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Abstract 11 

The failure of hospitals in recent tsunami have caused extensive social and economic losses. A 12 
simple but quantitative approach is required to assess the resilience of healthcare systems to 13 
tsunami, which relates not only to hospital building integrity, but also on maintaining hospital 14 
functionality. This paper proposes a new tsunami relative risk index (TRRI) that quantifies the 15 
impact of tsunami on critical units (e.g. Intensive Care Unit, Maternity Ward, etc) in individual 16 
hospitals, as well as the impact on service provision across a network of hospitals. A survey form 17 
is specifically developed for collecting of field data on hospitals for the TRRI evaluation. In its 18 
current form TRRI is designed for hospital buildings of reinforced concrete construction, as these 19 
are the building types most commonly used worldwide for housing critical units. The TRRI is 20 
demonstrated through an application to 3 hospitals located along the southern coast of Sri Lanka. 21 
The TRRI is evaluated for three potential tsunami inundation events and is shown to be able to 22 
identify issues with both the buildings and functional aspects of hospital critical units. Three 23 
“what-if” intervention scenarios are presented and their effect on the TRRI is assessed. Through 24 
this exercise, it is shown that the TRRI can be used by decision makers to simply explore the 25 
effectiveness of individual and combined interventions in improving the tsunami resilience of 26 
healthcare provision across the hospital system. 27 

1 Introduction 28 

Hospitals and healthcare facilities are vital assets to communities and play a key role in recovery 29 
from natural disasters. During emergencies, hospital units must provide uninterrupted critical 30 
services such as emergency care to the injured, laboratories, blood banks, ambulances, 31 
pharmacies and immunization services to prevent outbreaks of diseases (WHO, 2010). In 32 
recognition of the critical role played by hospitals in disasters, the Hyogo Framework for Action 33 
(UNISDR, 2005) and subsequent Sendai Framework (UNDDR, 2015), have as one priority the 34 
achievement of safe and resilient hospitals through structural, non-structural and functional risk 35 
prevention. This has resulted in major global initiatives for hospital safety and several guidelines 36 
have been issued for the design, assessment and strengthening of hospital buildings for different 37 
hazards (FEMA, 1997; FEMA, 2003; FEMA, 2007; PAHO, 2008; WHO, 2015). However, it is 38 
only relatively recently that tsunami design codes have been issued, e.g. FEMA 55 (FEMA, 39 
2005), MLIT 2570 (MLIT, 2011), ASCE 7-16 Standard (ASCE, 2017a). These have not been 40 
implemented in the design of most healthcare facilities worldwide, and failures of hospitals in 41 



                                                                                             Hospital Tsunami Relative Risk Index  

 
2 

This is a provisional file, not the final typeset article 

recent tsunami have caused extensive social and economic losses (e.g. Kirsch et al., 2010; EEFIT, 42 
2011). One means of disaster management for reducing life loss in tsunami is evacuation to sites 43 
outside the inundation zone or to upper levels in buildings considered strong enough to withstand 44 
the tsunami inundation (e.g. MHNIM, 2015). Clearly, the vulnerable nature and reduced mobility 45 
of hospital patients makes evacuation difficult. Moreover, evacuation is only viable for locations 46 
that have tsunami warning systems in place and which are at a significant distance from the 47 
tsunami source.  48 

Despite not being designed for tsunami, most hospitals are built to higher standards than normal 49 
residential buildings and present an enhanced resistance to natural hazards that may allow them to 50 
withstand small tsunami inundation without structural damage. However, hospital resilience 51 
relates not only to hospital building integrity, but also to maintaining hospital functionality. The 52 
latter depends heavily on the integrity of both non-structural elements and the lifelines supporting 53 
the hospital operation, such electricity, water and communications. The 2011 Tohoku tsunami 54 
presented several examples of hospitals that withstood the tsunami but had compromised 55 
functionality and ability to care for patients in the aftermath due to loss of lifelines and back-up 56 
systems in the tsunami inundation (EEFIT, 2011, 2013; ASCE, 2017b).  57 

Hospitals can be considered as part of a network of healthcare provision, where only some parts 58 
of the network can be relied upon for the provision of any particular healthcare service (e.g., not 59 
all hospitals have a trauma unit). As tsunami can affect large tracts of the coastline, they can 60 
damage several hospitals and/or supporting lifelines simultaneously. This not only disrupts the 61 
provision of healthcare locally but can result in the loss of particular healthcare services across 62 
large parts of the network (e.g. if all hospitals with trauma units are affected over an extended 63 
region). Such scenarios result in affected people having to travel large distances and wait for 64 
excessive times to obtain specific treatments. 65 

The inherent organisational complexity of hospitals, and the interactions and independencies of 66 
healthcare units makes the tsunami risk assessment of hospital services a challenging task. To 67 
date, several studies have investigated the performance of individual hospital buildings for 68 
different natural hazards using advanced engineering analysis (e.g. Proença et al., 2004; Casarotti 69 
et al., 2009; Di Sarno et al., 2011). However, the use of advanced engineering analysis for the risk 70 
assessment of several hospitals is prohibitively expensive in terms of human and computational 71 
resources, as hospitals are typically composed of several buildings, built at different times and 72 
which do not follow a standard design. Furthermore, these studies rarely consider lifelines and 73 
back-up systems explicitly. As an alternative, several hospital safety indices (PAHO, 2008; 74 
WHO, 2015) and hospital safety checklists (WHO, 2008; WHO, 2010) have been proposed that 75 
offer rapid diagnostic tools for use by policy makers and hospital managers. These indices and 76 
checklists provide a qualitative estimate of the risk to hospitals from a set of hazards, i.e. natural 77 
and man-made hazards. The indicators can be applied to assess either single healthcare facilities 78 
or networks of hospitals, and generally account for the potential loss of critical infrastructure 79 
lifelines. These can be used to identify potential problem areas and for the prioritisation of 80 
interventions to reduce the disaster risk to hospitals. However, these methods present two major 81 
shortcomings: a) lack of quantitative approaches to support the assessment of the relative risk 82 
associated with the hospital facilities; and b) little consideration of the nature of single hazards 83 
(e.g. tsunami) and their interactions and interdependencies when impacting hospital 84 
infrastructure.  85 

In order to improve both the safety and resilience of healthcare systems to tsunami, a simple but 86 
quantitative approach is required for assessing tsunami risk to healthcare services distributed 87 
across networks of hospitals. Such an approach needs to focus on healthcare service continuity, 88 
and go beyond hospital building integrity to consider the integrity of the lifelines and back-up 89 
systems that support the service provision and hospital functionality. This paper presents a new 90 
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tsunami relative risk index (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) developed to meet this need. Firstly, the components and 91 
calculation rationale for the 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 are described. A survey form, specifically developed for 92 
collecting of field data on hospitals for the 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 evaluation is also presented in the Appendix. In 93 
its current form 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is developed for hospital buildings of reinforced concrete construction, as 94 
these are the building types most commonly used worldwide for housing critical units (e.g. 95 
Intensive Care Units). The 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is demonstrated through an application to 3 hospitals located 96 
along the southern coast of Sri Lanka (Galle, Matara and Hambantota Districts), which were 97 
surveyed by a team of researchers from UCL and University of Moratuwa. The 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is evaluated 98 
for three potential tsunami inundation events and is shown to be able to identify issues with both 99 
the buildings and functional aspects of hospital critical units. Three “what-if” intervention 100 
scenarios are selected and their effect on the 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is assessed. Through this exercise, it is shown 101 
that the 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 can be used by decision makers to simply explore the effectiveness of individual 102 
and combined interventions in improving the tsunami resilience of healthcare provision across the 103 
hospital system. 104 

2 Methodology 105 

The proposed Tsunami Relative Risk Index (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) aims to quantify the influence of the tsunami 106 
inundation on critical units (e.g. Intensity Care Unit, Maternity Ward, etc) in individual hospitals, 107 
as well as the impact on service provision across a network of hospitals. The objective is to 108 
identify some of the drivers of risk to the hospital unit functionality, such that these can be 109 
prioritised for further investigation and intervention. 110 

The proposed 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 considers both the structural and functional attributes of hospital critical 111 
units, e.g. Intensity Care Unit, Maternity Ward, etc. The ability of a hospital critical unit to 112 
function in the aftermath of a tsunami depends on: (a) the stability of the structure where the 113 
hospital critical unit is located; (b) the integrity of non-structural elements relevant to the critical 114 
units, particularly the medical equipment that is required to ensure unit functionality; and (c) the 115 
functioning of the critical lifeline systems supporting unit functionality e.g. electric power, water 116 
supply, telecommunications, etc. Therefore, the proposed TRRI, for a hospital unit is defined as:  117 

 𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅 = max (𝑅𝑅𝑅𝑅𝑅𝑅bldg,𝑅𝑅𝑅𝑅𝑅𝑅funct,𝑅𝑅𝑅𝑅𝑅𝑅bcs) (1) 

where 𝑅𝑅𝑅𝑅𝑅𝑅bldg considers the ability of the structural system to resist expected tsunami actions, 118 
𝑅𝑅𝑅𝑅𝑅𝑅funct represents whether the location of the critical unit within the building puts it at high risk 119 
of loss of functionality under the expected tsunami inundation, and 𝑅𝑅𝑅𝑅𝑅𝑅bcs describes the risk of 120 
back-up systems to supporting lifelines being inundated. Each 𝑅𝑅𝑅𝑅𝑅𝑅 component varies in value 121 
between 0 (no risk) and 1 (high risk). Each of these 𝑅𝑅𝑅𝑅𝑅𝑅 components are further described in the 122 
following sections. 123 

2.1 Building Relative Risk Index, RRIbldg  124 

Post-tsunami reconnaissance studies provide a spectrum of tsunami-induced damage mechanisms 125 
in buildings, that result from the actions of hydrodynamic forces, buoyancy, impact from floating 126 
debris and foundation scouring (EEFIT, 2006). Figure 1 shows a typical load time series as a 127 
tsunami passes a building. Initially, as the front of the tsunami arrives and passes the building, 128 
there will be a sharp rise in force, which will then plateau and be maintained for several minutes, 129 
depending on the period of the wave and the proximity of the building to the shoreline. During 130 
this phase, there may be several short sharp spikes in loading from debris impacting with the 131 
building. The capacity of the building to withstand the tsunami loading will decrease during the 132 
course of inundation due to buoyancy forces reducing axial compression in vertical elements (Del 133 
Zoppo et al., 2020), and due to scour undermining the foundations. The impact of scour around 134 
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the building can also have a considerable impact on the structural capacity of the building, by 135 
exposing the foundations and potentially leading to local collapse of vertical structural elements 136 
when local inundation levels increase, or under the return flow of the tsunami towards the sea. 137 

 138 

Figure 1: Typical qualitative time series of loading on a building during tsunami inundation (Yeh 139 
et al., 2014) 140 

The relative risk index associated with the integrity of the hospital building, indicated as RRIbldg, 141 
looks to evaluate, in a simple way, the performance of a building subjected to the three main 142 
tsunami loading components, i.e. hydrodynamic loading, scouring and debris impact, as follows: 143 

 𝑅𝑅𝑅𝑅𝑅𝑅bldg = max(𝑅𝑅𝑅𝑅𝑅𝑅struct,𝑅𝑅𝑅𝑅𝑅𝑅scour,𝑅𝑅𝑅𝑅𝑅𝑅debris) (2) 

where RRIstruct. represents the ability of the structural system to resist the overall tsunami 144 
hydrodynamic force (including debris damming), RRIscour represents the ability of the building 145 
foundation system to resist scouring for the expected inundation, and RRIdebris represents the 146 
capacity and redundancy of the structure to resist debris impact from movable objects located 147 
within the hospital facility and in the surrounding areas. It is noted that each RRI component of 148 
RRIbldg takes values between 0 (no risk) and 1 (high risk). 149 

A main difference between RRIbldg and other established tsunami building vulnerability indices 150 
for tsunami, is that RRIbldg is based on a simplified assessment of the building failure and damage 151 
mechanisms, evaluated using physics and engineering based formulations. This is significantly 152 
different from, for example, the well-established PTVA relative vulnerability index of Papathoma 153 
et al. (2003) and Dall’Osso et al. (2016), which is constructed from a set of characteristics of the 154 
building that are thought to affect its tsunami resistance, combined through a weighting based on 155 
expert judgment.  156 

2.1.1 Index for structural performance under hydrodynamic loading RRIstruct 157 
Tsunami hydrodynamic forces typically impact the lower floors of a building and generate large 158 
shear forces on the vertical elements of the structure (i.e. the columns). Recent studies, (e.g. 159 
Petrone et al., 2017; Alam et al., 2017), have shown that in reinforced concrete (RC) structures 160 
this can lead to shear failure of columns at the ground storey, which precipitates global collapse if 161 
no strengthening measures are adopted  This failure mechanism is assumed in the development of 162 
the relative risk index for evaluating structural performance under hydrodynamic loading, 163 
𝑅𝑅𝑅𝑅𝑅𝑅struct, which is evaluated from a comparison between the overall lateral hydrodynamic force 164 
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applied to the structure by the tsunami 𝐹𝐹TSU and the shear strength of the ground floor columns 𝑄𝑄C 165 
as follows: 166 

 𝑅𝑅𝑅𝑅𝑅𝑅struct =
𝐹𝐹TSU
𝑄𝑄C

 (3) 

The tsunami load on a structure 𝐹𝐹TSU is estimated using the hydrodynamic drag equation in the 167 
ASCE 7-16 Standard (ASCE, 2017a), as: 168 

 𝐹𝐹TSU =
1
2
ρs𝐶𝐶d𝐶𝐶cx𝐵𝐵(ℎ𝑢𝑢2) (4) 

where ρS is the minimum fluid mass density, 𝐶𝐶d is the drag coefficient, 𝐵𝐵 is the building width 169 
perpendicular to the flow, ℎ is the inundation depth, 𝑢𝑢 is the flow velocity, and 𝐶𝐶cx is the 170 
proportion of closure coefficient (i.e. ratio of the closed facade to the total façade area), with a 171 
minimum value of 0.7, adopted in this study. The drag coefficient 𝐶𝐶d varies based on the 𝐵𝐵/ℎ 172 
ratio (ASCE, 2017a). The shear strength of the ground floor columns 𝑄𝑄C is estimated as the sum 173 
of the nominal design shear strength of the ground floor columns, 𝑄𝑄CS, as follows: 174 

 𝑄𝑄𝐶𝐶 = 𝑁𝑁𝑆𝑆𝑆𝑆 ∗ 𝑄𝑄𝑆𝑆𝑆𝑆 (5) 

where 𝑁𝑁SC indicates the number of columns along the side of the building perpendicular to the 175 
tsunami flow. As this study focuses on RC structures, 𝑄𝑄CS is calculated for each column 176 
according to the formulae of ACI 318 (ACI, 2005) as follows: 177 

 𝑄𝑄SC =  𝜙𝜙𝜙𝜙𝑛𝑛 = 𝜙𝜙 (𝑉𝑉c + 𝑉𝑉s) 

𝑉𝑉c = 0.17 �𝑓𝑓𝑐𝑐′ 𝑏𝑏w 𝑑𝑑  

𝑉𝑉s =
𝐴𝐴v 𝑓𝑓yt 𝑑𝑑

𝑠𝑠
 

(6) 

(7) 

 

(8) 

where 𝐴𝐴v is the area of transverse reinforcement, 𝑓𝑓yt is the transverse reinforcement yield 178 
strength, 𝑏𝑏w is the section width, 𝑑𝑑 is the effective depth, 𝑠𝑠 is the hoop spacing, 𝑓𝑓c′ is the 179 
compressive strength of concrete. 180 

2.1.2 Index for structural stability under scour, RRIscour 181 
In the aftermath of the 2004 Indian Ocean Tsunami in Sri Lanka, one of the main damage 182 
mechanisms observed for multi-story building was the undermining of foundations due to the 183 
scouring of sandy soils at the corners of buildings (Dias et al. 2006). This occurred for relatively 184 
low tsunami inundation depths (i.e. 3 m) and resulted in the collapse of end bays of several RC 185 
buildings, such as schools. Such failure mechanisms have also been observed in several past 186 
events, with RC buildings composed of few frames and with shallow foundations being seen to be 187 
the most susceptible to this failure type (EEFIT, 2006; EEFIT, 2011; ASCE, 2017b). 188 

Tsunami design guidelines (ASCE, 2017a) assume that foundations on rock or other non-erodible 189 
materials are at no risk of scour. For other types of soil, the scour depth 𝑑𝑑scour is related to the 190 
tsunami inundation depth ℎTSU, and is estimated from: 191 
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 𝑑𝑑scour =  �1.2 ∗ ℎTSU  ;          ℎTSU < 3.05 m
3.66 m  ;                 ℎTSU ≥ 3.05 m (9) 

Eq. (9) provides a simple empirical prediction based on observations of local scour depths and 192 
estimated flow depths for different sediment types in the aftermath of the 2011 Tohoku tsunami 193 
(Tonkin et al., 2014). In ASCE 7-16 the extent (length) of the scour hole around corner 194 
foundations 𝑙𝑙scour (see Figure 2) is dependent on the soil type and is calculated as follows:  195 

 𝑙𝑙scour =  �𝑑𝑑scour ;            𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
3𝑑𝑑scour ;  𝑓𝑓𝑓𝑓𝑓𝑓 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (10) 

 196 

Figure 2: Example sketch illustrating the effects around building with shallow foundations on 197 
noncohesive soils and the calculations for the second footing from the left corner. 198 

This approach requires soils to be classified as cohesive or non-cohesive. No indication is 199 
however provided in ASCE 7-16 Standard or accompanying commentary, as to the procedure to 200 
be followed for this classification. For the RRIscour it is proposed that a simple soil analysis (i.e. 201 
particle size distribution analysis through sieving) be used as the basis for the classification, 202 
whereby: (1) Non-cohesive or granular soils (e.g. gravels and sands), are defined as those with 203 
less than 12% of fines content as per ASTM D2487-17 (USCS) – if the fines content is higher 204 
than 12% and less than 50%, then the soil behaviour is highly controlled by the fine soil nature, 205 
i.e. non-cohesive; 12% fines content is usually considered as a reference percentage for defining 206 
purely granular soils; (2) Cohesive soils (e.g. silts and clays), defined as those with more than 207 
50% of fines content. If soil analysis data at the building site are not available, simple 208 
assumptions should be made to classify the soils based on local knowledge.  209 

The calculation of 𝑑𝑑scour and 𝑙𝑙scour is instrumental for predicting how many of the building 210 
foundations are affected by scour and the corresponding loss of bearing capacity. The tsunami 211 
resistance of the foundations depends on the type of foundation, i.e. deep or shallow foundations, 212 
and the number of foundation elements affected. Empirical observations from past events indicate 213 
that deep pile foundations generally provide adequate tsunami resistance, while buildings with 214 
shallow spread footings are likely to experience failure, especially at the building corners. Hence, 215 
in the development of TRRI a focus is placed on characterising the impact of scour on shallow 216 

= 

Building
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Control point (ctrl)
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foundations. An approximate but quantitative procedure is proposed for calculating RRIscour based 217 
on geotechnical engineering practice and is illustrated by the flowchart in Figure 3. 218 

 219 

Figure 3: Flowchart for estimating RRIscour 220 

For simple pad foundations, the overall design load-bearing capacity of the system can be 221 
estimated by multiplying the ultimate bearing capacity of individual pad foundations 𝑞𝑞𝑓𝑓 by the 222 
number of footings 𝑛𝑛f:  223 

 𝑄𝑄f = 𝑛𝑛f ∗ 𝑞𝑞𝑓𝑓 = 𝑆𝑆𝐹𝐹d ∗  𝑊𝑊 (11) 

where 𝑊𝑊 is the weight of the building plus loads and 𝑆𝑆𝐹𝐹d is the design safety factor. Typically, a 224 
large safety factor 𝑆𝑆𝐹𝐹d is adopted foundation design in order to account for the uncertainty related 225 
to the soil properties and behaviour. For example, a common safety factor for shallow foundations 226 
is  𝑆𝑆𝐹𝐹d=2. Using Eq. (11), the design load-bearing capacity of a pad foundation normalised to the 227 
building weight, 𝑞𝑞𝑓𝑓/𝑊𝑊, can be estimated as: 228 

 𝑞𝑞f
𝑊𝑊

=
𝑆𝑆𝐹𝐹d
𝑛𝑛f

 (12) 
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When 𝑑𝑑scour is larger than the foundation depth 𝑑𝑑f, the foundations need to be checked for loss of 229 
bearing capacity. In this paper a minimum depth 𝑑𝑑f of 1 m is considered for shallow foundations. 230 
Depending on the extent of the local scour 𝑙𝑙scour along both sides of the building (𝑥𝑥 and 𝑦𝑦 231 
directions), a number of foundation supports 𝑛𝑛f,scour might be affected. Foundation pads are 232 
assumed to be placed at a distance 𝑙𝑙f, which corresponds to the bay length. The depth 𝑑𝑑scour is 233 
assumed to occur at the corner of the building. As shown in Figure 2, half of the scour hole length 234 
(𝑙𝑙scour) is assumed to extend from the point of maximum scour depth (in the corner). Due to the 235 
formulations used, the larger the value of 𝑑𝑑scour, the larger the value of 𝑙𝑙scour and greater the 236 
number of affected footings 𝑛𝑛f,scour. A foundation is assumed to fail if, at the pad edges, the 237 
relevant scour hole depth equals or exceeds that of the foundation. This assumption considers the 238 
load bearing capacity of the soil beneath the foundation, (which is spreading the foundation 239 
loading outwards and downwards), to be compromised.   240 

When subjected to scour, the load-bearing capacity of the foundation system is reduced and is 241 
estimated as that deriving solely from those foundations that have not been affected by scour, i.e.: 242 

 (𝑛𝑛f − 𝑛𝑛f,scour) ∗ 𝑞𝑞𝑓𝑓 = 𝑆𝑆𝐹𝐹scour ∗  𝑊𝑊 (13) 

In Eq. 13,  𝑆𝑆𝐹𝐹scour is the reduced design safety factor that accounts for the effects of local scour 243 
around the foundations, and  can be determined as follows: 244 

 
𝑆𝑆𝐹𝐹scour =

(𝑛𝑛f − 𝑛𝑛f,scour) ∗ 𝑞𝑞f
𝑊𝑊

    →     
𝑆𝑆𝐹𝐹scour
𝑆𝑆𝐹𝐹d

=
𝑛𝑛f − 𝑛𝑛f,scour

𝑛𝑛f
 (14) 

Having evaluated the reduced design safety factor, RRIscour can be determined following the  245 
flowchart presented in Figure 3, and from Eq. (15): 246 

 
𝑅𝑅𝑅𝑅𝐼𝐼scour =  �

1  ;                                𝑆𝑆𝐹𝐹scour,min ≤ 1

1 −
𝑆𝑆𝐹𝐹scour,min

𝑆𝑆𝐹𝐹d
  ;      𝑆𝑆𝐹𝐹scour,min > 1 (15) 

where 𝑆𝑆𝐹𝐹scour,min is the minimum value of 𝑆𝑆𝐹𝐹scour along both sides of the building. For 𝑆𝑆𝐹𝐹scour ≤247 
1, the foundations are unlikely to be able to carry the gravity loads, i.e. RRIscour = 1. This means 248 
that when the number of affected foundation supports, 𝑛𝑛f,scour, along any side of the building is 249 
equal or greater than 50% of the total number of foundation supports 𝑛𝑛f along that side of the 250 
building, the foundation system is considered at risk of failure, i.e. RRIscour = 1.  251 

2.1.3 Index for the capacity and redundancy of the structure to resist debris impact 252 
(RRIdebris)  253 

Generally, tsunamis transport a large volume of debris, including trees, cars, containers, utility 254 
poles and wood-frame houses. The perimeter structural components that are oriented 255 
perpendicular to the direction of the flow are at the greatest risk of impact. For instance, the loss 256 
of a perimeter column may compromise the ability of a structure to support gravity loads. The 257 
ASCE 7-16 Standard (ASCE, 2017a) provides a framework for the calculation of the impact 258 
forces determined by debris. This includes the effects of the impact by floating wood poles, logs 259 
and vehicles, which should be taken into account when tsunami depths are larger than 0.9 m. 260 
RRIdebris is presented in this paper for the common case where debris consists mainly of logs (or 261 
similar). However, by changing the debris impact loads, RRIdebris can be modified to account for 262 
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potential impacts from shipping containers, ships, barges and other large objects. Such sized 263 
debris should be considered if the hospital is in close proximity to a port or container yard.  264 

In the RRIdebris evaluation, the maximum instantaneous debris impact force (Fni) is first calculated 265 
using the impulse-momentum based formulation in the ASCE 7-16 Standard: 266 

 𝐹𝐹ni = 𝐶𝐶0𝑢𝑢TSU�𝑘𝑘𝑚𝑚d (16) 

where 𝐶𝐶0 is the orientation coefficient (given as 0.65 by ASCE 7-16), 𝑢𝑢TSU is the maximum 267 
tsunami flow velocity at the building site. 𝑘𝑘 is the effective stiffness of the impacting debris (𝑘𝑘 =268 
𝐸𝐸𝐸𝐸/𝐿𝐿), and 𝑚𝑚d is the mass of the debris. A minimum weight of 454 kg and minimum log 269 
stiffness of 61,300 kN/m are nominal values assumed in the ASCE 7-16 Standard.  270 

The debris impact of a log is a dynamic event. However, an equivalent static approach can be 271 
used by multiplying the debris force in Eq. (17) by a dynamic response factor 𝑅𝑅max. The latter can 272 
be estimated based on the ratio of the impact duration to natural period of the impacted structural 273 
element. The impulse duration is given in ASCE 7-16 as follows: 274 

 𝑡𝑡d =
2𝑚𝑚d𝑢𝑢TSU

𝐹𝐹ni
 (17) 

Considering an exterior column of a RC building, the natural period of the column (Tcol) can be 275 
estimated assuming fixed end boundary conditions:  276 

 
𝑇𝑇col = 2𝜋𝜋 �

𝐿𝐿2

22.373�
�
𝜌𝜌
𝐸𝐸𝐸𝐸

 (18) 

where 𝐿𝐿 is the unbraced column length, 𝜌𝜌 is the column mass per unit length, 𝐸𝐸 is the modulus of 277 
elasticity of concrete and 𝐼𝐼 is the second moment of area of the column section (Robertson, 2020). 278 
ASCE 7-16 Table 6.11-1 gives the values of the dynamic response factor 𝑅𝑅max based on the ratio 279 
𝑡𝑡d/𝑇𝑇col. The equivalent static load for debris impact 𝐹𝐹i is calculated as: 280 

 𝐹𝐹i = 𝑅𝑅max𝐹𝐹ni (19) 

The force given by Eq. (19) should not exceed the force from the alternative simplified impact 281 
load 𝐹𝐹i,max, given in ASCE 7-16 Standard as: 282 

 𝐹𝐹i,max = 1,470 ∗ 𝐶𝐶0  (20) 

where 𝐶𝐶0 is the orientation coefficient, taken as 0.65 (ASC, 2017a). Furthermore, the value 283 
obtained in Eq. (20) can be reduced by 50% (i.e. 478 kN), if the site is not exposed to impact by 284 
containers, ships and barges. Therefore 𝐹𝐹debris is estimated as:  285 

 𝐹𝐹debris = min (𝐹𝐹i,𝐹𝐹i,max)  (21) 

If 𝐹𝐹debris exceeds the shear strength of the considered column, 𝑄𝑄SC, (calculated using Eq. 6), then 286 
the structural system is at risk of local collapse and potential loss of stability, i.e. 𝑅𝑅𝑅𝑅𝑅𝑅debris > 0.  287 
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The redundancy present in the structure can be beneficial to the stability of the building. In the 288 
context of RC structures, RRIdebris is calculated by taking the ratio between the number of 289 
impacted columns over the total number of columns present in the seaward side of the building. 290 
As the number of impacted columns cannot be predicted, it is assumed that two vertical columns 291 
(probably the corner columns) located within the seaward face of the building might fail due to 292 
debris impact. This assumption is based on observations that debris impact can be particularly 293 
common and severe for exposed corner columns of frames (EEFIT, 2006). Therefore, RRIdebris is 294 
calculated as follows:  295 

 𝑅𝑅𝑅𝑅𝑅𝑅debris =
2
𝑁𝑁𝑆𝑆𝑆𝑆

 (22) 

2.2 Index representing risk to critical unit functionality, RRIfunct 296 

RRIfunct looks to represent the risk to continued function of a critical unit after a tsunami. The 297 
index is based on the location of the critical unit within the hospital complex with respect to the 298 
tsunami inundation. It is assumed that if the critical unit is inundated, the resulting damage to 299 
non-structural elements and medical equipment may prevent the unit from being fully operational 300 
in the aftermath of the event. RRIfunct is therefore binary, taking a value of zero if the critical unit 301 
lies outside the inundation zone or is located in a storey of the building above the local inundation 302 
depth, or 1 otherwise.  303 

2.3 Index representing tsunami risk to lifeline back-up systems, RRIbcs 304 

The loss of essential lifelines such as power, water, wastewater, natural gas, can severely limit the 305 
functionality of hospitals and their critical units. For instance, one of the case-study hospitals 306 
presented later in the report, i.e. the Mahamodara Teaching Hospital, suffered the failure of 307 
backup generator, water supply and sewer systems when it was inundated during the 2004 Indian 308 
Ocean Tsunami (Harlan, 2016).  309 

From PAHO (2008) and WHO (2015) it is possible to identify eight main lifeline systems that are 310 
required to ensure the functionality of hospital critical units: Power (P), Air conditioning 311 
(HVAC), Telecommunications (TLC), Water Supply (WS), Fire Protection (FP), Waste Water 312 
(WW), Medical Gas (MG) and Fuel and Gas reserves (FG). Where national or regional lifelines 313 
are compromised, as can be the case in a large tsunami, the presence of back-up systems can 314 
provide immediate continuity in the aftermath of a disaster, for a few hours or even days. Hence, 315 
the proposed index RRIbcs considers whether the back-up systems to lifelines needed for the 316 
functioning of critical units are (1) located within the hospital premises and (2) whether they are 317 
likely to be damaged under the expected inundation, as follows: 318 

 𝑅𝑅𝑅𝑅𝑅𝑅bcs =  
𝑃𝑃 𝑤𝑤P + 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑤𝑤HVAC +  𝑇𝑇𝑇𝑇𝑇𝑇 𝑤𝑤TLC + 𝑊𝑊 𝑤𝑤WS + 𝐹𝐹𝐹𝐹 𝑤𝑤FP + 𝑊𝑊𝑊𝑊 𝑤𝑤WW + 𝑀𝑀𝑀𝑀 𝑤𝑤MG + 𝐹𝐹𝐹𝐹 𝑤𝑤FG

𝑤𝑤P + 𝑤𝑤HVAC + 𝑤𝑤TLC + 𝑤𝑤WS + 𝑤𝑤FP + 𝑤𝑤WW + 𝑤𝑤MG + 𝑤𝑤FG
        

(23) 

where 𝑃𝑃, 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻, etc. are the critical back-up systems and 𝑤𝑤p, 𝑤𝑤HVAC, etc. are the corresponding 319 
weights. As for the case of the critical unit functionality, the back-up systems are assumed non-320 
functional if inundated by the tsunami. Hence, P, HVAC, etc., take a value of zero if the relevant 321 
back up system is located outside the inundation zone or is in a storey of the building above the 322 
local inundation depth, or 1 otherwise. An appropriate evaluation of the back-up system risk 323 
requires an understanding of these systems within the local context, and visual surveys play a key 324 
role in this. For example, in many hospital complexes the main HVAC systems may be complex 325 
mechanical systems with significant plant located within a hospital building, or housed in their 326 
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own building. Alternatively, the HVAC system can be a distributed system across the hospital, as 327 
is seen in hospitals in Sri Lanka, where ventilation and air-conditioning equipment are distributed 328 
along the exterior walls of the hospital buildings and localised in each unit.  329 

Evaluation of the back-up system weights also accounts for the local context. The weights are 330 
determined by from a ranking of the back-up systems in order of importance for the continued 331 
functioning of the critical unit being assessed. This ranking is determined from a structured expert 332 
elicitation technique termed paired comparison. The paired comparison method is well 333 
established, and although simple, it is reproducible, accountable and neutral. In this method, 334 
participants are invited to complete a ranking exercise individually without being influenced by 335 
an in-depth prior discussion of how critical each back-up system is. The tool used to rank the 336 
back-up systems is illustrated in Error! Reference source not found.. Participants are invited to 337 
compare every two back-up systems (one in a row and another in the column in the table) and 338 
using their judgement to identify which is the more important for the continued functioning of 339 
critical hospital units. If they believe the system in the row is more important than the one in the 340 
column, they enter “R” in the relevant box. If they believe the contrary is true then “C” is entered 341 
into the box. Else if they believe both the back-up systems are of equal importance, “=” is entered 342 
into the relevant box. 343 

The participants’ opinions are treated with equal weights. Only the participants who are found to 344 
provide very inconsistent responses, such that they appear statistically random are excluded (i.e., 345 
consistent answers are those for which if A>B and B>C then A>C is true). The paired comparison 346 
responses are then analysed using the probabilistic inversion technique, as described in Kraan & 347 
Bedford (2005) and implemented in the free-software ‘UNIBALANCE’ (Macutkiewicz & Cooke, 348 
2006). This produces a mean score for each back-up system as well as the standard deviation 349 
around this mean score, which represents the level of disagreement within the expert group. These 350 
mean scores are adopted as the weights for the different back-up systems in the RRIbcs calculation. 351 

The level of agreement among the participants is examined in three different ways. Firstly, the 352 
degree of agreement is estimated by measuring how closely the pattern of the participants 353 
pairwise preferences match. Secondly, the degree of concordance is examined by measuring how 354 
similar the rank orders are amongst the group of participants. Thirdly, a chi-square test is used to 355 
check whether the group ranking preferences are made at random. Here, p-values below 0.05 356 
indicate that the group ranking preferences have a structure and are not random. By contrast, p-357 
values above 0.05 suggest a lack of consensus within the group regarding the ranking preferences.  358 

3 TRRI Rapid Visual Survey (RVS) Form 359 

The TRRI Rapid Visual Survey (TRRI-RVS) form is developed to assist surveyors in assessing 360 
existing health facilities in terms of the integrity of hospital buildings, lifelines and back-up 361 
systems that support the service provision and hospital functionality. The TRRI-RVS form is 362 
presented in the Appendix (see Supplementary Material). The Rapid Visual Survey consists of 363 
two sections: 364 

a) Hospital Profile (‘Form H’). Through this form, surveyors collect general information 365 
about (1) the hospital location; (2) hospital type and hospital capacity, e.g. catchment 366 
population; (3) tsunami evacuation plans and disaster response plans; (4) hospital building 367 
locations within the healthcare facility; (5) location of critical hospital units within 368 
buildings, e.g. ICU, Labour Rooms, Maternity Wards, Paediatric Wards, Operating 369 
Theatres; and (6) presence and location of back-up supply systems. 370 

b)  Building Structural and Non-Structural Assessment (‘Form B’). Through this form, 371 
surveyors gather information about: (1) the hospital building, e.g. number of storeys, year 372 
of construction, inter-storey height, and location of critical units; (2) the building 373 
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surroundings, e.g. presence of containers, perimeter walls and vegetation; (3) building 374 
layout and elevation; (4) structural and non-structural systems; (5) The dimensions and 375 
structural details of the main structural elements, e.g. RC columns. The technical 376 
information is gathered using equipment such as rebar detector, laser distance meter, tape 377 
measure, and 3D cameras. 378 

The TRRI-RVS form is specifically developed for collecting the attributes of hospital 379 
surroundings, buildings, critical units, lifeline and back-up systems required to evaluate TRRI. 380 
This form is used in the survey of Sri Lankan hospitals used to test the TRRI in this paper. 381 

4 Case-study Application: Hospitals in Sri Lanka Southern Province 382 

Sri Lanka provides universal healthcare to its people through an established and robust healthcare 383 
system. Thanks to this, no major disease outbreaks occurred after the 2004 tsunami (Carballo et 384 
al., 2005), which hit two-thirds of the coastline affecting one million people. However, over 17% 385 
of all healthcare institutions were severely damaged, causing an estimated £40M worth of losses 386 
(Komesaroff and Sundram, 2006). Over the last 15 years some of the affected health 387 
infrastructure of Sri Lanka has been re-built further inland, but some significant hospitals still lie 388 
within 2-3km from the coast and are at potential threat from tsunami inundation. The Sri Lankan 389 
Ministry of Health (MoH) in collaboration with World Health Organization (WHO) has been 390 
working to strengthen the health sector for emergencies, through the development of a 391 
comprehensive national disaster management plan (WHO, 2015). However, this plan comprises 392 
capacity building in emergency management and health financing, and does not yet look at the 393 
structural, non-structural and functional performance of hospitals in natural hazards. Furthermore, 394 
as Sri Lanka is threatened by distal tsunami generated either at the Sunda trench or Makran 395 
Subduction zone, the main disaster management approach considered to date is the evacuation of 396 
hospitals (DPRD, 2015).  397 

In this case study application, three hospitals in Galle, Matara and Hambantota Districts in Sri 398 
Lanka are selected for testing whether the TRRI can be used to (1) identify weaknesses in the 399 
systems supporting the functionality of critical units in individual hospitals, and (2) as a tool for 400 
use in prioritising interventions for improved functional resilience across a series of hospitals. 401 

The three hospitals selected are the District General Hospital in Matara and the Base Hospitals in 402 
Balapitiya and Tangalle. These are chosen as they are key hospitals for the Southern Province, 403 
geographically distributed across the Province (Figure 4) and all located within 400 m from the 404 
coast (Base Hospitals) or near (approx. 600m) a waterway that discharges into the sea (Matara). 405 
The case study application focuses on the five critical units that were indicated as the most 406 
important in the case of a disaster by the Disaster Preparedness and Response Division (DPRD) 407 
of the Sri Lankan Ministry of Health, Nutrition and Indigenous Medicine. These are: (1) Intensive 408 
Care Units (ICU); (2) Operating Theatres (OT); (3) Labour Rooms (LR); (4) Maternity Wards 409 
(MW); and (5) Paediatric Wards (PW). In the three hospitals, 19 buildings were found to house 410 
these critical units, and were surveyed by a joint team from UCL and University of Moratuwa in 411 
April 2019 using the form described in Section 3. 412 

Thirteen of the buildings are reinforced concrete moment resisting frame structures of 2 to 4 413 
storeys. These house 85% of all the critical units in these 3 hospitals. The remaining five 414 
buildings are one-storey load-bearing unreinforced masonry (URM) structures (Figure 5Figure 4). 415 
These structures are highly vulnerable to tsunami and would not be expected to be in a functional 416 
state following tsunami inundation. Hence, this assessment concentrates on the assessment of the 417 
22 critical units housed in the RC buildings. The survey of these buildings highlighted that most 418 
of the critical units are located at the ground floor and are therefore at high risk from damage if 419 
the tsunami inundation reaches the building. The soil type at each hospital is determined as non-420 
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cohesive from observational and borehole data analysis. Hence all buildings are susceptible to 421 
scour in this case study application. None of the buildings assessed were located near ports and 422 
harbours, and are therefore not exposed to impact from containers, ships or barges. Consequently, 423 
the assumption of logs as debris is appropriate for this case study. 424 

 425 

Figure 4: Case-study hospitals in Southern Province, Sri Lanka (source: OpenStreetMap). 426 

  427 

 428 

Figure 5: Statistics of the hospital buildings and critical units. 429 

The surveys showed the HVAC to be a local system of air conditioning units attached to the walls 430 
of critical units. Hence, they will continue to function if the critical unit is not inundated. The 431 
location of TLC systems is assumed to be in the hospital administrative offices. This is because 432 
Hospital Directors and administrative staff typically have access to the emergency systems for 433 
communicating with the national and district-level healthcare networks. Where back-up systems 434 
were not recorded during the field survey it is assumed they are missing. As this is detrimental to 435 
functional resilience, these back-up systems are still included in the calculation of RRIbcs and 436 
contribute to increasing its value. For example, no fire alarms, extinguishers or other fire 437 
protection systems were observed in any of the assessed buildings, hence a value of FP = 1 is 438 
applied for all buildings within the RRIbcs calculation. 439 
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4.1 Hazard Scenarios 440 

A probabilistic tsunami hazard analysis for the Indian Ocean by Burbridge et al. (2009) shows 441 
that tsunami wave heights along the Sri Lankan coast could reach between 2.9-3.7m for a return 442 
period of 2000 years, with the south-east coast being associated with the highest hazard. 443 
However, this study does not provide the associated probabilistic tsunami onshore inundation 444 
depths (that would typically exceed the above) which would be what is required for the TRRI 445 
assessment.   446 

A tsunami hazard map for Sri Lanka with associated inundation information was published by the 447 
Disaster Management Centre (DMC, 2018), part of the Ministry of Public Administration and 448 
Disaster Management). This map is however not based on a probabilistic tsunami hazard 449 
assessment, but on deterministic inundations predicted by a numerical simulation of the 2004 450 
Indian Ocean Tsunami by Wjietunge (2009). The DMC map identifies three distinct tsunami 451 
hazard zones along the Sri Lankan coast: (1) low hazard, where the inundation depth, ℎTSU< 452 
0.5m, (2) moderate hazard, where 0.5 m <ℎTSU< 2 m), and (3) high hazard, where ℎTSU> 2 m. 453 

In the absence of probabilistic tsunami onshore inundation information and a detailed 454 
topographical map, this study employs a simplified approach for the development of three 455 
tsunami inundation scenarios to check the performance of TRRI for different hazard intensities. 456 
The first realisation, indicated as Hazard Level 1, is derived directly from the DMC map and 457 
represents the 2004 Indian Ocean Tsunami. It should be noted that the DMC map only defines 458 
distinct inundation depths and geographical boundaries for the moderate tsunami hazard zone. 459 
Hence, this zone is adopted as a reference for estimating the inundation depth at the hospital 460 
building locations. This is done by first drawing a transect indicating the shortest distance 461 
between the coast and the building being assessed. A linear relationship is assumed to describe 462 
the change in inundation depth along the transect between the seaward and inland boundaries of 463 
the moderate hazard zone, as shown in Figure 6. The inundation depth at the building location 464 
ℎTSU is then calculated from: 465 

 ℎTSU = ℎmin −
𝑑𝑑
𝐷𝐷

(ℎmax − ℎmin) (24) 

where ℎmax and ℎmin are the Hazard Level-based tsunami inundation depths at the edges of the 466 
moderate hazard band, D is the width of the moderate hazard zone along the transect, and d is the 467 
distance along the transect of the building to the edge of the moderate hazard zone.  468 

The second and third tsunami inundation scenarios, indicated as Hazard Levels 2 and 3, are 469 
derived by increasing the inundation depths defining the DMC moderate hazard zone by 1.5m and 470 
3m, respectively. By so doing, more severe inundations are produced at the hospital sites in terms 471 
of depth and inland extent. Table 2 lists the resulting tsunami inundation depths for each 472 
buildings. 473 
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 474 

Figure 6: Method for calculating the Hazard Levels. 475 

4.2 Weighting of Back-up Systems for RRIbcs 476 

A small pool of five hospital administrators (doctors) from Sri Lanka participated in the paired 477 
comparison of back-up systems for the evaluation of RRIbcs. Table 3 presents the resulting mean 478 
scores, standard deviation, overall ranking and weights for the back-up systems. The p-values of 479 
individual participants is found to be less than 0.05, indicating that no participant randomly 480 
ranked the back-up systems. The high values of coefficients of concordance (0.73) and agreement 481 
(0.47) suggest an overall agreement among the participants regarding the position of each back-up 482 
system in the ranking order. The p-value below 0.05 obtained for the chi-square test also indicates 483 
that the group ranking preferences have a structure and are not random. In particular, the water 484 
supply and electric power have the two highest best estimate ranking scores, while air 485 
conditioning ranks last.  486 

5 Results of the Assessment of Critical Units for Sri Lankan Hospitals 487 

Table 4 presents the values of TRRI calculated for the five critical units of the three case-study 488 
hospitals, for the three hazard scenarios presented in Section 4.1. Under Hazard Level 1, none of 489 
the buildings containing critical units in BH Balapitiya and BH Tangalle are subjected to tsunami 490 
inundation. Despite this, the 𝑅𝑅𝑅𝑅𝑅𝑅bcs values for these hospitals are non-zero due to their both not 491 
having any fire protection system, and BH Tangalle missing power and water back-up system. 492 
For DGH Matara, the values of 𝑅𝑅𝑅𝑅𝑅𝑅bldg indicate that only building M15 would likely collapse due 493 
to scour (𝑅𝑅𝑅𝑅𝑅𝑅scour=1, see Table 5), with the other buildings not suffering major damage (i.e. 494 
𝑅𝑅𝑅𝑅𝑅𝑅bldg ≤0.5). Despite the good building performance, five of the critical units would be directly 495 
inundated (𝑅𝑅𝑅𝑅𝑅𝑅funct= 1), and four more critical units would likely be non-functional due to 496 
compromised back-up systems (𝑅𝑅𝑅𝑅𝑅𝑅bcs= 1). The latter is due to the main back-up systems in this 497 
hospital being inundated. The consequence is that under this hazard scenario (and also for Hazard 498 
Levels 2 and 3), DGH Matara is predicted to lose functionality in all its critical units. Across the 499 
network of these three hospitals, this would mean a reduction of 40-45% in the number of ICU 500 
and MW units, and of 50% in the number of LR and OT units. Loss of critical unit functionality 501 
at DGH Matara would put particular stress on BH Tangalle, which is the closest hospital to it, and 502 
which has only two ICU units overall (only one in an RC building) and no Operating Theatre. 503 

Under Hazard Level 2, BH Balipitiya remains outside the inundation zone, but building T9 of BH 504 
Tangalle is subjected to a small inundation of 0.29 m depth. This inundation is insufficient to 505 
cause structural damage in this building but does compromise the functionality of one of the 506 
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Maternity Wards, as this is located at the ground storey of T9. Moreover, all other critical units in 507 
BH Tangalle are seen to be at significant risk of functionality loss from damaged back-up 508 
systems. Hazard Level 2 imposes a larger inundation depth at DGH Matara, which results in three 509 
predicted building collapses (𝑅𝑅𝑅𝑅𝑅𝑅bldg =1.0). Through analysis of the components of RRIbldg (see 510 
Table 5), the risk of structural failure from hydrodynamic loading is significantly higher than in 511 
Hazard Level 1, but overall building failures are dominated by the effects of scour around the 512 
foundations. With all the critical units in both BH Tangalle and DGH Matara predicted to be non-513 
functional, Hazard Level 2 sees a reduction across the three hospitals of 55% in the number of 514 
ICU units, 50% in the number of LR and OT units, and 80% in number of MW units. 515 

When subjected to Hazard Level 3, all critical hospital units would likely be non-functional. As 516 
listed in Table 5, all hospital units in DGH Matara are located within buildings at significant risk 517 
of structural damage and severe scouring at the foundations. At BH Balapitiya, although power, 518 
water supply and medical gases would continue to function (𝑅𝑅𝑅𝑅𝑅𝑅bcs= 0.5) (Table 4), two 519 
buildings (B7 and B11) would be at high risk of collapse due to effects of scour and debris impact 520 
(Table 5). This would make two ICUs and one MW non-functional, despite their being located on 521 
building storeys that would not be inundated by the Hazard Level 3. For 64% of the units across 522 
the three hospitals 𝑅𝑅𝑅𝑅𝑅𝑅bcs= 1, since the backup systems would be compromised. At BH Tangalle, 523 
the lack of power and water supply combined with damage to the rest of the back-up systems, 524 
results in 𝑅𝑅𝑅𝑅𝑅𝑅bcs = 1 for all units. If this can be prevented, BH Tangalle would be able to operate 525 
50% of its the Maternity and Paediatric Wards (since buildings T1 and T9 have 𝑅𝑅𝑅𝑅𝑅𝑅bldg= 0 and 526 
their first floors have 𝑅𝑅𝑅𝑅𝑅𝑅funct= 0 even for Hazard Level 3 – see Table 4).  527 

The results of the analysis of TRRI for the three hospitals and Hazard Levels shows a high 528 
vulnerability of back-up systems and critical units under low levels of tsunami inundation. This is 529 
caused by most being located on the ground floor of inundated buildings (see Table 4). These two 530 
components of TRRI are seen to dominate whether or not critical units will be functional after a 531 
“small to moderate” tsunami event (Hazard Levels 1 and 2). Note that TRRI = 1.0 for nearly half 532 
of the units (45% of the total) at Hazard Level 2, although 𝑅𝑅𝑅𝑅𝑅𝑅bldg= 1.0 only for 18% of them. 533 
Hence, re-positioning critical units and back-up systems to higher floors within the surveyed 534 
buildings would improve the functional resilience of the hospitals. Building failure plays an 535 
increasing role in the critical unit functionality for “moderate to high” tsunami events (Hazard 536 
Levels 2 and 3). At Hazard Level 3, all 22 units have TRRI = 1.0, of which a 13 units (59%) also 537 
have 𝑅𝑅𝑅𝑅𝑅𝑅bldg= 1.0. In particular scour of foundations can precipitate building failure. Protection 538 
against scour would require the installation of piles or deeper foundations. This is more 539 
appropriate as a design improvement for future hospital buildings, since this can be a disruptive 540 
and expensive as a retrofit intervention.    541 

6 What-if Scenarios 542 

Given the findings in Section 5, this section presents a comparison of the effectiveness of three 543 
possible interventions in reducing the immediate loss of functionality of critical units after a 544 
tsunami. The intervention effectiveness is examined by running “what-if” scenarios, wherein the 545 
intervention is applied to all buildings and TRRI is recalculated. The effectiveness of the 546 
intervention on each critical unit type is represented as the ratio between the number of functional 547 
units for the intervention and baseline scenarios (Note: the baseline is the no-intervention 548 
scenario). The “what-if” scenarios considered are: 549 

• What-if 1 (WI1) consists in the relocation of back-up systems to places that are not 550 
affected by the tsunami inundation, e.g. by either relocating or elevating the system to be 551 
outside the inundation zone. Within this scenario, any missing back-up system, other than 552 
Fire Protection and HVAC (as these are co-located with the critical unit) are installed. 553 
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• What-if 2 (WI2) consists in the relocation of critical units one storey up from their current 554 
position in the building that houses them. Where the unit is already located in the 555 
uppermost floor of the building, it is assumed to remain in its current position.  556 

• What-if 3 (WI3) combines the effects of adopting WI1 and WI2, i.e. both relocation of 557 
back-up systems and critical units. In this case Fire Protection and HVAC are also 558 
installed if missing, and are assumed to be co-located with the newly positioned critical 559 
units. 560 

Table 6 presents the TRRI resulting from implementation of the three “what-if” scenarios and the 561 
baseline (no intervention) scenario for the three Hazard Levels. Table 7 summarises the 562 
effectiveness of each “what-if” scenario in increasing the number of functional critical units after 563 
a tsunami, as compared to the baseline scenario. In Table 7, the effectiveness of the “what-if” 564 
scenario, indicated as 𝐸𝐸WI, is calculated for each critical unit type, as follows: 565 

 𝐸𝐸WI =
𝑛𝑛fu,WI − 𝑛𝑛fu,BL

𝑛𝑛u
   (25) 

where 𝑛𝑛u is the total number of units (for each type), 𝑛𝑛fu,WI is the number of functional units in 566 
the “what-if” scenario, and 𝑛𝑛fu,BL is the number of functional units for the baseline scenario. 567 

From Tables 6 and 7 it is observed that moving the back-up systems to a safe location (WI1) 568 
significantly improves the number of functional MW, OT and PW available after tsunami for all 569 
Hazard Levels, but is not effective in improving the number of functional ICU and LR units with 570 
respect to the baseline for tsunami above Hazard Level 1. This is because many critical units 571 
remain vulnerable to direct tsunami inundation.  572 

Implementation of WI2 provides no/little improvement over the baseline scenario for Hazard 573 
Levels 1 and 2, as the failure of back-up systems in DGH Matara and BH Tangalle compromise 574 
their critical unit functionality and BH Balapitiya is not inundated at these Hazard Levels. 575 
However, for Hazard Level 3, despite inundation of BH Balapitiya, the back-up systems are not 576 
compromised and by elevating the critical units their risk of direct inundation is reduced and their 577 
functionality maintained.  578 

An increased effectiveness is observed for What-If scenario 3, as compared to either WI1 or WI2 579 
individually. The combined intervention on back-up systems and critical units is more beneficial 580 
than the sum of their individual effects. This is because in WI3 any missing back-up systems are 581 
added to the hospital buildings, and the HVAC and Fire Protection systems are moved to upper 582 
levels with the critical units, thus joining the other back-up systems in being in a safe location. 583 
This results in RRIbcs values close to zero, which when combined with the reduced risk of critical 584 
unit inundation, results in 80-100%, 67-100% and 22-100% of all critical units being functional 585 
under Hazard Levels, 1, 2 and 3, respectively. It is highlighted that even in WI3, ICU and OT 586 
remain at significant risk from tsunami of Hazard Level 3, with only one quarter of the units 587 
predicted to remain functional. To further increase their tsunami resilience, interventions would 588 
be needed on the buildings that house these critical units, in order to improve their structural and 589 
foundation systems. The TRRI analysis prioritises buildings M1, M15 and M27 in DGH Matara 590 
and building T4 in BH Tangalle for such interventions, as these are predicted to suffer heavy 591 
damage and/or collapse under the tsunami hazard scenarios, even though the risk to back-up 592 
systems and critical units can be reduced through WI3.  593 

The suggested interventions are not based on financial considerations or other constraints, and are 594 
applied to all three hospitals. However, it is clear that the TRRI and proposed efficiency measure 595 
(𝐸𝐸WI) can be adopted for other What-If scenarios that could apply more targeted or different 596 
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interventions on single hospitals or buildings to optimise the cost-to-benefit. The advantage of the 597 
TRRI is that such interventions can be explored across single or multiple hospitals in a manner 598 
that is not computationally expensive and does not require high levels of technical expertise. 599 

7 Conclusions 600 

This paper presents a new tsunami relative risk index (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) for the assessment of risk to critical 601 
units in hospitals exposed to tsunami inundation. The TRRI is a quantitative index that considers 602 
tsunami risk to (1) the hospital buildings housing critical units, with tsunami hydrodynamic 603 
loading, debris impact and scour considered, (2) the critical units themselves and (3) the critical 604 
back-up systems that support the functioning of critical units. Each component of tsunami risk is 605 
evaluated on a scale of 0 (no risk) to 1 (high risk), and the overall risk to the critical unit is taken 606 
as the highest value from the three components. A methodology is provided for the simple 607 
evaluation of the tsunami risk indices for each component that draws upon engineering principles 608 
and practice, physical interpretation of tsunami risk and expert elicitation. The TRRI approach is 609 
tested for a case study of three hospitals in Sri Lanka, wherein the TRRI is used to assess the 610 
number of critical units (that are housed in reinforced concrete buildings) remaining functional 611 
after tsunami inundations of three intensities. It is demonstrated that the TRRI approach allows the 612 
identification of the drivers of loss of functionality of critical units under the different hazard 613 
scenarios. The TRRI analysis for the three hospitals show a high functional vulnerability of back-614 
up systems and critical units under low levels of tsunami inundation. These findings can inform 615 
decisions to be made as to interventions for improving the functional resilience of critical units 616 
within a single hospital complex, as well as across a network of hospitals to ensure health service 617 
provision. The latter is demonstrated by conducting a series of “what-if” scenarios for different 618 
interventions on the case study hospital network and re-calculating the TRRI values for each 619 
critical unit. Comparison of the number of critical units predicted to be functional after a tsunami 620 
under the baseline scenario (i.e. no intervention) and the different “what-if” scenarios, allows the 621 
identification of individual and combined interventions in improving the tsunami resilience of 622 
healthcare provision across the hospital system. For the three hospitals in Sri Lanka, relocating 623 
back-up systems and units to safe locations would be an effective intervention; however, under 624 
large tsunami events the hospital buildings and their foundations are predicted to suffer heavy 625 
damage and/or collapse.  626 

8 Conflict of Interest Statement 627 

The authors declare that the research was conducted in the absence of any commercial or financial 628 
relationships that could be construed as a potential conflict of interest. 629 

9 Author Contributions 630 

TR, MB and PD developed the aim, goals and scope of this study. MB, JP, DR, CS and HH 631 
carried out the fieldwork activity in Sri Lanka. TR, MB, JP, PD, SLQ and II developed the 632 
methodology. MB and JP developed the R script to perform the analysis. MB, TR, JP and PD 633 
contributed to writing the text and producing the figures presented. 634 

10 Funding 635 

This work is part of the project titled “Hospital Engineering Assessment for Resilience to 636 
Tsunami and Storm surge - Sri Lanka” (HEARTS-SL), funded by the Research England (Award 637 
177813) via Global Challenges Research Fund. The project grant was awarded to Prof Tiziana 638 
Rossetto. 639 

11 Acknowledgements 640 



Hospital Tsunami Relative Risk Index 

 
19 

The authors acknowledge the support of Disaster Preparedness and Response Division (Ministry 641 
of Health, Nutrition & Indigenous Medicine, Sri Lanka) in providing valuable advice and 642 
assistance; and also the cooperation of the directors of the hospitals surveyed. Other members that 643 
are acknowledged for their support and help are Dr Carmine Galasso and Prof Ian Eames from 644 
UCL, and Eng. Devmini Kularatne, Eng. Ishani Shehara, Mr. S. Harisuthan and Mr. Bahirathan 645 
Koneswaran from University of Moratuwa.  646 

12 Supplementary Material 647 

The Supplementary Material for this article can be found online at: … 648 

13 References 649 

ACI (2005). Building Code Requirements for Structural Concrete (ACI 318-05) and Commentary 650 
(ACI 318R-05), ACI Committee 318, American Concrete Institute, Farmington Hills, MI, 2005 651 
Alam, M. S., Barbosa, A. R., Scott, M. H., Cox, D. T., and van de Lindt, J. W. (2017). 652 
“Development of Physics-Based Tsunami Fragility Functions Considering Structural Member 653 
Failures.” ASCE J. Struct. Eng., 144(3): 04017221. 654 
ASCE (2017a), Minimum Design Loads and Associated Criteria for Buildings and Other 655 
Structures. ASCE/SEI 7-16. Reston, VA, USA. 656 
ASCE (2017b). Tohoku, Japan, Earthquake and Tsunami of 2011: Lifeline Performance. 657 
Technical Council on Lifeline Earthquake Engineering. Edited by Alex K. Tang. 658 
Burbidge D.R., Cummins P.R., Latief H., Mleczko R., Mokhtari M., Natawidjaja D., Rajendran 659 
C. P., and Thomas C. (2009). "A probabilistic tsunami hazard assessment of the Indian Ocean 660 
Nations." Australian Government, Geoscience Australia, Professional Opinion 2009/11.  661 
Carballo M., Heal B., Hernandez M. (2005). “Psychosocial aspects of the Tsunami”, Journal of 662 
the Royal Society of Medicine, Vol. 98.  663 
Casarotti C., Pavese A. and Peloso S. (2009). “Seismic Response of the San Salvatore Hospital of 664 
Coppito (L’Aquila) during the 6th April 2009 earthquake”, Progettazione Sismica, Issue 3, 665 
Special Abruzzo, Italian (pp.163-176) and English (pp.159-172). 666 
Dall’Osso F., Dominey-Howes D., Tarbotton C., Summerhayes S., Withycombe G. (2016). 667 
“Revision and improvement of the PTVA-3 model for assessing tsunami building vulnerability 668 
using ‘‘international expert judgment’’: introducing the PTVA-4 model”. Natural Hazards, 669 
83:1229-1256. 670 
Del Zoppo M., Rossetto T., Di Ludovico M., Prota A. and Robertson, I.N. (2020). Structural 671 
response under tsunami-induced vertical loads, Proceedings of the 17th World Conference on 672 
Earthquake Engineering, 17WCEE, Sendai, Japan, Sept. 13-18, 2020. 673 
Dias P., Dissanayake R., & Chandratilake R. (2006). “Lessons learned from tsunami damage in 674 
Sri Lanka.” Proceedings of ICE, Civil Engineering 159, 74-81.  675 
Di Sarno L., Chioccarelli E. and Cosenza E. (2011). “Seismic Response Analysis of an Irregular 676 
Base Isolated Building”, Bulletin of Earthquake Engineering, 9(5): pp. 1673-1702 677 
DMC (2018). “Hazard Profile Maps for Tsunami.” Disaster Management Centre, Colombo. 678 
http://www.dmc.gov.lk/images/hazard/hazard/Hazard%20Profile%20Maps%20-679 
%20High%20Resolution/Tsunami/ (accessed 4 November 2020) 680 
DPRD (2015). “Standard Operating Procedures for Tsunami Warnings.” Disaster Preparedness 681 
and Response Division, Ministry of Health, Nutrition & Indigenous Medicine, Colombo. 682 



                                                                                             Hospital Tsunami Relative Risk Index  

 
20 

This is a provisional file, not the final typeset article 

EEFIT (2006). “The Indian Ocean Tsunami of 26 December 2004: Mission Findings in Sri Lanka 683 
and Thailand.” Earthquake Engineering Field Investigation Team, Institution of Structural 684 
Engineers, UK. 685 
EEFIT (2011). “The Mw9.0 Tōhoku earthquake and tsunami of 11th March 2011. A field report 686 
by EEFIT.” Earthquake Engineering Field Investigation Team, Institution of Structural Engineers, 687 
UK. 688 
EEFIT (2013). “Recovery two years after the 2011 Tōhoku earthquake and tsunami: a return 689 
mission report by EEFIT.” Earthquake Engineering Field Investigation Team, Institution of 690 
Structural Engineers, UK. 691 
FEMA (1997). “Commentary on the Guidelines for the Seismic Rehabilitation of Buildings”. 692 
FEMA 274 NEHRP Rehabilitation, FEMA, Washington, DC, USA. 693 
FEMA (2003). “Incremental Seismic Rehabilitation of Hospital Buildings.” FEMA 396. FEMA, 694 
Washington, DC, USA. 695 
FEMA (2005). Coastal Construction Manual, 3rd edition. FEMA 55. FEMA, Washington, DC, 696 
USA.  697 
FEMA (2007). “Design Guide for Improving Hospital Safety in Earthquakes, Floods, and High 698 
Winds.” FEMA 577. FEMA, Washington, DC, USA. 699 
Harlan E. (2016). After the tsunami, a Sri-Lanka hospital springs to life. A wave of compassion. 700 
The Rotarian, April 2016 Issue. Available online.  701 
Kirsch T., & Mitrani‐Reiser J., Bissell R., Sauer L., Mahoney M., Holmes W., Cruz N., & Maza 702 
F. (2010). “Impact on Hospital Functions Following the 2010 Chilean Earthquake.” Disaster 703 
medicine and public health preparedness,  4. 122-8. 10.1001/dmphp.4.2.122. 704 
Komesaroff P.A. and Sundram S. (2006). “Challenges of post‐tsunami reconstruction in Sri 705 
Lanka: health care aid and the Health Alliance.” Medical journal of Australia, 184.1, 23-26. 706 
Kraan B. & Bedford T. (2005). Probabilistic Inversion of Expert Judgments in the Quantification 707 
of Model Uncertainty. Management Science 51, 995-1006. 708 
Macutkiewicz M. & Cooke R. M. (2006). UNIBALANCE Software. TU Delft, Delft. 709 
MHNI (2015). Standard Operating Procedures (SOPs) for the Health Institutions to Respond to 710 
Tsunami Warnings. Disaster Preparedness and Response Division, Ministry of Health, Nutrition 711 
& Indigenous Medicine, Sri Lanka. 712 
MLIT (2011). Further Information Concerning the Design Method of Safe Buildings that are 713 
Structurally Resistant to Tsunamis - Technical Advice No. 2570. Ministry of Land, Infrastructure, 714 
Transport and Tourism, Tokyo, Japan 715 
PAHO (2008). “Hospital Safety Index: Guide for Evaluators.” Pan-American Health Organization 716 
(PAHO), Switzerland.  717 
Papathoma M., & Dominey-Howes D. (2003). “Tsunami vulnerability assessment and its 718 
implications for coastal hazard analysis and disaster management planning, Gulf of Corinth, 719 
Greece”. Natural Hazards and Earth System Science, 3(6), 733-747. 720 
Petrone C., Rossetto T., & Goda K. (2017). “Fragility assessment of a RC structure under tsunami 721 
actions via nonlinear static and dynamic analyses”. Engineering Structures, 136, 36-53. 722 
Proença, J., Oliveira, C. S. and Almeida, J. P. (2004). “Performance-Based Seismic Assessment 723 
of Reinforced Concrete Structures with Masonry Infilled Panels: The Case of Block Number 22 724 
of the Santa Maria Hospital in Lisbon”, ISET Journal of Earthquake Technology, 41, pp.233-247. 725 



Hospital Tsunami Relative Risk Index 

 
21 

Robertson, I. N. (2020). “Tsunami Loads and Effects: Guide to the Tsunami Design Provisions of 726 
ASCE 7-16.” ASCE, Reston, VA. 727 
Tonkin S.P., Francis M., and Bricker J.D. (2014). “Limits on coastal scour depths due to 728 
tsunami.” International Efforts in Lifeline Earthquake Engineering, 671-678. 729 
UNDRR (2015). Sendai Framework for Disaster Risk Reduction 2015 - 2030, UN Office for 730 
disaster risk reduction. Available online at: 731 
https://www.unisdr.org/files/43291_sendaiframeworkfordrren.pdf (Accessed 4 November 2020). 732 
UNISDR (2005). “Hyogo Framework for Action 2005-2015: Building the Resilience of Nations 733 
and Communities to Disasters”, World Conference on Disaster Reduction 18-22 January 2005, 734 
Kobe, Hyogo, Japan. Available online at: https://www.unisdr.org/2005/wcdr/intergover/official-735 
doc/L-docs/Hyogo-framework-for-action-english.pdf (Accessed 6 November 2020) 736 
WHO (2008). “Hospitals should be safe from disasters: reduce risk, protect health facilities, save 737 
lives.” World Health Organization. Regional Office for the Western Pacific. WHO Regional 738 
Office for the Western Pacific, Manila 739 
WHO (2010). “Safe hospitals in emergencies and disasters: structural, non-structural and 740 
functional indicators.” World Health Organization. Regional Office for the Western Pacific. 741 
WHO Regional Office for the Western Pacific, Manila  742 
WHO (2015). “Hospital safety index: guide for evaluators.” 2nd ed.. World Health Organization. 743 
https://apps.who.int/iris/handle/10665/258966 744 
Wijetunge J.J. (2009). "Field measurements and numerical simulations of the 2004 tsunami 745 
impact on the south coast of Sri Lanka." Ocean Engineering, 36.12-13, 960-973. 746 
Yeh H., Barbosa A. R., Ko H., & Cawley J. G. (2014). “Tsunami loadings on structures: Review 747 
and analysis”, Coastal Engineering Proceedings, 1(34), 4.  748 



                                                                                             Hospital Tsunami Relative Risk Index  

 
22 

This is a provisional file, not the final typeset article 

Table 1: Fac-simile of the paired comparison questionnaire 749 

 750 

 751 

 752 

  753 

Which system is more critical 
in case of a tsunami? System 1 System 2 System 3 … System n 

System 1  R C =  

System 2      

System 3      

….      

System n      
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Table 2: Hazard data for the surveyed hospital buildings. 754 

Hospital Building ID Total No. 
of Storeys Critical Unit 

𝒉𝒉𝐓𝐓𝐓𝐓𝐓𝐓 (m) 
Hazard 
Level 1 

Hazard 
Level 2 

Hazard 
Level 3 

Balapitiya B7 4 ICU (x2) 0.00 0.00 1.37 
B6 3 LR 0.00 0.00 1.13 
B9 1 OT 0.00 0.00 1.05 

B10 3 ICU, OT 0.00 0.00 1.08 
B11 2 ICU, MW 0.00 0.00 1.18 

Matara M1 3 ICU (x2) 0.57 2.08 3.58 
M12 3 OT 0.43 1.93 3.43 
M15 3 ICU 0.43 1.93 3.43 
M27 2 ICU, LR, MW, OT 0.52 2.01 3.51 
M33 1 MW 0.00 0.87 2.37 

Tangalle T1 3 PW (x2) 0.00 0.00 0.35 
T4 2 ICU 0.00 0.00 0.67 
T9 2 MW (x2) 0.00 0.29 1.79 

 755 

756 
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Table 3. Summary of results for the performed rankings. 757 

Back-up Systems Weight 
Mean 

Weight 
St. Dev. 

Electric Power (EP) 0.81 0.11 

Water Supply (WS) 0.80 0.15 

Telecommunications (TLC) 0.62 0.22 

Medical gas (MG) 0.52 0.21 

Fuel and Gas Services (FG) 0.37 0.26 

Wastewater (WW) 0.36 0.20 

Fire Protection (FP) 0.25 0.21 

Air Conditioning (HVAC) 0.20 0.14 

758 



  

Table 4. Summary of TRRI calculated for the critical units under three hazard levels 759 

Unit Bldg 
id Floor  Hazard Level 1  Hazard Level 2  Hazard Level 3 

 Bldg Funct Bcs TRRI  Bldg Funct Bcs TRRI  Bldg Funct Bcs TRRI 
ICU B11 GF  0.0 0.0 0.2 0.2  0.0 0.0 0.3 0.3  1.0 1.0 0.5 1.0 
ICU M15 GF  1.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0 
ICU T4 GF  0.0 0.0 0.5 0.5  0.0 0.0 0.8 0.8  0.1 1.0 1.0 1.0 
ICU B10 GF  0.0 0.0 0.2 0.2  0.0 0.0 0.4 0.4  0.5 1.0 0.5 1.0 
ICU M27 GF  0.2 1.0 1.0 1.0  0.7 1.0 1.0 1.0  1.0 1.0 1.0 1.0 
ICU B7 1F  0.0 0.0 0.2 0.2  0.0 0.0 0.4 0.4  1.0 0.0 0.5 1.0 
ICU M1 1F  0.5 0.0 1.0 1.0  1.0 0.0 1.0 1.0  1.0 1.0 1.0 1.0 
ICU M1 1F  0.5 0.0 1.0 1.0  1.0 0.0 1.0 1.0  1.0 1.0 1.0 1.0 
ICU B7 2F  0.0 0.0 0.2 0.2  0.0 0.0 0.4 0.4  1.0 0.0 0.5 1.0 
LR B6 GF  0.0 0.0 0.2 0.2  0.0 0.0 0.4 0.4  0.3 1.0 0.5 1.0 
LR M27 GF  0.2 1.0 1.0 1.0  0.7 1.0 1.0 1.0  1.0 1.0 1.0 1.0 

MW M33 GF  0.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0 
MW T9 GF  0.0 0.0 0.5 0.5  0.0 1.0 0.8 1.0  0.6 1.0 1.0 1.0 
MW M27 1F  0.2 0.0 1.0 1.0  0.7 0.0 1.0 1.0  1.0 0.0 1.0 1.0 
MW T9 1F  0.0 0.0 0.5 0.5  0.0 0.0 0.8 0.8  0.6 0.0 1.0 1.0 
MW B11 1F  0.0 0.0 0.2 0.2  0.0 0.0 0.3 0.3  1.0 0.0 0.5 1.0 
OT B9 GF  0.0 0.0 0.2 0.2  0.0 0.0 0.3 0.3  0.3 1.0 0.4 1.0 
OT M27 GF  0.2 1.0 1.0 1.0  0.7 1.0 1.0 1.0  1.0 1.0 1.0 1.0 
OT B10 GF  0.0 0.0 0.2 0.2  0.0 0.0 0.4 0.4  0.5 1.0 0.5 1.0 
OT M12 2F  0.2 0.0 1.0 1.0  0.6 0.0 1.0 1.0  1.0 0.0 1.0 1.0 
PW T1 GF  0.0 0.0 0.5 0.5  0.0 0.0 0.8 0.8  0.0 1.0 1.0 1.0 
PW T1 1F  0.0 0.0 0.5 0.5  0.0 0.0 0.8 0.8  0.0 0.0 1.0 1.0 

  760 
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Table 5. Summary of RRIbldg calculated for the critical units under three hazard levels 761 

Unit Bldg 
id Floor  Hazard Level 1  Hazard Level 2  Hazard Level 3 

 Struct Debris Scour Bldg  Struct Debris Scour Bldg  Struct Debris Scour Bldg 
ICU B11 GF  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.3 1.0 1.0 1.0 
ICU M15 GF  0.0 0.0 1.0 1.0  0.4 0.2 1.0 1.0  1.0 0.2 1.0 1.0 
ICU T4 GF  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.1 0.0 0.0 0.1 
ICU B10 GF  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.3 0.3 0.5 0.5 
ICU M27 GF  0.1 0.0 0.2 0.2  0.7 0.2 0.4 0.7  1.0 0.2 1.0 1.0 
ICU B7 1F  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.3 0.7 1.0 1.0 
ICU M1 1F  0.1 0.2 0.5 0.5  0.8 0.2 1.0 1.0  1.0 0.2 1.0 1.0 
ICU M1 1F  0.1 0.2 0.5 0.5  0.8 0.2 1.0 1.0  1.0 0.2 1.0 1.0 
ICU B7 2F  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.3 0.7 1.0 1.0 
LR B6 GF  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.2 0.3 0.3 0.3 
LR M27 GF  0.1 0.0 0.2 0.2  0.7 0.2 0.4 0.7  1.0 0.2 1.0 1.0 

MW M33 GF  0.0 0.0 0.0 0.0  0.6 0.2 1.0 1.0  1.0 0.2 1.0 1.0 
MW T9 GF  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.6 0.3 0.3 0.6 
MW M27 1F  0.1 0.0 0.2 0.2  0.7 0.2 0.4 0.7  1.0 0.2 1.0 1.0 
MW T9 1F  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.6 0.3 0.3 0.6 
MW B11 1F  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.3 1.0 1.0 1.0 
OT B9 GF  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.1 0.3 0.3 0.3 
OT M27 GF  0.1 0.0 0.2 0.2  0.7 0.2 0.4 0.7  1.0 0.2 1.0 1.0 
OT B10 GF  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.3 0.3 0.5 0.5 
OT M12 2F  0.1 0.0 0.2 0.2  0.6 0.1 0.4 0.6  1.0 0.1 1.0 1.0 
PW T1 GF  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0 
PW T1 1F  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0 

  762 
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Table 6. Summary of TRRI for the critical units under three hazard levels: baseline scenario and three different What-If (WI) scenarios 763 

Unit Bldg 
id Floor 

 TRRI - Hazard Level 1  TRRI - Hazard Level 2  TRRI - Hazard Level 3 
 Base-

line WI1 WI2 WI3  Base-
line WI1 WI2 WI3  Base-

line WI1 WI2 WI3 

ICU B11 GF  0.2 0.1 0.2 0.1  0.3 0.1 0.3 0.1  1.0 1.0 1.0 1.0 
ICU M15 GF  1.0 1.0 1.0 0.1  1.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0 
ICU T4 GF  0.5 0.1 0.5 0.1  0.8 0.1 0.8 0.1  1.0 1.0 1.0 0.1 
ICU B10 GF  0.2 0.1 0.2 0.1  0.4 0.1 0.4 0.1  1.0 1.0 0.5 0.5 
ICU M27 GF  1.0 1.0 1.0 0.1  1.0 1.0 1.0 0.7  1.0 1.0 1.0 1.0 
ICU B7 1F  0.2 0.1 0.2 0.1  0.4 0.1 0.4 0.1  1.0 1.0 1.0 1.0 
ICU M1 1F  1.0 0.5 1.0 0.5  1.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0 
ICU M1 1F  1.0 0.5 1.0 0.5  1.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0 
ICU B7 2F  0.2 0.1 0.2 0.1  0.4 0.1 0.4 0.1  1.0 1.0 1.0 1.0 
LR B6 GF  0.2 0.1 0.2 0.1  0.4 0.1 0.4 0.1  1.0 1.0 0.5 0.3 
LR M27 GF  1.0 1.0 1.0 0.1  1.0 1.0 1.0 0.7  1.0 1.0 1.0 1.0 

MW M33 GF  1.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0 
MW T9 GF  0.5 0.1 0.5 0.1  1.0 1.0 0.8 0.1  1.0 1.0 1.0 0.6 
MW M27 1F  1.0 0.1 1.0 0.1  1.0 0.7 1.0 0.7  1.0 1.0 1.0 1.0 
MW T9 1F  0.5 0.1 0.5 0.1  0.8 0.1 0.8 0.1  1.0 0.6 1.0 0.6 
MW B11 1F  0.2 0.1 0.2 0.1  0.3 0.1 0.3 0.1  1.0 1.0 1.0 1.0 
OT B9 GF  0.2 0.1 0.2 0.1  0.3 0.1 0.3 0.1  1.0 1.0 1.0 1.0 
OT M27 GF  1.0 1.0 1.0 0.1  1.0 1.0 1.0 0.7  1.0 1.0 1.0 1.0 
OT B10 GF  0.2 0.1 0.2 0.1  0.4 0.1 0.4 0.1  1.0 1.0 0.5 0.5 
OT M12 2F  1.0 0.1 1.0 0.1  1.0 0.6 1.0 0.6  1.0 1.0 1.0 1.0 
PW T1 GF  0.5 0.1 0.5 0.1  0.8 0.1 0.8 0.1  1.0 1.0 1.0 0.1 
PW T1 1F  0.5 0.1 0.5 0.1  0.8 0.1 0.8 0.1  1.0 0.1 1.0 0.1 
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Table 7. Summary of the effectiveness of each What-If (WI) scenario. 765 

Unit  EWI - Hazard Level 1  EWI - Hazard Level 2  EWI - Hazard Level 3 
 WI1 WI2 WI3  WI1 WI2 WI3  WI1 WI2 WI3 

ICU  0.22 0 0.44  0 0 0.11  0 0.11 0.22 
LR  0 0 0.50  0 0 0.50  0 0.50 0.50 

MW  0.20 0 0.20  0.20 0.20 0.40  0.20 0 0.40 
OT  0.25 0 0.50  0.25 0 0.50  0 0.25 0.25 
PW  0* 0* 0*  0* 0* 0*  0.50 0.50 1.0 

* indicates that all critical units were predicted as functional in the baseline scenario for the 
Hazard Level considered. 
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