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Assessment of the liquefaction potential of sand 
supporting revetments is often performed by 
making a 1D analysis at several positions along 
the revetment (Figure 1). The earthquake-induced 
loading (CSR, Cyclic Stress Ratio) is commonly 
calculated using programs like SHAKE2000, which 
performs 1D calculations in the frequency domain. 
The liquefaction resistance (CRR, Cyclic Resistance 
Ratio) of a soil is assessed using empirical methods 
based on laboratory tests or fi eld tests. This article 
focuses on the loading phase (CSR).

The 1D analyses imply assumptions and 
simplifi cations. For example, the 1D assessments 
are valid for half-spaces (i.e. horizontal ground 
level and a horizontal soil stratigraphy), where in 
practice more complex (trapezoidal) geometries 
exist. This leads to the main research objective:

The main objective of this study is to investigate 
the infl uence of the revetment geometry on the 
susceptibility to liquefaction of the underlying sand 
layer.

Equivalent linear model 
It is well known that soil behaviour is non-linear, 
e.g. the shear modulus and the damping ratio 
are non-linear functions of strain. The non-linear 

hysteretic stress-strain behaviour of cyclically 
loaded soils can be approximated by equivalent 
linear soil properties. A typical hysteresis loop 
during undrained symmetric cyclic loading as 
would be expected beneath a level ground surface 
far from adjacent structures, is shown in Figure 2. 
Hereby the equivalent linear shear modulus G is 
taken as the shear secant modulus to approximate 
the tangent modulus that varies along the 
hysteresis loop. The equivalent linear damping 
ratio p produces the same energy loss in a single 
cycle as the actual hysteresis loop.

The hysteretic damping ratio is calculated as:
      
 

  
Where:
p = damping ratio [-]
WD = dissipated energy [kNm]
WS = maximum strain energy [kNm]
AL  = the area enclosed by the hysteresis loop [kPa]
AT  = the area of the shaded triangle in Figure 2 [kPa]

The linear approach used in SHAKE requires 
that G and p are constant for each soil layer. 
Therefore the values that are consistent with 
the level of strain induced by the earthquake 
need to be determined for each layer. Since the 
computed strain level depends on the values 
of the equivalent linear properties, an iterative 
procedure is used in SHAKE to compute these 
strain-compatible properties (Schnabel et al., 
1972). 

Approach
The revetment geometry is divided into 4 zones 
that are approximated by 1D-situations (see 
Figure 1). The 4 1D shear columns are calculated 
with SHAKE2000 and PLAXIS, using the linear 
equivalent parameters G and p. However, the 
damping is defi ned differently in both computer 
programmes. SHAKE is performed in the frequency 
domain and uses the damping ratio p, which is 
frequency independent. PLAXIS on the other hand 

calculates in the time domain and uses a viscous 
damping1 , more specifi cally Rayleigh damping, 
which is frequency dependent. 
The results of the two programs are compared 
using amplifi cation functions. Consider a soil 
column with two points at different depths, for 
example at the top and the bottom. Applying a 
steady state harmonic horizontal motion with a 
certain circular frequency at the bottom leads 
to different horizontal maximum displacements 
at the two points. In other words: amplifi cation 
takes place between the two points. A steady 
state harmonic motion with a different circular 
frequency leads to a different amplifi cation. 
The amplifi cation function is therefore the ratio 
of motion amplitudes between two points in a 
column as a function of frequency.

In this research, the approach is to modify the 
damping parameters in PLAXIS until the resulting 
amplifi cation function matches the outcome of 
SHAKE. Hereby the procedure described in the 
following is used. Thereafter the 2D simulation 
is performed in PLAXIS and the infl uence of the 
revetment geometry on the dynamic behaviour of 
the underlying sand is investigated.

The hysteretic damping ratio, which is used 
in SHAKE, is defi ned as the ratio between the 
damping and the critical damping in the single-
degree-of-freedom system:
      
 

  
Where:
c = damping [N s/m]
ccrit = critical damping [N s/m]
k = stiffness [N/m]
m = mass [kg]

Figure 2: Typical hysteresis loop during undrained 
symmetric cyclic loading

1 Instead of viscous damping, hysteretic damping can be 

used in PLAXIS by applying the HSsmall model
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Many coastal zones around the world are characterized by the presence of soft soil sediments, which are prone to 
erosion. The critical areas are therefore protected by engineering structures, like revetments and breakwaters. The 
structures and their foundations should be able to resist earthquake loads and deformations should remain within 
acceptable limits. 

»The cyclic loading during an earthquake 
causes pore pressure build-up in the 

subsurface that may lead to liquefaction. 
Liquefaction is a threat to the stability of the 
engineering structures, since it signifi cantly 
reduces the strength of underlying soil. 

The cyclic behaviour of sands is best explained 
using the critical state soil mechanics framework. 

For cyclic loading, inducing excess pore pressures, 
two failure mechanisms have been recognised, 
namely by loss of cyclic stiffness and by cyclic 
mobility. For continuing cyclic loading around a 
non-zero mean mobilized effective stress level the 
mean shear strain can accumulate to very large 
magnitude (e.g. 20%), known as cyclic mobility. In 
this case critical state failure is defi ned in terms of 
the maximum accumulated shear strain causing the 
critical state of the structure. The engineer will aim 
at a design in which a state of cyclic shakedown is 
reached with smaller maximum shear strains.
The other failure mechanism, involving the loss 
of cyclic stiffness, can occur for cyclic loading 
around a zero-mean effective stress level, 
inducing excessive cyclic shear strains (e.g. 10%). 
Consequently in this case critical state failure is 
due to excessive cyclic shear strains causing the 
critical state of the structure.

However, in this research (and in engineering 
practice) the cyclic stress approach is followed 
to assess initiation of liquefaction. Hereby the 
earthquake-induced loading, expressed in terms 
of cyclic shear stress ratio, is compared to the 
liquefaction resistance of the soil, also expressed 

in cyclic shear stress ratio. The cyclic shear stress 
ratio is defi ned as the ratio of the shear stress 
amplitude and the initial effective vertical stress. 
At locations where the loading exceeds the 

resistance, liquefaction is expected to occur. 
Using this approach the pore pressures that cause 
liquefaction are linked to cyclic shear stresses.
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Figure 1: 2D revetment geometry (top) and 1D approximation (bottom)
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loading (CSR, Cyclic Stress Ratio) is commonly 
calculated using programs like SHAKE2000, which 
performs 1D calculations in the frequency domain. 
The liquefaction resistance (CRR, Cyclic Resistance 
Ratio) of a soil is assessed using empirical methods 
based on laboratory tests or fi eld tests. This article 
focuses on the loading phase (CSR).
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practice more complex (trapezoidal) geometries 
exist. This leads to the main research objective:
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layer.
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It is well known that soil behaviour is non-linear, 
e.g. the shear modulus and the damping ratio 
are non-linear functions of strain. The non-linear 

hysteretic stress-strain behaviour of cyclically 
loaded soils can be approximated by equivalent 
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would be expected beneath a level ground surface 
far from adjacent structures, is shown in Figure 2. 
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taken as the shear secant modulus to approximate 
the tangent modulus that varies along the 
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ratio p produces the same energy loss in a single 
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The linear approach used in SHAKE requires 
that G and p are constant for each soil layer. 
Therefore the values that are consistent with 
the level of strain induced by the earthquake 
need to be determined for each layer. Since the 
computed strain level depends on the values 
of the equivalent linear properties, an iterative 
procedure is used in SHAKE to compute these 
strain-compatible properties (Schnabel et al., 
1972). 

Approach
The revetment geometry is divided into 4 zones 
that are approximated by 1D-situations (see 
Figure 1). The 4 1D shear columns are calculated 
with SHAKE2000 and PLAXIS, using the linear 
equivalent parameters G and p. However, the 
damping is defi ned differently in both computer 
programmes. SHAKE is performed in the frequency 
domain and uses the damping ratio p, which is 
frequency independent. PLAXIS on the other hand 

calculates in the time domain and uses a viscous 
damping1 , more specifi cally Rayleigh damping, 
which is frequency dependent. 
The results of the two programs are compared 
using amplifi cation functions. Consider a soil 
column with two points at different depths, for 
example at the top and the bottom. Applying a 
steady state harmonic horizontal motion with a 
certain circular frequency at the bottom leads 
to different horizontal maximum displacements 
at the two points. In other words: amplifi cation 
takes place between the two points. A steady 
state harmonic motion with a different circular 
frequency leads to a different amplifi cation. 
The amplifi cation function is therefore the ratio 
of motion amplitudes between two points in a 
column as a function of frequency.

In this research, the approach is to modify the 
damping parameters in PLAXIS until the resulting 
amplifi cation function matches the outcome of 
SHAKE. Hereby the procedure described in the 
following is used. Thereafter the 2D simulation 
is performed in PLAXIS and the infl uence of the 
revetment geometry on the dynamic behaviour of 
the underlying sand is investigated.

The hysteretic damping ratio, which is used 
in SHAKE, is defi ned as the ratio between the 
damping and the critical damping in the single-
degree-of-freedom system:
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Figure 2: Typical hysteresis loop during undrained 
symmetric cyclic loading
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Figure 5: Cyclic stress values (CSR) 
as a function of depth in the sand 
layer at various locations along the 
revetment geometry. Red values 
represent the 1D approximation 
for the zone, blue values the 
2D calculations. Locations A 
through M and the zones with 
1D approximations are shown in 
Figure 4.

Figure 4: Geometry with locations of determined CSR values and zones with 1D approximations

Replacing the damping by  c = am + bk  and 
using that 

k/m = ~  leads to:

      

Where:
a  = Rayleigh damping parameter [-]
b  = Rayleigh damping parameter [-]
~= circular frequency [rad/s]

The frequency dependency of Rayleigh damping 
is shown in Figure 3. If the range of important 
frequencies (~ 1 and ~ 2) for the dynamic analysis 
can be estimated, then the values of a  and b  can 
be chosen to give tolerably constant damping 
over this frequency range. Using that in the 
approximation p = p at ~ = ~ 1 and at ~ = ~ 2 , 
the following is derived:

The conventional approach is to choose the first 
natural frequency from the soil column as ~ 1 and 
predominant frequency of the input motion as ~ 2. 
However, Park and Hashash (2004) show that much 
better results can be obtained by choosing the 
frequencies independent of soil column’s natural 
frequencies, with the aim of obtaining the best 
match with the frequency domain solution. 

In this method, first ~ 1 and ~ 2 are selected such 
that the frequencies in between comprise the 
most important part of the earthquake spectrum, 
with the highest amplitudes. Solving Equation 4 
for each layer individually leads to the initial values 
of a  and b  for that particular layer in the PLAXIS 
calculation. After the dynamic calculation, the 
resulting amplification function from PLAXIS is 
compared to the amplification function produced 
by SHAKE. If the amplification functions are not 
in agreement, ~ 1 and ~ 2 are adjusted. This leads 
to a new a  and b  for each layer and thus to a new 
PLAXIS solution with corresponding amplification 
function. The frequencies are adjusted by trial and 
error, but one uses the fact that the contribution of 
mass in the damping is primarily at low frequencies 
and the contribution of stiffness in the damping 
is largest at higher frequencies (Figure 3). The 
frequencies are adjusted until the amplification 

functions of PLAXIS and SHAKE coincide.

Applying the above procedure for all zones 
provides the Rayleigh damping parameters for 
the entire geometry. Using these parameters the 
2D-calculation is performed in PLAXIS. 

Results
The cyclic shear stresses that result from the 
PLAXIS 2D calculation at various locations along 
the revetment geometry are compared to the 
1D results of the corresponding zones (Figure 
4 and Figure 5). It can be seen that the 1D 
approximations and the 2D results correspond well 
for zone 2, 3 and 4. The CSR values in these zones 
are low, indicating a low impact of the earthquake 
loading that will not lead to liquefaction. The 
low CSR values are caused by the overburden 
stress due to overlying material. Therefore it is 
concluded that the presence of the revetment 
geometry reduces the CSR in the underlying top 
few meters of sand.

Zone 1 is the critical zone as the CSR values 
are significantly higher than in the other zones. 
Indeed sand near the surface that is not overlain 
by revetment material is subject to liquefaction 
at the design earthquake loading. From Figure 5 

Figure 3: Rayleigh damping and hysteretic 
damping ratio. From: Muir Wood (2004)
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Figure 6: Geometry of revetment with possible deformation mechanism schematized in red. The 1D approximation leads 
to overestimation of the CSR in the zone indicated by + and underestimation in the zone indicated by -

it is seen that the 2D results at location A, B and 
D are in agreement with the 1D approximation of 
zone 1. At position E the 1D approximation gives 
higher values than the 2D analysis and therefore 
it is overestimating the CSR. The application of 
the 1D approximation will not lead to a dangerous 
situation for this location. However, at location 
C, just in front of the toe, the 1D approximation 
underestimates the CSR value considerably. The 
2D analysis shows that the design earthquake will 
certainly lead to liquefaction at this location. The 
loss of strength in the liquefied area may in turn 
cause failure of the revetment (Figure 6). However, 
the revetment stability will not be significantly 
affected when the berm is constructed sufficiently 
wide, as liquefaction near the toe and subsequent 
deformation will occur solely in the berm.

Conclusions and recommendations
In this research the influence of the revetment 
geometry on the susceptibility to liquefaction 
of the underlying sand layer is investigated. The 
following procedure is used, in which the cyclic 
stress approach is followed to assess initiation of 
liquefaction.

By separating the geometry into zones that are 
approximated by 1D shear columns, equivalent 
linear soil properties are obtained using the 
computer program SHAKE. This program uses an 
iterative procedure to obtain values for G and p
of each soil layer that are consistent with the level 
of strain induced by the earthquake. The viscous 
damping parameters that are used as input for 
PLAXIS are determined from the strain equivalent 
damping ratios using an iterative method. Hereby 
the viscous damping parameters are adjusted until 
the amplification functions from both computer 
programs match.

After the strain equivalent parameters are 
derived, a 2D-calculation is performed in PLAXIS 
to investigate the influence of the revetment 
geometry on the susceptibility to liquefaction of 
the underlying sand layer. For the investigated 
situation it is found that sand near the surface that 
is not overlain by revetment material is subject to 
liquefaction at the design earthquake loading. 
The presence of the revetment geometry reduces 
the CSR in the top few meters of underlying sand. 

However, the CSR close to the toe on the sea side 
is higher due to the presence of the revetment 
geometry. The 1D-approximation does not show 
this as a location that will be liquefied, as the 
1D-approximation largely underestimates CSR 
values on the sea side of the toe. The loss of 
strength in the liquefied area may in turn cause 
collapse of the revetment. This is avoided by 
making the berm sufficiently wide, so possible 
liquefaction under the toe and subsequent failure 
of the berm do not affect the revetment stability 
significantly.

The influence of static shear stress and rotation 
of principal stress directions on the liquefaction 
resistance are not taken into account in this article. 
If further research shows that the influence is 
significant, it is recommended to use an advanced 
model that is able to predict pore pressure 
generation as a function of stress rotation and 
static shear stress.
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Figure 5: Cyclic stress values (CSR) 
as a function of depth in the sand 
layer at various locations along the 
revetment geometry. Red values 
represent the 1D approximation 
for the zone, blue values the 
2D calculations. Locations A 
through M and the zones with 
1D approximations are shown in 
Figure 4.

Figure 4: Geometry with locations of determined CSR values and zones with 1D approximations
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using that 
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The frequency dependency of Rayleigh damping 
is shown in Figure 3. If the range of important 
frequencies (~ 1 and ~ 2) for the dynamic analysis 
can be estimated, then the values of a  and b  can 
be chosen to give tolerably constant damping 
over this frequency range. Using that in the 
approximation p = p at ~ = ~ 1 and at ~ = ~ 2 , 
the following is derived:

The conventional approach is to choose the first 
natural frequency from the soil column as ~ 1 and 
predominant frequency of the input motion as ~ 2. 
However, Park and Hashash (2004) show that much 
better results can be obtained by choosing the 
frequencies independent of soil column’s natural 
frequencies, with the aim of obtaining the best 
match with the frequency domain solution. 

In this method, first ~ 1 and ~ 2 are selected such 
that the frequencies in between comprise the 
most important part of the earthquake spectrum, 
with the highest amplitudes. Solving Equation 4 
for each layer individually leads to the initial values 
of a  and b  for that particular layer in the PLAXIS 
calculation. After the dynamic calculation, the 
resulting amplification function from PLAXIS is 
compared to the amplification function produced 
by SHAKE. If the amplification functions are not 
in agreement, ~ 1 and ~ 2 are adjusted. This leads 
to a new a  and b  for each layer and thus to a new 
PLAXIS solution with corresponding amplification 
function. The frequencies are adjusted by trial and 
error, but one uses the fact that the contribution of 
mass in the damping is primarily at low frequencies 
and the contribution of stiffness in the damping 
is largest at higher frequencies (Figure 3). The 
frequencies are adjusted until the amplification 

functions of PLAXIS and SHAKE coincide.

Applying the above procedure for all zones 
provides the Rayleigh damping parameters for 
the entire geometry. Using these parameters the 
2D-calculation is performed in PLAXIS. 

Results
The cyclic shear stresses that result from the 
PLAXIS 2D calculation at various locations along 
the revetment geometry are compared to the 
1D results of the corresponding zones (Figure 
4 and Figure 5). It can be seen that the 1D 
approximations and the 2D results correspond well 
for zone 2, 3 and 4. The CSR values in these zones 
are low, indicating a low impact of the earthquake 
loading that will not lead to liquefaction. The 
low CSR values are caused by the overburden 
stress due to overlying material. Therefore it is 
concluded that the presence of the revetment 
geometry reduces the CSR in the underlying top 
few meters of sand.

Zone 1 is the critical zone as the CSR values 
are significantly higher than in the other zones. 
Indeed sand near the surface that is not overlain 
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at the design earthquake loading. From Figure 5 
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Figure 6: Geometry of revetment with possible deformation mechanism schematized in red. The 1D approximation leads 
to overestimation of the CSR in the zone indicated by + and underestimation in the zone indicated by -

it is seen that the 2D results at location A, B and 
D are in agreement with the 1D approximation of 
zone 1. At position E the 1D approximation gives 
higher values than the 2D analysis and therefore 
it is overestimating the CSR. The application of 
the 1D approximation will not lead to a dangerous 
situation for this location. However, at location 
C, just in front of the toe, the 1D approximation 
underestimates the CSR value considerably. The 
2D analysis shows that the design earthquake will 
certainly lead to liquefaction at this location. The 
loss of strength in the liquefied area may in turn 
cause failure of the revetment (Figure 6). However, 
the revetment stability will not be significantly 
affected when the berm is constructed sufficiently 
wide, as liquefaction near the toe and subsequent 
deformation will occur solely in the berm.

Conclusions and recommendations
In this research the influence of the revetment 
geometry on the susceptibility to liquefaction 
of the underlying sand layer is investigated. The 
following procedure is used, in which the cyclic 
stress approach is followed to assess initiation of 
liquefaction.

By separating the geometry into zones that are 
approximated by 1D shear columns, equivalent 
linear soil properties are obtained using the 
computer program SHAKE. This program uses an 
iterative procedure to obtain values for G and p
of each soil layer that are consistent with the level 
of strain induced by the earthquake. The viscous 
damping parameters that are used as input for 
PLAXIS are determined from the strain equivalent 
damping ratios using an iterative method. Hereby 
the viscous damping parameters are adjusted until 
the amplification functions from both computer 
programs match.

After the strain equivalent parameters are 
derived, a 2D-calculation is performed in PLAXIS 
to investigate the influence of the revetment 
geometry on the susceptibility to liquefaction of 
the underlying sand layer. For the investigated 
situation it is found that sand near the surface that 
is not overlain by revetment material is subject to 
liquefaction at the design earthquake loading. 
The presence of the revetment geometry reduces 
the CSR in the top few meters of underlying sand. 

However, the CSR close to the toe on the sea side 
is higher due to the presence of the revetment 
geometry. The 1D-approximation does not show 
this as a location that will be liquefied, as the 
1D-approximation largely underestimates CSR 
values on the sea side of the toe. The loss of 
strength in the liquefied area may in turn cause 
collapse of the revetment. This is avoided by 
making the berm sufficiently wide, so possible 
liquefaction under the toe and subsequent failure 
of the berm do not affect the revetment stability 
significantly.

The influence of static shear stress and rotation 
of principal stress directions on the liquefaction 
resistance are not taken into account in this article. 
If further research shows that the influence is 
significant, it is recommended to use an advanced 
model that is able to predict pore pressure 
generation as a function of stress rotation and 
static shear stress.
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