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Evaluation of wave induced liquefaction potential
Evaluation de potential de liquefaction induit par vague

A.Nanda & M.Paul — Engineers India Limited, New Delhi, India

ABSTRACT : This paper presents a one dimensional FEM model and an approximate analytical solution to evaluate the liquefaction 
potential of sandy sea beds under wave loading. The analytical solution can predict pore pressures with reasonable accuracy, so long 
as the pore pressure ratio is under 0.70. Results of pore pressure developed in an homogeneous sandy sea bed are presented as a func
tion of a new non-dimensional time factor. These can be used to make rapid preliminary analysis of liquefaction potential, hi addition, 
remedial measures to counteract liquefaction are also evaluated.

RÉSUMÉ: Cet article presente un modele un dimensionnel de FEM et une solution analytique approximative pour evaluer le potential 
de liquefaction des fonds de la mer arenaces sous le chargement de vague. La solution analytique peut prévoir des pore-pressions avec 
l'exatitude raisonnable, a condition que le taux de pression de pore soit au-dessous de 0.70. Les resultals de la pore-pression devel- 
opes dans 1111 fond de la mer arenace homogene sont présentes comme juction d’un nouveau facteur de temps de nondimensional. 
Ceux-ci peuvent etre, employes pour faire l'analyse préliminaire rapide du potential de liquefaction. En outre des measures réparatri
ces de contrecarrer la liquefaction sont également evaluces.

INTRODUCTION 2 LIQUEFACTION MODEL

The cyclic loads induced by storm waves, can lead to liquefac
tion of loose sandy seabeds. This can lead to loss of lateral sup
port to piles, settlements and possibly bearing capacity failure of 
shallow foundations and instability of submarine pipelines. 
While evaluation of liquefaction potential under earthquake 
loading is well established and design methods based on field 
tests such as SPT are routinely used, no well-established proce
dures are available for evaluating liquefaction potential of sea
beds under wave loading. Due to the longer duration of storms 
and the high permeability of sands, both the generation as well 
as dissipation of pore pressures have to be estimated while 
evaluating the liquefaction potential under wave loading.

A limited number of procedures are available for the analysis 
of wave induced liquefaction. Nataraja et. al (1980) developed 
methods using conventional SPT data and Ishihara and Yama- 
zaki (1984) using laboratory cyclic triaxial test data. However 
these methods do not consider dissipation of pore pressures dur
ing the storm and may be in many cases unduly conservative. A 
few numerical procedures are also available for the evaluation of 
wave induced liquefaction (Seed and Rahman, 1978; Finn et al, 
1983; Yang and Poorooshab, 1997). These are however, com
plex to use for preliminary analysis. In addition an approximate 
analytical procedure is also available (Barends and Calle, 1985), 
this however requires triaxial test data.

In this paper a simple one dimensional finite element model 
which includes both the generation and dissipation of pore pres
sure under wave loading is presented along with an simple ap
proximate analytical procedure for evaluation of wave induced 
liquefaction potential. The above models take into account the 
influence of wave loading, cyclic soil strength, thickness, com
pressibility and permeability of the sand layer. Results of pore 
pressure developed in a uniform sandy seabed underlain by an 
impermeable base, during a storm are presented in terms of a 
non-dimensional time factor. In addition the models are used to 
evaluate remedial measures such as densification and riprap 
protection.

The two models which have been developed for the evaluation 
of wave induced liquefaction potential, a simple one dimensional 
nonlinear finite element model and an approximate analytical 
procedure are discussed below. Both the generation and dissipa
tion of pore pressure during the storm are included in the mod
els. Both models require evaluation of the wave induced seabed 
pressures and cyclic shear stress ratio, number of cycles to lique
faction and evaluation of pore pressure under undrained condi
tion.

2.1 Wave induced seabed pressure

The wave induced seabed pressures are estimated using linear 
wave theory for a rigid seabed:

rJ i

2 c o s h ( ^ ^ )

( 1)

Where P0 is the wave induced seabed pressure on the seabed. H 
is the wave height, L is the wave length, d is the water depth and 
y„ is the unit weight of water.

2.2 Cyclic shear stress ratio

The cyclic shear stress ratio within the seabed, induced by wave 
loading can be estimated using elastic theory for a semi-infinite 
seabed,

(2 )

-v o  yL

where r  is the cyclic shear stress, <jv„ is the initial vertical effec
tive stress in the seabed, y is the unit weight of sand and Z is the 
depth below the mudline.
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Figure 1: Typical undrained shear strength.
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The equation governing the generation and dissipation of pore 
pressure under wave loading is given as:

, ,  d2u du

where = k/'yjtiv is the coefficient of consolidation, k is the soil 
permeability. ntv is tlie coefficient of compressibility and q is the 
rate of generation of pore pressure under undrained conditions:

du du dN
q - — -  =  — --------- (5)dr <w dt
where, ue is the excess pore pressure generated under undrained 
conditions and N is the number of cycles. Evaluation of Su/St is 
discussed in tlie subsequent sections. The term 5N/St can be 
evaluated as:

N ..

2 .5  Governing Equation

cW

dt

1
(6)

Figure 2:Evaluation of pore pressure under 
undrained condition.

2.3 Number o f cycles for liquefaction

The undrained cyclic shear strength and the number of cycles to 
liquefaction of the seabed sand can be evaluated by conducting 
cyclic triaxial tests on the sand. Alternatively Nataraja et al 
(1980) present a relationship between the cyclic stress ratio and 
the number of cycles to liquefaction (Nf) using SPT data. This is 
illustrated in Figurel.

2.4 Evolution o f pore pressure

The evolution of pore pressure under undrained condition with 
the number of cycles can be approximated as (Seed and Rahman,
1978):

D p

where A'^is tlie number of equivalent storm waves, to is the total 
duration of the storm and tp is the time period of tlie waves.

2.6 Finite element model

The finite element formulation of Equation 4 leads to:

K u  +  C — =  Q  (7)
dt

where K and C are stiffness matrices and Q is a load vector. 
The above finite element equations can be numerically inte
grated to evaluate the excess pore pressures u at every time step. 
The term Su/SN  can be evaluated by differentiating Equation 3. 
It may be noted that this term is nonlinear and the above terms 
have to be evaluated at every time step.

2.7 Analytical model

hi this model a solution for consolidation for a soil layer under
lain by an impermeable base, with internal generation of pore 
pressure by Christian (1976) is used to develop ail approximate 
analytical solution for pore pressure development under wave 
loading. As noted earlier, the relationship between the pore pres
sure ratio (r„) and the cyclic ratio (N/Nf) is approximately linear 
for values of cyclic ratio between 0.10 and 0.90. under undrained 
conditions. This can be approximated as:

f N  ̂= a { — )

V
(8)

v0

where a  is a constant of proportionality. Christian’s (1976) 
solution for consolidation of a soil layer with uniform internal 
generation of pore pressure is given below:

= A - ^ - L  (! _  cosM ^)(sin  ^ ) [ 1  -  e x p ( -
P I 1 n = l W 2.

(9)

where ug is the excess pore pressure under undrained condition, 
N  is the number of cycles, A// is the number of cycles required for 
liquefaction under undrained conditions and 9 is a constant (see 
Figure2). A value of 9 = 0.7 has been found to provide a reason
able approximation for many typical sands. It may be noted that 
the relationship between the pore pressure ratio (ru) and the cy
clic ratio (AW/) is approximately linear for values of cyclic ratio 
(AW/) between 0.10 and 0.90, under undrained conditions.

where p  is the related to the increase in internal pore pressure 
generation ug=/3t and T=C, t/B7 and X=ZJB, where / is the time 
and B is the layer thickness. The internal pore pressure ug, and 
rate of generation of pore pressure/? and q can be related as:

ug = J3T = qt (i°)

Combining equations 5, 6, 8 and 10, the pore pressure ratio, r,„ at 
the base of the layer can be evaluated as:

r. = —  =  —  (Ml
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where F=u/p can be evaluated from equation 9 and 
Tn~- (( ’JpN/B2) is a non-dimensional time factor. It is interesting 
to note that F  tends to 1 /2 at the base of the layer (x= I, t=oo) for 
an infinite duration storm. Thus for a long duration storm, if the 
value of TN is less than a/2, liquefaction (pore pressure ratio of 
unity) will take place. It may be noted that this solution is ap
proximate as the generation of pore pressure under undrained 
conditions is nonlinear and the distribution of this pore pressure 
is generally not uniform within the soil layer. However this for
mulation is easy to use and can provide a rapid preliminary esti
mate of liquefaction potential.

3 RESULTS

The liquefaction models presented in the previous section have 
been used to analyze the influence of layer thickness, permeabil
ity and undrained cyclic shear strength on the liquefaction po
tential of seabed subjected to wave loading. The following pa
rameters are required to evaluate the liquefaction potential under 
wave loading. Typical values of these parameters of engineering 
interest are also given below.

l()-50m 
3 -18m 
50-3(>0m 
6- 14  sec

3 - 15m
3X10-'- 3X1 ()°in/s 
20X10'” - 50X1O’W /KN 
7 - 9KN/I1V1 
10  -  100( 1 

0.70 
0.67

3.1 Wave data

Water depth d 
Wave height H 
Wave length L 
Time period tp

3.2 Soil data

Layer thickness B 
Sand permeability k 
Sand compressibility mv 
Submerged unit weight y 
Number of cycles to liquefaction N/\

Constant 9 
Constant a

3. 3 Parametric study

Based on Equation 11 as well as previous studies (Nanda et al, 
2000 ) it can be established that the pore pressure ratio is a func
tion of the non-dimensional time factor TN, ( TN = CjpN/B2). 
This can greatly simplify interpretation of the results. The lique
faction potential of a homogeneous sand layer underlain by an 
impermeable base is analyzed. Influence of layer thickness, per
meability, compressibility and number of cycles to liquefaction 
is presented.

Figure 3 illustrates the evolution of the pore pressure ratio at 
the bottom of tlie layer with the number of cycles of loading, 
using the FEM model. It may be noted that for high values of TN, 
which represent high values of permeability, small layer thick
ness or large number of cycles to liquefaction, a steady state is 
reached, after which the rate of generation of pore pressure is 
equal to tlie rate of dissipation. Where as for small values of TN, 
which represent small values of permeability, large layer thick
ness or small values of number of cycles to liquefaction, the pore 
pressure ratio, rapidly rises to unity. Figure 3 also illustrates the 
evolution of pore pressure ratio using the simplified analytical 
model. For low values of TN the predictions of the two models 
differ, once the pore pressure ratio exceeds 0.70. It may be ob
served that for small values of TN, the pore pressure ratio exhib
its a sharp increase, once it’s value exceeds around 0.70. This is 
because of the nonlinear variation of the pore pressure ratio with 
the cyclic ratio under undrained conditions. However for larger 
values of TN and for pore pressure ratio under 0.70, the analytical 
model can provide reasonable predictions. It may be noted that

Figure 3: Evaluation of pore pressure ratio.

Figure 4: Maximum pore pressure ratio.

Pore Pressure Ratio (r„)

Figure 5: Vertical distribution of pore pressure ratio.

tlie predictions of tlie analytical model can be improved by using 
non-uniform distribution of pore pressure generation and select
ing a  values dependent on the pore pressure ratios. However 
considering the various approximations made in the models and 
the uncertainty in the wave and soil data, the analytical model
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Figure 6: Remedial measure.

can be used to make rapid preliminary evaluation of the wave 
induced liquefaction potential of seabeds.

Figure 4 illustrates the relationship between the maximum 
pore pressure ratio and TN at the base of the layer for a long du
ration storm predicted by FEM model. As expected for high val
ues of Ts. small values of the pore pressure ratio are developed. 
However below a critical value of TN, the pore pressure ratio 
rapidly rises to unity, indicating liquefaction. The figure also il
lustrates the relationship between pore pressure ratio and TN pre
dicted by the analytical model. For large values of TN, the pre
dictions of the two models are close, but for small values of TN, 
the predictions diverge, with the finite element model predicting 
higher pore pressures.

Figure 5 illustrates the distribution of the pore pressure ratio 
with depth, for various values of TN at a cyclic ratio (N/Ni) of 
unity. Figure 3,4 and 5 can be used to make rapid preliminary 
evaluations of the liquefaction potential under wave loading for 
homogeneous sand layers underlain by an impermeable layer.

3.4 Remedial measures

The finite element model has also been used to evaluate various 
remedial measures such as provisions of riprap on seabed and 
densification to counteract liquefaction due to waves. Figure 6 
illustrates the site conditions and the wave and soil parameters 
used m the analysis are given below:

Water depth d = 1 Oin 
Wave height H = 5m 
Wave length L = 150m 
Time period tp= 10 sec 
Layer thickness B = 5m 
Coefficient of consolidation Cv = 0.08 m2/s 
Number of cycles to liquefaction N/ for SPT N of 10 = 16 (natu
ral soil without riprap)

Number of cycles to liquefaction Ni for SPT N of 15 >1000 
(after densification)

The wave data is used to calculate the cyclic stress ratio r/oM 
in the sand layer and Figure 1 is used to estimate the number of 
cycles to liquefaction N/ under undrained condition. It may be 
noted that provision of riprap changes both the initial effective 
stress in the sand layer as well as the cyclic ratio. The pore pres
sure ratio at the base of the layer reaches a value of 1.0 for a long 
duration storm. If however a riprap layer (R) of 1,0m thickness is 
provided, the pore pressure ratio reduces from 1.0 to 0.23. A

riprap thickness of 3.0m results in a further reduction in r„ to 
0.12. This additional thickness of riprap does not provide any 
further significant reduction in the pore pressure ratio. The 
analysis also indicates that densification of sandy seabed, which 
results in increase in SPT N value from 10 to 15 will result m no 
possibility of liquefaction.

4 CONCLUSIONS

A simplified finite element model and an approximate analytical 
solution were presented for evaluation of liquefaction potential 
of sandy seabeds under wave loading. The analytical model can 
be used for prediction of liquefaction potential where the maxi
mum pore pressure ratio is under 0.70. It was found that a non- 
dimensional time factor provided a convenient parameter to ac
cess the rate of build up of pore pressure as well as the maximum 
pore pressure developed in a storm. This non-dimensional factor 
can be used to make a rapid preliminary analysis of the wave in
duced liquefaction potential of sandy seabed.
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