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Wave induced damage to coastal structures in recent 
tsunamis and hurricanes

Damage caused by hurricane Katrina (left & center, Robertson et al 2007) and the 2009 Samoa 
tsunami (right, Robertson et al 2010) 

Damaged buildings (left & center, Hayashi et al 2012) and bridges (right I. G. Buckle)
caused by the 2011 Great East Japan Tsunami

Hayashi, K., S. Tamura, M. Nakashima, Y. L. Chung, and K. Hoki. (2012) "Evaluation of Tsunami Load and Building Damage Mechanism Observation in the 2011 off 
Pacific Coast of Tohoku Earthquake." In 15th World Conference on Earthquake Engineering, Paper ID. 1807.
Robertson, I.N., Riggs, H.R., Yim, S.C.S., Young, Y.L., 2007, ‘Lessons from Hurricane Katrina storm surge on bridges and buildings,’ Journal of Waterway, Port,
Coastal, and Ocean Engineering, 133, pp. 463-483 
Robertson, I. N., Carden, L., Riggs, H. R., Yim, S., Young, Y. L., Paczkowski, K., & Witt, D. (2010). Reconnaissance following the September 29, 2009 tsunami in Samoa. 
University of Hawaii, Honolulu, Report No. UHM/CEE10-01.



Wave forces

In order to be able to improve the resilience of coastal structures against 
tsunamis and hurricanes we must first understand why they failed in 
recent events. The first step towards this understanding is the estimation 
of the wave induced forces which can be done via:

1. Simplified analytical methods/predictive equations

2. Numerical simulations - Computational fluid dynamics

3. Numerical simulations – Fluid-structure interaction

4. Experimental testing in a wave flume/basin

The 1st approach is the fastest and preferable one, however simplified 
predictive equations exist for simplified geometries only and flow 
conditions.

The 2nd and 3rd approach are more generic and can be implemented for 
any geometry/structure, however they have to be validated for the 
particular case.



Computational Fluid Dynamics: Simple problem

              

   

Figure 3.2: Pressure gage location (top-left) and comparison of experimentally recorded pressures 

(Kleefsman et 2005) with the ones obtained from CFD analyses, at selected locations 
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• Single-phase 
simulation

• Incompressible, 
implicit solver

Dam-break experiment (Kleefsman et al 2005)

K. M. T. Kleefsman, G. Fekken, A. E. P. Veldman, B. Iwanowski, and B. Buchner, “A volume-of-fluid based simulation method for wave impact problems,” J. Comput. Phys., vol. 
206, pp. 363–393, June 2005

Comparison with CFD (Istrati)



Computational Fluid Dynamics: Realistic/complex geometry

US-Japan tsunami modeling workshop at OSU: 
Blind prediction of dam-break impact on bridges with girders. 

Dam-break experiments for a bridge model (Hoshikuma et al 2013)

Hoshikuma, J.; Zhang, G.; Nakao, H.; Sumimura, T. Tsunami-induced effects on girder bridges. In Proceedings of the International Symposium for Bridge Earthquake 
Engineering in Honor of Retirement of Professor Kazuhiko Kawashima, Tokyo, Japan, 15 March 2013



Computational Fluid Dynamics

 CFD analyses always require validation. Although the numerical method 
and analysis options might have worked for a simple case/geometry it 
might not work for a more complicated one.

 Currently challenges regarding CFD analyses involve the simulation of:

 the wave-breaking process during the formation of tsunamis or 
extreme storm waves (nonlinear phenomenon with trapped air 
bubbles)

 wave impact on structures and particularly the short duration 
loading. The magnitude of this loading is very sensitive to the 
analysis settings (e.g. mesh-size, time-step). Prior numerical 
modeling on this sensitivity revealed differences by a factor of 2.

 two phase flows and particularly the water-air-structure interaction 
associated with the inundation of elevated structures (e.g. buildings, 
ports, wharves, bridges)

 transient turbulent flows  



Fluid-Structure Interaction analyses
 Modeled an actual bridge (Utatsu Bridge) that failed during the 2011 Tsunami in 

Japan and conducted fluid-structure interaction analyses.

 Monolithic, explicit solver. Arbitrary Lagrangian Eulerian (ALE) approach.

 Structural modeling: Four different configurations, switching between pinned 

bearings and elastomeric bearings (springs), and a rigid and flexible substructure

Istrati D, Buckle IG (2014). Effect of fluid-structure interaction on connection forces in bridges due to tsunami 1257 loads. Proc 30th US-Japan Bridge Engineering 
Workshop, Washington DC, United States. 2014



Experimental Testing in the Wave Flume at OSU

Istrati D., Buckle I., Lomonaco P., Yim S. and Itani A. (2016) “Large-scale experiments of tsunami impact 
forces on bridges: the role of fluid-structure interaction and air-venting.” Proc. 26th Int. Ocean and Polar 
Engineering Conf., Int. Society of Offshore and Polar Engineers, Rhodes, Greece



Experimental Testing in the Wave Flume at OSU

Istrati, D (2017). Large-Scale Experiments of Tsunami Inundation of Bridges Including Fluid-Structure-Interaction. Dissertation, University of Nevada, Reno, NV, USA, 2017.
Istrati, D., Buckle, I., Lomonaco, P., & Yim, S. (2018). Deciphering the Tsunami Wave Impact and Associated Connection Forces in Open-Girder Coastal Bridges. Journal of 
Marine Science and Engineering, 6(4), 148.



Bore impacting the structure



Role of structural inertia, flexibility and FSI

For certain waves:
(a) the structural inertia plays a major 
role, one that has been neglected to 
date.

A. No dynamic effects

B. Dynamic Amplification

C. Dynamic Reduction 

(b) the dynamic properties/flexibility of the structure can cause dynamic amplification
increasing the applied loading by up to 30%. 

Istrati, D (2017). Large-Scale Experiments of Tsunami Inundation of Bridges Including Fluid-Structure-Interaction. Doctoral Dissertation, University of Nevada, 
Reno, NV, USA, May 2017.



Role of structural dynamics and FSI (cont)

Major misconception – popular among engineers:
The most flexible/compliant structure will witness the smallest forces.

This is not necessarily true for all wave conditions, as proven by both 
numerical analyses and experimental testing!

Istrati, D. Large-Scale Experiments of Tsunami Inundation of Bridges Including Fluid-Structure-Interaction. Doctoral Dissertation, University of 
Nevada, Reno, NV, USA, May 2017.



Other important finding – Variability of 
nonlinear waves/bores

Experimental data revealed the existence of significant variability in:
 wave-breaking process/ bore heights 
 applied pressures 
 induced forces

This variability cannot be predicted via CFD analyses, unless prior 
experimental data have been conducted.



Need for hybrid simulation

 Both numerical simulations and experimental testing of the dynamic 
wave-structure interaction on rigid and flexible elevated structures 
demonstrated that the inertia and stiffness of the structure have a major 
influence on the actual forces that the structural components will have to 
withstand.

 Traditional hydrodynamic experiments are limited to models that (a) are 
rigid or have an inaccurate stiffness, (b) improperly scaled mass and 
damping, (c) simplified models due to flume size and setup.

 Computational Fluid Dynamics still require validation. Among current 
challenges are the simulation of: (a) wave impact –short duration loading, 
and (b) interaction of water & air in complex structures.

 Fluid-structure-interaction methods are available, however some of them 
have either limited validation, have not been validated with large-scale 
experiments or have been validated for specific applications/types of 
structures (e.g. aeronautics). Moreover, some methods can handle only 
small structural displacements.

 HS/RTHS can overcome these challenges, if the numerical and 
experimental sub-assemblies are properly selected!



Option 2: Computational Structural 
Dynamics + Hydraulic Experiment

Numerical Substructure: Parts of the 
structure

Experimental Substructure: The 
wave/fluid flow and remaining parts 
of the structural specimen 

How to implement HS for hydraulic/coastal 
engineering?

Ongoing collaboration between:
 Oregon State University (Simpson, Lomonaco)
 University of Nevada, Reno (Istrati)
 Lehigh (Ricles)
 Maffei Struct. Eng. (Schellenberg)

Option 1: Computational Fluid 
Dynamics + Structural Experiment

Numerical Substructure: Wave 
propagation and wave impact

Experimental Substructure: 
Structural specimen with 
application of equivalent 
pressures or loads



Option 2: Computational Structural Dynamics + Hydraulic Experiment

Numerical Substructure: The parts of the structure that are not 
expected to attract significant wave forces but have a significant effect 
on the dynamic response of the structure

Experimental Substructure: The wave/fluid flow and remaining parts of 
the structural specimen (the ones that generate the largest percentage 
of the total wave load OR the parts for which the tsunami pressures and 
forces cannot be captured accurately with numerical models)

.

Promising HS approach for hydraulic/coastal engineering 
applications

Prior experimental tests Initial concept for hydro-RTHS



Promising HS approach for hydraulic/coastal 
engineering applications

Why?

 Avoid the disadvantages/limitations of CFD (e.g. computational 
time, numerical errors)

 Capture the complex physics and inherent uncertainties of wave 
breaking, wave impact, wave-structure interaction and induced 
forces on structures

 Take advantage of existing HS/RTHS methodologies and numerical 
models developed for structural/earthquake engineering. These 
models are much smaller and simpler than CFD models.

Option 2: 

Computational Structural Dynamics + Hydraulic Experiment



Promising HS approach for hydraulic/coastal 
engineering applications

Prior experimental tests 
(Istrati et al 2016)

Ongoing implementation of hydro-RTHS at OSU 

Option 2: Computational Structural Dynamics + Hydraulic Experiment

Numerical Substructure: Parts of the structural system 

Experimental Substructure: The wave/fluid flow and remaining parts of 
the structural system

Validate this approach using a simple benchmark problem (e.g. an SDOF) 
before moving to more complex systems with more DOFs.



Thank you for your 
attention!


