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ABSTRACT

Liquefaction-induced deformations on traffic embankments were studied using software
package FLAC in combination with advanced material model PM4Sand in order to simulate
the liquefaction phenomenon. A parametric study was carried out, where the geometry of the
embankment and soil profile was varied. In addition, numerical analyses were performed for
two sets of material properties of the liquefiable sandy layer — medium dense and loose state.
On the basis of numerical results, fragility curves were derived in terms of crest settlement as
damage state parameter and Arias intensity or peak ground acceleration as intensity measure.
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1. INTRODUCTION

Soil liquefaction is a phenomenon where soil loses its shear strength and stiffness due to
rearrangement of solid particles, which leads to a pore pressure build-up during dynamic
loading, such us earthquakes. Most often, liquefaction occurs in loose saturated sandy to silty
sandy soils. The development and extent of the consequences of this complex phenomenon
depend on many factors. Initially, properties of a liquefiable layer, ground motion
characteristics and site conditions (thickness and depth of layers susceptible to liquefaction,
ground water level, ground inclination, etc.), along with other circumstances associated with
the effects of human activities in the ground near the site under consideration.

According to literature ([1], [2] and [3]), earth dams, embankments and river levees are very
vulnerable to seismic shaking and liquefaction occurrence under foundations. Within this
study, attention was given to traffic embankments built on liquefiable ground, since they are
of vital importance and represent links between assistant institutions and affected areas. A
parametric study of an embankment was conducted using 2D finite difference program FLAC.
Numerical simulation of liquefaction process in the ground was achieved using advanced
PM4Sand material model [4]. Individual combination of model geometry and material
properties was shaken by 30 ground motions with at least 8 different peak ground acceleration
levels in order to derive fragility curves.
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2. MODEL DESCRIPTION

2.1. Model geometry and material properties

The earthquake-liquefaction-induced deformations of traffic embankment were observed on a
simple numerical model for four different soil profiles — S1, S2, S4 and S5. Soil profiles S1,
S4 and S5 contain a liquefiable sandy layer of various thicknesses (7, 2 and 4 m,
respectively), which lie between 24 m thick base stiff clay layer and 1 m thick clayey crust
layer on top, while soil profile S2 was modelled with a 7 m thick liquefiable layer without
crust. Ground water level was placed at one meter depth.

Considering embankment geometry, slope inclination was set to 1:2 (vertical:horizontal) and
remained constant through all analyses. Additionally, embankment height was varied from 2
to 8 m by steps of 2 m and was analysed in combination with all soil profiles and 24 m wide
embankment crest, whereas the effect of crest width (6, 12 and 24 m) was considered only for
soil profile S1 and 4 m high embankment.

Basic model variables are presented in Figure 1 and Table 1.
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Figure 1. Model geometry.
Table 1. Soil profiles.

Soil | H —thickness of crust | H, — thickness of liquefiable | /), — thickness of base
ID layer [m] layer [m] layer [m]

S1 1 7 24

S2 0 7 24

S4 1 2 24

S5 1 4 24

The numerical model was constructed in several phases. Firstly, free field initial stresses were
calculated after the geometry, material parameters, pore water pressure distribution and
boundary conditions for static analysis had been assigned to the model. Then followed the
construction of the embankment and the replacement of the material model. It was assumed
that only sandy layer can liquefy; thus, PM4Sand model was assigned to that layer only. Other
layers were modelled by Mohr-Coulomb material model throughout the analysis. In the next



27% European Young Geotechnical Engineers Conference
26-27 September 2019, Mugla, Turkey

phase, seismic load was applied to the model. For this purpose, free field boundary condition
at lateral edges and compliant base at the bottom of the model was set. Ground motion was
transformed into shear stress history and applied at the compliant base.

Since numerical analyses were carried out for hypothetical ground conditions, all secondary
input parameters for PM4Sand material model were kept at their default values. The three
main input parameters (relative density — D,, shear modulus coefficient — Go and Contraction
rate parameter — /1,,) were selected on the basis of real soil tests.

Material properties for three soil layers and embankment are presented in Table 2.

Table 2. Material properties.

Undrained
Dry Bulk Shear shear | c PM4Sand
L density | modulus | modulus
ayer strength
kg/m? MPa MPa kPa ° |kPa | D:[/1| Go[/ | hpo [/]
Crust 1784 64 30 80 - - - - -
Liquefiable
w , 1486 57.3 43 - 301 0 0.6 760 | 0.55
loose
Liquefiable |\ o0 | 47 77 i 30| 0 | 035 476 | 05
medium
Base 1436 227 105 150 - - - - -
Embankment | 1800 83.3 38.5 - 351 5 - - -

Two sets of sandy layer characteristics were analysed within this study, depending on the
density of the liquefiable layer — medium dense and loose state, with relative density equal to
0.6 and 0.35, respectively. Liquefiable layer was underlain by stiff clay with undrained shear
strength of 150 kPa.

2.2. Ground motions

A selection of 30 real acceleration time histories recorded on rock outcrop were used as
dynamic loading in numerical calculations. Ground motions (GM) were collected from PEER
(Pacific Earthquake Engineering Research Center) database in such manner that the mean
spectrum of the selected ground motions matches sufficiently well the EC8 spectrum for soil
class A, taking into account peak ground acceleration (PGA) of 0.25 g. All of 30 GMs were
subsequently modified to different intensity levels for the derivation of fragility curves. In
case of medium dense sand, eight intensity levels (0.25 g, 0.375 g, 0.5 g, 0.625 g, 0.75 g,
1.0 g, 1.25 g and 1.5 g) were used. For the loose case, three to four extra PGA levels were
added (0.1 g, 0.2 g, 0.3 g and in some cases even 0.15 g). With these extra intensity levels, the
whole range of fragility curves is sufficiently well covered by numerically calculated points,
even in cases where crest deformations, and consequently the number of cases exceeding
certain limit state, increase rapidly with increasing PGA at bedrock by small increments.

3. VULNERABILITY ANALYSIS AND RESULTS

Based on the results of numerical calculations, a vulnerability assessment of the traffic
embankments was performed. The probability of exceedance of a certain limit state for the
embankments in question is expressed by the means of fragility curves. Various approaches
for the derivation of fragility curves can be found in literature, from empirical [5] and
analytical [6] procedure to expert judgement or hybrid method. Within this study, analytical
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approach was used due to the repeatability of numerical analyses on the same model subjected
to different ground motions. In this way, the impact of uncertainties originating from the
earthquake source is decreased.

Soil-structure interaction is very complex in case of traffic embankments underlain by
liquefiable layer leading to several possible failure mechanisms — lateral spreading,
subsidence of the crest, slope instability or hydraulic heave through cracks [7]. Since crest
settlement is still widely used among geotechnical engineers due to its simple comparisons
with field measurements, it was selected as engineering damage state parameter in this study,
as well as in other relevant researches [8]. Permanent vertical displacement was obtained at
the midpoint of embankment model. On the other hand, two different intensity measures were
chosen — peak ground acceleration and Arias intensity. The first one is more commonly used
in practice due to numerous correlations with other engineering parameters, while the latter
more specifically describes the released energy during ground movement.
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Figure 2. Multiple Stripe Analysis procedure.

Numerical analyses were performed following the principle of Multiple Stripe Analysis
method [9], where calculations were executed at discrete intensity measure levels for a set of
selected ground motions (see the example in Figure 2). The probability of exceedance was
calculated as a number of cases exceeding certain limit state divided by the number of all
performed analyses at i-th intensity level. Maximum of likelihood function was used for
fitting procedure. Threshold values for the limit state parameter were gathered from literature
[10] and are presented in Table 3.
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Table 3. Threshold values of damage states for highway and railway embankments [10].

Permanent vertical ground Permanent vertical ground
Damage state | displacement [m] — highway | Damage state | displacement [m] — railway
min max mean min max mean

ds1 — minor 0.02 0.08 0.05 ds1 — minor 0.01 0.05 0.03
ds2 — moderate 0.08 0.22 0.15 ds2 — moderate 0.05 0.10 0.08
ds3 — extensive 0.22 0.58 0.40 ds3 — extensive 0.10 0.30 0.20

Typical numerical results in terms of permanent displacements at final calculation step,
progress of crest settlements through dynamic time, are introduced in the subsections below.
Furthermore, the effects of different model variations (embankment height, crest width,
thickness of liquefiable layer, presence of crust layer and density state of liquefiable layer) are
presented through fragility curves below.

3.1. Numerical results — embankment displacements

Typical distribution of the embankment's displacements at the end of analysis and
advancement of crest settlement at midpoint with time are shown in Figure 3. The figure
below represents a case with 6 m high embankment, underlain by crust layer and 7 m thick
medium dense liquefiable layer (soil profile S1), subjected to dynamic loading with PGA at
bedrock equal to 1.0 g. Actual values of calculated displacements depend on selected ground
motion, because earthquake records with various frequency compositions and time durations
are considered within the set of 30 GMs.

Generally, rotational slip surface at both sides, crest subsidence and lateral spreading in
horizontal direction due to dynamic excitation and consequent foundation's liquefaction, were
observed in the majority of numerical calculations. Similar failure mechanism was noticed in
literature [11, 12]. The detailed exploration of all deformed shapes of the analysed
embankments is beyond the scope of this paper.
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3.2. Fragility curves

The outcomes of the vulnerability analysis of traffic embankments are expressed through
fragility curves (see Figure 4 to Figure 7). Fragility curves under this study were derived
based on permanent vertical crest settlements in the midpoint of the model, where mean
threshold values of damage states for traffic embankments from Table 3 were used. Three
limit states were considered — minor (ds1), moderate (ds2) and extensive (ds3).

With the aim of achieving sufficient clarity in the figures containing fragility curves, different
line types are used to differentiate between model variations (crest width, embankment height,
thickness and density state of the liquefiable layer), while the damage states differ in colour,
namely ds1 (light grey), ds2 (dark grey) and ds3 (black).
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In addition, Figure 4 and Figure 5 are based on damage states for highways, while Figure 6
and Figure 7 present fragility curves for railways. Regardless of the choice of threshold values
for limit states, the trends of various effects related to the model variations are the same, only
the curves move to the left, due to more rigorous criteria for railways.

3.2.1. Influence of crest width

According to Figure 4, lower settlements in the middle point are expected with increasing
crest width, based on three examined cases (6 m, 12 m and 24 m). Analyses were performed
on a case with a 4 m high embankment underlain by soil profile S1 with medium dense sandy
layer.
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Figure 4. Effect of crest width on fragility curves (highway criteria) — </, ds? & ds3.
3.2.2. Influence of embankment height

The impact of the height of embankment was analysed on the model with 24 m wide crest,
where embankment was built on soil profile S1. Both Figure 5a and Figure 5b show that
vulnerability of the embankment rises with increasing embankment height, since the curves
move to the left.
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Figure 5. Effect of embankment height on fragility curves (highway criteria) for a) PGA and
b) Arias Intensity — -/, ds2 & ds3.

3.2.3. Influence of thickness of liquefiable layer

The effects of the thickness of liquefiable layer and the presence of crust layer were studied
on a model with 6 m high embankment and 24 m wide crest. Moreover, soil properties related
to the medium dense case were assigned to the sandy layer.

Initially, larger settlements were expected with increasing thickness of liquefiable layer.
Figure 6 clearly shows that this is partially true, because the probability of exceeding certain
limit state is greater in the case of a 7 m than in the case of a 4 m thick liquefiable layer. Even
larger probability was calculated for the case without crust layer and 7 m thick sandy layer.
Nevertheless, greater vulnerability was obtained for the case with soil profile S4 (H, =2 m)
compared to S5 (H; =4 m) for this particular model variation.
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3.2.4. Influence of density of liquefiable layer

Model with a 6 m high embankment and 24 m wide crest, lying on soil profile S2, was used
for the comparison between loose and medium dense state of the liquefiable layer. The result
is presented in Figure 7, where larger crest settlements were calculated for the loose case.
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4. CONCLUSION

A comprehensive set of numerical calculations of the traffic embankment built on liquefiable
ground was made using 2D FLAC software in order to perform the vulnerability analysis. The
soil behaviour during liquefaction was captured with advanced PM4Sand material model.
Attention was given to the deformation of the embankment crest, more precisely, permanent
vertical displacement at midpoint was used as damage state parameter for the derivation of
fragility curves. Fragility curves were determined for different variations of the model
parameters, among which crest width, embankment height, presence of crust layer, density
state and thickness of liquefiable layer were varied. Uncertainties related to earthquake
excitation were decreased using a set of 30 ground motions recorded on rock outcrop.
Depending on the case, ground motions were scaled to at least 8 intensity levels until the
entire range of the fragility curve was reasonably well covered. On the basis of numerical
calculations and figures presented above, it was found out that the probability of exceeding
certain limit state for the studied range increases with increasing embankment height (2 m,
4m, 6 m and 8§ m) or with decreasing crest width (6 m, 12 m and 24 m). Furthermore,
depending on the density state of the liquefiable layer, greater deformations at the
embankment crest are expected for looser sand. The effect of thickness of the liquefiable layer
is not so straightforward, since it turned out that the embankment is more vulnerable if built
on soil profile S4 (H, =2 m) than on soil profile S5 (H; =4 m), but less than on soil profile
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S1 (Hr=7m). Nonetheless, absence of crust layer causes larger crest settlement, when
comparing embankment deformations built on soil profiles S1 and S2. Fragility curves were
derived based on damage criteria from literature [10] for highway and railway embankments.
Additional information can be found in [13].
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