
the shear stiffness of the material becomes successively smaller.
When the final element reaches the elastic limit, the maximum
load-carrying capacity of the material is reached, and no further
increase in load is possible. The yield criterion associated with
the overlay model is that of multi-yield-surface J 2 (or von
Mises) plasticity (Iwan, 1967; Mroz, 1967).

By increasing the number of parallel load-carrying ele-
ments, the approximation of the numerical method improves.
We performed a sensitivity analysis on the number of overlay
elements N required to adequately represent the predicted re-
sponse and amplification spectra of multiple KiK-net ground
motions (using values of N from 3 to 50), we find that site-
response predictions are nearly identical forN > 20 , and there
are no significant differences when as low as N ! 10 –15 over-
lay elements are used. However, the differences are more sig-
nificant for N < 10 . The selection of an appropriate number
of overlay elements represents a balance between prediction
accuracy and computational cost.

MATERIAL PARAMETERS AND DAMPING

To model nonlinear soil behavior, the user must specifyN data
points of a 1D backbone stress–strain curve τ ! f "γ#, which
lead to N parallel elements. The general multilinear stress–
strain equation is

τ"γ# !

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

"G1 $ G2 $ …$ GN #γ for 0 ≤ γ ≤ γ1
τY1 $ "G2 $ …$ GN #γ for γ1 ≤ γ ≤ γ2
..
.

τY1 $ …$ τY "i−1# $ "Gi $ …$ GN #γ for γi−1 ≤ γ ≤ γi
τY1 $ …$ τY "i−1# $ τY i $ "Gi$1 $ …$ GN #γ for γi ≤ γ ≤ γi$1

..

.

τY1 $ …$ τY "N−1# $ GNγ for γN−1 ≤ γ ≤ γN
τY1 $ …$ τY "N−1# $ τYN for γ ≥ γN

: "2#

From the backbone curve, we present a novel, alternative
algorithm for determining the shear moduli Gi and yield
stresses τY i

, i ! 1;…; N , of the N parallel elements, summa-
rized and derived in greater detail by Kaklamanos (2012)
and Kaklamanos et al. (2014). Each inequality in equation (2)
is closed, meaning that at the breakpoints "γi; τi#, i ! 1;…; N ,
two possible stress–strain equations are valid: (1) the equation
for the preceding linear segment and (2) the equation for the
successive linear segment. This equivalence is possible because
the yield stresses τY i

are related to the shear moduli Gi by the
equation τY i

! Giγi; element i switches from elastic to per-
fectly plastic at strain γi. Applying equation (2) twice at each
of the N breakpoints, we obtain a system of 2N equations in
2N unknowns, which can then be converted into matrix form
and solved for the material parameters as follows:

G1 !
τ1
γ1

−
τ1 − τ2
γ1 − γ2

; "3 #

Gi !
τi−1 − τi
γi−1 − γi

−
τi − τi$1

γi − γi$1
; i ! 2;…; N − 1; "4 #

GN !
τN−1 − τN
γN−1 − γN

; "5 #

τY1 !
τ2γ1 − τ1γ2
γ1 − γ2

; "6 #

▴ Figure 2. Stress–strain behavior for N ! 3 elastoplastic ele-
ments in parallel. The dashed lines indicate the stress–strain
behavior of each element (with individual shear moduli Gi and
yield stresses τY i

labeled), and the solid lines indicate the total
stress–strain response of the material. The backbone curve is also
shown. In the illustration, the material is loaded to a maximum
strain of γ3, but it could be loaded to any strain level. For strains
greater than γ3, the material would behave in a perfectly plastic
manner.
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CyberShake predictions of large southern 
San Andreas scenarios may need to be revised for 

nonlinear attenuation of surface waves

Introduction
• AWP-Iwan was developed to understand the coupled effects of off-fault 

plasticity and shallow crust nonlinearity, a SCEC5 research priority.
• The code uses the overlay concept to model Masing unloading and loading 

behavior in soils (Fig. 1).

Figure 4. Reference strain 𝛾r  as a function of depth at sites (a) RUS and (b) CLT.

Definition of Reference Strain
• Strength of sediments is controlled by reference strain 𝛾r  (Fig. 4).
• 𝛾r is defined by Darendeli (2001) or EPRI (1993) shear modulus reduction curves.
• Backbone curve is derived from 𝛾r using hyperbolic soil model.
• Lame parameters and failure stresses pertaining to each yield surface are 

calibrated to match backbone curve.

Nonlinear Simulation of ShakeOut Scenario
• SE-NW rupturing M7.8 earthquake on the southern San Andreas fault is modeled 

dynamically (Roten et al., PAGEOPH, 2017).
• We use AWP-Iwan to simulate realistic nonlinear rheology in the sedimentary infill of 

the San Gabriel and Los Angeles basins.

Figure 2. Spectral accelerations at 3s (3s-SAs) from (a) linear simulation and (b) 
nonlinear simulation with AWP-Iwan, using Darendeli’s relationship for the 
reference strain.

Linear Iwan 
EPRI curves

Iwan 
Darendeli (+ 𝜎)

Iwan 
Darendeli

Iwan 
Darendeli (- 𝜎)

von Mises 
Darendeli

Figure 3. 3s-SAs in Los Angeles and San Gabriel basins (Fig. 4) obtained from linear simulations, 
a single von Mises yield surface, and the Iwan model with different assumptions on the reference 
strain in the sedimentary fill.

Discussion and Conclusions
• Strong long-period ground motions (3s-SAs > 1g) in the Whittier Narrows corridor is caused by 

waveguide amplification in the linear case (Olsen et al., GRL, 2006, 2009, Fig. 2a).
• Realistic Iwan-type nonlinearity greatly reduces the amplitude of long-period surface waves 

causing this shaking (Fig. 2b).
• 3s-SAs at site rus are reduced from 1g in the linear case to 0.3-0.6g in the nonlinear case, 

depending on the choice of reference strain (Fig. 3).
• Using a single von Mises yield surface results in higher ground motions than in the Iwan model 

with 10 yield surfaces (0.7g at rus, Fig. 3).  This suggests that low-strain (𝛾 < 𝛾r) nonlinearity in 
the Iwan model is important.

Figure 5. Minimum value of near-surface shear modulus G, normalized by low-
strain shear modulus Gmax, encountered during the simulation of the ShakeOut 
scenario using the Iwan model (w/ Darendeli relationship).

Shear Modulus Reduction 

• Shear modulus reductions reach up to 50% near Whittier Narrows and up to 75% in 
the San Bernardino basin (Fig. 5).

• Peak strains exceed the reference strain of ~0.1% near the surface. 
• Shear modulus degradation reduces the wavelengths of basin surface waves, and 

effectively limits the maximum frequency that can be resolved with the chosen grid 
step (100 m).

Figure 1. (Bottom left) Parallel-series 
configuration of spring-slider arrangement in 
1D Iwan model.
(Right) Stress-strain behavior of three 
elasto-plastic elements (from Kaklamanos et 
al., SRL, 2015).
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