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CHAPTER (1) 

INTRODUCTION 

 

1.1Background 

A tsunami is an intense and short period wave produced by undersea shallow-

focus earthquakes, landslides, or volcanic activity and undersea crustal displacements 

(subduction of tectonic plates). The main cause of a tsunami is the earthquakes at the 

seabed. A tsunami can damage some structures several kilometers and over 15 meters 

above sea level. After a tsunami disaster, most non-engineer structures are damaged. 

However, most of the structures that learned from the surviving structure during the 

past tsunami are partially damaged. Facts such as tsunami flow velocity, inundation 

height, tsunami-prone area, resulting in flood loads obtained from the past tsunami are 

used as further evaluation and characteristic of the tsunami and structural response.  

Before the Indian Ocean Tsunami in 2004, the design of the structure was 

considered for the tsunami with minor importance. Due to awareness of the Indian 

Ocean Tsunami, 2004 disaster, tsunami induced forces can lead to extensive damage 

or collapse of the structure as shown in Figure 1.1.  Therefore, tsunami forces should 

be taken into consideration for the design of the building in the coastal region in 

seismic prone areas. Data collected after the December 2004 Indian Ocean Tsunami 

in Indonesia and Thailand showed that poorly detailed concrete structures experienced 

severe damage. Reinforce concrete structures have been observed to withstand 

tsunamis with acceptable low levels of damage. However, data collected from the 

2004 Indian Ocean Tsunami observed that inundation depths of more than 5 m can 

damage concrete structures. 

Tsunami loads can generally be divided into two parts: static and dynamic 

loads. Static loads include hydrostatic and buoyancy loads while dynamic loads 

involve hydrodynamic(drag), surge, and debris impact load. Three parameters are 

essential for defining the magnitude and application of these forces: (1) inundation 

depth, (2) flow velocity, and (3) flow direction. The parameters mainly depend on: (a) 

tsunami wave height and wave period (b) coast topography and (c) roughness of the 

coastal inland. Inundation depth at a specific location can be estimated using various 
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tsunami states involving varying magnitude and direction and various experiments. 

Nevertheless, the estimation of flow velocity and direction is generally more difficult.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Tsunami damage in Thailand and Indonesia (Indian Ocean Tsunami, 

2004): (a) structural damage in Thailand; (b) column failure of RC building in Phuket, 

Thailand; (c) column failure due to impact of debris in Indonesia; (d) punching failure 

of infill walls, Banda Aceh, Indonesia. 

 

1.2 Motivation  

A tsunami can cause huge damages to coastal and offshore structures. Flood 

waves can take entire buildings off their foundation and carry them inland. They can 

also damage the buildings through impact with debris such as containers, ships, and 

vessels from offshore and cause debris impact with an accumulation of such debris 

(See Figure 1.2).  

Forces due to tsunami can be very large that it is uneconomical and 

impractical to design all structures to resist tsunami. The risk of large debris such as 

containers, fishing boats, and warships may be high in some regions. Therefore, 

tsunami resistant building such as building with fender system, shelters should be 
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considered to withstand these forces. The building with a fender structure is shown in 

Figure 1.3. 

 

Figure 1.2 Examples of waterborne debris, (a) fishing boats debris 1993 Okushiri 

Tsunami (b) Shipping container debris in 2009 Samoa Tsunami [1] 

 

Figure 1.3 Building with fender structure under impact loading 

 

1.3 Objective of the research 

The objectives of the research are as follows: 

1. To investigate the behavior of the buildings under tsunami loads. 

2. To investigate the performance of the building with the fender system. 

3. To study the efficiency of the fender 

4. To recommend the suitable fender size based on the type of debris impact 

1.4 Scope of the research 

1. Two types of regular shaped, 5-story reinforced concrete building are 

considered. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 12 

2. Hydrodynamic, buoyance, and debris impact loads (such as shipping 

container impact) are considered as tsunami loads in this study. 

3. Super cone fenders are used as energy absorbing devices. 

4. The structures are evaluated using pushover analysis with the aid of SAP 

2000 software. 

 

1.5 Research methodology 

To achieve the objectives mentioned above, the following procedures need to be 

conducted and can be seen in Figure 1.4. 

1. Review the background of tsunami forces and mitigation effects to reduce 

tsunami forces including large debris impacts. 

2. Review the background of various codes for estimating the tsunami forces. 

3. Review the background of tsunami flow velocity that is important for the 

evaluation of tsunami forces. 

4. Review the background of tsunami pushover methods for the capacity of the 

building. 

5. Review the plastic hinge length equation for nonlinear modeling of the 

structural elements. 

6. Choose the same area for two types of buildings. 

7. Design the structural systems using tsunami load combinations. 

8. Analyze the buildings using tsunami pushover analysis to conduct the 

capacity. 

9. To investigate the detailed behavior of the building with a fender system, 2-

dimensional of the building with a fender system is firstly conducted under 

tsunami pushover analysis. 

10. Evaluate the response of the building with and without fender in the 2-

dimensional analysis. 

11. Based on the efficiency of 2-dimensional analysis, the building with fenders in 

the 3-dimensional analysis is conducted under tsunami pushover analysis. 

12. Evaluate the response of the building with and without fender system in the 3-

dimensional analysis. 
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Figure 1.4 Flow chart of the research 

 

1.6 Outline of the dissertation 

This thesis is composed of five chapters which are briefly discussed as follows. 

Chapter 1 includes the background of the importance of tsunami force on building in 

the tsunami-prone region. This chapter also includes the motivation, objectives, 

scopes of the study, and also research methodology. 

Chapter 2 includes the literature review of tsunami forces, tsunami formula, 

mitigation concept of tsunami forces, tsunami velocity, fender system, tsunami 

pushover analysis, and plastic hinge length equations. 
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Chapter 3 provides the effects of tsunami forces on building using linear static and 

tsunami pushover analysis. 

Chapter 4 presents the efficiency of the fender structure in the building.  

Chapter 5 is the last chapter of this research which discusses and concludes the whole 

study results. Recommendations for the building with a fender system are also 

described in this chapter. 
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CHAPTER (2) 

LITERATURE REVIEW 

 

2.1 Introduction 

 In this chapter, tsunami forces on a structure under tsunami disaster are 

presented. Tsunami forces can cause the failure of the structure not only due to direct 

water but also due to water-borne debris.  Parameters that are needed to evaluate 

tsunami forces are inundation depth, flow velocity, and flow direction. These 

parameters are mainly influenced by the tsunami wave period and wave height, the 

topography of the coastal area, and the roughness of the coastal region. The design 

manual, guidelines, and building codes advising for tsunami loads are available in 

ASCE/SEI Standard 7-16, the FEMAP-646 (Guidelines for Design of Structures for 

Vertical Evacuation from Tsunamis), FEMAP-55, and the City and County of 

Honolulu Building Code (CCH) and tsunami loads equations have also been 

presented by some researchers.  

 

2.2 Impact forces due to tsunami 

2.2.1 Hydrodynamic Load 

 Hydrodynamic force occurs when water flows around the structure. Due to a 

quasi-steady flow, hydrodynamic force is caused, and it is formed as a function of 

velocity, fluid density, and structure geometry. The design of the hydrodynamic force 

according to  [2] and [1] can be computed by the following equation, Eq. (2.1). The 

position of hydrodynamic loading on a structural element is illustrated in Figure 2.1. 

2

max

1
( )

2
s ddF C B hu=          (2.1) 

 

Where Fd =hydrodynamic or drag force acting in the flow direction 

h = the flow depth at the considered structure when there is no structure 

 B= the width of the structure normal to the flow direction 

 ρ = density of the water 

 u = flow velocity at the location of the structure 

 Cd = 2.0 for square object and 1.2 for the cylindrical object (ASCE7/16) 
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 The hydrodynamic force is directly based on the maximum momentum flux 

(hu2)max occurring at the location at any time during flooding. To calculate the 

maximum value of (hu2), [2] provides an equation (2.2) as a function of the ground 

elevation. 

2
2max

2

( )
0.125 0.235 0.11( )

hu z z

gR R R
= − +       (2.2) 

 

Where hu2 = momentum flux per unit width of the wall 

R = the ground elevation at the maximum tsunami occur measured form the 

initial shoreline 

 z = the ground elevation of the structure that considered under a tsunami 

The value of R and z can be achieved from the map of the tsunami inundation zone. 

 

Figure 2.1 Distribution of hydrodynamic loading [1] 

In some areas where is most often tsunami, the design for the structure is 

carefully investigated. In some of the existing codes such as [3] provide the tsunami-

induced force for the design of the structure but this code is available for low rise 

building (less than three stories), one or two residential building in coastal areas  The 

general formula for hydrodynamic force contributed in this code is as follows in Eq. 

(2.3) and [3] also provides the same formula with [4] for the hydrodynamic force but 

has a difference in a circular column for drag coefficient Cd. 
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2

2

d

d

pC Au
F =           (2.3) 

Where  Fd = drag force acting in the flow direction 

Cd = drag coefficient ( 2.0 for square column and 1.0 for a circular column, by 

[4] and 2 for square column and 1.2 for a circular column by [3]and 1.5 for w 

section) 

 ρ = density of the water 

 u = flow velocity 

A = proposed area of the structure perpendicular to the direction of flow 

 [5] compared the experimental results and estimated results using FEMA 

P646. They demonstrated that the estimated hydrodynamic results are significantly 

lower than the test results. [6]are also studied to evaluate the hydrodynamic loads 

using a failure analysis in which results calculated from FEMA P646, 2008 are 

significantly underestimated. In 2009, [7] evaluated the drag forces using an 

experimental program and the test results are compared with FEMA 55 and CCH 

code in which results calculated from FEMA 55 got the overestimated values and 

CCH got underestimated values. The drag forces are not well predicted due to 

currently available formulations and inaccurate flow velocity. 

 

2.2.2 Hydrostatic Force 

 When the flooding water slowly moves to the structural component or the 

structure, this flooding water creates hydrostatic forces. This force is due to the 

imbalance of water pressure on the other sides of the structure. This force is not 

consistent with a short width structure because the flooding water can easily be flow 

to the other sides. According to [1], hydrostatic forces can be used for an individual 

wall where the amount of water level on one side of the wall differ significantly to the 

other side and these forces are usually important for the structure with a long length 

such as dikes and sea walls Figure 2.2. [1] recommended that the hydrostatic force 

should be considered for individual walls and the equation used for this 

recommendation is as follows in Eq. (2.4): 

2

max

1

2
h sc wF p A gbh= =        (2.4) 
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Where Fh = hydrostatic force 

Pc = hydrostatic pressure 

Aw = wetted area of the panel 

ρs = density of the water (1200 kg/m3) 

g = acceleration due to gravity 

b = width of the wall 

hmax = maximum water height above the base of the wall at the structure that 

considered 

 

Figure 2.2 Hydrostatic force distribution and location of the resultant [1] 

According to [4], the hydrostatic force per unit width can be computed 

although the [3] neglect the head of the velocity in their formulation. The hydrostatic 

force is significantly smaller than the drag and surge forces in case of a broken 

tsunami wave [8].  

2.2.3 Buoyant Force 

 The buoyant force is caused due to the uplift pressure of flooding water and is 

applied vertically through the center of the mass of the inundated structure shown in 

Figure 2.3. The total buoyant force is equal to the weight of the water volume 

replaced by the inundated structure. In most code and provisions, the buoyant force 

equation is formulated with specific weight and volume of water (See Eq. (2.5)). In 

[1], buoyant force may concern with the structure that has less resistance to buoyancy: 
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for example- light wood frame buildings, empty tanks located above or below ground, 

basements, components designed considering only gravity loads, swimming pools.  

b sF gV=          (2.5) 

Where 

Fb = buoyant force (FEMA P-646 and CCH) 

ρs = density of the water (1200 kg/m3) 

g = acceleration due to gravity 

V = the volume of the water displaced by the submerged structure 

 

Figure 2.3 Buoyant forces on an overall building with watertight lower levels [1] 

 

2.2.4 Surge Force 

 The leading edge of the incoming flooding water moves towards the structure 

as the bore-like wave or a bore causes the surge forces that impact the structure. [4] 

adopted from Dames & Moore (1980) provide the surge force equation for the walls 

that heights are greater than or equal to 3h (See Eq. (2.6). However, the walls that 

heights are less than 3h need surge forces to be calculated using an appropriate 

combination of hydrodynamic force and hydrostatic force equations for different 

situation.  

24.5sF pgh=         (2.6) 

Where  

Fs = surge force 
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ρ = density of the water  

g = acceleration due to gravity 

h = surge height 

In 2009, [7] discussed the tsunami-induced force components in which surge 

force is obtained from the summation of hydrodynamic and hydrostatic components at 

the time of tsunami bore impacts a structure. The resulting surge force is equal to the 

same magnitude by the [4]. As the CCH assumes that the velocity used in the 

calculation of surge force is greater than that used in hydrodynamic force. Thus, it can 

be concluded that the velocity of the leading edge of the tsunami bore is greater than 

that of the semi-steady flow around the structure. An experimental investigation was 

conducted by [9]. It was observed that for 0.5, 0.75 and 0.85 m impounded depth, the 

surge force is not over the drag force in the case of the cylindrical structure. But for an 

impounded depth of 1 m, the surge force was greater than the drag force.  

The relationship between a hydraulic bore and free-standing structures which 

are rhomboidal, rectangular, and circular sections were studied by [10] for impounded 

depths up to 0.3 m using the experiments on a dry bed condition. It was observed that 

for a square column, surge force overshot the hydrodynamic force for small-bore 

heights but in a circular or rhomboidal column, no overshot surge forces are observed 

shown in Figure 2.4. 

 

 

Figure 2.4 Time history of exerted force on (a) the square structure (b) the circular 

structure due to bores of varying heights [10] 

According to [3], the maximum inundation depth is used as a height of the 

surge front used in the CCH surge force equation. [11] studied that the surge forces 

calculated from the CCH code give overestimated values compared with the surge 
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forces from the experiment under nominal wave conditions of 80mm. However, in the 

case of a dry bed surge, there is a constant increase in tsunami force before getting to 

the quasi-steady state. It is observed that no surge force overshoot the hydrodynamic 

force during the initial impact by [12], and these observations are the same as 

discussed by [2]. According to this reason, it can be concluded that for dry bed surge, 

surge force can be neglected.  

 

2.3 Impact force due to debris  

 When a tsunami comes, the flooding water carries debris such as containers, 

ships, automobiles, parts of the structures, and even ships. The impact force due to 

these water-borne debris affects the structure seriously and leading to damage to the 

structure Figure 2.5. However, it is not easy to estimate this force accurately. When 

considering the structures which are constructed in the tsunami-prone region, the 

possibility of tsunami debris is assessed under these facts: (1) the potential 

distribution of debris and types of debris and (2) the forces generated by the impact. 

Debris types can be generally divided into three groups: small debris, moderate 

debris, and large debris shown in Figure 2.6 and Figure 2.7. Small debris is 

represented as objects that impact cannot affect the structure very much and moderate 

debris is generally defined as objects that impart a typical impact on the structure. 

Large debris is defined as objects that generate excessive forces on the structure and 

create a significant impact on the structure.  If an object is specified as one of these 

groups, the characteristic of mass, size, stiffness, and buoyancy are identified first. 

Each characteristic directly affects the potential of debris that impacts the structure 

[13].  

To estimate the debris impact force, three approaches are used as basic 

models. These approaches are (i) impulse-momentum, (ii) constant-stiffness and (iii) 

work-energy. These approaches depend on the mass and velocity of debris. Each 

approach needs their corresponding parameters such as impulse-momentum needs 

stopping time of debris after impact and time history of impact, constant-stiffness 

requires stiffness between debris and structure and then for work energy, distance 

traveled from where initial contact occurs to where debris stops. Background 
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information concerning the development of this force is provided by some codes and 

some researchers and discuss below. 

 

Figure 2.5 Car and Boat as debris impact March 2011, Japan Tsunami 

(Sourcehttp://www.thelargest.net) 

 

Figure 2.6 Debris categories 
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Figure 2.7 Small, moderate and large debris categories [13] 

  

For the equation of debris impact forces, [4] code provides the following 

equation Eq. (2.7) based on the impulse-momentum concept. However, there is 

uncertainty to assess the impact duration, Δt. In this code, Δt assumes that 1.0 sec for 

a wooden structure, 0.5 sec for a steel structure, and 0.1 sec for a concrete structure 

respectively. The assumption of the impact duration times can cause a significant 

fluctuation in maximum impact load. 

I

du u
F m m

dt t
= =          (2.7) 

Where, 

FI= debris impact force 

m = mass of impact body  

u = velocity of the body  

t = time 

 Depending on the size, shape, and weight of debris and flow velocity, the 

debris impact force is proposed by [3] using simplify equation of ASCE 7-10, 

Commentary C5 and can be seen in Eq. (2.8). 

D B strFi WVC C C=         (2.8) 

Where 

 Fi  = impact force acting at the still water elevation (lb) 

W = weight of the object (lb) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 24 

V  = velocity of water (ft/sec), approximated by 1/2(gds )
1/2 

CD = depth coefficient (see Table 2.1) 

CB  = blockage coefficient (see Table 2.2) 

CStr  = Building structure coefficient (use ASCE 7-10 Commentary equation) 

 

Table 2.1 Depth Coefficient (CD) by Flood Hazard Zone and Water Depth [3] 

 

 

Table 2.2 Values of Blockage Coefficient CB [3] 

 

From the generalized equation of ASCE 7 based on the constant-stiffness 

approach, the debris impact force for flooding case can be estimated and provided in 

[1] which do not account to consider the orientation effects of debris but take into 

account to consider the hydrodynamic mass coefficient. In contrary to other tsunami 

forces, debris impact force can apply on a single structural element at water flooding 

level shown in Figure 2.8. The debris impact force equation according to ASCE 7 is 

shown in Eq. (2.9). 

max1.3 (1 )i dF u km c= +       (2.9) 

Where 

1.3 = important factor for debris impacts that is specified by [14]for Risk Category IV 

structures 
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umax = maximum flow velocity of debris  

c = hydrodynamic mass coefficient which depends on the shape, size, and orientation 

of the debris concerning the flow direction 

k = the combination of effective net stiffness (the debris stiffness and the stiffness of 

the impacted structural elements), (see Table 2.3) 

md = debris mass, (see Table 2.3) 

 

Figure 2.8 Debris impact force due to tsunami [1] 

 

Table 2.3 Mass and stiffness categories for some debris [1] 

 

 

If the stiffness and natural period of the structure and the stiffness and mass of 

the debris are determined, the impact force equation is provided by ASCE 7-16. The 
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nominal instantaneous debris impact force, Fni, and the design instantaneous debris 

impact force, Fi are given in this code and shown below. However, in the case of 

shipping container impact, Fni is not greater than 220 kips (980 kN) [14]. If an 

equivalent elastic static analysis is performed, the design Fi is needed to multiply with 

the appropriate dynamic response factor, R.   

The nominal instantaneous debris impact force equation, Fni is  

maxni dF u km= =         (2.10) 

The design instantaneous debris impact force equation, Fi is  

i tsu o niF I C F=         (2.11) 

Where 

Itsu   = Importance Factor (given in Table 2.4) 

Co   = Orientation coefficient, equal to 0.65 for shipping containers 

umax = Maximum flow velocity at the site occurring at depths enough to float the 

debris 

k      = Effective stiffness of the impacting debris or the lateral stiffness of the 

impacted structural element(s) deformed by the impact, whichever is less 

md   = Mass (Wd∕g) of the debris 

 

Table 2.4 Tsunami importance factors for hydrodynamic and impact loads 

[15] conducted the small-scale experiment generating surge as well as bore 

and full-scale experiment about impact force produced by driftwood on a rigid 

structure. In the full-scale experiment, wooden logs hit a frame in the open air, and 

then, impact forces produced were estimated. All scaling effects are considered in a 

full-scale experiment in design. However, in the small-scale experiment, the added 

mass of water is only considered in the design. Therefore, the estimated impact forces 
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from the full-scale experiment can vary with real tsunami because of neglecting the 

added-mass of water. [15] provided a formula for the impact force due to wooden logs 

based on his regression analysis and as follows in Eq. (2.12). 

1.2 0.4

2
1.6 ( ) ( )

f

M
w w

F u
C

D L LgD



 
=       (2.12) 

Where 

rw = specific weight of the wood or log 

D = diameter of the wood or log 

L = length of the wood or log 

CM = added-mass coefficient (1.7 for bore or surge and 1.9 for steady flow) 

u = velocity of the wood or log at impact 

δf = yield stress of the wood or log 

 [16] analyzed a single degree of freedom model (Figure 2.9) to evaluate the 

woody debris impact force for a rigid structure based on three approaches such as (i) 

impulse-momentum, (ii) constant-stiffness, and (iii) work-energy. They showed that 

the formulae of three approaches derived from the single degree of freedom model are 

identical and yield the maximum impact force and the equation for debris impact can 

be seen in Eq (2.13): 

.( )IF Max kx u km= =        (2.13) 

In which the effective stiffness, k is derived by the following equation. 

1 1 1

d sk k k
= =          (2.14) 

Where  

u = debris velocity 

m = debris mass 

kd = debris stiffness 

ks = structure stiffness 
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Figure 2.9 Impact of a single debris element with a structure [16] 

They also found that the resulting debris impact force is a function of impact 

velocity, debris mass, and effective stiffness of the collision between the woody 

debris and the structure. Hence the formula is not depending on the properties of the 

structure if the structure is considered rigid. They also investigated the influence of 

added-mass of the water and eccentric and oblique collision in which the maximum 

impact force was found when the log (major axis of the log parallel to the flow 

direction and perpendicular to the structure) hits the structure. Figure 2.10 shows the 

orientation effect of the debris impact. 

 

Figure 2.10 Effects of orientation on impact force [16] 

[17] presented numerical simulations to study the behavior of debris impact 

load on wood panels such as exterior and interior walls. They used the exact 
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experimental results based on [16] small scale tests to compare their numerical 

results. The comparison results of the impact forces between experimental and 

numerical modeling are shown in Table 2.5. The results based on numerical modeling 

were within the range of the experimental results and thus these results were 

validation for conducting the parametric studies. Various parameters used in their 

study are flow velocity, inundation depth, debris size, and debris density. They found 

that as the flow velocity and debris mass increase, the impact force on the exterior 

wall panel increase in Figure 2.11. However, for the interior wall panel when the flow 

velocity and debris mass increase with mass constant, reduction in debris impact force 

was investigated. 

Table 2.5  Comparison of debris impact forces between numerical and experimental 

results [17] 

 

 

Figure 2.11 Comparison of numerical and experimental results for debris impact 

forces [17] 

The response of reinforced concrete columns impacted by tsunami dispersed 

shipping containers (20 and 40 ft) are studied by [18]. The difference in peak impact 

forces estimated between FEMA-P646 and ASCE 7-10 is quite large for 20 and 40 ft 
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containers shown in Figure 2.12. Therefore, there is needed for further investigations 

of estimated peak impact forces. 

 

Figure 2.12 Comparison of estimated peak impact force for 20’ and 40’ containers 

[18] 

Square and circular columns were used for each container with different 

column-container impact configurations as shown in Figure 2.13. The peak impact 

force for a square and a circular column for a 20 ft container was found in L3 and C1 

configurations respectively. On the other hand, the peak impact forces for 40 ft 

container were found in the L2 configuration in both columns. In these cases, the peak 

impact force for 40 ft container was greater than that for 20 ft container because of the 

mass of the container and the structural system of the container (additional stiffness). 

They found that for most impact configurations, the peak impact force is larger in the 

square column than in the circular column since the container-column contact area is 

wider in the square column. They also formulated the average impact duration and 

effective contact stiffness for both types of columns of 20 and 40 ft containers 

respectively. The average impact duration and effective constant stiffness are used to 

calculate the impact force equation from FEMA p-646 and ASCE 7-10.   
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Figure 2.13 40 ft container-column impact configurations [18] 

The effect debris attached with the nonstructural mass (NSM) and the 

maximum impact force and duration were investigated by [19]. Empty and loaded 

shipping containers were used in the experiments and to validate the results, a 

nonlinear dynamic finite element model was established. The equivalent 

nonstructural-mass-spring-bar model as an SDOF system was used to account for the 

connection between NSM and container Figure 2.14. The effects of NSM, amount of 

payload mass, and impact velocity were used as parametric studies. They explored 

that the maximum primary impact force and duration are not influenced by the NSM 

as shown in Figure 2.15. They also found that the equivalent model allows for an 

accurate prediction of the maximum impact force for all three cases.  
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Figure 2.14 Idealized force-time histories due to the impact of debris [19] 

 

Figure 2.15 Measured impact force-time histories for empty and loaded container tests 

at 1.0 m/s. [19] 

[20] tested the effect of transverse impact form tsunami driven object using a 

full-scale standard container, steel bar (solid bar and hollow tube) sections. Axial and 

transverse impact configurations for orientally shipping containers are shown in 

Figure 2.16. Analytical models for transverse members were considered as elastic and 

inelastic SDOF dynamic model to evaluate the impact duration and maximum impact 

force. Finite element simulation was performed to study the effect of transverse debris 
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impact and then validated with experiments.  In comparisons of the experimental peak 

impact results with the estimated peak impact values for shipping containers provided 

by FEMA P-646 and ASEC 7/10, FEMA P-646 got over-conservative values 

especially for high impact velocities and however peak impact values obtained from 

ASCE 7/10 were unconservative in case of the elastic model. The comparison results 

are shown in Figure 2.17. 

 

 

Figure 2.16 (a) Axial and transverse impact configurations for a shipping container 

and (b) damaged shipping containers under the transverse impact [20] 

 

Figure 2.17 Measured shipping container peak impact force  

 [21] investigated the linear response of a transverse horizontal beam hitting a 

fixed-end column for elastic case only shown in Figure 2.18. Consideration of 

impacting velocity was 3-5 m/s since they only focused on elastic behavior. The 

initial peak impact force equation was formulated using the Timoshenko beam theory 

in an analytical impact model. They considered multiple impact cases i.e. contact 

phase and separation phase were also considered in the collision event. Results of the 
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analytical method were examined with the numerical method. The results of both 

methods are comparable. They explored that the peak impact force of the beam that 

hit the column can be 1.5 times than the initial peak force. They investigated the 

domination of shear deformation in the pole and the column due to multiple impacts. 

 

Figure 2.18 Schematic of pole and column [21] 

 

[22] studied the design procedures to evaluate the extreme impact loads on 

structures such as shipping vessels, containers, and even wood poles. In their case 

study, flow velocity and flow depths are estimated using three methods: (1) Energy 

grade line method and (2) Modified energy grade line method and (3) Site-specific 

inundation analysis which are needed to estimate the impact force. However, for 

estimating equivalent static impact force, ASCE 7/16 provided the two approaches: 

(1) an alternative simplified approach and (2) impact force and duration equation 

approach. By comparing the equivalent static impact force from the two approaches, 

there was a negligible difference between these approaches. They recommend that the 

modified energy grade line method was appropriate to estimate inundation depth and 

flow velocity for tsunami inundated regions.  

 

2.4 Study of flow velocity 

 The velocity of the flooding water can differ significantly during tsunami 

events. Differences in calculating tsunami forces as well as debris impact forces are 

due to the differences in estimating flow velocity. There is less information concerned 
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with flow velocity during these events. The magnitude and direction of flow velocity 

can vary significantly during the tsunami. Flood water can reach a site from one 

direction at the beginning of the tsunami event and then move to another direction. 

Variation of flow velocity can be found by flooding water that reaches a low-lying 

region. Hence, the flow velocity can vary from zero to higher velocity during a single 

tsunami event. The general form of the flow velocity due to the tsunami is shown in 

Eq. (2.15). 

U gh=          (2.15) 

Where 

U = the flow velocity, m/s 

α = constant-coefficient  

h = the inundation depth, m 

Several codes and researchers have investigated the flow velocity in terms of 

inundation depth. The FEMA (2003) assumes that a constant coefficient of flow 

velocity can be 2 but Yeh (2007) supposed that this is too high. Under the real load 

test on a minor damaged building in Khao Lak, Thailand, [23] calibrated with the 

tsunami loading based on FEMA P-55 and found that the suitable flow velocity as 

1.2√𝑔ℎ - 1.36 √𝑔ℎ . 

 [11] studied the relationship between the velocity and flow depth using a 

small-scale model experiment with the impact of a tsunami-induced bore. They used 

the velocity with the equation of 1.5√𝑔ℎ, 2√𝑔ℎ and 2.5√𝑔ℎ and they found that the 

computed maximum velocities using the equation of 2√𝑔ℎ are approximately the 

same as the measured velocities Figure 2.19. However, they said that the constant 

coefficient may be less than 2 when the beach slope is steeper. 
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Figure 2.19 Comparison of the measured velocity and the computed velocity [11] 

In 2016, [24] studied the impact of tsunami bores on a square model using an 

experiment. To calculate the bore flow velocity, they used some equations to compare 

the measured values Figure 2.20. The velocity equation, u is equal to α√𝑔ℎ in which 

α=1.7 is within 7% and 10% of the values of Murty (1977) and FEMA (2012) 

respectively.  

 

Figure 2.20 Relationship between bore velocity and bore height for different studies 

[24] 

Due to the influence of the parameters such as wavefront celerity and velocity 

profiles to estimate the impact forces, the average front celerity from dry bed surges 

was compared with the formula design codes and practices by [25]. They found that 

the waves produced from the proposed experiment (Vertical release generation 
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technique) had celerity values at α = 1.25 and correlated with other investigations 

Figure 2.21.  

 

Figure 2.21 Comparison of the measured average front celerity [25] 

2.5 Configuration of the structure under the response of tsunami 

 The configuration of the building is very important for potentially tsunami 

inundated regions. Irregular building shape suffers more significant tsunami forces 

than the shape of the regular building, especially undesirable torsional effects occur in 

structural elements. Therefore, a simple regular shaped building is more suitable over 

an irregular shape as shown in Figure 2.22.  

 

Figure 2.22 Shapes of regular and irregular Building 

[26] studied that the rectangular and circular building shapes which consist of 

the provision of stilt columns and opening to protect the tsunami waves. According to 

his conduction, the increase in the opening of the building increases the stability of 

the building. However, he recommended that the percentage of the opening should be 
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up to 50% so that it can care for the stability of the structure. He also concluded that 

the circular building is better than a square building to withstand tsunami impact 

loads. The prototype of the circular building is shown in Figure 2.23. 

 

Figure 2.23 Circular shaped building [26] 

[26] used the stilt columns and there are no partitions between the column 

because these allow the free flow of tsunami waves. Hence, no partition walls or 

breakable walls are a considerable aspect of tsunami case. The performance of a 

structure with a strong wall and the breakable wall is illustrated in Figure 2.24. As we 

can see, there is minimal damage that occurred in the breakable wall however, due to 

the loading transferred effects of the strong wall, structural elements significantly 

suffer tsunami impact. 

 

Figure 2.24 Performance of strong wall and the breakable wall [27] 
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The effect of openings is also important for the structure to reduce the 

incoming tsunami impact forces. As we can see in Figure 2.25, the area of the tsunami 

inundated region is damaged by the tsunami wave, but the mosque still survived from 

tsunami wave because of the effect of opening and good structural configuration 

system. [28] conducted the effect of openings for a reinforced concrete building using 

a small-scale building model approaching with broken wave such as a bore. The result 

of the tsunami forces with the different openings is shown in Table 2.6. Based on the 

experiment of their results, 15% to 25% reduction has resulted in a 25% opening 

configuration and 30% to 40% reduction are in the case for 50% opening 

configuration, respectively.  

 

Figure 2.25 Rahmatullah Lampuuk Mosque stands unhurt after the 2004 tsunami hit 

the area in Lhoknga, near Banda Aceh, Indonesia 

 

Table 2.6 Tsunami force (N) on a square model with different opening configurations 

[28] 

 [29] investigated the effect of opening and protection on building to reduce the 

tsunami impact forces. They simulated an experiment using the dam break model to 

obtain the wave forces on building with various openings. They clearly show that the 

openings significantly reduced the tsunami forces on the building, shown in Figure 

2.26 and Figure 2.27.  
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 Figure 2.26 Tsunami force on building with various openings [29] 

 

Figure 2.27 Force reduction due to opening [29] 

The influence of openings on building and building shape is investigated by 

[11] using a small-scale model under the same condition at Khao Lak, Thailand. They 

observed that the square and rectangular-shaped buildings were approximately the 

same results of tsunami force. However, for an octagonal building, the tsunami force 

per unit width was reduced by 20 percent compared with a square-shaped building. 

The condition of the tsunami wave force on different building shapes is shown in 

Table 2.7. The results of the wave force acting on the building with the opening 

configuration of 25% and 50% were reduced about 10 to 30% and 40 to 60% of the 

tsunami wave force respectively shown in Table 2.8. 
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Table 2.7 Tsunami force on building with different configuration: S, square; R, 

rectangular; O, octagonal [11] 

 

Table 2.8 Different openings under various wave condition [11] 

 

[30] investigated the pressure distribution on the wall due to the impact of 

tsunami bore for various wave heights using a tsunami wave basin. Maximum 

pressure distributions were found at the base of the wall of the building for various 

wave heights. The results of the experiment for typical wall pressure distribution are 

illustrated in Figure 2.28. They concluded that if nonstructural walls are used in the 

building, they will easily break away under these loads and as a result, can reduce 

tsunami loads. 
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Figure 2.28 Pressure distribution on a typical wall due to peak impact load of 120.5 

cm wave with 5 cm standing water  

2.6 Protection system to reduce large impact forces 

 Fender is the pile or frame attached with energy absorption devices such as 

rubber fender in the marine system shown in Figure 2.29 and Figure 2.30. The 

function of the fender is to protect the berth structure against damaged caused by the 

ship approach by absorbing the kinetic energy of the ship. Fender system to prevent 

damages due to ship impact is carefully designed on the coastal region by using 

timber, rubber, and metallic fender types. 

 In the previous literature review, the governing forces that are considered for 

the design of building in tsunami inundation regions are studied according to some 

guidance and researchers. However, most of the collapsed buildings have come from 

the impact of large debris forces such as shipping boats, shipping containers, etc. 

Sizes of structural members should be large to resist these large impact forces 

however it can be uneconomical and impractical. Therefore, the design of the fender 

system is considered as a tsunami shelter for debris impact loads and hydrodynamic 

pressure. 

 

 

Figure 2.29 Fender geometry impact [31] 
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Figure 2.30 Marine fenders 

To design the fender system, [27] introduced the design of the evacuation 

shelter due to tsunami in two categories namely (i) small to moderate debris impact 

and (ii) large debris impact. The configurations of the evacuation building used for 

both types of debris are shown in Figure 2.31.  

For small to moderate debris impact, the structures may be rigid to resist 

tsunami loads and hence no energy absorption devices are necessary because of the 

sizes of debris. However, to resist the impact of large debris, inner and outer 

structures are considered, and the inner structure is the main building, and the outer 

structure is such a fender locating at the side of the seashore to protect the inner one. 

Therefore, energy-absorbing devices are proposed to resist the large debris impact 

relying on the work-energy principle to balance the kinetic energy of the movement of 

large debris masses with the potential energy absorbed by devices shown in Figure 

2.32. These devices are installed outside of the main building on every floor level 

connect with a rigid beam. The height of the outer structure is determined by the 

inundation depths because it only needs in lower levels of the main building to protect 

from debris. The outer structure should displace over a large distance to accommodate 

the deformation of energy-absorbing devices and hence the foundation should be 

designed to allow such movement. Pimanmas et al. (2010) concluded that they 

provided the design concept as a guideline for tsunami evacuation shelters in a 

tsunami-prone area.  
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Figure 2.31 Schematic structural system for resisting tsunami [27] 

 

Figure 2.32 Relationship between force and deformation and capacity curve [27] 

[32] proposed the tsunami evacuation building surrounded by fender piles to absorb 

the impact of moving debris shown in Figure 2.33 by using numerical simulation and 

experimental testing. Not only tsunami wave force but also the collision of tsunami 

driftage with the building is considered. The influence of fender pile due to tsunami 

wave forces is investigated in two conditions: with and without fender piles. 

According to numerical simulation and experimental testing, fender piles can 

effectively reduce the tsunami wave forces when tsunami driftage strikes shown in 

Figure 2.34. 
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Figure 2.33 Building model setups 

 

Figure 2.34 Tsunami wave force acting on tsunami evacuation building 

 

With the help of energy absorption devices to reduce large debris impact based 

on the work-energy principle, [33] studied the behavior of 4-story RC buildings under 

tsunami loads and debris impact loads. The building consists of the main building and 

an outer protecting building shown in Figure 2.35. Nonlinear static analysis is used to 

investigate the effectiveness of the protection frame over the main building with 

energy-absorbing devices (Cone type fender devices). Types of debris impact forces 

applied to the building are categorized in Table 2.9.  
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Table 2.9 Comparison of types of debris impact depending on its sizes applied to 

building [33] 
Comparison Small to medium 

debris 

Large debris 

Types of object Cars, logs, trees Large fishing boats, shipping 

containers 

Mass (KN) 5 tons 784 tons 

Impact force 

equation 
  

The position of the 

impact loading 
The critical position of the building 

Based on the work-energy principle, the kinetic energy of the moving debris is 

balanced with the potential energy absorbed by the connection and the equation is 

provide in Eq. (2.16). This principle is simple and rational to use with energy 

absorption devices. 

21
( )

2

KE W

mv f x dx

=

= 
        (2.16) 

Where 

KE = kinetic energy of debris mass 

W= potential energy by the energy dissipation devices 

m = mass of debris  

v = flow velocity  

f(x) = the reactive force (fender) 

x = deformation (fender) 

The energy absorption device is used as a connection between the inner and 

outer structure and can absorb the high impact energy by losing the elastic form of 

itself and resulting in little reaction force. The inner structure should be designed to be 

in the elastic range under the reaction force that is sent from the connector. If the 

strength of the inner structure is weaker than the connectors, large inelastic 

deformation cannot be controlled by the connectors.  

The connectors are modeled as nonlinear elements and the force-deformation 

response of the nonlinear link can be attained from the manufacture or laboratory test. 
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The connection between the column and the beam of the outer structure is used as 

pinned and rigid types. The ability of the energy absorption of the building with and 

without the fender systems are shown in Figure 2.36 and Figure 2.37. 

 

Figure 2.35 3D and elevation view of the main building with the energy absorption 

devices [33] 

 

Figure 2.36 Relationship between base shear and displacement of the building without 

and with energy-absorption devices [33] 

 

Figure 2.37 Ability of energy absorption without and with fender system [33] 

Magada [34] addressed the benefits of the interaction between a marine rubber 

fender and a steel pile structure of a berthing dolphin. By using the interactive 

treatment method (ITM), the proper selection of the minimum required size of the 

steel structure was evaluated by diving the absorbing energy into two components 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 48 

such as fender and steel structure. According to this author, the fender selection and 

the mass and stiffness of steel pile structure are the influence parameters for the 

economical point of view. A general group of berthing dolphins with a steel pile 

substructure was illustrated in Figure 2.38. To calculate the kinetic energy of moving 

vessels, Eq. (2.17)  was used in the study [31, 35]. 

2

2
ka m e s c a

Mv
E C C C C F=        (2.17) 

where  

Eka = abnormal berthing kinetic energy of the vessel to be absorbed by dolphin elastic 

deflection (kilojoules); M = displacement of the vessel (tons); v = approach velocity 

of the vessel perpendicular to the berthing line (meters per second); Cm = added mass 

coefficient (virtual mass coefficient); Ce = eccentricity coefficient; Cs = softness 

coefficient; Cc = berth configuration coefficient; and Fb = abnormal impact safety 

factor. 

 

Figure 2.38 General view of the berthing dolphin  

[36] described that the performance-based approach for the flexible breasting 

dolphins. In this study, the coupled behavior of the flexible structure-fender system 

and the energy absorption capacities of each component were investigated. The 

energy absorbed by each component was described in Figure 2.39 and 40. 
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Figure 2.39 (a) Energy absorbed by the system components vs the global 

displacement v; (b) displacements of dolphin vd, of fender vf and global displacement 

v vs the absorbed energies 

 

Figure 2.40 Percentage of energy absorbed by the system components 

 

It was observed that the contribution of the flexible dolphin in absorbing the impact 

energy of the normal berthing is higher than the fender contribution, while the fender 

contribution is essential in abnormal conditions. 

2.7 Energy absorption devices 

 Fender systems on the coastal region to prevent damages due to ship impact 

are designed carefully by using timber, rubber, and metallic fender types. Energy-

absorption devices used in marine fender systems are mostly made of rubber with 

various kinds of shapes such as cone shape fender. The primary objective of the 

rubber fender is to absorb collision energy during the berthing process. The structure 

of the fender system consists of the main fame which is made of steel or concrete or 

timber and in which the impacted area is comprised of energy-absorbing elements 

such as rubber elements, metallic elements, and so on.    
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 Rubber fender and steel damper can be used as energy absorption units to 

absorb the energy of moving debris depending on their sizes. Fender elements can 

absorb the energy from impact by deforming by themselves which will be attached to 

the rigid structure. The fender system can be comprised of a single energy absorbing 

unit or several energy absorbing units together to absorb impact. Types of rubber 

fender-element used in the fendering system are shown in Figure 2.41 according to 

[37]. The deformation of the fenders is depending on the types of the fender which are 

available in the commercial catalog. In cone shaped-fender type, the ultimate 

deformation is 72 % of fender length while in the cell fender, the deformation is 

52.5% of its length.  

 

Figure 2.41 Types of the fender by commercial catalog 

2.8 Tsunami pushover analysis 

Few studies have focused on the tsunami pushover analysis for the 

hydrodynamic load pattern. In 2014, Macabuagi et al. [38] presented that the tsunami 

fragility function using the tsunami pushover analysis using the force-controlled 

method. The tsunami loading based on the codes that are considered in this literature 

is illustrated in Table 2.10. The resultant pushover curve according to these loading 

conditions is shown in Figure 2.42. According to these results, it was found that the 

applied load distributions are very sensitive to the tsunami pushover curve. 
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Table 2.10 Load cases to generate pushover curve  

 

 

 

Figure 2.42 Relationship of base shear and displacement for different tsunami loading 

pattern 

In 2017, [39] determined the most reliable method for the evaluation of 

structural performance under tsunami action. In this literature, two different types of 

tsunami pushover methods were considered such as constant high pushover (CHPO) 

and variable high pushover (VHPO) methods. The validation of these methods was 

compared with the time history method. CHPO is the displacement-controlled and 

VHPO is the force-controlled. The hydrodynamic load pattern for these two methods 

is described in Figure 2.43.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 52 

 

 

Figure 2.43  Evolution of the load patterns in CHPO and VHPO for a given target 

load. 

In this literature, the sensitivity analysis was conducted due to the nonuniform 

load pattern. According to Figure 2.44, pushover analysis is a good prediction for time 

history analysis in which VHPO (force-controlled) is a better prediction than CHPO 

(displacement-controlled) by comparing with time history. However, VHPO analysis 

is not suitable to investigate the post-peak behavior when the structure exhibits a 

softening behavior. 

 

Figure 2.44 Time-history vs pushover analyses for two different tsunami wave traces: 

(a) force-displacement envelope; (b) maximum inter-story drift demand 
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In 2019, [40] presented a comprehensive comparison of different approaches 

for assessing the structural performance of buildings under sequential earthquakes and 

tsunami. Different approaches considered to assess the structural response under 

earthquake and tsunami are shown in Table 2.11. Three steps were considered to 

analyze the building under tsunami and earthquake (Figure 2.45). It was observed that 

for regular structures with the first mode dominated response under earthquake 

loading, a double pushover approach (PO-FC-VDPO) can be used to reduce 

computational effort. 

Table 2.11 Different approaches to assess structural response under earthquake and 

tsunami  

 

 

Figure 2.45 Illustration of the three phases of earthquake and tsunami loading 

2.9 Plastic hinge length 

The inelastic response of the element is a function of the plastic hinge length 

and the properties of the cross-sections. A plastic hinge length is an essential tool for 

the relationship between curvature and rotation of the structural element. The plastic 

rotation is defined as the difference between the ultimate and the yield curvature 

(curvature ductility) multiplied by the plastic hinge length [41] is shown in Figure 
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2.46. In which ϕy and ϕp are yield and plastic curvatures, respectively. My and Ie are 

yield moment and effective moment of inertia, respectively. Lp is the length of the 

plastic hinge. 

 

 

 

Figure 2.46 Definition of plastic hinge length [41] 

The plastic hinge length, lp, of RC members depends on several parameters, 

including the definition of yielding and ultimate curvatures, section geometry, 

material properties, longitudinal and transverse reinforcement properties, the stress-

strain curve for the concrete, bond-slip characteristics between concrete and the 

reinforcing steel, support conditions and the magnitude and type of loading, axial 

force, and shear span ratio. 

 [42]tested full-scale concrete column with different section sizes and 

confinement conditions under (i) axial load only and (ii) axial and cyclic lateral load. 

They proposed the plastic hinge length equation based on their test results. The 

proposed plastic hinge length equation and plastic hinge length from the experiment 

are shown in Eq. (2.18) and Table 2.12. The first expression especially yielded for 

column bending, while the second yielded for bar slip due to the longitudinal bar’s 

elongation. However, they did not reveal any relation of lp on longitudinal 

reinforcement ratio and axial load ratio. 

0.08 6 bpL L d= +         (2.18) 

Where Lp = Equivalent plastic hinge length 

L = distance from column base to point of contra flexure 
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db = bar diameter 

 

Table 2.12 Experimental and predicted plastic hinge length [42] 

 [43] proposed the equation based on the UWPEER Structural performance in 

which a full-scale test of 37 circular columns is included. These columns met the 

design criteria that the axial load ratio is less than or equal to 3, the spiral pitch of the 

column is 6db or less, the effective confinement ratio is greater than or equal to 0.05, 

the depth of concrete cover is less than or equal to 0.1D, longitudinal reinforcement 

ratio is less than or equal to 4%. Based on the error function of 37 columns, they 

proposed the following Eq. (2.19).  

0.05 0.1 '( )cy blp L f d L f MPa= +  

0.05 0.008 '( )cy blp L f d L f psi= +       (2.19) 

Where lp =column plastic-hinge length 

L = column length from point of the maximum moment at column base to point of 

zero moments at the column top 

fy = yield strength of column longitudinal reinforcing steel 

fc’ = concrete compressive strength 

db = bar diameter 

[44] experimentally conducted the parametric study on the influences on lp of 

various parameters using four full-scale RC columns. The details of the tested column 

are shown in Table 2.13. The effect of axial load ratio, shear span ratio, and 
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reinforcement ratio was accounted for in their experiments and the equation Eq. (2.20) 

was proposed.  

0.3( ) 3( ) 0.1 ( ) 0.25 0.25
s

o g

lp P A L

h P A h

 
= + − +  
 

     (2.20) 

Where lp =column plastic-hinge length 

L = column length from point of maximum moment at column base to point of zero 

moment at column top 

h = overall depth of column 

P = applied axial force 

P0 = nominal axial load capacity as per ACI 318-05 

Ag =gross area of concrete section 

As = area of tension reinforcement 

 

Table 2.13 Details of test specimens [44] 

 [45]also conducted the parametric study including axial load level, slenderness 

ratio, and transverse reinforcement ratio using the two different rectangular sections 

with twenty-four column specimens. The criteria of these parameters are such that 

slenderness ratio is 5 and 7.27, the axial load level is 11%, 16%, 22% and 27% of 

nominal sectional concrete strength and the transverse reinforcement ratio has three 

levels: 0.6%, 0.95%, and 1.3%. Using the effect of these factors on twenty-four 

column specimen, they provide the following equation Eq. (2.21). 
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Where, Lp =column plastic-hinge length 

P = axial compressive load 

Ag =gross area of concrete section 

fc’ = concrete compressive strength 

ρsv = transverse reinforcement ratio in critical region 
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CHAPTER (3) 

EFFECTS OF TSUNAMI FORCES ON BUILDINGS 

 

3.1 General 

 With the aim of reducing the loss of life and property in low-lying coastal 

areas especially tsunami hazard areas, all buildings and structures should be 

constructed by methods and practices that minimize tsunami damage. To ensure 

safety structures, flood, wind, and seismic hazards are considered in the design. 

Floodwaters can create a variety of loads on building components. According to 

FEMA guidelines, hydrostatic including buoyancy or flotation effects, breaking wave, 

hydrodynamic force, and debris impact forces are considered to apply to the structure.

  

3.2 Mitigation concept of the hydrodynamic forces and debris impact  

 A tsunami can cause a massive flooding loading and it is impossible to design 

all structures to resist. Therefore, mitigation is necessary for building to resist the 

tsunami. The regular building can reduce undesirable forces such as torsion in 

structural members other than irregular building.  The height of the building is 

required to be elevated above an elevation of the estimated tsunami inundation level 

or the building should be located on natural terrain above the regulatory flood 

elevation on natural undisturbed ground. The column foundation of the tsunami-

resistant building should be used as a fixed condition for pile foundations that are 

capable of resisting lateral loads and can protect scouring effects. The column of the 

building should be selected as a circular column to reduce the hydrodynamic loading. 

The lowest floor of the building has been chosen as no wall to allow free flow of 

flooding water and the elevated floors have chosen to use breakable walls in such an 

event that they should be strong enough to resist wind or other normal environmental 

loads. The percentage of openings is also considerable condition to reduce the 

tsunami impact forces on the structure. For the impact forces due to tsunami such as 

hydrodynamic load and buoyancy load, the above conditions are acceptable but for 

large debris impact forces, there is necessary to protect the building i.e., shelter or 

fender.   
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3.3 Proposed buildings 

3.3.1 Modeling of the buildings 

In this study, the 5 stories reinforced concrete building is considered. The size 

of the building and the number of the story are depending on the area of the district 

where tsunami mostly occurs and the required minimum area per evacuees. A 

structural system of moment resisting frame is used in the building system.  

The configurations of the structure are octagonal and square buildings. The 

area of both buildings is designed as 850 m2 to accommodate 850 evacuees per floor. 

The highest wave height has been found at 12 m in Thailand on 26 December 2004 

[33]. The average sea level is 3 m and hence, the design inundation depth is 

considered as 9 m. Therefore, the height of the building considered is 15 m (3 m for 

each floor level) shown in Figure 3.1. 

The plan, elevation, and three-dimensional view of the proposed building are 

shown in Figures 3.2 and 3.3. 

 

Figure 3.1 Dimension of propose building with minimum refuge elevation 
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Figure 3.2 Three-dimensional view of the proposed buildings 

 

Figure 3.3 Plan view of the proposed buildings 

3.3.2 Material properties of the structural elements 

The properties of column, beam, and slab and material properties of concrete 

and steel for the proposed structure are shown in Table 3.1.  

Table 3.1 Property of materials 

Material Properties  

Concrete 

material 

Concrete compressive strength, fc’ (MPa) 35 

Modulus of elasticity, Ec (MPa) 25700 

 

Steel material 

 Steel yield strength, fy (MPa) 500 

 Modulus of elasticity, Es (MPa) 200,000 
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3.4 Consideration of gravity and tsunami loads for analysis 

3.4.1 Gravity load  

 Gravity loading according to ASCE 7-16 for the proposed structure used in the 

analysis is shown in Table 3.2.  

Table 3.2 Gravity loads 

No Description of loads Loads (kN/m2 ) 

1 Live load, LL 4.8 

2 Superimposed dead load, SDL 1.5 

 

3.4.2 Tsunami loads 

Flood water can create a variety of loads on building components. Loads from 

the tsunami that are considered in this study are hydrodynamic and buoyance loads. 

According to literature from the previous chapter, hydrostatic load and surge load are 

not considered because the proposed building is considered as no wall or breakable 

wall, and surge forces are smaller than the hydrodynamic load under dry bed 

conditions. Tsunami forces considered in this study are as follows and are shown in 

Figure 3.4 and the parameters that are used to evaluate the tsunami forces are shown 

in Table 3.4.  

3.4.2.1 Hydrodynamic Force   

 Using the parameter of drag coefficient and flow velocity, the hydrodynamic 

force can be computed according to [4]. The formula of the hydrodynamic force is as 

Eq. (3.1). The application of load is used as a uniform load pattern according to [1, 

14]. 

2

2

d

d

pC Au
F =          (3.1) 

Where FD = hydrodynamic or drag force acting in the flow direction 

Cd = drag coefficient (1.2 for circular column by FEMAP-55, 2.0 for square 

column by CCH and FEMAP- 55 and 1.5 for wall section) 

 ρ = density of the water 

 u = flow velocity 

A = proposed area of the structure perpendicular to the direction of flow 
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3.4.2.2 Buoyant Force 

 The buoyant force is significant for a structure that is less resistant to upward 

force especially for basements, empty tanks located above or below ground, 

swimming pools, components designed considering only gravity loads. The buoyant 

force is obtained from the specific weight of water and the volume of water.  

b sF gV=          (3.2) 

Where Fb = buoyant force (FEMA P-646 and CCH) 

ρs = density of the water (1200 kg/m3) 

g = acceleration due to gravity 

V = the volume of the water displaced by the submerged structure 

3.4.3 Consideration of debris impact load due to tsunami 

For the case of impact forces that can cause severe damages to the building, 

the shipping container impact case is considered in this study. Most of the debris 

impact equations are formulated based on the impulse-momentum concept, work-

energy approach, and constant stiffness approach.  

Unlike the other tsunami forces, the floating container can be assumed to 

impact the single member of the structure at the inundation level [1, 14]. The impact 

energy of the moving container can be achieved based on the kinetic energy 

approach[35]. 

Kinetic energy of moving debris =  21

2
mu      (3.3) 

Where u is the maximum flow velocity at the site occurring at depths enough to float 

the debris, m is the mass of the debris. The calculation of tsunami forces is shown in 

Appendix. 
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Figure 3.4 Tsunami forces applied to the building 

3.5 Consideration of tsunami flow velocity 

The tsunami flow velocity can be estimated based on the relationship between 

inundation flow velocity and inundation depth. The general equation of tsunami flow 

velocity is 

 U gh=          (3.4) 

Where U = flow velocity, m/s 

α = velocity coefficient 

g = acceleration due to gravity 

h = inundation depth, m   

The velocity coefficient, α is very important in the relationship of flow 

velocity and can be verified through several experiments and tsunami events. The 

following Table 3.3 is the study of the velocity coefficient based on the literature 

review.  
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Table 3.3 Review of flow velocity based on past tsunami and research 

Literature review Study method Velocity coefficient 

Matsutomi (2010) Experiment 0.42 - 1.2  

Lukkunaprasit et al. 

(2010) 

2004 Tsunami, Thailand 1.2 - 1.36  

Chinnarasri et al. 

(2013) 

Experiment 2 

Shafiei et al. (2016) Experiment 1.7   

Wüthrich et al. (2018) Experiment 1.25   

Ghodoosipour et al, 

2019 

Experiment 1.2 

According to the literature review of the velocity coefficient of tsunami flow 

velocity, the value is between 1.2 and 1.7. Since the hydrodynamic, surge, and debris 

impact forces are proportional to the tsunami-induced velocity, and uncertainties in 

estimating flow velocity induce large differences in estimating forces, and hence 

velocity coefficient of 1.25 is used as unbiased. 

Table 3.4 Parameters for calculation of tsunami forces applied to building 

No Parameters Values 

1 Design inundation depth, h 9 m 

2 Velocity coefficient, α (Wüthrich (2018) 1.25 

3 Acceleration due to gravity, g 9.81 m/s2 

4 Flow velocity, u 11.75 m/s 

5 Drag coefficient, Cd (ASCE 7-16) 1.2 (for circular element) 

2 (for rectangular element) 

6 Seawater mass density, ρsw (ASCE 7-16) 1025 kg/m3  

7 Min fluid density for tsunami load, ρs = ks ρsw 1127.5 kg/m3 

8 ks (fluid density factor) (ASCE 7-16) 1.1 

9 Mass of 20 ft standard shipping container 

(ASCE 7-16, FEMAP 646) 

2270 kg (empty) 

13150 kg (loaded) 

10 Mass of 40 ft standard shipping container  

(ASCE 7-16, FEMAP 646) 

3810 kg (empty) 

17240 kg (loaded) 

 

3.6 Application of tsunami forces on buildings 

Using the parameters in Table 3.4, the calculated tsunami forces are shown in 

Table 3.5 below. Although the same load pattern of buoyant forces is applied to the 
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floor area of the building, the behavior of hydrodynamic load distributions is not the 

same for two buildings that are facing the flow direction. The application of 

hydrodynamic forces on the buildings is shown in Figure 3.5.  

Table 3.5 Tsunami forces applied to the RC buildings 

Description of tsunami forces Values 

1 Hydrodynamic load 80 kN/m (for column) 

2 Hydrodynamic load 93 kN/m (for beam) 

3 Buoyancy load 2.21 kN/m2 

  

 

Figure 3.5 Hydrodynamic load applied on building (a) square building and (b) 

octagonal building 

3.7 Load combination 

The resulting tsunami load is combined with gravity load effects according to 

FEMA 646 and the load combination is described in Table 3.6. 

Table 3.6 Load combination 

Name Load combination 

U1x 1.2 (DL+SDL)+ + 0.25 LL + 1(Drag X+Buoyancy) 

U2x 0.9 (DL+SDL)+ 1(Drag X+Buoyancy) 

 

3.8 Equivalent force distribution and fundamental period 

3.8.1 Equivalent force distribution  

Before analyzing with pushover analysis, the building is analyzed with linear 

static analysis, and the gravity loads, and tsunami loads applied to the building are 

check with static equilibrium condition. 
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The lateral force distribution due to hydrodynamic load and the vertical force 

distribution due to buoyant, super dead load, and live load is exhibited by using the 

equilibrium condition in previous Figure 3.5. The summation of distributed lateral 

force is equal to the base shear of the building and the summation of distributed 

vertical force is also equal to the axial force at the base of the building. The model is 

checked not only for lateral force but also for vertical force distribution on the 

building with hand calculation and compared with Sap 2000 value. The detailed hand 

calculations are described in the Appendix. Table 3.7 and Table 3.8 shows the check 

of the model with horizontal distributed and vertical distributed loads using 

equilibrium condition. 

Table 3.7 Horizontal and vertical distributed loads check for the model (Square 

building) 
Loads Hand calculation (kN) Sap 2000 (kN) Difference (%) 

Superimposed dead load 7641 7648 0.09 

Live load 12226 12236 0.08 

Buoyancy load 5628 5633 0.09 

Hydrodynamic load 36764 36764.8 0 

Table 3.8 Horizontal and vertical distributed loads check for the model (Octagonal 

building) 
Loads Hand calculation 

(kN) 

Sap 2000 (kN) Difference (%) 

Superimposed dead load 7623 7623 0 

Live load 12194 12196.8 0.02 

Buoyancy load 5615.8 5615.6 0 

Hydrodynamic load 42308.64 42305.9 0.006 

 

3.8.2 Fundamental period 

The natural period of vibration is the fundamental parameter for the 

assessment of the structure. The natural period of building is obtained from the modal 

analysis of Sap 2000 and the obtaining result is compared by the approximate 

fundamental period from ASCE 7/16. The model period and mode shape of the 

buildings are shown in Table 3.9, Table 3.10, Figure 3.6, and Figure 3.7. 

Table 3.9Model period of the square building  

OutputCase StepType StepNum Period UX UY UZ SumUX SumUY SumUZ

MODAL Mode 1 0.565837 0.00024 0.80037 1.858E-20 0.00024 0.80037 1.858E-20

MODAL Mode 2 0.565837 0.80037 0.00024 0 0.80062 0.80062 2.311E-20

MODAL Mode 3 0.532867 0 0 0 0.80062 0.80062 2.381E-20

MODAL Mode 4 0.164397 0.10334 0.01138 0 0.90396 0.812 2.719E-20

MODAL Mode 5 0.164397 0.01138 0.10334 2.273E-17 0.91534 0.91534 2.276E-17
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Table 3.10 Model period of the octagonal building  

 

Check the period of the structure according to ASCE 7/16 

Approximate fundamental period, Ta = Ct h x     (3.5) 

Ct = 0.0466 (Concrete moment resisting frame) (Table 12.8-2 from ASCE 7/16) 

x = 0.9 (Table 12.8-2 from ASCE 7/16) 

h = 15 m (Total height of the building) 

Ta = 0.0466 x 15 0.9 = 0.533 sec 

The modal period from Sap 2000 are approximately the same with the period from 

ASCE 7/16. 

 

Figure 3.6 First three-mode shaped of the square building 

 

Figure 3.7 First three-mode shaped of the octagonal building 

OutputCase StepType StepNum Period UX UY UZ SumUX SumUY SumUZ

MODAL Mode 1 0.548196 0.000003934 0.77712 4.743E-12 0.000003934 0.77712 4.743E-12

MODAL Mode 2 0.548038 0.77714 0.000003949 8.076E-12 0.77714 0.77712 1.282E-11

MODAL Mode 3 0.52201 0.000003224 0.000003068 3.782E-10 0.77715 0.77712 3.91E-10

MODAL Mode 4 0.160594 9.068E-08 0.10983 6.074E-11 0.77715 0.88695 4.517E-10

MODAL Mode 5 0.160553 0.10983 9.121E-08 8.657E-11 0.88697 0.88695 5.383E-10

MODAL Mode 6 0.152796 3.534E-07 0.00000034 1.822E-09 0.88697 0.88695 2.361E-09

MODAL Mode 7 0.08125 7.302E-07 0.04656 2.026E-09 0.88698 0.93352 4.387E-09

MODAL Mode 8 0.081232 0.04656 7.307E-07 3.311E-09 0.93354 0.93352 7.697E-09
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3.8.3 Design of structural members 

The column and beam for both square and octagonal buildings are designed 

according to tsunami load combinations so that the building can resist the tsunami 

loads under design inundation depth. Constant column and beam size are used 

throughout the building (for both square and octagonal building).  

3.8.3.1 Design of column 

Considering the strength of the column to support the tsunami loads, 

confirmation of column size is needed before analyzing with Pushover analysis. Trial 

column sizes are firstly used in square building to conduct the strength of the column 

caused by tsunami load and gravity load shown in Table. The strength of the column 

is checked by utilizing the P-M interaction diagram. 

The tsunami load based on the sample size of column 80 cm diameter is first 

chosen and then the capacity of the column is checked with PM interaction diagram. 

The vertical reinforcement ratio for all trial column sizes is chosen within the 

limitation of 1% to 8% adopted by ACI 318-14. According to the figure, even though 

the column size is enough for the axial and bending moment, the failure mode is a 

flexural-shear failure because the prediction of failure mode is needed to assign the 

plastic hinge for nonlinear analysis. Checking of failure mode is done using the 

equation of [46]. Column size is reduced slowly to obtain the suitable column size for 

gravity loads and tsunami loads and to obtain the flexural failure mode. Not only to 

avoid shear failure and usage of larger steel size but also for the plastic hinge length in 

nonlinear modeling, the strength of the concrete must be increased, and hence 

concrete strength of 35 MPa is used for the continued study. According to the analysis 

of the column under varying sizes shown in Table 3.11 and Figure 3.8, the suitable 

column size is 85 cm diameter for a square building.  

For octagonal building, the selected column size (85 cm diameter) from the 

square building is utilized, and then check the capacity of the column for the gravity 

loads and tsunami loads. As shown in Figure 3.9, an 85 cm diameter column size can 

also be utilized for both buildings. 
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Table 3.11 Analysis of column varying size 

N

o 

Column 

size 

Concrete 

strength 

(MPa) 

Longitudinal 

steel 

Transverse 

steel  

Longitudina

l steel ratio 

PMM 

failure 

Failur

e 

mode 

predic

tion 

1 700 mm 30 21 DB 32mm 

12 mm @ 

100 mm 

spacing 

0.044 Yes    - 

2 750 mm 30 

24 DB 32mm 

  

  

12 mm @ 

100 mm 

spacing 

0.044 No 

Flexur

al-

shear 

failure 

3 800 mm 30 25 DB 32mm 

12 mm 

@100 mm 

spacing 

0.04 No 

Flexur

al-

shear 

failure 

4 800 mm 35 25 DB 32mm 

16 mm 

@100 mm 

spacing 

0.04 No 

Flexur

al-

shear 

failure 

4 850mm  35 28 DB 28mm 

16 mm @ 

100 mm 

spacing 

0.03 No 

Flexur

al 

failure 

 

 

Figure 3.8 Checking capacity of various column sizes for the square building 
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Figure 3.9 Capacity checking for both buildings 

3.8.3.2 Check the beam capacity   

The beam size should be enough to resist the flexural and shear failure caused 

by the gravity and tsunami loads. For sufficient shear and flexural reinforcement, ACI 

318-14 is adopted to check the proposed beam size. Detail design checking for the 

beam 40x60 cm is provided in the Appendix. The maximum demand of the beam due 

to the static analysis is lower than the nominal strength of that beam according to ACI 

318-14 and shown in Table 3.12. Therefore, the proposed beam size of 40x60 cm is 

used for the continued study.  

Table 3.12  Demand and design strength of the beam  
Beam Internal forces Square building Octagonal building ACI 318-14 

Vmax (kN) 137 231 360 

Mmax (kN-m) 316 370 505 

 

3.9 Comparison of internal forces and displacement between square and octagonal 

building 

In this section, the comparison of internal forces between square and octagonal 

buildings is presented. Even though the area of the buildings is the same, the internal 

forces are larger in the octagonal building than in the square building (See Figure 3.10 

and Figure 3.11) because the water contact area of the building subjected to the 

tsunami in the octagonal building is greater than the area in the square building. The 

evaluation of tsunami forces for both buildings is shown in Table 3.13. Furthermore, 
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the inter-story drift ratio in the octagonal building is slightly larger than that of the 

square building and can be seen in Figure 3.12.  

 

Figure 3.10 (a) Maximum bending moment (b) maximum shear force and (c) 

maximum axial force of the column 

 

Figure 3.11 (a) Maximum bending moment and (b) maximum shear force of the beam 

 

Figure 3.12 Comparison of inter-story drift ratio, IDR of the buildings 
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Table 3.13 Comparison of gravity and tsunami forces on the buildings 

Tsunami forces Square building Octagonal building 

Superimposed dead load 7647 kN 7623 kN 

Live load 12236 kN 12196 kN 

Buoyancy forces 5633 kN  5615 kN 

Hydrodynamic forces 36764 kN 42306 kN 

 

3.10 Response of the buildings due to tsunami forces under tsunami pushover analysis 

3.10.1 Nonlinear modeling for the building system 

After analyzing the building with linear static analysis, a column size of 85 cm 

diameter and beam size of 40 x 60 cm are chosen depending on tsunami load 

combinations. To investigate the real capacity and performances of the buildings, 

pushover analysis is conducted. Before analyzing with pushover analysis, beams and 

columns are modeled as nonlinear frame elements with lump plasticity at the start and 

the end of each structural member to detect the behavior of the structure when 

tsunami load and debris impact load come. Modeling of nonlinear elements is 

depending on the nonlinear material properties of the structural members.  

Concrete 

Mander’s concrete model [47], shown in Figure 3.13 is adopted to model the material 

stress-strain relationship of confined concrete. Mander’s concrete stress-strain curve 

calculates the compressive strength and ultimate strain values as a function of the 

confinement (transverse reinforcing) steel. The stress-strain relationship of the 

concrete model proposed by Mander is given by the following expression. 
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cc
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f xr
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r x
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where 

c

cc

x



=                        

'
1 5 1

'

cc
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co

f

f
 

  
= + −  

  
            ' 'cc cof Kf=     

sec

c

c

E
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E E
=

−
  

sec
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f
E


=                  

1.4
0.004

'

s yh sm

cu

cc

f

f

 
 = +   

Where, 

fc = the longitudinal compressive concrete stress  

f’cc = compressive strength of confined concrete 

f'co = the unconfined concrete strength  

fyh = yield strength of the hoop reinforcement 

Ec = modulus of elasticity of the concrete 

Esec = concrete secant modulus elasticity 

K = confinement ratio of concrete 

ρs = ratio of the volume of rectangular steel hoops to the volume of concrete core 

measured to the outside of the peripheral hoop 

εc= longitudinal compression strain of concrete 

εcc = compression strain at maximum concrete stress of confined concrete 

εcu = ultimate compression strain of confined concrete 

εsm = steel strain at maximum tensile stress 

 

Figure 3.13 Stress-strain model for concrete [47] 

Reinforcing steel 

The typical reinforcing steel with a strain hardening ratio of 1 % is adopted. 

The ultimate strain of the steel is adopted as 0.1. The nominal yield strength of 500 

MPa corresponding to the ultimate strength of 625 MPa is used and the inelastic 
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stress-strain relationship of reinforcing steel used in this study is presented in Figure 

3.14.  

 

Figure 3.14 Stress-strain relationship of reinforcing steel 

3.10.2 Plastic hinge for nonlinear modeling  

The plastic hinge can be assigned in Sap 2000 through two types such as 

automatic hinge and user-defined hinge. Automatic hinge is section dependent in 

which the program generates automatically to the final hinge properties. The 

automatic hinge properties for concrete members are based on [48]. User-defined 

hinge properties can be modified in automatic hinge properties or can be defined by 

the user. Now, ASCE 41/17 [49] can be available as a modification code of ASCE 

41/13 but cannot use in Sap 2000 directly, and hence, user-defined plastic hinge 

properties according to ASCE 41/17 are used in this study. As shown in Figure 3.15, 

the force–deformation behavior of a plastic hinge is defined as five points generally 

A, B, C, D, and E.  

Since the lateral hydrodynamic forces and debris impact forces are considered 

for nonlinear analysis of the building and the maximum axial applied load is 10 % of 

its nominal compressive strength, hence M3 hinges for column and beams are adopted 

in this study. 
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Figure 3.15 Force–deformation relationship of a typical plastic hinge 

3.10.2.1 Plastic hinge properties according to ASCE 41/17 

For assigning the plastic hinges in each structural element, calculation of 

modeling parameters is needed in which the flexural yielding moment and curvature 

are obtained from the moment-curvature analysis using section designer in Sap 2000. 

From this analysis, moment and curvature for the column and beam at yield point are 

obtained based on the procedure of  [50] (Figure 3.16) in which the axial load from 

the column is used as maximum axial load under tsunami load combination. The 

initial effective stiffness value between point A and B is taken as 0.7 for column and 

0.35 for beam [51].  

Plastic moment–curvature normalized concerning the yield moment and 

curvature is needed when defining the frame hinge properties in nonlinear modeling 

of the building. Notably, axial loads in the beam are assumed to be zero. Accordingly, 

the moment hinge of the column and the beam is only established in this study. The 

modeling parameters for the beam and the column according to ASCE 41/17 are 

shown in Table 3.14 and Table 3.15.  

The modeling parameters from ASCE 4/17 are accessible as a moment-

rotation relationship instead of the moment-curvature relationship. Plastic hinge 

length is needed to develop from yielding curvature to yielding rotation. Several 

plastic hinge lengths have been proposed in the literature. For the calculation, plastic 

hinge length from [43] is reasonable such that the parameters used in their experiment 

(such as longitudinal steel ratio, transverse steel ratio, axial load ratio, shear span 

ratio) are compatible with the parameters that have been used in this study. The 
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detailed calculation of modeling parameters is implemented in the Appendix. The 

plastic hinge properties for the column and the beam assigned in nonlinear modeling 

of the building are presented in Figure 3.17.  

 

Figure 3.16 Moment-curvature curves for (a) the column and (b) the beam 

 

 

Table 3.14 Modeling parameter and acceptance criteria for the nonlinear plastic hinge 

for column [49] 
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Table 3.15 Modeling parameter and acceptance criteria for the nonlinear plastic hinge 

for beam [49] 

 

 

 

 

Figure 3.17 Plastic hinge properties for (a) the column and (b) beam 
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3.11 Tsunami pushover analysis 

Tsunami forces on the RC frame building are assessed by the pushover 

method. In the existing literature of tsunami pushover paper [38, 40, 52, 53], 

hydrodynamic forces as tsunami forces on the buildings are mainly focused on 

considering the lateral load distribution pattern for different inundation depth ranges. 

According to the literature, tsunami pushover analysis can be evaluated by two 

methods: (i) displacement-controlled method and (ii) force-controlled method. For the 

tsunami pushover analysis in this study, actual hydrodynamic forces are used as force-

controlled method and debris impacts are used as displacement-controlled method to 

study the behavior of buildings due to debris after applying hydrodynamic forces. In 

this study, there are two cases in the building analysis namely case (I) building 

without fender structure and case (II) building with a fender structure as shown in 

Figure 3.18. The capacity of the buildings under different cases are obtained using 

both the force-controlled and displacement-controlled methods. From these capacity 

curves, the remaining energy due to the debris after the application of actual 

hydrodynamic forces on the building can be evaluated (Figure 3.19). The behavior of 

this procedure is that the building experienced hydrodynamic forces when the debris 

impacts the building. The resistance of the building can be evaluated using the work–

energy method, in which the kinetic energy of the moving debris is absorbed by the 

potential energy of the building. 

 

Figure 3.18 Building structures under different cases 
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Figure 3.19 Energy absorption area due to debris after hydrodynamic loads 

3.12 Energy absorption of the buildings due to debris after actual hydrodynamic 

forces (Case I (a) and Case I (b)) 

The energy absorption of the building is evaluated using capacity of the 

building. Before conducting with nonlinear analysis, the debris impact location is first 

chosen for the case study of the building. Both square and octagonal buildings are 

symmetrical building, and hence the impact locations are selected from one side of the 

buildings. The selected locations are shown in Figure 3.20. 

 

Figure 3.20 Debris impact locations for (a) square and (b) octagonal building 

Although the tsunami forces are influenced by both inundation depth and flow 

velocity, constant inundation depth is used for assessing the structural performance 

under tsunami actions. The hydrodynamic forces as uniform load patterns acting on 

all columns of the building below the level of inundation depth are examined. Four 
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percent of the height of the building as target displacement is considered at each 

debris impact location. 

Step by step plastic hinge formation for all cases is shown in Figure 3.21 and 

Figure 3.22. Member’s flexural moment due to lateral hydrodynamic forces did not 

reach the yield state because the building was designed using the tsunami load 

combination including hydrodynamic forces. For the case of debris impact, firstly, 

significant beam failure is found before column failure with plastic hinge formations 

of LS state, as a result, this failure mechanism constitutes the confirmation of strong 

column weak beam concept. 
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Figure 3.21 Step by step plastic hinge formation at different impact location for 

square building (a) Impact at C1, (b) Impact at C2, and (c) Impact at C3 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 82 

 

 

Figure 3.22 Step by step plastic hinge formation at different impact location for 

octagonal building (a) Impact at C1, (b) Impact at C2, and (c) Impact at C3 
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The force-deformation relation due to actual hydrodynamic forces is obtained 

using the force-controlled method and shown in Figure 3.23 and Figure 3.24. Since 

the same hydrodynamic forces are applied to the building for different impact 

locations, the load-deformation due to hydrodynamic forces are the same. On the 

other hand, the forces due to hydrodynamic forces are not the same for the square 

(36764 kN) and octagonal building (42306 kN) because as described in the previous 

section, the hydrodynamic forces are larger in the octagonal-shaped building than the 

square-shaped building.  

The performance of the building is observed with no plastic hinge formation 

due to the hydrodynamic forces under constant inundation depth, however, the 

building has displaced at a certain distance due to hydrodynamic forces on columns. 

The remaining capacity for the impact of debris is evaluated after applying actual 

hydrodynamic forces, through pushover, displacement-controlled method. The 

capacity curve of the buildings are shown in Figure 3.23 and Figure 3.24.  

 

 

 

Figure 3.23 Capacity of the square building at each performance state 
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Figure 3.24 Capacity of the octagonal building at each performance state 

The evaluation of energy absorption based on the desired performance is 

needed to examine the resistance of the building through the work-energy method. 

Therefore, the energy of the building is calculated based on the LS performance state 

of the buildings. The energy absorption of the building due to debris impact cases for 

different impact locations are shown in Table 3.16.  

As in the case of the square building, the impact location at C3 is the largest 

energy absorption because of the distribution of structural members’ capacity. The 

lowest energy absorption is caused by the impact location at C1 because of the corner 

column impact. 

For the impact locations C1, C2 and C3, the energy absorption in square 

building are larger than that in octagonal building. For the impact location C4, energy 

absorption cannot compare because the square building has 5 spans, and the octagonal 

building has 6 spans. 

Therefore, due to the capacity of the building, energy absorption, 

hydrodynamic forces conditions, simple profile to install fender system, the square-

shaped building is selected for the upcoming section for the building with fender 

system. 
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Table 3.16 Energy absorption of the buildings  
Building type Square building Octagonal building 

Impact location C1 C2 C3 C1 C2 C3 C4 

Energy (kN-m) 4129 4311 5118 3686 3754 4334 6325 
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CHAPTER (4) 

EFFICIENCY OF FENDER STRUCTURE 

4.1 Mitigation concept of debris impact 

When the tsunami comes, not only the flooding water but also debris such as 

containers, ships, automobiles, and even ships can impact the buildings. Debris types 

can be generally divided into three groups: small debris, moderate debris, and large 

debris, depending on the characteristic of mass, size, stiffness, and buoyancy. 

Generally, small-size debris cannot completely affect the structure however, field 

investigations have shown that the structural failure mostly occurs from moderate and 

large debris strikes [13]. Therefore, the design of the building where the potential 

inundation level is greater than 3 m or higher, near coastal region has resistance not 

only the tsunami water wave forces but also debris impact forces especially large 

debris.  

For the consideration of the conceptual design concept to reduce large debris 

impact forces such as shipping containers, the protection system is needed to resist 

large debris impact. In this study, the building with a fender structure is considered to 

resist the shipping container impacts. Energy absorption devices such as super cone 

fenders are considered for the connection between the inner and outer fender structure 

to absorb the kinetic energy of flowing debris through their elastic deformation. The 

main building is used to live for evacuees and the outer fender structure is only 

considered to protect the inner one without occurring failures by absorbing the kinetic 

energy of the debris. The configuration of the inner structure is the same (square-

shaped building) as described in the previous chapter. The height of the fender 

structure connected with the main building is determined by the inundation depth. For 

the fender structure to resist the large debris impact, steel frame structure with the 

pinned based condition is used to allow the flexibility of the fender units. The 

proposed building with a fender structure is shown in Figure 4.1. It should be noted 

that the distance between the building and the fender structure must allow for the 

deformation of the fender, otherwise, the main building can suffer several damages 

without utilizing the advantages of the fender structure.  
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Figure 4.1 Building with fender structure 

4.2 Response of the building with a fender system (2D frame analysis) 

4.2.1 Two-dimensional analysis of building without a fender structure (Case I (a) and 

Case I (b)) 

Firstly, to under the behavior of the building with a fender structure under 

tsunami pushover analysis, a two-dimensional analytical model of the original 

building, is created as a representative of the whole building, Figure 4.2. Before 

considering the building with a fender structure, the building without fender is needed 

to analyze with tsunamic pushover analysis for the detailed behavior of the system. 

The nonlinear behaviors of the structural elements are the same as the previous 

chapter. The procedure of the tsunami pushover methods applied to the building is the 

same as the previous chapter.  

The hydrodynamic forces as uniform load pattern acting on all columns of the 

building below the level of inundation depth are examined by using pushover, force-

controlled method. Four percent of the height of the building as target displacement at 

debris impact location is considered in the pushover analysis. 
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Figure 4.2 Selected 2-dimensional structure from the proposed building (a) Three-

dimensional, (b) plan and (c) elevation view 

The force-deformation relation due to actual hydrodynamic forces is obtained 

using the force-controlled method and shown in Fig. The performance of the building 

is observed with no plastic hinge formation due to the hydrodynamic forces with 

certain inundation depth, however, the building has displaced at a certain distance due 

to hydrodynamic lateral loads on columns. The remaining capacity for the impact of 

debris is evaluated after applying actual hydrodynamic forces, through pushover, 

displacement-controlled method. The evaluation of energy absorption based on the 

desired performance is needed to examine the resistance of the building through the 

work-energy method. The base shear forces at B, IO, and LS states are respectively 

set to 1140, 2052, and 2488 kN respectively, (Figure 4.3) to evaluate the performance 

of the building for the debris impact forces. 

 

Figure 4.3 (a) Capacity curve due to debris after hydrodynamic forces and (b) 

relationship between energy absorption and displacement of the building 
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Figure 4.4 shows the deformation of the building due to actual hydrodynamic 

forces and the step-by-step plastic hinge formation due to debris after the application 

of hydrodynamic forces. Failure mechanisms are not observed in the building due to 

actual hydrodynamic forces. The flexural moment of members due to lateral 

hydrodynamic forces did not reach the yield state because the building was designed 

using the tsunami load combination including hydrodynamic forces. For the case of 

debris impact, beam failure is initially found before column failure with plastic hinge 

formations starting from the LS state. Consequently, this failure mechanism 

constitutes the confirmation of the strong column–weak beam concept. After reaching 

the LS state, the building shows extensive damages in beams when the flexural 

moment reached its ultimate capacity. Accordingly, the evaluation of building energy 

absorption should be conducted before the LS performance state in nonlinear analysis. 

For the performance of the building, the investigation of the inter-story drift ratio is 

one of the most influential parameters in the displacement-based engineering system. 

The inter-story drift ratio of the building due to debris impact at each performance 

state is shown in Figure 4.5. 

 

Figure 4.4 Plastic hinge formation due to debris after actual drags 
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Figure 4.5 Inter story drift ratio due to debris after hydrodynamic loads 

The remaining energy of the building is evaluated using the capacity curve 

through the displacement-controlled method. The evaluated energy of the building is 

compared with the kinetic energy of different kinds of shipping container. The 

resistance of the building compared with the debris impacts is described in Figure 4.6. 

This figure shows that the building can only resist the empty shipping container 

impact. If the loaded container impacts the building, then the building cannot resist 

these impact types. Therefore, the strength of the building must be increased using 

some protection systems, especially for the large debris impact cases. 

 

Figure 4.6 Comparison of energy absorption of the building 
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4.2.2 Building with fender structure (Case II (a) and Case II (b)) 

4.2.2.1 Selection of the fender 

Energy absorption of the building to resist tsunami wave forces and large debris 

impact forces can be increased by using the marine fender that absorbs large energy 

using large inelastic deformation. The general concept of the building with a fender 

structure was described in section 4.1. To understand the efficiency of the fender 

system, variation of fender reaction is considered as a parameter. The 100 % energy 

of the fender can be assessed when the fender reaches its ultimate deformation [35, 

37]. The ultimate fender deformation is depending on the type of available fender in 

the commercial catalog. In this study, the inelastic deformation of the fender is based 

on the super cone fender. The yield and ultimate fender deformation are considered as 

33 % and 72 % of fender length to obtain 100 % of the fender’s energy (see Figure 

4.7). The idealized fenders used in the building are shown in Figure 4.8. A multilinear 

elastic element is used as a fender model in nonlinear modeling of the building.  

For the variation of fender reaction, the selected fender reaction forces are 

chosen lower than the LS state of the building (i.e., 2260 kN). The corresponding 

fender lengths are taken as 1.6, 1.8, and 2 m. The parameters used in the fender 

structure are shown in Table 4.1.  

Table 4.1 Parameter for the fenders 

Case 

From a commercial catalogue Idealized fender 

Remark 

(LS state 

of base 

shear) (kN) 

Fender length, 

Lf (m) 

Fender 

deformation 

(33% of Lf) 

(m) Reaction (kN) 

Stiffness 

(kN/m) 

Idealized initial 

stiffness (kN/m) 

Idealized 

reaction (kN) 

F(2000) 1.6 0.53 2012 3796 3700 2000 2488 

F(2200) 1.8 0.59 2204 3735 3700 2200 2488 

F(2400) 2 0.66 2369 3589 3700 2400 2488 
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Figure 4.7 Performance curve of a fender 

 

Figure 4.8 Idealized force-deformation of the fenders 

For the capacity of the building, the hydrodynamic forces are applied to the 

building including fender structure, Figure 4.9. The procedures of the analysis 

method, in which the tsunami forces are applied to the building, are the same as those 

presented in Section 3.11. The location of target displacement is considered at debris 

impact location, and the target displacement is currently used as the ultimate fender 

deformation. 

 

Figure 4.9 Application of tsunami forces on building with fender system (a) side 

elevation and (b) front elevation 
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The fender stiffness is considered to be the same. Thus, the global force–

deformation curves for all fenders are also the same due to hydrodynamic forces. 

However, the hydrodynamic forces in the building with a fender system are 

approximately 6705.5 kN, which is larger than the hydrodynamic forces from the 

building without a fender system (that is, 5946 kN). This finding is due to the 

hydrodynamic forces from the fender structure (Fig. 18). Therefore, the 

hydrodynamic forces are crucial in this system. After applying the hydrodynamic 

forces, the capacity of the building due to debris is obtained through the displacement-

controlled method. The displacement of the capacity curves is distinct because of the 

different ultimate fender deformations. As can be seen in Figure 4.10, the building 

with the fender, F(2400) is the largest deformation.  

The same fender stiffness and hydrodynamic forces are considered for the 

performance of the fender system. Thus, the force–deformation results of all fenders 

are the same as the application of the hydrodynamic forces to the building. After 

applying the hydrodynamic forces with the force-controlled method, fenders are 

found to absorb half of these forces from the fender structure and then transfer to the 

main building (i.e., 759.5 kN). Moreover, the maximum base shear of the building 

due to debris after hydrodynamic forces at each fender size depends on the fender 

yield force values; i.e. maximum base shear of the building for the usage of fender 

F(2000), F(2200) and F(2400) are 1240.5 kN, 1440.5 kN, and 1640.5 kN respectively.  

In Figure 4.10 (d) (e) and (f), the fender F(2000), F(2200) and F(2400) use their 

performance completely. Whether the fenders completely use their energy for all 

tsunami forces, the energy absorption by the fenders can be evaluated on the basis of 

their performance due to debris impact. 
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Figure 4.10 Capacity curve and performance of the fenders due to debris after 

hydrodynamic forces (a) building with fender, F(2000), (b) building with fender, F(2200) 

and (c) building with fender, F(2400), (d) Fender, F(2000), (e) Fender, F(2200) and (f) 

Fender, F(2400) 

Figure 4.11 shows the step-by-step plastic hinge formation of the building 

with a fender system. No plastic hinge formation is found due to hydrodynamic forces 

for all fender cases. For the debris impact case, the building without a fender system 

showed up to the failure behavior. However, in Figure 4.11, due to the efficiency of 

the fender system, the building does not occur the failure behavior. This is the 

advantage of the fender structure using fender. As in the case of a building connected 

with a fender structrue, continuous plastic hinge formation appeared in the building is 

found only before reaching the fender yield state, and after reaching the yield state, 

there is no plastic hinge formation. Simultaneously, the fender leads to the large 

inelastic deformation from its yield to its ultimate state. According to this observation, 

the fender which is lower than the maximum capacity of the building (LS state) can 

absorb the energy using its inelastic deformation without inducing damages to the 

main building starting from the fender yield state.  
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Figure 4.11 Step by step plastic hinge formation of the building with the fender 

system 

As shown in Figure 4.12, the building with F(2000) has occurred no IO state 

while the other two systems reached the IO state of the building. 

 

Figure 4.12 Relationship between base shear and building displacement (a) building 

with fender, F(2000), (b) building with fender, F(2200) and (c) building with fender, 

F(2400) 

Figure 4.13 shows the step-by-step inter-story drift ratio (IDR) of the building 

with and without a fender structure. As can be seen in Figure 4.13, the IDR of the 

building with and without the fender structure is the same at the performance state of 

B. Additionally, it was found that the fender yield force of F(2000) i.e 2000 kN is lower 

than the base shear of the building at the IO state i.e 2052 kN, consequently, the IDR 

ratio is lower than that of the building without a fender system at IO state. 
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Furthermore, it was also found that the fender yield force of F(2200)  and F(2400) i.e 2200 

kN and 2400 kN are lower than the base shear of the building at LS state i.e 2488 kN 

and therefore the IDR values are lower than that of the building without fender system 

at LS state. The IDR ratio of fender F(2000), F(2200), and F(2400) systems remain stable 

starting from the fender yield state. From this observation, the performances of plastic 

hinge formation and the deformation of the building are related to the fender yield 

force values.  

 

Figure 4.13 Inter-story drift ratio (IDR) of the building 

The energy absorbed by the building for both conditions (with and without the 

fender system) due to debris impact load is illustrated in Figure 4.14. As can be seen, 

the building without the fender system shows the LS state, and hence it has more 

energy absorption than the building in the fender system.  

On the other hand, for the building with a fender system, the energy 

absorptions by fenders are rapidly increased starting from the fender yield state up to 

its ultimate deformation state. The main building remains stable without any 

deformation, starting from the yield state due to the advantages of the fender system. 

The building energy can develop only during the fender elastic condition and after 

reaching the fender yield state, the building does not need to absorb the kinetic energy 

of moving debris. Additionally, the building energy in the fender system is lower than 

the building without the fender system at the same performance state as a 

consequence of hydrodynamic forces from the fender structure. It is also found that 
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the relationship between building energy and fender yield forces. The larger the 

fender yield forces; the more energy can be absorbed by the building. 

 

 

Figure 4.14 Energy of the building with and without fender system 

As can be seen in Figure 4.15, the building with an F(2400)  fender system is the 

largest energy absorption and the performance of the building show no extensive 

damages. According to the observations of the fender variation case, the fender yield 

force has influenced the performance of building connected with the fender system. 

As discussed earlier for the potential impact energy for the shipping container, the 

total energy of the building with fender F(2200) and F(2400) are larger than the kinetic 

energy of the maximum shipping container i.e. 1409 and 1823 kN-m > 1190 kN-m. 

Therefore, the building with a fender system can effectively absorb the impact energy.  

 

Figure 4.15 Energy performance of fender under shipping container impact 

Table 4.2 shows the step-by-step percentage of energy absorption of the fender 

due to debris. Since the same hydrodynamic forces are applied to the building, all the 
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fenders utilize 5 percent of its energy due to hydrodynamic forces. When 

consideration the debris impact case, the energy absorbed by the fenders only is 

considered through the remaining capacity after the application of hydrodynamic 

forces. Therefore, the energy absorbed by the fender is evaluated starting from the 

remaining fender’s capacity. As can be seen in Table 4.2, the larger the fender yield 

force is, the more energy can be absorbed by the fenders. After reaching the fender 

yield state, the energy absorbed by the fender is rapidly increased due to its inelastic 

deformation.  

Table 4.2 Percentage of energy absorption of the fender based on fender’s 

performance 

Fender F(2000) F(2200) F(2400) 

Performance state Percentage of energy (debris after drag) 

B 1% 1% 1% 

IO 12% (No IO) 11% 13% 

𝐹𝑦
𝑓
 12% 13% 14% 

𝐹𝑢
𝑓
 55% 59% 62% 

 

4.3 Design recommendations for the building with a fender structure 

4.3.1 Approach for the building with a fender structure 

A general approach for the selection of the fender structure is proposed here to 

account for the combined behavior of the fender and the building. The approach starts 

from a certain fender reaction, which can be effectively selected from the 

performance of the building. The kinetic energy of moving debris is at least equal to 

or lower than the energy absorbed by the structure. Using the energy concept, the 

energy balance is expressed as Equation (1), and the total energy of the building with 

a fender structure is shown in Equation (2). 

KE ≤ E Total          (1) 

E Total = EF + Eb         (2) 

Note-  

𝐹𝑦
𝑓
= fender yield state 

𝐹𝑢
𝑓
 = fender ultimate deformation state 
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where KE denotes the kinetic energy of moving debris, E Total denotes the total 

energy of the building with a fender structure, EF denotes the energy absorbed by the 

fender, and Eb denotes the energy absorbed by the building. 

The selected fender yield force for the building with a fender structure should be 

taken from the base shear force at the relevant performance state of the main building 

without inducing failure. The recommendation of the proposed design system is 

summarized in Fig. 23. 

 

 

Figure 4.16 Flow chart of the proposed recommendation for the building with a fender 

structure 
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Figure 4.17 Energy concept of the building without a fender structure (a) FBD of the 

building and (b) Capacity of the building 

 

 

Figure 4.18 Energy concept for the building with a fender structure (a) FBD of the 

building with a fender structure, (b) Force-deformation of the fender and (c) Capacity 

of the building 
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However, for the studied case in this paper, hydrodynamic forces are applied first, 

and then the debris is impacted to evaluate the remaining energy of the building. 

Therefore, the remaining energy of the building with a fender structure may be lower 

than the proposed Equation (2). The simplified models for the application of 

hydrodynamic forces and debris impact on the building with and without fender 

structures are respectively shown in Figs. 17 and 18. Therefore, for the case of debris 

impact after applying hydrodynamic forces, the total remaining energy absorption of 

the building with a fender structure is as follows: 

Er
Total= Er

f  + Er
b(II)         (3) 

The variables in Figs. 17 and 18 are defined as  

Δh
b(I)= displacement of building due to hydrodynamic forces 

Δh
b(II)= displacement of building with a fender structure due to hydrodynamic 

forces 

Δd
b  = displacement of building due to debris after applying hydrodynamic forces 

Δh 
f = displacement of the fender due to hydrodynamic forces 

Δy 
f = displacement of the fender at fender yielding state 

Δu
f  = displacement of the fender at fender ultimate state 

 Fh
f  = hydrodynamic force in the fender structure 

Fh
b = hydrodynamic force in the building 

Fy
f  = fender yielding force 

Eb = energy absorption of the building 

Ef = energy absorption of the fender 

Er
f= energy absorption of the fender due to debris after applying hydrodynamic 

forces 

Er
b(I)= energy absorption of the building without a fender structure due to debris 

after applying hydrodynamic forces 

Er
b(II)= energy absorption of the building with a fender structure due to debris 

after applying hydrodynamic forces 

E𝑟
Total= total remaining energy absorption of the building with a fender structure 

due to debris after applying hydrodynamic forces 
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kb = initial stiffness of the building. 

 

The step-by-step equations to obtain the total remaining energy of the building with a 

fender structure in Equation (3) are as follows: 

According to Fig. 18 (b), the remaining energy of the fender due to debris after 

applying hydrodynamic forces is 

           (4) 

According to Fig. 25 (c), the displacement of building (with a fender structure) due to 

hydrodynamic forces is displaced more than that of the building (without fender 

structure) due to the hydrodynamic forces from the fender structure. Therefore, the 

displacement of building with a fender structure due to hydrodynamic forces is 

 

(5) 

Due to the displacement of the building from Equation (5), the remaining energy 

absorption of the building with a fender structure is lower than that of the building 

without fender structure. Therefore, the remaining energy absorption of the building 

with a fender structure due to debris after applying hydrodynamic forces (Er
b(II)) is 

needed to reduce from the remaining energy absorption of the building without a 

fender structure due to debris after applying hydrodynamic forces (Er
b(I))  because the 

hydrodynamic forces from the fender structure. According to Fig.18 (c), the 

remaining energy absorption of the building with a fender structure due to debris after 

applying hydrodynamic forces is 

(6) 

4.3.2 Application of proposed method 

The building is designed to resist the impact of a 40 ft loaded shipping 

container. The hydrodynamic force in the fender structure, Fh
f  is 1519 kN. It should be 

noted that the fender absorbs half of the hydrodynamic force from the fender structure 

and then transfer to the main building. The evaluated energy for the shipping 
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container is 1190 kN-m according to the kinetic energy [35]. Using the energy 

concept, the total energy of the building with a fender structure to resist the impact of 

debris after hydrodynamic forces can be determined as follows: 

Kinetic energy, K. E ≤  Er
Total        

According to Equation (8),  Er
Total= Er

f  + Er
b(II)  

Trial fender size is Fy
f  = 2300 kN, Lf = 1.6 m, Δy

f  = 0.53 m, and Δu
f  = 1.15 m. 

Using Equation (4), the remaining energy of fender due to debris after hydrodynamic 

forces is  

 

 

From the capacity curve of the building without fender structure (Fig. 4.19), the 

building properties based on the trial fender reaction are Δd
b = 0.185 m, Δh

b(I)= 

0.049m, kb = 121347 kN/m, Fh
f  = 1519 kN, Fh

b= 5946 kN, and Eb= 237 kN-m.  

Using Equation (5), the displacement of building with a fender structure due to 

hydrodynamic forces is 

 

 

Using Equation (6), the remaining energy absorption of the building with a fender 

structure due to debris after applying hydrodynamic forces is 

 

 

According to Equation (3),  Er
Total= Er

f  + Er
b(II) = 1229 + 136 = 1365 kN-m > K. E of 

shipping container (1190 kN-m). 

Fig. 4.19 shows the target performance based on the trial fender reaction. This 

figure shows that the building target performance is between the IO and LS states if 

the fender force of 2300 kN and fender length of 1.6 m are used. The building with 

the proposed fender properties is used for the tsunami pushover analysis. The energy 

evaluated from the design recommendation is approximately the same with that from 

the nonlinear analysis and can be seen in Fig 4.21. 
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Figure 4.19 Performance point based on selected fender yield force 

 

 

Figure 4.20 Check the inter-story drift ratio for the proposed design system 

 

Figure 4.21 Validation of the proposed recommendation with tsunami pushover 

analysis 
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4.4 Building with a fender structure based on the efficiency of 2D frame results 

4.4.1 Selection of the fenders 

After understanding the concept of building with a fender system, a 3-dimensional 

analysis of building analysis is conducted in this study. The general concept of the 

building with the fender structure is the same as in section 4.2.2. For a 3-dimensional 

building, the fenders are installed only at the water level. The number of fenders 

required for this type of building is 6 units. Only one fender size is chosen to 

understand easily for the building system. The fender type is also the super cone 

fender. The selection of fender reaction is based on the base shear of the building 

without fender at the LS state. From the previous chapter, the lowest capacity has 

occurred at the debris impact location at C1. Therefore, the base shear is chosen from 

that impact location i.e. 33900 kN. The selected fender reaction is considered as 5000 

kN per unit which is lower than the LS state of the building (30000 kN < 33900 kN) 

(see Figure4.15). The fender length is taken as 2.5 m according to the commercial 

catalog. The yield and ultimate fender deformation are considered as 33 % and 72 % 

of fender length to obtain 100 percent of the fender’s energy. The idealized fender 

unit is shown in Figure 4.23. The impact locations of debris are the same as the 

building without the fender system and are shown in Figure 4.22.  

 

Figure 4.22 Building with fenders (a) 3-dimension view and (b) plan view 
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Figure 4.23 Idealized fenders for the building system 

4.4.2 Response of the building with a fender structure (Case II (a) and Case II (b)) 

Figure 4.24 shows the capacity of the building with fenders under different 

impact locations. For all different impact locations, the displacement of the fender is 

needed to rest if one of the fender units reach ultimate fender deformation. As can be 

seen in Figure, the displacement of the fender for the building at impact location C1 is 

the largest deformation, among others. However, the maximum base shear is found at 

the building at debris impact, C3 case. Since the same hydrodynamic forces are 

applied in the building system for all impact locations, the force-deformation results 

due to actual hydrodynamic forces are the same. 

 

Figure 4.24 Capacity curve of the building with fenders at different impact location 

(a) impact at C1, (b) impact at C2 and (c) impact at C3 

Figure 4.25 to 4.27 show the step-by-step plastic hinge formation for different 

impact locations. There is no plastic hinge formation due to actual hydrodynamic 

forces. For the building at impact location C1, three fender units such as fender F1, 

F2, and F3 reach the fender yield state when one of the fenders i.e. F1 is found at 

ultimate fender deformation. Besides, the same behavior is found in the building at 
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impact location C2 (see Figure 4.26), but the plastic hinge formations are not the 

same. However, for the building at impact location C3, the fender units F1, F2, F3, 

and F4 are found at the fender yield state when one of the fenders i.e. F1 is found at 

ultimate fender deformation (See Figure 4.27). 

 

Figure 4.25 Step by step plastic hinge formation for the building at impact location, 

C1 

 

Figure 4.26 Step by step plastic hinge formation for the building at impact location, 

C2 
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Figure 4.27 Step by step plastic hinge formation for the building at impact location, 

C3 

Figure 4.28 shows the comparison of the capacity curve for the building with 

and without fenders. As can be seen, the performance of the building with fenders is 

lower than the LS state of the building specifically between the B and IO state. 

According to the 2D frame analysis, the base shear and deformation of the building 

with fenders are depending on the fender forces. Even though the fender yield forces 

were utilized about 30000 KN in the building system, the base shear that obtained is 

about over15000 kN in the building with fenders. 

 

Figure 4.28 Comparison of the capacity curve for the building with and without 

fenders at different impact location (a) impact at C1, (b) impact at C2, and (c) impact 

at C3 
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As can be seen in Figure 4.29 and the results of plastic hinge formation, the 

performance state of the building with fenders is within the B and IO state of the 

building without fenders. This confirms that the advantage of using fenders. 

 

Figure 4.29 Comparison of inter-story drift ratio for the building with and without 

fenders at different impact location (a) impact at C1, (b) impact at C2, and (c) impact 

at C3 

Figure 4.30 to 4.32 show the performance of each fender unit in the building 

with a fender system. As discussed in previous figures, for the building system at 

impact location C1 and C2, the fender unit F1, F2 and F3 have reached fender yield 

state (33 % of fender deformation) when one of the fenders obtain ultimate fender 

deformation (72 % of fender deformation) (See Figure 4.30 and 4.31). Also, the 

fender F1, F2, and F3 have more ability than the others because these fender units are 

closer to debris impact location C1 and C2. However, for the building system at 

impact location C3, the fender F1, F2, F3, and F4 have more performance than the 

others because the impact location is approximately in the middle of the frame and 

can be seen in Figure 4.32.  
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Figure 4.30 Performance of each fender for the building with fenders at impact 

location, C1 (a) Fender F1, (b) Fender F2, (c) Fender F3, (d) Fender F4, (e) Fender 

F5, and (f) Fender F6 

 

 

Figure 4.31 Performance of each fender for the building with fenders at impact 

location, C2 (a) Fender F1, (b) Fender F2, (c) Fender F3, (d) Fender F4, (e) Fender 

F5, and (f) Fender F6 
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Figure 4.32 Performance of each fender for the building with fenders at impact 

location, C3 (a) Fender F1, (b) Fender F2, (c) Fender F3, (d) Fender F4, (e) Fender 

F5, and (f) Fender F6 

As can be seen in Figure 4.33 to Figure 4.35 for different impact locations, as 

predicted in 2-dimensional analysis, the energy absorption of the building with 

fenders is larger than the building without a fender system. In the building without 

fender system, the building with the performance of IO state cannot resist the 

maximum impact of shipping container (40 ft loaded container). In contrast, the 

building with fender system with the performance of B state can effectively resist the 

impact of shipping container for all types. Therefore, the usage of the fenders is an 

effective way to reduce the impact of debris on the building system. 
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Figure 4.33 Energy absorption of the building with fender and without fenders at 

impact location C1 

 

Figure 4.34 Energy absorption of the building with fender and without fenders at 

impact location C2 

 

Figure 4.35 Energy absorption of the building with fender and without fenders at 

impact location C3 
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CHAPTER (5) 

CONCLUSIONS 

5.1 Summary and conclusions 

The building with a fender structure to resist the large debris and hydrodynamic 

forces has been established in this study. Actual hydrodynamic forces under constant 

inundation depth were considered in the building system using the force-controlled 

method. The response of the building due to debris after hydrodynamic forces were 

evaluated using the displacement-controlled method. This study has been introduced 

with the combination of tsunami forces including debris impacts.  

 Super cone fenders as connections are utilized in RC building with a fender 

structure. For the proposed methodology, the behavior of fender under varying force 

has been observed with the performance of the building. The capacity of the building 

was obtained through tsunami pushover methods. The resistance of the building was 

evaluated using the work-energy approach for the kinetic energy of the shipping 

container. The kinetic energy of the shipping container was evaluated using the work-

energy approach to compare the resistance of the building with and without the fender 

structure. After investigating the building with a fender structure, the conclusions 

observed were divided into three parts in this study.  

The first part is the comparison of energy absorption of the square and octagonal 

building. The conclusions are as follows: 

1. In a comparison of the energy absorption of the square and octagonal 

building at different impact locations, energy absorption of square building 

is larger than the octagonal building at impact location C1, C2 and C3. The 

lowest energy absorptions are found in the corner column for both 

buildings. The largest energy absorption is found in the middle column for 

both buildings. 

2. Furthermore, hydrodynamic forces applied to the building are larger in the 

octagonal building than in the square building because of the large number 

of columns. Therefore, inter story drift ratio in octagonal building are 

larger than that in square building. 
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3. Due to the facts such as energy absorption, consideration of hydrodynamic 

forces, inter story drift ratio and simple profile for fender structure, the 

square building is selected for the analysis of building with a fender 

structure. 

The second part is about the building with a fender structure using 2-dimensional 

analysis. The related conclusions are as follows: 

1. In the 2-dimensional analysis of the building without fender, the base shear 

forces at B, IO, and LS state are 1140, 2052, and 2488 kN respectively. The 

evaluated energy of the building with the LS performance state is 330 kN that 

cannot resist shipping container (loaded) impacts. 

2. For the building with a fender structure (2D analysis), the hydrodynamic 

forces applied in the building with a fender structure is about 6705.5 kN, 

which is larger than the hydrodynamic forces from the building without a 

fender structure, i.e 5946 kN because the building with fender structure 

absorbs hydrodynamic forces not only from its hydrodynamic loads but also 

from the fender structure. 

3. For the performance of the fender system, the fender absorbs half of the 

hydrodynamic forces from the fender structure and transfers to the main 

building i.e. 759.5 kN.   

4. For the building with a fender structure, the maximum base shear is depending 

on the fender yield force utilized in the system. For example, for the F(2000) 

fender, the maximum base shear is 1240.5 kN. 

5. In a comparison of the performance of building with and without fenders, the 

building with fenders did not show failure behavior while the building without 

fenders shows up the failure. This claim that the advantage of using fenders. 

6. As in the case of a building connected with a fender structure, continuous 

plastic hinge formation appeared in the building is found only before reaching 

the fender yield state, and after reaching the yield state, there is no plastic 

hinge formation. Simultaneously, the fender leads to the large inelastic 
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deformation from its yield to its ultimate state (72 % of its length). According 

to this observation, the fender which is lower than the maximum capacity of 

the building (LS state) can absorb the impact energy using its inelastic 

deformation without occurring damages to the main building starting from the 

fender yield state.  

7. According to the results of the IDR ratio, the performance of building with and 

without fenders are the same, especially at the B state. However, as a result of 

the fender yield force of F(2000) is lower than the base shear of the building at 

IO state i.e. 2052 kN, consequently, the maximum IDR ratio is lower than that 

of the building without a fender system at that state. These behaviors are 

similar in the building with fender F(2200) and F(2400).From this observation, the 

performances of plastic hinge formation and the deformation of the building 

are related to the fender yield force values.  

8. In the relationship of fender yield force and building’s energy absorption, the 

larger the fender yield force; the more energy can be absorbed by the building. 

9. In a comparison of fender’s energy absorption, the larger the fender yield 

force, the more energy can be absorbed by the fender. It is investigated that 

fender, F(2400) which is the largest energy absorption, absorbs 62 % of its 

energy for the impact of debris after hydrodynamic forces. 

10. For the resistance of the building, the buildings with fender F(2200) and F(2400) 

can successfully absorb the kinetic energy of all types of shipping container. 

The final part of the conclusions is about the building with fenders under different 

impact locations in the 3-dimensional analysis. The related conclusions are as follows: 

1. For the building with a fender structure, the displacement of the fender is 

needed to stop if one of the fenders reaches ultimate fender deformation. For 

three impact location cases, the fender F1 is firstly found ultimate fender 

deformation. However, the target displacement of the fender for each debris 

impact location is different. The displacement of the fender for the building at 

impact location C1 is the largest deformation, among others.  
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2. For the building with fenders at impact locations C1 and C2, three fender units 

are found with a 33 % fender deformation state (fender yield state) in the 

building system. For the building with fenders at impact location C3, four 

fender units are found with a 33 % deformation state in the building system. 

3. It was found that the total fender yield forces were utilized about 30000 kN by 

installing 6 fender units in the building system, the base shear due to debris 

after hydrodynamic forces is about over15000 kN in the building with fenders. 

4. In the case of each fender performance for the building system, the fender unit 

at the corner near the debris impact location utilize its energy completely 

while the others partially utilize its energy depending on the debris impact. 

5. As predicted in the 2-dimensional analysis, the energy absorption of the 

building with fenders has more resistance than the building without fenders. 

Therefore, the usage of the fenders is an effective way to reduce the impact of 

debris on the building system. 

5.2 Recommendations 

According to the analysis of a building with a fender structure, there are some 

recommendations for the design of the building with a fender structure.  

1. The building should design the tsunami forces including upcoming 

hydrodynamic forces from the fender structure and otherwise, the performance 

of the building with the fender structure is not the same as the initial main 

building. 

2. For the installation of the fender in the building system, the distance between 

the building and the fender structure should allow for the deformation of the 

fender, otherwise, the main building can suffer several damages without 

utilizing the advantages of the fender structure.
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Equivalent force distribution using hand calculation 

For square building 

 

Figure A.1 Load transfer from slab to beam 

 

For Super Dead Load 

Changing super dead load from slab load to beam load, 

According to Figure 1, 

Lx= 5.83 m, Ly =5.83m 

Check two-way slab, Lx/Ly = 5.83/5.83 = 1 ≤ 2 (Hence two ways slab) 

Consider trapezoidal section “ABEF” of slab, 

Area of ABEF = ½ (Lx Ly – 0.5 Lx2) = 8.49 m2 

SDL load on slab = 1.5 KN/m2 

SDL load acting on beam AB = 1.5 x 8.49 = 12.735 KN (For outer frames) 

SDL load acting on beam AB = 1.5 x 8.49 x 2 = 25.47 KN (For inner frames) 

Therefore,  

The axial load on corner column, C1 = 12.735 KN 

The axial load on inner column (3 beams connected), C2 = 6.37+ 6.37 + 12.735 = 

25.47 KN 

The axial load on inner column (4 beams connected), C3= 

12.735+12.735+12.735+12.735 = 50.94 KN 
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Figure A.2 Column arrangement of the building 

 

Column Name Axial load on column (Hand 

calculation) KN 

Axial load on column 

(Sap 2000) KN 

C1 (Corner column) 12.735  12.89 

C2 (3 beams connected) 25.47 25.7 

C3(4 beams connected) 50.94 50.32 

 

Total number of columns, C1 = 4  

Total number of columns, C2 = 16 

Total number of columns, C3 = 16 

Therefore,  

Total axial load on all columns of the building = (4 x 12.735 + 16 x 25.47 + 16 x 

50.94) x 5 = 6367.5 KN 

Total axial load at base = (4 x 12.735 + 16 x 25.47 + 16 x 50.94) x 6 = 7641 KN 

Total axial load at base (from Sap 2000) = 7647.502 KN (OK) 
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Figure A.3 Base reaction for super dead load from Sap 2000 

For Live load 

LL on slab (upper two floors) = 4.8 KN/m2 (100 % full live load) 

LL on slab (lower four floors) = 1.2 KN/m2 (25 % of full live load) 

The load distribution of slab to beam is the same procedure as SDL load. 

For upper two floors, 

LL load acting on beam AB = 4.8 x 8.49 = 40.75 KN (For outer frames) 

LL load acting on beam AB = 4.8 x 8.49 x 2 = 81.5 KN (For inner frames) 

For lower four floors, 

LL load acting on beam AB = 1.2 x 8.49 = 10.19 KN (For outer frames) 

LL load acting on beam AB = 1.2 x 8.49 x 2 = 20.38 KN (For inner frames) 

Therefore,  

For upper two floors, 

The axial load on corner column, C1 = 40.75 KN 

The axial load on inner column (3 beams connected), C2 = 20.375+ 20.375 + 40.75 = 

81.5 KN 

The axial load on inner column (4 beams connected), C3= 

40.75+40.75+40.75+40.75= 163 KN 

For lower four floors, 

The axial load on corner column, C1 = 10.19 KN 

The axial load on inner column (3 beams connected), C2 = 5.095+ 5.095+ 10.19 = 

20.38 KN 

The axial load on inner column (4 beams connected), C3= 

10.19+10.19+10.19+10.19= 40.76 KN 
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Column Name Axial load on column (Hand 

calculation) KN 

Axial load on column 

(Sap 2000) KN 

Upper two 

floor 

C1 40.75  40.81 

C2 81.5  81.66 

C3 163 163.07 

Lower four 

floor 

C1 10.19  10.8 

C2 20.38  20.86 

C3 40.76  40 

Therefore,  

Total axial load on all columns of the building = (4 x 40.75 + 16 x 81.5 + 16 x163) x 

2 + (4 x 10.19 + 16 x 20.38 + 16 x40.76) x 4 = 12226 KN 

Total axial load at base (From Sap 2000) = 12236.004 KN (OK) 

 

Figure A.4 Base reaction for live load from Sap 2000 

 

For buoyancy load, 

The buoyancy load on slab = 2.21 KN/m2 

The load distribution of slab to beam is the same procedure as SDL load. 

Buoyancy load acting on beam AB = 2.21 x 8.49 = 18.76 KN (For outer frames) 

Buoyancy load acting on beam AB = 2.21 x 8.49 x 2 = 37.53 KN (For inner frames) 

The axial load on corner column, C1 = 18.76 KN 

The axial load on inner column (3 beams connected), C2 = 9.38 + 9.38 + 18.76 = 

37.52 KN 

The axial load on inner column (4 beams connected), C3 = 18.76 +18.76 +18.76 

+18.76 = 75.04 KN 

Column 

Name 

Axial load on column (Hand calculation) 

KN 

Axial load on column (Sap 

2000) KN 

C1 18.76  19.33 

C2 37.52  37.99 

C3 75.04  73.67 
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Total axial load on all columns of the building = (4 x 18.76 + 16 x 37.52 + 16 x 

75.04) x 3 = 5628 KN 

Total axial load at base (from Sap 2000) = 5633 KN (OK) 

 

Figure A.5 Base reaction for buoyancy load from Sap 2000 

 

 

For Hydrodynamic Load in x-direction 

 

 

 

 

 

 

 

 

 

Figure A.6 Column arrangement of the frame 

 

Column No Lateral load applied (KN) 

C1 80x3x3 = 720 

C2 80x3x3 = 720 

C3 80x3x3 = 720 

C4 80x3x3 = 720 

C5 80x3x3 = 720 

C6 80x3x3 = 720 

Total  4320 
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The building has six frames and hydrodynamic loading on all columns of the frame 

are the same. For six frame, Total lateral load applied on column = 4320 x 6 = 25920 

KN 

For the hydrodynamic load on beam, total beam length = 5.83 x 5 x 4 = 116.6 m 

Hydrodynamic load on beam = 93 x116.6 = 10844 KN 

Total base reaction of the building = 25920+116.6+10844 = 36880.6 KN 

Total base reaction of the building, Fx (from Sap 2000) = 25920 + 10844 = 36764 KN 

(OK) 

 

Figure A.7 Base reaction for hydrodynamic loads from Sap 2000 
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For Octagonal building 

Check the results with the applied load using equilibrium condition.  

For Super Dead Load 

Changing super dead load from slab load to beam load, 

According to Figure, 

Lx = 5.5 m, Ly = 5.5 m 

Check two-way slab, Lx/Ly = 5.5/ 5.5 = 1 ≤ 2 (Hence two ways slab) 

Consider trapezoidal section “ABEF” of slab, 

Area of ABEF = ½ (Lx Ly – 0.5 Ly2) = 7.56 m2 

SDL load on slab = 1.5 KN/m2 

Area of triangular shape = 0.5 x 5.5 x 5.5 = 15.125 m2 

SDL load on triangular shape = 15.125 x 1.5 = 22.69 KN 

SDL load acting on beam AB = 1.5 x 7.56 = 11.34 KN (For outer frames) 

SDL load acting on beam AB = 1.5 x 7.56 x 2 = 22.68 KN (For inner frames) 

Therefore,  

The axial load on corner column with Δ (3 beams connected), C1 = 22.68 /3 + 11.34 = 

18.9KN 

The axial load on outer column with Δ (4 beams connected), C2 = 2 x 22.69/3 + 11.34 

= 26.47 KN 

The axial load on inner column with Δ (4 beams connected), C3= 22.68/3 + 11.34 + 

22.68 = 41.58 KN 

The axial load on inner column (4 beams connected), C4 = 22.68 + 22.69 = 45.37KN 

The axial load on outer column (3 beams connected), C5 = 11.34 + 22.68/2 = 22. 

68KN 
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Figure A.8 Column arrangement of building 

Total number of C1 = 8 

Total number of C2 = 4 

Total number of C3 = 8 

Total number of C4 = 13 

Total number of C5 = 4 

Therefore,  

Total axial load on all columns of the building = (8 x 18.9 + 4 x 26.47 + 8 x 41.58 + 

13 x 45.37 + 4 x 22.67) x 5 = 6351 KN. 

Total axial load at base = (8 x 18.9 + 4 x 26.47 + 8 x 41.58 + 13 x 45.37 + 4 x 22.67) 

x 6 = 7621 KN 

Total axial load at base (from Sap 2000) = 7623 KN (OK) 
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Figure A.9 Base reaction for super dead load from Sap 2000 

 

For Live load 

LL on slab (upper two floors) = 4.8 KN/m2 (100 % full live load) 

LL on slab (lower four floors) = 1.2 KN/m2 (25 % of full live load) 

The load distribution of slab to beam is the same procedure as SDL load. 

For upper two floors, 

LL load on triangular shape = 4.8 x 15.125 = 72.6KN 

LL load acting on beam AB = 4.8 x 7.56 = 36.29KN (For outer frames) 

LL load acting on beam AB = 4.8 x 7.56 x 2 = 72.6KN (For inner frames) 

For lower four floors, 

LL load on triangular shape = 1.2 x 15.125 = 18.12KN 

LL load acting on beam AB = 1.2 x 7.56 = 9.07KN (For outer frames) 

LL load acting on beam AB = 1.2 x 7.56 x 2 = 8.14KN (For inner frames) 

For upper two floors, 

The axial load on corner column with Δ (3 beams connected), C1 = 72.6/3 + 36.29 

=60.49 KN 

The axial load on outer column with Δ (4 beams connected), C2 = 2 x 72.6 /3 + 36.29 

=84.69 KN 

The axial load on inner column with Δ (4 beams connected), C3= 72.6/3 + 36.29 + 

72.6 = 133.09 KN 

The axial load on inner column (4 beams connected), C4 = 72.6 + 72.6 = 145.2 KN 

The axial load on outer column ( 3 beams connected), C5 = 36.29 + 72.6 /2 = 72.59 

KN 
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For lower four floors, 

The axial load on corner column with Δ (3 beams connected), C1 = 18.12/3 + 9.07 = 

15.11 KN 

The axial load on outer column with Δ (4 beams connected), C2 = 2 x 18.14 /3 + 9.07 

= 21.16 KN 

The axial load on inner column with Δ (4 beams connected), C3= 18.14/3 + 9.07 + 

18.14 = 33.26 KN 

The axial load on inner column (4 beams connected), C4 = 18.14 + 18.14 = 36.28 KN 

The axial load on outer column ( 3 beams connected), C5 = 9.07 + 18.12 /2 =  18.13 

KN 

Therefore,  

Total axial load on all columns of the building = (8 x 60.49 + 4 x 84.69 + 8 x 133.09 

+ 13 x 145.2 + 4 x 72.59) x 2 + (8 x 15.11 + 4 x 21.16 + 8 x 33.26 + 13 x 36.28 + 4 x 

18.13) x 4 = 12194 KN 

Total axial load at base (From Sap 2000) = 12196 KN (OK) 

 

Figure A.10 Base reaction for live load from Sap 2000 

For buoyancy load, 

The buoyancy load on slab = 2.21 KN/m2 

The load distribution of slab to beam is the same procedure as SDL load. 

Buoyancy load on triangular shape = 2.21 x 15.125 = 33.43KN 

Buoyancy load acting on beam AB = 2.21 x 7.56 = 16.71 KN (For outer frames) 

Buoyancy load acting on beam AB = 2.21 x 7.56 x 2 = 33.42 KN (For inner frames) 

The axial load on corner column with Δ (3 beams connected), C1 = 33.43/3 + 16.71 = 

27.85 KN 
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The axial load on outer column with Δ (4 beams connected), C2 = 2 x 33.43 /3 + 

16.71 =39 KN 

The axial load on inner column with Δ (4 beams connected), C3= 33.43/3 + 16.71 + 

33.43 = 61.28KN 

The axial load on inner column (4 beams connected), C4 = 33.43 + 33.43 = 66.86KN 

The axial load on outer column (3 beams connected), C5 = 16.71 + 33.43 /2 = 

33.43KN 

Total axial load on all columns of the building = (8 x 27.85 + 4 x 39 + 8 x 61.28 + 13 

x 66.86 + 4 x33.43) x 3 = 5615.82 KN 

Total axial load at base (from Sap 2000) = 5615.8 KN (OK) 

 

Figure A.11 Base reaction for buoyancy load from Sap 2000 

For Hydrodynamic Load in x-direction 

Column  Lateral load applied (KN) 

C 80x3x3 = 720 

 

The building has 37 columns and hydrodynamic loading on all columns of the frame 

are the same.  

For six frame, Total lateral load applied to building = 720 x 37 = 26640 KN 

For hydrodynamic load on beam, = (93 KN/m x 15.56 m x 2 two sided + 93 KN/m x 

11 m) 4 =15668.64 KN  

Total base reaction of the building, Fx (from Sap 2000) = 26640 + 15668.64 = 

42308.64 KN (OK) 
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Figure A.12 Base reaction for hydrodynamic load from Sap 2000 

Check capacity for the beam (40 x 60 cm) 

To check the design the beam for the building, the following procedures are 

considered. 

1.Choose a beam from key plan from Sap 2000 plan 

2. Choose max moment and shear from Sap 2000 analysis. 

3. Check moment capacity. 

4. Check shear capacity 

 

1.Choose a beam from key plan from Sap 2000 plan 

 

Figure A.13 Beam key plan for square and octagonal building 

2. From Sap 2000 analysis,  

For S building, Mmax = 316 KN-m, Vmax = 137 KN 
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For O building, Mmax = 370 KN-m, Vmax = 231 KN 

Check beam design for B 600 x 400 mm size 

 

Figure A.14 Detailed properties of beam 

DB=25 mm, RB= 12 mm, Cover=50mm, fc’ = 35MPa, fy = 500 MPa 

0.5 covb bd h d r er= − − −  

d 0.6 0.5 0.025 0.012 0.05 0.53m= −  − − =  

As= As’=1.96x10-3 m2, 

 fy =500MPa,  

Es = 1.99 x 108, Ec = 2.57 x 107,  

𝓔0 = 0.002 

3. Check moment capacity, use the equivalent stress block method. 

Stress in Compressive reinforcement. 

𝓔s
’ = 

𝑐−𝑑

𝑐
ℰcu =

𝑐−0.005

𝑐
× 0.003 

From ACI code, 28MPa<f’
c = 25MPa<56MPa 

β1 = 0.85 – 0.05
𝑓′𝑐−28𝑀𝑃𝑎

7𝑀𝑃𝑎
 = 0.8 

Compression in steel, 

𝓔s
’ = 

𝑐−𝑑

𝑐
ℰcu =

𝑐−0.05

𝑐
× 0.003 

Cs = As
’Es 𝓔s = 1.96 x 10-3 x 1.99 x 108 x 

𝑐−0.05

𝑐
 x 0.003 

       = 1.76 x 
𝑐−0.05

𝑐
 

Compression in concrete, 

Cc = 0.85f’
c bβ1c = 0.85 x 35 x 103 x 0.4 x 0.8c 

               = 9520c 
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Tension in steel 

T = Asfy = 1.96 x 10-3 x 500 x 103 

             = 980 

From equilibrium condition, 

Cs + Cc -T = 0 

1176(
𝑐−0.05

𝑐
) + 9520𝑐 − 980 = 0 

1176c - 58.8 +9520c2 – 980c = 0  

9520c2 +196c -58.8 = 0 

 c = 0.07mm 

a = β1c = 0.8 x 0.07 = 0.056 

From Equilibrium  

Mn = Cc (d-
𝑎

2
) + Cs(d-d’

) 

      = 666.4(0.54-
0.056

2
) + 326 (0.54-0.05) 

      = 505.83 KN-m > Mmax  (applied) 

 

4. Check beam shear capacity 

φ Vn max = φ Vc + φ Vs  

0.17 ' cVc f bd =       

0.75 0.17 35 0.4 0.53 160Vc KN =     =  

 

 

φ Vs = 125 KN 

φ Vn max = φ Vc + φ Vs  

φ Vn max = 160 + 200 = 360 KN > Vmax 

 Ok for the beam design section.  
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Check column shear failure or flexural failure 

According to the equation of Sezen and Moehle (2004) 

 

Table A. 1 Prediction of column failure 
Column 

Size(mm) 700 750 800 800 850 

fc' (MPa) 30 30 30 35 35 

Ag 0.38 0.44 0.5 0.5 0.56 

Stirrup size 

(mm) 12 12 12 16 16 

Avs (m2) 1.13x10-4 1.13x10-4 1.13x10-4 2.10x10-4 2.10x10-4 

Eff depth, d 0.61 0.66 0.72 0.7 0.73 

Axial, Pu (KN) 1728 1744 1764 1764 1788 

Mu (KN-m) 1312 1454 1606 1606 1779 

Vu (KN) 875 915 954 954 997 

My (KN-m) 2288 2821 3202 3387 3215 

Mu/Vud 2.46 2.37 2.33 2.4 2.44 

Vs (KN) 1292 1399 1550 2638 2751 

Vc (KN) 626 736 800 851 916 

Vcol (KN) 1918 2135 2350 3489 3667 

Vye(KN) 1525.333 1880.667 2134.667 2258 2143 

Vye/ Vcol 0.795 0.884 0.908 0.647 0.58 

Failure mode Shear  Shear Shear Shear Flexural 

 

Note -columns with Vp /Vo ≥ 1.0,  fail in shear (ASCE 41/17) 

-columns with Vp /Vo  ≤ 0.6,   fail in flexure 

-columns with 0.6 <Vp /Vo < 1.0,  flexure-shear failure 
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For Nonlinear modeling of the structural elements 

Table A. 2 Nonlinear modeling parameters 
Nonlinear modeling parameters 

 
Column Beam 

Size 850 mm dia  400 x 600 mm 

Longitudinal steel 28 - Db 28 mm 8 - DB 25mm 

Transverse steel 16 mm dia @ 100 mm spacing 12 mm dia @ 280 mm 

spacing 

fc’ (expected) 53 Mpa 53 Mpa 

fy (expected) 625 Mpa 625 Mpa 

Transverse reinforcement 

ratio, pt = Av/bs 

= 3 x 2.01x10^-4 / (0.85 x 0.1) = 

0.007 

= 2 x 1.13 x10^-4/ (0.4 x0.28) 

= 0.002 

Axial load, Pu 1788 KN 0 KN 

Mu 1779 KN-m 316 KN-m 

Vu  997 KN 137 KN 

From M-phi analysis, My 3210 KN-m 607 KN-m 

Vy = 2 My/L 2140 KN 208 KN 

Curvature, phi 0.009   1/m 0.012   1/m 

Plastic length, Lp 0.32 m  0.36 m  

θy 0.0029 rad 0.0043 rad 

 

Table A. 3 Nonlinear modeling parameters (ASCE 41/17) 
Plastic hinge modeling 

parameters 

(ASCE41/17) 

Column (rad) Beam (rad) 

a 0.048 0.025 

b 0.1 0.05 

c 0.22 0.2 

IO 0.005 0.01 

LS 0.045 0.025 

CP 0.063 0.05 
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Validation of tsunami pushover analysis 

1.Single cantilever column 

Without consider meaterial nonlinearity (wihout plastic hinge on the column) 

Section Properties 

A= 400x400 mm2 

I = 0.002133 mm4 

Height of column = 3 m 

 Material Properties 

E = 24855578 KN/m2 

Actual hydrodynamic forces = 50 KN/m 

Push at top = Debris impact 

Using Sap 2000 

Figure A.15 Shear force and bending moment diagram due to actual hydrodynamic 

forces 
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Figure A.16 Max shear force and bending moment diagram due to debris imapct 

 

Figure A.17 Capacity of the column due to debris after hydrodynamic forces 

 

Validation with hand calculation 

For the hydrodynamic forces on column (uniformly distributed load on column) 

Hydrodynamic forces, Ph= 150 KN 

Deformation of column, = PhL
3/ 8 EI = 0.0095 m 

For the debris impact at top of the column (point load on column) 

Deformation of column = PdL
3/ 3EI  
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Pd (KN) due to debris after drag Δ = PdL
3/ 3EI  (m) 

100 0.0169 

300 0.0509 

500 0.0849 

 

 
Total base shear (start from 

initial) KN 
Displacement, Δ  (m) 

 0 0 

Due to drag 150 0.0095 

Due to debris 250 0.0264 

Due to debris 450 0.0604 

Due to debris 650 0.0944 

 

 

Figure A.18 Comparison of capacity of the column due to debris after hydrodynamic 

forces 
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2.Single cantilever column 

Consider meaterial nonlinear (plastic hinge on the column) 

Section Properties 

A= 400x400 mm2 

I = 0.002133 mm4 

Height of column = 3 m 

 Material Properties 

E = 24855578 KN/m2 

Actual hydrodynamic forces = 50 KN/m 

Push at top = Debris impact 

 

 

 

Using Sap 2000 

 

Figure A.19 Shear force and bending moment diagram due to actual hydrodynamic 

forces 
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Figure A.20 Step by step plastic hinge formation due to debris after hydrodynamic 

forces 

 

Figure A.21 Step by step shear force diagram due to debris after hydrodynamic forces 

 

Figure A.22 Step by step bending moment diagram due to debris after hydrodynamic 

forces 
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Figure A.23 Capacity curve due to debris after hydrodynamic forces 

Validation with hand calculation 

For actual hydrodynamic forces on column (uniformly distributed load on column) 

Hydrodynamic forces, Ph = 150 KN 

Displacement of column, Δ = Ph L
3/ 8 EI = 0.0095 m 

For the debris impact at top of the column (point load on column) 

Bending moment due to hydrodynamic forces = 150 x 1.5 = 225 KN-m 

At column yield, remaining moment for the debris, M(remain) = 276.77 – 225 = 

51.77 KN-m 

At column yield, remaining shear, Pd (remain) = 51.77 /3 = 17.26 KN 

Displacement of column, Δ = PdL
3/ 3EI = 0.00293 m 

At column ultimate condition, due to debris after drag, 

 Remaining moment, M(remain) = 304.45 – 225 = 79.45 KN-m 

Remaining shear, Pd (remain) = 79.45 /3 = 26.48 KN 

Δ= PdL
3/ 3EI + rotation x length 

= 0.0045 + 0.035 x3 = 0.109 m 
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Total base shear (Start from 

initial) KN 
Displacement, Δ (m) 

 0 0 

Due to drag 150 0.0095 

At yield, due to debris 167.26 0.01243 

At ultimate, due to 

debris 
176.48 0.1185 

 

 

Figure A.24 Comparison of capacity of the column due to debris after hydrodynamic 

forces 

 

3.Simple frame with fender    

Wihout consider meaterial nonlinear (wihout plastic hinge on the column) 

Section properties 

A= 400x400 mm 

I = 0.002133 mm4 

Material properties 

E = 24855578 KN/m2 
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Fender model 

 

 

Using Sap 2000 

 

Figure A.25 Shear force diagram due to drag and debris after drag 

 

Figure A.26 Bending moment diagram due to drag and debris after drag 
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Figure A.27 Capacity of the column at building displacement 

 

Validation with hand calculation 

For the hydrodynamic forces on column (uniformly distributed load on column) 

Hydrodynamic forces, Ph = 150 KN 

Displacement of column, Δ = PhL
3/ 8 EI = 0.0095 m 

For the debris impact at top of the column (point load on column) 

Displacement of column, Δ = PdL
3/ 3EI  

 

 

 

Total base shear 

(Start from initial) 

KN 

Displacement, 

Δ (m) 

 0 0 

Due to drag 150 0.0095 

For debris (depend on fender force) 160 0.011 

For debris (depend on fender force) 170 0.0129 
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Figure A.28 Comparison of capacity of the column with hand calculation 

 

 

4.Simple frame with fender    

Consider meaterial nonlinear (plastic hinge on the column) 

Section Properties 

A= 400x400 mm2 

I = 0.002133 mm4 

Height of column = 3 m 

 Material Properties 

E = 24855578 KN/m2 

Actual hydrodynamic forces = 50 KN/m 

Push at top = Debris impact 
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Using Sap 2000 

 

Figure A.29 Shear force and bending moment diagram due to actual hydrodynamic 

forces 

 

Figure A.30 Step by step plastic hinge formation due to debris after actual drag 

 

Figure A.31 Step by step shear force diagram due to debris after actual drag 

 

 

B state IO state Fender yield state  

B state IO state Fender yield state  
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Figure A.32 Step by step bending moment diagram due to debris after actual drag 

 

 

Figure A.33 Capacity of the column due to debris after 

 

Validation with hand calculation 

For the hydrodynamic forces on column (uniformly distributed load on column) 

During elastic condition, 

Hydrodynamic forces, Ph = 150 KN 

Displacement of column, Δ = PhL
3/ 8 EI = 0.0095 m 

For the debris impact at top of the column (point load on column) 

Bending moment due to hydrodynamic forces = 150 x 1.5 = 225 KN-m 

B state IO state Fender yield state  
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At column yield, remaining moment for the debris, M(remain) = 276.77 – 225 = 

51.77 KN-m 

At column yield, remaining shear, shear force due to debris after drag, Pd (remain) = 

51.77 /3 = 17.26 KN 

Displacement of column, Δ = PdL
3/ 3EI = 0.00293 m 

For the fender forces Fy = 20 KN, remaining shear = 20 – 17.26 = 2.74 KN 

From plastic moment hinge, rotation at shear 20 KN (276.66 + 2.74 x 3 = 284.99 KN-

m), rotation = 0.0103 rad 

At fender yield forces, shear force due to debris after drag, Pd(remain) = 20 KN 

Displacement of column, Δ = PdL
3/ 3EI + rotation x length 

= 0.0034 + 0.0103 x3 = 0.0343 m 

 
Total base shear (Start from 

initial) KN 
Displacement, Δ (m) 

 0 0 

Due to drag 150 0.0095 

At yield, due to debris 167.26 0.01243 

For debris (depend on 

fender force) 
170 0.0438 

 

 

Figure A.34 Comparison of capacity of the column due to debris after hydrodynamic 

forces 
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