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Abstract

The soil fabric varies significantly depending on the deposition process that forms the grain skeleton. Each deposition
method produces a specific type of soil fabric, which can be linked to a particular soil density. When represented as
relative density, determined using limit densities from standard index tests, a wide range of relative densities can be
observed for different sands produced by the same deposition method. The influence of this variation in relative density,
resulting from a single deposition method, on the development of the excess pore water pressure (PWP) should be further
investigated. A fast testing of the excess PWP accumulation in sandy soils during undrained cyclic shearing can be eas-
ily performed using the newly developed PWP Tester. In the PWP Tester, specimens are prepared through sedimentation
in water, which yields a comparable fabric in different sands but significantly different relative densities. Despite these
relative density differences, the rate of the excess PWP evolution during undrained shearing is remarkably similar among
different sands. This indicates that relative density should not be regarded as a primary factor influencing the development
of the excess PWP and that the soil fabric plays equal or even a greater role.

Keywords Relative density - Sand fabric - Excess PWP - Water sedimentation - Cyclic shear - PWP Tester

1 Introduction

The discrete nature of granular soils significantly influences
their mechanical behaviour, which depends strongly on the
effective stress, relative density, etc., but also on their fabric,
which is created either through natural processes or artifi-
cially at construction sites (e.g. open-pit mines) or in labo-
ratories. The arrangement of soil grains within the skeleton,
usually denoted as fabric [1, 2], is mostly described by the
spatial orientation of grains and of contact normals at grain
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contacts. The orientations of the voids between the grains
are used for the fabric characterisation in a less extent [3].

In order to obtain different soil fabric in the laboratory,
different specimen preparation methods are used. Widely
used are dry funnel and water pluviation as well as moist
tamping. Sand specimens prepared through dry funnel and
water pluviation possess an anisotropic fabric, with grains
aligned mostly horizontally [4-9]. According to [10], the
fabrics of natural alluvial soils and water pluviated soils in
a laboratory are similar. On the contrary, in moist tamped
specimens prepared according to the procedure described in
[11], the contact normals are predominantly oriented in the
vertical direction, and to an even greater extent than in plu-
viated specimens [12, 13]. Although these fabrics are highly
anisotropic, the standard description of soil relies on scalar
variables, such as density.

Soils can change volume, and thus density, during shear
deformation. Under drained conditions, where water can
escape from the pores between the grains without generat-
ing excess pore water pressure, volume change (compaction
or expansion) depends on several factors. Dense soils tend
to dilate, increasing in volume, while loose soils contract,
reducing in volume.
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Under undrained conditions, the flow of pore water is not
possible and the soil volume remains constant during the
shear deformation. Thus, the external monotonic or cyclic
loading can lead to an accumulation of the excess pore
water pressure (PWP). Consequently, in case of the posi-
tive excess PWP the effective stress decreases, which may
finally result in a complete loss of shear strength and stiff-
ness. It is often said that the soil ’liquefies’, which is why
the accumulation of the positive excess PWP is commonly
associated with the phenomenon of soil liquefaction [14].

The role of the stress-dependent soil density in assess-
ing the excess PWP evolution is undisputable. Many authors
confirm an increase in the resistance to the excess PWP
accumulation with growing relative density [15-22]. How-
ever, it is also clear that the soil state and its mechanical
response cannot be fully understood by considering only the
relative density. For example, under the same testing con-
ditions (relative density, stress level, loading magnitude),
the evolution of the excess PWP occurs more rapidly in dry
pluviated specimens than in moist tamped specimens [12].

Under the same deposition conditions, such as sedimen-
tation in air or water, a similar fabric can be observed in
soils with different granulometric properties. However, the
deposition densities, such as the minimum dry densities
(pd,min), Will differ due to these granulometric differences.
As a result, comparing the excess PWP for different sands
at the same relative density can be misleading if the initial
soil state was created using a different method than the one
used to determine the reference (limit) values of dry density.
In spite of this, a widely used "simplified procedure" [23],
based on empirical correlations of liquefaction resistance
and soil relative density, has become a standard practice for
evaluating liquefaction potential (excess PWP accumula-
tion) in situ. Thus, it is reasonable to question the suitability
of relative density as a crucial parameter for the estimation
of the excess PWP accumulation during soil shearing.

The primary objective of this study is to evaluate the influ-
ence of the soil fabric on the evolution of the excess PWP
during cyclic shearing under undrained conditions, focusing

Fig. 1 A sketch of the PWP Tester
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on the limitations of a relative density based prediction of
the excess PWP accumulation. To address this question, a
novel experimental setup called the PWP Tester has been
developed [24, 25]. The testing procedure enables a rapid
and reproducible measurement of the excess PWP evolution
in coarse-grained soils. The initial fabric of the tested soils
is created through water sedimentation, which makes the
method representative of field conditions for many sands.
The measured build-up of the excess PWP during cyclic
shearing under undrained conditions allows for the determi-
nation of the parameters characterising this evolution.

2 PWP Tester

The installed specimen (D/H = 50 mm/110 mm) in the PWP
Tester (see Fig. 1) resembles a cylindrical triaxial specimen
enclosed in a rubber membrane. To achieve a full saturation,
prior to the installation, sand is mixed with demineralised
water and de-aired under vacuum. This de-aired sand-water
mixture is installed using a funnel into the rubber membrane
supported by a split mould. By pulling the funnel filled with
the de-aired sand-water mixture upwards, the mixture flows
out of the funnel and fills the supported membrane (see also
Sect. 3.1). After sealing the specimen with the top cap and
connecting it to a steel rod, which can oscillate horizontally,
the sand is consolidated by applying the suction ug to the
specimen bottom. Considering that the relative air pressure
surrounding the specimen represents the total pressure and
equals to 0 kPa, the initial effective stress p(, in the specimen
is increased by the suction value.

After the consolidation is finished and the split mould is
dismounted, the suction valve is closed and the top cap is
cyclically moved in horizontal direction with a constant dis-
placement amplitude and frequency. This kind of specimen
loading is very similar to the simple shear mode and results
in an increase of the excess PWP Aw, which is measured at
the specimen bottom. Additionally, the relative air pressure
(total stress) surrounding the specimen is measured. The
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Fig. 2 Evolution of the PWP u, the mean effective stress p’ and the
mean total stress p with loading cycles N during cyclic shearing in the
PWP Tester
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Fig. 3 Determination of the parameter C; characterising the evolution
of the excess PWP with the accumulated shear strain v*“™ during
cyclic loading

change of the effective stress within the specimen is isotro-
pic and results from the initially applied suction reduced by
the excess PWP:
Ap=p—Au — Ap'=-Au since p=0. (1)
A typical evolution of the PWP u (and thus the effective
stress p’) as well as the total stress p in the PWP Tester is
shown in Fig. 2. Within a single loading cycle, fluctuations
in both negative and positive PWP can be observed. After
each cycle, the effective stress decreases due to a cumula-
tive permanent increase in the excess PWP. The duration
of a single test, including specimen preparation, is approxi-
mately 30 min. More details on the PWP Tester and the test
performance can be found elsewhere [24-26].

The accumulated displacement of the top cap (measured
contactless with a laser distance sensor) in one cycle is
5™ =4 - A, with 4 being the amplitude of the horizontal
displacement (see Fig. 1). Accordingly, s;“™ in N-cycles
corresponds to s7*™ =4 - A- N. Using s;“™, the accumu-
lated shear strain y*“"™ = 7% / Hy can be defined (H cor-
responds to the initial height of the specimen). Thus, v**™

is increasing during cyclic shearing and corresponds quali-
tatively to the development of the loading cycles.

In order to characterise the evolution of the excess PWP, a
dimensionless parameter Cj, that quantifies an average rate
of the generated excess PWP, is introduced. To determine
C}, the evolution of the normalised excess PWP Au/pj
with the accumulated shear strain +*"™ is approximated
with a hyperbolic function f(x) = z/(a + b - z)( Fig. 3). In
this way, the fluctuations of the excess PWP are disregarded
in the determination of Cj. In the v*%™ — Aw/p|, diagram,
C represents a slope of the secant line to f{x).

The determination of C; follows from 40 to 80 % of the
excess PWP build-up:

_ Au/py _ (Augs — Auga)/ph _ 04

sum sum - sum sum’
Arysum Yo.8 V0.4 Yo.8 — 0.4

Cy

2

see also Fig. 3. The initial cycles are excluded in the deter-
mination of C] to eliminate the influence of the installation
effects, while the final stage is disregarded due to the strong
heterogeneity of the liquefied specimen. Comparison of C}
for different sands or states does not change significantly
when considering secant lines in different ranges [27].

The Cj-parameter represents a state variable, since it
depends on the relative density, consolidation pressure,
loading displacement, grain and contact orientations in the
soil structure, etc. A sand with a higher Cj is more prone to
the generation of the excess PWP than a sand with a lower
C; when prepared and tested under the same conditions.

3 Relative density of sands after
sedimentation under water

3.1 Experimental testing

The sand specimen created by water sedimentation has
the minimum density related to this deposition method.
Depending on the granulometric properties (grain shape,
uniformity coefficient, mean grain diameter, fines content),
it is reasonable to expect that the deposition densities (and
thus the relative densities, when considering the limiting dry
densities from standard index tests) after the water sedimen-
tation of different sands will be different.

To check the above statement, 41 different materials (see
Fig. 4 and Table 3), including mixtures of glass beads and
crushed sand, were sedimented under water, analogously to
the specimen installation in the PWP Tester, and their dry
densities were determined. A simple experimental setup
used for this purpose consists out of a metal cylinder, a
long-mouth funnel, two long threded rods and a cylinder-
extension (see Fig. 5 left).
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Fig.5 A sketch of an experimental setup
for sand sedimentation under water (left)
and an image of the sand-water mixture ” H
in the cylinder at the end of the test
(right)
B c
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1.7/ 2 v o " mouth funnel, the water levels inside and outside of the fun-
o P nel are the same and remain constant throughout the test,
= . . . . o
£ 1.6 v: } L ensuring no hydraulic gradient during the deposition. By
215 Q@‘ . 'S slowly pulling the funnel upwards, the mixture flows out of
< [ ] A . .
E g ® N the funnel and fills the cylinder. After removing the water
T = ¢ ey e and the mixture above the cylinder as well as the unneces-
1.3 o ° sary installation components (Fig. 5 right), the mixture in
1 eV the cylinder is oven-dried, and the dry mass mg4 of the sand
91 02 03 04 05 06 07 is determined.

€max — €min [']
Fig. 6 Dependence between the void ratio range emax — €min and the

minimum dry density py ..;, for the tested materials after their sedi-
mentation under water

@ Springer

Considering the volume V of the cylinder (D = 70 mm
and H = 120 mm) and the dry mass of the sand mg, the
minimum dry density pg,;, of the tested materials after
their sedimentation under water is calculated and plotted in
dependence of eyax — emin in Fig. 6. Here, e,,x and ey
are the limiting void ratios corresponding to minimum and
maximum dry densities, pgmin and pqmax, respectively,
which are obtained from the standard index tests [28].
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Fig. 7 Dependence between the maximum void ratio emax and the
maximum void ratio after sedimentation under water eg,, for the
tested materials

A slightly decreasing trend with a large py ;) band can
be observed. Most of the determined dry densities lie in a
range between 1.4 and 1.7 g/cm®, while the densities of
more angular and coarse materials (salmon coloured mark-
ers) lie below 1.35 g/cm?3.

As shown in Fig. 7, the dependence between the maxi-
mum void ratio e, and the maximum void ratio after sedi-
mentation under water e}, . reveals that for most materials
the void ratio after the sedimentation under water ey, is
(partly significantly) lower than the void ratio created by dry
funnel pluviation (standard ey, ).

3.2 Parameter I,

Considering the p}{min as well as pg min and pg max, a soil
parameter I, quantifying the relative density of soil after
sedimentation under water is introduced:

e —e¥
— max max ; (3)

€max — €min

I = Pd,max * (p}ilimin - pd,min)
w =
ps),min : (pd,max - pd,min)

where e¥

wax 1s the maximum void ratio corresponding to

Pd.min- Figure 8 left illustrates an increasing trend in which
I, rises with e ax — emin. Here, the colours and symbols
chosen for different materials correspond to those from
Fig. 4. Additionally, the tested materials exhibit distinct

groupings based on their granulometric properties (Fig. 8
right).

The results indicate that the glass bead mixtures exhibit
negative to very low I, values. These low I,, values can be
attributed to the narrow void ratio range, despite having a
similar pg;,, compared to other materials. Sands with fines
content F'C' > 1 % tend to achieve higher relative densi-
ties (I, > 0.3) after their water sedimentation compared to
materials without fines.

For angular and crushed sands with an epnax — €min
range between 0.38 and 0.52, significant differences in I,,
are observed compared to the materials with F'C' > 1 %,
with much lower I,, values obtained for angular sands. As
highlighted by Cubrinovski and Ishihara [29], the void ratio
range reflects all granulometric properties of sands, includ-
ing Cy, dso, FC and grain shape, which makes it difficult
to isolate the effect of a single granulometric property using
€max — €min- Lhis is particularly important for #C and grain
shape (or grain angularity), as these properties have oppo-
site effects on the sand compressive behaviour. Obviously,
it is possible to distinguish these two material groups based
on their I, as it strongly differs for sands with certain FC
and angular grains while their ey,,x — emin range is almost
the same.

4 Excess PWP build-up in different sands
4.1 Materials and testing conditions

In order to check the accumulation of the excess PWP, 13
different materials (including 12 different natural sands and
one mixture of glass beads) were prepared through sedi-
mentation under water and subsequently tested using the
PWP Tester. Grain size distribution curves' of these materi-
als are presented in Fig. 9. Most of the tested natural sands
have narrow grain size distribution curves, with mean grain
sizes from fine to coarse sand, while sands W4, H1 and H4
are characterised by broader grain size distributions. The

! Grains with a diameter larger than 5 mm were removed prior to the
specimen installation in the PWP Tester.

Fig. 8 Dependence between the 0.8 0.8
void ratio range emax — €min and clean sands
0.6 0.6

the parameter I, for the tested A @ Leg A °
materials (left) and the depen- 0.4 e s 3 0.4
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Table 1 Testing conditions in the PWP Tester 4.2 Results
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60 2.4 1 0.5 110 50 The rates of the excess PWP accumulation C; in the PWP
Tester (see Sect. 2) related to the relative densities D,
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_ 125 < s o 4
1 [

o 100 g for the considered 13 materials installed by the sedimen-
0.75 ° tation under water are presented in Fig. 10. There are sig-
0.50 & nificant differences regarding the relative densities, ranging
0.25 ° from loose (D, ~ 0.2) to dense (D, ~ 0.7) state, although
008502 03 04 05 06 07 08 the specimen preparation method was the same for all mate-

D [-] rials. As discussed in Sect. 3.1, these variations of D,. reflect
—e— SiS —— TS —— W6 —< HiS the differences in the granulometric properties of these
—— SiG —&— W3 —— OS o Hl materials.
: 5SDFS w4 G5 4= Ha In spite of the large differences in D,., the C; values of the

Fig. 10 Dependence between the relative density D, and the rate of the
excess PWP build-up C; for 13 different materials

glass beads mixture SiG has a grain size distribution that
closely resembles that of the SiS sand. All materials have
FC<1%.

The testing conditions in the PWP Tester for this experi-
mental study can be taken from Table 1. Here, ¢,,, stands for
the membrane thickness.

The loading amplitude, frequency and consolidation
pressure were selected based on preliminary experimen-
tal validation, ensuring a complete reduction in effective
stresses within 10 to 20 cycles. This criterion was essential
for consistency with the accompanying cyclic undrained
triaxial tests (ongoing study), where the same consolida-
tion pressure is used and the cyclic resistance ratio (CRR)
is determined as cyclic stress ratio (CSR) at N =10 cycles.

@ Springer

most materials range between C; = 1.0 and C; = 1.5. Consid-
ering the definition of C; and the dependence between ™
and N (see Sect. 2), the number of cycles corresponding to
the variation of C; from 1.0 to 1.5 lies between 3 and 8. A
few C values outside of this range can be noticed. Lower
() values in case of the most uniform and coarse SiS and
DDEFS sands can probably be attributed to the membrane
penetration effects. Furthermore, the C; parameter of the
coarse glass beads mixture SiG is remarkably low, which
also questions the usual hypothesis that round and relatively
smooth particles exhibit a lower resistance to the excess
PWP accumulation. Another exception is the medium HS
sand (also widely known as Hostun sand) having C; ~ 2.0,
which makes this sand the most susceptible to the excess
PWP build-up of all tested materials. This can probably be
attributed to the elongated Hostun sand grains, which create
a fabric with a low resistance to the horizontal shearing (see
also Sect. 5.2).

It becomes obvious from Fig. 10 that the (conventional)
relative density is not a suitable parameter for the charac-
terisation of the soil susceptibility to generate the excess
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PWP. It can be assumed that the same deposition method
using water sedimentation created a similar soil fabric in all
tested sands. Therefore, it seems that the similar soil fabric,
induced by the same specimen preparation method, has at
least the same or even a stronger impact on the excess PWP
accumulation than a standard relative density.

As already stated, the method to prepare specimens in
the PWP Tester differs from the one used in standard index
tests for the determination of the limit densities (p4,min and
Pd,max) With the corresponding limit void ratios (emax and
emin)- Therefore, the relative density D,.( see Eq. 4) includes
different types of soil fabric and, thus, does not realistically
capture the soil state controlling the current soil response.
An alternative definition of the relative density considering
the same soil fabric created by the same deposition method
used for the specimen preparation and the determination of
the soil minimum dry density would be a more appropriate
soil state descriptor.

The minimum dry density of soil after sedimentation
Pd.min»> introduced in Sect. 3.2, is obtained through soil sedi-
mentation under water, which produces the same soil fabric
as the one formed in the PWP Tester. Thus, the modified
relative density D)’, determined from

T

w
w Pd,max * (pd - pd,min) eirflax —€

w ) = ) (5)

=
Pd - (pd,max - pdvmjn €max — €min

where, pq and e are the dry soil density and the void ratio
after consolidation and before shearing in the PWP Tester,
provides a description of the soil (relative) density that is
related to only one particular soil fabric of e and efy, ... This
makes it more suitable for describing the soil state when
analysing the build-up of excess PWP in different soils.
The modified relative density concept can be extended to

soils deposited through different methods. It is necessary to

2.00 ]
1.75
1.50 v
1.25 « 4
= . eta
=~ 1.00 >
(@)
0.75 e
0.50
||
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0.0 ¢
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DY [-]
—o— SiS —— TS —— W6 —<— HiS
—— SiG —a— W3 —— 0OS o H1
—a— DDFS —— W4 —¥— GS a— H4
—e— HS

Fig. 11 Dependence between the modified relative density D, and the
rate of the excess PWP build-up C for 13 different materials

use a consistent method for the reference dry density tests
and the actual specimen preparation. Successful integration
of this approach in seismic liquefaction assessment or geo-
technical engineering design requires an understanding of
the in situ soil deposition process. By replicating the depo-
sition method and determining the minimum dry density
according to this procedure, the modified relative density
can be obtained, thereby achieving a more accurate and fab-
ric-related representation of the in situ soil state.

It is important to understand the difference between the
parameters I, and D}’. The parameter I, describes the state
of the soil related to the newly defined loosest state after
sedimentation under water. The parameter D}’ represents
the soil state corresponding to the current void ratio in the
PWP Tester, which is linked to the new limiting maximum
void ratio e}}, ., obtained through soil sedimentation under
water. Also, note that D;” = 0 holds for all points in Fig. 8.

The dependence between D and C; for all materials
tested in the PWP Tester (Fig. 11) shows a narrower dis-
tribution of DY than D,.( cf. Fig. 10) where the most rela-
tive densities correspond to loose state and lie between 0.2
and 0.4. Also, with the exception of glass beads SiG and
sand W4, a band can be observed where C; decreases as
Dy’ increases. This confirms the increasing resistance to the
excess PWP accumulation with rising modified relative den-
sity D}’.

One might ask why the D;’ values are around D} ~
0.3 rather than D}’ = 0, given that the specimen prepara-
tion method in the PWP Tester is identical to the one used
for determining pg ;... This difference occurs because the
specimens in the PWP Tester are enclosed with a top cap
and subjected to a consolidation pressure of 60 kPa, which
leads to additional densification of the material.

5 Fabric

To characterise the fabric of materials after their deposi-
tion under water and to interpret the results obtained from
the PWP Tester, uCT scans (uCT device "nanotom s" by
Phoenix|X-ray/Waygate Technologies) were performed for
three different materials and the fabric was extracted from
these images. The analysed materials include the sands SiS
and W3 as well as the glass bead mixture SiG. The large
chamber of the ©CT scanner enabled the installation of the
volume-pressure controller within the chamber during pCT
image acquisition, see Fig. 12. This setup ensured that the
consolidation pressure of 40 kPa in the specimen (D/H =~
20 mm/40 mm) remained constant, thereby preventing any
grain movement due to potential water evaporation caused
by elevated temperatures in the 4CT chamber.

@ Springer
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Fig. 12 A sand specimen and a volume-pressure controller inside of
the uCT chamber

Fig. 13 The 3D rendering of the scanned part of the SiS sand specimen
(D/H =~ 20 mm/20 mm)

A single radiograph was captured every 1/4°, resulting
in a total of 1440 radiographs, which were subsequently
reconstructed into a single 3D pCT image using the soft-
ware "phoenix_datosx 2 rec". The visualisation of the
results was done with "VGSTUDIO MAX 3.3" by Volume
Graphics GmbH. The acquisition of one yCT image lasted
approximately 2 h. To obtain high-resolution radiographs,
achieved by reducing the distance between the X-ray tube
and the specimen, only the central part of the specimen (=
20 mm) was scanned (Fig. 13). The uCT images in the case
of SiS sand and glass beads mixture SiG have a voxel size
of 12.5 pum, while the voxel size for the sand W3 is 10.6 pm.

@ Springer

5.1 Image analysis and fabric descriptors

The image analysis was conducted using the open-source
software spam [30]. For fabric quantification, a benchmark
strategy for the experimental measurement of contact fabric,
developed by Wiebicke et al. [31], was employed. The com-
putational part of the image analysis and fabric evaluation
was performed at the Centre for Information Services and
High Performance Computing (ZIH) at the TU Dresden.

To extract the contact fabric from each uCT scan, the
images are initially binarized using a global threshold.
Subsequently, segmentation is performed via a topologi-
cal watershed algorithm and a local threshold is applied to
improve the contact detection. For a more precise charac-
terisation of the contact plane, a power watershed method,
specifically the random walker algorithm, is employed at
each contact. This approach enables the determination of the
contact plane with a sub-pixel precision. Finally, the contact
orientation, defined by the orientation of the contact normal,
is computed using principal component analysis (PCA).

Using the contact orientations of the entire specimen, a
second order fabric tensor N:

1 ) .
N=§2 e ©
i€EN

with N being the number of orientations and o being one
individual orientation, can be built. Furthermore, the contact
fabric is described by two scalar variables: the coordination
number CN and the contact fabric anisotropy a. The coor-
dination number represents the average number of contacts
per grain and can be calculated as

N,
N=2.2¢
C 2Np, (7

with N, being the number of overall contacts in a grain
assembly, and N, the total number of particles. The contact
fabric anisotropy a is calculated from the deviatoric part of
the fabric tensor D:

3
=4/=D:D 8
a 5 , 3
where
15 1
D=2 (N-31). ©

with N being the second order fabric tensor and I being the
identity tensor.
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Table 2 Coordination numbers CN and the contact fabric anisotropies
a for the SiG, SiS, and W3 specimens

Material CN [-] al-]
SiG 7.17 0.14
SiS 7.12 0.56
W3 7.06 0.46

Lambert azimuthal equal area projection is used to visu-
alise the three-dimensional contact normal orientations. In
the case of several thousand orientations, these are binned
when plotted, where the red colour represents a high density
and the blue colour represents a low density of orientations.
The orientations at the center of the projection are purely
vertical, while those at the border are only horizontal. Ori-
entations between these two extremes are distributed across
all three directions (see also [31] for more information).

5.2 Interpretation of fabric

Figure 14 illustrates the Lambert azimuthal projection of
binned contact normal orientations for the SiG mixture,
as well as the sands SiS and W3, after their deposition
under water. The surface plots of their contact fabric ten-
sors are shown in Fig. 15. Furthermore, Table 2 contains the

information on the coordination numbers and the contact
fabric anisotropies for the SiG, SiS, and W3 specimens.

In natural SiS and W3 sands, most contact normals are
oriented between 45 and 90 °, shown by the red bins in the
central region of the Lambert azimuthal projection (Fig. 14).
Therefore, most grains in these sands, after beeing depos-
ited under water, are aligned with their longest axis within
the horizontal plane and are inclined up to 45 °, which indi-
cates a clear similarity in their contact fabric. However, the
number of orientation vectors in the bins is significantly
higher for W3 sand, reflecting the differences in the grain
size distribution compared to the SiS sand.

The similarity of the contact fabric is additionally con-
firmed through the surface plots of the contact fabric tensors
of these sands (Fig. 15). The SiS sand has a more anisotro-
pic fabric since the surface plot of its contact fabric tensor is
peanut-shaped, while it approaches a capsule in the case of
the W3 sand. Furthermore, the coordination number and the
scalar anisotropies (Table 2) of these sands are very similar
and thus, support the previous observations. Since all sands
from Sect. 4 were prepared with the same method, it can be
expected that their fabrics are similar. Thus, it seems that
the same fabric, in spite of the large differences in D, is
responsible for the similar excess PWP build-up in different
sands, as shown in Fig. 10.

@ Springer
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The contact normal orientations of the SiG mixture are
randomly distributed, as shown in Fig. 14 left. This can
be attributed to the round shape of glass beads, where no
preferred grain orientations can be identified. For a better
comparison with the SiS sand, the same binning range was
applied. Also, the sphere-like surface plot of the contact fab-
ric tensor for the SiG mixture (Fig. 15 left) and the contact
fabric anisotropy (Table 2) confirm the isotropic fabric of
glass beads. Such, isotropic fabric, characterised by a great
amount of contact normals in vertical as well as in horizon-
tal direction, can offer a higher resistance to the horizon-
tal shearing (compared to natural sands), which results in a
very low Cy( Fig. 10).

Regarding the fast excess PWP build-up observed in
Hostun sand (Fig. 10) and the corresponding high C; value,
a dynamic image analysis [32] was performed on a large
number of its grains. The aspect ratio 4R, defined as the
ratio of the width to the height of individual particles, was
determined to AR = 0.672, indicating highly elongated
grains. In comparison, sands SiS and W3 have 4R = 0.752
and AR = 0.739, respectively.

The elongated shape of Hostun sand grains suggests that
the most grains align subhorizontally after their deposition
under water. This grain arrangement creates a fabric where
many contact normals are oriented subvertically, which
results in a significantly less resistance to horizontal cyclic
shear loading in the PWP Tester, compared to the fabrics
of the remaining sands. Unfortunately, we were not able to
perform also a uCT scan of the Hostun sand sedimented in
water in order to confirm this hypothesis.

6 Conclusions

Relative density is often considered the key factor influenc-
ing the accumulation of the excess pore water pressure in
coarse-grained soils during undrained shearing. While the
importance of relative density is indisputable, the results
suggest that the influence of soil fabric can be equally
significant.

Tests with 41 different materials showed that the relative
density after the soil deposition under water varies from
loose to dense state. Additionally, materials with different
granulometric characteristics, such as glass beads, clean
sands, sands with fines, and crushed sands, can be clearly

@ Springer

distinguished based on their relative density after the depo-
sition under water and their void ratio range.

Each deposition method is likely to produce a specific
type of soil fabric. However, standard index tests used to
determine limit densities do not account for these different
deposition fabrics. As a result, relative densities calculated
based on these tests may not realistically reflect the true
characteristics of the soil. Thus, a more suitable measure
for describing soil state, when analysing the excess PWP
build-up, is relative density calculated with the limit den-
sity accounting for the soil fabric created by the deposition
method.

The newly developed PWP Tester enables a fast and sim-
ple testing of the excess PWP evolution in coarse-grained
soils due to cyclic shear. The soil specimens are tested
following a clearly defined procedure, which includes the
soil deposition (sedimentation) under water, isotropic con-
solidation, and cyclic displacements at the top cap in the
horizontal direction at undrained conditions. The parameter
characterising the evolution of the excess PWP under a cer-
tain soil state and loading conditions is denoted as C; and
quantifies the rate of the excess PWP build-up.

Although the relative densities, as determined by stan-
dard tests, vary significantly among different soils after their
sedimentation in water, the rate of the excess PWP evolution
during undrained shearing remains comparable. However,
the relative densities based on the minimum dry density,
obtained from soil sedimentation in water, fall within a nar-
row range and can be considered more suitable for describ-
ing the soil state when analysing the build-up of the excess
PWP in different soils. This conclusion is further supported
by the analysis of soil fabric extracted from pCT images of
two natural sands, which shows similarities in their fabric
after deposition in water and is obviously responsible for
the excess PWP accumulation. This emphasizes that a pre-
diction of the excess PWP build-up, which can produce soil
liquefaction after a sufficient number of cycles, is not reli-
able if based only on (conventional) relative densities at one
particular effective stress.

Appendix A: Physical properties of tested
materials

See Table 3.
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Table 3 Physical properties of tested materials

Nr Material dso [mm] Cu [-] FC[%] Ds g/cm3 €min [—] €max [~] erax [-] we [°]
1 SiS 0.943 1.2 0.0 2.65 0.579 0.865 0.858 30.0
2 SiG 1.046 1.6 0.0 2.59 0.430 0.674 0.667 22.6
3 DDFS 1.267 1.5 0.0 2.63 0.614 0.916 0.929 34.4
4 DDS 0.521 3.7 0.2 2.65 0.471 0.840 0.667 30.9
5 CK 0.800 3.6 0.3 2.67 0.620 1.058 1.026 35.2
6 HS 0.338 1.6 0.2 2.65 0.583 1.064 1.035 334
7 TS 0.208 1.4 0.0 2.63 0.566 0.952 0.887 30.8
8 W1 0.436 1.9 0.5 2.64 0.494 0.844 0.775 325
9 W3 0.621 22 0.1 2.64 0.546 0.846 0.787 31.2
10 w4 0.754 2.7 0.6 2.63 0.428 0.760 0.659 31.4
11 Ww4G 0.714 3.0 0.0 2.50 0.297 0.504 0.485 21.1
12 W5 0.589 2.9 0.8 2.64 0.434 0.778 0.683 33.8
13 W6 0.120 1.5 0.5 2.65 0.674 1.105 0.952 322
14 W7 0.627 2.8 0.6 2.64 0.422 0.776 0.663 334
15 W8 0.647 3.0 0.6 2.64 0.404 0.767 0.646 322
16 W9 0.418 1.9 0.7 2.64 0.472 0.844 0.730 329
17 Kalil 0.477 4.4 6.8 2.64 0.407 0.893 0.647 352
18 Kali2 0.430 1.9 2.6 2.64 0.546 0.960 0.751 344
19 Kali3 0.840 43 3.1 2.64 0.336 0.909 0.611 33.7
20 BBGr 0.493 4.5 6.4 2.64 0.386 0.881 0.637 32.7
21 BBGe 0.434 1.9 2.5 2.63 0.461 0.910 0.767 32.1
22 NRW1 0.272 1.9 4.8 2.63 0.543 1.207 0.895 33.8
23 NRW2 0.430 2.0 3.1 2.64 0.546 1.009 0.795 333
24 os 0.262 1.5 0.3 2.65 0.513 0.886 0.808 32.6
25 GS 0.283 1.8 0.0 2.65 0.447 0.766 0.669 30.2
26 HiS 0.314 34 23 2.65 0.443 0.781 0.724 34.6
27 LIG 0.112 1.6 1.6 2.48 0.524 0.696 0.685 25.2
28 L2G 0.202 1.6 0.0 2.47 0.518 0.690 0.685 243
29 L4G 0.687 2.0 0.0 2.50 0.505 0.665 0.682 23.8
30 L6G 2.010 1.6 0.0 2.56 0.516 0.659 0.688 232
31 L12G 0.500 2.8 0.0 2.51 0.405 0.563 0.567 252
32 L16G 0.469 7.0 0.1 2.51 0.285 0.415 0.455 253
33 LIC 0.113 1.6 0.0 2.65 0.747 1.264 1.130 333
34 L2C 0.202 1.6 0.2 2.65 0.709 1.187 1.144 322
35 L4C 0.581 1.8 0.0 2.65 0.663 1.086 1.090 325
36 L12C 0.497 2.7 0.2 2.65 0.585 1.027 0.970 324
37 L16C 0.642 8.4 0.3 2.65 0.404 0.804 0.707 342
38 H1 0.494 3.6 0.5 2.66 0.348 0.673 0.591 33.0
39 H2 0.140 2.3 8.1 2.66 0.563 1.095 0.882 32.1
40 H3 0.127 - 21.5 2.67 0.532 0.998 0.679 34.8
41 H4 0.538 4.5 1.4 2.65 0.356 0.811 0.566 32.6

Here, dyq is the mean grain diameter, Cy; is the unifor-
mity coefficient, F'C is the fines content, p, is the grain den-
Sity, emin and e,y are the minimum and maximum void
ratios, respectively, el . is the maximum void radio after
sedimentation under water and @, is the critical

friction angle.
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