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FE Analysis of Coastal Cliff Erosion due to Ocean Wave Assailing
By

Kazuya Yasuhara', Satoshi Murakami®, Yashunori Kanno®, Zishien Wi,
ABSTRACT

The coastal erosion is divided into two categories : (i) sand erosion, (ii) cliff erosion. The
mechanism and countermeasures for those two have mainly been pursued from coastal
engineering point of view. Unfortunately, less attention has been paid to the cliff erosion
from a viewpoint of geotechnical engineering. Rather, much attention has been directed
from the standpoint of geology and geomorphology. Based on the extensive
achievements on the problem in Japan which had been carried out by Sunamura (1992)
using the methodology of the geomorphology, further investigation by the authors has
been performed by the authors (2002) from a viewpoint of geotechnical engineering.
The results by the authors include the mechanism, prediction and countermeasure with a
special emphasis being placed on the cliff erosion of rocky coasts at Ibaraki Prefecture,
Japan. Among them, the current paper aims at describing the successful results of
prediction from the finite element analysis combined with the crack propagation theory
involved in the field of fracture mechanics. This analysis requires unit volume weight,
compressive strength, tensile strength, and Young’s modulus of rocks consisting of the
coastal cliff. It is indicated from analysis that:

1) Coastal cliffs consisting of soft rocks become unstable depending on increase in the
eroded distance of the toe of cliffs. The failure of rocky coasts is more sensitive to tensile
strength than to compressive strength of rocks.

2) The FE analysis considering the crack propagation in rocks can predict of the progress
of failure in rocky coasts. The results from the FE analysis lead to construction of a
design chart for roughly predicting the possibility of collapse when the geographical

conditions at a given site and the geotechnical properties of a rock are given.
INTRODUCTION

The erosion at the coast has become chronic in Japan. The coastal erosion is generally
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dividedintothebeacherosionandtheclifferosion. Lessattentionhasbeenpaidtothe
clifferosion than to the beach erosion. In addition, the researches on the cliff erosion
havemainlybeenlimitedtothefieldsofcoastalengineering,geologyandgeomorphology,

and have scarcely included the geotechnical aspects. Even in the extensive
achievements for the erosion of rocky coastsin Japan which have been carried out by
Sunamura(1992),lessinformationhasbeendescribedfromthegeotechnicalpointofview.
Authors (1995, 1997, 1999) have been invest igating the mechanism, proposing the
prediction and exploring the countermeasures in the past few years. Based on the
previousstudies,thecurrentpaperaimstoproposethedesignchartsandthepredictive
manual through the results from the numerical analysis by using the finite element

methodincorporatingthecrackpropagationtheory.Photo.2-IzuraCoast

Photo.1-UnomiakiCoast Photo.2-IzuraCoast

MECHANISMOFCOASTALCLIFFEROSION

e A
A_1Tw

Fig.1-The processofCoastal CliffErosion(Sunamura)
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Fig. 1 shows a typical result of the profile changes of laboratory cliffs caused by breaking
waves. According to the investigation by Sunamura, the Japanese style of cliff erosions
pertains to the type-B from the two types in Fig. 1. In this type, the toe of the cliff is
eroded due to assailing ocean waves and the notch is formed. The rocky coast collapses
when a certain distance of this notch formed due to wave actions is attained. However, the
mechanism of the collapse has remained unknown. For example, no method has been
found to determine whether the failure mode must be in the compressive failure or in the
tensile failure. It is therefore required for taking countermeasures to deal with the

situation to predict when and how the collapse initiates.

CRACK PROPAGATION ANALYSIS USING FINITE ELEMENT METHOD

The crack propagation analysis is based on the idea of the biaxial principal failure method

that the crack occurs when the tensile major principal stress exceeds the tensile strength

used in the analysis by considering the self-weight in whole the objective area. The

analysis is characterized by:

1) the elements that undergo the crack are taken off by postulating that they are assumed
not to retain their strength.

2) the analysis in the new area is repeated until the computation is converged. The

o

Fig.2-The Crack Generation Criteria

i
Fig.3-Tensile Softening Criteria
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collapsepossibility isestimated by means ofthe propagation condition of cracksthat
occurinthecliffduetotheformationanddevelopmentofnotches.

The distributed crack modelis employed in predicting the crack occurrence phenomena
bymeansofthefiniteelementanalysisthatincorporatethefollowing:

1) Thecrackgenerationcondition:thisisgovernedbytheconditionasshowninFig.2.

2) Asthesofteningofthematerial ~ afterthe occurrenceofthe cracks,thelineartensile
softeningisadoptedasshowninFig. 3. Theultimate crack strainnecessary tomeet

thisconditionisgivenby:

I

. 1 G,
) Crnn.u =—— 1
O (D
where « : angle of gradient of the cliff, G ; : failure energy, h : equivalent converted
distanceofoneelement.

3) Theshearretentionafterthe  occurrenceof tensioncracksisassumedtobeconstant,
thatis,} iskeptconstantduringshearingwhichisequalto0.05.

OBJECTIVEMODELFORTWODIMENSIONALANALYSIS
Analytical Procedure

The crack propagation analysis by using a FE analysis for exploring stability of rocky
coastsisperformedbyfollowingtheprocedureas(Fig.4):

1)Self-weight analysis for the objective rocky coastundergoing erosion at the toe of the
cliffduetoassailingoceanwaveswasconductedtofindtheelementswherecracksoccur.
ii)Byassumingthattherockelementswithcrackslosestrengthleadingtofailure,thenew
regioninwhichtheelementswithcracksareeliminatedissetforthesuccessiveanalysis.

1i1) Self-weight analysis was carried out again for the new analytical region without
elementswherecrackstakeplace.

iv)Thisprocedurefrom(i)  to(iii)isrepeateduntilthe = analytical solutionisdiverged.
The divergence of the solution in this procedure indicates the condition that the some

elements with cracks being taken place suffer from collapse. Accordingly, the collapse

seemstooccurandpropagatefromthebottomtothetopofthecliff,asisshownin Fig.5.
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Fig.4-Analytical Procedure

Fig.5-An Example for FE Analysis
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Two-dimensional Modeling of the Objective Ground for Finite Element Analysis

For modeling the coastal cliff whose typical configuration is shown in Fig. 6, the
following assumptions are employed:

1) The coastal cliff is formed by the homogeneous rock and deformation of rocky coasts
occurs under the plane strain condition.

i1) Base foundations supporting the cliff consist of the extremely hard rocks.

iii) The base is constrained with the vertical and the horizontal directions, while the back
face is constrained at the vertical direction only.

The two-dimensional FE analysis was conducted by changing the height of rocky

i
L

Fig6-Model for FE Analysis

coast, the gradient of the slope, and the width as is shown in Fig. 6. The width and height

of the notch formed by erosion are also assumed 1m and 1m, respectively.

SELECTION OF PRAMETERS NECESSARY FOR ANALYSIS

b

A/l ' / Specimen
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!

Fig.7-Specimen attached by LDT
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The parameters necessary for CPA-FE analysis ~  are : unit volume weight, compression
and tensile strengths, and elastic modulus. The compressive and tensile strengths, f , f,
were obtained from unconfined compression and Brazilian tests, respectively, at
laboratory onrock samples. The elastic modulus, E, was determined from small strain

which was measured using the local displacement transducer (LDT) attached at the
specimeninunconfined compressiontestsasshownin Fig.7. The typical examples of
theresultsfromunconfinedcompressionandBraziliantestsonamudrockthatwastaken

at the coastal cliff of the Northern Ibaraki, Japan are presented in Figs. 8a,b. A
considerabledifferenceintheelasticmodulusdetermined fromtheresultsusingtheouter
displacement meter and the LDT was observed. This gives the results from numerical

computation based on the crack propagation analysis (CPA) as will be described in the
laterpartofthepaper.
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Amongthemechanicalproperties,acorrelation ~ between compressiveandtensilestrength
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ispresentedin  Fig.9. Thus,thebrittlenessindex,B ,isdefinedby:

B = {/f )

where f, and f, are compressive and tensile strengths, respectively. Fig. 9shows the
tensile strength plotted against the unconfined compression strength for the mud rocks
togetherwiththedataonsaturatedrocksamplescollatedby Sunamura(1991). Thereisa
cleartendency fortensilestrength,f ,toincreasewithincreasingcompressionstrength, f .

Itisalsofoundthatthebrittlenessindex, B wrangesfrom5to25.

PREDICTION OF COLLAPSIBLE RISK USING CRACK PROPAGATION
ANALYSIS

ResultsfromFE Analysis

A typical resultfrom finite elementanalysisusingthe crack propagationtheoryisshown

in Fig. 10 whichpresenttheeff ectsofYoung’smodulusonmannersofcrackpropagation

in coastal cliff and distribution of principal stresses. Those two values of Young’s
moduluscorrespondtothosemeasuredusinganouterdisplacementindicatorandaLDT.
Although there is not a considerable difference in distribution of crack propagation
betweenbothvaluesof Young ’smodulus,timerequired forcomputationisdifferentwith
eachother,threetimesbeingrequiredforthelargerY oung’ modulusthanthesmallerone.
Inotherwords, the coastal cliff with the larger Young’smodulusis more stable for cliff

erosionthanwiththesmallerone.

s

(2)E=250[MPa] (b)E=850[ MPa]
Fig.10-Effectsof Young’sModuleonResultsfrom FEM
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DefinitionofSafetyFactor

The safety factor for evaluating a possibility of collapse of the cliff at rocky coasts is
givenby:

Jia (Ba) or F&= 1 = L (3b)

/. b
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where f, : tensile strength at a given condition, f , : allowable tensile strength of rocks
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which constituting of cliffs, which do not lead to collapse, D : failure potential. The
results from FE analysis are given in the form of the safety factor, F ., being plotted

againstthegivenparametersoftheconfigurationofcliffsandthepropertiesofrocks.

EffectsofMechanicalPropertiesofRocksConstitutingCoastalCliffs

Fig.11 showstheinfluenceofthe  brittleness, B, onthesafetyfactor,F |, calculatedasa
parameter ofthe compressionstrength, f . Itisindicated that the safety factor decreases

withincreasingthebrittlenessandwithdecreasingthecompressionstrength.

EffectsofYoung’sM odulusofRocks

Aswaspreviouslydescribed, the Young’s modulus is an important factor influencing on
the stability of coastal cliffs. The results from FE analysis are givenin Fig. 12 asthe
relationsbetweenthesafetyfactorand  theYoung’smodulus.

EffectsofConfigurationofCoastalCliffs

Amongtheeffectsofconfiguration of coastal cliffs, the eroded distanceto formnotchis
taken as the mostimportantone. Fig. 13 showstherelation ofthe safety factorplotted
againstthe maximumeroded distance measured atlaboratory tests. As faras the present
situation ofthe eroded distance atthetwo coastalsites, the Takato and Hitachi coastsin
the NorthernIbarakiwhichhavesuffered fromsevereclifferosionisconcerned, theyare

notsituatedundertheseriousconditiontocollapseofrockslopeduetobreakingwaves.

COLLAPSEFUNCTIONINTERMSOFFEANALYSIS

Interms ofthe results from the afore-mentioned FE analysis, the authors have proposed
the following “collapse function” which  enables us to predict quantitatively the

possibilityofcollapseofrockycoastsunderassailingoceanwaves:

F=F(H,o , £,f,]) “4)
where H : heightofcliff, a: inclination ofrock slope,and L : horizontal length ofnotch.
Thepossibility ofcollapsedependsonwhetherFislargerorsmallerthanunity. Here,if

the collapse function monotonically increases or decreases with increasing the values of
B,HandL,Eq.(4)  isconvertedinto:
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F=F(H,o. ,f.,',B,1)
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Fig.14representstheinterrelationsbetween1/f  .andoneofotherthreeparameters,B  ,H
and L. If we postulate that the projection to the two parameters plane can be
approximatedbythecurveswiththesamegradientwhentheotherconditionsgetchanged,

the collapse function towards the cliff with the gradient of 90 degree for slope can be

expressedby:

Fo=In(f ;')+A In(B)+A ,In(H+A ;In(L)+A ,In(a)+C o, (6)
F=In(f")+AIn(B)+A ,In(H)+A ,In(L)+A ,In(a)+C (7)
WhereA ,and Caredetermined fromtherelationbetween B .andaasshown inFig.15.

Eq.(7)canbeconvertedinto:

l=f BHaC )

When we assume the values forthe TakakdoCoast,1.2MPafor f _,5forB ,20mforH
and90for ,,thenwehavelL =3.81correspondingtoF  =1.Thisisingoodagreement
withthevaluefortheallowablelengthofnotch, Lequalto3.35mascanbereadoutfrom

Fig.13.
Whentheerosionrateisdesignated  byl(=dl/dt),thecollapsibleperiod, T g isdefinedby:

l
T, == ©)

ByinsertingEq. (8)into Eq.(9),Eq.(9)leadsto:

BH
y fBHAC
‘ d

(10)
Accordingly,thecollapsibleperiod,N ,atacertainperiod, Tisgivenby:

N=<T,T > (11)

where the symbol, <A, B>implies the quotient in which A is divided by B. Therefore,
theretardingdistanceD rofcliffscanbegivenby:

D;=1;N; (12)

Usingthe parameters, compression strength and tensile  strength, for the five coasts in
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NorthernIbaraki,thecollapsefrequency, T jcollapsedcycle,N ,,o,andretardingdistance,
D, oincoming100yearsarecalculatedandlistedinTable1.

TablelResultsfromCalculationfor5Coasts

Ty) N, D, g0(m)
Izura 5.45 18 60.85
Takato 3.13 31 45.58
Kokaiga- 24.84 4 32.80
hama
Hidaka 6.33 15 94.96
Ohmika 26.28 3 18.14

COCLUSIONS

1) Itisverifiedthatthecollapseofcoastalrockycliffsisthetension failuremodethatis
governedbythetensiontoughness.

2) Thefailure potential increases with increasing the brittleness, Jt,inwhich f _andf,
arecompressionandtensilestrengths.

3) The crack propagation analysis using the finite element method can predict this
failuremode. Basedonthenumericalanalysis, the designchartsareestablished.

4) The collapse frequency and the collapse period can be predicted using the collapse
functionthatisdefinedbytheresultsfromFEanalysis.
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