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SUMMARY:

The aim of this study is to analyse the influence of the interface slope and stiffness contrast between layers on
the seismic response of the soil. To perform this analysis, the finite element code SAP2000 was used to extract
the vibration modes in the linear elastic range, while the FLUSH code was used to evaluate the influence of the
non-linear response of the soil. Two types of bi-dimensional models were studied: horizontal stratification and
dipping interface between layers, considering different combinations of soil properties and dip of the interface.
The soil response was analysed in terms of amplification factors and transfer functions. The results demonstrate
that soils with the non-horizontal stratification present higher amplification factors. It was also verified the
decrease of resonance frequencies and amplification factors with increasing input motion amplitude.
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1. INTRODUCTION

The earthquake-induced ground motion depends on the intensity, distance and fault of the earthquake.
It is well known that for a given earthquake event, the shaking at sites located at the same distance to
the fault, can present large variability as result of different local conditions, known as site effects.

The site effect, induced by topography geological structure and/or ground properties, can change
significantly the frequency content, the amplitude and the duration of the ground motion.

Usually, the seismic site response admits the soil is horizontally stratified, for example when seismic
response is evaluated considering the vertical propagating shear waves.

The hypothesis of horizontally layered ground is mainly adequate for recent sedimentary soil deposits,
however, there are many cases in which the interface between layers may have small slope or there is
a paleotopography that controls the geologic structure, as for instance a river valley.

This work studies the influence of stiffness contrast between layers, relative thickness of the layers and
of the slope of the interface between different geological materials on the seismic response of the
ground. The analysis compares the response of two bi-dimensional models: one with horizontal and
the other non-horizontal stratification. Two finite element programs were used: SAP2000 (Computers
and Structures, 1998) and FLUSH (Lysmer et al., 1975). The vibration modes were extracted and
transfer functions and amplification ratio were computed.

The results suggest that soils with non-horizontal interface are associated to higher amplification
factors.



2. NUMERICAL MODELLING
2.1. Method of analysis

The dynamic properties of the soil are strongly dependent on the level of deformation induced by the
seismic motion. For small levels of deformation, such as in seismic methods, soils exhibit linear elastic
behaviour, however for higher levels of distortion the response is nonlinear and dependent of the
number of loading cycles.

In this study two finite element codes were used: SAP2000 (Computers and Structures, 2009) and
FLUSH (Lysmer et al., 1975). The modal analysis was used to study the mode shapes of the layered
ground in the linear range with SAP2000 code. The linear equivalent method was used in FLUSH
code to take into account the nonlinear behaviour of the soil in the ground response. This method
applies an iterative process to obtain compatible dynamic soil properties (shear modulus and damping
ratio) with the induced level of distortion. However, the equivalent linear method is used to simulate
the seismic response of the soil for small to medium levels of deformation, because is not able take
into account the effect of the number of cycles of loading. This method uses the stiffness and damping
strain-dependent curves. In this work, the unified equations proposed by Ishibashi and Zhang (1993)
were adopted for plasticity index P1=50, to minimize the influence of the effective confining pressure
on the shear modulus reduction and material damping ratio curves.

The seismic loading was introduced using a pulse, which correspond to constant Fourier amplitude in
frequency-domain, to equally excite all the frequencies. The seismic loading was introduced for three
levels of peak acceleration, 0.1g, 0.5g and 1.0g, to evaluate their effect on the seismic response.

2.2. Models

Two model types were defined (Figure 2.1) to study the influence of the thickness of the layers (h), the
stiffness contrast (Vsi/Vs,) and inclination of the interface between strata (i) on the seismic response
of the soil. Model type 1 has horizontal interface, while model type 2 has non-horizontal interface. The
models have 60m in length by 40m in height.

Each model has two layers, soil 1 is the top layer and the soil 2 is the bottom layer. The initial
damping ratio of both soils corresponds to 2%. The characteristics of the analysed models are
presented in Table 2.1 and Table 2.2.

Figure 2.1. Models: a) Model type 1 — horizontal interface, b) Model type 2 — non-horizontal interface.

Table 2.1. Characteristics of Models Type 1.

Soil 1 Soil 2
Vs,/
Model | p, [}le P BV =P P [&ZN o | Ve | Eo Goz | vs,
[m] m3] [mis] | [KPa] | [KPa] | [m] /m3] [m/s] [KPa] [KPa]

111 | 10 18 0.4 | 100 | 51429 | 18367 | 30 19 (04| 50 13571 4847 2

1.1.2 | 10 18 0.4 | 100 | 51429 | 18367 | 30 19 | 0.4 | 1000 | 5428571 | 1938776 | 0.1

121 | 30 18 0.4 | 100 | 51429 | 18367 | 10 19 (04| 50 13571 4847 2

122 | 30 18 0.4 | 100 | 51429 | 18367 | 10 19 | 0.4 | 1000 | 5428571 | 1938776 | 0.1




Table 2.2. Characteristics of Models Type 2.

Soil 1 Soil 2
. Vs,/
Model | [IE\I/ v Vs, Eo,l GO,l [kyi\ll v Vs, EO,Z GO,Z VSlz
[°] m [m/s] | [KPa] | [KPa] m? [m/s] [KPa] [KPa]

211 5 18 0.4 | 100 | 51429 | 18367 19 0.4 50 13571 4847 2

212 5 18 0.4 | 100 | 51429 | 18367 19 0.4 | 1000 | 5428571 | 1938776 | 0.1

221 | 15 18 0.4 | 100 | 51429 | 18367 19 0.4 50 13571 4847 2

222 | 15 18 0.4 | 100 | 51429 | 18367 19 0.4 | 1000 | 5428571 | 1938776 | 0.1

2.3. Finite element mesh

The two-dimensional finite element models are in plain-strain conditions. The vertical displacement of
the nodes is restrained, and the bottom nodes have all degrees of freedom restrained.

The accuracy of the results obtained by the finite element method depends on the dimensions of the
elements in the direction of wave propagation. To avoid the artificial loss of the high frequencies,
Kuhlmeyer and Lysmer (1973) recommended a minimum size for the elements, which corresponds to
about 1/8 of the minimum wavelength. The elements in the direction of wave propagation are 1.5m
high, ensuring the accurate representation of at least 4 vibration modes in models with V¢ min = 50m/s
and 2 vibrations modes in models with V i, = 100m/s.

2.4. Model calibration

The validation of a uniform layer of soil laid on rigid bedrock (the soil properties are y,=18 KN/m?, v
= 0.4 and V¢= 100m/s) was done in the linear elastic range.

The model response was compared with the vertically propagating shear waves in elastic damped
layer, in terms of transfer function.

As expected, both transfer functions match perfectly (Figure 2.2).
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Figure 2.2. Transfer functions: model response (FLUSH) vs. vertically propagating shear waves in elastic
damped layer.
3. DISCUSSIONS OF THE RESULTS
3.1. Modal analysis

The modes shapes extracted using SAP2000 modal analysis and with physical meaning are presented
and discussed.



3.1.1. Model 1

The modes shapes extracted are presented in Table 3.1. Because the soft layer has lower fundamental
frequencies than the stiff layer, it exhibits mode shapes of higher order. For example, the 4™ mode
shown in Table 3.1, is the 4™ mode for the soft layer, but just the 1% or 2™ for the stiff layer.

Table 3.1. Vibration modes of model 1.1.1 and 1.1.2 (h;=10m).

Vs,/Vs, 1% mode 2" mode 3" mode 4™ mode
2
(Model
1.1.1)
f,=0.32 Hz f,=1.00 Hz f3=1.73Hz f, =247 Hz
01 . e
(Model ] #Wf i
1.1.2)
fi=2.42 Hz f,=6.89 Hz f;=8.70 Hz f,=11.99 Hz
3.1.2. Model 2

Model 2 has two layers with the interface inclined 5° or 15°. Table 3.2 present the vibration modes
associated to both studied stiffness contrast combinations. In the case Vs,/Vs,= 0.1, only two vibration
modes were determined, as a consequence of the used size of the elements. The soft layer controls the
response of the model, as it mainly controls the deformed shape.

Table 3.2. Vibration modes of models 2.2.1 and 2.2.2 (i=15°).

Vs,/Vs, 1% mode 2" mode 3" mode 4™ mode

(Model
2.2.1)

fl =0.32Hz f2 =0.97 Hz f3 =1.64 Hz f4 =2.28 Hz

0.1

(Model
2.2.2)

f,=3.14 Hz f,=6.76 Hz

3.2. Equivalent Linear Method

The results obtained with the linear equivalent method are analysed in terms of frequencies,
amplification factors, defined as ratio between peak acceleration at the surface and at the base, and
transfer functions between the bottom and the top of the model.




3.2.1. Model 1

Model 1 corresponds to the horizontally stratified soil. In this case, the highest amplification factors
were, in general, associated to the models with thicker stiff layer (Figure 3.1). This tendency is more
clear in models with increasing stiffness with depth (Vs./Vs,= 0.1), which have also higher stiffness
contrast than Vs;/Vs,= 2.
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Figure 3.1. Amplification factors of model 1.

The results obtained with the models for Vs,/Vs,= 2 were relatively insensitive to the variation of the
thickness of the layers, as result of the filtering effect of the softer (lower) layer. In this case, the
amplitude of the surface motion was always lower than the input motion (attenuation).

The results obtained for the cases with Vs;/Vs,= 0.1 indicate that soils with increasing stiffness with
depth and higher stiffness contrasts are associated to higher amplification factors.

Figure 3.2 presents the transfer functions of the models with the same relation hy/h, for different
stiffness contrast. The effects of the non-linear behaviour of the soil are visible in Figure 3.2. The
amplitude and the resonant frequencies decrease with the intensity of input motion, due to the increase
in damping and reduction of the shear modulus of the soil. According to one-dimensional wave
propagation models (Kramer, 1996), the fundamental frequency of the soil, in the linear elastic regime,
is given by V/4H, where H is the thickness of the layer and V; the shear wave velocity of the soil.
Applying this expression, it’s possible to verify that for the case with Vs,/Vs,=0.1, the first and the
third resonant frequencies are associated to the fundamental frequencies of the soft (2.5 Hz) and stiff
soil layers (8.4Hz), thus the decrease of the peak amplitude with increasing order of the frequency
does not occur. This is also verified for the model with Vs,/Vs,=2, with frequencies of 0.4 Hz (soft
soil layer) and 2.5Hz (stiff soil layer), however in this case the higher peak amplitude was obtained for
the fundamental frequency.
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Figure 3.2. Transfer functions obtained with models with h;= 10m and h,=30m, for Vs,/Vs,=2 (left) and
Vs1/Vs,=0.1 (right).



3.2.2. Model 2

The amplification factors obtained in models with inclined interface between layers, for Vs,/Vs,=2
and Vs,/Vs,=0.1, are presented in Figure 3.3 and Figure 3.4, respectively.

As in the previous case, when the bottom layer is softer (Vs,/Vs,=2), it acts as a filter of the seismic
waves, because the results are relatively insensitive to the variation of the thickness and to the
inclination of the interface between layers.

The amplification factors obtained when stiffness grows with depth (Vs/Vs,=0.1 - Figure 3.4) are
considerably higher than for the case Vs)/Vs,=2, especially for the input motion with the lowest
amplitude (0.1g). This is because the response occurs mainly in linear elastic range and with very low
damping coefficient.

Comparing the results of the models with i=5° and i=15°, it is possible to verify that, in general, the
higher inclination of the interface between layers is associated to lower amplification factors. In this
case, the soil is subjected to higher levels of distortion and consequently, to a more pronounced
variation in dynamic soil properties (decrease of stiffness and increase of damping ratio).
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Figure 3.3. Amplification factors of model 2 - Vs,/Vs,=2.
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Figure 3.4. Amplification factors of model 2 - Vs,/Vs,=0.1.

Figure 3.5 shows the transfer functions obtained with the model 2.1.1 (i=5° and Vs,/Vs,=2), at points
located on the surface of the soft soil (1% point - x = 7.5m of Figure 3.3) and stiff soil (5" point - x =
52.5m of Figure 3.3). Both cases have the same first resonant frequency, however the amplification
associated to the higher frequencies, at the 5" point, is attenuated.

The results obtained with models type 2, with inclined interface between layers, indicate that, in
general, soils with non-horizontal stratification are associated to higher amplification factors. It was
also verified the reduction of the amplification factors with increasing input motion, as a result of the
variation of the dynamic properties of the soil.
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Figure 3.5. Amplification factors of model 2.1.1(i=5° and Vs,/V/s,=0.1), located at 7.5 m distance (1% point; left)
and at 52.5 m (5" point; right). See Fig. 3.7 for location of the points.

3.3. Comparison between models

To evaluate the influence of the inclination of the interface between layers, three models with the same
stiffness contrast were compared: i) horizontal stratification (h;=3m; h,=37m), (ii) i=5° and (iii) i=15°.
The control point was chosen to compare the response, because it is over the same thickness of the
layers in all models: h;=3m; h,=37m (Figure 3.6).
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Figure 3.6. Position of the control point.

Figure 3.7 presents the amplification factors obtained with the horizontal (i=0°) and non-horizontal
stratification (i>0°) models. In both cases, the amplification is higher for soils with inclined interface.
The case V4/V,=0.1 amplifies more for i=5° than for i=15°, while the opposite occurs for Vy/Ve,=2,
thus the filtering effect of the softer layer plays an important role. The amplification factors decrease
with increasing input motion, as a result of the non-linear behaviour of the soil.
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Figure 3.7. Amplification factors dependence on the inclination of the interface, i.

Analysing the fundamental modes of vibration of models 2.1.2 (i=5° V.1/V=0.1) and 2.2.2 (i=15°,
Va/V=0.1) (Figure 3.8), it can be noticed that the relative position of the control point changes from
one model to the other. The vicinity of the lateral boundaries may justify the decrease in the
amplification observed.



Figure 3.8. Fundamental modes of vibration of models 2.1.2 (i=5°) and 2.2.2 (i=15°) and position of the control
point.

Figure 3.9 and Table 3.3 present the transfer functions and dynamic soil properties associated to the
control point, at the surface of soil 2 (h;=3m and h,=37m). It was verified the reduction of the
fundamental frequency of the soil with increasing input motion, due to the reduction of the shear
modulus and increase in damping.
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Figure 3.9. Transfer functions associated to the control point (h;=3m and h,=37m) for Vs,/Vs,=0.1.

In general, the higher amplification of the input motion is associated to the fundamental frequency.
However, in this case, the higher amplification was obtained in the second resonant frequency.

It should be noticed that, if both layers were independent, the fundamental frequency of layers 1 and 2
would correspond to 8.3Hz and 6.7Hz, respectively, according to the expression presented in 3.2.1
(one-dimensional wave propagation models). In Figure 3.9 these two frequencies are the 1% and 2™
resonant frequencies of the system, which are slightly smaller than the frequencies computed in the
linear elastic range, due to the variation of the dynamic properties of the soil.

Table 3.3. Dynamic soil properties obtained from the equivalent linear method.

Vsi/Vs,=0.1 Vsi/Vs,=2
U™ [g] 0,1 0,1
Soil 1 2 1 2
i [°] 0 5 15 0 5 15 0 5 15 0 5 15

G/Gy[%] | 90.2 90.3 929 | 100.0 100.0 100.0 | 100.0 100.0 100.0 | 90.8 90.6 92.3
& [%] 1.7 1.6 1.4 0.7 0.7 0.7 0.7 0.7 0.7 16 17 14

™ [q] 05 05
Soil 1 2 1 2
i 0 5 15| 0 5 15 0 5 5 | 0 5 15

G/Gy[%] | 58.3 449 50.7 | 100.0 100.0 100.0 | 100.0 100.0 100.0 | 543 549 555
& [%] 6.5 8.6 7.5 0.7 0.7 0.7 0.7 0.7 0.7 68 68 6.7

™ [q] 1,0 1,0
Soil 1 2 1 2
i 0 5 15| 0 5 15 0 5 5 | 0 5 15

GIGy[%] | 447 340 293| 979 979 98.0 | 100.0 100.0 100.0 | 343 355 37.2
& [%] 9.0 11.2 118 | 09 0.9 0.8 0.7 0.7 0.7 |108 106 105




Figure 3.10 shows maximum shear strain profiles of the models, for both stiffness contrast
combinations. The profiles associated to Vs,/Vs,=2 are relatively insensitive to the variation of the
inclination of the layers, due to the filtration effect of the waves in the softer soil. The maximum shear
strain of the models with Vs,/Vs,=0.1 was obtained for the lowest inclination of the interface between
layers (i=5°).
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Figure 3.10. Strain profiles of the models with Vs;/Vs,=2 (left) and Vs;/Vs,=0.1 (right) (h;=3m and h,=37m).

Table 3.3 and Figure 3.10 shows that the models subjected to higher levels of deformation are
associated to higher losses of stiffness and higher damping. It’s important to remember that, in this
program, the compatibility between the deformation and soil properties is made for each element.

4. CONCLUSIONS

Generally, local site effects studies assume that the ground is horizontally layered. However, the
response is sensitive to the slope of the interface between layers, indicating that this modelling
hypothesis is not always valid.

It was shown that soils with non-horizontal stratification and higher stiffness contrasts are usually
associated to higher amplification factors. It was also verified that the studied case with lower softer
layers, are relatively insensitive to the variation of the studied parameters, essentially due to the
filtering effect of the waves in the softer soil. As a result of the nonlinear behaviour of the soil, it was
observed the reduction of the amplification factors and resonant frequencies with increasing input
motion.

To consolidate the tendencies found in this study, other combinations of stiffness contrasts, thickness
and inclination of the interface between strata should be tested, along with the influence of the
boundary conditions.
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