Distribution and significance of basaltic
eruptive centres: Sdo Miguel, Azores. In: Gaspar JL, Guest JE, Duncan AM, et al. (eds)
Volcanic geology of Sao Miguel Island (Azéwehipelago). Geol Soc Lond Mddh pp
135¢146. https://doi.org/10.1144/M44.10

116



Chapterd: Probabilistic hazard analysis for Ascension

Fitzgerald RH, Kennedy BM, Gomez C, et al (2020) Volcanic ballistic projectile deposition
from a continuously erupting volcano: Yasur Volcano, Vanuatu. Volcanica; 30483
https://doi.org/10.30909/v0l.03.02.183204

Gallant E, Cole L, Connor C, et al (2021) Modelling eruptive event sources in distributed

volcanic fields. Volcanica 4:32% 3. https://doi.org/10.30909/v0l.04.02.325343

Gaspar JL, Guest JE, Queiroz G, et al (2015) Eruptive frequency and volcanic hazards
zonation in Sao Miguel Island, Azores. In: Gaspar JL, Guest JE, Duncan AM, et al. (eds)
Volcanic geology of Sao Miguel Island (Azores Archipelago). Geol Soc Lodd,pm
155¢166. https://doi.org/10.1144/M44.12

Guest JE, Gaspar JL, Cole PD, et al (1999) Volcanic geology of Furnas Volcano, Sao Miguel,
Azores.J Volcanol Geotherm R62:1¢29. https://doi.org/10.1016/S037-7
0273(99)0006%6

Hayes JL, Biass S, Jenkins SF, et al (2022) Integrating criticality concepts into road network
disruption assessments for volcanic eruptioh#\ppl Volcanologyl:8. https://doi.org/
10.1186/S1361-022-00118X

Hersbach H, Bell B, Berrisford P, et al (2018) ERA5 hourly data on pressure levels from 1979
to present. CopernicuSlimate Change Service (C3S) Climate Data Store (CDS).
https://doi.org/10.24381/cds.bd0915c6

Hersbach H, Bell B, Berrisford P, et al (2020) The ERAS5 global reana\ygislapeorol Soc
146:19922049. https://doi.org/10.1002/qj.3803

Hirtl M, Arnold D, Baro R, et al (2020) A volcdraizard demonstration exercise to assess
and mitigate the impacts of volcanic ash clouds on civil and military aviation. Nat
Hazards Earth SySci 20:17181739. https://doi.org/10.5194/NHESE)-17192020

Hone DWE, Mahony SH, Sparks RSJ, Martin KT (2007) Cladistic analysis applied to the
classification of volcanoes. Bull Volcanol 70tZ2. https://doi.org/10.1007/s00445
007-0132-7

IVHHN (2021) The health hazards of volcanic ash: a guide for the public.
http://ivhhn.org/images/pamphlets/Health_Guidelines_English_ WEB.pdf. Accessed 2
May 2023

117



Chapterd. Probabilistic hazard analysis for Ascension

Jenkins SF, Spence RJS, Fonseca JFBD, et al (2014) Volcanic risk assessment: quantifying
physical vulnerability in the built environmer.Volcanol Geotherm R2$6:105,120.
https://doi.org/10.1016/j.jvolgeores.2014.03.002

Jenkins SF, Wilson T, Magill C, et al (2015) Volcanic ash fall hazard and risk. In: Loughlin SC,
Sparks RSJ, Brown SK, et al. (eds) Global volcanic hazards and risk. Cambridge
University Press, Cambridge, pp £Z31

Jenkins SF, Phua M, Warren JF, et al (2020) Reconstructing eruptions from historical
accounts: Makaturing c. 1765, Philippinés/olcanol Geotherm Ré84:107022.
https://doi.org/10.1016/j.jvolgeores.2020.107022

Jicha BR, Singer BS, Valentine MJ (20ABF°Ar geochronology of subaerial Ascension
Island and a revaluation of the temporal progression of basaltic to rhyolitic

volcanism.JPetrol 54:258%2596. https://doi.org/10.1093/petrology/egt058

Kueppers U, Pimentel A, Ellis B, et al (2019) Biased volcanic hazard assessment due to
incomplete eruption records on ocean islands: an example of Sete Cidades Volcano,
Azores. Front Earth Sci, 7, 122. https://doi.org/10.3929/EBIIA0346887

Le Corvec N, Bebbington MS, Lindsay JM, McGee LE (2013) Age, distance, and geochemical
evolution within a monogenetic volcanic field: analyzing patterns in the Auckland
Volcanic Field eruption sequence. Geochem, GegpBgosys 14:36483665.
https://doi.org/10.1002/ggge.20223

Ligot N, Guevara A, Delmelle P (2022) Drivers of crop impacts from tephra fallout: insights
from interviews with farming communities around Tungurahua volcano, Ecuador.
Volcanica 5:168181. https://doi.org/10.30909/v0l.05.01.163181

Magill C, Wilson T, Okada T (2013) Observations of tephra fall impacts from the 2011
Shinmoedake eruption, Japan. Earth Planets Space &8687https://doi.org/
10.5047/eps.2013.05.010

Marti J, Becerril L, Rodriguez A (2022) How-teng hazard assessment may help to
anticipate volcanic eruptions: the case of La Palma eruption 2021 (Canary Islands).
Volcanol Geotherm Re&31:107699. https://doi.org/10.1016/j.jvolgeores.2022.107669

118



Chapterd: Probabilistic hazard analysis for Ascension

Massaro S, Rossi E, Sandri L, et al (2022) Assessing hazard and potential impact associated
with volcanic ballistic projectiles: the example of La Soufriere de Guadeloupe volcano
(Lesser Antilles)l Volcanol Geotherm Ré423:107453. https://doi.orgl0.1016/
j-jvolgeores2021.107453

Mastin L, Pavolonis M, Engwell S, et al (2021) Progress in protecting air travel from volcanic
ash clouds. Bull Volcanol 84:9. https://doi.org/10.1007/S0082%0151tX

Marzocchi W, Newhall C, Woo G (2012) The scientific management of volcaniclcrises.
Volcanol Geotherm Re®17¢248:18%189. https://doi.org/10.1016/
j-jvolgeores.2012.08.016

Miller VL, Joseph EP, Sapkota N, Szarzynski J (2022) Challenges and opportunities for risk
management of volcanic hazards in srislthind developing states. Mt Res Dev 42:©22
D31. https://doi.org/10.1659/MREJOURNAD-22-00001.1

Minshull TA, Ishizuka O, Gar€lastellanos D (2010) Letegm growth and subsidence of
Ascension Island: constraints on the rheology of young oceanic lithosphere. Geophys
Res Lett 37:L.23306. https://doi.org/10.1029/2010GL045112

Newhall C, Hoblitt R (2002) Constructing event trees for volcanic crises. Bull Volcaqol 64:3
20. https://doi.org/10.1007/s004450100173

Newhall CG, Self S (1982) The volcanic explosivity index (VEI) an estimate of explosive
magnitude for historical volcanism. J Geophys Res 87:1231. https://doi.org/10.1029/
JC087iC02p01231

Pensa A, Cas R, Giordano G, et al (2015) Transition from steady to unsteady Plinian eruption
column: the VEI 5, 4.6 ka Fogo A Plinian eruption, Sdo Miguel, AxMfelsanol
Geotherm Re805:1¢18. https://doi.org/10.1016/j.jvolgeores.2015.09.012

Preece K, Barclay J, Brown RJ, et al (2021) Explosive felsic eruptions on ocean islands: a case
study from Ascension Island (South AtlanticY.olcanol Geotherm Ré$6:107284.
https://doi.org/10.1016/j.jvolgeores.2021.107284

Preece K, Mark DF, Barclay J, et al (2018) Bridging thé&8dpAr dating of volcanic
SNUzLJGA2ya FTNRBY (G(KS ! 3S5c1e38. htps/Ad@gPS NE d¢ DS 2
10.1130/G45415.1

119



Chapterd. Probabilistic hazard analysis for Ascension

Scollo S, Tarantola S, Bonadonna C, Coltelli M, Saltelli A (2008) Sensitivity analysis and
uncertainty estimation for tephra dispersal model&&ophys Res, 113, B06202.
https://doi.org/10.1029/2006JB004864

Stewart C, Damby DE, Horwell CJ, et al (2022) Volcanic air pollution and human health:
recent advances and future directions. Bull Volcanol 84:11. https://doi.org/10.1007/
s00445021-015139

Tadini A, Roche O, Samaniego P, et al (2021) Eruption type probability and eruption source
parameters at Cotopaxi and Guagua Pichincha volcanoes (Ecuador) with uncertainty
quantification. Bull Volcanol 83: 35. https://doi.org/10.1007/s0048X5E-014582

Tennant E, Jenkins SF, Winson A, et al (2021) Reconstructing eruptions at a data limited
volcano: a case study at Gede (West Jal&plcanol Geotherm Ré48:107325.
https://doi.org/10.1016/.jvolgeores.2021.107325

Tierz P, Loughlin SC, Calder ES (2019) VOLCANS: an objective, structured and reproducible
method for identifying sets of analogue volcanoes. Bull Volcanol 81:76.
https://doi.org/10.1007/s0044819-13363

VyeBrown, C., Brown, R., Crummy, J., Engwell, S., & Loughlin, S. (2019). Volcanic history
and future hazards affecting Ascension Island. Open File Report OFR/1B/{0i26.
Geological Survey, Edinburgh

Walker GPL, Croasdale R (1970) Two Pliyaa eruptions in the Azores. J Geol Soc London
127:1%55. https://doi.org/10.1144/gsjgs.127.1.0017

Wardman, J, SworDaniels V, Stewart C, Wilson T (2012) Impact assessment of the May
2010 eruption of Pacaya volcano, Guatemala. GNS Science R@pa®9. https://
ir.canterbury.ac.nz/handle/10092/10563. Accessed 5 July 2023

Warwick R, Williamdones G, Kelman M, Witter J (2022) A sceHaaied volcanic hazard
assessment for the Mount Meager Volcanic Complex, British ColutnBiapl
Volcanologyl 1:5. https://doi.org/10.1186/s1361-022-001141

Wild AJ, Wilson TM, Bebbington MS, et al (2019) Probabilistic volcanic impact assessment
and costbenefit analysis on network infrastructure for secondary evacuation of farm
livestock: a case study from the dairy industry, Taranaki, New Zedafacanol
Geotherm Re887:106670. https://doi.org/10.1016/j.jvolgeores.2019.106670

120



Chapterd: Probabilistic hazard analysis for Ascension

Wilson G, Wilson TM, Deligne NI, et al (2017) Framework for developing volcanic fragility
and vulnerability functions for critical infrastructuré Appl Volcanology.14.
https://doi.org/10.1186/s13617017-00656

Wilson G, Wilson TM, Deligne NI, Cole JW (2014) Volcanic hazard impacts to critical
infrastructure: a reviewd Volcanol Geotherm R286:148&;182. https://doi.org/
10.1016j.jvolgeores.2014.08.030

Winstanley R (2020) A preliminary investigation into the growth of the Sisters scoria cone

complex, Ascension Island. M.Skesis, University of Durham

Witham C, Webster H, Hort M, et al (2012) Modelling concentrations of volcanic ash
encountered by aircraft in past eruptions. Atmos Environ 48¢229.https://doi.org/

10.1016/.atmosenv.2011.06.073

121






Chapter 5

QB)Y LINRPOlFOATAAGA
Y2RSttAy3a (2 Od
FaasaavySyay | DL
OdzA f RAzFQELNRA DT SO

&)\HH\< @

2

Sara Osman Julia Crumn?y Stephen CarvéandMark Thomas

! University of Leeds, School of Earth and Environment, Woodhouse, Leeds LS2 9JT, UK
2 British Geological Survey, The Lyell Centre, Research Avenue South, Edinburgh EH14 4AP, UK
3 University of Leeds, School of Geography, Woodhouse, Leeds LS2 9JT, UK

Material in this chapter has begvepared for submission tNatural Hazards.

The Appendifor this paper is presentedsAppendixD.

123



Chapter 5: GIS tool
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Following large explosive eruptions, tephra fall can severely impact buildings proximal to
the source and roof collapse may occur when the tephra load exceediza f RA Yy 3 Q&
load. However, th hazardmay be reduced when tephra slides off pitched rodg
understanding which buildings awellnerableto failure, mitigation measures can be
prioritised. We have developed a GIS tool for ArcGIS Pro and QGIS that estimates
vulnerabilityto roof collapse under tephra fdtbadsat 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 opbgtspan construction) and uses
published data on tephra sliding and typical collapse loads fromgrogition surveys to
estimate a Fail fractiork. This is the ratio of tephra fall load to roof failure load, where for
values offx M (0 Ktentid@ly@vdneralie tocollapse. The tool can easily be run
multiple times with different modelled tephra loadings to assess the impact of a range of

eruption scenarios.

LYUONRRdAzOGAZ2Y

Tephra fall is a key hazard to consider when assessingberct of explosive volcanic
eruptions oncommunities 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 riructural elementgWilsonet al.2012;
Hamptonet al.2015) When the deposit is thicker, structural damage may occur including
buckling or collapse of roof materials and suppgHsyeset al.2019;Blong, 2003; Spence
et al. 1996; Jenkinst 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 Chileico(Brown

et al.2017) Exposure oEommunities 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 numhmnpared to forty years previously

(Freireet al.2019) In order toassess impactsve must understand both the additional

FI Af dzNB
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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 defmsideposit sliding

on pitched roofs may reduce the load, assuming tephra is removed from the roof rather
than being redistributedOsmaret al.2023) The deposit will cause structural damage if it
exceeds the failure load for the roof and this vanéth the type of construction and the
condition of the buildindSpenceet al.2005; TorresCorredoret al.2017; Thoureet al.

2022) If we can identify buildings that may basceptible tacollapse under tephra loading,
they can be prioritised for mitigation measures. These might include roof clearing during
and after an eruptior{fHaye<set al.2015; Magilket al.2013)and longetterm 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 enedlestibilityto

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 estimattnerability 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 densi(g)g. Biass et al. 2016b; Barker et al. 20T8# 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
odzA f RAy3aQa t20F0A2y FT2N (KS KeNddcofete2tye & OSy | NA
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 pastuption field surveys) to reflect individual
building characteristics. Finally, it calculates a Fail frackoas the ratio of tephra fall load

to roof failure load, where for values Bix M (i K Sterti@ly@vdlneralie tocollapse.

The tool can be run multiple times to assess impé&mta 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 faldogdg 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, longr shortspan). This enables us to showcase key

aspects of the tool. We utilise typical roof failure loads derived frommedues for good
quality roofs based on posruption field survey$Jenkinget al.2014) However, the tool is

flexible and alternative values can be used depending on local circumstances.
¢CKS 022t
h@dSNIASGH

The GIS toand full instructions can be downloaded mndttps://doi.org/10.5518/1458

It is available as an ArcGIS Pro toolbox and two QGIS mAdelger file is also provided to
symbolise the map outputsIS requirements andetails of the processing steps are given

in Appendix DThe steps in the tool aralsosummarised in Fig-b. The user must first

select which version of the tool to use for the eruption scenario being considered: eoarse
or fine-grained tephra (described further in the Input data section). The decision should be

based on knowledge of thergptive history of the valano of interest.

Select coarse- or
fine-grained tephra

l Roof properties:

Tephra load
on the ground
(model output)

Laboratory tephra * Material Typical roof
sliding coefficients * Pitch failure loads
(Osman et al. 2023) ¢ Condition (Jenkins et al., 2014)

| | [ |
'

Tephra ground load Tephra roof load as % of Typical failure load
at building location ground load for roof type
Step 1 Step 4 Step 2

I ' | l
) Critical (failure)
load for roof

Step 3
L

Tephra roof load

Step 5

Fail fraction, F
tephra roof load as fraction of critical roof load
Step 6

Fig.5-1 Overview ofthe GIS tool steps to calculate Fail fraction for a roof under tephra fall

loading Tool inputs are shaded
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As inputs the tool takes:

1 Araster file of tephra loads on the ground¥ i S LIK NI NJ & G SNXRO
A vector file of building point data including roof characteristic# 6 dzA £t RAy 3 RI G I
1 A table of typical failure loads by roof matdria 6 Wi & LJA OF f f 21 Ra Q0

The key processing steps are:

1. Estimate the tephra load on the ground at each building location.

2. ldentify thetypical 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 fractiof,(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.
Ly Lddzd RIGF

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 modelg. Barsottet al. 2008 Biasst al.2016H.
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 piy bedgils

i.e. tephra loads on the ground for a given probability of exceedémce Biasst al.2016a;

Massaroet 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 (650§ deposit and

the roof pitch, with finegrained deposits being stable on steeper roofs compared to

coarsegrained 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) studyJFighs user
must select the most appropriate version of the tool, based on expert judgement of the
likely grainsize distribution of the deposit for the eruption under investigatidhe fine
grained tephra tool provides a more conservative estimate of roof lcaus this should be
used if the likely graksize distribution for the scenario being considerednknown.

Particle diameter (mm)

10 1 0.1 0.01
100 . : >

80

60 -
Median

40 1

Cumulative mass fraction (%)

20 A — COQrse

% -4 22 0 2 4 6 8
Particle diameter (®)

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 ,h-@.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(Jeakinet 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 fromegpogtion surveys

(Jenkins et al. 2014but values in the typical loads table can be amended to reflect local

circumstances.
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[t ARAY3 Sljdd GA2Ya

Tephra sliding behavioum the toolis based on laboratory tests that quantified sliding on
simply pitched roofs, following the approach of the Eurocode standard for snow loading
(Osmaret al.2023; British Standards Institution 2009he research investigated sliding of
low- and highdensity coarsegrained tephra (pumice and scoria) and higmsity ash on
metal sheet, fibre cement sheet and clay tile roofing. The results were used to produce
characteristic sliding curves and roofgie factor (RSF) agtions(Fig. 53 and Table 84).

The tool uses th&SF multiplier to convert tephra loads on the ground to laadghe roof.

1 -
0.8
S
E 0.6
(]
Q
£ 0.4
> Tephra type '
(o]
5 o
g0 Coarse-grained
— — - Fine-grained
o L Thin wet ash :
: o 50 30 40
Roof pitch (°)

Fig.5-3 Variation of roof shape factor (RSF) with roof pifehcoarse and fine grained
tephra. RSF is the fraction of thephra 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 grasize of the deposit and the pitch of the roof, with fine

grained deposits stable on higher roof pitches compared to cegramed deposits. No

sliding was observed on roof pitch#€5° for coarsed NI A Y SR R S03Faifiei & | Yy R
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 removedrfwf pitchesx35 °. It was assumed that

tephraload decreased linearly with increasing roof pitch between these values.
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Table5-1 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 5Z-ig.

Roof type a2y2LIAGOK 2NJ aAyYLieée LAGOKSR
Tephra type Low pitch  Medium pitch Steep pitch  Equation

Coarsegrained h X mMfrmpc § h § opc X (5-1)
R%coarse= 1 RFcoarse= (35¢ N U K | R$coarse= O

Finegrained h XX HsHANC f M § opc X (5-2)
R%ine=1 R%ine=(35¢" 0 K M RFtine=0

A note on thin wet ash: The sliding teslso showed that thin (10 cm) deposits of wet ash
were stable to high roof pitches (30 °) (FigB)sand 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 tepha 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 h2.2.6

kPa (assuming dry bulk deposit densities ofd@D0 kg mi and water increasing load by ~
50%(Hayeset al.2019; Osmaret al.2022), which may lead to failure for low strength

roofs (Jenkingset al.2014)but expert judgement is needed to assess the likelihood of

building failure under these conditions.

t N2OSaaAay3a adaSLa

Tephra deposits typically thin with distance from soufegle 1989and so the first step is

to estimate tephra load at each building point (Step 1, Tak?®. 2\ 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 loaéts long span or poequality buildings (Step 3,

based on Jenkins et al. 201RSHs 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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Table5-2 Tool calculation steps

Step Task

Calculation

1

Estimate tephra load on the

ground at each building location

Identify typicalfailureload for
eachroof (in good condition)

based on roof material

Calculate the expectefail load

for each roof

Calculate the Roof Shape Facto
(RSFi.e. the fraction of the
ground tephra load expected to

remain on the roof

Calculate the expected tephra

load on the roof

Calculate the Fail fractioff,

Interpolate values in th&ephra rasteto
each building point (using bilinear

interpolation)

Take values froriypical loadsable

Value from Step 2 is adjusted for buildings
that are not short span and in good
condition:

Long span: failure = 200 Ry?

Poor quality: value is divided by 2

CalculateRSkising appropriate equation

from Table 51 forcoarse and fine tephra

Tephra load on the ground multiplied by
RSF(Step 1 multiplied by Step 4)

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

be symbolised consistently
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each roof (Step 5). Finally, the Fail fractiBris calculated as the ratio of tephra load to
roof failure load (Step 6). Valuesko# 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 buildipgints categorised b¥valueswhere
vulnerability to collapse is logF< 0.7),medium E£=0.7¢1) andhigh &> 1) Thishighlights

buildings that should be prioritised for mitigation measures.

[AYAGA 2F OGKS G22f

The calculations of tephra load removed by sliding were based on-soadd laboratory

tests on simply pitched roofs of three materials: metal and fibre cement sheets and tiles
(Osmaret 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

redistributedto another part of the roof.

In addition, we assumed uniform loading from tephra fall and did not consiidiing of

the deposit ohow ballistics may alter loading and sliding behavi@iliamset 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 withgg@gdBlong
2003; Spencet al.2005; Williamst 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+eogption field surveys
(Jenkins et al. 2014but these cover a limited range of buildings and roof types and

therefore thisdataset will need to be expanded for widespread use of the tool.

A~ AN < A X v “ = w N A W W
¢tKS2NBABSORTidRE FT2NJ ! a0Syaazy Latly
To demonstrate the usability of the tool, we have applied it to Ascension Island using
probabilistic hazard analysis resuftietailed in Chapter 4 (Osman et Bull Voldn review))
combined with synthetic field datdn 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
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ground loads with a 50 % probability of exceedance from three explosive basaltic events

FNRBY { Aail SN a0tk plymE hefyiht &kl lashirg @ Hours(shown in Fig-5

nNO® 9NMHzLIiA2ya FNRY {AadiSNNa t S| rakdingS LINE R dzO
from 0.3¢- 0 ®H ¢9.0 my{Winstanley 2020and so we selected the coarggained

version of the tool.
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Fig.5-4 Tephra ground loads with 50 % probabilityeateedancdor three basaltic events,
eachwithcm 1 1 Y LJ dz¥Y'S K S A 3 KAScEnsianNsBane{adsdme el a t ST

tephra is not cleared or eroded between each pulse (amended fign45a)

The building data we used are synthefig5-5a) 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 onlyl hesedata 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 t@ie5-5b), we selected mean

values from published data for pastuption surveygJenkinget al.2014)

The output map and associated building attribute table are shown in fagThe 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 influenceabb pitch (which

controls tephra sliding) and failure load depends on the building construction (roof
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material, short or longspan) 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 populatidneseconsist 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.

a) b)
ID RoofType RoofPitch RoofCondit Longspan Roof_type Typical_load Roof_material
1 12 1 1 300 Fibre cement sheet
19 2 400 Metal sheet
17 3 300 Tile
5
18
3
8
23
0
24
0

W o N O U A WNFELE O
W w N R, NP P WNWw
P P, O OCORr, PP PPk
OO0k, OO0 O0OOo0OOoO oo

=
o

Fig.5-5 Ascension Islandase 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
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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 buildingtauction 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 buildingcale assessments sdisceptibility toroof 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 {€$snaret al.

2023) typical collapse loads for different roofs materials from pesiption surveys
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(Jenkinget 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 scenagios an
the output enableghe most vulnerablduildings to be identified so that appropriate

mitigation measurescan be considered.

a) N
O
[}
[ ] ° O
° o e
e o ©
O
o) o
g COee °
&1 °
o 9. O o

P % o [ ] (o]
Fail fraction Tephra load e
Coarse tephra kg/m? o

o <0.7 . 793.33

e 0.7-1.0

e >1.0 0
[ T T

Esri, © OpenStreetMap contributors, HERE,

0 0.1 0.2 Km Garmin, r\F/)1ETI/NASA, Uses

b) ID Roof_mat

Pitch Condition Longspan RSF

T
566500

FailLoad Tephraload Fail_Frac

0 Fibre cement sheet 12 1 0 1 300 201.136 0.67
1 Tile 19 1 0 0.8 300 161.455 0.54
2 Metal sheet 17 1 0 0.9 400 163.767 0.41
3 Tile 5 1 0 il 300 183.608 0.61
4 Fibre cement sheet 18 1 0 0.85 300 159.639 0.53
5 Fibre cement sheet 3 1 0 1! 300 190.147 0.62
6 Metal sheet 8 0 0 1 200 192.09 0.96
7 Fibre cement sheet 23 0 0 06 150 112.814 0.75
8 Metal sheet 0 0 1 1 100 172.791 1.72
9 Tile 24 1 0 0.55 300 94.522 0.32
10 Tile 0 1 0 1 300 165.111 0.55

Fig.5-6 Ascension Island case studypdel output. aMap b)Attribute table. Building data

are for model testing purposes only and do not represent characteristics of buildings on

Ascension
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In this chapter | summarise the main findings of my work and discuss how each strand of
the project can be&eombined 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 likelsribe
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.

| 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. | have used small scaldéragpés

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 |

expand on this in the Further work section.
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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. | created synthetic samples with coarse and fine grain size disinbytsSD)
matching those of natural tephra (samples from Ascension Island and published data), and
deposit densities within the range of published valugsth& low normal stressetypical of

roof loads ( 35 kPa)the internal angle of friction athe synthetic tephrg~ 36 °) was the

same as for naturaampleqTable 23). This important finding confirmed that synthetic
samples can be reliably used for laboratory testing of tephra loading and sliding, reducing
the cost andifficulty associated with acquiring and transporting large quantities of tephra
from proximal locations following an eruption. Howeventher testing of a wider range of

natural tephra samples from different eruptions woutthke thisconclusiam 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 | did not see clear peak and residual shear stress values for my Asdslasidrash

(Fig 2-7c). | was however able to show that there was no clear indication that the shear
stress was still increasing in these tests (Appendix A2), so | was confident in reporting this
as a peak shear stress. | have recently participated is fes 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 travehot constrained in the ring shear, and

tests on dry tephra recorded peak values of shear stress after horizontal displacem#fts of
160 cm and clear, lower residual values. Data from these tests have been plottedaii Fig
(amended from Fig2-9) showng 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.

CSLIKN} €2FRAY3I YR SNHzZIIA2Y LI N} YS

| 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 (Figs3225, 26). 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-gegbsitional change

has occurred. Compaction can increase deposit density by up to 50 %tiwqugtars

(Engwell et al. 2013and the extent of any reworking varies with climate, ground slope and
the presence of vegetatiofDugmore et al. 2020; Morison and Streeter 2028)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 loadingve need to take a more nuanced approach, for example by

modelling tephra dispersion as demonstrated in Chapter 4.
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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)
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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 migte 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 struciittampton et al.

2015)

Here, | 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 nsétét, 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, | used separate tests to identify:

1 The roof pitch at which grains began to move (simulating shedding from the front
edge of the deposit)

1 The pitch at which the whole deposit slid (simulating complete removal of the
load).

When considering all of the tests, | found that coarser grained deposits started to move at
shallower roof pitches (~ 1§ compared to finer deposits (~ 20 Thin, wet ash was stable

up to ~ 3, butthis needs furtheinvestigationat larger scale t@onfirm my findings

Sliding of the whole deposit was controlled by roof material and pitch, with the load mainly
shed on roofs with pitcheg32 ° for metal sheet andk35° forfibre cement and tiles. In all

the tests the roof pitch at which sliding oceed reduced as the tephra load increaséy(

3-8) suggesting that my results, with tephra thicknesses @BQ@m, 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, | found that, as expected pitwif is a key
factor, but grain size must also be taken into account as fgrained deposits are stable on

steeper roof pitches.
GAStR 20aSNBI GA2ya Ay [ tlFEYl

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, | was
invited to join the monitoring team from the Instituto Geoldgico y Minero de Espafia
(IGME) from &3 December. The 88ay eruption (19 September to 13 December) consisted
of alternating (and sometimes simultaneous) lava flows and tephra plB@msadonna 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 locatindgesults are given

in Appendix E1 and Appendix E2 details key findings which | 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. | 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
elemerts when assessing potential failure mechanisms. An earlier survey (in October 2021)
had also only founfhilure of secondary structure©ominguez Barragan et al. 2022)d
confirmsthat fire crews clearing house roofday a key role imedudng 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 collapsdeig.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 buildif@géardman, et al. 2012; Magill et al. 2013;

Jenkins et al. 20147 his could be important if buildings such as sports halls are identified as
possible emergency evacuation centres, as they maguseeptible tacollapse under

relatively low tephra loads.

Fig 6-2 Partial roof collapsat the wrestling arena in Las Manchas
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| was able to validate results from my sliding tests as | obseépmdahadslid on steeper
(35°) sections of roofs, but not on shallower secti(@®) and that there was no sliding on
NB2Fa ¢A 0K Frhditépord SuapleX collgcedpl estimated theibo bulk

density as1460;1680 kg rmfand dry density a$335¢1535 kg ¥ and | used these values to

constrain ash densities in my sliding tests (Chapter 3).

| 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). Usingstimated bulk

density above suggests a collapse load of8.3 kPa, consistent with published data from
surveys following previous eruptions which found an interdecile range of collapse loads for

metal sheet roofs of 1.6 kPgJenkins et al. 2014)

While this researchas focused on roof materials of engineered buildimgyg fieldvisit

highlighted the importance of also considering impacts on-angineered structures.

Bananas are a key crop in La Palmawhile some greenhouses (covered in plastic sheet)
failed under the tephra load, more extensive damaggscaused 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 recov@rop damage in greenhouses vadso reported after

the 2011 Shinmoedake eruption, Japatowever, in that case the vinyl coverings were
undamagedbut crops were lost because tephra deposits lowered light levels inside the

greenhouses and blocked vents leading to higher hum{tggill et al. 2013)

PaAy3 02Ny 02NE NBadAZ Ga G2 |
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 20Q%jor 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 ~ I5f the deposit is coarsgrained and- 20° if it is fine

grained. | found thdéoad was substantially shedr roof pitchesk35° (Fig. 312) and |
assumed thabnce significant movement was observed in the tés¢ depositwould
completely slide off the roofl also made the assumption that the load reduces linearly as
increasing amountsfdahe deposit slide with increasing roof pitchhis is shown in cartoon

form in Fig. 63, which includes supporting observations from La Palma.
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The sliding coefficient equations | produced (Eqrt¢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 roofshapluded in the
Eurocode standards to produce equivalent sliding equations for +spiéth and cylindrical

roofs (British Standards Institution 20Q9)argescale testing is required to validate the
laboratory result{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 ae already assessd@ritish Standards Institution 2009, 2010, 2Q13)

Fig 6-3 Cartoon showingpected tephra sliding on roofs that are a) flat or low pitched, b)
medium pitched, c) stegpncluding eamples of these roof types from La Palma during the

2021 eruption of Cumbre Vieja
¢CSLIKNF FLtf KFETFNR AY RAAIF&GSNII

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 leadtoldings being morsusceptible tacollapse

from a range of natural hazards including hurricanes and earthquakes, as seen in the
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