
 

 

Quantifying lahar damage using numerical modelling: response and list of changes 

Stuart R. Mead, Christina Magill, Vincent Lemiale, Jean-Claude Thouret and Mahesh Prakash 
 

Again, we would like to thank the reviewers and editors for their time taken in review of this manuscript. A broad response to reviewers’ comments has already been provided 

(see http://www.nat-hazards-earth-syst-sci-discuss.net/nhess-2016-282/#discussion). This list of changes forms a point-by-point response to each reviewer with changes noted. 

 

Each change is noted and tracked in the document that follows these responses. For convenience, we have summarised the major changes as the following: 

 Moved detail on the calculation of bending moments and ultimate strength to appendices. 

 Added detail (in appendices) on calculation of shear strength. 

 Merged Lahar rheology section with Implementation in smoothed particle hydrodynamics section. 

 Added subsections to discussion highlighting, critically evaluating and justifying assumptions. 

 Improved figures 1-6 and 9-13 in response to reviewers comments. 

 

Sincerely, 

Stuart Mead 

  

http://www.nat-hazards-earth-syst-sci-discuss.net/nhess-2016-282/#discussion


 

 

Point-by-point response 

 

Reviewer Summary of reviewer’s Comments or 

Requirements 

Corrections/amendments made  Revised 

page/line 

reference 

General/title and abstract comments 

Reviewer 1 Building vulnerability: A general confusion is 

created by the use of building types from other 

studies (Thouret et Al., 2013, 2014) which are 

referred to as building vulnerabilities.  Clearly 

define what you mean by vulnerability. 

We are now referring to these as simplified structural classes. An 

additional table that provides a description of each building type and 

typology and their simplified structural class has been included. 

NA 

Reviewer 1 Building vs block:  it is not always clear 

throughout the paper what you are taking into 

account for your modeling and how data is 

aggregated. …  There is more explanation 

needed here. 

Building, block and block orientation will be comprehensively 

discussed in the Case study section, highlighting the relationship 

between them. Figure 2 (which will be modified) and Table 1 also 

help to explain the number of buildings per block, and composition. 

 

 

 

  

NA 

Reviewer 1 Lahar rheology and modeling: A lot of detailed 

description is provided on lahar rheology with 

the result that the reader remains relatively 

confused facing a complex topic with lots of 

We have reduced the amount of discussion on lahar rheology to focus 

only on the core details needed to understand this study. Additional 

explanation on SPH and why it was chosen over other approaches 

(also explained) is provided. 

NA 



 

 

technical terms in a few paragraphs.  It is not 

clear from the structure of the text, what 

objective this section serves.  A reorganization 

of this section might help to outline more 

specifically why the SPH model has been 

chosen, what its differences are compared to 

more commonly used lahar modeling software 

and what interest the use of this model has in 

terms of creating the depth-pressure curves. 

Reviewer 1 Structural failure model similar to those 

employed by Roos (2003): Roos (2003) made 

his classifications and his study (comparison of 

the loads on the structure with the strength of 

the structures) for masonry buildings in the 

Netherlands, so the transposition for Arequipa 

buildings should be argued. 

This is addressed in an expanded ‘limitations and discussion’ section 

and explanation of bending moment calculations. 

NA 

Reviewer 2 Lines 315-323: Please check if the concepts of 

“normal stress” is more appropriate than 

“normal pressure component”. 

Line 305: The “directional components of the 

dynamic pressure ...”. Pressure, and dynamic 

pressure are scalars (see above) 

We have modified text to ensure our consistency with established 

terminology through the manuscript. 

NA 



 

 

Reviewer 1 Title Better: lahar induced damage  Title changed to ‘Examining the impact of lahar on buildings using 

numerical modelling’ 

NA 

Reviewer 1 Line 15: What is the “relative importance” of 

lahar hazard, etc.? 

 

‘Relative’ as a word is irrelevant here, changed to “…examine the 

importance of lahar hazard...” 

 

16 

Introduction 

Reviewer 1 Line 24/25: may add here Vallance (2000) as a 

reference 

 

The reference to Vallance and Iverson (2015) is from the second 

edition of Encyclopaedia of Volcanoes were Vallance (2000) is from 

the first. They are functionally the same work. 

 

25 

Reviewer 1 Line 28: again, careful with the word 

“uncertainty” here, I think it is not adequate 

 

Changed to ‘…varying number of elements…” here and in the 

abstract. 

 

28 

Reviewer 1 Line 34: clarify “relative” – is this from a 

statistical point of view? 

 

See previous response, ‘relative’ is removed. 

 

34 

Reviewer 1 Line 75: “to identify strategies that may reduce 

building loss” – these strategies appear to be 

mentioned only in a short paragraph in the 

conclusion which appears quite disconnected 

from the rest. If this really is one of your 

objectives, this needs more argumentation and 

Rather than strategies to reduce loss, the aim is better described as 

investigating the role of hazard (flow rate and rheology), exposure 

(building orientation) and vulnerability (building quality/type) 

components on building loss in Arequipa.  This has been corrected 

and is consistent throughout the manuscript. 

 

76ff 



 

 

be put in relation in a more concrete way with 

your modeling results. 

 

Case study: Quebrada Dahlia, Arequipa, Peru 

Reviewer 1 Line 86: watch the spelling – torrenteRAS, one 

R at the end 

 

Fixed throughout manuscript. 

 

88 

Reviewer 1 Line 93: cite also and in first place Martelli 

2011 

Added per NHESS reference style (chronological). 

 

90 

Reviewer 1 Line 109: “relative effects” – again, don’t 

understand the use of the word relative here. Be 

more precise. 

 

Again, ‘relative’ is irrelevant in this context. 

 

111 

Reviewer 1 Line 118: I don’t understand the use of “by” 

here before cross streets. Does this mean the 

cross streets and quebrada separate the 

buildings in a way that blocks are formed? 

 

Modified figure 2a and reworded sentence to clearly explain how the 

buildings are separated into to five city blocks.  

 

121 

Reviewer 1 Line 119: the “general approach” needs to be 

explained at least in a few sentences for those 

who do not have the time to read Thouret et al 

(2014). 

 

The following sentences explained the building classification method 

of Thouret et al. (2014), this has been reworded to make it clear. 

 

123 



 

 

Developing building vulnerability relationships 

Reviewer 1 Line 133 and 135: Need to give more detail on 

these models/approaches. 

 

A brief description of the concept of these approaches has been 

provided.  

 

139-141 

Reviewer 1 Line 134-135:  this is a very important 

assumption “Stresses for buildings in Arequipa 

are calculated using the approach specified in 

Australian Standard (AS) 3700-2011” and 

some better explanations should be provided.  

Line 135-136: Reformulate the sentence; it is 

not clear what you mean here. 

Line 137: “While some specifications in the 

standard may not be relevant for Arequipa, the 

calculation method is still valid for the area 

provided construction material properties from 

Arequipa are used as inputs.”  Yes, some 

specifications in the standard are not relevant 

for Arequipa, and the calculation method are 

not just related to the material properties, but 

also to the construction mode and the behavior, 

so “the methods are still valid” is not 

necessarily obvious, but should be argue in this 

way.   

These comments have been dealt with simultaneously. A better 

explanation of why the standard can be relevant for Arequipa is 

provided, and the effects of this assumption is mentioned here and 

discussed in the reworked discussion section. 

129-158 



 

 

 

Reviewer 1 Also important simplification or assumption 

“In these models, masonry walls are presumed 

to fail when the applied bending moment and 

shear forces are greater than the calculated 

ultimate bending moment and shear force the 

walls can withstand. We only consider the 

maximum bending moment here as preliminary 

investigations suggested the force required to 

overcome the ultimate moment was 

consistently lower than the force required 

overcoming the ultimate shear force”. This 

should be justified by literature investigation, 

experimental test or numerical simulation.  The 

behavior of masonry wall is quite complex and 

can be (or generally is) a mix of flexural and 

shear behavior, in this case, considering just the 

maximum bending moment is an important 

assumption that can affect the global results and 

conclusions. See macroelement masonnery 

behaviour software TREMURI paper S. 

Lagomarsino, A. Penna, A. Galasco, S. Cattari, 

TREMURI program:  an equivalent frame 

The response to shear is important to consider, however the effect of 

this is minimal in our study. In an effort to simplify the manuscript 

we chose to leave discussion of shear out of the manuscript. 

However, for the reasons you identified, this was probably not the 

best idea. Instead, we have added additional information on the shear 

response in an appendix and made reference to it in this section. This 

way, the focus of the manuscript is maintained, but additional 

information is available to readers if needed.  

 

147 



 

 

model for the nonlinear seismic analysis of 

masonry buildings, Eng Struct, 56 (2013), pp. 

1787–1799. 

Line 139: “preliminary investigations” – of 

what? Lab tests? Modeling? Field work? 

Reviewer 1 Moreover, when we use “design capacity 

specified in actual standards” for the 

constructions that have certainly “no design” 

or, in the better case “low code design”, this 

affect the results and cannot be considered as 

representative for the studied area. 

 

This has been partly addressed and discussed further in the 

limitations and discussion section.  

151ff and 350ff 

Reviewer 2 In equation (1), b is referred as the thickness of 

the bricks used in the wall (see line 145). Later, 

at line 147, b 

is referred as the wall thickness. This is 

different for walls with a thickness greater that 

the width of a single brick. 

Do you consider only walls made of a single 

layer of bricks? 

Here, we assume that brick and wall thickness are equal (i.e. only 

single layer walls), as observed in the field investigation – this has 

been clarified in the manuscript and b now consistently refers to wall 

thickness when appropriate. 

145 

Reviewer 1 Line 146: “should not be greater than this 

value” – Why? Explain for those not familiar 

with this context. 

Details on the calculation of bending moment has been moved to the 

Appendix. We have placed a short explanation in the Appendix that 

0.2 MPa is the maximum tensile strength that can be assumed without 

448 



 

 

 testing. This assumption is critical, and is explained and discussed in 

the limitations section. 

Reviewer 2 Line 149: In this context, I suggest to specify 

that the “normal forces” are vertical forces. 

Thank you for the suggestion, this has been changed in the appendix 

and helps in reducing confusion between terms. 

451 

Reviewer 1 Line 150 and following: quite a lot of equations 

and parameters presented. Since you are 

basically using parameter values specified in 

the Australian Standard, it may not 

be absolutely necessary to detail all of these 

equations.  

Line 169 and following: a little graphic 

illustration would be SO helpful here! 

 

Details on calculation of ultimate moment (and now shear) have been 

added to the appendix as these components have been described 

previously (e.g. Zheng et al. (2009)) and are in standards. 

 

440ff 

Reviewer 2 Line 170: Symbol a→ av Changed 471 

Critical depth-pressure curves 

Reviewer 1 Line 186 and following:  I am not able to follow 

here, there are too many classes from different 

sources, I got lost. Can you present this in an 

easier way than A0, 1A-2B etc.? Or at least 

provide an informative table describing what 

these mean?  

 

A new table (Table 2) has been constructed relating building type, 

general description and structural class to help understanding of this 

and the previous sections. 

 

689 



 

 

Reviewer 2 Line 190: “The critical height”. Do you mean 

“The critical depth”? 

Correct. Height vs. depth inconsistencies have been fixed throughout 

the manuscript, depth is used throughout. 

169 

Reviewer 1 General remark: you are analyzing 

vulnerability of buildings so it is a little strange 

to use already defined vulnerability classes.  It 

would sound more logical to refer to simple 

building types or categories for the Thouret et 

al classifications instead of calling these 

vulnerability classes. 

We agree that ‘vulnerability class’ is a confusing term, we now refer 

to the classes as structural or simplified structural classes throughout 

the manuscript.  

NZ 

Reviewer 1 For figure 4, you mean that the graphic 

represents the combination between the depth 

and the dynamic pressures for which you have 

failure of the building class? This could be 

assimilated as a limiting right under the line you 

do not have collapse and above the line you 

have collapse?  In order to verify the results for 

one structure or one wall it will be interesting to 

perform a kind of push-over curve (curve 

displacement-shear base response). 

 

We have slightly rephrased the text surrounding figure 4, discussing, 

as the reviewer states, that the curves indicate the structural limit of 

each class. 

Depth-pressure combinations above the line exerts forces greater 

than the building can withstand, however the damage (e.g. collapse 

vs. partial collapse vs. weakening/cracks) caused by these forces is 

still likely to be proportional to the magnitude of the excess forces. 

While we would like to extend this work into determining 

proportional losses, the (current) lack of data and observations limits 

us in this regard, this is discussed in the limitations and discussions 

section.  

 

170ff 

Reviewer 1 Maybe a table with the description of the 

building types from 1A to 6C would be useful 

Table 2 (new) provides a description of each building type and 

structural class. To help with self-understanding, a shortened 

Fig. 4 



 

 

for self-understanding of the paper 

accompanied by the building damage threshold 

for each typology (these thresholds are a very 

important issue, that can modify completely the 

results, and in my opinion this issue is not 

sufficiently treated in the paper). 

 

description for each class is added to figure 4. The extended 

discussion goes into further detail on the use and assumptions of 

damage thresholds. 

Reviewer 1 Line 195 and following: OK, but is this 

representative? Most hyperconcentrated flows 

in Arequipa carry boulders given the 

environment there, and the impact of those is 

very important although not taken into account 

at all in your study … 

 

The simple answer here is yes, boulder induced damage is critical for 

determining lahar induced damage. This is already noted throughout 

the manuscript (lines 56 – 65, 127 – 128, 383 – 390).  

However, boulder damage (at least, a flows’ boulder carrying 

capacity) is proportional to depth and dynamic pressure (velocity). In 

this study, we see that a large amount of damage will occur even 

without boulders, and that exposure (the proximity and orientation of 

houses relative to the quebrada) dominates. In this context, detailed 

studies of boulder carrying, sizes etc. are less important compared to 

quantifying (and trying to reduce) the exposure. The effect of 

boulders on lahar damage is addressed in the discussion of 

assumptions.  

 

Lahar rheology (now ‘Lahar rheology and implementation in smoothed particle hydrodynamics’) 

Reviewer 1 General remark:  This is a long overview but it 

is not clear why you expose all this to introduce 

finally the quadratic rheology model.   Rewrite 

This section has been greatly simplified and combined with the 

following section. Critical terms (non-Newtonian, Newtonian, etc.) 

184-222 



 

 

this section illustrating from the beginning the 

quadratic rheology model and how it compares 

to other existent models and explain your 

choice rather than the general information 

which is rather disconnected from the rest. 

Also, you are using a lot of technical vocabulary 

here concerning the rheology which some part 

of the readers may not be familiar with. So, 

simplify and rather concentrate on providing 

definitions of critical terms such as non-

Newtonian, Newtonian, etc. 

are defined, and an explanation of how this compares to other models 

has been provided. 

 

 

 

 

 

 

 

 

 

  

Reviewer 2 Line 223: Usually the coefficient μ (eq.7) is 

defined “viscosity” only when the exponent m 

is equal to 1. 

This equation has been removed from the revised manuscript. NA 

Reviewer 1 Line 246: OK, but you need to describe at least 

a little bit what this model is and how it is 

different from classically used lahar modeling 

software such as Titan2D/3D, LaharZ, etc. 

 

A summary of the common modelling approaches (such as Titan and 

LaharZ) and why they are unsuitable for this study is provided, along 

with an explanation of why SPH is used in this application.  

 

  

196-200 

Reviewer 2 Line 252: “equation 3”. Perhaps you mean eq. 

(7) or (8)? 

References to equations are corrected. 209ff 



 

 

Lines 256 and 262: “equation 4”? Perhaps 

eq.(7)? Please check 

Reviewer 1 Line 257f: Again, I got lost here – what is your 

point?

  

 

The purpose of viscosity regularisation is to reduce computational 

cost; this is highlighted better in the revised manuscript. These 

technical details are crucial for readers who may want to reproduce 

the approach, but is kept as brief as possible for readers not familiar 

with modelling/terminology. 

 

214 

Reviewer 1 Line 263:  Where is m in the equation?  How 

many validation simulations did you use and 

what data was chosen for it? 

 

This is a typo, we have changed to parameter “c” and added more 

explanation on why it was set to 200 (validation against analytical 

results).  

 

 

  

219 

Lahar simulations 

Reviewer 1 Line 268: “may not represent any specific 

event…” So what is the use of it?  This is not at 

its place here.  You may have a general 

discussion section where such issues should be 

discussed, but at this point, the reader may not 

think it is useful to continue the reading. 

 

We have provided a better explanation of the choice of scenarios, and 

have highlighted the effect of these choices in the discussion section 

as appropriate. A clearer aim for the manuscript (“…investigate the 

effect of hazard (flow rate and rheology), exposure (building 

orientation) and vulnerability (building quality/type) components on 

building loss in Arequipa”) also helps to address this comment. 

 

 

224-235 



 

 

 

 

  

Reviewer 1 Line 269:  12.5 cm resolution? At this 

resolution, the identified building blocks and 

houses should be much more accurate than what 

appears in Figure 2 and Figure 5! 

The final terrain model resolution is lower than this (this detail was 

missing in the initial manuscript and has been added to the ‘Case 

study’ section). SPH particle resolution is usually finer than terrain 

resolution, as in this case, to resolve important features of the flow. 

The resolution was chosen from a similar (preliminary) study in 

Mead et al. (2015) – referenced. 

 

 

 

119 

Reviewer 1 Line 281: Again, remind what these stand for 

and why you can take the experimental values 

for Arequipa. 

All symbols have now been clearly explained. 238ff 

Reviewer 1 Line 286: Hyperconcentrated flows can have 

high viscosities, no? 

 

Correct, the viscosity of our hyperconcentrated flows were ~10 times 

higher than that of clear water (see table 3). We understand the 

confusion of this sentence and have reworded it to highlight that 

dispersive stresses are higher in our debris flows.  

 

246-248 

Reviewer 1 Line 289: 45 seconds: why? Computational 

time and resulting cost? Maybe optimize this 

paragraph. 

This paragraph (line 289 to 291) is rewritten to address these 

comments - computational time (cost) limited the simulations to 45 

seconds and therefore our scenarios most represent the damage 

249-252 



 

 

Line 290f: I do not agree here. Lahar surges do 

not always have higher depths than a steady 

lahar flow. First, a steady lahar flow is not 

necessarily the opposite of a lahar surge but a 

different flow type/phase. Second, the surge can 

be quite small and there can be several small 

surges before the major lahar flow front arrives. 

It depends a lot 

on the location and the environmental 

conditions triggering the lahar. So careful here 

to not make it sound as a general rule. 

 

caused by higher velocity and depth surges/waves in lahars than 

steady lahar flow.  

 

Flow behaviour 

Reviewer 1 Line 297ff: Not clear. What is your point here? 

Line 300: This is not new… 

Lines 294 – 302 are a brief description of the main flow features 

shown in Fig. 5 to help the reader in their interpretation and highlight 

aspects that are important for the following discussions – so is not 

necessarily highlighting things that are ‘new’, but making 

observations clear. This paragraph has been reworded (including 

removing the unclear sentence on L297).  

254-262 

Reviewer 1 Line 300ff: Decreasing velocity can also be due 

to friction effects and turbulence along the 

channel walls. 

 

Different friction effects and turbulence are a result of the differences 

in rheology, this point has been added. 

 

 

259 



 

 

Reviewer 1 Line 308: “buildings oriented parallel to the 

channel”: this depends how you define the long 

axis of the building. Looking at Figure 2, this is 

not very clear to me. What do you mean by 

“broad understanding of normal pressure”? 

 

Our explanations of buildings, blocks and orientation to the channel 

are improved in the case study section. We have changed the 

sentences surrounding L308 to make it clear we are talking about 

orientation of walls (not buildings). 

 

Bad grammar of “broad understanding of normal pressure” fixed 

(“…initial”).  

 

265-278 

Reviewer 1 Line 313: illustrate this with a graphic 

illustration.  “Higher EW pressures …” Not 

sure I understand what you mean. Flow looses 

velocity and depth when spreading in side-

roads? 

 

The descriptions around pressure actions have been modified. We 

believe this may help the reader understand the reasoning better than 

a figure might. 

 

270-275 

Reviewer 1 Line 316: Pressure magnitude: you need to 

define this term. 

Line 323: normal pressure: need to define this 

term! 

 

In response to reviewer #2’s comments, this has been refined by 

modifying the flow behaviour section to add discussion on the 

calculation of dynamic pressure is calculated and explain the 

difference between using the velocity magnitude (scalar, not normal 

to walls) and normal velocity to determine forces exerted on the 

walls. 

 

279-285 



 

 

Reviewer 1 Line 329: you were mentioning earlier that you 

consider only initial lahar surges, so this is not 

really a conclusion of the modeling, is it? 

Correct, this has been removed. 

 

296 

Reviewer 1 Line 330: Why is this a consequence of the 

short timeframe? 

 

We have expanded an earlier (critical depth-pressure curves) part to 

explain that equalisation of hydrostatic pressure requires the fluid to 

enter the building and rise to the same height as the outside. This 

takes a reasonable amount of time, much less than the duration of the 

surges modelled here. 

 

296-298 

Reviewer 1 Line 334: “higher pressures”: you mean higher 

dynamic pressure? 

Correct – changed.  301 

Reviewer 1 Line 335:  If this indicates elevation 

differences, it would be helpful to have a map 

illustrating what elevation differences there are 

in this study area. 

This wording has been refined, it refers to elevation of the cross-

streets. 

 

302ff 

Reviewer 1 Line 336: acting on blocks: rather buildings? This paragraph has been reformulated to refer to walls. Data from the 

simulation is obtained per-block (which is now explained in an earlier 

paragraph), so we take care to describe the affects related to the 

block, rather than individual buildings.  

304-309 

Reviewer 1 Line 337ff: reformulate, this paragraph is not 

clear. Also, I am skeptical that higher density 

generally causes larger dynamic pressure …can 

you provide reference? 

As pressure is proportional density time the square of velocity, for 

the same velocity, dynamic pressure will be larger. See Jenkins et al. 

(2015) as an example. We have reformulated the paragraph to 

describe the differences in dynamic pressures between rheologies. 

306 



 

 

 

 

 

Reviewer 1 Line 338: near perpendicular walls: and not 

near, what happens? 

 

The difference between pressures applied to perpendicular and 

parallel walls has now been explained in this paragraph. 

 

304-309 

Reviewer 1 Line 340: The dilatant component is lower for 

debris flows than for Newtonian and 

hyperconcentrated flows, so the latter decrease 

in velocity quite rapidly when diminishing in 

depth which also reduces the pressure for these 

flows… 

The dilatant component is much higher for debris flows than 

hyperconcentrated and Newtonian flows – see table 2. The 

reformulated paragraph relating pressure differences to rheology 

should help to limit confusion on the effects of rheology on dynamic 

pressures.  

 

304-309 

Application of critical depth-pressure curves 

Reviewer 1 Line 342: “along the block” – means what? 

 

Changed to “…pressure acting on block walls…”. Building, block 

and orientation descriptions are defined earlier in the manuscript. 

Explanation of how pressures are obtained also clarifies this 

meaning. 

 

311 

Reviewer 1 Line 348f:  Not clear, “well above the critical 

curves for each block”.  General remark: you 

switch between buildings and blocks and it is in 

the end not very clear for what you realize your 

modeling and how do you generate the curves 

The role of the critical curves, difference between buildings and 

blocks are all explained in earlier sections to make this part clearer. 

 

Previous. 



 

 

for one block? Is it the mean value of all 

buildings contained in the block? In this case, 

we need to have more information on each 

block… 

 

Reviewer 1 Line 353: fluid height – be consistent in the use 

of your terms to make it easier for the reader to 

follow. Either use fluid height or flow depth.  

 

Depth is now used throughout. 

 

  

322 

Reviewer 1 Line 354: Which means no damage to expect? 

 

Not necessarily, this is explained in the expanded discussion section. 350ff 

Reviewer 1 Line 357:  lower depths?   This is interesting:  I 

would have thought that depth rises when flow 

impacts a perpendicular wall.  At least this is 

what you see frequently with … it would be 

interesting to compare your methodology with 

another location and see if you find similar 

relationships. 

 

Depths are lower for a number of reasons: (1) perpendicular walls are 

further from the channel, (2) overbank flow is occurring, meaning 

that the flow is not directly impacting perpendicular walls, but 

spreading along cross-streets and (3) velocities are generally lower in 

these cross-streets, reducing the size of run-up on a wall. 

 

324-328 

Reviewer 1 Line 359: “effect of vulnerability”: this means 

what? 

 

This part of the sentence is more suited to discussion and has been 

moved. 

 

NA 



 

 

Reviewer 1 Line 371:  explain in more detail what this 

means “reducing the size of the applied 

moment”. 

 

Explained in better detail; the applied moment is smaller as a result 

of the low depth. 

 

 

  

340 

Reviewer 1 Line 375:  across scenarios:  means that this can 

be observed in several scenarios? How many 

did you have in total?  Other studies also 

indicate that distance from the channel plays a 

more important role than the building type 

itself… 

 

Rephrased to say “…for all scenarios”. Also added reference to other 

studies that confirm these findings (that distance is more important 

than building type). 

 

344 

Discussion (now Limitations and discussion) 

Reviewer 1 Line 380ff: Reformulate, this paragraph is not 

clear. 

Line 389: “applied to ultimate moment and 

damage through other actions” – how are these 

defined? 

Line 390: comprehensive data: like what? 

 

This paragraph has been reformulated and definitions have been 

clearly explained. 

 

383-393 

Reviewer 1 Line 393: Repetition, see line 329 

 

This has been moved to the previous section, as a better explanation. 

 

Previous 



 

 

Reviewer 1 Line 395ff: depends on localization of the 

building respective to the channel: first row, 

second row, screening effect, etc. 

 

Added more detail to explain this could be an effect. 

 

 

394ff 

Reviewer 1 Line 409: this is not new…  

 

This doesn’t have much place in the manuscript, removed the 

sentence. 

 

NA 

Conclusion 

Reviewer 1 Line 416: not new Conclusion has been changed to make this not relevant 425ff 

Reviewer 1 Line 417ff: This paragraph comes somehow out 

of the blue and is quite disconnected from the 

previous rather technical descriptions.  The 

recommendations for retrofitting are not 

enough put in relation with the results of your 

modeling, it would maybe be a better option to 

add this into the discussion and link it more 

specifically to your results. 

 

Added these elements to the discussion. 

 

415-424 

Reviewer 1 Line 425:  here you say the approach can be 

generalized but given all the restrictions and 

constraints you have for Arequipa, this sounds 

rather unlikely. The best way would be to 

propose a section where you apply this 

The vulnerability calculations are necessarily specific to Arequipa, 

however the approach to quantifying losses (using bending moments, 

calculating pressures from numerical modelling) can be applied to 

other areas. This has been expanded in the conclusion.  

 

425-431 



 

 

approach to a different study area and shortly 

explain how you validate your approach. Or 

you need to explain more in detail why and how 

this approach can be generalized. 

 

Reviewer 1 Line 429: Large-scale indicators: such as? 

Line 430: In my opinion, you are not modeling 

vulnerability. You use building type data, do 

lahar modeling and cross this information to 

generate building performance curves… 

Line 431: “refine the indices in order to focus”: 

only if data is available as for now you use a lot 

of data extrapolated from other sources. 

 

The conclusion will be largely rewritten to reinforce the main ‘novel’ 

aspects of this work. These are valid comments, and have been taken 

into consideration when writing the conclusion.  

 

425-438 

Figures and tables 

Reviewer 1 Figure 1:  need to complete the legend 

indicating what the yellow and orange lines 

stand for as well as the orange areas (built area: 

extent of the city at present?); reduce the size of 

the North arrow.  The NE end of the quebradas 

Venezuela, Huarangal and Andamayo are quite 

low and appear disconnected from the foothill 

of the volcano – is 

We have modified this figure and the caption to improve 

understanding. This is a simplified map to set the context for readers. 

 

 



 

 

there a reason for this presentation? 

 

Reviewer 1 Figure 2: I think you need to better define what 

you understand by building block. Since you 

refer a lot to the works of Thouret et al.  2013 

and 2014, his definition of building blocks 

seems to be different from what you delineate 

here as a block.  Clarify.  Also, the delineation 

of your blocks is not easy to understand: for 

example in fig. 2B, bottom left, you distinguish 

three blocks dark green, light green and dark 

blue; on the opposite side of the road, the light 

violet block appears to be a single block 

although you might also have distinguished at 

least two; same for the light green block further 

North on the right side … if so is your choice, 

at least explain how you determine. 

 

Additional explanation has been added to the Case study section of 

the manuscript to improve understanding of buildings and blocks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Reviewer 1 Figure 3: title of legend “Design compressive 

stress” – means what? Is it the compressive 

stress? “Building Type” – no capital letter for 

type. 

 

Added explanation of “Design compressive stress” to the caption (the 

compressive stress the building can withstand according to the 

standard). Modified Building type axis label. 

 

 



 

 

Reviewer 1 Figure 4: Maybe simplify where possible this 

group of graphics:  no need to put the “depth” 

legend title everywhere; reduce the appearing 

scale numbers (no need to detail every 0.25, just 

indicate 0,5; 1 and leave the little markers for 

subunits). There is a lot of information 

presented, so simplify a maximum. 

 

Simplified figure following these recommendations. 

 

 

Reviewer 1 Figure 5:  what do the arrows indicate on the 

lower left of each image?  Images are quite 

small text is a little too big. Might be helpful to 

have an image without any modeling result 

where you locate the channel limits, outline the 

buildings and indicate flow direction. 

Figure 6:  same remark as above; legend too 

big, no need to reproduce the same legend for 

all three image groups. The pressure value to 

the left is too isolated, difficult to understand 

what this means. 

 

Made images larger, reduced size of the text and modified arrows 

(indicates North). The channel limits and buildings are outlined in 

Figure 2 (now modified slightly to explain this). 

 

 

Reviewer 1 Figure 9, 10 and 11:  Difficult to distinguish the 

individual curves:  maybe fine lines of different 

colors would be easier to read here. 

Made lines finer to help distinguish curves. 

 

 



 

 

 

Reviewer 1 Figure 12 and 13:  Legend title “loss fraction” 

is a little strange not associated with 

percentages. Flow rate needs a unit! For the 

rest: same remark as above: simplify. 

Simplified plots, modified loss fraction to percentages. 

 

 

Reviewer 1 Table 1: Associate table with a figure where 

these numbers can be seen. 

 

Association to figure 2c included in caption. 

 

 

Reviewer 1 Table 2:  OK – I am not an expert in 

streamflow/lahar rheology, so I am not able to 

evaluate the correctness of these parameters.  

However, I understand these parameters are not 

your own modeling results but used to model, 

so provide reference for the source of these 

values in this table. 

References added to the table. 
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Abstract. Lahars are volcanic flows containing a mixture of fluid and sediment whichthat have caused the 

potential to cause significant damage to buildings, critical infrastructure and human life. The extent of this damage 

is controlled by properties of the lahar, location of elements at risk and susceptibility of these elements to the 

lahar. Here we focus on understanding lahar-induced building damage. Quantification of building damage can be 15 

difficult due to the complexity of lahar behaviour (hazard), uncertainty invarying number and type of buildings 

exposed to the lahar (exposure) and the uncertain susceptibility of buildings to lahar impactsnduced damage 

(vulnerability). In this paper, we quantify and examine the relative importance of lahar hazard, exposure and 

vulnerability in determining building damage with reference to a case study in the city of Arequipa, Peru. 

Numerical modelling is used to investigate lahar properties that are important in determining the inundation area 20 

and forces applied to buildings. Building vulnerability is quantified through the development of critical depth–

pressure curves based on the ultimate bending moment of masonry structures. In the case study area, results 

suggest that building strength plays a minor role in determining overall building losses in comparison to the effects 

of building exposure and lahar hazard properties such as hydraulic characteristics of the laharflow. 

Keywords lahar ∙ hazard ∙ building vulnerability ∙ rheology ∙ simulation 25 

Introduction 

Lahars, defined as gravity-driven flows containing a mixture of volcanic sediment and water (Vallance and 

Iverson, 2015), have caused severe damage to infrastructure and buildings (e.g. de Bélizal et al., 2013; Pierson et 

al., 2013; Ettinger et al., 2015; Jenkins et al., 2015) in addition to being responsible for a large proportion of 

volcanic fatalities (Auker et al., 2013). Assessing the extent of potential lahar damage can be difficult due to the 30 

complexity of flow behaviour, varying uncertainty in the number of elements (e.g. buildings and bridges) exposed 

to lahars (e.g. buildings and bridges) and a lack of knowledge in the structural capacity of these elements to 

withstand damage causing components of the lahar flow. Using the common definitions of Varnes (1984), we 

define the damaging components of lahar flow (e.g. velocity, depth and densitypressure) as the hazard; 

environmental characteristics of exposed elements (e.g. building locations and orientations) as the exposure; and 35 

the ability of exposed elements to withstand the hazard (e.g. building strength) as vulnerability. Lahar induced 

damage is controlled by the interactions between of these factors; however, the relative importance of each 
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component can vary. Here we focus on quantifying and examining the relative role of importance of hazard, 

exposure and vulnerability in determining lahar induced building damage. 

Post-event field assessments of building damage can elicit information relating lahar hazard to structural damage. 40 

However, these field assessments tend to only record information on substantial damage, are affected by terrain 

changes during the event which alters exposure, and often rely on a-priori assumptions of building strength and 

vulnerability (Ettinger et al., 2015). Pre-event assessments are affected by the lack of reliable hazard intensity 

measures (van Westen et al., 2006; Ettinger et al., 2015), differences in spatial and temporal scales, uncertainty 

surrounding site-specific lahar triggers (Di Baldassarre and Montanari, 2009), and a lack of structural information 45 

on building stock (Ettinger et al., 2015).  These issues are reflected in the relative lack of studies on hazard impact 

in urban areas (Jenkins et al., 2015) and often results in a reliance on expert judgement to develop vulnerability 

models for lahars and flash floods (Ettinger et al., 2015). 

The physical vulnerability of buildings, defined as the susceptibly of a building to damage with respect to the 

hazard (Künzler et al., 2012), is a function of building characteristics such as size, shape, age, construction 50 

materials, structural integrity, maintenance and build quality (Martelli, 2011; Künzler et al., 2012; Ettinger et al., 

2015). Information on these building properties is often lacking and hard to collect on a large scale. This 

commonlyoften leads to the simplification of vulnerability into a measure that can provide a relative indication of 

vulnerability and consequent damage (Künzler et al., 2012). Studies simplifying vulnerability into a relative index 

use a combination of qualitative and quantitative metrics obtained through building surveys, interpretation of 55 

remote sensing data and GIS techniques to map and analyse vulnerability on a large scale (e.g. Lavigne, 1999; 

Künzler et al., 2012; Galderisi et al., 2013; Thouret et al., 2013; Thouret et al., 2014; Ettinger et al., 2015). These 

methods can be applied to understand and highlight spatial patterns in vulnerability; however, as a relative 

measure, they cannot provide guidance on absolute expected damage for any specific event. 

A direct estimation of damage caused by specific events requires quantified relationships describing a buildings 60 

response to the hazard. Buildings can be damaged through a number of mechanisms including: (i) direct damage 

resulting from static and dynamic forces imposed by the flow; (ii) damage to foundations through erosion and 

scour; (iii) buoyancy effects of the flow causing structures to float; (iv) direct damage from larger debris (missiles) 

within the flow; and (v) indirect damage caused by chemical and biological actions such as seeping induced 

weakness of mortar (Kelman and Spence, 2004). All these actions, with the exception ofapart from chemical and 65 

biological effects, are related directly to lahar depth, velocity or a combination of depth and velocity. As a 

resultThus, a common approach in determining building damage thresholds for a particular building type is to 

relate damage to hazard intensity measures of depth and/or velocity (e.g. Zanchetta et al., 2004; Custer and 

Nishijima, 2015; Jenkins et al., 2015). However, building typologies are affected by socio-economic, cultural and 

institutional conditions (Künzler et al., 2012) and hazard intensities (flow depth and velocity) are affected by 70 

building environmental  and environmental factors such as local elevation, distance from main channels and 

orientation affect flow depths and velocities near buildings (Thouret et al., 2014).,. This results  resulting in 

complex interactions between hazard, exposure and vulnerability. These issues cause direct vulnerability 

relationships to be site-specific and requires detailed investigation of the regions at risk to examine the relative 

effects and rolesimportance of hazard, exposure and vulnerability on building loss. 75 

We attempt to quantify and examine the components that determine building damage in a small area within the 

city of Arequipa, Peru. A relative index of vulnerability on a city-block scale was developed for Arequipa in 
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Thouret et al. (2013) and Thouret et al. (2014). The studies by Thouret et al. highlighted two groups of 

vulnerability indicators,  (building characteristics and the physical setting,) that play an important role in 

determining vulnerability within Arequipa. In this study, we separate the building characteristics  (i.e. 80 

vulnerability) from physical setting (i.e. exposure) in order toto examine the effect of hazard (flow rate and 

rheology), exposure (building orientation and location) and vulnerability (building type) identify components 

most components on strategies that may reduce building loss within Arequipa. Physical vulnerability of buildings 

is explicitly separated from exposure through the development of a building damage model dependent on flow 

velocity, depth and sediment concentration. Simulations of lahar flow using smoothed particle hydrodynamics are 85 

used to examine how flow characteristics and the physical setting of city blocks affects forces on buildings and 

the consequent damage. While, for reasons explained earlier, damage functions presented here are necessarily 

specific to Arequipa, the hazard modelling approach and vulnerability model development are described in detail 

to support risk assessment in other regions affected by lahars. 

Case study: Quebrada Dahlia, Arequipa, Peru 90 

The central business district of Arequipa, the second largest city in Peru, is situated 17 km southwest of the summit 

of El Misti (Fig. 1), a steep stratovolcano with a history of explosive eruptions. Rapid population growth since 

1960 has resulted in an expansion of the city towards the ring plain and steep slopes of El Misti (Thouret et al., 

2013). Arequipa is drained by several ravines (locally called quebradas or torrenterras), shown in Fig. 1, that have 

been shaped by lahars and floods originating from the volcano on volcanoclastic fans northeast of the city. These 95 

quebradas are normally dry but carry water sporadically during the December to March rainy season (Vargas 

Franco et al., 2010; Martelli, 2011; Thouret et al., 2013; Sandri et al., 2014). Flash floods and hyper-concentrated 

flows occur relatively frequently in the quebradas, with return periods between 2 and 10 years (Vargas Franco et 

al., 2010; Thouret et al., 2013). Previous studies of lahar hazard and vulnerability for Arequipa identified seven 

alluvial terraces (T0, T1, T1’, T2, T2’, T3 and T4) based on stratigraphy and local elevation above the quebrada 100 

and the Rio Chili valley (Martelli, 2011; Thouret et al., 2013; Thouret et al., 2014). The likelihood of inundation 

by a lahar or flash flood decreases with each terrace. Terrace levels T0 and T1 (up to 3m above the quebrada) are 

frequently flooded (approxi.e. every 2 to -10 years). The higher terraces (T1’ to T2’, 3 to 10 m above the quebrada) 

are rarely flooded (estimated 20- to 100 years) and the highest terraces (T3 and T4) are only likely to be inundated 

by lahars linked to large eruptions (Thouret et al., 2013; Thouret et al., 2014). A city wide vulnerability study by 105 

Thouret et al. (2014) identified that the city blocks most vulnerable to flash floods and lahars were on lower 

terraces and typically within 100 metres of a quebrada. 

To build on this study and investigate the vulnerability of the quebrada channel and banks in detail, simultaneous 

photogrammetry and building surveys were undertaken along short sections (approximately 200 m) of several 

quebradas during September 2013. Here we focus on one 150 m long section of Quebrada Dahlia to examine lahar 110 

hazard and building damage. Quebrada Dahlia is a small tributary of Quebrada Mariano Melgar-Huarangal (Fig. 

1), which is situated in the Mariano Melgar District on the north-easternmost fan of Arequipa, shown in detail in 

Fig. 2. The case study area was chosen for the following reasons: 

 The quebrada channel is relatively reasonably straight, reducing the effect of bends in the watercourse 

on lahar dynamics. 115 
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 Building quality varies from well-built reinforced masonry buildings to makeshift structures with little 

to no mortar. This allows for an investigation of the relative effects of building quality on damage caused 

by lahars. 

 All buildings are situated on the lowest terraces (T0 – T1’, 1 - 5 m above the channel), meaning they may 

be affected by even the smallest events identified in Vargas Franco et al. (2010) and Thouret et al. (2013). 120 

A three-dimensional reconstruction of the terrain and buildings along Quebrada Dahlia was created using the 

photogrammetry method described in Mead et al. (2015). The generated surface reconstructionterrain model, 

shown in Fig. 2b, contained 1.4 million points with a surface density of between 150 and 750 points per m2. A, a 

GNSS-D survey undertaken in October 2014 enabled geo-referencing of the terrain reconstruction for possible 

inclusion in future GIS applications. The surface reconstruction was smoothed and reduced to create the a lower-125 

resolution terrain model shown in Fig. 2c, to be hat was used in the lahar simulations. The terrain model in Fig. 

2c contains 22 buildings identifiedThe reconstruction, shown in Fig. 2c, contains 23 surveyed buildings during 

building surveys in 2013. . Streets and the quebrada (shown in Fig. 2a) separate Tthese buildings are separated 

into five city blocks (labelled in see Fig. 2ca), five groups, referred to hereafter as ‘blocks’., by cross streets and 

the quebrada.  Typology of each building was characterised through surveys undertaken in 2013 following the 130 

approach of Building surveys were undertaken in 2013 and used the general approach of Thouret et al. (2014). In 

this approach, buildings are classified as one of Buildings were separated into 8 structural types (1A – 8C) 

depending based on a visual inspection to determine on construction material, roof type and structural support 

(see Table 1). These types were then grouped into larger groups of simplified structural vulnerability classes. 

Using this building classification system, the study area contains 8 class type-A0 buildings, 7 classtype- A 135 

buildings and 87 classtype- B buildings (see Table 12 for a description of building types and structural classes)). 

Developing building vulnerability relationships 

Buildings and infrastructure can be damaged through a variety of mechanisms brought upon by actions of a lahar. 

Here, as in most other studies of lahar damage (Zanchetta et al., 2004; Toyos et al., 2008; Ettinger et al., 2015; 

Jenkins et al., 2015), we focus on the direct damage resulting from hydrostatic and hydrodynamic forces applied 140 

to buildings. We regard these actions as the most important, although scour and large debris missiles within the 

flow can also cause significant damage (Jenkins et al., 2015). Scour and debris actions are neglected here as they 

are currently too difficult to predict and incorporate into large scale loss analyses (Kelman and Spence, 2004), 

particularly in regions with limited hazard and exposure information. 

 The building stock within Arequipa is characterised mostly by masonry structures of varying quality, with some 145 

reinforced concrete structures (Thouret et al., 2014). Therefore, we develop vulnerability relationships that are 

primarily focused on masonry buildings. A structural failure model similar to those employed by Roos (2003), 

Custer and Nishijima (2015) and Zeng et al. (2015) is implemented. In these models, masonry walls are presumed 

to fail when the lateral pressure imposed on the wall results in a applied bending moment andor shear forces are 

greater than the wall’s calculated ultimate bending moment or and ultimate shear force. the walls can withstand 150 

.The ultimate bending moment (Mu) is calculated using the following equation (Roos, 2003): 

𝑀𝑢 = (𝑓𝑡 + 𝑓𝑑)
𝑤𝑏2

6
       (1) 
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where ft is the tensile strength of the masonry wall, fd is the design compressive stress acting on the wall, w is the 

width of the wall facing the flow and b is the thickness of the wall, which is assumed equal to the brick widthwidth 

of bricks used in the wall. Tensile strength and design compressive  Sstresses for buildings in Arequipa are 155 

calculated using the approach specified in Australian Standard (AS) 3700-2011 and summarised in Appendix A 

in addition to .an approach to calculating ultimate shear force. Preliminary investigations using these two 

approaches suggested the force required to overcome the ultimate moment was consistently lower than the force 

required to overcome the ultimate shear force. Therefore, we chose to focus the remainder of this study on the 

ultimate bending moment only.  160 

While tThe use of a foreign standard to calculate the ultimate moment calculation method of a foreign standard 

should still be valid for the study area if construction material properties from Arequipa are used as inputs . 

However, some specifications and assumptions of the standard may not  be relevant. Notably, Oobservations 

during the building survey suggests that construction methods and conformity to specifications within the standard 

differs substantially to those specified in AS3700-2011. This difference will influence ultimate bending moments, 165 

particularly those for low-quality unreinforced building types (i.e. building types 1A-2B) due to the makeshift 

nature of construction. For these classes, calculated bending moments will represent a ‘best case’ scenario where 

masonry unit strength and quality has not been compromised by construction methods. While some specifications 

in the standard may not be relevant for Arequipa, the calculation method is still valid for the area provided 

construction material properties from Arequipa are used as inputs.  In these models, masonry walls are presumed 170 

to fail when the applied bending moment and shear forces are greater than the calculated ultimate bending moment 

and shear force the walls can withstand. We only consider the maximum bending moment here as preliminary 

investigations suggested the force required to overcome the ultimate moment was consistently lower than the 

force required to overcome the ultimate shear force.  

Critical depth-pressure curves 175 

The range of design compressive stress for each building typology is shown in Fig. 3. The range was obtained by 

calculating the design compressive stress for every realistic configuration of masonry compressive strength (fc), 

wall thickness brick width (b) and thickness coefficient (kt) in Appendix A. Buildings with reinforced frames 

(types 3, 4 and 6) are able tocan withstand much greater compressive stresses than non-reinforced buildings (types 

1, 2, 5). The wall thickness brick width has a large effect on building strength, which is consistent with 180 

observations of Jenkins et al. (2015). Notably, the design compressive stresses are similar for building types that 

share the same vulnerability simplified structural class identified in Thouret et al. (2014), based on the 

vulnerability structural classes of Zuccaro et al. (2008). Given these similarities, we also use the simplified 

structural vulnerability classes (A0, types 1A-2B; A, types 3 and 5; and B, types 4 and 6A-6C, see Table 2) from 

Thouret et al. (2014), see . 185 

The critical heightdepth (i.e. hydrostatic pressure) and dynamic pressure required to overcome the ultimate 

bending moment (equation 1) for each vulnerability structural class is shown in Fig. 4. These curves assume that 

both hydrostatic and dynamic pressure acts on walls. Other studies (e.g. Jenkins et al., 2015) assume only dynamic 

pressure acts on walls due to an equalisation of lahar depths on the inside and outside of buildings. This 

equalisation can take a reasonable amount of time, which is likely to be much longer than the simulation duration 190 

studied here (see following sections). The curves in Fig. 4 indicate the structural limit of each class;  point at 
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which the applied moment from hydrostatic and dynamic pressure equals the ultimate moment of the wall. 

Ccombinations of depth and pressure that fall above the curves indicate an applied moment greater than the 

building can withstand. Conversely, combinations of depth and pressure that fall below the curves indicate an 

applied moment less than the maximum the building can withstand. Figure 4 shows that the critical depth 195 

decreases with the density of the flows, as the hydrostatic pressure gradient is much larger for sediment-rich lahars. 

The critical depths and pressures are also affected by the vulnerability structural class, with A0 structures being 

much less resilient than A and B structures. However, wall thicknessbrick width has the most dominant effect on 

determining the strength of buildings. Wider wallsbricks increase the section modulus (wb2/6 in equation 1), 

resulting in stiffer walls that also have a higher compressive stress capacity.  200 

Lahar numerical modelling and results 

Lahar rheology and implementation in smoothed particle hydrodynamics 

Lahar flow behaviour varies depending on the sediment concentration and composition of the flow. At very low 

concentrations of sediment, lahars will flow in a similar manner to water. At higher concentrations, interactions 

between the sediment and water cause a non-linear response to stresses applied to the flow. This non-linearity in 205 

the stress-strain relationship requires the use of rheology models that capture both the linear (i.e. water-like, called 

Newtonian) and non-linear (called non-Newtonian) shear responsebehaviour. Here weWe implement a generalised 

quadratic rheology model using smoothed particle hydrodynamics (SPH) to simulate lahar flows along the case 

study area. The quadratic rheology model can be expressed as (Julien and Lan, 1991; O'Brien et al., 1993; Jan and 

Shen, 1997): 210 

𝜏 = 𝜏𝑦 + 𝜇𝛾̇ + 𝛼𝛾̇2     (2) 

where τ is the shear stress, τy the yield strength, µ the viscosity, 𝛾̇ the shear rate, and α is the turbulent-dispersive 

parameter, a coefficient that combines the effects of turbulence and dispersive stresses caused by sediment 

collisions. This model follows the general form of the Herschel-Bulkley equation commonly used to describe non-

Newtonian lahar behaviour (Manville et al., 2013). 215 

 

Commonly used lahar models such as the Pitman and Le (2005) model in Titan2D (Patra et al., 2005) or laharZ 

(Iverson et al., 1998) are able to delineate hazard zones or lahar inundation areas on a large scale. However, the 

reduced dimensions of these models (e.g. through depth-averaging in Titan2D) means they are unsuitable for the 

detailed modelling of lahar flow in urban environments required for this study. Instead, we implement the 220 

quadratic rheology model (O'Brien et al., 1993; Jan and Shen, 1997)The bulk flow behaviour of lahar sediment-

water mixtures is controlled by the relative concentration of sediment within the flow (Dumaisnil et al., 2010). In 

particular, the clay content and proportion of fine sediment in suspension will greatly influence the transition from 

a Newtonian (i.e. constant viscosity and zero shear strength) to non-Newtonian fluid (Pierson, 2005). This 

transition and lahar flow behaviour is affected by inter-particle interactions (collisions and electrochemical 225 

attractions), particle-bed interactions and particle-fluid interactions, the combination of which is complex and 

likely exists as a continuous process (Pierson, 2005). Flows can be predominantly Newtonian with sediment 

volume concentrations of up to 35%, provided there are few clay or fine particles present. The inter-particle 

interactions between larger proportions of fines or coarse sediment in the fluid will result in a small but measurable 
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yield strength. Flows with a non-zero yield strength are often termed hyperconcentrated (Pierson, 2005; Manville 230 

et al., 2013) and can also be characterised by a marked dampening of turbulence (Pierson and Costa, 1987). At 

higher sediment concentrations, particle-particle collisions and the internal friction between particles begin to 

dominate, causing the yield strength to increase significantly. These flows tend to exhibit commonly observed 

lahar behaviours such as suspension of large boulders, unsorted particle deposits and rapid consolidation of the 

deposit as the pore fluid drains. Viscosity of the pore fluid also plays an important role in moderating the effect 235 

of inter-particle interactions (Doyle et al., 2010). At low viscosities (e.g. water), inertial forces and particle 

collisions dominate energy transfer within the fluid, while at higher viscosities (e.g. with a significant proportion 

of clay) the energy is mostly dissipated through fluid-particle interactions. 

Several single-phase rheological models have been proposed to describe non-Newtonian lahar behaviour; most of 

these models follow the general form of the Herschel-Bulkley equation (Manville et al., 2013): 240 

𝜏 =  𝜏𝑦 + 𝜇𝛾̇𝑚      (7) 

where τ is the shear stress, τy the yield strength, µ the viscosity, 𝛾̇ the shear rate, and m the shear power, which 

describes the response to shear (i.e. shear-thickening or shear-thinning). A simple rheological description for lahar 

flows assumes they behave as a viscoplastic material, commonly called a Bingham fluid. Bingham fluids have a 

non-zero shear strength and shear power, m, of 1. Flows of Bingham fluids typically have two components 245 

consisting of a basal shearing layer (shear layer) topped with a non-shearing plug layer (Rodriguez-Paz and Bonet, 

2004). In more general terms, O'Brien et al. (1993) and Jan and Shen (1997) describe the total shear stress of 

generic sediment-water flows as being controlled by the summation of all the debris flow strength components: 

cohesive yield strength, Mohr-Coulomb shear stress, viscous shear stress, turbulent shear stress and the dispersive 

(particle collision) shear stress. At high viscosities and relatively low velocities, the turbulent stresses can be 250 

assumed as negligible (Pierson and Costa, 1987; O'Brien et al., 1993; Jan and Shen, 1997). By combining all the 

relevant stresses, a generalised quadratic rheology model (Julien and Lan, 1991; O'Brien et al., 1993; Jan and 

Shen, 1997) can be expressed as: 

𝜏 = 𝜏𝑦 + 𝜇𝛾̇ + 𝛼𝛾̇2      (8) 

where α is the turbulent-dispersive parameter, a coefficient that combines the effects of turbulence and dispersive 255 

stresses caused by sediment collisions. Rheological parameters for τy, µ and α were studied for debris flows by 

Phillips and Davies (1991) and O'Brien and Julien (1988). We chose to implement and use this quadratic rheology 

model for lahars as it summarises the principal components of non-Newtonian lahar behaviour, namely a yield 

strength, viscous effects and a dilatant (shear-thickening) effect from particle collisions. 

Implementation in smoothed particle hydrodynamics (SPH) 260 

The quadratic rheology model is implemented using three-dimensional smoothed particle hydrodynamics (SPH) 

to simulate lahar flows along the case study area. SPH is a Lagrangian method that tracks the physical motion of 

interpolation points (commonly referred to as particles) through space.  It is well suited to modelling free surface 

fluid flows, predicting and tracking the motion of dynamic objects within the flow (e.g. Cleary et al., 2012; Prakash 

et al., 2014; Cleary et al., 2015), and modelling complex flooding scenarios involving interactions with buildings 265 

(e.g. Mead et al., 2015). The SPH method used here is described in Cleary and Prakash (2004) and Prakash et al. 

(2014). Non-Newtonian lahar rheology was implemented in SPH using an apparent Newtonian viscosity (η). 

Assuming the fluid is isotropic, constitutive equations for rheology can be written as a generalised Newtonian 

fluid in terms of the apparent viscosity: 
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𝜏 = 𝜂𝛾̇       (93) 270 

When the apparent viscosity is constant the fluid is Newtonian with a viscosity of η. Non-Newtonian fluids can 

be modelled using equation 3 by developing relationships for η based on constitutive equations (Mitsoulis, 2007). 

Using this approach, the apparent viscosity for the quadratic rheology is: 

𝜂 =
𝜏𝑦

𝛾̇
+ 𝜇 + 𝛼𝛾̇      (410) 

Here, To reduce the computational time we also use the viscosity regularisation approach of Papanastasiou (1987), 275 

described in Mitsoulis (2007) and Minatti and Paris (2015). Regularisation is required as the apparent viscosity 

approaches infinity at low strain rates when using equation 410, reducing the simulation time step and significantly 

increasing computational cost. At these high viscosities, the simulation time step approaches zero, significantly 

increasing computational time. Using the Papanastasiou (1987) approach, the regularised viscosity used in 

simulations is: 280 

𝜂̂ =
𝜏𝑦

𝛾̇
(1 − 𝑒−𝑐𝛾̇) + 𝜇 + 𝛼𝛾̇     (115) 

where c is the viscosity scaling parameter, larger values of c result in a better approximation of the constitutive 

equation (equation 104), while smaller values result in smaller apparent viscosities and larger simulation time 

steps. Here we set cm = 200, a value which yielded the best balance between simulation speed and accuracy in 

validation simulations that compared  comparing flow down an inclined plane with analytical solutions. from 285 

validation simulations. 

Lahar simulations 

Static and dynamic pressures acting on the buildings in the Quebrada Dahlia study area were determined for 

twelve different inundation scenarios. The scenarios were designed to explore a wide range of flow types and 

velocities and therefore may not represent any specific event or plausible set of events likely in Quebrada Dahlia. 290 

We use the same SPH particle spacing and terrain resolution (12.5 cm) of previous simulations by Mead et al. 

(2015). This resolution provided the best balance between computational time and resolution of fine scale features 

that can affect the flows. The scenarios were designed to explore a wide range of flow types and velocities and 

therefore may not represent any specific event or plausible set of events likely in Quebrada Dahlia. 

Inundation scenarios were designed to explore a wide range of flow types and veloci ties in order to investigate 295 

the effect of rheology and velocities on flow dynamics and forces exerted on buildings. Simulations were run for 

three different flow types (Newtonian, hyperconcentrated streamflow and debris flow) at Simulations were run at 

constant flow rates of 25, 50, 75 and 100 m3s-1 for three different flow types in order to determine the effect of 

rheology and flow velocities on flow dynamics and forces exerted on buildings .  

The flow rates were chosen to produce scenarios ranging from minimal (25 m3s-1) to extreme (100 m3s-1) overbank 300 

flooding. The ratio between inertial and gravitational forces, expressed through the Froude number, was kept 

below 1 (subcritical flow) for each flow rate by varying the inflow area. Froude number consistency was used 

here as inertial and gravitational forces are dominant controls on environmental flows such as these. Flow types 

were selected to represent the characteristics of the most commonly occurring flows in Arequipa – flash flood, 

hyperconcentrated streamflow and fine-grained, matrix-supported debris flow (Thouret et al., 2013). Rheology of 305 

flash flood flows was considered to be completely Newtonian with a viscosity of water (i.e. τy, α = 0, μ = 0.001 

and density (ρ) = 1000), rheological parameters for hyperconcentrated and debris flows (Table 23) were chosen 
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using the dimensionless ratio between dispersive and viscous stresses explained in Julien and Lan (1991). Values 

for yield strength (of τy), viscosity (µ) and the turbulent-dispersive coefficient (α) were taken from the experiments 

of Govier et al. (1957) and Bagnold (1954), reported in Julien and Lan (1991). For a hyperconcentrated 310 

streamflow, we presumed a particle concentration by volume (Cv) of approximately 30% consisting mostly of 

finer particles, meaning viscous stresses are still relatively important. Debris flow scenarios were assumed to 

contain larger particles at a higher value Cv of approximately 55%. The particle concentration acts to increase 

density, viscosity and the dispersive stress coefficient in hyperconcentrated and debris flow rheologies compared 

to a fully Newtonian water flow. The higher particle concentration of the debris flow (compared to a 315 

hyperconcentrated flow) also results in a much higher dispersive stress coefficient,  While the higher concentration 

increases the viscosity compared to a hyper-concentrated flow, the dispersive stress coefficient is also much 

higher, meaning that dispersive stresses will have more importance in determining flow behaviour. 

Computational cost limits the length of simulations to Tthe first 45 seconds of lahar flow were analysed for each 

scenario. The flow was not established and constant by 45 seconds, so these simulations do not represent the 320 

forces exerted on buildings by a steady flow rate. Instead, the scenarios considered here are more representative 

of the higher velocity and depth surges or waves in a lahar. While the flow was not established and constant by 

45 seconds, computational cost limited simulation duration, so the scenarios considered here are more 

representative of the damage caused by an initial lahar surge. We expect these surges cause the most damage to 

buildings as they have higher velocities and depths than a steady lahar flow.  325 

Flow behaviour 

Figure 5 displays snapshots of velocity and dynamic pressure magnitudes for each flow type at a flow rate of 75 

m3s-1. Snapshots were taken at 15-second intervals and dynamic pressure was calculated as ρv2/2, where v is the 

velocity magnitude. Lahars mostly followed the developed channel of Quebrada Dahlia for the first 15 seconds 

before overtopping the bank and spreading outwards. Channel and overbank pressures and velocity profiles are 330 

similar for Newtonian and hyperconcentrated flows, but the velocity of overbank flow is much lower for the debris 

flow rheology. This lower velocity is presumably caused by increased friction in the debris flow due to the higher 

viscosity and dispersive coefficients in the debris flow. The dynamic pressure differs between each rheology as a 

result of the varied densities (and lower velocity for debris flows);, however, the The difference between 

Newtonian and hyper-concentrated flow velocity profiles is minimal. While there is a small yield and dispersive 335 

stress component to the hyperconcentrated rheology, the Newtonian component (i.e. the linear  stress-strain 

relationship) still appears to be important for these flows. However, the higher density of hyperconcentrated 

rheologies compared to Newtonian causes an observable difference in the magnitude of dynamic pressure. 

Velocities are much lower for the debris flow rheology, presumably as a result of the higher dispersive coefficient. 

The maximum pressure is still similar to that of Newtonian and hyperconcentrated flows between rheologies as 340 

maximum velocities are mostly confined to the channel. 

The highest dynamic pressures  magnitudes in Fig. 5 are shown present along the centre of the channel, with much 

lower pressures in the vicinity ofnear the buildings. The velocity magnitude may therefore not accurately represent 

the pressure forces Dynamic pressure may therefore not be acting perpendicular to the walls of each building. The 

critical strength of a wall is determined from the forces acting normal (perpendicular) to the structure, therefore it 345 

is important to calculate dynamic pressure from velocity normal to the wall. The section of Quebrada Dahlia 
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studied here runs in a North-South direction and the buildings have walls that are oriented either parallel or 

perpendicular to the channel, so an initial understanding of the perpendicular forces acting on walls can be 

interpreted from the North-South (N-S) and East-West (E-W) velocity components. the city blocks. The 

directional components of dynamic pressure are important to consider as the critical strength of a wall or building 350 

is determined from forces acting normal (perpendicular) to the structure.  Figure 6 shows the dynamic pressure 

calculated from directional velocity components of dynamic pressure at 40 seconds for a flow rate of 75 m3s-1. 

The section of Quebrada Dahlia studied here runs in a North-South direction and the buildings are oriented parallel 

to the channel, so a broad understanding of normal pressure acting on buildings can be interpreted from the NS 

and EW components of pressure. Figure 6 shows a consistent pattern for all rheologies across the rheology range 355 

where the pressure magnitude is dominated by the pressure acting in the streamwise streamwise (N-S) 

directionvelocity. The perpendicular pressure applied to walls facing the stream (~E-W pressuredirection, 3rd 

column of Fig. 6) is much lower than the pressure applied to walls perpendicular to the streamstreamwise pressure.  

Higher EW pressures for EW velocitesvelocities are observed along cross streets splitting each city block; 

however, the pressure component that acts acting perpendicular (NS) to these walls is also minimal. These 360 

observations indicate that the pressure calculated from the magnitude of velocity magnitude, which is often 

assumed to be acting perpendicular to walls (e.g. Zanchetta et al., 2004; Jenkins et al., 2015), can be much higher 

than normal actual pressure acting on walls and the use of pressure velocity magnitudes could therefore lead to an 

over-estimation of building damage.  

In order to accurately estimate normal forces on walls, we calculate pressures from the velocity normal to each 365 

block. The normal velocity of fluid near each block face (e.g. North and West faces of ‘East 3’ block) is calculated 

using the dot product of simulated velocity vectors and the direction vector of the block face. This normal velocity 

(vn) is averaged across the face and used to calculate a ‘normal’ pressure using ρvn
2/2. Figure 7 compares the mean 

dynamic pressures calculated from velocity magnitude and normal velocity for  magnitude and the mean normal 

pressure acting on the ‘West 2’ block (see Fig. 2c) for various atfor NetwonianNewtonian, hyperconcentrated and 370 

debris flow types. The pressures are measured for walls oriented approximately parallel to the quebrada (labelled 

‘Parallel’) and north facing walls that are oriented approximately perpendicular to the quebrada (labelled 

‘Perpendicular’). The normal pressures exerted on parallel walls by the normal velocity  are up to five times lower 

than velocity magnitude  the pressure magnitudepressures. Normal The pressure applied to perpendicular walls 

also differs between normal velocity and magnitude, with  from the pressure magnitude and the timing of peak 375 

mean pressure also is aaffected. This further indicates demonstrates the importance of considering normal pressure 

velocity rather than velocity magnitude wcomponents when estimating dynamic pressures (and consequently 

damage).  

Mean normal pPressures acting on each block in the study area, calculated using the technique explained in the 

previous paragraph, are shown in Fig. 8 for a flow rate of 75 m3s-1. Blocks ‘East 1’ and ‘West 1’ do not have walls 380 

facing perpendicular to the flow and therefore have no pressures recorded in that orientation. The pressure for 

each block generally follows a similar pattern through time with a well-defined peak pressure and a lower, steady 

background pressure. The rise of pressure to its peak value and reduction to its background value occurs over the 

space of approximately 20 seconds for each block and is likely the result of an initial surge of flow. This timeframe 

is too short to allow for an equalisation of hydrostatic pressure between the inside and outside of buildings, 385 

suggesting confirming that both hydrostatic and dynamic pressures are acting on walls during lahar surges. The 
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timing of the peak is delayed for downstream blocks and the magnitude of the peak for each block varies. The 

differences in peak pressure are caused by exposure effects such as orientation and elevation of each block relative 

to the quebrada. Walls facing perpendicular to the stream are generally exposed to higher dynamic pressures than 

parallel walls, but this effect appears to vary and could be dependent on cross-street elevations (cross-streets 390 

leading away from Qda. Dahlia increase in elevation at different rates) differences.  

In terms of rheology, hyperconcentrated flows mostly displayed the highest dynamic pressures acting on parallel 

wallsblocks. The higher density (compared to Newtonian flows) as the higher density causes is responsible for 

the larger dynamic pressures (c.f. Jenkins et al., 2015). . TThis effect is moderated by the yield strength of the 

hyperconcentrated flows, which cause the velocity (and therefore pressure) to be lower than Newtonian flows near 395 

perpendicular walls. Debris flow pressures are much lower than both Newtonian and hyperconcentrated flows as 

the yield strength and dilatant rheology components limit overbank flow velocities.Pressures for the debris flow 

are much lower than Newtonian and hyperconcentrated flows due to the yield strength and significant dilatant 

component that limits velocities outside of the main channel. 

Application of critical depth-pressure curves 400 

Depth at the maximum value of mean pressure acting on block wallslong the block for each scenario is used to 

determine if the individual buildings in the study area can withstand the bending moment applied by hydrostatic 

and dynamic pressure. Figures 9 to 11 plot the peak pressure and ‘surge depth’ (depth at the time of peak pressure) 

for Newtonian, hyperconcentrated and debris flows alongside critical depth-pressure curves for vulnerability 

classes A0, A and B with a brick wall thickness width of 150 mm (results for 250 mm brick widths wall thickness’ 405 

are provided as supplementary material). The hazard variables of flow rate and lahar rheology appear to have an 

effect oninfluence building damage, although the size of the effect is difficult to determine since most scenarios 

place depth and pressure combinations well above the critical curves for each block. The flow depth, which affects 

hydrostatic pressure and bending moment location, generally increases with the flow rate while the dynamic 

pressure appears to be mostly controlled by the rheology in combination with flow rate. The forces applied to the 410 

‘West 2’ block, containing one class A and 4 class B buildings, are lower than the other blocks. This is possibly 

due to the blocks relative elevation and orientation of each block to the quebrada (i.e. exposure) affecting dynamic 

pressure and lahar depthfluid height. Debris flow scenarios at flow rates of 25, 50 and 75 m3s-1 indicate depths 

and pressures below the critical limit for this block’s building classes.  

The orientation of walls to the flow direction is another element of exposure that affects the normal pressure 415 

exerted on walls. In a number ofseveral scenarios, perpendicular walls are subjected to higher dynamic pressures 

and lower depths than parallel walls. However, this eaffect appears to be conditional to the rheology of the flow 

as the opposite is true for debris flow scenarios. These two effects demonstrate the importance of considering 

exposure elements separately to vulnerability.These two effects demonstrate the importance of considering 

exposure elements separately to vulnerability as the hazard causes the effect of vulnerability to vary. 420 

The proportion of buildings with depths and pressures above the critical curve for each scenario is shown in Fig. 

12 for 150 mm0.15 m brick widths and Fig. 13 for 0.250 mm brick wall thicknesseswidths. Assuming a binary 

damage state model where damage is complete for depths–pressure combinations above the curve, these 

proportions can be used to directly represent building loss. For the thinner brickswalls, all class A0 buildings are 

above the curve for all scenarios with the exception ofapart from the 25 m3s-1 debris flow. The ‘East 1’ block is 425 
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not inundated in this scenario, resulting in two undamaged class A0 buildings. Class A and B buildings are also 

mostly destroyed, with the exception of lower flow rate hyperconcentrated and debris flow scenarios where some 

blocks are on the edge of inundation and therefore subjected to much lower depth–pressure combinations. Slightly 

fewer building losses occur with larger brick widths (Fig.  13) as the larger section modulus results in a greater 

resistance to bending moments. However, most buildings are still destroyed in Newtonian and hyperconcentrated 430 

flow scenarios. An exception to this is the 75 m3s-1 Newtonian flow where the highest pressure on the ‘East 1’ 

block occurs early in the simulation when the surge depth is low, reducing the magnitude of hydrostatic pressure 

and lowering the size of the applied moment. 

  

The building loss results indicate that class A0 buildings are most vulnerable, with class A buildings marginally 435 

stronger due to the roof support. Losses for type B buildings in this area are much lower; however, this appears 

to be more related to building exposure than structural strength as most type B buildings are located inare in two 

blocks subjected to lower depth–pressure combinations for allacross scenarios. Overall, similar to the observations 

in Jenkins et al. (2015), the data presented here suggests that building strength (i.e. the vulnerability component) 

has a minimal effect on losses, and building location (i.e. exposure) relative to flow rate and type (i.e. hazard) 440 

plays a much greater role(Jenkins et al., 2015) in determining loss. 

Limitations and Ddiscussion 

The losses shown in Figs. 12 and 13 are estimates based on severala number of assumptions that, while necessary 

for the estimation of building loss, could limit the accuracy of these results. Firstly, the depth-pressure curves are 

created using ultimate bending moments derived from a foreign standard and do not consider proportional losses, 445 

only assuming Losses in Figs. 12 and 13 assume damage is complete for depths and pressures above the critical 

curve. Second, the flow scenarios modelled here are a subset of likely scenarios and do not modelreplicate all 

damage causing actions of lahar flow. Finally, the maximum total pressure was assumed to be the sum of 

hydrostatic and dynamic pressure and to occur when dynamic pressure was at its peak. These limitations are 

discussed and justified in this section to highlight areas of improvement necessary for robust, quantitative 450 

estimation of lahar damage and vulnerability. 

Depth-pressure curves 

T The critical depth-pressure curve is the contour where the ratio of applied (pressure) moment equals the ultimate 

(failure) moment of a given masonry wall. The calculation of ultimate bending moments followed an Australian 

standard (AS3700-2011). Although bending moment calculations are similar for all national standards and 455 

material properties from Arequipa were used as inputs, the standard inherently assumes conformance to 

construction and design standards. This is demonstrated through the assumption of a minimum mortar strength of 

0.2 MPa. Page (1996)Page (1996) suggests this strength can be achieved with correct mortar composition (Page, 

1996)and laying,; however, lower strengths are possible if there is low conformance to design standards. The 

makeshift structures that characterise class A0 buildings are likely to have mortar bond strengths much lower than 460 

the implied minimum of 0.2 MPa. This mischaracterisation of mortar strengths for makeshift structures will result 

in an over-estimation of building strength and critical-depth pressure curves. Additionally, the depth-pressure 
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curves assume a binary damage state, where failure is total when the applied (pressure) moment equals the ultimate 

(failure) moment. This neglects incremental damage states that require building repair (e.g. to doors or windows) 

and can cause a reduction in the overall building strength.  465 

Both of theseBoth of these assumptions will result in an under-estimation of loss if violated. Most of the flow 

scenarios caused depths and pressures that exceeded critical curves by a large margin and resulted in an almost 

total loss; conversely, flow scenarios that did not result in total or near-total losses usually had depths and pressure 

values that were well below the critical curves. This suggests that these assumptions are not critical to the results 

shown here, buty may be important to consider in other case study areas.  470 

Flow scenarios 

 

The twelve flow scenarios were chosen to understand the effect of hazard properties (flow rate and rheology) on 

total loss. These scenarios may not represent any specific lahar event for Qda. Dahlia. Rather, scenarios were 

chosen to be representative of the range of lahar rheologies and flow rates that can cause building damage in 475 

Arequipa. The chosen flows have similar characteristics to observed lahars and lahar deposits (Thouret et al., 

2013) and are therefore reasonably representative of the lahar hazards expected in Arequipa.  

However, damage caused by these hazards may not be representative as  only the direct actions of hydrostatic and 

dynamic pressure were considered in this study. 

 480 

 Given that only direct actions are considered in this study, the curves likely form an upper bound to complete 

damage and depth–pressure combinations below the curve may still result in building damage through other 

mechanisms. While direct actions are regarded as the most important source of damage, they are also favoured in 

risk assessment due to the large scale predictability of hydrostatic and dynamic forces (Kelman and Spence, 2004). 

Damage is likely to also be caused by scour and large debris missiles within the flow (Jenkins et al., 2015). In 485 

particular, boulders are often carried by lahars at the flow front  (Iverson, 1997; Doyle et al., 2011) and can lead 

to significant damage (e.g. Zeng et al., 2015). However; these actions are harder to predict and incorporate into 

large scale loss analyses (Kelman and Spence, 2004). These unstudied actions are generally proportional to depth, 

pressure or velocity, indicating that there may be a relationship between the ratio of applied to ultimate moment 

and damage through other actions.  490 

 

Given that only direct actions are considered in this study, the curves likely form an upper bound to complete 

damage, and depth–pressure combinations below the curve may still result in complete building damage through 

other mechanisms. However, comprehensive data on loss events would be required to accurately refine the damage 

state model into several different damage states that consider the effect of other actions. 495 

Pressure actions 

Pressure surges observed in the simulation occurred over too short a duration to allow for equalisation of 

hydrostatic pressure between the inside and outside of buildings. As a result, bBoth hydrostatic and dynamic 

pressures were considered in bending moment calculations. SSlower increases in depth,  or buildings with a large 

number ofmany openings and the location of buildings relative to the channel can could result ialso affect the n 500 
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an eequalisation of water lahar depths and reducecause the effect of hydrostatic pressure to be negligible. 

However, lahar depth would still be an important factor to consider in building damage estimation as it still 

controls location of the bending moment and can cause damage through other actions (e.g. inundation damage, 

buoyancy, corrosion). 

 505 

The applied depth at the time of maximum pressure was used here to create the depth-pressure combinations to 

determine building loss. This ‘surge depth’ was not necessarily the maximum depth of the lahar during the 

simulation. Maximum depths generally occurred at later times in the simulations when hydrostatic pressure may 

have equalised inside and outside buildings. This assumption of ‘surge depth’ was valid for most cases, although 

the losses for the 75 m3s-1 Newtonian flows indicate that this approach can be too simplistic at times. The 510 

complexity of lahar flows within urban environments with intricate geometry and obstacles similar to the case 

study area means that broad generalisations and assumptions about flow dynamics, such as the assumption of a 

‘surge depth’, are often limited in their validity.  

Discussion 

The combination of pressures applied to each block in the study area created bending moments that, with few 515 

exceptions, were much higher than the maximum moment buildings could withstand. The limitations identified 

in previous sections generally over-estimate building strength and resilience to lahars which would result in 

greater damage than predicted here. The estimated building losses (Figs. 12 and 13) therefore represent the 

minimum expected losses for each flow scenario with damage likely to be more severe due to additional damage 

actions (e.g. boulders impacting structures) and the over-estimation of building quality, particularly for class A0 520 

buildings.  

When inundated, blocks in this study area are subjected to depths and pressures higher than the strongest structural 

class buildings can withstand. Specific improvements to reduce vulnerability, such as adding roof support and 

utilising reinforced frames comprised of equally spaced RC columns will increase the overall strength of buildings 

by reducing the slenderness ratio (equation A6). Wider masonry units (brickwall thickness width) and stronger 525 

mortar joints will also increase the overall building strength by increasing wall stiffness and therefore resistance 

to bending moments. However, this increased structural strength appears to only reduce losses in very low flow 

rate scenarios where there is proportionally less inundation. This suggests that while each component of risk has 

a role in determining overall building losses, the variability in individual losses appears to be predominantly 

caused by flow dynamics (i.e. lahar hazard) and building exposure (e.g. proportion of building types and 530 

orientation within blocks).  

The building type, flow rate and flow type appear to have a large effect on overall building losses (Figs. 12 and 

13); however, the variability in individual building losses appears to be predominantly caused by flow dynamics 

and building exposure (e.g. proportion of building types and orientation within blocks) 

. This suggests that urban flow environments may be too complicated to directly estimate flow behaviour from 535 

observed building losses.  
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Conclusion 

Development of fragility functions in the form of critical depth-pressure curves for building classes within 

Arequipa have helped to provide insight into possible building losses and their cause. Building vulnerability is 

largely controlled by social, cultural and institutional factors (Künzler et al., 2012), so the depth-pressure curves 540 

are necessarily specific to Arequipa building typologies. However, given sufficient data on building strength, 

depth-pressure curves can be generated through the same approach as in Appendix A and used to  quantify 

masonry building loss in terms of flow depth and pressure in other areasregions.  

The eEstimated building losses (Figs. 12 and 13) are caused by the intersection of lahar hazard (flow rate, flow 

type) with building exposure (location, proportion of building types and orientation within blocks) and 545 

vulnerability (building type and strength). The almost total simulated building loss for all scenarios indicates that 

that the quality of buildings is insufficient in this area and that substantial losses can be expected in the event of 

inundation. Furthermore, lahar depths and pressures obtained from simulations were much greater than those most 

buildings in the study area could withstand, even if retrofitting to improve structural strength was undertaken. 

This suggests that, in this study area at least, exposure and lahar hazard have a larger role in determining building 550 

loss compared to vulnerability. As inundation level is controlled by lahar volume, rheology and building exposure, 

these factors are therefore the most important in determining damage in this study area. Vulnerability can be 

decreased by increasing the structural strength of buildings through retrofitting building structures to improve 

quality. Specific improvements such as adding roof support and utilising reinforced frames comprised of equally 

spaced RC columns will increase the overall strength of buildings by reducing the slenderness ratio (equation 6). 555 

Wider masonry units (brick width) and stronger mortar joints will also increase the overall building strength by 

increasing wall stiffness and therefore resistance to bending moments. However, the increased structural strength 

appears to only reduce losses in very low flow rate scenarios where there is proportionally less inundation.  

The approach demonstrated here, while focusing on building typologies in Arequipa, can be generalised to 

quantify masonry building loss in terms of flow depth and pressure in other areas. However, sufficient data on 560 

building strength is often not readily available on a large scale and demonstrates the need for focused studies  in 

high risk areas affected by lahars. This also highlights the complementary relationship between large-scale 

vulnerability indices and direct vulnerability-damage relationships. Large-scale indicators of vulnerability can 

locate areas in need of focused study and loss analysis. Detailed modelling of vulnerability, shown here, can be 

used in turn to refine the indices in order to focus on the most relevant indicators of damage.  565 

Appendix A. Calculating ultimate bending moment and shear force 

The ultimate bending moment (Mu ) and ultimate shear force (Vu) is calculated using the following equations 

(Roos, 2003): 

𝑀𝑢 = (𝑓𝑡 + 𝑓𝑑)
𝑤𝑏2

6
       (A1) 

𝑉𝑢 = 𝑓𝑣𝑤𝑏       (A2) 570 

where ft is the tensile strength of the masonry wall, fd is the design compressive stress acting on the wall, w is the 

width of the wall facing the flow and b is the thickness of the wall. The shear strength of the masonry wall (fv) is 

related to the tensile and compressive stress through (Roos, 2003): 

𝑓𝑣 = 0.5𝑓𝑡 + 0.5𝑓𝑑      (A3) 
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The tensile strength is assumed to be 0.2 MPa as, according to AS3700-2011, the tensile strength should be no 575 

greater than this value without testing..  The wall thickness, b, is between 150 and 250 mm for terracotta bricks 

(Martelli, 2011) and is assumed to be similar for ignimbrite bricks observed in the study area. The design 

compressive stress, fd, can be determined by calculating the vertical forces (i.e. building weight) acting on the 

walls. This can be estimated from building properties such as number and weight of floors, weight of the masonry 

and building design (e.g. Roos, 2003). However, such detailed building data is lacking here and carries 580 

considerable uncertainty for a heterogeneous urban area with varied construction materials, building ages and 

designs such as Arequipa. Instead we use the design compressive capacity ( fo), specified in AS3700-2011, to 

determine the design compressive stress: 

𝑓𝑜 = 𝜙𝑓𝑐𝐴𝑏       (A2) 

𝑓𝑑 = 𝑘𝑓𝑜       (A3) 585 

where fc is the characteristic compressive strength of the masonry, ϕ is the capacity reduction factor, Ab is the 

bedded area of the masonry (brick width × length) and k is a reduction factor based on the wall design. The 

characteristic compressive strength is determined using the unconfined compressive strength tests of Martelli 

(2011) on building materials sourced from Arequipa. Presuming the mortar is of relatively low quality (M2), the 

characteristic compressive strengths (according to AS3700-2011) are 3.8 MPa for ignimbrite masonry and 590 

between 3.5 and 4.54 MPa for terracotta masonry. The slenderness reduction factor, k, describes the susceptibility 

to buckling. Following AS3700-2011, this factor is calculated as 

𝑘 = 0.67 − 0.02(𝑆𝑟𝑠 − 14)      (A4) 

for buildings with a reinforced concrete roof or floor (i.e. typologies 3-6C), and 

𝑘 = 0.67 − 0.025(𝑆𝑟𝑠 − 10)      (A5) 595 

for buildings with other roof or floor supports (typologies 1-2). This factor requires a calculation of the slenderness 

ratio, Srs: 

𝑆𝑟𝑠 =
𝑎𝑣𝐻

𝑘𝑡𝑏
        (A6) 

where H is the height between floors or supports, taken as 2.8 metres for reinforced concrete type buildings and 

3 metres for non-reinforced buildings (Martelli, 2011). The vertical slenderness coefficient, av, is determined from 600 

the lateral support along the top edge of the wall. Walls with roof support (types 3-6C) have a coefficient of 1, 

while unsupported walls (types 1A-2B) act as a cantilever and have a coefficient of 2.5. Considering the thinnest 

bricks, the slenderness coefficient is negative for building types 1A-2B as the design is out of the range of those 

considered in AS3700-2011. Acknowledging the low strength of these frequently makeshift structures, the 

slenderness coefficient is therefore set to 0.01. The thickness coefficient, kt, takes into account the strength of 605 

supporting columns. This coefficient is set to 1 for non-reinforced frame buildings and is dependent on the spacing 

and thickness of reinforced beams within the masonry for reinforced buildings. Estimates of the spacing and 

thickness suggest that the coefficient will be between 1.4 and 2 for type 6A-6C buildings and between 1 and 1.2 

for type 4 buildings. The large spacing between reinforced columns and their relative width, pictured in Thouret 

et al. (2014), are responsible for the much lower coefficients assigned to type 4 buildings. 610 
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Figure 1. Location of Arequipa in relation to El Misti volcano, showing the main quebradas and the location of the 

Quebrada Dahlia study area. 
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 785 

Figure 2. Overview of Quebrada Dahlia study area, Arequipa, (a) aerial image with black outline showing study area, 

dashed outline showing channel banks and transparent lines showing streets in the area, (b) photogrammetric 

reconstruction of the surface and (c) individual buildings and building blocks identified from building surveys.  



 

51 

 

 

 790 

Figure 3. Range of design compressive stress for building types 1A - 6C defined in Thouret et al. (2014). Compressive 
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stress capacity was calculated for every configuration of compressive strength (fc), bedded area (Ab), and thickness 

coefficient (kt) at brick widths (b) of 150 mm and 250 mm. 
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Figure 4. Critical depth and dynamic pressures for failure of building structural classes A0, A and B for brick widths 

of 0.15 m (top) and 0.25 m (bottom). Shading of the lines indicate flow type and density, dotted lines and dashed lines 

represent the minimum and maximum forces required. Densities are for a Newtonian flow (NF, ρ = 1000 kg∙m-3), hyper-800 
concentrated flow (HCF, ρ = 1500 kg∙m-3) and debris flow (DF, ρ = 1915 kg∙m-3).  
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Figure 5. Evolution of dynamic pressure and velocity magnitudes for a 75 m3s-1 flow along Quebrada Dahlia for a 

Newtonian flow (NF), hyperconcentrated flow (HCF) and debris flow (DF). Arrows indicate North (green) and East 

(red) direction. 
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Figure 6. Directional components of dynamic pressure for a 75 m3s-1 flow along Quebrada Dahlia for a Newtonian flow 

(NF), hyperconcentrated flow (HCF) and debris flow (DF).  Maximum pressure is 25 kPa for magnitude and N-S 

pressures, 10 kPa for E-W pressure. 815 

  



 

59 

 

Figure 7. Comparison of mean pressure magnitude (grey lines) and mean normal pressure (black lines) on block ‘West 

2’ in the parallel and perpendicular orientations for a 75 m3s-1 flow along Quebrada Dahlia.  
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820 
Figure 8. Mean normal pressures applied to each city block in the perpendicular and parallel orientations for a 75 m3s-

1 flow. 
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Figure 9. Critical depth-pressure curves for building classes A0, A and B subjected to Newtonian flow. Peak normal 

pressures and corresponding depths applied to each city block are plotted as points for each flow rate.  
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Figure 10. Critical depth-pressure curves for building classes A0, A and B subjected to a hyperconcentrated flow. Peak 

normal pressures and corresponding depths applied to each city block are plotted as points for each flow rate.  
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Figure 11. Critical depth-pressure curves for building classes A0, A and B subjected to a debris flow. Peak normal 

pressures and corresponding depths applied to each city block are plotted as points for each flow rate.   
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Figure 12. Building loss fraction for all flow scenarios where buildings assumed to have a brick width of 0.15 m. 

 

Figure 13. Building loss fraction for all flow scenarios where buildings assumed to have a brick width of 0.25 m. 
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Tables 

Table 1. Individual building type and vulnerability classes for each block in the Quebrada Dahlia study area. Block ID 

increases from north to south. 

 

Table 2. Building types and simplified structural classes from Thouret et al. (2014) (Thouret). 850 

Typology Building description Simplified structural class 

1A Unreinforced masonry of lapilli, ignimbrite or terra cotta with no 

roof support structure (i.e. metal sheet roof) 

A0 

1B A0 

2A A0 

2B A0 

3 Terra cotta masonry with reinforced concrete roof. A 

4 Terra cotta masonry with reinforced concrete frame and roof. B 

5 Historical ignimbrite building with mortar. A 

6A Ignimbrite masonry with reinforced concrete elements or 

modifications. 

B 

6B B 

6C B 

  

 

Table 3. Density, particle concentration and rheology coefficients for hyperconcentrated streamflow and debris flow 

simulations, taken from Govier et al. (1957); Julien and Lan (1991). 

Flow type Density (kg 

m-3) 

Particle concentration 

by volume (%) 

Yield strength 

(τy, Pa) 

Viscosity (μ, 

Pa s) 

Dispersive stress 

coefficient (α) 

Hyperconcentrated 

streamflow 

1500 30.3 0.94 0.0137 1.28 × 10-5 

Fine-grained, matrix 

supported debris flow 

1915 55.5 0.672 0.0485 0.00224 
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Block ID Type Structural class 

 

Structural class Type ID Block 

West 1 

1 1A A  A0 2A 1 

East 1 2 1A A0  A0 2A 2 

3 4 B  A 3 3 

4 4 A0  A0 1B 1 

East 2 
5 2B A0  A 3 2 

6 3 A  A0 1B 3 

7 4 B  A0 1A 4 

West 2 

1 4 B  B 4 1 

East 3 

2 4 B  A 3 2 

3 4 B  A 3 3 

4 4 B     
5 3 A      
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