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NONLINEAR FINITE DIFFERENCE (FLAC) DYNAMIC ANALYSIS FOR 
SHERMAN ISLAND LEVEE 

 
1. SITE CONDITIONS AND LEVEE SECTION AT SHERMAN ISLAND 

 Sherman Island is located in the river delta area, north of Antioch. Figure 1 shows the map 

with sampling location on the Sherman Island levee site. The levee surrounding the island 

protects the land from flooding during rainy seasons. A typical levee section near station 

650+00 was selected for the dynamic analysis. The selected section is presented in Figure 

2.  

 

At this Levee section, it is noted that the ground surface at the slough side is at elevation -

25 feet, while the Island-side ground surface is at elevation -11.5 feet. The levee crest is at 

elevation 8 feet, such that the Levee is about 33 feet high. The embankment is composed of 

fill material. Below the fill, there is a thick soft peat layer ranging from about 25 feet (at the 

slough side) to 38.5 feet (at the Island side). A thin loose sand layer and a thick dense sand 

layer underlie the peat layer. The high tide water table (at elevation +3 feet) on the slough 

side was considered in the dynamic analysis. 

 

2 DYNAMIC ANALYSIS PROCEDURE 

Fragility analysis of earthquake induced deformations at Sherman Island was performed for 

selected ground motion records using the finite difference computer program FLAC 

(Itasca, 2005) with a user defined non-linear soil constitutive model through the program’s 

CPPUDM option. 

2.1 Input Motions 

 Input motions developed for the site are described in the section 6. Time histories for three 

earthquake magnitudes: 5.5, 6.5 and 7.5, were developed and are presented in Figures 6-17 

through 6-22. 

 

For the fragility analysis, each of the three earthquake records (6 components) was scaled 

to three different peak ground acceleration (PGA) levels. For the magnitude 5.5 earthquake, 

the scaled PGA values are 0.05g, 0.1g, and 0.2g. For the magnitude 6.5 earthquake, the 
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scaled PGAs are 0.05g 0.2g, and 0.3g. For the magnitude 7.5 earthquake, the scaled peak 

ground accelerations are 0.05g 0.2g and 0.4g. 

2.2 Program FLAC and Boundary Conditions 

Nonlinear dynamic analyses of the Sherman Island levee were performed using the 

program FLAC incorporating a nonlinear bounding surface plasticity soil model.  Prior to 

the dynamic analysis, a static gravity load analysis was first performed to compute the 

static stresses in the levee and its foundation soils using a Mohr-Coulomb model and 

effective stress strength.  These initial static stresses were used in the FLAC program 

(during the dynamic analysis) to determine the shear strength for each material zone using 

the nonlinear model.  The initial displacements were set to zero before proceeding with the 

dynamic analysis. 

 

One-dimensional site response analyses using the program SHAKE were performed for a 

representative soil column of the island site foundation to develop input motions for the 

two-dimensional analysis (i.e. an interface motion at the base of the FLAC model).  These 

one-dimensional analyses were performed using each of the time histories scaled to a 

specified PGA level as input (stiff site outcropping) motions with half-space wave velocity 

of 1100 fps. In such case, a rigid base was used at the bottom of the FLAC grid. On both 

sides of the grid, free-field boundary conditions are usually specified in the analysis. But at 

this Sherman island profile, the soft peat layer caused large lateral movement at the grid’s 

side boundaries. In this case, we used fixed side boundaries for the FLAC analyses for the 

Sherman Island levee, however the two side boundaries were kept at a significant distance 

from the toes of the levee.  

 

3 SOIL PROPERTIES AND MODEL PARAMETERS 

3.1 Soil Properties 

Based on laboratory consolidated undrained triaxial test results, and the results and back 

analyses from field performance case histories, effective stress shear strength parameters 

(c′ and φ′) and total stress strength parameters (c and φ) were estimated for the levee fill, 

foundation peat, and underlying sands as shown in Table 1 below.   
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Table 1. Soil Properties Used in Analyses 

Sherman Island Levee 

 
Description Soil 

Type 
γt  

pcf 
c'  

psf 
φ'  

deg 
c 

 psf 
φ 

 deg 
K2max Vs 

fps 
Fill 1 115 50 32 25   
Peat: Free 
Field 

2 70 120 28 140 18   100 

Peat: under 
Levee 

3 70 120 28 140 18   300 

Silt/Clay 4 125 0 25 1200 0 570 
Dense 
Sand 

5 125 0 38 65   

 

 

The shear modulus of peat was estimated based on field measured shear wave velocities 

using the following relationship:  

    
γ

maxgG
 = V s       (1) 

where,  Gmax = shear modulus at low strain 
 γ = unit weight of material 
 g = acceleration due to gravity 
 Vs = shear wave velocity 

 

Figures 3 and 4 show the measured shear wave velocities for the peat under the levee crest 

and the peat in the free-field beyond the levee toe, respectively. From these data and other 

information for peat, the shear wave velocity for peat under the levee crest was estimated at 

300 fps, and for peat in the free-field at 100fps. For the levee fill and sand layer in the 

foundation, K2max values, as listed in Table 1, were be used to compute the shear modulus 

using the following equation:   

    psf in , K 1000 = G m2 σ ′maxmax    (2) 

where,  K2max = parameter relating Gmax and σ 'm, and is a function of density or void ratio.  
 σ 'm = mean effective confining pressure in pounds per square foot (psf) 

This study utilized published modulus reduction curves (Seed-Idriss, 1970 mean 
relationship for sand) for the fill within the levee embankment, and the sand layer below 
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the peat layer. For the modulus reduction curve of peat, the Wehling et al., 2001 
relationship (for confining pressure 12 kPa) was used in the free-field. For the peat under 
levee, modulus reduction curve by Wehling et al., 2001 relationship for confining pressure 
greater that 40 kPa was used. The nonlinear model utilizes these relationships between the 
modulus reduction factor, G/Gmax ,and shear strain, to determine the model parameters for 
each of the material zones as described in the following section. 

3.2  Model Parameters 

The model implemented in FLAC is a simplified 2D version of the bounding surface 

plasticity model for sand (Wang, 1990).  This model has the ability to capture the complex 

behavior of sand including liquefaction under monotonic and dynamic loading.  

 

An essential feature distinguishing bounding surface plasticity from classical elasto-

plasticity formulations (such as the Mohr-Coulomb-Finn model) is its ability to simulate 

nonlinear stress-strain behavior, pore water pressure generation and liquefaction under both 

unloading and reloading conditions. The model was further simplified for total stress 

analysis purposes. The code is written in C++ language and operates under FLAC’s 

CPPUDM option. In such situation, the shear strength is not affected by mean stress 

changes and is kept constant for any given material zone under dynamic loading (such that 

it is named as a Su model).  In such a simplified version only four model parameters (Su, 

Gmax, ν  and hs) are needed in a total stress analysis.   

The model parameter Su is the undrained shear strength for the material zone. For the 

dynamic analysis, total stress strength parameter (c and φ from Table 1) were used.  Su was 

estimated using Su = c + σv′ tanφ, and σv′ was estimated from the static (layer by layer) 

construction to the levee crest using the FLAC’s static stress analysis and the effective 

stress strength parameters and the Mohr-coulomb model. Gmax is the maximum shear 

modulus as described in the previous section. The parameter ν is Poisson’s ratio. For the 

dynamic undrained analysis, ν = 0.47 was used. The only new model parameter is hs which 

is used to fit a given modulus reduction curve. 

The analytical expression of the model generated modulus reduction curve is 
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where G is the secant modulus, hs is a model parameter, and τm is the shear strength, Su. 

The modulus reduction curve, G/Gmax, for this model is shown by the first relationship in 

Eq. (3). 

For a given soil strength, τm, and shear modulus, Gmax, the modulus reduction curve (Eq. 

(3)) is a function of shear stress (or shear strain, through the second equation of (3)), and 

the function varies with model parameter hr. This parameter can be calibrated against a 

given soil modulus reduction curve to obtain the best fitt. Figures 5 and 6 present the model 

fitting to the specified modulus reduction curves for peat under the crest and in the free-

field, respectively. Figures 7 and 8 present the model fitting to the specified modulus 

reduction curves for the fill in the levee and sand underlay the peat, respectively. The 

selected model parameter hs for the peat are 1.5 and 0.1, for the fill is 0.2, and for the sand 

is 0.3. 

4. EARTHQUAKE INDUCED DEFORMATION FOR A TYPICAL INPUT MOTION 

Pre-earthquake static effective stresses were first calculated in the levee as described above. 

Then, a specified earthquake input motion was applied as an interface motion at the base of 

the levee sections grid model.   

4.1 Static Stress Analysis 

The FLAC numerical grid and material zones are presented in Figure 9. In the static 

analysis, the side boundaries were fixed with no horizontal movement allowed. The levee 

section at Sherman Island was first built up to get stress distributions in the fill and 

foundation soils using effective stress strength parameters in Table 1. In the next step, a 

water surface was assigned with an upstream elevation of +3 feet, and a downstream water 

surface at 1.5 feet below ground surface at the Island side.  The pore water pressure was 

determined using the specified water table. The computed static vertical stresses and pore 

water pressure are presented in Figures 10 and 11. In the third step, the undrained strength 

parameters were input for each zone for the dynamic FLAC analysis using the non-linear 
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model. The displacements computed during the static analyses were set back to zero, before 

performing the dynamic analyses.  

 

4.2  Dynamic Deformation for a Typical Input Motion 

A typical input motion of magnitude 6.5 earthquake with peak ground acceleration of 0.2g 

was used as outcrop motion. We used a rigid base in the FLAC analysis, and an interface 

motion that was first developed using the one dimensional SHAKE analysis. This interface 

motion is presented in Figure 12. As described earlier, the two lateral boundaries were set a 

distance away from the levee toes, such that a fixed boundary condition could be used.   

The computed crest displacement time histories, both horizontal and vertical, are presented 

in Figure 13. The final crest horizontal displacement is about 1 foot, while the final 

settlement of the crest is about 0.8 feet. The contours of horizontal and vertical 

displacements are presented in Figures 14 and 15, respectively. Figure 16 demonstrates the 

computed shear stress versus shear strain relations during earthquake shaking in a typical 

zone in the peat layer. Because we used a non-linear soil model in the FLAC analysis, the 

stress-strain relations show the permanent shear strain accumulation during the shaking and 

the non-linear nature of the soil. 

 

5 DEFORMATION FRAGILITY CURVES 

The FLAC dynamic analyses for Sherman Island Levee were performed for three 

magnitude earthquakes (each scaled for three levels of peak ground acceleration) and for 

each of two horizontal components. Earthquake induced deformations were computed for 

the entire duration of the input motions.  The critical information from the above dynamic 

analyses is the crest horizontal and vertical displacements, because excessive crest 

displacement will cause the potential for loss of free board (possible over topping), 

cracking, erosion, and consequently, levee failure. Table 2 summarizes the crest horizontal 

and vertical displacement for above specified input motions. Note that, for the same level 

of peak ground acceleration, larger magnitude earthquakes, as expected, resulted in greater 

induced deformations. This is because larger magnitude earthquakes have longer duration 

of strong shaking. 
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The earthquake induced horizontal crest displacements for the magnitude 5.5, 6.5, and 7.5 

earthquakes are presented in Figure 17. Positive values indicate horizontal movement to the 

island direction. The earthquake induced vertical crest displacements for the magnitude 5.5, 

6.5, and 7.5 earthquakes are presented in Figure 18. Negative values indicate soil 

settlement. 

 

 

Table 2. Computed Crest Deformation at Sherman Island Levee 

 
Magnitude 7.5 6.5 5.5 
component H1 H2 H1 H2 H1 H2 
PGA x-disp y-disp x-disp y-disp x-disp y-disp x-disp y-disp x-disp y-disp x-disp y-disp 
(g) (ft)  (ft) (ft)  (ft) (ft)  (ft) 

0.05 0.214 -0.238 0.191 -0.185 0.170 -0.119 0.058 -0.085 0.039 -0.040 0.029 -0.049
0.1       0.089 -0.089 0.070 -0.108
0.2 1.691 -1.506 1.632 -1.375 0.970 -0.802 0.506 -0.606 0.220 -0.221 0.165 -0.259
0.3    1.608 -1.288 0.841 -1.071    
0.4 5.071 -4.194 3.569 -3.167       
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Figure 1. Location of Sherman Island 
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Figure 2. Analyzed Levee Cross Section at Sherman Island 
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Figure 3. CPT and Shear Wave Velocity Data Beneath the Levee Crest at Sherman Island (Boulanger et al., 1998)
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Figure 4.  Shear Wave Velocity Data from the Free-Field at Sherman Island (Wehling et al., 2001) 
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Figure 5. Modulus Reduction and Damping Ratio Relationship for Peat under Levee 
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Figure 6. Modulus Reduction and Damping Ratio Relationship for Peat in Free-Field 
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Figure 7. Modulus Reduction and Damping Ratio Relationship for Fill 
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Figure 8. Modulus Reduction and Damping Ratio Relationship for Sand 
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Figure 9. FLAC Numerical Grid Model and Material Zones, Sherman Island Levee Section 

hs
   1.000E-01
   2.000E-01
   3.000E-01
   1.500E+00          Elevation(x102) 

 

Peat – Free-field 
Fill 
Sand 
Peat – under Fill 



X:\x_geo\DWR-RISK-2005\Phase-1 Tech Memos\Levee Fragility\Tech-Memo\Final Sections\AppendixC-Figures.doc   17

-1.000

 0.000

 
 
 
 
 Figure 10. Computed Static Total Vertical Stresses (in psf), Sherman Island Levee Section 
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Figure 11. Computed Static Pore Water Pressure  (in psf), Sherman Island Levee Section 
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 Figure 12. Interface Input Motion from M 6.5 Earthquake, H1 Component for FLAC (from  Outcrop Motion with PGA=0.2g) 
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 Figure 13.  Computed Horizontal Crest Displacement (Upper Curve) and Vertical Displacement (Lower Curve)  
  Time Histories from M 6.5, H1 Component Outcrop Motion with PGA=0.2g. 
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  Figure 14. Computed Contours of Horizontal Displacement in feet (M 6.5, PGA=0.2g) 

X-displacement contours
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  Figure 15. Computed Contours of Vertical Displacement in feet (M 6.5, PGA=0.2g) 
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  Figure 16. Computed Shear Stress (in psf) versus Shear Strain in a Peat Zone (M 6.5, PGA=0.2g) 
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Figure 17. Computed Crest Horizontal Displacements versus PGA 
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Figure 18. Computed Crest Vertical Displacements versus PGA 
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