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Liquefaction: A Hydraulic 
Hazard?      

DRR Focus from a 
Geotechnical Engineering 
Perspective 



      Geo-disasters vs Hydro-disasters 

• Frequency: 10%      90% 

• $ Losses:     30%      70% 

• Fatalities     65%     35% 
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Ref 2014 World 

Disasters Report,  

IFRC 



•1930s-Terzaghi vs. Fillunger theories 

•1950s-River/Bridge fieldwork-Einstein 

•1960s- DOT scour programs emerge  

•1970s- HEC process development  

•1980s- FEMA tsunami scour criteria 

•1990s- Theorize tsunami liquefaction 

• Post 2004 - Tsunami scour liquefaction 

data; FEMA P55 & P646 update 

• Post 2011- ASCE 7: refine tsunami 

scour limits with flow, soil, site effects. 
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Local Scour vs   

General Erosion 

About 60% of US bridge failures are due to scour. Only 1 DOT in the USA manages 

scour in the structures geotechnical dept. All others manage scour in the hydraulics dept. 

                                                                 – Ref. Prof. Jean Louis-Briaud, Texas A&M 



Observations: 

Tohoku scour took many forms, 
from myriad combinations of 
water, soils & topography. 

 

Conclusions: Needed ASCE 7 
Mitigation Alternatives 

• Elevate- structure, site 

• Harden Foundations 

• Countermeasures – barriers, 
MSE walls, paving, soil-cement 
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Local scour 

General erosion 

Channel scour 

Overtopping plunging 
scour 



2004 Sumatra Tsunami          2011 Tohoku Tsunami 

• Magnitude                      M9.3                        M9.1 

• Rupture area:    800 x 100 mi           300 x 100 mi 

• Rupture subsidence:    ~25 ft                       ~25 ft 

• Maximum runup:             80 ft                       150 ft 

 

• Infrastructure damage: ~35B                     ~350B          

• Population Affected:        ~3M                         ~3M 

•                 Displaced:     ~500k                      ~250k 

• Casualties               ~250,000                   ~25,000                                                                          



Onagawa 
Hospital Evacuation Building 
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8m tsunami wall intact parallel to flow 

Large scour holes in concrete pavement. 
 

. 



 



Kashima 

Port north 



Iwaki 

Onahama: 

 

Combined 

seismic 

liquefaction 

& tsunami 

scour 



April 9, 2014  
Intl Workshop on Application of Fluid Mechanics to Disaster Risk Reduction  IRIDeS, Tohoku 

University, Sendai, Japan 
14 Scour modes identified for ASCE 7 

Ref. Tonkin, Francis & Bricker, 2013 



• Sendai Plain, 2011 
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• Tsunami deposits- infilled scour 
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• Modeling energy distributions 
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Ref, Richmond et al, 

2012. 
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Ref Francis, EERI 

Fellowship Report 2007 

& Chock, EERI Special 

Report, 2011   
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IOT & Tohoku Events 

Ref Tonkin, Francis & Bricker, 2013 
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Combined IOT & 

Tohoku event data 

Ref Tonkin, Francis & Bricker, 2013 



Tonkin & Yeh (2003) applying Terzaghi (1925): 

• Soil supported by both excess pore pressure 

gradient and intergranular shear 

• The fraction of the submerged weight of a soil 

particle supported by the pore pressure 

gradient is Λ =
dpe/dz 

γb

 

• Experiments show that above a critical value 

(ΛT) when Λ>0.5, τeffective is reduced enough to 

result in less frictional resistance to scour 

• Drawdown-induced liquefaction enhances 

scour 

dpe/dz 

γb=(ρ-ρwater)g 

τeffective/dz 
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• Diffusion of excess pore pressure within a saturated soil per 

Terzaghi (1956) 

• Diffusion time scale is ds
2/cv, so drawdown time ΔT must be 

shorter than this: ΔT< ds
2/cv 

• Change in head ΔP must be at least as large as the change in 

excess pore pressure over the scour depth: ΔP> ΛTγbds  

• Combine for limits on enhanced scour depth due to pore 

pressure softening 



• Measured scour depths did not show a dependence on soil type, so 

the right-hand inequality appears dominant 

• Estimate ΔP=Hflow (flood depth), γb=1.65 (typical submerged soil 

specific weight), and ΛT=0.5 (from experiments) 

• Results in ds<1.2Hflow      

• Same as measured value for local scour, so enhanced local scour due 

to pore pressure softening appears an important process during 

large tsunami events! 

varies with soil type constant among soil types 
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1.2-2.6m tide gauge 

wave heights, 5-

50min periods 

 

 

 

 

 

 

 

Ref Francis, 2007 

EERI Fellowship 

Report 



• Can be predicted using Fahlbusch (1994) with limit 

•   
𝑑𝑠𝑐𝑜𝑢𝑟 = 2.8 𝑞𝑈𝑠𝑖𝑛𝜃/𝑔

max 𝑑𝑠𝑐𝑜𝑢𝑟 = 4𝑚
 

 



• Upper limit to local scour  
𝑑𝑠𝑐𝑜𝑢𝑟 = 1.2𝐻𝑓𝑙𝑜𝑤

max 𝑑𝑠𝑐𝑜𝑢𝑟 = 3𝑚
 

• Pore pressure softening important 

 

• Upper limit to overtopping scour  
𝑑𝑠𝑐𝑜𝑢𝑟 = 2.8 𝑞𝑈𝑠𝑖𝑛𝜃/𝑔

max 𝑑𝑠𝑐𝑜𝑢𝑟 = 4𝑚
 

 

• No clear dependence on soil type 

• Data quantity not sufficient? 

• High energy means macro-scale (clast) sediment transport, entrapped air 
pluviation, non individual grain suspension?  (Ref Harry Yeh, 2013) 

Ref Tonkin, Francis & Bricker, ASCE TCLEE Conf. 2013 Chengdu 
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Ref. ASCE 7-16 

provisional draft 

TOC 



The basic Tonkin equation (2003 Tonkin & Yeh): 

Note: The maximum scour ds limits at 1.2H as DT goes to zero 

 

As the flow height gets larger, the time scale gets longer, and scour depth moves 

further below the 1.2H theoretical limit, supporting observations of depth limitations.  

 

Ref. ASCE 7-16 

provisional draft 

Ref. Susan Tonkin, 

Moffat Nichol 



• Conceptual comparison: 

Seismic vs Tsunami Liquefaction  
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University, Sendai, Japan 
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Ref. ASCE 7-16 provisional draft 



• Foundations & barriers must 
consider soil & site changes from 
design event at end of shaking 
impacts 

• Use design load combinations 

• FS 1.3- uplift/seepage force 
(USACE EM1110-2-2100) 

• Strength loss for scour D=1.2H 

• General erosion- must include 
amplification/channelizing, 
except rock or non-erodable at 
v>9m/s 
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Ref. ASCE 7-16 

provisional draft 



 

 

 

 

 

 

 

 

 

• Adjust downward linearly for 
Froude No. Fr<0.5 
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Ref. ASCE 7-16 

provisional draft 



 

 

 

 

 

 

 

 

 

 

• Dynamic modeling is permitted to 
supersede simplified procedure 
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Ref. ASCE 7-16 

provisional draft 



1. FS: 1.3 for bearing capacity, 

lateral/overturning, internal 

stability, slope stability 

2. Displacement: Dv, Dh (footing 

& slopes) w traditional EP 

calculations to satisfy structural 

criteria. 

3. Fill: follow ASCE 24- must be 

stable during inundation & 

resist loads. Add erosion/scour 

protection if needed      

 (also ref. FEMA 55, section 10.3) 
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Ref. ASCE 7-16 

provisional draft 



4. Deep foundations: resist Fv, 
Fh incl. general erosion & local 
scour w exposed grade beam  
              

 

 

 

 

 

 

 

           (ref. FEMA 55, section 10.5)  
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Ref. ASCE 7-16 

provisional draft 



1. Pavements   (for roads & building perimeters) 
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Ref Catherine Petroff, 

Univ of Washington 

Ref. ASCE 7-16 

provisional draft 



2. Geotextiles & Reinforced 

Earth 

same FS 1.3 criteria as 

foundations – bearing capacity, 

lateral/overturning, internal 

stability, slope stability  
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Ref. ASCE 7-16 

provisional draft 



3. Facing systems 

 

 

 

 

a) Stone diameter per HEC 23 
Design Guideline 4 

b) For Fr>0.5 consider high 
velocity turbulence 

c) Peer reviewed numerical 
model permitted alternate. 
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Ref. ASCE 7-16 

provisional draft 



4. Ground improvement  

Soil cement mixing for non-

erodible surface-100psi avg UCS. 

5. Risk Category IV Structures 

Encouraged soil-structure-fluid 

interaction analysis to verify 

performance consistent with 

structural design load 

combinations.              Key references: 
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Ref. ASCE 7-16 provisional draft 
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-Non prescriptive analysis 

not routinely applied 

-Flood zone vs. elevation 

and foundation types 



1. More scalable scour photos  

2. Soil samples from events 

3. Instrumentation of pore 
pressures during events 

4. Catalog foundation type, 
embedment, siting and failure 
loss vs scour depth 

5. Load energy & orientation 

6. Discrete element modeling 

7. Work with insurers, ie. FEMA 
COASTAL Equation, fragilities. 

8. Debris flows/mud flows in 
flood 
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- field 

- lab 

- probabilistic 

- economic 



Examples:       (google keywords for details) 

1. PPD-8/21 NDRF – functional 
resilience & recovery goals 

2. New ASCE resilience division 
(www.ciasce.asce.org) 

3. NYC: SIRR, PlaNYC & open 
industrial siting  

4. Coastal vs building protections- 
hard vs soft; green 
infrastructure & climate 
adaptation 

5. Oregon Resilience Plan 

6. FEMA MAT & Hazus modeling 

7. ATC-1: Geo-disaster focus 
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-Quantify geo-loss drivers 

(elevate, harden, protect) 

-SROI for prioritization 



 
Guidance on Construction in floodplains 

 

Mitigation Assessment Team (MAT) 
Report - Hurricane Sandy in NY & NJ 

Published November 2013 

Federal Emergency Management Agency  

(FEMA P-942) 

http://www.fema.gov/hurricane-sandy-building-science-activities-resources 
 

Ref:  john.ingargiola@fema.dhs.gov 

http://www.fema.gov/hurricane-sandy-building-science-activities-resources
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http://www.fema.gov/hurricane-sandy-building-science-activities-resources
http://www.fema.gov/hurricane-sandy-building-science-activities-resources
http://www.fema.gov/hurricane-sandy-building-science-activities-resources
john.ingargiola@fema.dhs.gov


44 

Foundation Requirements and 

Recommendations for Elevated Homes 

Purpose: To provide information for 

reconstructing and building new 

elevated flood-resistant homes 

Source: FEMA 
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Key Issues 

Elevating a building sited on 

small, confined lot can be 

difficult 

1. Eliminates possibility of 

moving building while 

timber piles are driven for 

new foundation 

2. If elevating in place, 

overhead clearance is 

usually insufficient to drive 

traditional timber piles 

Foundation Requirements and Recommendations for Elevated Homes 

Source: FEMA 
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Key Recommendations 

3. Understand Substantial Improvement (SI) / Substantial Damage 
(SD) as they relate to NFIP requirements – with regards to flood 
zone  

Examples of NFIP-compliant homes in Zone V  

Source: FEMA 
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Key Recommendations 

4. Consider possible 

foundations 

a) Pier  

b) Pile  

c) Use of  

micropiles 

 

Elevated construction on open foundations 

Foundation Requirements and Recommendations for Elevated Homes 

Source: FEMA 
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2015 IRC Code Change Proposals: FEMA Proponent  

• IRC, requirements for tanks 

• IRC, freeboard in all zones 

• IRC, Flood-resistant foundation wall requirements  

• IRC, treat CAZ, if delineated, as CHHA (Zone V), except 

permit filled stemwalls 

• IFC, fire safety and evacuation plans must consider flood 

hazard 

 

The FEMA MAT has been providing additional code support to 

NYC 

 Sandy MAT HQ Out-Brief 

50 Source: FEMA 



 

http://www.oregon.gov/omd/oem/pages/osspac/osspac.aspx#Oregon_Resilience_Plan 

Source: 

kentyu@seftconsulting.com 



• Strong Ground Shaking (M9 w/ 2 - 4 min shaking) 

• Tsunami within 15 to 25 minutes 

Cascadia Subduction Earthquake 

Source: kentyu@seftconsulting.com 



 Resilience: Save lives, Reduce Losses, Speed Recovery, 
& Rebuild Better 

  Sustainability without Resilience is NOT sustainable! 

Source: kentyu@seftconsulting.com 



/I-5 corridor 



• Assess performance of existing critical facilities and lifeline systems, 

and estimate timeframes required to restore functions at present 

conditions; 

• Develop resilience goals based on business and community needs for 

each zone; 

• Define acceptable target timeframes to restore functions to meet 

resilience goals; and  

• Prepare recommendations for statewide policies and actions to 

achieve the desired performance targets.    

 

 

Source: kentyu@seftconsulting.com 



• Oregon businesses can only tolerate two to four weeks of 

disruption of essential services  

Current Resilience Gap & Targets 

Source: kentyu@seftconsulting.com 



• “Mitigation and Adaptation to Climate Change-Induced 

Geodisasters” – Inaugural meeting VNU, Hanoi Nov 2013 

• Prof Yasuhara, Co-chair from Ibaraki Univ. to lead special pub. 

• 2014 event in Fukuoka 

 

• Extreme events related to geotechnical engineering may be caused 

by climate change, particularly in Asia-Pacific Regions. 

• However, IPCC has  paid less attention to Geo-disaster aspects. 

• Generally, most of natural disasters are thought to be water-related 

disasters, though “Geo-Engineering” provides the mitigations. 

 

 

 
Ref. Dennes Bergado, AIT 



(After IPCC AR 4, 2007) 
Ref. Dennes Bergado, AIT 
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  Researcher Methodology Results 

Hydraulic 

approach 

Kawagoe  

& Kazama 

(2009） 

・Evaluation of 

probability of slope 

failure occurrence using 

climate change-induced 

precipitation  and 

geographical information 

・Indicate locations where 

climate change-induced 

slope failure increases 

・Specify areas where 

countermeasures are 

urgent 

Geotechni-

cal 

approach 

Chen & 

Mitani 

(2012) 

・Quantitative estimation 

of slope risk and its 

economical loss by 

considering torrential 

rainfall-induced 

occurrences 

・Specify areas where 

global warming-triggered 

risk and economic loss by 

slope failure increases  

Ref. Dennes Bergado, AIT 



Responsive measure Geotechnical responsive measure 

・Emission control of GHG

・Utilization of emissions trading

・Development of renewable energy

・Underground containment of GHG

・Development of geo-materials to absorb GHG
*2

・GHG absorption, fixation using thinned woods

Protection
・Control of external force triggering the

impacts of climate change

・Multiple protection using soil improvement and earth

reinforcing techniques

Accommodation
・Moderate response to climate change by

accepting the impacts to some degree

・Construction of highly robust structures

・Easily replaceable wall structures if damaged

Retreat
・Retreat from regions undergoing impacts of

climate change

・Early warning system utilizing ICT

・Construction of robust shelters and refuges using

geosynthetics

・Development of inovative geo-materials
・Application of geo-materials to absorb GHG for

geo-hazard reduction

(*1Tamura & Mimura: J. of IEICE, 93-1, 61-66, 2010, *2 Komine et al.: Geotechnical Eng. J., 7-1, 151-156, 2012)

Adaptation

Response

Mitigation

Synergy of mitigation

and adaptation

・Early warning system based on future climate

prediction 
*1

・Monitoring system using ICT

・Early warning system using ICT

Ref. Dennes Bergado, AIT 



Sensor GPS 

GPS 

Sensor 

Remote Sensing 

Sensing 

IC-Tag 
GIS 

Collection of information  

Visualization of 

analytical results  

(supported by Dr. Yuji Kuwahara and 

Dr. Osamu Saitoh） 

Mobile 

Mobile 

4S-ICT  can contribute to the 

development of monitoring 

technologies 

Ref. Dennes Bergado, AIT 



Ref. Dennes Bergado, AIT 



1°C 2°C 5°C 4°C 3°C 

Sea level rise threatens 
major cities 

Falling crop yields in many areas, particularly 
developing regions  

Food 

Water 

Ecosystems 

Risk of Abrupt and Major 

Irreversible Changes 

Global temperature change (relative to pre-industrial) 
0°C 

Falling yields in many 
developed regions 

Rising number of species face extinction 

Increasing risk of dangerous feedbacks and abrupt, 
large-scale shifts in the climate system 

Significant decreases in water 
availability in many areas, including 
Mediterranean and Southern Africa 

Small mountain glaciers 
disappear  – water 
supplies threatened in 
several areas 

Extensive Damage to 
Coral Reefs 

Extreme 

Weather Events Rising intensity of storms, forest fires, droughts, flooding and heat waves 

Possible rising yields in some 
high latitude regions 

Projected impacts of climate change 

Ref. Dennes Bergado, AIT 



NGOs and Advocacy Groups devoted to public interests have 

multiplied exponentially. Thus, human well-being can be improved 

while protecting the environment such as: 

 

1)  Investments in ecosystem conservation 

2)  Management system to promote recovery of marine life 

3)  Watershed restoration schemes 

4)  Prevention of riverbank and coastal erosion 

5)  Risk assessments of lateral spreads, debris flows and landslides 

6)  Forecasts of flooding and flood protection schemes 

7)  Promote waste containment systems 

8)  Construct water supply reservoirs 

Future outlook of climate change geo-issues 

Ref. Dennes Bergado, AIT 



• Collection of case studies 

 

• Database construction 

 

• Publication of book(s) 

 

• International Symposium 

      ⇒The roles of geotechnical engineering in DRR should be    

      clarified and serve as a strategy for performance goals 

 

• Detailed activities will be led by Prof.  Bergado 

Develop 

Roadmap  for 

ATC-1  

Ref. Dennes Bergado, AIT 



• Historical empirical approaches  

    for scour are diverse. 

• Tohoku data increased reliability  

    of predictive liquefaction scour. 

• New ASCE 7 tsunami chapter  

    provides best practice procedure.  

• Tsunami scour and erosion need  

     more validation measurements. 

• ASCE 24 flooding scour provisions need a general erosion procedure. 

• DRR of hydraulics hazards can be advanced through geo-risk reduction: 

           -elevated foundations,  ground treatment & tsunami/coastal barriers 

• FEMA is modeling financial benefits of code compliant foundations for DRR. 

 

Hydraulics & Geotechnical collaboration for tsunami and floods provides a lens 
for assessing loss drivers and innovating balanced soft/hard mitigations.  

Thank you.     mathew.francis@urs.com 
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