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ABSTRACT :

A method to account for non-linear effects in the response of layered soil deposits is presented. This method is
applied to modify the linear transfer function, in fact the amplitudes of the transfer function, called empirical
transfer function. Actually, reductions and shifts to low frequencies present in the amplitudes of transfer
functions under non linear conditions are regarded. These reductions and shifts are done separately. First,
changes in both, shear waves velocity and material damping as a function of the peak ground acceleration in
rock, are established. Then a spectral function of non linearity is computed. This function is the ratio between
the inelastic transfer function, disregarding the shifts to low frequencies (increments in wave number), and the
elastic one. The shifts in the frequency domain are explicitly introduced by means of a proper frequency scaling.
The method is exact for homogeneous single layers. The method is done in seven steps described in the body of
this work. Several results, as non linear transfer function, spectral ratios and synthetic seismograms are
presented to show how easy and useful the method is.
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1. DYNAMIC GROUND RESPONSE

The effects of the local soil conditions can considerably affect the seismic motion and, for this reason, the
structural response. These also called site effects produce significant space variations of the ground motion,
including amplifications and/or attenuations of their intensity as well as modifications of their duration and
frequency content, which have a determining influence in the structural response. Higher dynamic
amplifications that the ground motion undergoes usually appear where the rigidity contrast of grounds are very
pronounced. This generally happens near the free surface, especially in areas of sedimentary deposits or alluvial
valleys. The horizontal interfaces between layers and the lateral irregularities produce a phenomenon of multiple
diffraction of seismic waves, that generates constructive and destructive interferences, and that as well, originate
amplifications and attenuations, respectively. In order to evaluate the effects of amplification of the seismic
motion in ground deposits it would be desirable to know the site transfer function. The experimental
determination consists in the spectral ratio between the motion in the surface and the one in the bedrock. Fourier
Amplitude Spectra (FAS) of both motions are used. In the absence of seismic records, the transfer function
usually is determined with the one-dimensional wave propagation model. Only in special cases it is made use of
models of greater complexity. This theoretical model is the most adequate in seismic engineering for the study
of the site effects. In particular, its simplicity allows including, approximately, the effects related to the
nonlinear behavior of the dynamic properties of the ground subjected to intense earthquakes.

The response of a soil deposit subjected to seismic excitation is function of several factors that are related to
geometry and the material dynamic properties. For practical aims, nevertheless, this complexity can be reduced
if the site effects are exclusively related to two parameters that measure the most relevant features of the soil
deposit. These are the dominant period of vibration and the effective velocity of propagation of the site. For this,
it is common to make use of an approach that consists of replacing the stratigraphic profile by a simple layer
with equal effective velocity and dominant period to those of real stratigraphy. This idealization is adapted for
layered media noticeably horizontal that respond essentially like a homogenous mantle.

The model of waves propagation commonly used to quantify the seismic motion amplification in soft soils with
respect to which it would be had in firm ground, is a ground deposit formed by a single layer on a halfspace,
excited by the vertical incidence of shear waves. Suppose, as a reference system, that this model has the vertical
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coordinate z, positive downwards, with the free surface of the layer in z =-H, and the interface between the
layer and the halfspace in z=0. In addition, suppose that p, and p, are the mass densities of the soil and
the rock, respectively, and that B, and [, are the shear wave propagation velocities of the ground and the
rock, respectively. The impedance contrast is given by 1 =p.B./p,B, , and the wave number is k=w/p. If
the excitation or incident wave field is V, , the transversal displacement, Vg, in the layer can be written as

v, =2V, cos| k, (z+H) |[cos(k.H) +insen(k,H)] " €™ (1.1)

2. NON-LINEAR BEHAVIOR OF THE SOIL

To account for nonlinear behavior of materials in the studies of dynamic amplification of the ground motion, is
necessary to fit the more relevant dynamic properties of the soil with the strain levels expected for the design
limit states, in particular, the collapse prevention. In the most of the tests it is verified that the shear stiffness
modulus and the internal damping are the parameters more affected by the non-linearity of the soil. In addition,
these parameters are those of greater influence in the ground seismic response. A direct way to include the
non-linearity of the soil is to prescribe the cyclical relations stress-strain with base in the experimental evidences.
It is necessary to introduce two concepts: skeleton curve and unload-reload criterion. The skeleton curve is the
stress-strain relation that is obtained during the initial charge. For infinitesimal deformations it must reflect the
linear behavior. In fact, the tangent to this curve in the origin has as slope the initial or maximum stiffness
modulus. As the deformation increases, the slope of the tangent to the skeleton curve is reduced. With the
unload-reload criterion the stress-strain path that must be followed during the unloading and the reloading is
described. The skeleton curve and the unload-reload criterion constitute a simple mechanism for the
construction of the cyclical stress-strain relations. Typical variations of the non-linearity in the stiffness modulus
and the internal damping can be expressed directly as a function of the cyclical shear strain. When using the
equivalent linear method (Seed and Idriss, 1970) settles down that the model of linear response is applicable for
nonlinear behavior of the soil if the stiffness modulus is approximated as the module that is secant to the origin
in the skeleton curve. Besides, the damping ratio is taken proportional to the area of the hysteresis cycle (a
measurement of the capacity of energy dissipation of the material. Figure 1, left part, shows a typical
stress-strain relationship of Masing type (Newmark and Rosenblueth, 1971). Right part shows that the stiffness
modulus (referred as p) and the damping ratio (£) are function of the magnitude of the strain: the rigidity
reduces and the damping increases as increases the strain. The values of the stiffness modulus and the damping
ratio for the cyclical deformation ., can be considered with the formulas of Hardin and Drnevich (1972):

MM = (L+7e/7,) (2.1)

Cc = Cmax (1_Hc/umax) (2-2)

where . is the secant stiffness modulus for the cyclical deformation vy., . is the damping ratio for the
cyclical deformation y., W IS the maximum stiffness modulus for small deformations, (... is the
maximum damping ratio for great deformations, y, is the reference strain for small deformations equal a
T | G @D Tay  iS the maximum shearing stress or strength of the soil. According to equation 2.2, .

must be interpreted like the damping that arises by nonlinear effects, since for infinitesimal deformations
e =HUmax and therefore . =0.When considering the viscous damping of the material, it is had that

Ctotal = Cv + Cc (2.3)

where G4 is the total damping and it is formed by the viscous (C,, ) and hysteretic (£ ) dampings of the soil. The
curves that are obtained with equations 2.1, 2.2 and 2.3 do not completely reflect the nonlinear behavior of the soil.
However, it is accepted that the values derived for the stiffness modulus and the damping ratio represent the average
values that would be had for the deformation imposed by a harmonic excitation. There are several empirical relations
adjusted to consider the parameters v, and (.., thatare required for the application of equations 2.1 and 2.2. For
sand and gravel the following equations in terms of the shear wave velocity were obtained (Seed and Idriss, 1970):

logy, =0.29-1.431ogf, (2.4)
Crmax = 0.2+ 0.1(P, —200)/800 (2.5)

Whereas for saturated clays the following equations in terms of the plasticity index Ip were obtained:



th
The 14  World Conference on Earthquake Engineering

A

- 111 i s
October 12-17, 2008, Beijing, China 14 f\X/(l;EE
v, =(5.241,—48.65)x10° (2.6)
Cmax = 0.25 2.7)

When the curves of dynamic shear modulus and critical damping for specific soils are known, these will be preferred
instead of the empirical relations. The equivalent linear method consists of starting off with the elastic properties of
the soil and examining the deformations that are had in a dynamic analysis under an excitation. Later it is made use of
equations 2.1 and 2.2 or specific empirical relations are used and then, the values of shear wave velocity
B. =(u./p.)Y2 and damping . compatible with the obtained level of deformation of the initial linear analysis
are adopted. It is continued with these values of velocity and damping in a second linear analysis and the
deformations are again examined in order to determine the dynamic parameters of the soil compatible with the level
of deformations. Typically, after eight iterations one arrives at equivalent values of velocity and damping that reflect
the nonlinear behavior of the soil subjected to the deformations imposed by the excitation.

Stress ‘ Stress

~ .
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Figure 1. Left: Curved skeleton and load-reload criterion for material behavior of Masing type.
Right: Stress-strain behavior for two levels of deformation

3. EQUIVALENT LINEAR MODEL FOR A HOMOGENEOUS LAYER

In agreement with the procedure described for the application of the equivalent linear method, it is required to know
the level deformations inside a continuum medium. The relation between stress and strain in these media is given by
the law of Hooke, and the relation between the strain and displacement is given by the Cauchy tensor. Following
these relations and considering eq 1.1, it is had that the stress field T in a layer is given by:

1, =—2V,pugksen[ k, (z+H) |[cos(k,H) +insen(kH)] " &' (3.1)
and the angular deformation or strain in the medium is given by

Yo =-V,ksen|[ k, (z+H)|[cos(k,H) +insen(k,H)]" e (3.2)

4. PARAMETRIC EXAMINATION OF THE NONLINEAR RESPONSE OF A LAYER

In order to realize a parametric examination of the nonlinear behavior of a layer, particularly of the changes in the
transfer function, it is convenient to normalize the layer response in terms of its dominant period. Equation 1 is the
displacement field at any depth in the layer in terms of the argument, k H that can be written as T (1—iC.)/4.
Then, it is had that in the surface of the layer (z =—H), the displacement is:

oT,
4

(l—ics)jﬂnsen(m-rs (1—igs)ﬂ_ glot 4.1)

vV, =2V, {cos( 2

On the other hand, realizing this same representation in equation 3.2, it leads to the following expression for the
deformations inside the layer

Y, = —vokssenms (1+2] (1—ics)}{cos[°”s @-ic) +insen| 25 (1—ics)ﬂ e 42)

4 4
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It is clear that, in agreement with equation 4.1, the displacement in the surface depend on the period of the layer, the
damping and the impedances contrast. The strains in an arbitrary depth z depends on these parameters along with the
wave propagation velocity B, implicit in the wave number K. In a parametric study of the nonlinear behavior of a
layer, it would be necessary to consider the dominant period as well as the wave propagation velocity, supposing that
the strength or the reference strain, implicit in equations 2.1 and 2.2, are constant parameters in the analysis. It was
found that there is a relation between the plasticity index and the velocity such that the effects of the non-linearity in
the velocity and in the damping are constant, independent of the value of B . This is shown in figure 2. The uniform
hazard spectrum for firm ground of Mexico City for a return period of 125 years was used as an excitation.
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Figure 2 Plasticity index 1, versus wave propagation velocity B, for constant relations of B /B,

4.1. Response and Fourier Amplitude Spectra of uniform hazard for firm ground

Nine Uniform Hazard Response Spectra (UHRS) (5% of damping) for firm ground of Mexico City were used,
corresponding to return periods of 10, 20, 30, 50 75, 100, 125.175 and 250 years (Ordaz et al, 2003). The aim is to
find tendencies in the changes that are had in the dominant period of a layer as well as in the damping, when varying
the intensity of the excitation. These spectra as well as the response spectrum corresponding to a great subduction
earthquake (M=8.1) registered in firm ground, are shown in figure 3, left part. Note that for structural periods
T, > 0.7s, this spectrum produces intensities with return periods between 75 and 125 years, approximately. For
smaller structural periods the contribution of other seismic sources different from the subduction is clear. In the right
part, the FAS of the selected UHRS as well as the FAS corresponding to the observed subduction earthquake are
shown. For frequencies of the excitation f <1.4Hz, this spectrum produces intensities with return periods between
75 and 125 years, approximately. For greater frequencies the contribution of other seismic sources is also clear.
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Figure 3. Left: Response spectra (RS) of uniform hazard (solid line) for return periods of 10 (minimum
amplitudes), 20, 30, 50, 75, 100, 125, 175 and 250 (maximum amplitude) years. The RS corresponding to the
September 19th, 1985, Michoacan earthquake, registered in firm ground, is shown with dashed heavy line.
Right: FAS associated to the uniforms hazard (UHRS) (solid line) for the same return periods of the left part.
With the dashed heavy line the FAS corresponding to the September 19th, 1985, Michoacan earthquake,
registered in firm ground, is shown with dashed heavy line.
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4.2. Preliminary calibrations

Let suppose a homogenous mantle characterized by its dominant period, its internal damping and its impedance
contrast with the halfspace. Equation 4.1 describes the motion that would be had in the surface under vertical
incidence of shear waves as a function of these parameters. It is required to know the velocity B. in order to apply
the equivalent linear method. For Mexico City, some empirical relations that allow knowing the velocity, the
impedance contrast and the damping of the layer as functions of the dominant period have been calibrated (Avilés
and Perez-Rocha 1998, Aguilar et al 2003). Using these expressions, it was found what plasticity index is required to
have a reduction of 20% in [, under the excitation corresponding to 125 years of return period. After incurring the
iterations of the equivalent linear method would be had that . /p,,., =0.80. The layer periods T.=1.0, 1,5, 2,0,
2,5, 3 and 4 were selected for this parametric analysis. The peak ground acceleration and the effects of the
non-linearity in the velocity (B</B.) and in the damping ({.) due to the 9 excitations of figure 3, were
determined and displayed in figure 4. It could be pointed out that it is possible to predict the changes in the shear
wave velocity and the internal damping in a soil deposit based on the peak rock acceleration. Results of a regression
considering all the values calculated for layer periods are shown with solid line and are written as follows

0.79
B/Brmax =1—-0.296 a¢>* and ¢, =0.129a; (4.3)
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Figure 4 Variation of the response in several soil deposits (characterized by their dominant period) with
nonlinear behavior excited by a variety of motions of uniform hazard for different return periods, given in fig 3.

5 SPECTRAL MODEL OF NONLINEAR BEHAVIOR

Let suppose the transfer function given in eq 4.1 with T, =4H/B,, and (1—i)=@A+i)™ . Let B2,&° and n°

be the shear wave velocity, the damping ratio and the impedances contrast for strains within the elastlc mterval

Analogously, a transfer function for the nonlinear condition can be written by replacing the values B, ™ and 1.
This substitution will consequently bring a shift towards smaller frequencies, due to the reduction in the velocity, and
a reduction in the spectrum amplitudes due to two concepts: the increment in the value of the damping and the
reduction of the impedances contrast (the rock remains elastic). In order to separate these effects, the shifting in the
frequency and the amplitude reduction, it is proposed to use a transfer function that reflects onIy the s[g)ectral
reductlons and later to consider explicitly the reduction in the velocity. That is, substitute {2 and ¢ by and
ns in the linear transfer function. The ratio between this two transfer function, linear and pseudo nonlinear, is
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G(w) = {COS (Oco—Hsm] +i ng'sen[om—H?mﬂ |:COS(O(D—H?OJ + in‘s’sen(ow—Hfoﬂ (5.1)
Bs (1+iC5) Ps (1+iC5) Bs (1+1C5) Ps (1+iC5)

If the empirical transfer for elastic conditions is expressed by means of E? (w), with the reductions by non-linearity
it would be expressed as

EM(0)=E2(o)xG(o) (5.2)
Finally, to include the shifting-to-low-frequencies a frequency scaling given by the factor E:B/Bma, =B™M/B2 is
done, that is to say

E"(0)=E" (0xp) (5.3)

If EJ(w) is the transfer function of a homogenous layer the solution is exact. The steps to modify a transfer
function by nonlinear behavior are enlisted as follows:

1) Identify the dominant period of the site T, in the elastic empirical transfer function E?(w).

2) Determine the values of the thickness of the deposit, the internal damping, and the impedance contrast.

3) Determine the peak rock acceleration that it is had for the period of interest return.

4) Determine the values of B/B,... and (. corresponding to the seismic intensity given by a! with eq 4.3.

5) Determine the values of the shear wave velocity B, the damping ratio (" =% +¢,, and the impedances
contrast nf' for the condition of non-linearity imposed by a/,.

6) Determine the spectral function ratio of non-linearity with eq 5.1

7) Obtain the nonlinear transfer function incorporating the reductions and shifting given by egs 5.2 and 5.3,
respectively.

This procedure for two homogenous layers of 2 and 4 seconds period is shown in the top and the bottom of figure 5,
respectively. The spectral functions of non-linearity considering a. =0.5m/s® are shown in left column. The
elastic transfer functions and the elastic ones multiplied by the corresponding nonlinear spectral function, that is to
say the reduced functions, are shown in the middle column. Finally, the elastic transfer functions and the final transfer
functions after applying to the reductions and shifting by the non-linearity, appears in the right column.
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Figure 5. Account for the effects of non-linearity in a spectral analysis of two sites. Top: T=2s, Bottom: Ts=4s.
Left: nonlinear spectral functions considering a’ =0.5m/s?. Middle: elastic transfer functions (solid line) and
elastic ones affected by the corresponding nonlinear spectral function (dashed lines). Right: elastic transfer
functions (solid line) and final transfer functions (dashed line) after reduction and shifting by non-linearity.
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5,2 Example
In order to illustrate this method a real empirical transfer function of a site with T, =2S was selected. Figure 6, left
part, shows the transfer functions that would be had for the nine levels of non-linearity given by the nine excitations
given by their FAS of figure 3. Note that these functions are losing their typical characteristic of narrow band as the
effects of the non-linearity are increased. It has been observed in rigorous numerical experiments with stratigraphy of
greater complexity (Perez-Rocha, 1990). Right part of figure 6 shows the UHRS (5% of structural damping) that
would have for each excitation considering the nonlinear effects introduced in the transfer functions of left part.
Spectra corresponding to 10 (minimum amplitude), 30, 100 and 250 (maximum amplitude) years are indicated with
heavy lines. Note that as the return period grows the peak spectral value appears in greater structural periods. Finally,
synthetic acelerogramas for each one of the return periods of 10, 30, 100 and 250 years indicated with heavy lines in
figure 6 are shown in fig 7. The method used to obtain accelerograms is the one proposed by Boore (1983).
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Figure 6. Left: Elastic transfer function (heavy line) and the ones affected by non-linearity under the 9 FAS of
figure 3. Right: UHRS (5% of damping) for return periods of 10 (minimum amplitude), 20, 30, 50, 75, 100, 125,
175 and 250 (maximum amplitude) years. Spectra for 10, 30, 100 and 250 years are indicated heavy lines.
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Figure 7. In columns appear four simulations of synthetic accelerograms for the selected site in fig 6. Each row
shows the synthetics of each one of the regarded return periods (10, 30, 100 y 250 years).
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6. CONCLUSIONS

A method to take into account the effects of the non-linearity in the dynamic response of layered soil deposits was
presented. The method consists of taking into account the reductions and the shifting towards smaller frequencies
than appear in the amplitude of the transfer functions when conditions of non-linearity. These reductions and shifting
are made separately. Firstly the changes in the shear wave velocity and in the internal damping of the soil deposit are
settled down based on the peak rock acceleration. Later a spectral function of non-linearity is computed. It is the ratio
between the inelastic transfer function without considering the shifting towards smaller frequencies (increases in the
wave number) and the elastic transfer function. The elastic transfer function is scaled with this function. The shifting
is introduced explicitly by means of a frequency scaling of this transfer function. The method is exact for
homogenous mantles. Response spectra and synthetic acelerogramas were computed with these functions. By
simplicity empirical relations were used to modify the shear wave velocity and the damping ratio inside the layer. The
results are satisfactory, although for realistic situations it will be necessary to establish empirical relations that reflect
the behavior of the materials under different levels from non-linearity.

REFERENCES

Aguilar H. R., Galicia M., Pérez-Rocha L. E., Avilés J., Vieitez L. and Salazar M. (2003), Efecto del
hundimiento regional en las propiedades dinamicas del suelo, Proc. 12th Panam. Conf. on Soil Mech. and
Geotech. Engrg, Boston, USA.

Avilés J. and Pérez-Rocha L. E. (1998), Site effects and soil-structure interaction in the Valley of Mexico, Soil
Dynam. Earthg. Engng., 17, 29-39.

Boore D M (1983). Stochastic simulation of high-frequency ground motions based on seismological models of
the radiated spectra, Bull Seism Soc Am, 73, 1865-1894.

Hardin, B.O. y Drnevich V.P. (1972). Shear Modulus and Damping in Soils -11. Design Equations and Curves,
Journal of the Soil Mechanics and Foundations Division, ASCE, 98, No. SM7, July, 1972, pp. 667-692.

Jaime, A. (1987). Caracteristicas dindmicas de las arcillas del Valle de México, Tesis Doctoral, Facultad de
Ingenieria, UNAM.

Newmark N.M. y Rosenblueth E. (1971). Fundamentals of Earthquake Engineering, Prentice-hall, New Jersey,
EUA

Ordaz M., Miranda E. and Avilés J. (2003), Propuesta para espectros de disefio sismico para México, Distrito
Federal, Ingenieria de Estructuras, 8, 189-207.

Ordaz M. (2003), Personal comunication.

Pérez-Rocha L E (1990). Respuesta sismica no lineal de depdsitos estratificados de suelo blando, Tesis de
Maestria, Facultad de Ingenieria, UNAM.

Seed, H.B. e Idriss .M. (1970). "Soil moduli and damping factors for dynamic response analysis," Report
EERC 70-10, University of California, Earthquake Engineering Research Center, Berkeley, CA, 1970.



