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ABSTRACT: Glauconitic materials pose significant challenges for the installation and design of offshore pile foundations. Evaluation
of the primary wave velocities (Vr) of geo-materials is an essential step for their geophysical and dynamic characterisation. The
extender element test method measures the Vp of geo-materials by applying a high-frequency pulse excitation, typically between 5 and
50 kHz. Recent advancement in the extender element test proves its effectiveness for utilization in both laboratory research and
industrial applications. In this study, an advanced dynamic triaxial apparatus equipped with a pair of combined bender/extender element
inserts was used to measure the V'p of glauconitic sand. The glauconite samples were subjected to the designed deviatoric stress paths
to investigate the effects of anisotropic stress states on Vp. All samples were prepared and tested in dry states to avoid the mask signal
effects from pore water. Detailed information of the specimen density and straining under the applied isotropic and anisotropic stress
paths was acquired by high-resolution local strain sensors. The effects of stress anisotropy were highlighted by normalising the
measured small strain constrained moduli (Mumax) With respect to a void ratio function and their corresponding values at isotropic stress
states. The crushing potential of glauconitic sand has also been assessed. The results indicate that at a given effective mean stress p’,
the normalised Muax of the tested samples increased with the applied stress ratio (¢/p’), while no significant crushing has been observed
in the samples tested under mean effective stress level up to 600 kPa.

KEYWORDS: Glauconitic sand, primary wave velocity, small strain constrained modulus, stress ratio, bender/extender elements,
crushing potential

1 INTRODUCTION constrained modulus Muax of quartz sands with different
particle morphology under anisotropic stress conditions. This
paper aims to investigate the Mmax of glauconite sand under
anisotropic stress state. Potential particle breakage of
glauconite sand particles under varying stress paths is also
examined.

Glauconitic sand is widespread and a peculiar geotechnical
material, especially in offshore engineering settings, due to its
high susceptibility to particle breakage (e.g., Westgate et al.,
2023a, b, DeGroot et al., 2023, Konstantinou et al., 2025). The
crushing potential of glauconite sand during cyclic action or
stress change can pose challenges to foundation design and

installation (Quinteros et al., 2023, Perikleous et al, 2023, 2 EXPERIMENTAL METHODOLOGY

Martinelli, et al., 2025) as well as in-situ testing such as cone 2.1 Materials

penetration test (CPT) (Westgate et al., 2023b). Understanding The glauconitic sand used in this study was sampled in the city

the characteristics and behaviour of glauconitic material, while of Antwerp’ Belglum Bulk X-ray diffraction (XRD) analysis

developing appropriate testing techniques, is crucial for the indicates the collected material is composed primarily of

offshore engineering industry. glauconite (49.6% by weight) and quartz (39.3% by weight).
Stiffness of soils at small strain is crucial for evaluating Microscopic images of glauconitic sand grains are presented in

deformation of geo-structures subjected to various stress states Figure 1. The examined glauconite sand grains exhibit a

(He, 2018). To evaluate soil behaviour at very small strains, predominantly rounded shape.

techniques such as resonant column testing and piezoelectric

methods have been extensively utilized (Ishihara 1996). The @)

bender element test, a type of piezoelectric method, has gained
widespread adoption over the years for determining shear wave
velocity (Vs) (Viggiani and Atkinson 1995; Jovicic et al. 1996).
More recent developments have introduced the extender
element test for the measurement of primary wave velocity
(Vp), which has become increasingly popular in laboratory
research (Lings and Greening, 2001; Leong et al. 2009; Kumar
and Madhusudhan 2010).

Previous work on the small-strain stiffness has primarily
focused on isotropic stress condition, even though soil is
invariably subjected to anisotropic stress conditions. Payan et T g
al. (2016) investigated the role of stress anisotropy on the shear ‘ ! ] ’ ; 5
modulus (Gmax) of quartz sands and indicated that Gumar of sands ) h -a | m Al Lale
under anisotropic loading conditions are greater in magnitude Figure 1. Mlcrosc_oplc image of the s;dlment after magnetic separation:
than those subjected to isotropic stress states at a given mean () The magnetic fraction predominantly composed of glauconite

. . ins; (b) Th - tic fraction; lletal gl ite t
effective stress p’. Senetakis et al. (2017) reported the ferfrizisﬁ() ¢ nof-maghetic fraction some petietal glatcontte fraces
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Figure 2 presents the particle size distribution of the air-dried sample,
obtained following the sieving method as described in BS EN ISO
17892-4:2016 (BSI, 2016). The geotechnical index properties of the
tested material and the corresponding methods are summarised in Table
1.
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Figure 2. Particle size distribution of the sampled glauconite sand

Table 1. Index properties of the tested glauconite sand

Property Value Testing Method
BS EN ISO 17892-3:2015
Gy 2.68 pycnometer method by fluid
displacement (BSI, 2015)
1.39
Pmin g/em’ NGI (2019a)
1.54
Pomax glom’ NGI (2019b)
Dsy 0.169 mm
BS EN ISO 17892-4:2016 (BSI,
Cy 1.76 2016)
Ce 0.89
2.2 Test apparatus

A GDS advanced dynamic triaxial testing system (DYNTTS),
was employed for this study, as shown in Figure 3. The
apparatus enables application of cell pressure up to 2 MPa.

) 1 )

(a)

Figure 3. Apparatus and sample sétup before tests

The apparatus houses piezo-element inserts functioning as
both bender elements (BE) and extender elements (EE) (He and
Senetakis, 2016; Senetakis et al., 2017; Li, 2018). The primary
waves (P-waves) are generated and measured in EE mode,
allowing the determination of primary wave velocity (Vr) and
small-strain constrained modulus (Mna). The P-wave source is
located at the base of the specimen, with the receiver fixed on
the top cap. Axial strain during isotropic consolidation and the
application of deviatoric stress is measured using a vertically
mounted linear variable differential transformer (LVDT). A
local radial strain gauge is attached at the specimen middle
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height (see Figure 3) to measure radial strains under both
isotropic and anisotropic stress conditions.

2.3 Experiment setup

2.3.1 Sample preparation

Samples were prepared in a split mould with an internal
diameter of 70 mm. The glauconite sand was air dried for at
least 72 hours to avoid the potential changes in grain size caused
by oven drying (King et al. 2023), before being lightly dry
compacted into five layers in the mould. A 3D printed light
Polylactic Acid (PLA) compactor of 41g self-weight was used
to avoid potential disturbance from the sample preparation on
the mechanical characteristics of glauconite sand (Westgate et
al. 2023b). The samples were compacted to a final height of 140
mm with a relative density (Dr) =55%.

2.3.2. Testing programme

The prepared samples were isotopically consolidated at the
designated initial effective confining pressures ¢’; at 200 kPa
(Sample 1), 400 kPa (Sample 2), and 600 kPa (Sample 3). All
samples were consolidated and tested in a dry state to ensure
reliable P-wave velocities measurements by eliminating the
mask signal effect from saturation (Leong and Cheng, 2016),
hence the effective stress ¢’ is equal to the total stress o at all
testing stages. Following consolidation, a deviatoric
compressive stress (¢) was applied while maintaining a constant
mean effective stress p’ (i.e., increasing the effective axial
stress ¢’; while decreasing the effective confining effective
stress o'3). P-wave velocities (V,)were measured from extender
element tests with a pulse excitation of sinusoidal input at the
following applied stress ratios: g/p”’ =0, 0.25, 0.5, 0.75, 1, 1.25.
A reference input frequency 25 kHz was used for further
interpretation based on the quality of the signals. Volumetric
strains throughout the test were acquired by the LVDTs and the
local strain gauge. The Mua Was obtained using the calculated
density (p) from the measured volumetric strains, following
Equation (1):

Miypax = p X sz (D

To examine the effect of stress history on the stiffness of
glauconite sand, constant mean effective stress p’ at 400 kPa
and 600 kPa were then applied to the sample 1 (consolidated at
an initial effective confining pressure of 200 kPa), with the P-
wave velocities (V) being measured at the designated applied
stress ratio q/p’ before unloading. Figure 4 presents the
complete designated stress path followed for Sample 1.

Table 2 summarises the initial unit weight (y0), void ratio
(en), sample weight (mo), height (Hy) and diameter (do) under
vacuum supporting before testing, and the mean effective stress
p’ at which the extender element tests were performed for all
three samples.

Particle size distribution tests were carried out to examine
potential particle breakage upon the completion of dynamic test
for each sample, following BS EN ISO 17892-4:2016 (BSI,
2016).

Table 2. Sample initial characteristics and dynamic testing programme
(“S1” - Sample 1; “S2” — Sample 2; “S3” — Sample 3)

b m H, d, P
Sample 0 3 ey 0 0 0 reached

(KN/mr’) ® (m) () "GOE

200,

S1 14.41 0.82 801.3 140.55 70.29 400,
600

S2 14.22 0.85 801.3 14096  70.67 400
S3 14.53 0.81 801.3 139.70 70.23 600
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Figure 4. Designated stress paths applied in the extender element tests
for Sample 1: (a) g/p’ against p’; (b) ¢/p’ against ¢’ and 6’3

3 RESULT

3.1 P -wave signal interpretation

Typical signal interpretation of extender element tests for
sample 1 at p’ = 200, 400 and 600 kPa under isotropic stress
states by the end of consolidation stage is presented in Figure
5. Both the first-time-arrival and peak-to-peak methods provide
a clear identification of the received signals.

A comparison of the measured V), based on both methods
for Sample 1 at isotropic and anisotropic stress states is
presented in Figure 6. The results show good agreement
between the two approaches for P-wave signal interpretation.
The peak-to-peak method was subsequently used for the
measurement of ¥, and Muax in this study.
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Figure 5. Signal interpretation of extender element tests under different
p’ condition (data collected from S1 at isotropic stress states)
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Figure 6. Vp determined based on peak-to-peak method versus first-
time- arrival method (data collected from sample 1 at both isotropic and
anisotropic stress states)
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Figure 7. Effect of stress anisotropy on the normalised V), for S1 at all
applied p’ level
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Figure 8. Effect of stress anisotropy on the normalised V, for S1, S2
and S3 at the applied initial p " levels

Measured V), at anisotropic stress states (Vpani) for all
tested samples are normalised by the corresponding V)
measured under isotropic stress conditions (Vp.is0), and plotted
against the stress ratio (¢/p +1), as shown in Figure 7 and Figure
8, following the formula given by Senetakis et al. (2017):

Than _ (44 1)"

Vp,iso

@



Where ay, is an exponent that describes the sensitivity of V) to
stress anisotropy. The results indicate that V), ani increases with
increasing stress ratio g/p’ (i.e., with increasing ¢q) for all tested
samples. The influence of stress anisotropy on the normalised
V) is more pronounced at lower p’ stress level. However, such
trend is less evident under the stress path condition for Sample
1 at p’ = 400kPa and p = 600 kPa.

3.2 Muax at isotropic stress states

Constrained modulus Muax under both isotropic and anisotropic
stress conditions for all tested samples was calculated using
Equation (1), based on the measured V), and specimen density
(p) derived from volumetric strain measurements. The
influence of the sample’s e and the mean effective stress p” on
the dynamic properties of soil has been extensively studied (e.g.,
Hardin and Black, 1968; Iwasaki et al., 1978; Saxena and
Reddy, 1989; Menq, 2003; Wichtmann and Triantafyllidis,
2010). A void ratio function fle) = e'3 is adopted (after
Jamiolkowski et al., 1991) in this study. A power-law form is
used to correlate the normalised constrained modulus Ma/ f(e)
with the normalised mean effective pressure (by a unit pressure
of 1 kPa in this study), as expressed in Equation (3):

Minax p' n
e~ A% (T) )
where 4 is a material constant and » is an exponent that
indicates the sensitivity of the constrained modulus to pressure.
Figure 9 and Figure 10 show the normalised Muav/f(e)
against p’ for Sample 1 at different p’ stress level and for
Samples 1 to 3 at the applied initial p’ stress states, respectively,
both indicating increasing Mmav/f(e) with increasing stress level.

A slightly higher exponent  is observed in Figure 9, which may
be attributed to the applied stress histories for Sample 1.
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3.3 Muax at anisotropic stress states

To examine the effect of stress anisotropy on Muax for the tested
glauconite sand samples, a general expression form proposed
by Payan et al. (2016) is adopted:

. . am
Mmaxnormatised = % = (5 1) 4)
where M,y qni and f (egy;) are the constrained modulus and
void ratio function at anisotropic stress states, M,y iso and
f(eiso) are the constrained modulus and void ratio function
under isotropic confining pressures p’, am is the regressed
exponent to assess the effect of stress ratio (stress anisotropy)
on the normalised Minax.

Figure 11 and Figure 12 present the Mumax.normaiisea against
g/p’+1 for all the tested samples. It can be observed that
normalised Muax increase invariably with increasing ¢/p’. In
addition, the regressed am decrease at increasing p’. Similar
trends were observed by Li (2018) on recycled concrete
aggregate materials. The regressed au for Sample 1 at p’ =400
and 600kPa are lower than those found for Sample 2 and 3 along
the same anisotropic stress paths, reflecting potential effects of
the applied stress history.
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Figure 11. Normalised constrained modulus My,qx normaiisea against
q/p+1 for S1 at all applied p’ levels

1.5

= ' [Mmax,ani’/f€anill  q 4

2 | ———————— =(—+1)°M

) [Mmax,iso/f(€jso)] P
= L
~ |

2

X 1.25 |

(]

£
=
=
~
=

‘s

©
L 1t -
= Sample/p ay
B 0S1: p'=200kPa 0.4511
g’ A S2:p'=400kPa 0.4218
ZE | 0O S3: p'=600kPa 0.3513
= o75 Lo

0.75 1 1.25 1.5 1.75 2 2.25 2.5
q/p'+1

Figure 12. Normalised constrained modulus My, 4y normaiisea against
q/p’+1 for S1, S2, S3 at the initial applied p’ level

Figure 13 compares the normalised constrianed modulus
M ax normaiisea for all tested glauconite sand samples at the
initial applied mean effective stress p’ levels with the results
reported by Senetakis et al. (2017) on white sand, a quartz sand
with similar grain sizes and shapes to the tested glauconite sand.
The overall trend matches well. Under the same anisotropic
stress paths, the regressed am values of the glauconite sand are
consistently higher than those of the white sand, which may be



attributed to the differences in the governing minerals in these
materials. Further experimental investigation and quantitative
analysis is required to corroborate this finding.
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Figure 13. Comparison of test results for glauconite sand (GL) and
white sand (WS, data from Senetakis et al. 2017)

3.4 Particle size distribution variation

Figure 14 presents the particle size distributions (PSD) of the
glauconite sand materials after relative density tests, and before
and after each dynamic tests, indicating no significant change.
Note that all the PSD tests were conducted using the same sieve
set. Some variations may be noticed comparing the post test
PSD of S1 with those of S2 and S3, with S1 showing a slight
higher percentage of particles smaller than 0.2 mm. This
difference potentially indicates a minor degree of particle
crushing induced by the unloading-reloading stress paths
applied on S1 during the dynamic wave testing.
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Figure 14. Particle size distribution before and after test: “post-test”-
upon the completion of dynamic test; “post RD test” — upon the
completion of relative density test

4 CONCLUSIONS

This study presents results on the P-wave velocity (V) and
maximum constrained modulus (Mmax) of natural glauconite
sand from onshore Belgium. Testing was performed in an
advanced dynamic triaxial apparatus equipped with combined
bender/extender elements. Three samples were initially
consolidated isotropically before being subjected to designated
anisotropic stress paths with stress ratios g/p” up to 1.25 while
maintaining constant p’. Sample 1 was subjected to unloaded
and reloaded stress paths for further dynamic testing under
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various stress conditions. P-wave velocities were measured
following the peak-to-peak method.

The results show that V, and normalised M increased
with increasing ¢g/p’ at a given p’, with greater sensitivity at
lower p’ levels. The tested Glauconite sand shows
systematically higher sensitivity to stress anisotropy, as
indicated by higher regressed am values, when compared to
white sand of similar gradation and particle shape. The particle
size distribution analysis shows no substantial post-test changes
for the samples tested in this study, although a minor degree of
particle crushing was observed in the sample subjected to
repeated unloading—reloading stress path.

The experimental results indicate that, when modelling the
small-strain dynamic behaviour of glauconitic sand, stress
anisotropy, stress history and mineralogical composition (i.e.,
glauconite content) should be explicitly considered to account
for their potential influence on dynamic modulus—stress
relationships. This study focused on one single type of
glauconitic sand under relatively limited density and stress
conditions. Further studies on other glauconitic sands with
varying gradation and particle shapes and under wider ranges
of test conditions are required to further enhance and enrich the
research findings.
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