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1. Introduction

Abstract: In the context of soil-structure interaction, often underestimated in design codes,
accurate anticipation of dynamic amplification and foundation displacements has become
increasingly crucial. Recent earthquakes like Mexico City (1985), Loma Prieta (1989), Port-au-
Prince (2010), and Kumamoto (2016) highlighted the need for robust methods to analyze
these complex nonlinearities. While both nonlinear and equivalent linear approaches offer
valuable insights, limitations in computational efficiency and implementation can hinder
their practical application. This paper addresses these challenges by presenting the formal
development of a novel quasi-nonlinear method for real-time seismic response analysis,
building upon the principles introduced by the author. This innovative approach, unlike
traditional equivalent linear methods, dynamically calculates mean shear moduli and local
secant stiffnesses, integrating them into a Newmark-based solution process. The paper
further validates the method against the Santa Cruz earthquake (Loma Prieta 1989) on a
sandy soil profile, demonstrating remarkable agreement with reference solutions obtained
using established methods like Shake91 and Quad4m. This comprehensive formulation paves
the way for accurate and efficient real-time reconstruction of seismic responses within a
practical quasi-nonlinear framework.

© 2024 The author. Published by Alwaha Scientific Publishing Services SARL, ASPS. This is an
open access article under the CC BY license.

strengths and limitations in each. While NL methods offer
greater accuracy (Fatahi and Tabatabaiefar 2014), their

Soil-structure interaction (SSl), often underestimated in

complexity and computational demands can be significant.

regulations, plays a crucial role in the seismic design of

Studies have demonstrated the effectiveness of EQL in

buildings, as evidenced by the lessons learned from the
Mexico (1985), Loma Prieta (1989) and Kumamoto (2016)

earthquakes. These major seismic

approximating experimental results (Nguyen et al. 2017, Li
et al. 2017), but comparisons by Fatahi and Tabatabaiefar
(2014) highlight the underestimation of lateral

events revealed

unexpected seismic amplification phenomena at the

deformations with EQL, confirmed by Luo et al. (2016) in

foundations of structures, thus highlighting the need for a

3D finite element analyses.

better understanding and consideration of this
phenomenon in the seismic design of buildings. Despite limitations, EQL's simplicity and applicability make

it attractive. However, a fundamental hurdle lies in the

Modelling SSI relies on two main approaches: purely non-

constant stiffness and damping moduli used throughout

linear (NL) and equivalent linear (EQL) methods. Choosing

the analysis. This presents significant drawbacks when

between them is often debated, as research reveals
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following the time history response within systems or
interfaces (Bakhtaoui et al., 2024).

This paper addresses these challenges by proposing a
novel improvement to the equivalent linear method,
tackling its limitations while preserving its advantages. This
EQL methods,
dynamically calculates mean shear moduli and local secant

innovative approach, unlike traditional

stiffnesses, integrating them into a Newmark-based
solution process, building upon the following methodology

(Bakhtaoui 2024):

1. Determining the initial static stiffness and

damping of the soil-structure system.

2. Calculating the mean shear modulus of the soil at
each time step.

3. Calculating the local secant stiffnesses of the soil
at each time step.

4. Solving the Newmark equations to obtain the
dynamic response of the system.

It's important to note that this procedure isn't meant to re-
demonstrate the Newmark formulation or the equivalent
linear method. Rather, it's about demonstrating the
technique that enables us to transition from a classical
equivalent linear method, implemented in codes such as
Shake91 (Idriss and Sun 1992) or Quad4m (Hudson et al.
1994), to a method that can be classified as pseudo-
nonlinear, or an equivalent linear method that's adjusted

to a temporal approach.

The effectiveness of the new procedure is validated
against a classic case of earthquake propagation. This case
study, represented in this paper, considers the response of
a geotechnical profile of sandy soil subjected to the seismic
acceleration of Santa Cruz (Loma Prieta 1989). The results
are compared to the reference solutions provided by the
established benchmark codes Shake91 (ldriss and Sun
1992) and Quad4m (Hudson et al. 1994). It is worthy to
note that the work presented and the applications used
have focused primarily on the restitution of soil behaviour
at each time step. However, the method is intended to be
implemented in a model including structures for the study
of soil-structure interaction effects.

2. Methodology

From the virtual work theorem, the equations of motion of
a given body subjected to an external load {Q(t)}, can

generally be summarised by the differential equation
system:

[M]{ii} + [C]{u} + [K]{u} = {Q(©)} (1)

[M], [C], and [K] are respectively the nodal matrices of
mass, damping and stiffness of the idealised body, whose
motion is characterised by the accelerations{ii}, velocities
{u}, and displacements {u} at the nodes of the finite
elements composing the object of study.

The resolution of this system can be carried out by several
resolution processes, the most popular of which are
summarized by the finite differences, the Newmark
approach or the Wilson-© approach (Bathe 1996, Chopra
2012). The EQL method applied to finite elements, which
generally uses an implicit type Newmark resolution
process, which means that the equations are solved
simultaneously for all time steps. The method also uses an
iterative loop to ensure convergence, which means that

the solution is repeated until it converges to a stable value.

This method can be expressed at time t, as follows
(Hudson et al 1994):
Miij, g + C; 0549 + Ki U490 = Qiyg (2)

In general, the direct resolution of the motion by
Newmark's method is based on an approximation of the
velocities and displacements at time i+1. This leads to :

M
(K+ﬁc+m—tz) ui+1=aiM+ blc‘l' Qi+1 (3)
With:
u; i . 1
ai_ﬁAt2+ﬁAt+ui(E_1) @
— YW e (Y i (- —
bi_BAt+u‘(B 1)+“'(zﬁ 1)ac ®)

In these equations, the coefficients y and f are the
Newmark coefficients, ensuring the stability condition of
the method (Bathe 1996). In the simulations used, the
values used to have an unconditionally stable method are:
y=0.5 and $=0.25

Typically, the solution of the system (equations 2), at time
step i+1 (for the seismic event j), gives a displacement

vector w, ., which allows us to calculate the shear strain

i+1’
y{, for each element (e). The classic EQL method
recommends calculating the maximum shear deformations
obtained for each element over the entire seismic event
during the jth iteration, which represents the moments

going from i=1to N.
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Assuming that y{ is known at time step i=1, and the
maximum elementary deformations can be expressed
vectorially at the end of seismic event j by:

(vny) = [max @ V (6)
1<isN
Where:

¥{11: represents the elementary shear deformation (e) at
the instant i+1

(YN)j3
deformations obtained in the elements at the end of the

represents the vector of maximum shear

event; that is, the instant i=N, in iteration j.

In addition, the equivalent linear method generally
assumes a uniform distribution coefficient @yniforme Of
shear deformations that can be calculated from the

magnitude "M" of the earthquake, by
Ayniforme = (M - 1)/10 (7)

This makes it possible to evaluate the uniform shear strain
vector at the end of the seismic event j by:

(YN)inaxuniforme = auniforme X (YN)j (8)

This relation, which is the basis of EQL, uses the maximum
deformation of each finite element composing the soil
model subjected to seismic action, which is only obtained
at the end of a given seismic event (itération j), by the

maximum uniform deformation (YN)inaxunifﬂrme' This
implies that the respective stiffness and damping

parameters, d’ and G},/Gpqax, are only determined in
each element at the end of the iteration, using the
appropriate constitutive curves.

This method has a drawback in that the solution is deemed
reliable only after a number of events "j," which depends
on the predetermined convergence criterion "kc." This can
be illustrated by a convergence ratio vector kr for the
elements.

Ratio(kr)) =

. i1 ; i—1
(GI]V - GIJV ) /[(YN)inax uniforme ~ (YN)inax uniforme] (9)
implying that;

If : kc = Ratio(kr?), for all elements =» There is
Convergence = the analysis is successful.

If : kc < Ratio(kr’) For all or some elements = It
appears that the calculation has not converged, and
therefore it is required to redo the calculation in a new
iteration, denoted as j+1.

This entails adjusting the stiffness for a new iteration
(event) j+1, while using the same seismic action. However,
correction coefficients must be applied to the subsequent
elementary stiffnesses:

al,, = G, /G = f(¥,Po, Pl Gmax,etc....) (10)

In this writing, G,{, and G}\',_l represent the vectors of
maximum shear moduli for the elements during events j
and j-1. The function f(y),Po,Pl etc...) depends on
several parameters defined by the constitutive model
adopted. In this expression, yi, Po, PI, Gmax are
respectively, the shear deformation, the average effective
confining stress, the index plasticity, and the shear
modulus. These parameters could express in vector form,
depending on the form given to the formulation of the
correction coefficient.

The correction of the local stiffness matrices can therefore
be written as:

K=da, K1 (11)

This enables updating equation (2) with corrected local
stiffness and damping, previously formed using Hudson et
al's procedure (1994). Which gives after assembling in the
global system:

Miijq + ¢ g + K Ui = Qg (12)

In this system of equations, the initial conditions are
generally fixed such that k! = k,, for the local stiffness
matrices, K1 = K, for the global stiffness matrices, cl=
Co, for damping ratios, and a,,, = {1}, for the correction
coefficient.

The method of updating the system of equations at the
end of an event is a useful technique in soil dynamics. It
allows for moving on to the next calculation in the next
iteration j+1, until convergence is ensured on all elements.
However, this method has its limitations in the case of
complex free-field analyses, contact problems or non-
linear structural behaviour, where it is necessary to have a
solution at each instant i+1.

Proposed modifications

To overcome this obstacle, a modification can be proposed
by adjusting the stiffness and damping of the system of
equations at each instant. This allows for a solution at each
instant, according to an iterative procedure that ensures
convergence. Compared to the previous method, this
modified method does not depend on the number of
events, but on the necessary iterations k at each instant i.
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Thus, equation (8) is rewritten, providing a more accurate
and detailed solution.

k+1

(Yi+1)uniforme = Quniforme X (Yi+1)k+1 (13)

As we see, it is no longer a question of calculating the
maximum shear deformation (yy)’ in the elements, at the
end of the j event (when i=N), but of managing the
deformation at each moment i+1. This involves using a
convergence criterion similar to that of equation 9, but

iteratively (with k iteration) for each element. That gives:

Ratio(kr*+') =
(G{'c-:ll - G{'(+1)/[(Yi+1)1':;ilforme - (Yi+1)1ljnifarme] (14)

implying that;

If kc = Ratio(kr**') = for all elements =» There is
Convergence, =» the analysis is successful

If kc < Ratio(kr¥*') = There is divergence on part
or all of the elements (e), which implies moving to a
correction of stiffness and damping according to a
correction vector of the elements by:

akil = GNYl/GY., = f(y*"1, Po,PI Gmaxetc...) (15)

W= alh Xk, (16)
Where the terms of f(yk+1,P0, PI, Gmax, etc ....) were
previously defined.

That leads for the time i+1, the updating of the system of
equation (2) at iteration k, after assembling the updated
stiffnesses and local damping, previously formed using the
procedure described by Hudson et al (1994), can be

written as:
T R TR e k1 okl _
Mgy + Gy wy + Kl uiy = Qi (17)

We can clearly see in this equation 17, compared to
equation 12 that for a given instant i+1, the updating of
the stiffness and damping matrices will occur iteratively
several times depending on the updating of the movement
until the total convergence of the system at k+1 iterations
before moving to the next instant.

This approach allows step-by-step calculations during a
seismic event, eliminating the need to wait for the entire
event to finish. This provides a continuous understanding
of how soil parameters, representing the system's state,
change as the loading increases. Importantly, integrating
this method with the direct secant approach, which solves
nonlinear equations in the EQL method, is straightforward.
In simpler terms, this method allows real-time adjustments
to soil parameters at each time step, effectively capturing
the dynamic nature of soil behaviour.

Constitutive model and reduction curves

The method uses the same constitutive model as the
equivalent linear model (EQL), which represents the
nonlinear stress-strain behaviour of soil by the secant
stiffness Gsec and the equivalent damping ratio d**!
compatible with the variation of soil deformation induced

by soil vibrations.

In other words, the soil behaviour is represented by mean
reduction curves of type d**!and GKY!'/Gpnax, as a

k+1  These curves,

function of compatible distortion y
based on cyclic relationships, take into account the
hysteretic properties of the soil, using the Hardin and
Drnevich model (1972) with its necessary modifications
(Darendeli 2001). These hyperbolic relationships actually
depend on various parameters such as cyclic shear strain
amplitude 7y, soil type, plasticity index (Pl), average
effective confining stress Po, loading frequency (f), number
of loading cycles (N) and soil structure (Seed and Idriss
1970, Seed et al. 1986, Stokoe et al. 1999, Sun et al. 1988,
Vucetic and Dobry 1991, Bedr et al. 2018). It is therefore
easier to use the appropriate curves in generic or data
form, which have already been the subject of numerous
applications in geodynamics (Lysmer et al. 1975, Kramer
1996, Idriss and Sun 1992, Bardet et al. 2000).

In this paper, the reduction curves used refer to these
formulations, which have been adapted in the form of
tables in the original applications (Shake91 and Quad4M
user manuals).

3. Applications

This example, drawn from the Quad4M user manual,
simulates the propagation of seismic waves through a
geological profile consisting of a 100-foot layer of sand
overlying a rigid rock base. The soil profile, represented by
20 distinct layers (Figure 1), is assumed to be horizontally
stratified. The rock base is subjected to the horizontal
component of the Loma Prieta earthquake recorded at
Santa Cruz, California (Figure 2). Nonlinear soil behaviour
during the earthquake is represented by specific reduction
curves for shear modulus and damping, while soil
properties are specified as per the Quad4M user manual
(see appendix 1 & 2 and figure 3). It is important to note
that in this example, the amplitude of the horizontal
component of the Loma Prieta earthquake applied to the
sand profile is reduced by a factor coefficient of 0.6.

The simulation utilizes three different numerical codes.
The first, SHAKE91, employs an analytical approach to
solve the Shear-wave propagation problem. The second,
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Figure 1: Representation of the sandy layer by: a) the geological
model, b) a two-dimensional column, c) a one-dimensional
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CQuad4M, utilizes the finite element method (FEM) as
described by Hudson et al. (1994), while the third is a
FORTRAN free-field
problems with 3 nodes. This code, called Biss2D (Bakhtaoui
2024), also
previously for Flac2/3D and Abaqus for 2-node column

code, developed previously for

integrates the formulation developed
elements. It was not planned to develop this part in this
article, but the reader can refer to the references

extracted from Flac2d/3d or Abaqus (NIELSEN 2006).

Regarding the calculations with 4-node bidimensional
elements performed with the CQUAD4M code, it should be

mentioned that the code used is essentially based on the
Quad4M code, with a few minor differences such as the
ability to calculate the approximate natural period of a
geotechnical profile, to control the Newmark or Rayleigh
parameters, or to be able to use beam elements. This
procedure (CQUAD4M) has also already been used for
validation (Bakhtaoui 2024).

All codes utilize finite element column-type models to
represent the problem. While CQuad4M employs four-
node quadrilateral elements, the proposed model utilizes
two-and three-node linear elements.

This comparative study aims to demonstrate the accuracy
of the proposed model using the new code (BISS2D).
Therefore, by comparing the results obtained from the
three codes, we can evaluate the effectiveness of the
modified approach to capture the complex nonlinear
behaviour of the ground in a classic case of seismic wave
propagation, used in several research works for validation
(Shake91 manual, Quad4M, Flac3D7.0 etc.).

Results

The results, presented in Figures 4 and 5, demonstrate a
good overall agreement between the responses of the
model's upper section, representing the soil profile,
compared to those obtained with established codes like

Shake91 and Quad4M (here CQuad4M).

However, minor discrepancies in response time can be
observed. These discrepancies are likely due to the specific
Rayleigh coefficients chosen for calculating the evolution
of local damping matrices within the different software
packages (Poul and Zerva 2018). Rayleigh coefficients
essentially control how damping is incorporated into the
soil behaviour, and their values can vary slightly depending
on the implemented approach.

Achieving even closer alignment with precise analytical or
experimental solutions, if desired, may require further
investigations to meticulously examine the combined
influences of damping and the proposed solution method
on the overall outcome. This could involve exploring a
wider range of Rayleigh coefficients (Kwok et al., 2007;
Amorosi et al.,, 2010) and frequency terms within the
Rayleigh formulation itself (Park and Hachach, 2004).
Additionally,
solution methods, inspired by those proposed by Bathe
(1996),
improved accuracy and potentially different insights into

the possibility of employing alternative
could be explored for achieving potentially

the problem.
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Figure 4: comparison of free field surface accelerations: a) with
Shake 91, b) with Quad4m, c) with BISS2D using 2 and 3-noded
column elements

The verification also consisted of comparing the surface
Fourier spectrum of the accelerations provided by BISS2D
and CQuad4M codes (Figures 6) to verify the restitution of
the frequency content by the new procedure. In terms of
total energy (97%) over the bandwidth (of approximately
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Figure 6: Comparison of free field surface Fourier spectra

+ 8.35 Hz), the acceleration responses calculated by the 03
approaches show remarkable proximity to the results. The
total energy represented on the surface by each of the
three acceleration responses or by the power spectrum,
according to the Parseval relation, is practically identical.

4, Conclusion

This article proposes an original modification of the
equivalent linear method to simulate problems related to
soil dynamics, by restoring the nonlinear behaviour of the
medium using an update of the soil properties at each
instant. Unlike the EQL method which updates these
parameters only at the beginning of loading but uses the
same seismic event several times, the procedure makes it
possible to follow the soil response on a single seismic
event, updating the parameters as they go along. Using a
finite element program specially dedicated to this purpose,
the procedure was validated on a classic case of seismic
event by comparing the results found with those of the
Shake 91 and Quad4M reference examples. This practical
method for representing the evolution of geotechnical
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profile responses during a seismic event can be presented
as a good alternative to comparable 2D models and can be
integrated into an ISS calculation code, The proposed
method offers several advantages over existing methods,
including:

e  Real-time capability: The proposed method can be
implemented in real time, making it a practical
tool for seismic

design and engineering

applications.

e Efficient implementation: The proposed method
is more efficient than nonlinear methods, making
it a more feasible option for practical applications.

In addition to the advantages mentioned above, the
proposed method also has the potential benefits to
improve the design of buildings to withstand earthquakes.
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Appendix 1: Sand Characteristics

Layer- Characteristics

Gmax (ksf) | Thickness(ft) Unit Weight (kcf) Ratio damping (%) | Soil type
1 | 454974 5,0 0,125 5,0 1
2 4451,85 5,0 0,125 5,0 1
3 4351,76 5,0 0,125 5,0 1
4 4249,31 5,0 0,125 5,0 1
5 | 414432 5,0 0,125 5,0 1
6 | 4036,61 5,0 0,125 5,0 1
7 3925,94 5,0 0,125 5,0 1
8 3812,06 5,0 0,125 5,0 1
o) 3694,67 5,0 0,125 5,0 1
10 3573,43 50 0,125 50 1
11 3447,93 5,0 0,125 5,0 1
12 3317,69 5,0 0,125 5,0 1
13 3182,11 5,0 0,125 5,0 1
14 3040,50 5,0 0,125 5,0 1
15 2891,96 50 0,125 50 1
16 2735,37 5,0 0,125 5,0 1
17 2482,23 5,0 0,125 5,0 1
18 2097,87 5,0 0,125 5,0 1
19 1625,00 5,0 0,125 5,0 1
20 938,19 50 0,125 50 1

Appendix 2: Reduction Curves

Dynamic properties of sand

Shear Strain G/Gmax Ratio
0.0001 100 0.24
0.0003 100 0.42

0.001 99 0.80
0.003 96 1.40
0.01 85 2.80
0.03 64 5.10
0.1 37 9.80
0.3 18 15.50
1 8 21.00
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