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ABSTRACT 

This paper presents a procedure for the fragility assessment of structures subjected to earthquake and tsunami loads, by using 
the inelastic displacement accumulation as a measure of damage. The proposed methodology considers a non-linear static 
analysis (pushover) for the earthquake case, and a non-linear static load for the tsunami case, taking as a starting point the final 
condition of the structure after the occurrence of an earthquake. However, since the impulse force is the critical component of 
the tsunami load, a simplified approach in terms of the flow depth is used to estimate the total tsunami load. By combining the 
earthquake effect with the tsunami hazard, a function relating the earthquake spectral acceleration, the tsunami flow depth and 
the lateral drift is obtained. Finally, a case study of the typical timber structures located in the municipality of San Andrés de 
Tumaco, at the Colombian Pacific Coast, is analyzed in order to assess de proposed methodology. The fragility curves obtained 
allows to determine a new approach to the Multi-hazard risk assessment in areas prone to the occurrence of earthquakes and 
tsunamis.  
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1. INTRODUCTION 

 
 Structural fragility curves have been widely 

studied for earthquake hazard [1]. However, the 
inclusion of load combinations associated with different 
natural phenomena [2], has allowed the assessment of 
structural fragility curves from tsunami [3] and 
combined events [4]. Thus, it is possible to find 
approximations from multivariate models [5], 
relationships among different natural phenomena [6], 
and relate physical losses to economic losses [7]. 
Although not all tsunamis result from earthquakes [8], 
in areas where both hazards are present, it is necessary 
to be able to assess the structural fragility due to both, 
rather than considering each phenomenon 
independently from one another. 

In this paper, an analytical methodology is proposed 
to obtain structural fragility curves considering the 
effects from a medium-intensity earthquake, as well as 
different wave heights from tsunami. As a result, it was 
found out that tsunami fragility curves that do not 
include earthquake effects, tend to overestimate the 
capacity of the structure by not considering the loss of 
rigidity of the elements due to the earthquake. 
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2. METHODOLOGY 
 
 The proposed methodology consisted of 
performing a Pushover static analysis until reaching the 
maximum displacement due to the earthquake 
acceleration. Once the final state of the structure has 
been obtained, the tsunami load is applied on the 
structure taking as a starting point the structure 
deformed by the earthquake. 
 First, the inelastic properties of the members of 
the structure are defined, in this case, the dissipation 
capacity in the inelastic range of the joints. Then, a 
Pushover analysis is performed representing the 
earthquake effect on the structure. The deformed 
structure is re-analyzed with a tsunami load and the 
accumulated displacement is taken as a measure of the 
damage to the structure. Subsequently, the procedure 
is repeated varying the acceleration produced by the 
quake and the height of the tsunami wave. In this way, 
a set of values is obtained that involve the occurrence 
of an earthquake of medium intensity and the tsunami. 

  
2.1. Assumptions 

 
For this study, the following assumptions were taken 

into account: 
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-The tsunami does not occur immediately after the 
earthquake, for this reason, the displacement of the 
structure is used as a measure of the damage. 

-The damage is determined by accumulating the 
displacement of the structure due to the effect from 
the two loads. 

-If the structure remains elastic after the earthquake 
load, the tsunami load accumulates the elastic 
displacement. 

-If the structure reaches 100% damage after the 
earthquake load, this indicates that the damage from 
the tsunami effect is also 100%. 

-The parameters of the plastic hinges are determined 
according to the acceptance criteria described in FEMA-
356. 
 

2.2. Earthquake and tsunami loads 
 
 The earthquake is applied to the structure using the 
equivalent horizontal force method, a control node is 
selected and displacements are obtained for each 
acceleration increase (Table 1). The displacements 
obtained become the control parameter of the 
pushover analysis. 

Table 1. Sa values 

Sa [g] 
0 

0,1 
0,2 
0,3 
0,4 
0,5 

 
 The tsunami load (𝐹𝑇𝑆𝑈) is calculated by taking the 
flow depth as the input. Bandara & Dias demonstrated 
that the impulse force is the critical component of the 
tsunami load [9], therefore, in cases where the 
complete information is not available to calculate the 
tsunami components under the ASCE-7 guide [10], it is 
possible to use an approximate formula to calculate the 
tsunami load in terms of the structure members width 
(Eq. 1). 
 

𝐹𝑇𝑆𝑈 = 2.5 𝜌𝑔ℎ2𝑤              (1) 
 

 In Eq. 1 𝜌 is the water density, 𝑔 the gravity 
acceleration, ℎ the wave height and 𝑤 the width of the 
structural member considered. In the case of columns 
and walls, the width 𝑤 is considered as the dimension 
of the element in the same orientation of the tsunami 
load.  Considering a value of ocean water density of 1027 
kg/m3, Table 2 shows the calculated tsunami load by 
width based on the flow depth of the tsunami (H). The 
tsunami force results from multiplying the values in 
Table 2 by the width of the columns in the structure. 
 
 
 
 

 
 
 

Table 2. Flow depth and tsunami load. 

H [m] 𝑭𝑻𝑺𝑼 ∙ 𝒘 [kN/m] 

0 0 
0,5 6,3 

1 25,2 
1,5 56,7 
2 100,8 

2,5 157,4 
3 226,7 

 

 The main components of the tsunami load are 
speed, hydrostatic pressure, hydrodynamic pressure 
and impulse pressure. However, instead of calculating 
each component, expressions have been adopted to 
determine the total pressure. Okada et al. [11], defined 
the total pressure as the hydrostatic pressure of three 
times the flow depth. Thusyanthan and Madabhushi 
[12], even suggest a factor of 10 to 12 in hydrostatic 
loading. The simplified Bandara & Dias methodology 
allows a realistic estimate of the value of the tsunami 
load that only involves the flow depth as a variable, a 
parameter frequently used in the elaboration of 
tsunami hazard maps. 
 
3. A CASE STUDY ON THE COLOMBIAN PACIFIC 

COAST 
 

 The case study analyzed corresponds to the 
traditional building system of San Andrés de Tumaco on 
the Colombian Pacific coast: timber houses built on 
stilts near the coastline. Because of their proximity to 
the sea and the subduction zone of the Pacific, these 
structures are exposed to earthquake and tsunami 
hazards, as well as to liquefaction of the soil. 
 

3.1.  Building description 
 

 The stilts are modular constructions of three spans 
in one direction and two spans in the other direction 
(Figure 1), featuring a space between columns of 2,5 
meters in each direction for a total area of 37,5 m2. The 
average diameter of each member is 19 centimeters 
(taken as column width). 

 
 
 
 
 
 
 
 

 
 
 

 
Figure 1. Typical building 
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3.2. Mechanical characterization 

 
The mechanical characterization of timber was 

carried out following the procedures described in ASTM 
D 143 [13]. In the cases that it could not be possible to 
perform the mechanical testing, the reference values 
from the Colombian wood guide [14] and the wood 
manual [15] were used. 

 
 

Table 3. Timber properties. [14], [15] 

  

Goupia 
glabra 

Campnosperma 
panamensis   

Density 0,69 0,37 gr/cm3 
Modulus of 

Elasticity 151000 127000 kg/cm2 
Poisson’s Ratio 0,3 0,3   

 
The joint was characterized following the 

procedure described by the RILEM [16], performing a 
load protocol to determine its energy dissipation 
(Figure 2). The envelope of the hysteresis curves 
obtained is shown in Figure 3. 

 

 
 

Figure 2. Experimental setup 

 
 

Figure 3. Plastic hinge of the joint 

The typical joint consists of a column cut to half of 
the frame height and joined to the beam by a nail. The 
failure mechanism occurs when the nail begins to move 
through the pillar until being ejected. The curvature-
moment graph shows a linear regime until the rotation 
exceeds 45 ° (yield point). 

The envelope of the curvature-moment graph is 
translated into the definition of the material plastic 
hinge at the joint, which is used in the structural model 
to obtain the inelastic response of the system subjected 
to earthquake and tsunami loads. In this case, it’s 
obtained a function that relates the inelastic 
displacement of the system with two intensity 
measurements: acceleration (Sa) and flow depth (H). 

 
4. RESULTS AND DISCUSSION 
 

 The total response of the structure shows that the 
displacement in a node of the roof does not increase 
considerably by the application of the tsunami load. 
Considering wave heights between 0 meters and 1,5 
meters, the shear at the base increases considerably. In 
the case study, embedding was considered at the base 
because the wood used is buried 2 to 3 meters below 
the surface. However, the tsunami load effect on the 
support conditions of the structure may increase the 
bending moment in the connection (the piling of the 
pillars). For example, for an acceleration of 0,4g and a 
tsunami height of 1,5 meters, the embedment moment 
is distributed in the structure, thus depleting the 
capacity of the plastic hinges (Figure 4). 

 

 

 

 
Figure 4. Comparison between support conditions: third degree (a); 

second degree (b). 

 
4.1. Hinge formation and collapse 

 
When changing the supporting condition of the 

structure, the shear force increase is observed along the 
beams that are in the same direction of the tsunami load 
(Figure 5). For this reason, it is possible that the 
structure failure could be controlled by the shear rather 
than by the bending moment. Additionally, considering 
earthquakes featuring an intensity higher than 0,4g, the 
displacement reached by the structure is already within 
the inelastic range. Consequently, it can be expected 
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that the collapse of the structure will occur with 
relatively low wave heights. 
 
 

 
Figure 5. Comparison of shear force with supports of third degree (a) 

and second degree (b) 

 
4.2. Structural fragility assessment 

 
Once the structural model was defined, 30 

simulations were performed combining the 
acceleration values of Table 1 with the tsunami heights 
of Table 2. The variability in material properties and 
variation in the direction of application of the forces 
were not considered. The obtained results are adjusted 
to a Sigmoid function with a R correlation coefficient 
equal to 0.99 (Eq. 2). Figure 6 shows the graphic 
representation of the function, whose shape is similar 
to the structural fragility curves that relate the 
probability of damage to the structure once a intensity 
measure of the hazard has been reached [17] [18]. 

 

𝑑 [𝑚] =
6.21

(1 + 𝑒9.69−23.83∙𝑆𝑎)(1 + 𝑒1.35−0.035∙𝐻)
         (2) 

 
         Where d is the displacement in the roof [m], Sa the 
Spectral acceleration [g] and H the flow depth of the 
tsunami [m]. 
 

 

 
Figure 6. Displacement based on the acceleration and the wave 

height 

 
Following the procedures described in FEMA 440 

(Table 4), the damage states were determined in terms 
of the yield deformation (Uy) and the ultimate 
deformation achieved by the structure (Uu). 

Table 4. Damage state formulation 
(Source: Adaptation of FEMA 440, [19]) 

 

Damage State Ui Formulation 

Light U1 0.7Uy 
Moderate U2 Uy 

Severe U3 Uy+0.25(Uu-Uy) 
Collapse U4 Uu 

 
In its general formulation, the fragility curve 

expresses the cumulative probability of the occurrence 
of damage equal to or greater than a range for a “X” 
demand intensity (Eq. 3) [20]: 

𝑃(𝑥) = ɸ (
ln 𝑥 − 𝜆

𝜁
)                  (3)  

 
Where ɸ is the normal distribution, λ and ζ are the 

mean and the standard deviation of the ln 𝑥. 
Additionally, parameters λ and ζ have traditionally been 
used to represent fragility curves and are estimated by 
the least square’s method or the maximum likelihood 
method. 

 
Table 5 shows the values of the mean and standard 

deviation obtained for the construction of the fragility 
curves in each damage state. If the collapse damage 
state is taken and compared with the fragility curve 
obtained for the same type of structure, but only 
considering the tsunami effect [21], it is observed that 
not considering the effect of the earthquake 
overestimates the structural capacity (Figure 7). 

 
 
Table 5. Tsunami Fragility curves parameters (Sa=0,5g) 

 

  Light Moderate Severe Collapse 

λ 0,014 0,020 0,116 0,402 

ζ 0,005 0,007 0,120 0,466 

 
 

 
Figure 7. Comparison between fragility curves in collapse damage 

state Sa=0,5g 
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Figure 7 shows the structural fragility curves 
obtained for the case study, where the occurrence of 
earthquakes featuring an intensity less than or equal to 
0,5g and wave heights of up to 3 meters was 
considered. As a result, it is possible to affirm that, given 
the occurrence of medium intensity earthquakes, with 
wave heights greater than 1 meter, the typical structure 
is already in a state of moderate damage and close to 
80% probability of collapse. 

 
CONCLUSION 

 
It can be concluded that tsunami fragility curves 

that do not include earthquake effects tend to 
overestimate the capacity of the structures. In the case 
of the developed study, it was found that for relatively 
small wave heights (<1,5m), a collapse of the structure 
may have already occurred. Thus, it is also necessary to 
consider the conditions of the embedment in the pillars, 
since, when changing the support degree, an increase 
of the shear in the structure is expected, which could 
cause a failure expected to be controlled by the shear 
stress rather than by the bending moment.  

The implemented methodology allows to consider 
the occurrence of a medium intensity earthquake that 
reduces the initial stiffness of the structure. However, it 
is necessary to carry out a more detailed study on the 
components of the tsunami force and its effect on each 
structure members, in order to establish whether the 
failure is controlled by shear stress. 
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