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Abstract—Rapid assessment of building vulnerability 

and risk is very useful, especially if based on sound 

engineering principles as opposed to expert opinion alone. 

A tsunami relative risk index (TRRI) has recently been 

proposed for hospital buildings based on such an 

approach. This study extends the concept to reinforced 

concrete school buildings. Two typical plan forms of 

school buildings were explored, each of two and three 

storey height. The criterion for overall structural failure 

was the shear capacity of columns; for scour, the number 

of footings undermined; and for debris impact, the shear 

capacity of corner columns. Of the parameters explored, 

the inundation depth and flow velocity were found to have 

the greatest influence on TRRI, while building type, 

building height and flow direction had much smaller 

influence. Debris impact was the governing risk at low 

inundation depths (around 1m), with scour at medium 

depths (around 3m) and overall structural shear failure 

at higher depths (around 5m). 

Keywords—Tsunami; Relative Risk Index; School buildings; 

Structure; Scour; Debris. 

I. INTRODUCTION  

The development of reliable approaches to assess the likely 

performance of structures in tsunami risk areas has received 

considerable attention over the years [e.g.,1,2,3]. The rather 

well known Papathoma Tsunami Vulnerability Assessment 

(PTVA) [1], while claiming to measure vulnerability (which 

is strictly a property of the structure alone), is in fact a risk 

measure, since it seeks to quantify aspects of vulnerability, 

exposure, and the tsunami hazard. It is also based on expert 

surveys and not directly on engineering principles. Hasalanka 

et al. [2] recently proposed an index for vulnerability alone, 

and argued for its superiority over the PTVA method, in 

particular because of the greater discriminatory power of their 

index. Separately, Dias and Edirisooriya [4] proposed ways 

of introducing coupling between inundation depth and 

construction material into the PTVA model.  The best attempt 

at risk indices for tsunami hazards to date is arguably by 

Baiguera et al. [3], since they use physics-based approaches, 

guided largely by the provisions of ASCE/SEI 7-16 [5]. This 

present paper is an extension of this last-mentioned approach. 

The educational sector is a crucial part of a country, given 

that it caters to its children who represent its future; and also 

because it makes possible significant social mobility. 

Therefore, research investments for developing methods to 

assess risks to school buildings are highly justifiable, as is the 

case for hospital buildings [3]. Despite the fact that Sri 

Lankan school buildings have not been designed against 

tsunami inundation, most of the two and three storey 

reinforced concrete buildings performed very well against the 

2004 Indian Ocean tsunami. None of them experienced 

complete collapse, although some of them had their end bays 

collapsing, resulting from the undermining of foundations 

due to scour [6]. As such, it would be instructive to formally 

assess these buildings and use qualitative evidence from the 

2004 performance to validate the assessment methodologies. 

Most school buildings around the world, including in Sri 

Lanka, tend to be constructed to a limited set of type plans. 

Hence, it would make sense to perform numerical modelling 

on these limited type plans and use the results for information 

about the risk to buildings. Such analyses have in fact been 

done on the most common reinforced concrete school 

building type in Sri Lanka – namely a two-storey structure 

with nine bays and two rows of 10 columns along its 

longitudinal perimeter [7]. In this paper however, it is the 

Tsunami Relative Risk Index (TRRI) that is explored, since 

it is a rapid assessment technique that can be easily deployed 

[3]. The results of this TRRI approach can be compared both 

with the observations after the 2004 tsunami [6] and with the 

numerical approach used [7]. 

The TRRI approach for hospital buildings [3] incorporated not 

only the performance of the building, but also that of facility 

functionality (e.g., inundation of ground floor hospital units 

would put them out of commission even though the building 

was not compromised); and of critical systems (e.g., the 

resilience of the electricity, water, telecommunication, and 

medical gas systems among others). Where school buildings 

are concerned, the immediate functionality and critical 

systems are not very important. However, building integrity is 

crucial if the disruption to the educational process is to be 

minimized. Three main ways in which the building is at risk 

through tsunami events have been identified [3]; namely the 

overall structural behaviour, the undermining of foundations 

via scour, and the threat to columns through debris loading. It 

is the relative risk indices for these three components that are 

computed in this paper. 

The main objectives of the present research can therefore be 

identified as (i) computing the three different components of 

building risk (and thence the overall risk index) due to tsunami 

for different school building types with differing numbers of 

storeys; and (ii) evaluating the relative influence on the risk 

index of inundation depth, flow velocity, building type, 

building height and flow direction. 



II. METHODOLOGY   

A. Parameters investigated  

The methodology follows that in Baiguera et al. [3], the main 

elements of which are described below. The two different 

reinforced concrete building types investigated are shown in 

Figs. 1 and 2; they have 20 columns (Type 1) and 30 columns 

(Type 2) respectively. Two storey and three storey 

configurations of these types were explored. The main 

structural features are as follows: column dimensions = 

225mm x 225mm (reinforced with 4T16 for 2 storeys and 

4T20 for 3 storeys); storey height = 3.0m; transverse beams 

= 550mm x 225mm (3T25 bottom & 2T20+1T16 top) for 

Type 1, and 400mm x 225mm (3T20 bottom & 2T20+1T16 

top) for Type 2; longitudinal beams = 300mm x 225mm 

(3T16 bottom & 3T12 top); concrete grade (fck) = 20 MPa; 

reinforcement yield strength = 460 MPa. The pad footings 

(typically 1200 to 1350 mm SQ x 400mm with T10@250 

BW) are assumed to be founded at a depth of 1.5m in 

cohesionless soil. 

 

 

Fig.1: Building Type 1 

 

 

Fig. 2: Building Type 2 

 

Three different tsunami inundation depths were considered, 

namely 1m, 3m and 5m depths, typically observed in the 2004 

tsunami. The flow velocity was represented by two different 

Froude numbers, namely Fr = 1, which could be seen as a 

reasonable upper bound, and Fr = 0.61, taken as a lower 

bound from the literature [8]. The configurations were tested 

for flow in the longitudinal (X) and transverse (Y) directions. 

For X-direction flow, a large hydrodynamic force is attracted 

by the solid masonry end walls that characterize these 

buildings. The flow in the Y-direction is much less impeded 

by building elements, and mostly by the columns. It is 

assumed however, that all rows of columns - front, rear and 

internal (for Type 2 buildings) - attract tsunami loading. 

When the inundation depth exceeds the ground floor height, 

the first-floor longitudinal beams (once again both front and 

rear) also attract tsunami loads. 

 

B. Index for structural performance (RRIstruct) 

Hydrodynamic impact on the lower floors of buildings under 

tsunami loading would cause large shear forces on the 

columns; this would be the failure precipitating phenomenon 

[9,10]. The short (parapet) walls along the longitudinal 

direction are assumed to fail quickly and not transfer force to 

columns. The index for structural performance is simply the 

hydrodynamic force exerted by the tsunami (FTSU) divided by 

the total shear capacity of all columns, QC. The calculation 

procedure is given in detail elsewhere [3], based on the 

provisions of ASCE/SEI 7-16 [5]. We can thus obtain the 

index RRIstruct as  

 

RRI������ =
	
��

�
                                                            (1) 

Although this risk index should lie between zero and unity 

[3], for the purposes of this present work, the index is allowed 

to exceed unity. This is done because the relative importance 

of the various factors are compared on the basis of averaging 

across all cases; and a case where this RRI exceeds unity 

should be allowed to contribute to the average TRRI 

corresponding to the various parameter values explored.  This 

is one difference from the procedures in ref. [3]. The shear 

strength properties of the reinforced concrete columns are 

based on the provisions of Eurocode 2 [11]. These include the 

shear capacity enhancement of a column cross section due to 

preloading from upper storeys, with the shear stress capacity 

increased by 0.15 times the vertical stress. When upper 

storeys are partially submerged (i.e. at a 5 m inundation 

depth), the reduction in prestress due to the submerged 

density of the inundated components has been accounted for. 

This shear strength enhancement of columns can be seen as 

an improvement on the procedures in ref. [3]. 

 

C. Index for stability against scour (RRIscour) 

It was scour that in fact caused the partial collapse (i.e. two 

end bays) of these school buildings in the 2004 tsunami [6]. 

The ASCE [5] provisions suggest a scour depth that is equal 

to 1.2 times the inundation depth, subject to a maximum of 

3.66m. This will occur at seaward corner columns. However, 

other columns along the perimeter will also run the risk of 

being undermined for a length of 3 times the scour depth for 

cohesionless soils [5]. The scour depth along this length will 

of course reduce progressively, and a linear decrease in depth 

with length can be assumed [3]. Using these assumptions, the 

number of foundations whose 1.5 m founding depth is 

exceeded by the corresponding scour depth can be found. We 

can thus obtain the index RRIscour as the ratio between the 

undermined columns and the total number of columns, i.e. 

 

RRI����� =
������

��
                                                          (2) 

This formulation is simpler to that in ref. [3], because the 

percentage of columns that could be undermined is well 

below 50%, as explained later. The index is also used herein 



to reflect the risk of partial collapse for these relatively long 

school buildings, in addition to reflecting overall risk. So 

even if RRIscour is relatively low, there could in fact be partial 

collapse - as observed in the 2004 tsunami [6] - whereas a 

similarly low RRIstruct may not result in any collapse at all.  

 

D. Index for debris impact (RRIdebris) 

Another mode of partial collapse could arise due to debris 

impact. This is very difficult to envisage, since debris could 

be of various forms and mass, and it is impossible to predict 

the number of columns that could be affected. It would be 

reasonable to assume however that the seaward corner 

columns would once again be the ones impacted. In the 

absence of any other information, the impacting object can be 

taken as a ‘standard’ log with a weight of 454 kg and stiffness 

of 61,300 kN/m [5]. The procedures in Baiguera et al. [3] can 

be adopted to determine both the impacting force and column 

resistance; and to determine if the latter would be less than 

the former, leading to localized failure (as in the case of scour 

failure). The index RRIdebris can be obtained as the ratio 

between collapsed columns and total number of columns, i.e. 

 

RRI������ =
�������

��
                               (3) 

 

The final TRRI for the building is taken as the maximum RRI 

value from the three separate possible modes of failure. In 

other words, the individual risks are combined by using their 

maximum value, i.e.: 

TRRIbldg. = max (RRIstruct, RRIscour, RRIdebris)              (4) 

 

III. RESULTS & DISCUSSION   

A. Typical risk profile 

Table I gives the TRRI results for the building type T-1-(2), 

which is probably the most common school building type in 

Sri Lanka – i.e. a reinforced concrete building with 20 

columns and two storeys. Note that the following will be used 

in the discussion of results. 

 

T-1-(2): Type 1 two storey building 

T-1-(3): Type 1 three storey building 

T-2-(2): Type 2 two storey building 

T-2-(3): Type 2 three storey building 

Fr: Froude Number (either 1.0 or 0.61) 

X: Tsunami flow in the longitudinal (X) direction 

Y: Tsunami flow in the transverse (Y) direction 
 

Table I gives the RRI values for the three potential failure 

modes, namely overall structure, scour undermining and 

debris impact, for various combinations of inundation depth, 

flow direction and Froude number. The effect of flow at an 

angle to the X or Y directions can be computed via the 

relevant orthogonal velocity and hence force components, but 

has not been considered herein.  

The first thing to note is that the governing mode is debris 

impact at a low inundation depth of 1m. The TRRI is low 

however, and would lead to local failure at worst. It may not 

even result in partial collapse. At medium inundation depths 

(i.e. 3m), the dominant mode is scour for Fr = 0.61 and overall 

structural failure for Fr = 1.0. Scour failure can of course lead 

to partial collapse, as has been observed [6]. The fact that 

RRIscour does not exceed 0.3 (still a fairly low value) signifies 

that the partial collapse is localized; and the structure may 

only require partial as opposed to total reconstruction. 

 

TABLE I: RRI VALUES FOR TYPE 1 TWO STOREY BUILDING  

 

At 5m inundation depth however, it is the risk of overall 

structural failure that is the governing mode. In some cases, 

the TRRI value significantly exceeds unity too – something 

that is conceptually rather flawed, because a risk index should 

range only from zero to unity. As explained before however, 

the computed value is retained (rather than limited to a 

maximum of 1.0) in order to contribute to subsequent 

averaging across all cases, used to explore the relative 

influence of the various parameters considered. In cases 

where TRRI is around 0.5, there may still not be overall 

collapse. However, partial collapse due to scour undermining 

could still take place [6]. It is also evident that values in 

excess of 1.0 for TRRI have been obtained only for the Fr = 

1.0 case. Since overall collapse of structures was not 

observed in the 2004 tsunami, although partial collapse due 

to scour was [6], it may be surmised that the tsunami flow in 

Sri Lanka during the 2004 tsunami was characterized by a 

Froude number closer to 0.6 rather than 1.0. The numerical 

study [7] also revealed that inundation depths in excess of 5m 

could be sustained by the T-1-(2) type building at a Froude 

number of 0.6. 

Where flow direction is concerned, the RRI for overall 

structural failure is always greater in the X-direction 

compared to the Y-direction until the depth exceeds 3m, 

whereupon the above is reversed. This is probably due to the 

first-floor elements coming into play above that depth and 

attracting a correspondingly greater hydrodynamic force. In 

the numerical study [7] the X-direction flow was more critical 

at higher depths too, but that is probably because the half-

storey height infill walls oriented in the X-direction 

precipitated column shear failure at lower loads. This effect 

of infill walls is not taken into account in the TRRI. 

Depth Dir Fr RRIstruct RRIscour RRIdebris TRRIbldg 

1m 

X 
1.00 0.05 0.0 0.1 0.10 

0.61 0.02 0.0 0.1 0.10 

Y 
1.00 0.03 0.0 0.1 0.10 

0.61 0.01 0.0 0.1 0.10 

3m 

X 
1.00 0.45 0.3 0.1 0.45 

0.61 0.17 0.3 0.1 0.30 

Y 
1.00 0.30 0.2 0.1 0.30 

0.61 0.11 0.2 0.1 0.20 

5m 

X 
1.00 1.30 0.3 0.1 1.30 

0.61 0.50 0.3 0.1 0.50 

Y 
1.00 1.40 0.2 0.1 1.40 

0.61 0.54 0.2 0.1 0.54 



The risk of scour failure never exceeds 0.2 in the Y-direction, 

because there are only 2 columns in line in that direction, and 

the undermining of 2 columns on either side (4 in total) out 

of a total of 20 columns will yield an RRI of 0.2. In the X-

direction however, where there are ten columns in line, more 

can be undermined. Here too, there is an upper limit of 0.3 

for RRI (3 columns on either side being undermined), 

because an upper limit of 3.66 m for scour depth is assumed, 

following ASCE guidelines [5]. See Fig. 3, taken soon after 

the 2004 tsunami [6], which in fact shows 3 undermined 

footings, for flow in the longitudinal direction. The risk due 

to scour would be greater if both sides are undermined 

simultaneously; and it is this greater risk that is presented in 

Table 1. The general trends observed in Table I are similar 

for the other building types and numbers of storeys. 

 

 

 
 
Fig. 3: Three undermined footings after the 2004 tsunami (from [6]) 

 

B. Influence of parameters  

A total of 48 cases in all were investigated, 12 of which are 

presented in Table I. The influence of the various parameters 

was studied by averaging across all the cases that involved 

the parameter of concern; so for example, there were 24 cases 

each for both X and Y directions; and also for Froude 

numbers 1.0 and 0.61. Fig. 4 gives a comparison of the 

influence of flow direction. As indicated above, the TRRI for 

X-direction flow is greater than for Y-direction flow apart 

from those for the 5m inundation depths. Taken as a whole 

however, the Y-direction flow appears to be more critical 

than that for the X-direction; but the difference is small. 

Hence the influence of flow direction can be argued as being 

minimal. 

Fig. 5 on the other hand shows the influence of Froude 

number, where a significant variation can be observed, with 

the average TRRI for Fr = 1.0 being more than double that 

for Fr = 0.61. The significant effect of Froude number can 

also be perceived in Table I. This shows the importance of 

this parameter, which in fact reflects tsunami velocity. It 

should be noted that most studies relating to fragility curves 

[e.g. 12] or damage functions [e.g. 4] use only inundation 

depth as the demand parameter. While this is convenient, Fig. 

5 indicates that tsunami velocity also needs to be taken into 

account, as also demonstrated by Del Zoppo et al. [7]. 

 

 
Fig. 4: Influence of flow direction on average TRRI (y-axis) 

 

 

 

Fig. 5: Influence of Froude number on average TRRI (y-axis) 

 

The most significant influence on average TRRI is however 

the inundation depth, as seen in Fig.6. This shows that the 

average TRRI increases threefold for an inundation depth 

variation from 1m to 3m; and threefold again from 3m to 5m, 

constituting a ninefold variation overall for the parameter 

range studied. This then provides the reason why inundation 

depth is in fact treated as the dominant influencing factor in 

fragility and damage curves. It should be noted that the ranges 

for Froude number are unlikely to be outside the range 0.42-

1.2 [13]; and this present study has used values close to the 

boundaries of that range. Inundation depths of course can 

significantly exceed 5m, but even the well-known PTVA 

method [1] (index based as in our case) also uses changing 

scores only within the range 0m to 4m, plus a single score for 

depths exceeding 4m. Note that the effect of inundation depth 

on the PTVA index is purely linear with depth [1]; whereas 

the TRRI, more realistically, varies non-linearly. 

Finally, Fig.7 indicates the effect of both building type and 

number of storeys. Here too the influences are not as 

significant as for inundation depth and Froude number. As 

expected, three storey configurations perform better than two 

storey ones, because of the greater preloading on ground floor 

columns and the resulting increase in ground floor column 
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shear strength. Also, as seen in Fig. 7, Type 2 buildings with 

30 columns perform better than Type 1 buildings with 20 

columns. But these differences are not as great as expected – 

in part, because the additional columns attract additional 

hydrodynamic load as well, for Y-direction loading. It should 

be noted that the average TRRI for T-2-(2) (two storey with 

30 columns) is similar to that for T-1-(3) (three storey with 

20 columns). This could be an argument for reducing risk via 

increasing the number of storeys rather than the number of 

columns, since the former would result in additional 

classroom space as well. 

 

 

Fig. 6: Influence of inundation depth on average TRRI (y-axis) 

 

 

 

Fig. 7: Influence of building type and number of storeys on average TRRI 

(y-axis) 

 

C. Discussion on physics based approaches  

The above results obtained through the TRRI correspond to 

qualitative observations during the 2004 Indian Ocean 

tsunami [6], because the TRRI is essentially a physics-based 

model. They are also broadly consistent with numerical 

analyses [7]. The TRRI is thus able to provide realistic 

assessments of the relative influences of parameters, and also 

to uncover the most likely mode of failure. The other type of 

approach is one based on expert opinion [1,2]. While these 

may allow the coverage of a greater number of effects (e.g. 

shielding), they may result in unrealistic predictions outside 

the contexts in which they were developed. For example, the 

PTVA approach [1] treats as identical the risk from all 

inundation depths in excess of 4 m, and cannot discriminate 

between the risk at that depth and much higher ones. Also, its 

granularity is coarse, for example subsuming all construction 

elements under a factor for construction materials (e.g. 

reinforced concrete). Approaches such as TRRI would 

employ the actual inundation depth, and the calculated shear 

resistance of the specific concrete columns concerned. They 

do of course require greater computational effort, although 

not as much as required by finite element analyses. 

Given that many school buildings all over the world tend to 

get constructed to a fairly limited set of type plans, such finite 

element analyses may indeed be warranted [7]. TRRI 

approaches on the other hand are particularly appropriate for 

say hospital buildings, which tend to vary in their structural 

features. It is for such hospital buildings that the TRRI was in 

fact developed [3]; and used not merely to assess the risk to 

the buildings themselves, but also to functionality (i.e. risk of 

inundation) and to operationality (i.e. risk to essential 

services such as electricity, water supply, telecommunication 

and medical gases). Nevertheless, this paper has 

demonstrated that the application of the TRRI approach to 

school buildings can indeed yield useful insights. 

. 

IV. CONCLUSIONS 

The use of a physics based TRRI approach was able to give 

valuable insights regarding (i) the mode of failure that was 

most likely to occur; and (ii) the relative importance of the 

parameters explored. The results obtained were also broadly 

consistent with observations during the 2004 Indian Ocean 

tsunami [6] and with the findings of numerical analyses [7]. 

Debris impact is the governing mode of likely failure at a low 

inundation depth of 1m, although the TRRI is low, and also 

constitutes local failure at worst. At medium inundation 

depths (i.e. 3m), the dominant mode is scour for Fr = 0.61 

flow and overall structural failure for Fr = 1.0 flow; and scour 

failure has been found to lead to partial collapse [6]. At 5m 

inundation depth however, it is the risk of overall structural 

failure that is the governing mode; although here too partial 

collapse due to scour could occur, without overall failure. 

The greatest influence on TRRI is inundation depth, with the 

index increasing ninefold from a depth of 1m to 5m in a 

nonlinear fashion. The next most significant factor is Froude 

number, with TRRI doubling from Fr = 0.61 to Fr = 1.0. 

These findings explain why (i) inundation depth is still the 

most commonly used forcing function for the production of 

fragility and damage curves; but (ii) there are nevertheless 

recommendations and attempts to include tsunami velocity in 

the modelling of fragility and damage. 

Type 2 buildings (with 30 columns) yielded lower TRRI 

values than Type 1 buildings (with 20 columns), but not by a 

very significant amount. Similarly, three storey buildings had 

lower TRRI than two storey ones, but once again not by 

much. Average TRRI values suggest that risk could be 

reduced by a similar amount either by increasing the number 

of floors or columns; but the former would be more beneficial 

with respect to utility. Finally, longitudinal direction flow 



was more critical at inundation depths up to 3m, but 

transverse direction flow at higher depths. Overall however, 

the direction of flow was also not a factor of significant 

influence. 
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