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Abstract

The existence of a “weak” layer, of low relative density, within a liquefiable soil profile, may
have a beneficial effect on the overall seismic response. The “weak” layer will liquefy earlier
and may act as a “Natural Seismic Isolation” system, for the overlying, stronger, liquefiable
layers, preventing thus the onset of liquefaction in them. In other words, it is possible that the
liquefiable ground above the “weak” layer will not liquefy and may thus form a competent
soil crust which will protect the integrity of infrastructure founded on it. The paper presents
results of a parametric investigation of the “weak” layer effects on the overall seismic re-
sponse of liquefiable soil profiles. It is based on nonlinear numerical analyses, performed
with the Finite Difference method, and focuses on the effects of (i) soil properties (thickness
and relative density) of the “weak” layer and the overlying liquefiable layers as well as (ii)
the seismic motion characteristics on the extent of “weak” layer-induced natural seismic iso-
lation.
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1 INTRODUCTION

It is widely known that soil formations consisting of saturated, cohesionless soil layers are
highly susceptible to earthquake induced excess pore pressure accumulation and liquefaction,
with devastating results for infrastructures. However, it is possible that, under certain circum-
stances, the liquefaction of a soil layer prevents the propagation of seismic waves to the
ground surface and leads to the drastic attenuation of seismic actions on infrastructures.
Bouckovalas et al. [1] have shown that a uniform liquefiable layer, of adequate thickness and
drastically reduced acoustic impedance, may indeed act as a “Natural Seismic Isolation” sys-
tem for seismic ground motions.

The concept of “Natural Seismic Isolation” can be also generalized for non-uniform lique-
fiable layers which include an intermediate “weak” layer, with significantly degraded lique-
faction resistance. In these soil profiles, the intermediate “weak” layer will liquefy first and
will cause the attenuation of seismic motions, an effect which may prove beneficial for the
overlying and more stiff sand layers. Hence, it will act as a “Natural Seismic Isolation” sys-
tem, preventing liquefaction to extent up to the ground surface. In other words, the liquefiable
ground above the “weak layer” will not liquefy and consequently it will maintain its strength
and may thus act as a foundation bearing soil crust. To date, there are no research studies that
systematically examine the above phenomena and suggest methods for their quantitative de-
scription. However, the few experimental and numerical studies that are found in the literature
(e.g. [2,3]) confirm the abovementioned beneficial “weak™ layer effect.

The scope of this paper is to investigate the seismic response and the liquefaction of non-
uniform sand deposits, aiming to a qualitative evaluation of the “Natural Seismic Isolation”
effect due to a “weak” soil layer embedded within the soil profile. For this purpose, a para-
metric investigation was performed focusing on the seismic response of non-uniform sand
deposits. In total, approximately 100 nonlinear, fully coupled, one-dimensional effective
stress numerical analyses aimed to examine the effect of various soil and seismic parameters
on the seismic response of liquefiable sites with an intermediate “weak” layer.

2 NUMERICAL ANALYSES

All numerical analyses were conducted in the Finite Difference code FLAC [4], for the
custom made soil profile depicted in Figure 1, which consists of five distinct soil layers under
the groundwater table. The total thickness of the soil profile is 18 m, with the upper and the
lower 2m consisting of non-liquefiable medium plasticity clay with plasticity index P/=30.
The shear wave velocity of the clay crust and the clay bed layers is equal to Vs=100 and
300m/s respectively. The rest 14 m consist of liquefiable sand of variable relative density D;.o,
with a “weak” layer of relative density D:=30% and variable thickness Hweax embedded in it.

The base of the soil column was shaken with a 15-cycle harmonic excitation, of peak ac-
celeration amax=0.25 g and variable period Texc (Figure 1). The values of: (i) the thickness of
the “weak” layer Hyeak, (i) the total thickness of the overlying soil layers Herust (soil crust), (iii)
the period of the seismic excitation Texc and (iv) the relative density Dy, of the stiffer sand
layers were varied parametrically to cover a wide range site and earthquake conditions en-
countered in practice. The baseline analysis was conducted for the following reference values
of the basic parameters: Hyeak =2 m, Herust=6m, Dy =60 % Ko Texc=0.3 sec.

The NTUA-SAND critical state plasticity constitutive model [5,6] was employed to simu-
late the response of the liquefiable sand, while the simpler Ramberg and Osgood [7] constitu-
tive model was selected to simulate the nonlinear hysteretic response of clay layers. The
NTUA-SAND model was calibrated against static and cyclic tests on saturated fine Nevada
Sand [8], while the Ramberg and Osgood [7] model was calibrated against the experimental
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modulus reduction and damping curves of Vucetic and Dobry [9] for low plasticity (P/=30)
clays. Free-field lateral boundaries were simulated with the “tied-node” technique, which im-
poses the same (horizontal and vertical) boundary displacements at grid-points of the same
elevation. The “Selective Filtering Method” [10] was used in order to eliminate the numerical
noise which is inherent to elastoplastic dynamic analyses with FLAC, while the overall accu-
racy of the numerical methodology has been successfully evaluated in similar studies in the
past [e.g. 11,12].
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Figure 1: Soil profile, Finite Different mesh and input motion oF the numerical simulations.

3 MECHANISMS OF WEAK LAYER EFFECT

To identify the mechanisms which control “weak” layer effects, and demonstrate their con-
sequences on the seismic response of non-uniform sand deposits, the results of a typical anal-
ysis with Hweak=2m, Herust=8m, Dro=60% and Texc=0.3 sec are first presented in more detail.
For comparison purposes, the numerical analysis was repeated for the case of uniform sand of
relative density Dr,=60% over the entire 2 - 16 m depth, namely without intermediate “weak”
layer (i.e. Hweak=0m). Figures 2a and 2b compare the time-histories of the excess pore pres-
sure ratio 7y, defined as the ratio of the excess pore pressures Au over the initial effective ver-
tical stress o'v,o (i.e. ru=4u/c’y,), in the middle of the top sand layer as well as in the middle
of the “weak” layer, for the cases of uniform and non-uniform sand respectively. In addition,
Figures 2¢ and 2d present the respective comparisons for the time-histories of the shear stress
ratio CSR =14/0 v, (Where 74 is the seismic shear stress amplitude).

As depicted by the 7, time-histories of the non-uniform ground (Figures 2a and 2b), lique-
faction occurs first in the “weak” layer at approximately t=0.8 sec, and affects significantly
the evolution of the excess pore pressures on the sandy layers above and below the “weak”
one. Following the red lines in Figures 2a and 2b, it is observed that after the time instance
t=0.8sec, the excess pore pressure ratio in the “weak” layer becomes almost unity (7,~0.8-
1.0) practically diminishing the shearing resistance of that layer. The result of this is to decel-
erate the excess pore pressure buildup in the overlying layer of relative density Dyo=60% and
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prevent the onset of liquefaction that would have occurred in the absence of the “weak” layer
(black line). The above observations are in total accordance with the respective CSR time-
histories in Figures 2¢ and 2d, where it is observed that around 7=1.0sec the amplitude of the
14/0 v, Tatio above the “weak” layer drops to significantly lower levels. This observation, in
combination with the small excess pore pressure ratios at these depths, leads to the conclusion
that the liquefaction of the “weak” layer actually functions as a “Natural Seismic Isolation”
system for the overlying sand layer.
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Figure 2: Typical time histories of excess pore pressure ratio 7, and shear stress ratio CSR at the middle of the
“weak” layer and the overlying layer of sand.

For further insight, Figure 3a compares the variation with depth of the maximum excess
pore pressure ratio 7umax for both the non-uniform and the uniform soil profiles. It is observed
that due to the existence of the “weak” layer, liquefaction has not occurred at any depth in the
sand layer above it. In particular, the average value of the maximum excess pore pressure ra-
tio above the “weak” layer 7, has been reduced from 7~ 1.0 for the uniform sand deposit to
the value ,“"=0.65 in the presence of the “weak” layer. It is also observed that the effect of
the “weak” layer is also beneficial on the seismic response of the liquefiable sand layer below
it, although less significant and consistent than for the overlying sand layer. For this reason,
the following presentation will focus only upon results for the overlying sand layer.

The variation of the factor of safety against liquefaction FS. with depth is depicted in Fig-
ures 3b and 3c for the case of non-uniform and uniform sand deposit respectively. In both
cases, the values of the factor of safety were estimated following two different approaches.
Initially, FS1. was estimated via the empirical methodologies that are commonly utilized in
practice (e.g. [13]), based on the results of in-situ SPT or CPT tests. More specifically, it was
assumed that the number of SPT blow counts is equal to Nis0=4.1 and 16.5 for D;=30% and
Dro=60% respectively [14]. For the estimation of the seismic actions, the nonlinear numeri-
cal analyses were repeated under drained conditions, i.e. without excess pore pressures
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buildup and liquefaction onset. In parallel, the values of FSi. which correspond to the actual
response of each soil element during the numerical simulation were estimated, as follows:

N -b
ES, _(N_j (1)

L

where N is the applied number of cycles by the seismic motion and N, the number of loading
cycles required to cause liquefaction based on the numerical analysis results. Equation (1) is
based on the mathematical expression of the liquefaction resistance curve, namely on the cor-
relation between the cyclic stress ratio CSR and Ny

CSR=a-N,” (2)

where the values of coefficient a and of exponent b depend on soil type and loading condi-
tions. For the NTUA-SAND constitutive model and for Nevada Sand, it was assumed that
b=0.41-0.57, based on the previous work of Kalogeraki and Zontanou [15]. More infor-
mation regarding the estimation of FSL from the numerical analysis results can be found in
[15-17].
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Figure 3: Typical variation with depth of (a) maximum excess pore pressure ratio 7., mqx and FS; considering (b)
non-uniform and (c) uniform sand deposit.

According to Figure 3b, the values of the factor of safety against liquefaction on the top
sand layer, based on the numerical analysis results and Eq (1), vary in the range FS.=1.15-
1.45, compared to the considerably smaller FS. values (FSL=0.30-0.45) which were comput-
ed for the “weak” layer. It is thus evident that due to the onset of liquefaction in the “weak”
layer, the applied shear stress ratio CSR in more shallow depth is reduced, acting thus benefi-
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cially for the overlying sand layers, which have not been already liquefied. As the applied
seismic action is reduced, the factor of safety against liquefaction at these depths increases
significantly to values larger than unity, implying that the onset of liquefaction has been pre-
vented. On the contrary, it is shown that the empirical methodologies that are used in practice,
which cannot take into account the presence of the “weak™ layer, are entirely misleading as
they predict that the top sand layer will also liquefy and exhibit FS.=0.30-0.40. For the
“weak” layer, where the onset of liquefaction actually occurs, the two methodologies give
compatible results.

Similar conclusions arise even in the case of a uniform sand deposit (Figure 3c). In particu-
lar, the empirical methodologies give compatible results with the numerical analyses only for
the depths that liquefy first, while they predict considerably smaller St values in all other
depths. This means that the empirical methodologies for the estimation of FSi, which are
based on in-situ test results, are valid with acceptable accuracy only for the depths which cor-
respond to the minimum factor of safety against liquefaction FSL min, as they do not take into
account the drastic attenuation of the seismic actions in the soil deposits above the depth
where liquefaction is first triggered (or equivalently the minimum FSt. value).

4 PARAMETRIC INVESTIGATION

In total, about 100 numerical analyses were performed, to explore the effect of the follow-
ing basic parameters: (i) the thickness of the “weak” layer Hyeak (=0-11m, at 1 m increments),
(ii) the thickness of the top sand layer Herst (=5-10m, at 1 m increments), (i) the excitation
period Texe (=0.2-0.5sec, at 0.1sec increments) and, finally, (iv) the relative density of the
stiffer sand layers Dy, (=40-90% at 10 % increments).

Initially, the analysis of Section 3 was repeated for values of the “weak layer” thickness
varying in the range Hweak =0-8 m, while its top remained constant at z=8 m (namely with
constant Heruse=8 m). Figure 4a depicts the variation of the average value (with depth) of the
maximum excess pore pressure ratio in the top liquefiable sand layer 7, with the thickness of
the “weak” layer Hweak. In the same figure, the total range of rumax values in the liquefiable
zones of the top sand layer is also presented. It is observed that the thickness of the “weak”
layer Hyweak 1s a basic parameter as it significantly affects the value of 7,“". It is noteworthy that
even a very thin liquefiable “weak” layer with Hweak=1m can prevent the onset of liquefac-
tion on the overlying sand layers. In addition, it is observed that for larger Hweax thickness
values the " diagrams tend to stabilize to a minimum value min(r."), which denotes the
maximum possible reduction of excess pore pressures in the top sand layer, or else the maxi-
mum possible “Natural Seismic Isolation” that can be achieved. In the examined case, the in-
crease of the thickness of the “weak™ layer Hweax leads to a significant reduction on 7, values
until the minimum value min(r,")=0.49 is reached, which corresponds to the numerical anal-
yses with thickness equal to Hyeak=8m.

The format of Figure 4a was adopted for the presentation of the effect of all examined pa-
rameters in the present numerical investigation (i.e. Hcrust, Texe, Dro). In particular, the dia-
grams of the 7, variation with the thickness of the “weak” layer Hweak are depicted in Figure
4b for different top sand layer thicknesses Hcrst, in Figure 4c¢ for different excitation periods
Texe and in Figure 4d for different values of the relative density D, of the stiffer sand layers.
Figure 4b shows that not only the shape of the 7, - Hyeax diagrams but also the minimum val-
ues min(ry"") are similar in all numerical analyses with different thickness of the top sand layer
Herse. In other words, the thickness of the top sand layer, namely the depth where the “weak”
layer is met, does not seem to have a significant effect on the values of .

On the other hand, Figure 4c shows that the shape of the diagram alters significantly based
on the period 7exc of the seismic excitation. In particular, it is observed that the excitation pe-
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riod has no effect on the values of the minimum »," ratio min(r."), which in all cases is ap-
proximately equal to min(r,)~0.50, but affects the reduction rate of r,*" with Hyeak, Which
decreases as the excitation period increases. This effect becomes more prominent for
Texc=0.5sec. This practically means that for larger 7exc periods the Hweak thickness that is re-
quired in order to achieve the maximum possible reduction in the mean pore pressure ratio of
the top sand layer increases. In more detail, for Texc=0.2sec the minimum ratio min(r,") is
achieved for Hweak=3 m, while for Texc=0.5sec it is achieved for Hyeak=10m. It should be
noted that this observation is in accordance with the findings of Bouckovalas et al. [1], who
showed that the excitation period is one of the basic parameters which affect the minimum
thickness of liquefied sand that is required for drastic attenuation of the seismic actions on the
ground surface.
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Figure 4: Effect of parameters: (a) Hyeak, (b) Her, (¢) Texe and (d) Dr, on the variation of the average pore pressure
ratio in the top sand layer r,".

Finally, Figure 4d shows that the relative density D, of the stiffer sand layers constitutes
also a crucial parameter for the definition of the minimum 7" value min(r.*"), which reduces
significantly with the increase of D:,. Apart from that, the shape of 7, - Hyweak diagrams is
similar for all different relative densities Dr,. It is worth mentioning that even for relative
density Dro=40%, i.e. slightly larger than that of the “weak” layer (D:=30%), a reduction in
the values of 7,“" is observed, which implies that even a small difference in the soil conditions
of the “weak” layer, relative to the rest liquefiable ground, is adequate in order to achieve
“Natural Seismic Isolation” conditions.

For a more detailed insight in the effect of the relative density of the stiffer layer D, on the
values of the minimum ratio min(r."), Figure 5 shows the variation of min(r,") values with
the relative density of the top sand layer D;,. It is thus observed that the minimum value of

4979



Yannis Z. Tsiapas, Maria S. Spanea and George D. Bouckovalas

r" reduced from min(r,")=0.67 for relative density D:o=40% to min(r,")=0.36 for
Dy0,=90%, while the reduction rate of min(r,"") reduces with the increase of D, value.
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Figure 5: Variation of min(r,*) with the relative density of the top sand layer D;,.

5 CONCLUSIONS

In the present study, the seismic response of non-uniform liquefiable sand deposits with an
embedded “weak” sand layer of low relative density and significantly downgraded liquefac-
tion resistance is examined. In such deposits, the “weak’ layer liquefies earlier than the stiffer
sand layers above and below it and forms a “Natural Seismic Isolation” system for the stiffer
overlying layers, which are now protected and maintain low excess pore pressure ratio values,
in the order of 7,=0.40-0.70. The “weak” layer effect on the seismic response of the underly-
ing liquefiable layer is also beneficial, but not as important and consistent as for the overlying
layer.

The parametric analyses of this study revealed that the average values of the maximum ex-
cess pore pressure ratio that develop in the overlying sand layer . depend on the following
site and seismic excitation parameters: (i) the thickness of the “weak” layer Hweak, (i) the ex-
citation period 7Texc and (iii) the relative density D:, of the stiffer layers. In particular, the in-
crease of the thickness Hweax leads to reduction of 7 values until a minimum value
(0<min(r.")<1), the increase of the excitation period 7Texc reduces the reduction rate of
with the increase of Hweak, Without however affecting the aforementioned min(r.*) value,
while the increase of D;, leads to a reduction of the min(r,") values. Finally, the depth of the
“weak” layer surface (Hcrust) has no substantial effect on the seismic system response.

Furthermore, it has been shown that the empirical methodologies which are widely applied
in practice for the estimation of St based on in-situ test results (e.g. [13]) can be applied with
satisfactory accuracy only for the depths corresponding to the minimum factor of safety
against liquefaction FStmin, While they significantly underestimate the actual value of FS.
mainly for shallower depths.

It should be finally noted that the present research is currently in progress, aiming to study
the effect of additional parameters, such as the relative density of the “weak™ layer and the
permeability of the liquefiable sand, as well as to propose an analytical methodology for the
prediction of the average value (with depth) of the maximum excess pore pressure ratio 7,
and of the factor of safety against liquefaction in the top sand layers.
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