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Abstract

Fully liquefied soils behave like viscous fluids, and models developed within the framework of soil mechanics fail to catch their beha-
viour on the verge of liquefaction or after it. Several research works have shown that modelling the liquefied soil as a fluid is physically
more convincing. Such an equivalent fluid can be characterised via an apparent viscosity (1) (sharply dropping when liquefaction is trig-
gered) which can be modelled as a power law function of the shear strain rate (pseudo-plastic fluid), depending on two parameters: the
fluid consistency coefficient (k) and the liquidity index (n). With this approach, it is possible to consider a simple correlation between the
equivalent viscosity and pore pressure increments independent on the equivalent number of cycles, whose parameters can be calibrated
from the results of stress-controlled laboratory tests. The paper investigates the effect of some relevant experimental factors (effective
vertical stress, stress path, frequency and waveform of the applied cyclic load, soil fabric and pre-existing shear stress) on the apparent
viscosity of soils during their transition from the solid to the liquefied state, and therefore also on the pore pressure increments generated
by the stress path. To do that, the results of stress-controlled laboratory tests performed in a sophisticated simple shear apparatus, along
with published data, have been interpreted in terms of the apparent viscosity. Simple correlations in terms of viscosity-based pore pres-
sure generation and pseudo-plastic behaviour are proposed and confirmed from the results of 1D non-linear site response analysis for the
case study of Scortichino (Italy).
© 2023 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

As reported by the Committee on Soil Dynamics of the
Geotechnical Engineering Division (1978) of the American
Society of Civil Engineers, the term “liquefaction” is gener-
ally used to describe “the act or process of transformation of
any substance into a liquid’. Generally, loose, saturated
sandy soils can be prone to liquefaction phenomenon if
subjected to rapid loading paths, such as earthquakes. It
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is due to the fact that they are not able to quickly dissipate
the earthquake induced excess pore water pressure (Au).
The sudden increase of pore water pressure results in a
reduction of the effective stresses until approaching zero.
Under this condition a change of soil state from solid to
liquid occurs, leading to catastrophic consequences on built
environment (Tokimatsu & Asada, 1998; Cubrinovski
et al., 2011; Vannucchi et al., 2012; Towata et al., 2014;
Baris et al., 2021; Castiglia et al., 2021) as happened
recently in 2023-earthquake sequence in Turkey.

Since liquefied soils behave like fluid more than solid,
they should be modelled using fluid mechanic models
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Notation list

CRR cyclic resistance ratio
CSR  cyclic stress ratio

Dr relative density

D5, average diameter
€max maximum void ratio

€min minimum void ratio

f frequency

FC fines content

k fluid consistency coefficient
n liquidity index

Neye  number of cycles

Niig number of cycles at liquefaction

Iy excess pore pressure ratio
U. uniformity coefficient
z depth

o static shear stress ratio

Y shear strain

7 shear strain rate

n apparent viscosity

No initial apparent viscosity

Nauia  apparent viscosity in fluid phase
Sy initial effective vertical stress
o’y effective vertical stress

S’ho initial effective horizontal stress
o'y effective horizontal stress

T shear stress

Teye cyclic shear stress

T static shear stress

(Sasaki et al., 1992; Miyajima et al., 1995; Schenkengel &
Vrettos, 2014). Uzuoka et al. (1998), Chen et al., (2006;
2011) and more recently Chiou & Ng (2022), proposed to
describe liquefied soils as non-Newtonian fluids, develop-
ing a numerical analysis method to investigate the behavior
of the lateral flow of liquefied soils. Lu et al., (2023a-b) esti-
mated the liquefaction-induced settlements of shallow
foundations and the uplift of manholes in liquefied soils
by modelling soil as fluid.

On the other hand, Towhata et al. (1999) observed that
liquefied sands exhibited properties typical of pseudo-
plastic non-Newtonian fluids. Congruently Hamada and
Wakamatsu (1998) proposed to study the behaviour of lig-
uefied soils as a pseudo-plastic fluid through the following
equation:

n=z=k ()" (M

where 7 is shear stress, j is the shear strain rate, n is the vis-
cosity of the fluid and k and n are the fluid consistency coef-
ficient and liquidity index, respectively (Zhou et al., 2014).
Obviously, the two parameters k& and n depend on the kind
of fluid. As reported by Zhou et al. (2014) k can reflect the
consistency of fluid while n can reflect the nature of the
fluid. A Newtonian fluid has n = 1, while non-Newtonian
fluids exhibit n # 1, in particular, when n < 1, the fluid is
shear thinning flow, when n > 1, the fluid is a shear thicken-
ing flow (Fig. 1).

Therefore, the stress—strain response of a liquefiable soil
undergoing cyclic loads (i) can be processed in the frame-
work of fluids mechanic, computing an “apparent viscos-
ity” defined (Chen et al., 2016) in each loading cycle of
undrained tests (7);) as:

T @

Yi,max - 'Yi:min

where Ti max and Tj min are the maximum and minimum val-
ues of the applied cyclic shear stress and v, ,,and v, ,,;, are
the shear strain rates. It is worth noting that Eq. (2) can be
used in stress-controlled tests. On the contrary, it cannot be
applied in strain-controlled tests. However, it should be
emphasized that stress-controlled tests are able to better
simulate what happens in situ when a seismic event occurs,
while strain-controlled tests are generally preferred to eval-
uate the cyclic (or dynamic) properties of soils.

Mele (2022), by processing more than 40 cyclic
undrained triaxial tests carried out on 6 different sandy
soils (0 < FC < 11 %; 0.1 < Ds5o < 0.5 mm; 1 < U, < 5)
in different conditions (25 < D, < 68 %;
25 < 6’ <100 kPa; f = 0.008 Hz), confirms that the values
of n (Eq. (2)) decrease with increasing y (Fig. 2a) according
to the correlation expressed by Eq. (1). Furthermore, as
shown in Fig. 2b, the fluid consistency coefficient (k) seems
to be dependent on the applied cyclic stress ratio CSR (de-
fined as the ratio between the cyclic shear stress Ty and the
effective vertical stress c’,9) and the liquidity index (n) is
always less than 1 (shear thinning flow, Fig. 1) and mainly
affected by k (Fig. 2c¢).

The potential of the apparent viscosity in the study of
the cyclic response of liquefiable sandy soils during
undrained loading condition has already been highlighted
by Lirer & Mele (2019) and Mele (2022). In Fig. 3a, the
expected trend of the apparent viscosity decay law with
the number of loading cycles (N¢y.) has been reported.
For loading cycles far from liquefaction triggering, the soil
is in a solid phase with values of n almost constant and
quite close to the initial one 1y (N¢y. = 0): after that, the
loading path moves into a transition zone in which the
two phases (solid and liquid) coexist and the apparent vis-
cosity suddenly decreases. When liquefaction starts to
develop, the soil becomes a liquid and a minimum single
value of apparent viscosity should be expected (Mgyja). AS
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n 1 Non — Newtonian
Shear thickening flow
(n>1)
Newtonian fluid
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Non — Newtonian
k Shear thinning flow
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Fig. 1. Rheological behaviour of a fluid in strain rate (y)- viscosity (1)
plane.

reported by Lirer & Mele (2019), liquefaction is attained in
correspondence with the elbow of the n — Ny decay law.
For saturated sandy soils, in correspondence with the
elbow of the viscosity curve, r, generally assumes a value
equal to 0.90 (Fig. 3b), where r, is the pore pressure ratio
(Au/c’y), the stress parameter traditionally adopted to
identify the liquefaction triggering in silty sands
(Ishihara, 1993). It can be assumed that liquefaction starts
to develop when excess pore water pressure is 90 % of the
effective vertical stress. On the contrary, for r, = 1.0, full
liquefaction is attained. Considering r, = 0.90 is a conser-
vative way to identify the onset of liquefaction.
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Lirer & Mele (2019), analyzing the results of cyclic
undrained triaxial tests carried out on reconstituted and
undisturbed (frozen) specimens of sandy and gravelly soils
in terms of apparent viscosity decay law, highlighted the
strong link between m and r,, introducing a viscosity-
based excess pore water pressure generation model repre-
sented by the following relationship:

a

n 1—-r
4 - Tu 3
ny 1+b-7¢ (3)

where a, b and c¢ are soil parameters that should be cali-
brated on the experimental results.

Eq. (3) has been further validated by Mele (2022). As an
example, in Fig. 3c the experimental data of Ticino sand
(FC = 0 %) have been plotted in the plane r, — n/Mo
together with the approximate relationship expressed by
Eq. (3). It is worth emphasizing that the parameters of
Eq. (3) do not depend on CSR or Nj,, therefore, contrary
to the traditional stress and strain-based pore pressure gen-
eration models (i.e., Booker et al., 1976; Dobry et al.,
1985), this pore water generation model does not need a
complex conversion in equivalent number of cycles, like
the innovative energy-based pore generation models (i.e.,
Berrill & Davis, 1985; Green et al., 2000).

Eq. (3) has been obtained only through cyclic triaxial
tests, therefore it could be useful to validate it by perform-
ing cyclic simple shear tests that more correctly reproduce
within the soil the stress path experienced by soils during
real earthquakes. To this aim, a wide experimental study
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Fig. 2. Example of pseudo-plastic behaviour of sandy soil (a) and fluid consistency coefficient (k) versus CSR (b) and linear relationship between k and n

(c) (after Mele, 2022).



L. Mele et al.

n Solid |Trans | Fluid
ﬂo\
e
Nfigig 177~
Ncyc

0.3:0.4

(a)

Fig. 3. Link between the apparent viscosity decay law and the pore pressure ratio: conceptual scheme (a), experimental results on Ticino sand (Mele, 2022)

(b-c).

has been scheduled in order to analyse in detail the role of
effective vertical stresses, loading paths (frequency, shape
of loading, pre-existing shear stress), soil’s fabric (moist
tamped, air pluviated and undisturbed specimens) on the
viscous behaviour of liquefiable sandy soils. The attention
will be focused on the apparent viscosity decay law
(Fig. 3a), viscosity-based excess pore water pressure gener-
ation model (Eq. (3)) and pseudo-plastic behaviour of lig-
uefiable soils (Eq. (1)). Finally, the viscosity based excess
pore water pressure model (Eq. (3)) and the proposed cor-
relations to estimate the fluid consistency coefficient k and
the liquidity index n have been validated at full scale by
using the results of 1D non-linear site response analysis
of the case study of Scortichino (Italy), affected by exten-
sive liquefaction phenomena during the 2012 earthquake.

2. Material and dataset

All cyclic simple shear tests (Table 2) have been per-
formed on Pieve di Cento sand, whose grain size distribu-
tion curve and physical properties have been reported in
Fig. 4 and Table 1, respectively. Pieve di Cento (PdC) sand
was retrieved from the field trial (Flora et al., 2021) of the
European project LIQUEFACT. It is located in Emilia
Romagna Region (Italy). All cyclic tests have been carried
out using a sophisticated simple shear apparatus, where
specimens are enclosed by flexible boundaries (Mele,
2023) and confined by pressurized water (cell pressure).
Cylindrical specimens (d = 70 mm and h = 26 mm) have
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Fig. 4. Grain size distribution curve of Pieve di Cento sand.

Table 1

Physical properties of Pieve di Cento sand.

Gq 2.655

Cmax — Cmin 0.884 — 0.442
Dsp (mm) 0.30

Ue 5.0

FC (%) 11

been prepared by moist tamping (MT) and air pluviation
(AP) techniques. In the first case, dry sand is initially mixed
with water that represents 5 % water content of the speci-
men. Then, the moist sand is compacted into two layers
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inside a split mould. Each layer is compacted into a desig-
nated portion of the required dry unit weight of the speci-
men. As known (Kwan, & El Mohtar, 2018), this technique
has the advantage of reconstituting the specimens with a
wide range of D, (7 < D; (%) < 75). Regarding the air plu-
viation, the dry sand is discharged vertically in air from a
nozzle of a funnel. As well-known, the obtained relative
density of the reconstituted specimens depends both on
the height of fall during the preparation and on the nozzle’s
dimensions. Mele (2020) showed that the nozzle’s dimen-
sion, at least in the tested range (4 < d (mm) < 15), does
not seem to influence D, of the specimens, on the contrary,
when the height of fall increases, D, increases as well. The
AP specimens have been prepared with a height of fall of
40 cm, to reach D, of about 40 % (Mele, 2020). In both
cases (MT or AP methods), the specimens have been satu-
rated increasing the back-pressure until having a B-value
higher than 0.95. After that, they have been consolidated
in Ky-conditions at different effective vertical stresses (40.
5 < o’y (kPa) < 205.8). The Ky-condition is simulated
through a sophisticated control system: the horizontal
stress (cell pressure) is imposed by operator through a
linear-time function and the vertical piston moves in order
to regulate axial strain (g,) in accordance with the volumet-
ric strain (g,) evolution to maintain the condition dey/
de, = 1.0 (i.e. &, = 0) and, therefore, the diameter constant.
As a consequence, vertical stress changes in response to soil
behaviour.

Although unavoidable oscillations of the radial strain
around zero occur, Mele (2023) showed that they are low
enough to assume the deformations belong to the elastic
region. After consolidation, a cyclic load has been applied
choosing different shear stress loading paths (sinusoidal,
triangular, rectangular and sawthrooth waveforms) and
load frequencies (0.05 < f < 5 Hz). Through an active
height-control (ASTM D6528-17 (2017) and ASTM
D8296-19 (2019)) the height of the specimen is kept con-
stant. Since the height and volume are both constant
(undrained tests), the cross-sectional area does not change,
as well.

Some tests have been performed applying a pre-existing
(drained) shear stress (5 < 13 < 6 kPa) on the horizontal
plane of the specimen before the cyclic (undrained) phase.
The amount of static shear stress has been quantified via
the parameter o

T.Y
o=
a/y0

(5)

where o’ is the vertical effective consolidation stress.

Three different values of o have been considered (0.10;
0.12;0.13) in order to have three different conditions: tcy. >-
Ty (stress reversal; MT25_sin0.05 test); Teye = Ts
(MT26_sin0.05 test); Te < T, (without stress reversal;
MT27 _sin0.05 test).

The experimental program has been summarized in
Table 2: the tests have been named with the kind of speci-
men‘s preparation technique (MT, AP or Und for undis-
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turbed specimens), adopted waveform (sin, tri, rect and
sawt) and load frequency (f = 0.05, 0.5, 5 Hz).

3. Apparent viscosity decay law

In this section the role of several parameters affecting
the soil apparent viscosity n (Table 2) has been investi-
gated: effective vertical stress, relative density, CSR, soil’s
fabric, cyclic loading frequency, loading waveforms, and
pre-existing static shear stress (o, Eq. (5).

3.1. Effect of effective vertical stress, relative density and
CSR

The decay laws of n with the number of cycles Ny per-
taining to cyclic simple shear tests carried out on some
reconstituted specimens (moist tamping; MT) (Table 2)
have been plotted in Fig. 5a, b: the specimens have been
tested adopting the same loading path (frequency, shape
and values of o) and different relative densities (D,) and
confining stresses (G°y). Experimental results confirm the
trend already shown in Fig. 2a, with the apparent viscosity
that decreases as the number of cycles (N,) increases. The
apparent viscosity decay law n-Ngy is mainly affected by
the applied CSR: when CSR increases the slope of the
curve increases as well, reaching liquefaction after a lower
number of cycles. The results agree with those reported by
Qin et al. (2023).

Regarding to the link between the viscosity and the
excess pore water pressure build up, Fig. 6a clearly
shows that the transition phase starts in correspondence
of r,~0.40 (inflection point): it means that when the
excess pore pressure is about 40 % of the initial effective
vertical stress the soil starts to change its state, moving
away from the solid condition. The experimental data
overlap each other in r, — n/ne plane (Fig. 6), high-
lighted that c’y, D, and CSR have a negligible influence
on the viscosity-based excess pore water pressure genera-
tion model (Eq. (3)). The parameters a, b and ¢ of Eq.
(3) have been therefore calibrated to have the best fitting
with the experimental CSS test results (a = 2.31;
b = 2.76; ¢ = 5.34, Fig. 0).

3.2. Effect of frequency

Being the earthquakes characterized by frequencies (f =
1 + 10 Hz) higher than those generally applied at the lab-
oratory scale, three tests (MT3_sin0.05, MT16_sin0.5 and
MT17_sin5, Table 2) have been carried out to investigate
the effect of frequency on the apparent viscosity. All of
them have been performed on moist tamped specimens
consolidated at low effective  vertical stresses
(56 < o’y < 60 kPa) and loaded by a (sinusoidal) cyclic
load (CSR ~ 0.10-0.115, Table 2) applied with frequency
ranges from 0.05 to 5 Hz. Being the apparent viscosity
decay laws linked to the strain rate (Eq. (2)), the adopted
frequency has a relevant effect and lower values of n have
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Table 2

Dataset of examined tests.

Test Preparation technique ey D, (%) G’ho (kPa) o’vo (kPa) o Waveform f(Hz) CSR Ref.
MTI_sin0.05 MT 0.683 45 27.2 58.6 0 Sinusoid 0.05 0.130  Mele, 2020
MT?2_sin0.05 MT 0.670 48 18.7 534 0 Sinusoid 0.05 0.120

MT?3_sin0.05 MT 0.657 51 30.4 59.7 0 Sinusoid 0.05 0.115

MT4_sin0.05 MT 0.574 70 25.2 49.7 0 Sinusoid 0.05 0.130

MT5_sin0.05 MT 0.587 67 23.8 51.5 0 Sinusoid 0.05 0.140

MT6_sin0.05 MT 0.854 7 24.3 52.0 0 Sinusoid 0.05 0.110 Mele et al., 2023b
MT7_sin0.05 MT 0.827 13 334 57.1 0 Sinusoid 0.05 0.110

MTS8_sin0.05 MT 0.583 68 21.2 59.9 0 Sinusoid 0.05 0.130

MT9_sin0.05 MT 0.561 73 40.2 98.4 0 Sinusoid 0.05 0.140
MT10_sin0.05 MT 0.691 43 52.1 106.5 0 Sinusoid 0.05 0.120
MT11_sin0.05 MT 0.686 45 96.6 205.8 0 Sinusoid 0.05 0.130

MT12_sin0.05 MT 0.553 75 85.0 198.0 0 Sinusoid 0.05 0.140

Und13 sin0.05 Und_GP (¥) 0.655 - 232 60.4 0 Sinusoid 0.05 0.12 Flora et al., 2021
Undl14 _sin0.05  Und_GP (*) 0.692 — 13.3 40.5 0 Sinusoid 0.05 0.110
Und15_sin0.05  Und_O (*) 0.613 — 19.6 51.3 0 Sinusoid 0.05 0.130

MT16_sin0.5 MT 0.673 48 29.1 55.7 0 Sinusoid 0.5 0.110  This study
MT17_sin5 MT 0.678 46 29.0 57.2 0 Sinusoid 5 0.100

MTI18_tri0.05 MT 0.693 43 28.3 44.6 0 Triang 0.05 0.120
MT19_rec0.05 MT 0.701 41 40.0 54.6 0 Rectang 0.05 0.125
MT20_swt0.05 MT 0.693 43 28.9 49.1 0 Sawtooth 0.05 0.120

AP21_sin0.05 AP 0.673 48 35.7 66.2 0 Sinusoid 0.05 0.080

AP22 sin0.05 AP 0.654 52 19.7 69.9 0 Sinusoid 0.05 0.085

AP23 sin0.05 AP 0.675 47 34.1 68.9 0 Sinusoid 0.05 0.100

AP24 sin0.05 AP 0.643 54 26.4 61.3 0 Sinusoid 0.05 0.105

MT?25_sin0.05 MT 0.700 42 24.1 53.0 0.10  Sinusoid 0.05 0.120
MT26_sin0.05 MT 0.700 42 30.6 539 0.12  Sinusoid 0.05 0.125
MT?27_sin0.05 MT 0.708 40 32.7 49.8 0.13  Sinusoid 0.05 0.120

(*) GP = Gel-Pusher; O = Osterberg. Not having enough quantities of soils, it was not possible to evaluate ey, and enin (ASTM D4253-06 (2006); ASTM

D4254-06 (2006)).
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Fig. 5. Apparent viscosity decay curves for reconstituted specimens (MT) consolidated at lower (c’,0=50 kPa) (a) and higher (c’,y=100 and 200 kPa) (b)

effective vertical stresses.

been obtained for higher frequencies (Fig. 7a). Indeed, for
higher frequencies the apparent viscosity exhibits lower
values, since the shear strain rate () is higher (see, Eq.
(2). The effect of frequency disappears in the normalized
ry — n/Mo plane (Fig. 7b): the theoretical curve previously
shown in Fig. 6a (obtained via Eq. (3), with a = 2.31;
b = 2.76; ¢ = 5.34) fits well the experimental data of tests
performed at different frequencies, suggesting that a unique
curve can predict the behaviour of the tested soil.

3.3. Effect of loading waveform

In order to investigate the effect of the shape of loading
on the apparent viscosity n, three additional cyclic simple
shear tests have been carried out (MTI18_tri0.05,
MT19_rec0.05 and MT20_swt0.05, Table 2), applying a tri-
angular (tri), rectangular (rec) and sawtooth (swt) wave-
form, respectively (Fig. 8). All of them have been carried
out with the same value of CSR adopted in the test
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Fig. 6. Relationship between r, and n/ng for some CSS tests on Pieve di
Cento sand.

MT2_sin0.05 test (CSR = 0.12), performed by applying a
sinusoidal waveform (Table 2).

The apparent viscosity decay curves have been plotted in
Fig. 9a: it is worth noting that the values of n are affected
by the shape of loading due to different strain rates. To bet-
ter understand the waveform effect, in Fig. 9b the maxi-
mum and minimum shear strain rate per cycle has been
plotted with r, for the four tests. It can be noted that the
difference between v,,,. and y,,,, is higher for MT19_rec0.05
test, performed with a rectangular waveform, where a sud-
den increase (or decrease) of loading is imposed. As a con-
sequence, in this test n is lower than that pertained to the
other ones (Fig. 9a). Moreover, due to the fact that j is
roughly constant with r, (Fig. 9b), the decay curve is flatter
compared to those of other tests (Fig. 9a). Therefore, a dif-
ferent response of MT19_rec0.05 test can be also observed
in Fig. 9¢c, where the viscosity-based excess pore pressure
generation model (Eq. (3)) calibrated on experimental data
obtained by cyclic tests carried out with sinusoidal wave-
forms has been reported.

Lower values of shear strain rate in MT18 tri0.05 test
are responsible of higher m compared to other tests
(Fig. 9a). Asymmetrical values of j are recorded in saw-
tooth waveform (9,,.. > |Vml; Fig. 9b). The difference
between y,,,. and 7, is higher than that computed in sinu-
soidal and triangular waveforms, therefore lower n values
are exhibited in MT20_swt0.05 test (Fig. 9a).
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Fig. 8. Loading waveforms for cyclic tests: sinusoidal; triangular; rectan-
gular and sawtooth (CSR = 0.12).

The experimental results plotted in Fig. 9c show that the
traditional S-shape of the relationship r, — n/ng is not
completely explicated (the fluid phase is not evident) for
the other tested waveforms and a simpler power function
(b = 0) could be suitable to fit these results (Fig. 9d). This
experimental evidence implies that in a real case, where the
seismic irregular input motion is expected, Eq. (3) could be
simplified as follows:

Lo1-r (6)

Mo

In this way, only one parameter (a, Eq. (6)), should be
calibrated (Fig. 9d). It is worth specifying that the param-
eter a, reported in Eq. (6), can be easily calibrated from
simpler cyclic tests performed with sinusoidal waveforms.
No need to perform tests with different waveforms. It
makes easier the calibration of Eq. (6) from laboratory
tests.

3.4. Effect of soil fabric

It is well known that the technique used to prepare the
specimens can affect liquefaction behaviour of sandy soils
(Mulilis et al., 1977). The effect is due to a different distri-
bution of grain contacts (soil fabric) that develops during
the preparation: generally, air pluviated specimens (AP)
exhibit liquefaction resistance lower than that pertaining

1.20 0 MT3_sin0.05
1.00 ® MTI6 sin0.5
MT17_sin5

OO.SO —Eq. (3) - R2=0.938
£0.60
=

0.40

0.20

0.00

Fig. 7. Effect of frequency on the apparent viscosity decay curves (a) and on the relationship between r, and n/ng (b)
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Fig. 9. Effect of waveform on the apparent viscosity decay curve (a) on the shear strain rate (b) on the relationship between r, and n/n, compared with the

theoretical Eq. (3) (c) and Eq. (6) (d) for Pieve di Cento sand.

to moist tamping ones (MT). In this section the results of
four additional tests (AP21, AP22, AP23 and AP24,
Table 2) carried out on specimens reconstituted with air
pluviation method and three tests on undisturbed speci-
mens (Und13_sin0.05, Und14_sin0.05, Und 15_sin0.05),
have been compared to better understand the effect of soil
fabric. For all of them, the apparent viscosity decay curves
resemble the theoretical trend reported in Fig. 3a. Plotting
the data in r, — n/ng plane, it can be noted that the decay
law is not affected by soil fabric: the theoretical curve (Eq.
(3)); a = 2.31; b = 2.76; ¢ = 5.34, Fig. 10b) obtained for
MT specimens well fits the experimental data of AP and
undisturbed specimens (R? = 0.957).

15
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3.5. Effect of static shear stress

The existence of an initial static shear stress can have a
significant effect on the cyclic strength or liquefaction
potential of sandy soils. This aspect is relevant in many
practical applications involving earth dams and slopes
(i.e. Harder & Boulanger, 1997, Yang & Sze, 2011a-b;
Pan & Yang, 2018; Sivathayalan & Ha, 2011; Tomasello
& Porcino, 2022), or built environment (i.e. Dashti et al.,
2010; Bertalot & Brennan, 2015; Adamidis &
Madabhushi, 2018).

In order to verify the effect of the static shear stress on
the apparent viscosity, three additional simple shear tests

1.20 X AP21_sin0.05
X AP22 sin0.05

1.00 XKy o X AP23_sin0.05
¢ X AP24 sin0.05

0.80 ¢ Undl3 sin0.05

Und14 sin0.05

0.60 x ® Undl5 sin0.05
0.40 —Eq. (3) - R2=0.957
0.20
0.00
0 0.2 0.4 0.6 0.8 1
T,

Fig. 10. Effect of soil fabric on the apparent viscosity decay curve (a) on the relationship between r, and 1/ (b) for Pieve di Cento sand.
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have been performed by imposing the same value of CSR
(Table 2) and different values of o (eq.5). The results are
shown in the planes ¢’y — 1 (Fig. 11a, c, €) and Ngy. — 1y
— v (Fig. 11b, d, f). It can be noted that the stress-paths
of all tests move towards the failure line of Pieve di Cento
sand (t/c’= 0.60, Mele, 2023) inducing plastic shear strain
accumulation (Yang & Sze, 2011a) toward the positive side
(Fig. 11b, d, f).

The apparent viscosity decay curves are reported in
Fig. 12: it is worth noting that the final value of m is
affected by the adopted value of a. It is due to the fact that
when the value of o increases the shear strain rate
decreases, and then mn exhibits higher values (Eq. (2)).
Moreover, when non-stress reversal condition occurs
(Fig. 1le), the fluid phase could be not fully-explicated
(Fig. 11f, where the r, < 0.9). This is evident plotting the
results in the m/mg — 1, plane: the theoretical curve

MT25 sin0.05
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(Eq. (3), Fig. 12b) well fits the experimental data up to
r, = 0.60, while for higher values of r, the approximate
curve is below the experimental results pertaining to cyclic
tests with higher value of o (MT27_sin0.05).

4. Pseudo-plastic behaviour

As previously mentioned, when liquefaction phe-
nomenon is triggered, the sudden drop of the value of the
apparent viscosity (Fig. 3a) reveals the change of state of
the soil from solid to a pseudo-plastic liquid. When, it
occurs, the rheological behaviour of liquefied soils can be
simulated through Eq. (1). In Fig. 13 the results of cyclic
tests carried out on reconstituted moist tamped specimens
have been plotted in y-n plane, where 7 has been computed
as the average value between v,,,. and |y,,;,| for each cycle.
As for cyclic triaxial tests, also for cyclic simple shear tests,
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Fig. 11. Simple shear tests performed with a static shear stress in the planes ¢’y — 1 (a, ¢, ) and Ny with r, and y (b, d, f).
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Fig. 12. Effect of pre-existing static shear stress on the apparent viscosity decay curve (a) and on the relationship between r, and n/n (b) for Pieve di
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Fig. 13. Effect of 6’y on the relationship between ¥- 1 for Pieve di Cento
sand.

the power law between the apparent viscosity (1) and the
shear strain rate () (Eq. (1)) correctly simulates the beha-
viour of sand. It can be noted that the effect of the confin-
ing stress G’y is relevant: specimens consolidated with
higher o’y (Table 2) exhibit higher curves compared to
those carried out with lower values of effective vertical
stress (6’yo ~ 50 kPa, Table 2).

The parameters k and n of Eq. (1) (fluid consistency coef-
ficient and liquidity index, respectively) have been cali-
brated for each test (Table 2) to have the best fitting with
the experimental data. In Fig. 14a and Fig. 14c, k and n
values have been plotted for each test together with the
upper and lower bounds proposed by Mele (2022): it can
be observed that the experimental results of the tests per-
formed at higher confining stresses (MT11_sin0.05 and
MT12_sin0.05 tests) are outside the theoretical bounds
reported in Fig. 2b and Fig. 2c. More relevant differences
between experimental results reported in this paper and
the approximate relationship proposed in Fig. 2c, can be
noted in Fig. 14c. To stress out the effect of 6’,, the exper-
imental data have been plotted in the plane CSR — k/c’¢ in
Fig. 14b and k/o’,¢ — n plane in Fig. 14d, together with the
experimental data of cyclic triaxial tests reported by Mele
(2022). New regression functions have been identified for
the fluid consistency coefficient (k) and liquidity index
(n), that well fit data of triaxial tests of Mele (2022), as well.
This result seems to suggest that the calibration of k and n

is independent on the kind of performed tests. It is proba-
bly due to the fact that when the transition phase starts
(Fig. 3a) the soil loses memory of its original state and as
a consequence, the behaviour is not yet affected by the
applied loading paths.

This aspect is even clearer in Fig. 15, in which the effect
of stress path history (load frequency, waveforms and pre-
existing static shear stress) or the fabric effect (MT, AP or
undisturbed specimens) on the pseudo-plastic behaviour of
soils (Eq. (1)) has been investigated. Once again, the relia-
bility of the Eq. (1) is confirmed and the proposed correla-
tions to estimate k and n (Fig. 14b-d) allow to well predict
the pseudo-plastic behaviour of sandy soils (R* > 0.883). It
should be specified that the predicted curves have been
obtained assuming average values of o’yo and CSR for
the examined group of tests.

5. The case study of Scortichino (Italy)

The outcomes of the experimental study shown in §3 and
§4 highlight the effectiveness of the apparent viscosity in
representing the change in soil state during the liquefaction
phenomenon. The processing of the laboratory data with a
viscous perspective has allowed to derive analytical rela-
tionships able to predict the earthquake induced excess
pore water pressure build up and also the behaviour of lig-
uefied soils as pseudo-plastic fluids. The findings have been
extended to a large scale, analysing the site of Scortichino
located in the large area of the river Po valley (Emilia
Romagna region, Northern Italy) hit by the seismic
sequence of May 2012. The damage survey carried out
after the seismic event revealed liquefaction evidence
(Tonni et al., 2015; Chiaradonna et al., 2019), such as sand
boils and lateral spreading mechanisms. The site of Scor-
tichino was studied in depth performing an extensive exper-
imental program, composed by laboratory and in-situ tests,
in order to define accurately the geotechnical model (Tonni
et al., 2015). The stratigraphic model of the most damaged
section (named c-c’) is composed mainly by four deposits:
dyke, composed by subsequent layers of sand, sandy silt
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and silty sand; silty sand; sand and clay (Fig. 16a; Tonni
et al., 2015).

A 1D non-linear site response analysis has been per-
formed by means of DEEPSOIL (Hashash et al., 2020)
with an input motion applied at bedrock, modelled as an
elastic half-space. Since no acceleration records were avail-
able at the site of Scortichino, a selection of recorded
accelerograms was adopted in order to simulate the 20"
May event. As reported by Chiaradonna (2016), the input
motion was defined through a selection of records within
the Italian database ITACA, based on the magnitude
(5.5-6.5) and distance (5 — 10 km) bins approach. The
NS component of the main shock of Irpinia earthquake
(11/23/1980), recorded at the Lauria station was finally
selected and adopted as input motion in the analyses.
The selected time history was then scaled to the PGA esti-
mated at the site through the hazard map (PGA = 0.192 g;
Fig. 16b).
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Fig. 16. Subsoil profile of Scortichino (a), input motion (b), comparison between Pieve di Cento and Scortichino sands (c) and r, profile (d).

35

The pore pressure energy-model of Berrill & Davis
(1985), already implemented in DEEPSOIL, has been used
to predict the r, profile (Fig. 16d). This model does not
need the complex conversion in an equivalent number of
cycles but requires the calibration of two parameters. They
have been calibrated on the results of in situ tests according
to the simple procedure suggested by Mele et al. (2023a). It
should be mentioned that the analysis has been performed
in terms of effective stresses with a loosely coupled
approach.

Four depths have been analysed in detail: z = 7.5, 9.5,
15.5 and 17.5 m from ground surface. In the shallowest
one, no liquefaction occurs as shown by the value of r,
lower than 0.90 (r, = 0.67, Fig. 16d). On the contrary, in
the layers located at 9.5, 15.5 and 17.5 the liquefaction
occurs, as demonstrated by the attained values of pore
pressure ratio r, (r, = 0.90, Fig. 17¢).
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Fig. 17. Results of DEEPSOIL: stress—strain cycles (a, b), pore pressure ratio and apparent viscosity with time (c, d) of two layers.

As an example in Fig. 17, the stress—strain cycles
(Fig. 17a-b) and the pore pressure ratio with time (Fig. 17-
c-d) returned by DEEPSOIL have been plotted for layers
at 7.5 and 9.5 m.

The results returned by DEEPSOIL, in the first 10 s and
at the four selected depths have been interpreted from a vis-
cous point of view. Firstly, the apparent viscosity has been
calculated via Eq. (2) with the following steps:

1) from the time history of shear stress, Tyax and T, in
each second have been considered;

2) from the time history of shear strain, shear strain rate
has been computed as Ay/At. As for 1, ¥,,,.and ¥,,,
have been selected in each second;

3) known Tpax, Tmin, Vmex@d ¥, N can be calculated for
each second (Fig. 17c-d).

Comparing the time history of m at 7.50 and 9.50 m
(Fig. 17c-d), it can be observed that mn is roughly constant
in the shallowest layer (Fig. 17¢), since no liquefaction is
attained. On the contrary, a sudden drop of m occurs at
9.50 m when r, approaches to 0.90 (attainment of
liquefaction).

In Fig. 18, m/mo has been plotted with the maximum
value of r, in each second for each examined depth. Data
have been compared with the theoretical curves obtained
for sinusoidal (Eq. (3)) and non-sinusoidal waveforms
(Eq. (6)), where the parameters a, b and ¢ have been cali-
brated on the results of laboratory tests on Pieve di Cento
sand (being the two sands very similar, Fig. 16¢).
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Fig. 18. Data of 1D non-linear analysis of Scortichino processed with a
viscous approach in r,-n/ng plane, compared with the proposed Egs. (3)
and (6) to predict pore pressures.

Although a data dispersion can be noted for z = 7.50 m,
due to some fluctuation of n (Fig. 17¢c), Fig. 18 confirms
that for irregular loads (real cases) Eq. (6) should be pre-
ferred to predict more accurately the earthquake induced
excess pore water pressure. With this simple relationship,
only one parameter (¢) must be calibrated from laboratory
tests (note that the parameter ¢ has been calibrated from
the sinusoidal waveform tests). The good agreement
between the estimated pore pressure (Eq. (6)) and the
results of 1D-non linear site response analysis seem to sug-
gest that viscosity-based pore generation model could be
used to predict the excess pore water pressure generated
during seismic loading. The reliability of the model should
be confirmed by more data, however the preliminary
results seem to be very promising. Likewise energy-based
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Table 3
Calibration of the pseudo-plastic parameters of Scortichino soils (eq.1).
Depth (m) CSR(*) k/6”yo (s2) k (kPa-s?) n

9.50 0.104 0.0503 6.92 —0.111
15.50 0.089 0.0250 4.81 —0.188
17.50 0.083 0.0236 5.02 —0.195

(*) CSR = 0.65-T,p0] 0 o

pore pressure generation models, the viscosity-based model
does not require conversion in equivalent number of cycles
of uniform shear stress. It is based on a more comprehen-
sive consideration of the cyclic stress—strain behaviour of
soils. Moreover, the implementation in numerical code
could be easy.

5.1. Pseudo-plastic behaviour

The effectiveness of the correlations between k/o’,y —
CSR and k/o’,y —n provided in section 4, has been tested
for the case study of Scortichino. The cyclic stress ratio
CSR at different depths has been quantified through the
simple procedure proposed by Seed & Idriss (1970), while
the fluid consistency coefficient (k) and liguidity index (n)
have been estimated via the regressions reported in
Fig. 14 b,d (Table 3). The knowledge of k£ and n allows
the prediction of the pseudo-plastic behaviour of the lique-
fied soils through Eq. (1).

In Fig. 19 the results of the dynamic analysis in terms of
1n-v have been plotted for the examined depths where lique-
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Fig. 19. Results of dynamic analysis in terms of n—y compared with those predicted by the proposed method.
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faction occurs (z = 9.50, 15.50 and 17.50 m) and compared
with the prediction given by Eq. (1). The comparison high-
lights the effectiveness of the prediction in all the depths in
which liquefaction is triggered. The proposed procedure to
estimate k and n, seems to be consistent. It can be used as a
powerful tool to model the behaviour of liquefied sands.

6. Concluding remarks

In this paper, the behaviour of liquefiable soils has been
investigated through the apparent viscosity, that is a phys-
ically based parameter which well represents the temporary
state change induced by liquefaction phenomenon. A large
experimental program (Table 2) allowed to derive an inno-
vative viscosity-based excess pore pressure generation
model that has the advantage not to need the complex con-
version of the seismic demand in an equivalent number of
uniform cycles. The potential of the apparent viscosity as a
parameter to model the pseudo-plastic behaviour of lique-
fied sandy soils has been analysed at small scale and after
verified at large scale (§.5).

The main findings have been drawn out:

- The proposed viscosity-based excess pore water pressure
generation model must be calibrated on experimental
results carried out with cyclic tests on reconstituted or
undisturbed soils. The experimental study revealed that
the calibration is affected by the adopted waveform and
the presence of a static shear stress. On the contrary, the
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Table 4
Synthesis of parameters affecting the apparent viscosity.
Effect Range/kind Excess pore pressure Pseudo-plastic

generation model (Eq. (3))

behaviour (Eq. (1))

Relative density (Dr)
Cyclic Stress Ratio (CSR)
Effective vertical stress

7< D, (%) <75
0.08 < CSR < 0.16
40.5 < o’y (kPa) < 205.8

(G’VO)
Fabric Undisturbed; MT; AP
Frequency (f) 0.05<f(Hz) <5
Waveforms Sinusoidal, triangular, rectangular and
sawtooth
Static shear stress (ts) 0.10 < a<0.13

Negligible Negligible
Negligible Not — negligible
Negligible Negligible
Negligible Negligible
Negligible Negligible
Not — negligible Negligible
Not — negligible Negligible

soil fabric, 6’9, D, and CSR have a negligible influence
on the calibration parameters (Table 4). The parameters
of viscosity-based excess pore water pressure generation
model can be calibrated to have the best fitting with the
results of stress-controlled laboratory (cyclic triaxial or
simple shear) tests with a sinusoidal waveform.

The pseudo-plastic behaviour of liquefied soils is mainly
affected by the effective vertical stress (Tab.4), while
the other studied parameters (fabric, load path) have a
negligible effect on the fluid consistency coefficient (k)
and liquidity index (n). The proposed correlations
shown in Fig. 14b-d allow to easily calibrate k and n
starting from CSR at a generic depth. However, it is
worth noting that the proposed relationships shown in
Fig. 14b-d are valid for CSR higher than 0.06. Further
tests should be performed with lower CSR to better
investigate the trend of curves when lower cyclic stress
amplitudes are applied.

Although, further tests should be performed, this paper
can be considered as a preliminary work, which shows the
potentiality of the apparent viscosity not only to model the
behaviour of liquefied soils but also to predict the accumu-
lation of the excess pore water pressure.
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