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ABSTRACT: It is commonly assumed that soils increase their resistance to liquefaction following an initial liquefaction event due to
densification during reconsolidation. However, emerging evidence (Finn et al. 1970; Seed et al. 1977; Ishihara & Okada 1978) suggests
that strain history, anisotropy (Yamada et al. 2010; Nemat-nasser & Takahashi 1984), and fabric changes (Nemat-nasser & Takahashi
1984; Nemat-nasser & Tobita 1982) can have a more significant impact than density on post-liquefaction resistance. This study
examines the effect of strain history on reliquefaction resistance of Ottawa F-65 sand through numerical modelling using the PM4Sand
constitutive model. Finite element simulations are conducted to replicate cyclic direct simple shear (CDSS) tests, with a focus on
evaluating the influence of strain history on reliquefaction resistance. The results demonstrate that there is a shear strain threshold
beyond which reliquefaction resistance decreases, as suggested initially by Finn et al. (1970). The study highlights the value of
advanced constitutive models in understanding reliquefaction mechanisms and improving seismic hazard mitigation strategies.
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1 INTRODUCTION

Liquefaction remains one of the most critical geotechnical
hazards associated with seismic events. While significant
research has been focused on understanding liquefaction
triggering, the phenomenon of reliquefaction has gained
increasing attention in recent years due to its implications for
the seismic performance of structures (Yamada et al. 2010;
Parra Bastidas, 2016; Yasuda & Tohno 1988). Reliquefaction
refers to the occurrence of liquefaction in a previously liquefied
soil, after a reconsolidation phase has taken place. For the
purposes of this study, the term “liquefaction” will be used to
refer to a state where a single amplitude shear strain of 3.0 %
has been reached due to a significant rise in pore water pressure.

This paper presents a numerical study focused on the
influence of maximum shear strain experienced during an initial
liquefaction event on the subsequent resistance to
reliquefaction.

2 BACKGROUND ON RELIQUEFACTION

Reliquefaction has been documented in several seismic events.
In Japan, the 1983 Nihonkai-Chubu earthquake provides
evidence of reliquefaction at 11 sites, with some locations
experiencing liquefaction up to five times during 1964 to 1983,
as indicated by Yasuda & Tohno (1988). In New Zealand,
earthquakes in Christchurch between September 2010 and
December 2011 (Mw 5.3 to 7.1) also showed numerous
reliquefaction cases (Cubrinovski et al. 2012; Van Ballegooy
2014). In Chile, studies following the 2010 Maule Earthquake
(Mw=8.8) suggest that sites that liquefied during the 1960
Valdivia earthquake (Mw=9.5) were still prone to liquefaction
and did so again in 2010, as indicated by Verdugo & Gonzalez
(2015).

Among the earliest studies on reliquefaction, Finn et al.
(1970) performed both cyclic undrained triaxial tests and
undrained cyclic direct simple shear tests on Ottawa Sand.
Their findings revealed that reliquefaction resistance
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significantly decreased on both cyclic triaxial and cyclic direct
simple shear tests where large strains were developed. On the
other hand, their results suggested that for cyclic events with
small strains and low excess pore water pressures, which do not
reach a state of full liquefaction, the resistance to reliquefaction
significantly increases, as the elimination of local instabilities
allows for a better interlocking of particles. They postulated the
existence of a threshold shear strain value beyond which
reliquefaction resistance decreases if that threshold was
exceeded during a previous liquefaction event.

Subsequently, Yamada et al. (2010) concluded that during
liquefaction, anisotropy is developed and remains even after
liquefaction, which can significantly decrease the resistance to
reliquefaction for certain shaking directions.

3 METHODOLOGY

This study builds upon the numerical modeling work by Parra
Bastidas (2016), in which the PM4Sand (Boulanger, &
Ziotopoulou, 2013) constitutive model was calibrated to
simulate 16 consecutive cyclic direct simple shear tests with
Ottawa Sand samples. Table 1 summarizes the main grain size
characteristics of Ottawa F-65 sand:

Table 1. Ottawa F-65 sand grain size characteristics.
Fines
Deo Dio Dso Cy C. content USCS
[mm] [mm] [mm]
[%]
0.22 0.13 0.17 1.61 0.96 0.20 SP

The calibration was validated through comparison with
experimental results, and the same set of model parameters used
in calibration No. 2 by Parra Bastidas (2016) was adopted for
this study. In general, calibration N°2 better reproduces the soil
behaviour of samples with lower relative densities. Table 2
presents the model parameters considered.
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Table 2. Calibration parameters adopted from Parra Bastidas (2016).
Type of  Parameter Value
parameter
Primary DR between 30% and 74%
Primary G, Calculated from DR.
Primary hyo 0.32 for loose samples
Primary hpo 0.016 for dense samples
Secondary €max 0.833
Secondary €min 0.507
Secondary Doy 30°
Secondary R 1.00
Secondary Q 10 (default PM4Sand value)
Secondary \% 0.3 (default PM4Sand value)
Secondary ny 0.25
Secondary ng 0.1 (default PM4Sand value)
Secondary h, Default PM4Sand expression.
Secondary Ago Default value, based on Seed et al.

(1977)

Secondary Zinax Default PM4Sand expression.
Secondary C, 250 (Default PM4Sand value)
Secondary Ce Default PM4Sand expression.
Secondary Cpa 2.0 (default PM4Sand value)
Secondary C, Default PM4Sand expression.
Secondary M 0.01(default PM4Sand value)

44 single-element simulations of cyclic direct simple shear tests
(CDSS) were performed, each considering different relative
density and cyclic stress ratio (CSR) values. Each simulation
included two consecutive undrained (constant height condition)
CDSS tests. All simulations began with an initial vertical
effective stress of ov’=100 kPa, and a different initial relative
density was adopted at the start of each simulation. After the 1%
undrained CDSS test was simulated, the sample was re-
centered, followed by a reconsolidation phase. Finally, the 274
undrained CDSS test was simulated to evaluate the effect that
the maximum shear strain (ymax) reached during the 1% cyclic
loading phase has on the liquefaction resistance during the 2"
cyclic loading phase.

The simulations were conducted using the PLAXIS 2D
(version 22.01.00.452.) software and were organized into four
Groups (A, B, C, and D), based on the maximum shear strain
(Ymax) developed during the first cyclic loading event. Each
group considers 11 single element simulations, with each
simulation consisting of two consecutive cyclic simple shear
tests. In Group A, ymax Was approximately 3.0% during the first
loading cycle. For Group B, ymax was close to 1.0%. In Group
C, ymax reached approximately 0.2% and in Group D, Ymax Was
about 0.1%.

Tests in each Group were conducted at relative densities
ranging from 30% to 74%, with CSR values between 0.12 (for
looser samples) and 0.40 (for denser samples).

Table 3 indicates the applied cyclic stress ratio and the
relative density considered in each simulation. It is important to
highlight that, as the relative density increases, the CSR applied
was also increased in order to facilitate the liquefaction
triggering in denser samples.

Table 3.  Relative density and CSR considered in each simulation.

Initial Relative

Type of density density [%] CSR
Loose 30 0.12
Loose 35 0.12
Loose 41 0.12
Dense 72 0.25
Dense 74 0.40

Figure 1 presents the results of 1 of the 44 simulations
conducted. In this case, ymax reached around 3% during the first
cyclic test. During this initial cyclic loading, the element
experienced 7 cycles before liquefying. Following this initial
cyclic loading phase, a reconsolidation process was performed,
during which the sample underwent an increase in relative
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density. In the 2™ cyclic loading test, excess pore water
pressure developed extremely quickly, resulting in liquefaction
in less than one cycle, with the soil exhibiting very low
resistance to reliquefaction. Throughout all figures presented in
this paper, a compression negative sign convention is adopted.

25 —First cyclic test and recentering
—Reconsolidation
15 —Second cycling test
g
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Figure 1. Analysis A.3. DRsitial =35 %. CSR = 0.12. ypnax = 3.0 % for

first cyclic load.

Figure 2 to Figure 5 present the results of the 2™ cyclic loading
for 4 of the 44 simulations conducted, each corresponding to a
different maximum shear strain value applied during the 1
cyclic loading. All these simulations consider an initial relative
density of 35 %.

In the results presented in Figure 2 (which illustrates the
same simulation as Figure 1, but showing only the 2™ cyclic
loading test), where ymax = 3% during the 1% cyclic loading,
liquefaction is reached in less than one cycle for the 2" cyclic
loading. It can be seen that as ymax during the 1% cyclic loading
decreases (moving from Figure 2 with a ymax = 3% to Figure 5
with a ymax = 0.1%), the number of cycles required to reach
liquefaction during the 2" cyclic loading increases
significantly, peaking at ymax = 0.2 % (Group C).
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Figure 2. 2™ cyclic loading for ymax =3.0% during first cyclic loading,
DR =35 %. Group A.
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Figure 3. 2™ cyclic loading for ymw=1.0% during first cyclic loading,
DR =35 %. Group B.
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Figure 4. 2" cyclic loading for ymw=0.2% during first cyclic loading,
DR =35 %. Group C.

2nd cyclic test for analysis D.3
15 ymax_prior =0.1%

10

T [kPa)

5
0
5
-10

-15

-120 -100 -8

8

-60 -40 -20 o' [kPa] 0

Figure 5. 2™ cyclic loading for ymax =0.1% during first cyclic loading,
DR =35 %. Group D.



Figure 6 to Figure 9 present the results of the 2™ cyclic loading
phase for another set of 4 of the 44 simulations conducted with
an initial relative density of 72 % and CSR=0.25.
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Figure 6. 2™ cyclic loading for ymax =3.0% during first cyclic loading,
DR =72 %. Group A.

—2nd cyclic test for analysis B.11
» ymax_prior = 1.0 %

T [kPa]

v ) b b ' o' [kPa]
Figure 7. 2™ cyclic loading for ym.x =1.0% during first cyclic loading,
DR =72 %. Group B.
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Figure 8. 2™ cyclic loading for ym.x =0.2% during first cyclic loading,
DR =72 %. Group C.
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Figure 9. 2™ cyclic loading for ym.x =0.1% during first cyclic loading,
DR =72 %. Group D.

When comparing the results presented in Figure 2 to Figure 5
(which correspond to a relative density of 35%) with those
shown in Figure 6 to Figure 9 (where the relative density is
72%), a similar behaviour can be observed. Specifically, when
higher values of the maximum shear strain (ymax) are reached
during the 1% cyclic loading (results shown in Figure 2, Figure 6
and Figure 7), the soil experiences a reduction in both stiffness
and strength, resulting in liquefaction occurring almost
immediately during the 2" cyclic loading phase.

On the other hand, when lower values of maximum shear
strain (ymax) are reached during the 1% cyclic loading phase
(results shown in Figure 3 to Figure 4 Figure 5, Figure 8 and
Figure 9) the soil's resistance to reliquefaction during the 2m
cyclic loading increases significantly.

Figure 10 summarizes the influence of strain history on
reliquefaction resistance, defining liquefaction as the state
corresponding to a single amplitude shear strain of 3.0 %.
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Figure 10. Strain history effect on reliquefaction resistance. Groups A,
B, C and D summary.

The vertical axis on Figure 10 corresponds to the number of
cycles required to reach y = 3% on the 2™ cyclic test for all
points in the graph, with the exception of the virgin samples
Group, which corresponds to the intersection of the curves with
the vertical axis. Those simulations (virgin samples) have not
experienced any previous shear strain, and therefore the number
of cycles in the intersection of the curves with the vertical axis
refers to the 1% (and not the 2") cyclic test.

For Groups A, B, C, and D, the vertical axis on Figure 10
corresponds to the number of cycles required to achieve a single
amplitude shear strain of 3.0 % during the 2™ cyclic loading, as
a function of ymax during the 1% cyclic test. In order to clarify
the information presented on Figure 10, 2 points of the graph
will be explained:

Point 1 (refer to Figure 10): corresponds to the simulation
with a DR=41 %, which had been previously tested up to a shear
strain of about 0.2 % during the 1% cyclic loading. Later on, the
2% cyclic loading simulation requires 27 cycles to reach a shear
strain of 3.0 % (reliquefaction), which corresponds to an
increase in liquefaction resistance when compared with the
virgin sample, which required only 14 cycles to reach the same
strain level (Point 2).

Point 2 (refer to Figure 10): corresponds to the simulation
with a DR=41 % that has not previously experienced any shear
strain (virgin sample). After about 14 cycles, it reaches a shear
strain of 3.0 % during the 1% cyclic loading.

Figure 10 shows that if the magnitude of the shear strain
reached during the 1% cyclic phase reaches values up to around
0.25 % (which includes both Groups C and D), the resistance to
reliquefaction for the 2" cyclic load event increases up to 90 %
in terms of the number of cycles required for reaching a single
amplitude shear strain of 3.0 %. On the other hand, if the shear
strains during the 1% cyclic loading phase reaches values
between 0.5 % and 3 % (Groups A and B), the resistance to
reliquefaction decreases significantly. Moreover, if a maximum
shear strain value of 3.0 % is reached during the 1% cyclic
loading phase (Group A), the soil experiences a loss of stiffness
and strength resulting in immediate liquefaction during the 2
loading phase.

While these results do not correspond with the actual
experimental behaviour (where the resistance to reliquefaction
increases after reaching a shear strain of 3.0 % for all the tests
performed by Parra Bastidas (2016)), they do coincide with the
behaviour observed in the lab tests performed by Finn et al.
(1970) on Ottawa Sand, where a shear strain threshold value
above which the resistance to reliquefaction significantly
decreases was observed.



Finn et al. (1970) observed that if the shear strains during
a previous (or partial) liquefaction exceed that threshold value,
the resistance to reliquefaction would decrease. The results
obtained in this study show a very similar decrease in
reliquefaction resistance, consistent with the findings of Finn et
al. (1970), where a reduction in reliquefaction resistance is
observed for shear strains above a threshold of 0.5%

It should be noted that all numerical simulations performed
in this study adopted a calibration for cyclic direct simple shear
(CDSS) tests with no strain history considered. It is possible
that a calibration that accounts for reliquefaction through cyclic
simple shear tests can reproduce more closely the actual soil
behaviour when dealing with reliquefaction.

4 CONCLUSIONS

The single element simulations performed with the constitutive
model PM4Sand indicate the existence of a shear strain
threshold value, beyond which the resistance to reliquefaction
significantly decreases if the threshold values is exceeded in a
previous liquefaction event, while the resistance increases if the
shear strains remain below that threshold during a previous (or
partial) liquefaction event. Despite undergoing reconsolidation,
the soil does not regain significant structural resistance, when
the critical shear strain threshold (ymax) is exceeded, leading to
lasting degradation of the soil fabric. The results support the
existence of a shear strain threshold for assessing reliquefaction
resistance, which was initially observed in lab tests performed
by Finn et al. (1970).

For the examined cases, the results suggest that when the
shear strains during a 1% cyclic loading phase fall within the
range of [0.03 % - 0.25 %], the resistance to reliquefaction
significantly increases for a 2" event. On the contrary, if the
shear strains during a 1% cyclic loading phase lie within the
range of [0.5 % - 3.0 %], the reliquefaction resistance for a 2"
liquefaction event significantly decreases.

The presented results provide evidence — obtained through
advanced constitutive modelling — of the existence of a shear
strain threshold which influences the reliquefaction resistance
in sands. These findings support and complement previous
experimental studies and provide a basis for enhancing seismic
hazard assessment methodologies and developing more reliable
geotechnical design criteria for regions with high seismicity.
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