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ARTICLE INFO ABSTRACT

Keywords: This article experimentally evaluates the influence of directional drained cyclic preloadings on the subsequent

Triaxial undrained monotonic and cyclic response of Zbraslav sand. The cyclic tests were performed on dense samples

Cyclic lf’admg and under triaxial conditions. The experiments considered several different preloading directions, magnitude

:tre;s history of the maximum deviatoric stress reached during the drained preloading stage and deviatoric stress amplitudes
and

during the undrained shearing stage. The experimental results suggested that the rate of strains and pore water
pressure accumulation, and therefore, the number of cycles to reach initial liquefaction or failure conditions
are remarkably affected by the direction of the drained preloading history. In addition, the preloading direction
plays a major role on the contractive/dilative response during the subsequent undrained monotonic loading.
In particular, directional drained cyclic preloadings toward positive deviatoric stresses at constant mean
effective stress and isotropic compression led to more dilative responses. Contrary, preloadings toward negative
deviatoric stresses at constant mean effective stress led to more contractive responses. The results suggest that
these major variations cannot be associated to the rather small changes in the relative density of the samples
but likely due to fabric changes and induced anisotropy caused by the drained preloading history.

1. Introduction by considering monotonic triaxial preloadings but different soil types,

densities, stress states, and magnitude of the preloadings, among many

Different factors may induce preloading histories in in-situ sand
deposits due to changes in the stress states via different stress paths. For
instance, new excavations or tunnelling may lead to unloading stress
states which can be followed by refilling, compaction and construction
of overlying structures (loading stages). The aforementioned unload-
ing/loading stages modify the subsequent soil mechanical behaviour,
and therefore, the ground deformations and liquefaction resistance [1—
6]. Actually, several laboratory experiments have shown that former
loading/unloading episodes strongly affect the subsequent soil me-
chanical behaviour, effect which is usually denoted as stress—strain
history [7-14]. Therefore, in order to accurately understand and predict
the soil behaviour, a proper understanding and reproduction of the
influence of the stress-strain history on the subsequent soil mechanical
behaviour is necessary.

Among the first research dealing with the influence of monotonic
preloadings on the subsequent monotonic behaviour of granular soils
are the works performed by Finn et al. [15], Lee & Albaisa [16], Toki
& Kitago [17] and Ishihara & Okada [18,19]. They reported that the ap-
plication of preloadings remarkably impact the subsequent liquefaction
resistance. After that, several subsequent works extended the literature
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other relevant variables e.g. [6,20-35]. The main limitation of the
aforementioned works, and most works related to preloadings in the
literature, is that they are just focused on the influence of monotonic
preloadings. Only a few works investigated the influence of drained
cyclic triaxial preloadings e.g. [36-38], and suggested that the liquefac-
tion resistance increases with increasing the number of drained triaxial
cycles in the preloadings stage. The literature is even scarcer regarding
the influence of directional drained preloadings (instead of the typical
drained triaxial compression/extension preloading). In particular, the
recent work by Pan et al. [1] demonstrated that p—constant compres-
sion/extension drained preloadings alter the subsequent cyclic response
and liquefaction resistance. In this work, however, only two directions
were tested and the other possible different directional preloadings and
drained triaxial compression were not considered. In addition, as ex-
perimentally demonstrated in London clay by Atkinson et al. [12] and
Clayton & Heymann [39]; and on Toyoura and Fujian sands by Hong
et al. [40] and Wang et al. [41,42], respectively, directional drained
preloadings lead to a major influence on the maximum shear modulus
and its subsequent degradation, and therefore, in its cyclic response and
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liquefaction resistance. The aforementioned evidence suggest that there
is a gap in the literature regarding the influence of directional drained
cyclic preloadings on the subsequent liquefaction resistance and that
more research is needed, which is the main goal of this article.

This article presents a detailed experimental investigation of the
influence of directional drained cyclic preloadings on the subsequent
undrained monotonic and cyclic response of Zbraslav sand. The ex-
periments were performed considering different preloading directions,
magnitude of the maximum deviatoric stress reached during the drained
preloading stage and deviatoric stress amplitudes of the undrained
shearing stage. The experimental results suggested that the preloading
direction plays a major role on the contractive/dilative response during
the subsequent undrained monotonic loading. In addition, the rate
of strains and pore water pressure accumulation, and therefore, the
number of cycles to reach initial liquefaction (i.e. to reach r, =
ul¢/py ~ 1 for the first time) or failure conditions, where failure is
hereafter defined as a single-amplitude of axial strain of e?A = 10%, are
remarkably affected by the direction of the drained preloading history.
The results suggest that these major variations cannot be associated to
the rather small changes in the relative density of the samples but likely
due to fabric changes and induced anisotropy caused by the drained
preloading history.

The structure of the article is as follows: first, a brief description
of the properties and characteristics of Zbraslav sand is presented.
Afterwards, a set of conventional undrained cyclic triaxial tests were
performed to characterize the undrained cyclic resistance of Zbraslav
sand. Finally, several undrained cyclic triaxial tests were performed
considering different types of directional drained cyclic preloadings to
investigate their influence on the subsequent undrained monotonic and
cyclic response. The experimental data presented in the article will be
uploaded at the soilmodels.com website [43].

2. Material description and samples preparation

All the experiments presented in the article were performed on
Zbraslav sand, which is a common testing material from Prague, Czech
Republic (e.g. [44-51], just to mention a few references). Some of the
main characteristics of Zbraslav sand can be summarized as follows:
mainly composed of quartz, grains with subangular shape, minimum
and maximum void ratios of e ;, = 0.520 and e, = 0.893, coefficients
of uniformity and curvature of C, = 3.19 and C. = 0.98, and critical
state friction angle ¢, = 34°. Its grain size distribution is presented in
Fig. 1. The adopted material is classified as a poorly graded sand (SP)
according to the Unified Soil Classification System (USCS).

For the samples preparation, the procedure detailed by Wichtmann
et al. [52] was adopted. For that purpose, the dry Zbraslav sand was
carefully deposited in its loosest state and was subsequently compacted
by tapping to achieve the desired initial relative density. The saturation
procedure for triaxial samples is analogous to the one reported by
Wichtmann [53] and Lade [54]. Initially, dry samples were placed
in the triaxial cell and were saturated with CO,. Then, the back and
cell pressures were increased to 10 and 20 kPa, respectively. Under
these stresses, samples were saturated with distilled deaerated water
(i.e. we let deaerated water flow through the sample under these
stresses very carefully, in order not to change the stress states). Sub-
sequently, the back and cell pressures were gradually increased to 500
and 510 kPa, respectively. Finally, we again let flow distilled deaerated
water through the sample under this back pressure. The aforemen-
tioned procedure always provided Skempton’s coefficient B > 0.99,
which confirms a full water-saturation [55]. In total, the full procedure
for saturating dry sand samples placed in the triaxial cell takes 2 days.
After the saturation, samples were isotropically consolidated at the
corresponding initial mean effective stress of each test. A more detailed
procedure followed for samples’ preparation and characterization of
Zbraslav sand can be found in [50].
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Fig. 1. Grain size distribution of Zbraslav sand.
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Fig. 2. Evaluated preloading stress paths.

3. Undrained cyclic triaxial tests

Twenty undrained cyclic triaxial tests were performed considering
different deviatoric stress amplitudes g™ = (g™ — g™")/2 and stress
histories. Table 1 follows the nomenclature from the former work by
Duque [50] and summarizes the detailed characteristics of each set
of undrained cyclic triaxial tests. In particular, the table remarks the
initial void ratio €o,, and relative density D, ~before the preloading
stage (i.e. stress path 0O-A); initial void ratio eo "and relative density D,
after the preloading stage (i.e. prior to the undrained shearing stage);
mean effective stress p,; deviatoric stress amplitude ¢*™P; Cyclic Stress
Ratio (CSR = ¢*™P/(2p,)); preloading history (see Fig. 2); number of
cycles to reach initial liquefaction Ny (i.e. to reach r, = 1l /p, ~ 1 for
the first time) and number of cycles to reach the failure criterion N I3
All undrained cyclic tests were performed on dense samples (relative
density of D, ~ 70 %). The undrained cyclic stages were performed with
a stress-controlled approach and considering a sinusoidal waveform,
with amplitude of ¢*™P, loading frequency of f = 0.1 Hz and period of
T = 10 seconds. The selected loading frequency of 0.1 Hz correspond
to typical offshore conditions [36,56-62].

The considered directional drained cyclic preloadings are summa-
rized in Fig. 2 and are explicitly indicated in Table 1. Note that they
include different preloading directions, and for some specific directions,
different magnitude of the maximum deviatoric stress reached during
the preloading stage. In particular, the drained preloadings paths were
performed toward isotropic compression (stress path A-B), isotropic
unloading (stress path A-F), p-constant compression (stress paths A-C
and A-D), p-constant extension (stress path A-E) and drained triax-
ial compression (stress path A-DTP). Succeeding the aforementioned
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Table 1
Programme of undrained cyclic triaxial tests.
Test name ey, [-1 D,” [%] e [-] D, [%] po [kPa] ¢*™ [kPa] CSR [-] Preloading path [-] Ny [ Ny [-1
UCT1 - - 0.625 71.95 200 45 0.1125 O-A 215 220
UCT2 - - 0.634 69.48 200 50 0.125 O-A 138 143
UCT3 - - 0.650 65.18 200 60 0.150 O-A 18 21
UCT4 - - 0.640 67.83 200 70 0.175 O-A 6 11
UCT15 0.636 69.06 0.633 69.95 200 47 0.1175 0-A-C-A 252 260
UCT16 0.637 68.70 0.634 69.37 200 60 0.150 O-A-C-A 31 36
UCT17 0.631 70.26 0.628 71.04 200 70 0.175 0-A-C-A 11 15
UCT18 0.636 68.88 0.626 71.76 200 50 0.125 0O-A-D-A 198 207
UCT19 0.627 71.43 0.620 73.28 200 60 0.150 O-A-D-A 69 78
UCT20 0.626 71.72 0.616 74.35 200 70 0.175 O-A-D-A 14 20
UCT21 0.624 72.26 0.618 73.87 200 50 0.125 O-A-E-A 460 470
UCT22 0.626 71.54 0.622 72.75 200 60 0.150 O-A-E-A 111 121
UCT23 0.630 70.67 0.624 72.16 200 70 0.175 O-A-E-A 36 43
UCT24 0.629 70.93 0.619 73.57 200 50 0.125 O-A-B-A 1341 1349
UCT25 0.629 70.73 0.620 73.26 200 60 0.150 0-A-B-A 261 268
UCT26 0.627 71.28 0.620 73.34 200 70 0.175 O-A-B-A 71 77
UCT27 0.635 69.21 0.635 69.29 200 50 0.125 O-A-F-A 107 113
UCT28 0.623 72.55 0.622 72.62 200 60 0.150 O-A-F-A 19 24
UCT29 0.627 71.33 0.627 71.43 200 70 0.175 O-A-F-A 8 13
UCT30 0.625 71.85 0.618 73.73 200 70 0.175 0-A-DTP? 11 17
DTP': Drained triaxial preloading up to T oading = 130 kPa.
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Fig. 3. Results of the undrained cyclic triaxial test UCT1 with isotropic consolidation (p, =200 kPa, g, = 0) and deviatoric stress amplitude of ¢*™ = 45 kPa.

stages, the material was returned to the stress state A (p, = 200 kPa and
q = 0). After the drained preloading stage, undrained cyclic shearing
was performed considering symmetric deviatoric stress amplitudes.

3.1. Conventional undrained cyclic triaxial tests with variation of the devi-
atoric stress amplitude

Initially, four undrained cyclic triaxial tests UCT1-UCT4 were per-
formed on samples with isotropic consolidation (stress path O-A) con-
sidering variation of the deviatoric stress amplitude 45 kPa < ¢*™ <
70 kPa. The isotropic consolidation ended up in the stress states o, =

6, = o3 = 700 kPa and u,, = 500 kPa (o‘{ = o'é = 65 = 200 kPa), or
equivalently, p, = 200 kPa and ¢, = 0 kPa. A typical result (test UCT1)
is presented in Fig. 3. The results show butterfly-shaped effective stress
paths in the cyclic mobility phase, see Fig. 3a. The rate of pore water
pressure accumulation exhibit three different stages (“A”, “B” and “C”)
in which the pore water pressure accumulation presents a fast-slow-fast
rates, see Fig. 3b. On the other hand, the results in the stress—strain
space are presented in Fig. 3c and suggest that the accumulation of
axial strains slowly grows up to the stage “C”, after which si‘mp rapidly
evolves in each subsequent cycle until failure conditions (i.e. single-
amplitude of axial strain of e?A = 10%) are achieved, see Fig. 3d.
In addition, the results in the stress—strain space show an asymmetric
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Fig. 4. Undrained cyclic triaxial tests UCT1-UCT4 with isotropic consolidation (p, = 200 kPa, ¢, = 0) and variation of the deviatoric stress amplitude ¢*™ = {45,50,60,70} kPa.
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vertical strain accumulation in the extension side compared with the
compression side that is in agreement with several former experimental
observations e.g. [38,53,63-65].

The results of tests UCT1-UCT4 are summarized in Figs. 4 and 5.
They show a significant increment in the accumulation rate of pore
water pressure, and consequently, a reduction in the number of cycles
to reach initial liquefaction with increasing deviatoric stress amplitude.
Notice for example that test UCT1 with ¢*™P = 45 kPa required N;, =
215 and is contrasted with test UCT4 with ¢*™ = 70 kPa where N;, = 6.
The relation between the cyclic stress ratio and the number of cycles to
reach initial liquefaction for a given sand and density can be described
using an equation of the form CSR = aNl.’;, where a and b are constants
to be calibrated [38,53,56,66]. In particular, on medium dense samples
of Zbraslav sand the constants ¢ = 0.2129 and » = —0.115 hold. The
potential function fairly well described the experiments, see Fig. 5b.
The observed results on undrained cyclic triaxial tests are in accordance
with many former experimental results e.g. [63,67-74].

3.2. Undrained cyclic triaxial tests with directional drained cyclic preload-
ings

Figs. 6 and 7 summarize the results of the undrained cyclic triaxial
tests with and without directional drained cyclic preloadings, see Ta-
ble 1 and Fig. 2 for details. Initially, Figs. 6a—c and 7a—c present the

results of tests UCT2-UCT4 with isotropic consolidation (stress path O-
A) as a benchmark. On the other hand, Figs. 6d-f and 7d-f present
the results of tests UCT15-UCT17 in the ¢ — p and ¢ — ¢, spaces,
respectively. Tests UCT15-UCT17 presented a p—constant compression
drained preloading (i.e. stress path O-A-C-A). Some experimental obser-
vations of tests UCT15-UCT17 and their contrast with regard to tests
UCT2-UCT4 are worthy to be remarked: (i) in the first quarter of the
first cycle, which is actually a monotonic loading (i.e. it still does not
presents any loading reversal) the material exhibits a more dilative
response; (ii) the results show that after the first half of the first cycle
there is almost negligible pore water pressure accumulation (i.e. no
reduction of the mean effective stress); (iii) the rate of the reduction
of the mean effective stress, or equivalently, the pore water pressure
accumulation rate is reduced, which turns in higher number of cycles
to reach initial liquefaction and failure conditions.

Tests UCT18-UCT20 were also performed considering a p—constant
compression drained preloading but with a higher magnitude of the
maximum deviatoric stress reached during the drained preloading stage
(stress path O-A-D-A). The results are actually similar to those observed
on tests UCT15-UCT17 but with the following main differences: (i) the
dilative tendency within the first quarter of the first cycle was stronger;
(ii) the first and second quarter of the first cycle (e.g. loading/unloading
in the compression side) approximately follow the same effective stress
path which renders in null mean effective stress reduction (i.e. pore wa-
ter pressure accumulation);(iii) lower pore water pressure and strains
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Fig. 6. Undrained cyclic triaxial tests with different stress histories: (a—c) O-A, (d—f) O-A-C-A, (g-i) O-A-D-A, (j-1) O-A-E-A, (m-0) O-A-B-A, (p—r) O-A-F-A.
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Fig. 8. Summary of undrained cyclic triaxial tests considering different stress histories prior to the undrained cyclic shearing: (a) vertical strain ¢, against the deviatoric stress ¢
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accumulation rates; (iv) increase in the number of cycles to reach initial
liquefaction and failure conditions.

Figs. 6j-1 and 7j-1 present the results of tests UCT21-UCT23 in the
g — p and g — €, spaces, respectively. The aforementioned tests were
subjected to a p—constant extension drained preloading (i.e. stress path
O-A-E-A). The comparison of tests UCT21-UCT23 with tests UCT2-
UCT4 suggest the following main differences: (i) in the first quarter
of the first cycle the material exhibits a more contractive response;
(i) the rate of pore water pressure accumulation is highly reduced,
which turns in higher number of cycles to reach initial liquefaction and
failure conditions; (iii) there is a small reduction in the vertical strain
accumulation rate in the cyclic mobility phase (i.e. many additional
mobilized cycles were needed to reach the same failure criterion of
single-amplitude of axial strain of £5* = 10%).

Tests UCT24-UCT26 were performed considering an isotropic com-
pression preloading (i.e. stress path O-A-B-A). Figs. 6m—o and 7m-o
present the results of the above-mentioned tests in the ¢ — p and g — ¢,
spaces, respectively. Some experimental observations of tests UCT24—
UCT26 and their contrast with regard to tests UCT2-UCT4 deserve to be
remarked: (i) there is almost negligible mean effective stress reduction
in the first cycle; (ii) the rate of the mean effective stress reduction is
extremely lower, which turns in higher number of cycles to reach initial
liquefaction and failure conditions; (iii) due to the extreme reduction
in the accumulation rates, the qualitative shape of the pore water
pressure accumulation against the number of cycles curve is different,

see Fig. 8g—i; (iv) the material exhibits a small reduction in the vertical
strain accumulation in the cyclic mobility phase. Finally, Figs. 6m-o
and 7m-o present the results of tests UCT27-UCT29 with preloading
stress path O-A-F-A. A slightly more contractive response was observed
in the first quarter of the first cycle. Apart from that, the results are
very similar to those observed on tests UCT2-UCT4.

The summary of the previously discussed experimental results is
presented in Fig. 8. Initially, Fig. 8a shows the ¢ — ¢, space during
the preloading stages of tests UCT15-UCT23. The results are pretty
consistent with each other which confirms a high level of repeatability.
Fig. 8b presents the mean effective stress p against the deviatoric
stress g during the first cycle of tests with deviatoric stress amplitude
¢*™ = 60 kPa (for schematic purposes) and different preloading
directions. In comparison to the test without preloading (UCT3), the
tests with preloading paths toward p—constant extension (i.e. stress
path O-A-E-A) produce a more contractive response in the first quarter
of the first cycle, tests with drained preloadings toward p—constant
compression and isotropic compression (i.e. stress paths O-A-C-A, O-
A-D-A and O-A-B-A, respectively), produce a more dilative behaviour.
On the other hand, Figs. 8d—f present the results of tests UCT15-
UCT29 during the first quarter of cycle (i.e. monotonic path) in the
q — €, space. Consistent with the experimental results on London clay
reported by Atkinson et al. [12], the tests without preloadings pro-
duce the lowest stiffness. The primarily continuous loading regarding
subsequent undrained loading direction (i.e. stress path O-A-E-A) gives
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Fig. 9. Comparison of undrained cyclic triaxial tests UCT4 and UCT30 without and with drained triaxial compression preloading with q::‘;iiulprelua ding = 150 kPa, respectively, and

deviatoric stress amplitude ¢*™ = 70 kPa.

very similar low stiffness. On the other hand, the four other cases are
clearly stiffer. If the initial low stiffness of the test with preloading
path O-A-D-A and deviatoric stress amplitude of 60 kPa is not con-
sidered (which is due to bedding effects), the tests with preloading
paths O-A-D-A are the stiffest which is also consistent with the recent
stress history theories (full reversal, larger magnitude) [12,40,41].
Unfortunately, more detailed information could not be measured since
strains were not measured locally through Linear Variable Differential
Transformers (LVDTs). Figs. 8g-i present the normalized accumulated
pore water pressure u’°/p, against the number of cycles N on the
tests with different types of directional drained cyclic preloadings. It
is clear that the test without preloading and the test with preload-
ing O-A-F-A approximately follows the same u°/p, — N curve. The
curves then need progressively more cycles to reach failure in the tests
with preloadings toward the compression and extension side i.e. O-
A-C-A, O-A-D-A and O-A-E-A, respectively. The slowest pore water
pressure accumulation is observed on the test with isotropic compres-
sion preloading (i.e. stress path O-A-B-A). Finally, Fig. 8c presents the
summary of the CSR — N, curve for the different tests. The results
suggest that tests with preloadings O-A-F-A approximately follows the
same trend than tests without preloadings. The curve is then shifted
(there is an increase in the number of cycles to reach failure) with
approximately unchanged inclination on tests with preloadings toward
p—constant compression, p—constant extension and isotropic compres-
sion, or equivalently, preloading paths O-A-C-A, O-A-D-A, O-A-E-A and
O-A-B-A, respectively.

Former experimental studies on sands have shown that cyclic tests
on samples with variation of relative densities of +6% approximately
follow the same CSR — N + curve [38,56,64,75]. In particular, the
performed tests with directional drained cyclic preloadings led to vari-
ations of relative densities lower than 3% (see Table 1). Therefore, the
important differences in the accumulation rates and number of cycles
to reach failure conditions is not associated with the small reductions
of void ratios but rather may be attributed to induced anisotropy and
changes in fabric in case of samples subjected to shearing preloadings.

On the other hand, the differences on samples subjected to isotropic
compression preloadings are likely related to a combination of fabric
change, induced anisotropy and crushing of grains due to the ratio
between grain size and sample height.

3.3. Test with drained triaxial preloading

An additional test UCT30 with a preloading in an intermediate di-
rection (a drained monotonic triaxial compression with q:?f:; ialpreloading =
150 kPa) was performed to evaluate their influence on the subsequent
undrained cyclic response. The preloading was only performed on the
compression side. The results of tests UCT4 and UCT30 are presented in
Fig. 9 and suggest that the result of test UCT30 is qualitatively similar to
the one of tests with preloadings toward positive deviatoric stresses at
constant mean effective stress presented in the previous section (stress
paths O-A-C-A and O-A-D-A, where qg;gi‘oa ding WS 100 and 200 kPa,
respectively). From a quantitative point of view, the number of cycles
to reach failure conditions lies between the tests with preloading stress
paths O-A-C-A and O-A-D-A, see Fig. 8c. A more detailed analysis of
the influence of drained or undrained monotonic and cyclic triaxial
preloadings on the liquefaction resistance is presented in [50].

4. Summary and conclusions

Different factors may induce preloading histories in in-situ sand
deposits such as excavations, tunnelling, refilling, compaction and
construction of overlying structures. The aforementioned preloadings
stages modify the subsequent soil mechanical behaviour, and therefore,
the ground deformations and liquefaction resistance. This article pre-
sented the results of an experimental programme devoted to investigate
the influence of drained cyclic preloadings performed in different
directions on the subsequent undrained cyclic response and liquefaction
resistance of Zbraslav sand. The main conclusions of the study are
summarized as:
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» The experimental results suggested that the preloading direc-
tion plays an important role on the contractive/dilative response
during the subsequent undrained monotonic loading. In partic-
ular, p—constant compression directional drained cyclic preload-
ings and isotropic compression (i.e. paths O-A-C-A, O-A-D-A and
0O-A-B-A) led to more dilative responses. On the other hand,
p—constant extension directional drained cyclic preloadings (i.e.
path O-A-E-A) led to more contractive responses.

The influence of preloading on the shear stiffness of the sample

during the first quarter of cycle (monotonic loading) is consistent
with the known effect of recent stress history from the literature.
Directional drained cyclic preloadings have a major effect on the

cyclic response of coarse-grained soils. In particular, there is a
remarkable influence of the directional drained cyclic preloadings
in the pore water pressure accumulation such that the CSR — N,
curve is progressively translated toward higher N, with practi-
cally unchanged inclinations. In particular, directional drained
cyclic preloadings with isotropic unloading (stress path O-A-F-
A) led to almost identical number of cycles to reach failure
conditions than tests without preloadings. Then, the number of
cycles to reach failure conditions progressively increases on tests
with paths toward p—constant compression, p—constant extension
and isotropic compression (i.e. O-A-C-A, O-A-D-A, O-A-E-A and
0-A-B-A), respectively. In other words, extension shear preload-
ing induces more pronounced effects than compression shear
preloading, while the effect of isotropic compression preloading
is even more pronounced. The DTP test fits into the scheme, being
between the results of tests with preloadings paths O-A-C-A and
0O-A-D-A.

The remarkable variation in the accumulation rates and the num-

ber of cycles to reach liquefaction or failure conditions cannot
be associated to the rather small changes in relative density of
the samples but likely may be attributed to induced anisotropy
and changes in fabric in case of samples subjected to shearing
preloadings. On the other hand, the differences on samples sub-
jected to isotropic compression preloadings are likely related to
a combination of fabric change, induced anisotropy and crushing
of grains due to the ratio between grain size and sample height.

The experimental data presented in the article will be uploaded
at the soilmodels.com website [43], and is expected to be used for
the validation and improvement of constitutive models on scenarios
involving different types of cyclic preloadings.

Notation
Symbol Name
B Skempton’s coefficient
C, coefficient of curvature
Cy uniformity coefficient
CO, carbon dioxide
CSR cyclic stress ratio
d diameter
D, initial relative density
D, initial relative density before the preloading
Dy mean particles diameter
e void ratio
e initial void ratio
€, initial void ratio before preloading
e maximum void ratio

max
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Symbol Name

€min minimum void ratio

G, specific gravity

h height

N number of cycles

Ny number of cycles to reach initial liquefaction
N, number of cycles to reach the failure criterion
p mean effective stress

q deviatoric stress

gmp deviatoric stress amplitude

r, pore water pressure ratio

T period

uise accumulated pore water pressure

Ui/ p normalized accumulated pore water pressure
£ axial strain

g axial strain amplitude

et single-amplitude of axial strain

@, critical state friction angle

03 total radial stress

o) total axial stress

crg effective radial stress

| effective axial stress
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