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ABSTRACT 
 

This paper describes numerical simulations of the response of a loose granular, waterfront embankment 

fill due to a suite of 62 earthquake ground motions.  The analyses use the OpenSees finite element 

program and simulate the non-linear coupled ground deformation and transient pore pressure response 

using an advanced elasto-plastic effective stress soil model proposed by Dafalias & Manzari (2004).  This 

model is able to represent realistically the laboratory measurements of pore pressure development during 

undrained cyclic shearing of Toyoura sand together with transitions to cyclic mobility and liquefaction 

phenomena.  The free field responses of the 2D embankment section are performed using effective force 

inputs and viscous boundary conditions.  The results relate the permanent embankment deformations to 

the peak ground accelerations, Arias intensity, directionality, and other characteristics of the measured 

rock outcrop motions that would be expected to cause liquefaction. It is shown that excess pore pressure 

development relates very well with average slope damage. It is shown that directionality of the earthquake 

motion does not affect in most cases observed damage, and a measure is also proposed in order to identify 

motions for which directionality could be important. The numerical simulations form part of a larger study 

on the performance and mitigation of seismic damage for pile-supported wharf structures. 
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INTRODUCTION 

Seismic slope stability is a very important design problem that requires sound evaluation. Newmark 

sliding block analysis (Newmark, 1965) in various implementations has been the most commonly used 

tool to investigate the seismic slope stability of slopes. More simplified analyses derived from Newmark 

sliding block analysis such as the Makdisi-Seed approach (Makdisi F, 1978) are also used to provide 

approximate seismic stability estimations. More elaborate solutions to evaluate damage in seismically 

excited slopes have been devised by many people such as Jibson (1994) or Bray and Travasarou (2007) 

but most of them seem to be formulated under very particular conditions. These more elaborate analytical 

solutions are most effective on dry slopes and do not always offer better performance in all cases. 

 

The simplest form of Newmark sliding block analyses assume a constant yield acceleration on the slope 

thus predicting no slope damage in earthquakes with lots of cycles and acceleration less that the yield 

acceleration. More advanced stick-slip deformable sliding models such as the one used by Rathje and 

Bray (2000) can produce more accurate results but still do not incorporate all the complexities of the 
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Boundary Conditions 

Two types of mechanical boundary conditions are of great importance in this numerical model. At first, 

the analysis should include the inertial effects of the sea water. Since the waves expected to be created 

inside the sea are not large, a reasonable approximation is to model the sea as an elastic layer with very 

small elastic stiffness and appropriate bulk modulus so that the p-wave velocity is matched with the p-

wave-velocity of water. This approach has been found to be successful (Zienkiewicz & Bettess, 1978) if 

one manages to use it without introducing numerical inefficiencies. 

 
Secondly, the analysis should include efficient absorbing boundary conditions on the bottom and on the 

sides to avoid wave energy getting trapped inside the model. As shown in Figure 2, effective force input 

and viscous dampers were used to accurately simulate the boundary conditions. The recorded ground 

motion is deconvolved to the level of the bottom of the grid. Then the acceleration time history is 

integrated to velocities, and then it is applied as effective force input on the bottom according to: 

 

 � = � ⋅ � ⋅ � (1)  

where F is the force applied, C is the viscous damping coefficient used on the bottom nodes, and A is the 

area on which the force is applied. 

 

On the sides of the model a different approach is needed. Far from the slope the ground will be sheared 

due to vertical propagation of the shear waves and will behave like free-field soil columns. These 

boundaries are simulated using separate one-dimensional analysis at each lateral boundary, and record the 

vertical forces and the horizontal force components. These forces are applied as lateral boundaries in the 

2-D slope model (Assimaki, 2004). An alternate approach would be to apply directly the ground motions 

recorded in the one-dimensional analyses along the sides. However, the latter approach would lead to 

artificial reflections. 
 
Finally, all around the external boundaries of the model are connected with viscous boundaries applied on 

both the normal and tangent direction of the borders, with viscous damping, C: 
 

 � = �� ⋅ � (2)  

where vs is the shear wave velocity of the soil at its current state.  

 

Equivalent elastic properties change dramatically during cyclic mobility events, thus damping of the 

viscous boundaries should not remain the same in order to absorb fully waves arriving at the boundaries. 

In this case, energy dissipation in actual soils will smooth out any spurious reflections. 

 

It was assumed that the water level remains constant during cyclic loading. The slope immersed in the sea 

acts also as a free-draining boundary. 

 

Ground Motions 

The ground motions used as input are typical of firm-site conditions in coastal California. Fifty-five 

ground motions were selected from the database used to develop the Next-Generation Attenuation of 

Ground Motions (NGA) project (Chiou et al. 2008) with minimum moment magnitude M=5.5, closest 

distance to rupture, 0-60km, strike-slip, reverse, or reverse-oblique, C site class, and minimum usable 

frequency of less than 0.5Hz. Seven ground motions are produced from the M=7.8 ShakeOut simulation 

on the southern San Andreas Fault. The properties of the most intense motions are summarized in Table 1. 
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Note that these data differ from the published characteristics for these specific motions because only the x-

components of the recorded motions are considered. 

  

Table 1 Characteristics of most intense ground motions 

ID PGA 

 (g) 

PGV 

(m/s) 

Ia 

 (m/s) 

Td  

(s) 

a@Τres,degr
*
 

(m/s
2
) 

Id 
** 

(m/s) 

nga753 0.64 0.28 3.24 13.89 5.52 1.237 

nga779 0.96 1.09 8.37 17.37 15.79 2.241 

nga802 0.30 0.27 1.45 15.42 4.61 1.706 

nga982 0.57 0.42 3.24 13.98 6.19 0.780 

nga1012 0.26 0.27 0.98 12.11 4.02 0.013 

nga1085 0.83 0.43 4.50 17.06 15.09 8.255 

nga1086 0.60 0.49 2.61 15.10 11.78 4.126 

nga3474 0.62 0.31 2.91 9.59 2.41 0.663 

sim0001 0.25 0.40 1.25 33.10 3.58 0.625 

* a@Τres,degr is the spectral acceleration at a degraded resonant period equal 

to 1.5 times the initial fundamental period of the slope 

** Id is the directionality index as defined in equation (6) 

 
 

Constitutive Model 

A critical state elasto-plastic constitutive soil model was used to accurately simulate the stress-strain 

behavior of sand during cyclic mobility events (Dafalias and Manzari, 2004). This model predicts 

reasonably well both the elemental monotonic and cyclic behavior of sand. The model is able to capture 

the effects of void ratio, and stress state on the mechanical response of sand. It is also able to simulate 

reasonably the shear-induced volumetric plasticity, and effects of dilation during loading on subsequent 

unloading paths.  

 
Table 2 Parameters used to model each layer 

Layer 

Saturated 
Unit 

Weight 
(Mgr/m

3
) 

Hydraulic 
Conductivity 

(m/s) 
Main Model Parameters 

Dafalias Manzari Model 

   
Calibration 

Material 
Voids ratio 

Hydraulic 
Fill 

1.85 3�-3 Toyoura Sand 0.825 

Sand Fill 2.05 3�-3 Toyoura Sand 0.635 
Facing 
Stone 

1.85 3�-2 Toyoura Sand 0.673 

Visco Elastic Model 

   E (kPa) V � (%) 

Stiff Clay 1.75 3�-7 282400kPa 0.412 10 

Sea Water 1.00 - 
0.299999995555

56kPa 
0.4999999777

7778 
10 
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The facing-stone properties were assumed to be mechanically similar to dense Toyoura sand, while its 

permeability is much higher, and its unit weight similar to a loose sand (due to the large voids between the 

stones). The underlying clay and water are represented as viscoelastic materials. 

 

Sand Model properties 

The model properties have been calibrated by Dafalias and Manzari (2004) for Toyoura sand. This 

calibration has been used for the numerical simulations since the experimental datasets for Toyoura sand 

provide an excellent basis for calibration of numerical models. The model properties can be seen in Table 

3. 
 

Table 3. Dafalias & Manzari Constitutive Model Constants 

Constant Variable Value Constant Variable Value 

Elasticity G0 125 Yield Surface M 0.01 

 Ν 0.05 Plastic Modulus  h0 7.05 

Critical State M 1.25  ch 0.968 

 c 0.712  n
b
 1.1 

 λc 0.019 Dilatancy A0 0.704 

 e0 0.934  n
d
 3.5 

 ξ 0.7 Fabric-dilatancy tensor zmax 4 

    cz 600 

  
 

RESULTS 

The results are described in four sections. In the first section, damage is associated with earthquake 

intensity measures. The second section discusses some commonly used analytical correlations. The third 

section discusses soil behavior during cyclic mobility events by relating damage with excess pore pressure 

developed in the soil. The fourth section discusses the effect of the directionality of the earthquake motion 

in designing a slope against seismic damage. 
 

Ground Motion Characteristics 
Many correlations of slope damage with ground motion characteristics have been proposed in the 

literature. Recent work by Travazarou and Bray (2003) was based on an advanced form of a stick-slip 

deformable Newmark sliding block analysis (Rathje & Bray, 2000) to numerically simulate the stability of 

a slope. Due to the elastoplastic nature of the problem, characteristics that involve elastic assumptions 

such as resonant frequency are not successful in quantifying damage. 

 

The damage measure of choice in this research is the average shear strain along the slope has been 

selected (�ave), as a damage measure, according to equation (3): 

 

 �	
� = �(� = �, �)�  (3)  

where u(y=H, t) is the horizontal displacement at the top of the slope at any given time t, and H is the 

height of the slope.  

 

This measure was also chosen since the final deformation on the top of the slope is crucial for the behavior 

of structures on top of the slope and because strains in the soil layer affect the lateral pressures on piles.  
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Figure 2. Correlation of predominant frequency, spectral acceleration at the degraded resonant 

frequency, and bracketed duration with damage; triangles indicate motions that cause large damage 

Very popular intensity measures are the predominant frequency of the ground motion, the spectral 

acceleration at a degraded slope resonant frequency, or the bracketed duration (defined as the time 

between the first and the last occurrence of an acceleration spike greater than 0.05g). Their correlation 

with average slope damage is shown in Figure 2. Predominant frequency does not provide a reliable 

correlation due the elasto-plastic nature of the problem. Also, the greater damage observed close to the 

2Hz region is due to the fact that most of the high amplitude motions are observed in this region and not 

due to resonance. Spectral acceleration at a degraded resonant slope frequency is a reasonable correlation 

due to the fact that it includes the effects of PGA. Bracketed duration correlates reasonably with damage, 

because the longer and earthquake the more likely for the slope to liquefy, and also because a larger 

duration means also most likely greater measured PGA. 

 

 
Figure 3. Correlation of peak ground acceleration(PGA), peak ground velocity (PGV), and Arias 

intensity with damage; triangles indicate motions that cause large damage 

Peak ground acceleration (PGA), peak ground velocity (PGV), and Arias intensity are also measures used 

quite widely. As seen in Figure 3 PGA correlates relatively well with �ave. This is true since PGA not only 

includes a measure of the maximum shear forces that excited the slope but also a measure of the duration 

of the earthquake since longer natural excitations are usually stronger too. PGV does not correlate so well 

possibly because is smoothes out some acceleration spikes that are important for the accumulation of 

excess pore pressure and thus important for the seismic stability of the slope. The best earthquake intensity 

measure has been found to correlate well with slope damage is the Arias intensity, defined by: 

 �� = �2�� ��(�)����
�

�
 (4)  
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deformed states from the 9 more “damaging” ground motions, in the analyzed suite of ground motions. 

Displacements along the slope can be as high as one meter, but complete instability is not predicted in any 

case. It can be seen that strains are mostly uniform inside the slope. As the simulations did not generate 

very well-defined shear planes, it is more logical to use the average shear strain over the height of the 

slope as a measure of damage. 

 

Figure 6 summarizes the simulated excess pore pressure ratios (�u/��’v,0) at the end of the strong ground 

motion. The end of the strong ground motion is defined as the last occurrence of a spike larger or equal to 

a=0.05g. The excess pore pressures are largest at location behind the slope. Closer to the slope itself the 

downslope shear strain causes large dilative strains during the earthquake excitation (and these elements 

approach critical state shear conditions). This zone of dilation (i.e. with negative shear-induced pore 

pressures) can be clearly seen as a zone of lower excess pore pressures beneath the crest of the slope. 

 

Since we are dealing with saturated slopes, we can assume that if no excess pore pressure ratio is 

developed then no strains develop in the slope. Also, if the excess pore pressure ratio reaches unity then 

there is no available shear strength in the model, and the associated strain in the slope will become 

infinite. All, other states lie in between these two limiting scenarios. 

 

 

 
 

Figure 5. Final deformed shape at end of shaking 
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Figure 6. Excess pore pressure ratios at the end of the strong ground motion 

For this reason in Figure 6 we correlate the average shear strain developed in the slope at the end of 

shearing with the average bracketed excess pore pressure ratio developed in a region close to the 

maximum shear zone according to equation (6): 

 

 

� �	! = "# ⋅
$%
&′
,�
1 − Δ%&′
,�

 (5)  

where sf is a slope factor that defines the damage resistance of a slope to earthquake induced pore 

pressures. The average bracketed excess pore pressure ratio is defined as the time average of the excess 

pore pressure average in a specific region (Region A as seen in Figure 1), during the bracketed duration of 

the motion. In this work bracketed duration is defined as the duration between first and last excedance of 

an acceleration spike of a=0.05g. 

 

Figure 8a shows that results are very consistent with this correlation. It should be noted that the fact that 

excitations are from real ground motions improves the correlation since real excitations that have greater 

intensity, they also have more cycles, leading to both pore pressure accumulation and shear damage. The 

actual region in which we average the bracketed excess pore pressure ratios is not very critical in this 

procedure. 
 
These results have some very important implications in designing against liquefaction in a slope. Rather 

than performing a large series of dynamic analyses for different ground motions (to get a complete picture 

of damage in a given slope), an engineer could sample his dataset to consider only 3-4 motions with 

varying Arias Intensities (thus different damage states). From there it would be possible to estimate the 
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excess pore pressure ratio is very good, we estimate this correlation for the two datasets separately and for 

the two datasets simultaneously.  

 

If the directionality effects are important then the correlation coefficient in the separate datasets should be 

better that the correlation coefficients for the combined set of ground accelerations. Figures 8a, b, and c 

show that this is not the case and similar correlations are obtained for all datasets. Also, we would expect 

that motions driving the slope mostly downslope to have a slightly larger slope factor, sf. Although, this is 

the case the margin is so small that we can assume the effect is negligible. Thus, directionality of the 

excitation motions appears to have little effects on damage in the slope. 

 

Figures 9a, b, and c consider the directionality issue in more detail by comparing the average slope shear 

strains for the 3 ground motions with the highest absolute directionality index (Id, Table 1) that are applied 

in the downslope and upslope directions.  The results show minimal differences in computed shear strains 

for nga0779 (Id = 2.24 m/s, Fig. 9a) but larger differences for nga1085 and nga1086 (Id = 8.26, 4.13 m/s, 

respectively; Figs. 9b, c).  These results suggest that directionality is only a significant issue if Id > 3-4 

m/s. 

 

 
Figure 8. Estimation of the effect of directionality in the simulated ground motions 

 
Figure 9. Damage observed in the slope for the three more directional seismic motions before and 

after we invert the motion direction 
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CONCLUSIONS 

This paper has shown that Arias intensity correlates very well with numerical simulations of slope 

damage, defined using an average slope shear strain, due to seismic ground motions.  It has also been 

shown that accumulation of excess pore pressure correlates very well with associated damage (Figure 8). 

It is possible to assess the directionality of a ground motion through a directionality index inspired by 

Arias intensity.  This index is able to distinguish cases where directionality can have a significant impact 

on the response of the slope. 
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