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ABSTRACT 6 

Many coastal regions lying on subduction zones are likely to experience the catastrophic 7 

effects of cascading earthquake and tsunami observed in recent events, e.g., 2011 Tohoku 8 

Earthquake and Tsunami. The influence of earthquake on the response of the structure to 9 

tsunami is difficult to quantify through damage observations from past events, since they only 10 

provide information on the combined effects of both perils. Hence, the use of analytical 11 

methodologies is fundamental. This paper investigates the response of a reinforced concrete 12 

frame subjected to realistic ground motion and tsunami inundation time histories that have been 13 

simulated considering a seismic source representative of the M9 2011 Tohoku earthquake 14 

event. The structure is analysed via nonlinear time-history analyses under (a) tsunami 15 

inundation only and (b) earthquake ground motion and tsunami inundation in sequence. 16 

Comparison of these analyses shows that there is a small impact of the preceding earthquake 17 

ground shaking on the tsunami fragility. The fragility curves constructed for the cascading 18 

hazards show less than 15% reduction in the median estimate of tsunami capacity compared to 19 

the fragility functions for tsunami only. This outcome reflects the fundamentally different 20 

response of the structure to the two perils: while the ground motion response of the structure is 21 

governed by its strength, ductility and stiffness, the tsunami performance of the structure is 22 

dominated by its strength. It is found that the ground shaking influences the tsunami 23 

displacement response of the considered structure due to the stiffness degradation induced in 24 

the ground motion cyclic response, but this effect decreases with increasing tsunami force.  25 

Keywords: sequential earthquake-tsunami; cascading earthquake hazard; tsunami 26 
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1. INTRODUCTION 28 

Tsunami have contributed to 250,125 deaths between 1994 and 2013 [1]. They are the 29 

deadliest natural hazard, with an average of 79 deaths for every 1,000 people affected, 30 

compared to four deaths per 1,000 for other natural hazards. Past tsunami have caused 31 

widespread damage and economic losses, with a direct loss of US$211 billion being estimated 32 

for the 2011 Tohoku event alone [2]. Exposure to this hazard is high, as 6 out of the 10 most 33 

populous megacities are at risk of being severely affected by storm surge and tsunami [3]. 34 

Moreover, regions at highest risk lie on subduction zones around the Pacific “Ring of Fire” 35 

(e.g., Japan, Indonesia, Pacific Northwest), and hence are likely to experience strong ground 36 

shaking as well as tsunami inundation [4].  37 

An important component in the evaluation of tsunami impact or risk is the estimation of 38 

building response due to tsunami onshore flow. To date the majority of research on this topic 39 

has focussed on the development of fragility functions based on post-tsunami damage observed 40 

at a given location, so-called “empirical fragility functions”, e.g. Suppasri et al. [5] among 41 

many others. Empirical tsunami fragility functions are by their nature specific to the event 42 

represented in the post-event damage data as well as the local building stock, and are limited 43 

by the typical absence of locally recorded tsunami intensity measures, such as the flow velocity. 44 

They commonly adopt building damage observations from locations that have been affected 45 

by both earthquake and tsunami hazards, implicitly including the response of buildings to the 46 

combined hazards. Assessment of structural performance through numerical analyses is 47 

therefore essential to overcome these limitations. Analytical fragility functions are therefore 48 

needed to complement empirical assessments for a physical understanding of structural 49 

behaviour under cascading earthquake and tsunami.  50 

Research on the development of analytical fragility functions for structures subjected to 51 

tsunami is growing worldwide. However, compared to analogous studies in earthquake 52 

engineering, to date there are only very few published tsunami fragility studies (e.g. Macabuag 53 

et al. [6], Nanayakkara and Dias [7], Attary et al. [8], Petrone et al. [9], Alam et al. [10], 54 

amongst others). Many of these studies investigated the response of structures located in areas 55 

that could be subjected to severe ground shaking before tsunami inundation.  The question then 56 

arises as to whether the preceding ground motion has an impact on the subsequent tsunami 57 

performance of the structure.  58 
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Numerical investigations on structural models are therefore required to investigate the 59 

performance of structures under sequential earthquake and tsunami. Structural analysis can be 60 

performed by means of numerical models that are able to represent, with varying computational 61 

complexity, the response of the structures under ground motion and tsunami in cascade. For 62 

instance, Park et al. [11] developed an approach to evaluate the performance of a structure, 63 

idealised with a simplified single degree of freedom, under ground motion and tsunami in 64 

sequence. Static analysis is performed considering an equivalent tsunami force according to 65 

design prescriptions. Rossetto et al. [12] present a comprehensive comparison of several 66 

numerical analyses for a tsunami vertical evacuation building. They presented different 67 

analysis typologies that can be used to assess the response of a structure and evaluated the bias 68 

associated to each approach in predicting the structural response. They found that excellent 69 

prediction can be obtained using a seismic nonlinear response history analysis for the ground 70 

shaking followed by a transient free vibration and tsunami pushover. Attary et al. [13] have 71 

employed such an approach for the loss assessment of a steel building. However, this study 72 

only considers global failure mechanisms under the sequential loads, with local damage 73 

mechanisms not being accounted for in either the structure modelling or assessment. Such 74 

mechanisms have been seen to dominate the collapse of some buildings subjected to tsunami 75 

loading [9,10]. In the context of coastal infrastructure, Carey et al. [14] have recently applied 76 

similar approaches to quantify sequential earthquake and tsunami-induced damage to bridges. 77 

They found that there is a reduction in the bridge system to tsunami loading due to residual 78 

effects of the preceding earthquake loading. There is a clear gap in knowledge in quantifying 79 

the influence of the preceding ground motion on the performance of structures under tsunami 80 

actions using realistic ground motions and tsunami inundation time histories on a structural 81 

model.  82 

Hence, this study builds on the paper by Rossetto et al. [12], and aims to assess the impact 83 

of the preceding ground motion on the tsunami response and fragility of structures. A 84 

reinforced concrete structure designed to the Japanese Seismic Codes is subjected to consistent 85 

ground motion and tsunami loads, i.e. generated by the same seismic source. An extensive set 86 

of ground motion and tsunami “pairs” are simulated for the 2011 M9 Tohoku earthquake event 87 

according to the methodology developed by Goda et al. [15]. The structure is analysed via 88 

nonlinear response-history analyses under earthquake ground motion and tsunami inundation 89 

in sequence to assess the impact of the preceding ground motion on the tsunami response and 90 

fragility curve. Finally, an earthquake-tsunami fragility surface is developed for the 91 
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investigated structure to fully quantify the uncertainty in the response due to the tsunami load 92 

and ground motion. It should be noted that, while other sources of uncertainty, e.g. material 93 

and geometry, are not considered herein, this study is specific to the case-study application and 94 

should not adopted for the assessment of buildings designed and constructed in different 95 

regions of the world.  96 

2. CASE-STUDY APPLICATION 97 

2.1. STRUCTURAL MODEL 98 

2.1.1. Case-study building description 99 

The building considered in this study is a five-storey reinforced concrete (RC) moment 100 

resisting frame (Figure 1). This building was selected from “Structural Design and Member 101 

Sections Case Studies” [16], which examines the design of prototypical RC structures to the 102 

Japanese Seismic Codes [17,18]. The building is 16.58 m high, 39.95 m long and 11.35 m 103 

wide.  104 

In this study, the tsunami is assumed to impact the structure along the y-axis. The lateral 105 

loading is therefore resisted by eight two-bay moment resisting frames. Due to the structural 106 

regularity in plan and height, one of the intermediate frames X3 (see Figure 1a) is considered 107 

for this assessment. Beam cross-section dimensions vary from 45 × 65 cm in the first four 108 

storeys to 60 × 70 cm in the top storey, and all beams are designed with 13-mm diameter with 109 

stirrups spacing of 200 mm. The concrete cover is 5 cm throughout. Beam steel reinforcement 110 

ratios vary from 0.87% at the first storey to 1.0% at the fifth storey. The columns have larger 111 

steel reinforcing ratios, varying from 1.40% at the first storey to 1.27% in the upper storeys. 112 

The horizontal reinforcement spacing is constant throughout the height of all the columns, 113 

without an increase in shear reinforcement ratio at column ends. 114 

 115 
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(a) 

 

 

(b) (c) 

Figure 1. Case-study building; (a) plan view; (b) elevation view of frame X3 (section A-A); and (c) finite 

element model of frame X3. (All dimensions are in mm).  

2.1.2. Finite element model 116 

The case-study structure is modelled using the OpenSees software [19]. A distributed 117 

plasticity approach is adopted to model both columns and beams. Force-based nonlinear 118 

elements with five Gauss-Lobatto integration points are used. The rectangular cross-sections 119 

are discretised using a fibre approach. The composite beam-slab behaviour known as T-beam 120 

effect is neglected.  121 
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Mean strengths of steel and unconfined concrete are calculated as 321 MPa and 28.7 MPa, 122 

assuming a coefficient of variation (COV) of 5% and 10%, respectively [20]. The constitutive 123 

material Concrete04 in OpenSees [19], based on Uniaxial Popovics material [21] with an 124 

unloading and reloading stiffness model according to Karsan-Jirsa [22] and exponential decay 125 

for the strength, is employed to model confined and unconfined concrete. It is noted that 126 

Concrete04 model simulates stiffness degradation. Due to the low axial forces in the beams, 127 

concrete in the corresponding elements is modelled as unconfined. The steel stress-strain 128 

constitutive material is modelled using the Giuffre-Menegotto-Pinto model, named as Steel02 129 

in OpenSees. Reinforcing steel is assumed to have a strain hardening of 0.003, an ultimate steel 130 

strain of 0.3 and a ratio between tensile strength and yielding strength of 1.5. These values are 131 

chosen for consistency with the criteria of the Japanese code [20]. It is acknowledged that a 132 

strain hardening ratio of 0.003 is low; however, this has little influence on the earthquake 133 

response of the structure, as the seismic actions do not lead to high levels of damage in the 134 

structural elements. This choice is conservative for the tsunami analysis as higher strain 135 

hardening might be more beneficial; nevertheless, the overall response to tsunami is unlikely 136 

to be influenced by strain hardening, as discussed in Macabuag [23]. Beam-column joints were 137 

modelled by joining concurrent nodes, with elastic elements only and with no rigid links.  Shear 138 

failure initiation and degradation of columns is not modelled for the case-study structure, based 139 

on a sensitivity study that showed that the hysteretic response of columns of the considered 140 

structure is not sensitive to shear degradation, as a result of their transverse reinforcement 141 

detailing. Geometric nonlinearity such as P-delta effects is considered. 142 

The seismic mass is modelled by applying lumped masses at the central beam-column joint 143 

at each storey (Figure 1c). Gravity loads are uniformly applied to beams. The base nodes are 144 

fixed to the ground. The fundamental period of the model is 0.49 s, and the first mode is 145 

characterised by an 86% mass participation factor. 146 

2.2. EARTHQUAKE AND TSUNAMI SIMULATED TIME-HISTORIES 147 

This paper presents an investigation of the response of the case-study building to 148 

earthquake and tsunami in sequence, using a large set of ground motion records and tsunami 149 

inundation time histories. These records are selected from the study by Goda et al. [15], which 150 

simulates several tsunami traces for the 2011 Tohoku tsunami using a consistent stochastically-151 

generated earthquake source model. The ground motion time-histories are simulated using the 152 

multiple-event stochastic finite-fault method described in Goda et al. [24], while the tsunami 153 

wave profiles are generated by propagating the vertical displacement of the seabed via 154 
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nonlinear shallow water equations with run-up [25]. In total, 803 compatible ground motion 155 

and tsunami time-histories are available from the work of Goda et al. [24], which correspond 156 

to time-histories of ground acceleration, tsunami inundation depth and flow velocity measured 157 

at 73 coastal sites in Japan, for 11 different source models of the 2011 Tohoku event. In this 158 

paper, tsunami inundation time histories that overtop the structure are discarded, resulting in a 159 

set of 672 earthquake-tsunami records. The maximum tsunami inundation velocity is 7 m/s.  160 

The study aims to investigate the tsunami response of a structure with different levels of 161 

initial damage due to the ground motion. The unscaled records were not capable to bring the 162 

structure to extensive damage and it was therefore decided to employ two additional sets of 163 

672 earthquake-tsunami records, where the original acceleration time-histories are scaled by a 164 

factor of 3 and 5, respectively. It is noted that in the resulting earthquake-tsunami records, 165 

indicated as EQ-TS, the tsunami inundation depth and velocity time-histories remain unaltered.  166 

Physically the ground shaking and wave form are not connected past origination. i.e. both 167 

seismic waves and tsunami waves are generated by a fault and propagate away from the source. 168 

However, the tsunami does not lose energy or transform significantly as it propagates across 169 

deep ocean waters [26]. The tsunami waveform and inundation are only transformed near and 170 

onshore, respectively, due to interaction with nearshore bathymetry and topography. Instead 171 

earthquake ground motions attenuate significantly with distance from the source, and may or 172 

may not be amplified by the soil column at the site. Effectively the scaled records represent 173 

what the ground shaking would be if the coast of Japan were shifted East towards the source 174 

fault. In such a scenario, the same tsunami wave traces can be considered consistent with these 175 

scaled ground motions, since their offshore form will be the same and the same approach 176 

bathymetry and topography are used. 177 

In this paper, the tsunami action over the building is considered only as a hydrodynamic 178 

lateral force. This force, 𝐹T(𝑡), is calculated from the time-histories of tsunami inundation 179 

depth, ℎ(𝑡), and velocity, 𝑢(𝑡), using the experimentally-validated formulation of Qi et al. [27]. 180 

According to this, the net force per unit of width 𝑏 of a rectangular building subjected to a free-181 

surface channel flow is: 182 

 
𝐹T(𝑡)/𝑏 = 𝑠𝑔𝑛(𝑢(𝑡)) {

0.5𝐶𝐷𝜌𝑢(𝑡)2ℎ(𝑡)         if 𝐹𝑟 < 𝐹𝑟𝑐                

          𝜆𝜌𝑔1/3𝑢(𝑡)4/3ℎ(𝑡)4/3   if 𝐹𝑟 ≥ 𝐹𝑟𝑐                             
 (1) 

where 𝐶𝐷 is the drag coefficient, 𝜌 is the sea water density (1.2 t/m3), 𝜆 is the choking ratio, 𝑔 183 

is the acceleration of gravity, 𝐹𝑟 is the Froude number (𝐹𝑟 = 𝑢/√𝑔ℎ), and 𝐹𝑟c is the Froude 184 
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number threshold. When 𝐹𝑟 <  𝐹𝑟c, the steady-state flow regime is subcritical, while it 185 

becomes choked if 𝐹𝑟 ≥  𝐹𝑟c. The parameters 𝐶𝐷, 𝜆 and 𝐹𝑟c are dependent on the blocking 186 

ratio parameter 𝑏/𝑤, which corresponds to the ratio between the obstacle and the flume widths. 187 

A blocking ratio of 0.6 is used in this study (i.e., 𝐶𝐷 = 4.7, λ = 2.0, 𝐹𝑟c = 0.32), as it represents 188 

the conditions determined in a dense urban environment [9]. It is noted that this formulation 189 

assumes that the structure is impermeable. Tsunami loading is applied on the seaward column 190 

only, with a tributary width of b = 5.8m (refer to Figure 1 and Eq. 1), considering that the 191 

structural is impermeable to flow. 192 

Figure 2 illustrates the pseudo-spectral acceleration at the fundamental period of 

vibration of the case study structure, Sa(T1), and peak tsunami force, FT, of the 2,016 EQ-TS 

pairs.  

 

Figure 2. Earthquake-tsunami (EQ-TS) pairs in terms of pseudo-spectral acceleration at the fundamental 

period of vibration Sa(T1) of the case study structure (T1 = 0.49 s) and peak force of the tsunami inundation 

time history FT. Note: ‘GMx3’ and ‘GMx5’ indicate EQ-TS pairs with original ground motion time-histories 

(‘GM’) scaled by a factor of 3 and 5. 

2.3.  NUMERICAL ANALYSIS 193 

A bespoke methodology is used to analyse the structure under sequential earthquake and 194 

tsunami loading. As illustrated in Figure 3, a nonlinear earthquake response history analysis is 195 

first performed, where the structural model is subjected to a ground motion record. This is 196 

followed by a transient free vibration phase, during which the structure freely oscillates until it 197 

stops vibrating. If the structure exhibits a nonlinear response during the ground shaking, this 198 

may result in residual deformations, i.e., residual drifts, after the free vibration. The analysis 199 

time step for the earthquake phase and for the free-vibration and tsunami phases is 0.01s and 200 

0.05s, respectively (with up to 1/50 reduction factor in particular cases where convergence was 201 

difficult to achieve). For the free-vibration phase, analysis duration and structural damping 202 
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values are arbitrarily tuned to prevent any further oscillation before the tsunami phase. 203 

Newmark integration is used throughout the analysis. In this paper, a 5% Rayleigh damping 204 

ratio is used throughout earthquake and tsunami phases [12], while a fictitious 30% is applied 205 

during the free vibration phase to minimise any vibration in the structure following the ground 206 

shaking. The damping matrix for an element or node is specified as a combination of stiffness 207 

and mass-proportional damping matrices [19]. Finally, a tsunami inundation response history 208 

analysis is carried out as described in [9]. No reduction in the structure weight is considered 209 

for the tsunami analyses (i.e. buoyant action is neglected) 210 

 211 

 

Figure 3. Sequential earthquake and tsunami time-history analysis: conceptual diagram. 

2.4. DAMAGE STATES DEFINITION 212 

The scale of damage states (ds) for the structure subjected to sequential earthquake and 213 

tsunami is defined assuming that the engineering demand parameters (EDPs) are not dependent 214 

on the type of loading. Five damage states are established to describe the extent of damage 215 
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within the structure, from no damage (ds0) to collapse (ds4). Good engineering practice 216 

supports the definition of damage states that are defined considering damage mechanisms that 217 

can form at Section, Member, Storey and Global structural level [28]. These should be defined 218 

by threshold values of EDP that define unambiguously the progression between one damage 219 

state and the next; with the occurrence of the first of these indicating initiation of the damage 220 

state.  221 

The tsunami force 𝐹𝑇 is assumed to impact one longitudinal side of the structure (i.e., Y1 222 

in Figure 1a). Therefore, the tsunami force acting on each transverse frame is calculated based 223 

on the tributary width, i.e., 𝑏 = 5.8 m for frame X3, and is applied to the external columns. 224 

Different load patterns (i.e., uniform, triangular, trapezoidal) can be used to apply the load 225 

along the columns. Furthermore, different load discretisation can be used, e.g., the force can 226 

be applied solely at the storey level [6,7], or at several points along each column within each 227 

storey [8,10]. Petrone et al. [9] found that applying a triangular or trapezoidal loading pattern, 228 

with the load discretised and applied at several locations along the columns within each storey 229 

results in a better prediction of both the global and local behaviour of a structure under tsunami 230 

loading. In this paper, a triangular force distribution with five force application points per 231 

storey is employed. 232 

In this study, due to the number of analyses involved and the study focus on collapse 233 

fragility functions, section level EDPs are not adopted, and EDPs at member and global level 234 

are also not defined for damage states below collapse. The damage scale adopted is presented 235 

in Table 1, and adopts the maximum inter-storey drift ratio (IDR) thresholds proposed in 236 

Rossetto et al [28] for a special code RC frame, (i.e., designed according to the modern seismic 237 

code) for all damage states. Additionally, seismic pushover analyses and tsunami inundation 238 

response history analyses were conducted to validate the defined IDR threshold for ds2 239 

(0.95%), and check its correspondence with the occurrence of steel reinforcement yielding in 240 

columns. Since Rossetto et al. [28] do not provide an IDR threshold for the slight damage state 241 

(ds1), this study adopts that proposed in HAZUS [29] for special code mid-rise RC frames. For 242 

the member-level based collapse definition, it is recognised that due to the large shear forces 243 

induced in vertical members by tsunami, column shear failure is possible, even for a seismically 244 

designed structure (e.g. as in [9]). Consequently, collapse is also considered to commence when 245 

the shear safety factor (SSF), (i.e., the ratio between the maximum internal shear force and the 246 

shear strength), is less than 1 in any vertical element. This is reasonable as the duration of 247 

tsunami loading is significant, and is likely to result in progressive failure of the structure once 248 
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shear failure of a load-bearing element is surpassed [30]. Based on the results of the analysis 249 

presented in the next section, column 1011 at the ground floor of the RC frame (see Figure 1c) 250 

is the most critical in terms of shear demand under tsunami forces, thus SSF is tracked only in 251 

this column. The shear strength of column 1011 is determined using the formulation proposed 252 

by Biskinis et al. [31], which also accounts for the level of axial load. At global level, ds4 is 253 

defined based on the approach proposed by Petrone et al. [9]. This criterion assumes that partial 254 

collapse occurs when the structure is deformed up to a point where the internal force (i.e., net 255 

base shear) is reduced by 20% compared to the applied peak force. The ds4 damage state is 256 

assumed to be reached on the first occurrence of any one of the defined member-, storey- or 257 

global-level criteria. The final damage state, i.e., following the earthquake and tsunami in 258 

sequence, is determined as the maximum value of the damage states attained in each phase of 259 

the analysis. 260 

Table 1. Damage scale for earthquake and tsunami in sequence. 261 

Damage  

Type 

No Damage 

(ds0) 

Slight Damage 

(ds1) 

Moderate 

Damage (ds2)  

Extensive 

Damage (ds3)  
Collapse (ds4) 

Member-

level  
N.A. N.A. N.A. N.A. 

SSF ≥ 1.0 in 

column 1011 

Story-level  IDR < 0.33% IDR ≥ 0.33% IDR ≥ 0.95%  IDR ≥ 2.11%   IDR ≥ 5.62%  

Global-

level 

 

N.A. N.A. N.A. N.A. 

More than 20% 

of decay in the 

net internal 

force. 

3. RESULTS AND DISCUSSION 262 

Two sets of time-history analyses are performed to simulate the structure response under: (a) 263 

tsunami inundation only, (672 analysis); and (b) earthquake shaking and tsunami inundation in 264 

sequence (2,016 analysis). This section first compares only the structure’s tsunami response 265 

phase, which for cases (a) and (b) are denoted as TS and TSEQ-TS, respectively. Then, the final 266 

damage resulting from the tsunami only, and the sequential earthquake and tsunami analyses 267 

is assessed.  268 

3.1. IMPACT OF PRECEDING EARTHQUAKE ON TSUNAMI STRUCTURAL 269 

DEMAND 270 

Figure 4 compares the results of the TSEQ-TS phase from the sequential analysis against the 271 

corresponding TS analysis. Figures 4a and b plot the IDR values from the two sets of analyses, 272 

(i.e., IDRTS,EQ-TS/IDRTS, against Sa(T1) and FT, respectively), for cases where the structure 273 
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reaches ds0, ds1, ds2 and ds3, i.e. 1,643 out of 2,016 analyses. The IDR values for ds4 are not 274 

plotted as numerical instabilities at collapse initiation do not provide reliable IDR values for 275 

the comparison in this section. The results show that, when the structure is subjected to a 276 

preceding earthquake, the IDR values obtained under the tsunami inundation are consistently 277 

larger. This trend is most noticeable for large Sa(T1) values and at lower FT values. The 278 

permanent deformation induced by the ground motion is seen to play a key role in the increase 279 

IDR during the tsunami. The stiffness reduction during the ground motion phase also augments 280 

the maximum displacement during the tsunami phase.  281 

  

(a) (b) 

  
(c) (d) 

Figure 4. Comparison between the structure response under the TSEQ-TS phase of the sequential analysis, and 

the corresponding TS analysis: (a) and (b) show the ratio of maximum inter-storey drift versus Sa(T1) and FT, 

respectively; (c) and (d) show the ratio of shear force in column 1011 versus Sa(T1) and FT, respectively.  

 

The ratios of the maximum values of the shear force in column 1011 occurring during the 282 

tsunami phase for the two sets of analyses, i.e., VTS,EQ-TS/VTS, are plotted against Sa(T1) and FT 283 

in Figures 4c and d, respectively. It can be seen that the larger the tsunami force, the smaller 284 

the impact of the preceding earthquake on the column shear force. The column shear during 285 
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the tsunami phase is clearly correlated to the applied tsunami force. Thus it is expected that the 286 

shear demand is less influenced by the preceding ground motion as compared to IDR (Figure 287 

4b). 288 

  

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5. Comparison between the structure response under TSEQ-TS phase of the sequential analysis, and the 

corresponding TS tsunami. In the sequential analysis, the building is subjected to the same tsunami wave 

trace, after having experienced increasingly-scaled ground motion records (‘Case 1’, ‘Case 3’ and ‘Case 5’): 

(a, c, e) show the base shear-roof drift response; and (b, d, f) show the maximum IDR profile along the 

height of the structure. 
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Figure 5 compares the results from three representative analyses that are indicated as ‘Case 289 

1’, ‘Case 3’ and ‘Case 5’ in Figure 4. These cases compare the response of the structure to the 290 

ground motion and tsunami pair recorded at one of the sites considered herein. While the 291 

tsunami force time-history is the same in all the analyses, the ground motion is unscaled in 292 

Case 1, amplified by a factor of 3 in Case 3 and scaled by a factor of 5 in Case 5. This 293 

comparison allows the assessment of the impact of the preceding ground motion on the 294 

following tsunami response, considering different levels of ground motion intensity. Figures 295 

5a,c,e plot the force-top displacement response of the three considered cases, and compare 296 

these to the corresponding response for tsunami only actions. Following the earthquake, a 297 

noticeable difference in the global stiffness of the structure is observed. For instance, a decrease 298 

in initial stiffness of 39%, 49% and 55% is seen for cases Cases 1, 3 and 5, respectively. Figures 299 

5b,d,f are plots of maximum inter-storey drift for the tsunami only and tsunami preceded by 300 

the earthquake cases, with the residual drift at the end of the earthquake phase also illustrated. 301 

These figures show that the structure sustains an increasing level of earthquake residual drift 302 

in the ground storey from Case 1 to Case 5. Moreover, as the ground motion intensity increases, 303 

the increased damage in the structure causes a higher degradation in the tsunami stiffness, i.e. 304 

the stiffness of the structure under the tsunami, and, thus, a noticeable difference in the resulting 305 

peak tsunami IDR. It is also interesting to note that the reduction in the tsunami stiffness results 306 

in a significant increase in the tsunami peak displacement response even in cases when the 307 

residual displacement following the ground motion phase is in the opposite direction to the 308 

applied tsunami load. This observation suggests that the stiffness reduction due to the 309 

earthquake loading has a greater influence on the tsunami displacement response than residual 310 

deformation or its direction. It is highlighted that if earthquake pushover were used instead of 311 

response history analyses, then residual drifts would be larger and it would be important to 312 

consider their direction [30]. 313 

3.2. IMPACT OF EARTHQUAKE-TSUNAMI SEQUENCES ON STRUCTURAL 314 

DAMAGE STATE 315 

Within this Section, the damage state definitions presented in Table 1 are used to attribute 316 

the structure response to a damage state. In the following, a distinction is made between cases 317 

where ds4 is determined: (1) only from the global and storey-level damage criteria of Table 1, 318 

herein termed “global” performance, or (2) from the global, storey and member-level damage 319 

criteria of Table 1, herein termed “local”. This distinction allows for an understanding of the 320 

effect of local shear failure on the overall structure performance. 321 
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3.2.1 Damage characterisation for tsunami time-history analysis  322 

Figures 6a and b show the distribution of damage states for the TS time-history analysis, 323 

adopting ds4 definitions based on global and local performance, respectively. In both cases, 324 

there is a noticeable lack of intermediate damage states in the tsunami only analyses. 325 

Particularly, when the shear failure of column 1011 is accounted for (i.e. the local performance 326 

criterion for ds), damage states are either ds0 or ds4. Such a trend indicates that the tsunami 327 

induces a binary response, being either no damage or collapse, confirming the hypothesis of 328 

Rossetto et al. [30]. 329 

Figures 6c and d show the distribution of IDR and SSF values plotted against FT for the 330 

same set of time-history analysis. The results indicate that the magnitude of 𝐹T describes well 331 

the damage of the structure. For instance, when FT < 2,000 kN, the induced IDR are below the 332 

slight damage (ds1) threshold in most of the analysis, and the column is not prone to shear 333 

failure. With increasing values of FT, the global response of the structure is characterised by 334 

larger IDR while, at member level, the column at the ground floor is highly likely to sustain 335 

shear failure, with SSF values being consistently less than 1.  336 

3.2.2 Damage characterisation for sequential earthquake and tsunami analysis 337 

The damage state histogram for the EQ-TS analysis is plotted in Figure 6a and b, adopting ds4 338 

definitions based on global and local performance, respectively. It is noted that the final 339 

damage state (dsEQ-TS) is defined as the maximum ds achieved in any of the two analysis phases. 340 

Comparison with the TS results shows that in all EQ-TS analysis cases the RC frame 341 

experiences at least slight damage, with no ds0 occurrences. Intermediate damage states (ds1 342 

to ds3) are in fact mainly influenced by the earthquake ground shaking. This is apparent from 343 

the almost total absence of intermediate damage states in the TS case, and larger number of 344 

such damage state cases for EQ-TS. 345 

The collapse performance of the RC frame is instead dominated by the tsunami, with the 346 

preceding earthquake only slightly increasing the number of ds4 cases when compared to the 347 

tsunami only analyses (less than 1%). This is particularly true when the local performance is 348 

considered, with shear failure of local elements precipitating structural failure under the 349 

tsunami (i.e., ds4 cases increase from around 20% to 40% when local performance is 350 

considered). This finding also indicates that the collapse likelihood of the considered RC frame 351 

would be substantially reduced by increasing the shear resistance of the ground floor columns.  352 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 6. (a) and (b) the distribution of damage states for earthquake-tsunami (EQ-TS) analysis and tsunami 

with no earthquake analysis (TS), in terms of global and local performance, respectively; (c) and (d) IDR and 

SSF from TS analysis, respectively, plotted against FT; (e) and (f) IDR and SSF from EQ-TS analysis, 

respectively, plotted against Sa(T1) and FT. 
 

The distribution of IDR values plotted against Sa(T1) and FT in Figure 6e confirms that for 353 

FT <2,000 kN the structural response in terms of inter-storey drift ratio mainly depends on the 354 

earthquake intensity. However, the ground motion influence on the IDR response becomes 355 



Accepted for Publication – Engineering Structures 

negligible for FT values larger than this. Figure 6f plots the SSF values against Sa(T1) and FT 356 

and proves that tsunami-induced shear forces control the local performance of the RC frame, 357 

since SSF <1 when FT exceeds 1,500-2000 kN, irrespectively of the ground motion intensity.  358 

  

(a) (b) 

Figure 7. Damage state distribution under sequential earthquake and tsunami (EQ-TS) in terms of earthquake 

and tsunami IMs: (a) global performance; and (b) local performance. 

 

Figure 7 presents the distribution of dsEQ-TS versus the earthquake and tsunami IMs for both 359 

global and local performance. When local performance is considered (Figure 7b), FT = 1,500 360 

kN clearly appears to be the threshold of structural collapse (ds4). When the shear failure of 361 

column 1011 is not accounted for, (Figure 7a), collapse is typically attained at larger tsunami 362 

peak forces, i.e., about 3,000 kN. For tsunami force values below this threshold, the damage 363 

progression is primarily defined by the structure response to the earthquake loading. It is 364 

interesting to note that Sa(T1) = 2g represents the threshold of ds4 for both global and local 365 

performance. 366 

3.3. FRAGILITY ASSESSMENT 367 

The fragility assessment of the RC frame under sequential earthquake and tsunami aims to 368 

quantify: (a) the influence of prior seismic damage on tsunami fragility; and (b) the likelihood 369 

of collapse when the building is subjected to earthquake and tsunami in sequence. 370 

3.3.1. Do tsunami fragility curves depend on the prior seismic damage?  371 

To answer this question, the EQ-TS analysis results are considered in three groups, with 372 

each group defined by the damage sustained at the end of the tsunami leading phase, i.e. for (a) 373 

tsunami damage greater or equal to moderate damage, DSTS ≥ ds2TS; (b) tsunami damage 374 

greater or equal to extensive damage, DSTS ≥ ds3TS; and (c) tsunami collapse, DSTS ≥ ds4TS.  375 

For each group (a), (b) and (c), the analysis data is further sub-divided by the damage level 376 
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sustained following the earthquake loading phase, i.e. ds1EQ, ds2EQ, ds3EQ. In this study, no 377 

cases with ds0EQ were observed due to the low IDR threshold used for ds1. All data regarding 378 

the tsunami only analyses (TS) are also included, with NoEQ. A probit model is fitted to these 379 

subsets as: 380 

 
𝐼 = {

1 if 𝐷𝑆TS ≥ 𝑑𝑠iTS

0 if 𝐷𝑆TS < 𝑑𝑠iTS
  ,                   𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑃(𝐷𝑆TS ≥ 𝑑𝑠iTS|𝐹T, 𝐷𝑆EQ ))  (2) 

where the mean fragility curve is obtained as: 381 

 Φ−1[𝑃(𝐷𝑆TS ≥ 𝑑𝑠𝑖TS|𝐹T, 𝐷𝑆EQ ] = 𝜃0 + 𝜃1 ln(𝐹T) (3) 

and where 𝜃0 and 𝜃1 are the regression coefficients (the intercept and the slope, respectively). 382 

FT corresponds to the peak value of the associated tsunami time-series. In order for the results 383 

to be easily compared with existing studies, the parameters of the best-estimate fragility curves 384 

are presented in terms of their median, 𝐹𝑇,𝑚, and lognormal standard deviation, 𝛽, are derived 385 

as: 386 

 
𝐹𝑇,𝑚 = exp (−

 𝜃0

𝜃1
) (4) 

 
𝛽 =

 1

𝜃1
 (5) 

Figure 8 shows the tsunami fragility curves and their 90% confidence intervals conditioned 387 

to prior seismic damage for both performance levels, i.e., global and local. The confidence 388 

intervals appear to be close to the best-estimate fragility curves, which is expected given the 389 

relatively large damage data used in the fragility assessment. As illustrated in Figure 8a, the 390 

likelihood of building collapse under tsunami increases slightly when it experiences either a 391 

moderate or a major level of damage during the preceding ground shaking. For example, the 392 

fragility curves of the structures with at least an initial moderate damage (ds2) show a ~10% 393 

drop in the median collapse tsunami force when compared to the structures subjected to 394 

tsunami only (Table 2). On the contrary, a negligible impact on the tsunami fragility curve is 395 

observed for cases when the earthquake results in slight damage (ds1EQ). 396 

It can be concluded that there is a step-wise correlation between tsunami collapse and the 397 

severity of prior seismic damage. The level of the preceding earthquake damage does not 398 

significantly influence the tsunami fragility unless it induces yield in the first-storey columns, 399 

i.e. the initial damage state is ≥ ds2. If the earthquake induces yielding in the ground floor 400 

columns of the structure, the stiffness of the structure under the subsequent tsunami is 401 



Accepted for Publication – Engineering Structures 

significantly reduced, resulting in larger structural deformation. This increased structural 402 

deformation, in turn, causes an increase in P-delta effects under the tsunami actions with 403 

consequent reduction in the structure base shear capacity. However, it is noted that the impact 404 

of the preceding ground motion on the tsunami performance of the investigated structure is 405 

quite limited, with the peak tsunami strength reduction never exceeding 15%. 406 

  

(a) (b) 

  

(c) (d) 

Figure 8. Fragility functions and their 90% confidence intervals conditioned to prior seismic damage and 

exposed only to tsunami: (a,c,d) global performance; and (b) local performance.  

If the shear failure of columns is accounted for (Figure 8b), the results confirm that the 407 

preceding earthquake does not influence the fragility of the RC frame under tsunami. It is 408 

observed that the tsunami force that causes the shear failure in a column can even slightly 409 

increase as a result of the preceding ground motion. Such an increase can be justified by the 410 

residual earthquake deformation in the opposite direction that induces P-delta effects in the 411 

structure and reduces the force in the column at the ground floor, hence requiring a slightly 412 

larger tsunami force to reach the shear capacity in the column. It is noted here that due to the 413 

small sample size, the fragility function derived for DSTS≥ds4TS|ds2EQ is not deemed reliable. 414 
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The results indicate that the fragility of seismically designed structures can be 415 

approximated by assessing the earthquake and tsunami response separately, confirming the 416 

hypothesis proposed in Rossetto et al. [30]. This reflects the fundamentally different response 417 

of the structure to both perils: while the ground motion response of the structure is governed 418 

by its strength, ductility and stiffness, the tsunami performance of the structure is dominated 419 

by its strength.  420 

It can be noted that the slope of the tsunami fragility curve, determined here in terms of 𝛽 421 

(see Table 2), is steep and not influenced by the preceding ground motion. It is noted that the 422 

slightly higher beta values presented here with respect to Petrone et al. [9] are deemed 423 

consistent with the fact that a different structure is analysed and that a smaller number of 424 

analyses is used for the fragility function derivation. Furthermore, as each earthquake damage 425 

state covers a range of EDPs, there is a variation in the structural properties associated with 426 

any damage state at the end of the earthquake loading phase. This results in an additional source 427 

of variation in the tsunami response of the structure. It can therefore be concluded that the 428 

fragility curves presented here confirm the findings of Petrone et al. [9] that FT is a highly 429 

efficient intensity measure for tsunami fragility function development. 430 

Table 2. Median tsunami force and lognormal standard deviation considering either global or local 431 

performance damage states 432 

 Global Performance Local Performance 

 𝑭𝑻,𝒎 𝜷 Sample 𝑭𝑻,𝒎 𝜷 Sample 

DSTS≥ds2TS|NoEQ 3262 0.20 126/2688    

DSTS≥ds2TS|ds1EQ 3229 0.19 129/2688    

DSTS≥ds3TS|NoEQ 3395 0.20 122/2688    

DSTS≥ds3TS|ds1EQ 3328 0.20 125/2688    

DSTS≥ds3TS|ds2EQ 2922 0.24 77/2688    

DSTS≥ds4TS|NoEQ 3429 0.21 120/2688 1408 0.12 266/2688 

DSTS≥ds4TS|ds1EQ 3361 0.19 122/2688 1495 0.15 251/2688 

DSTS≥ds4TS|ds2EQ 3041 0.23 74/2688 1556 0.28 126/2688 

DSTS≥ds4TS|ds3EQ 3165 0.21 177/2688 1480 0.14 352/2688 
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(a) (b) 

 

(c) 

Figure 9. Comparison between the structure response under one of TSEQ-TS phase of the sequential 

analysis, and the corresponding tsunami considered in this study: (a) base shear-roof drift response; and (b) 

maximum IDR profile along the height of the structure; and (c) top displacement time-history for the 

sequential EQ-TS analysis.  

In Figure 9, the structural response recorded for a ground motion-tsunami pair that induces ds4 433 

at the end of the analysis, is compared to the corresponding tsunami-only analysis to further 434 

highlight how earthquake damage influences tsunami performance. In this specific case, the 435 

sustained earthquake damage reduces the structural stiffness under the tsunami, and the 436 

resulting increase in P-delta effects cause a ~10% reduction in tsunami strength. Once the 437 

tsunami strength is saturated, the structure exhibits a sudden increase in lateral displacement 438 

up to failure, as shown in the time history plot (Figure 9c). Figure 9b shows a plot of maximum 439 

inter-storey drift for the tsunami only and tsunami preceded by the earthquake cases, with the 440 

residual drift at the end of the earthquake phase also illustrated. This plot confirms that the 441 

structure forms a soft-storey mechanism after its peak tsunami strength is achieved. The same 442 

failure mechanism is observed for both cases where the tsunami is preceded or not by the 443 

earthquake. 444 
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3.3.2. What is the collapse likelihood of the building under sequential earthquake and 445 

tsunami?  446 

The total probability theorem is used to determine the probability of collapse of buildings 447 

affected by the earthquake and subsequent tsunami: 448 

 𝑃(𝐷𝑆EQ−TS ≥ 𝑑𝑠4EQ−TS|𝑆a(𝑇1), 𝐹T) =

= ∑ 𝑃(𝐷𝑆EQ−TS ≥ 𝑑𝑠4EQ−TS|𝑆a(𝑇1), 𝐹T, 𝑑𝑠iEQ)

4

𝑖=0

𝑃(𝐷𝑆EQ = 𝑑𝑠iEQ|𝑆a(𝑇1), 𝐹T)

= ∑ 𝑃(𝐷𝑆EQ−TS ≥ 𝑑𝑠4EQ−TS|𝐹T, 𝑑𝑠iEQ)

4

𝑖=0

𝑃(𝐷𝑆EQ = 𝑑𝑠iEQ|𝑆a(𝑇1))

= 𝑃(𝐷𝑆TS ≥ 𝑑𝑠4TS|𝐹T, 𝑑𝑠0EQ)𝑃(𝐷𝑆EQ = 𝑑𝑠0EQ|𝑆a(𝑇1))

+ 𝑃(𝐷𝑆TS ≥ 𝑑𝑠4TS|𝐹T, 𝑑𝑠1EQ)𝑃(𝐷𝑆EQ = 𝑑𝑠1EQ|𝑆a(𝑇1))

+ 𝑃(𝐷𝑆TS ≥ 𝑑𝑠4TS|𝐹T, 𝑑𝑠2EQ)𝑃(𝐷𝑆EQ = 𝑑𝑠2EQ|𝑆a(𝑇1))

+ 𝑃(𝐷𝑆TS ≥ 𝑑𝑠4TS|𝐹T, 𝑑𝑠3EQ)𝑃(𝐷𝑆EQ = 𝑑𝑠3EQ|𝑆a(𝑇1)) 

+𝑃(𝐷𝑆EQ = 𝑑𝑠4EQ|𝑆a(𝑇1)) 

(6) 

Essentially, the overall probability of collapse is determined by the probability of collapse 449 

during the earthquake and the probability of collapse during the tsunami, given the seismic 450 

damage state weighted by the probability of sustaining this seismic damage state. The 451 

probability that the building will sustain a certain seismic damage state (dsiEQ) is estimated as: 452 

 
𝑃(𝐷𝑆EQ = 𝑑𝑠𝑖EQ|𝑆a(𝑇1)) = {

1 − 𝑃(𝐷𝑆EQ ≥ 𝑑𝑠(i + 1)EQ|𝑆a(𝑇1))  if i = 0

𝑃(𝐷𝑆EQ ≥ 𝑑𝑠iEQ|𝑆a(𝑇1)) − 𝑃(𝐷𝑆EQ ≥ 𝑑𝑠(i + 1)EQ|𝑆a(𝑇1))

𝑃(𝐷𝑆EQ ≥ 𝑑𝑠iEQ|𝑆a(𝑇1)) if i = 4

 if 1 ≤ i < 4 (7) 

The probability that the building will reach or exceed a given damage state conditional on 453 

the spectral acceleration can be obtained by the seismic fragility curves, i.e., 𝑃(𝐷𝑆EQ ≥454 

𝑑𝑠iEQ|𝑆a(𝑇1)), corresponding to seismic damage states ds2EQ to ds4EQ. These are constructed 455 

by fitting a probit model to the data: 456 

 
 I= {

1 𝑖𝑓 𝐷𝑆EQ ≥ 𝑑𝑠iEQ

0 𝑖𝑓 𝐷𝑆EQ < 𝑑𝑠iEQ
,    𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑃(𝐷𝑆EQ ≥ 𝑑𝑠iEQ|𝑆a(𝑇1))) (8) 

where the mean fragility curve is obtained as:            457 

 Φ−1[𝑃(𝐷𝑆EQ ≥ 𝑑𝑠iEQ|𝑆a(𝑇1)] = 𝜃0 + 𝜃1 ln(𝑆a(𝑇1)) (9) 

Figure 10 shows the collapse fragility surface for the building exposed to both earthquake and 458 

tsunami. The collapse fragility surface is almost constant across different ground motion 459 
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intensity levels, and is only influenced by the ground motion intensity once this exceeds very 460 

large spectral acceleration values, e.g. Sa(T1) ~2.7g for 10% probability of failure. This 461 

confirms the previous observation that the intensity of the ground motion does not play a 462 

significant role on the tsunami response of the structure unless it induces structural yield. This 463 

observation, coupled with the shape of the joint fragility curve suggesting that the two perils 464 

can be treated independently in terms of structural analysis.  465 

  

(a) (b) 

Figure 10. Collapse fragility surface for the building under sequential earthquake and tsunami: (a) global 

performance; and (b) local performance. 

 

When shear failure of the columns is considered, the contours of the collapse fragility 466 

surface appear to be very close to each other and characterised by a much smaller value of the 467 

median collapse tsunami force. In this case, the ground motion intensity shows a negligible 468 

impact on the median collapse tsunami force, further suggesting that the structure can be 469 

assessed separately for the earthquake and tsunami loads. It is noted that the kink in the fragility 470 

surface contours is likely caused by the adopted dataset, which shows fewer data points around 471 

Sa(T1) = 1.0g. However, the 0.5 contour line does not show a kink and only the very high and 472 

very low probability of exceedance contour lines are affected. 473 

4. CONCLUSIONS 474 

This study investigates the response of a seismically designed reinforced concrete frame 475 

structure to tsunami inundation only, and to earthquake ground motion and tsunami inundation 476 

in sequence. Comparison of these analyses allows for an assessment to be made of the impact 477 

of the preceding ground motion on the subsequent tsunami response of the structure. Realistic 478 

ground motion and tsunami inundation time histories have been simulated considering a 479 
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seismic source representative of the M9 2011 Tohoku earthquake event. The key findings of 480 

the study are summarised as follows: 481 

• The preceding ground motion only slightly influences the final earthquake and 482 

tsunami fragility functions. Such influence is negligible if the damage sustained 483 

during the ground shaking phase is less than moderate (i.e. unless the structure 484 

yields under the tsunami). Structural yield under the earthquake excitation, leads to 485 

a reduced structure stiffness when the tsunami inundation hits. This in turn causes 486 

greater P-delta effects under tsunami actions, resulting in significantly larger 487 

induced permanent displacement of the structure. However, only a small reduction 488 

in the structure’s tsunami strength is observed. 489 

• The fragility curves constructed for the cascading hazards show <15% reduction in 490 

the median tsunami force as compared to the fragility functions for tsunami only. 491 

Moreover, the initial damage state induced by the ground shaking does not influence 492 

the uncertainty of the tsunami fragility curves. There is therefore only a small 493 

influence of the preceding earthquake ground shaking on the tsunami fragility. 494 

• The small impact of the ground motion on tsunami fragility is caused by the 495 

fundamentally different response of the structure to the two perils. The structural 496 

strength under tsunami is different from the strength under earthquake loading, due 497 

to the different nature of the two perils. Furthermore, while the ground motion 498 

response of the structure is governed by its strength, ductility and stiffness, the 499 

tsunami performance of the structure is dominated by its strength. The results of the 500 

current study therefore seem to confirm the hypothesis of Rossetto et al. [30], that 501 

the fragility of seismically designed structures can be approximated by assessing 502 

the earthquake and tsunami response separately.  503 

• Tsunami analyses show a clear lack of intermediate (structural) damage states with 504 

the structure moving from the initial earthquake-induced damage state to collapse 505 

as soon as the structural strength under tsunami loading is exceeded. Under the 506 

cascading hazard analysis, it is also observed that the analyses resulting in damage 507 

states between none and collapse are those where the ground-shaking determines 508 

the damage state, with the structure not suffering a larger damage under the tsunami. 509 

• Despite the structure being seismically designed, column shear failure is found to 510 

govern the attainment of the collapse damage state in the considered structure under 511 

the tsunami actions. This suggests that the lower storey columns need to be designed 512 
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specifically for the shear actions induced by the tsunami. Shear failure under 513 

tsunami loading is found to be only slightly influenced by the preceding ground 514 

motion.  515 

It is worth noting that the tsunami response of the case-study structure is evaluated 516 

considering only the effects of the tsunami-induced hydrodynamic force. Other possible effects 517 

caused by tsunami, e.g. buoyancy, debris impact, scour, as defined in ASCE 7-16 Standard 518 

[32], were not considered in this study. Moreover, the earthquake-tsunami pairs used in this 519 

study were estimated at the same locations from numerical simulations. A separate study will 520 

assess the efficiency and sufficiency of alternative intensity measures for earthquake and 521 

tsunami in sequence. Future work will also evaluate the impact of earthquake damage on the 522 

tsunami response of non-seismically designed reinforced concrete structures, where columns 523 

typically show shear degradation during the earthquake, thus increasing the potential impact of 524 

the ground motion damage on the tsunami fragility of structures.  525 
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