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ARTICLE INFO ABSTRACT

Keywords: The Gulfs of Mexico and Texas represent promising locations for offshore wind farms due to their favourable
Carbonate soils wind conditions. However, the presence of calcareous silts and carbonate clays along the Florida and Yucatan
Clay

coasts pose significant geotechnical challenges for dynamic foundation systems. While the dynamic properties of
sands and natural clays are relatively well established, the role of carbonate silt inclusions in clay matrices is less
well defined. In this study, artificial soils were utilized to control fabric trough variations in silt fractions and
mineralogy. These mixtures blended a high plasticity lacustrine clay with calcium carbonate particles (aragonite
and calcite) and silicate silt particles. Dynamic soil properties were determined through isotropically consoli-
dated triaxial tests with vertical bender elements and resonant column measurements over a wide strain range.
The shear modulus measurements for these artificial carbonate mixtures show good agreement with clayey silt
mixtures from tests on other offshore marine sediments from the literature. Relative to reconstituted Ottawa clay,
at pressures of 100 kPa, the shear modulus normalized for void ratio increased by 34% for aragonite mixtures,
compared to 6% for silicate mixtures. At reference strain levels, the 50% aragonite mixture showed a 6% stiffness
increase, whereas the 50% silicate mixture exhibited reductions of up to 38%. Lower damping was also observed
in mixtures with higher clay contents. The results indicate that the plasticity index and grading heterogeneity
significantly influenced the mechanical responses, with the aragonite-clay mixtures showing more clay-like

Shear modulus
Damping ratio
Stiffness degradation
Soil fabric

behaviour, and silicate-clay mixtures showing more sand-like behaviour.

1. Introduction

Despite extensive studies of the dynamic behaviour of many types of
soils and the availability of associated empirical design equations, the
shear moduli and damping ratios of intermediate carbonate soils, such
as silty clays, remain less well characterized due to their complex
mineralogy, fabric, and particle interactions. Most existing studies have
focused on natural clays, cohesionless soils and soils from specific sites,
limiting their general applicability [1,2]. Laboratory methods, including
isotropically consolidated triaxial tests with bender elements and reso-
nant column measurements, have previously been employed to char-
acterize dynamic properties at strains from 0.00001% to 0.1%.
Empirical models, such as hyperbolic formulations, are commonly used
to represent strain-dependent stiffness changes and reduce the need for
extensive site-specific investigations [3-7].

Numerous studies have examined the small-strain stiffness of fine-
grained soils through laboratory testing and early work on terrigenous

clays established that the maximum shear modulus (Gpax) depends
strongly on the effective stress, void ratio, and plasticity [3-7]. Although
widely applied in design, derived empirical formulations are inherently
linked to the mineralogy and structure of silicate soils and their appli-
cability to carbonate materials remains uncertain. Unlike sands, where
particle size distributions can often be used to establish predictive cor-
relations, clays often show greater variability due to bonding, fabric and
particle mineralogy factors, making simple generalizations difficult [8].

In fine-grained soils, it is well-established that slightly sensitive
natural clays with low plasticity and liquid limits tend to exhibit higher
maximum shear modulus (Gnax) values than high plasticity clays [3-7].
Low compressibility silt grain assemblages show higher shear wave
velocities than more compressible fine soil skeletons [9], and an increase
in silt content in clean sands often reduces stiffness. These tendencies are
attributed to the replacement of strong interparticle contacts with more
deformable and weaker contacts [10,11]. The behaviour of intermediate
soils containing clay and carbonate silt is not well understood. A key
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transition occurs when the clay fraction becomes the dominant
stress-carrying matrix, with silt particles beginning to act as passive
inclusions [12]. Studies on liquefaction susceptibility show that silt
contents above 12% to 30% can separate coarse particles and shift the
mechanical behaviour to that of a fines-controlled material, particularly
when the fines are of low plasticity index (PI < 12%) and governed only
by interparticle friction [13]. However, identifying this transition
threshold is complicated by the influence of mineralogy, gradation,
particle shape, and fabric [14]. This change is even less well understood
when the silt fraction is composed of calcium carbonate minerals.
Studies have shown that clays with higher plasticity index, carbonate
content and overconsolidation ratios have greater small-strain stiffness
(Gmax) [15-17]. Although these works suggest that both plasticity and
the presence of carbonates influence Gy, it is still difficult to determine
which factors play the most significant roles.

The reduction of shear modulus and the associated increase in
damping ratio with strain have also been well documented for terrige-
nous fine-grained soils. Classical hyperbolic models [7,18,19] effec-
tively capture this non-linear behaviour. To better interpret these
models and their parameters, it is essential to understand the underlying
mechanisms that govern stiffness and damping in fine-grained soils. The
stiffness and damping behaviour of fine-grained soils are predominantly
governed by a combination of physicochemical and mechanical factors
that modify the interparticle bonding, contact stiffness, and energy
dissipation.

Based on the work of previous authors, the relative importance of
various factors can be summarized as follows. The plasticity index shows
strong control of the shape and position of the stiffness degradation and
damping curves. The soil structure or sensitivity has a comparable in-
fluence, particularly for sensitive clays, where interparticle electro-
chemical bonding leads to higher initial stiffness and reduced damping
[8]. For carbonate fine-grained soils, the combined effect of fabric and
interparticle bonding of the calcium carbonate (CaCO3) produces higher
small-strain stiffness, and slightly lower damping ratios [17]. Confine-
ment pressure acts as a secondary control, increasing stiffness mainly in
low plasticity or non-plastic materials, while its influence becomes less
pronounced for highly plastic or structured clays. Finally, the initial void
ratio (ep) and mineralogical composition modulate these effects, with
denser and coarser matrices (lower ep) showing stiffer responses and
lower damping. However, literature relationships are predominantly
calibrated with marine or alluvial clays of terrigenous origin. Offshore
calcareous clays show distinct reference strains and damping ratios
because of their microstructural features, suggesting that extrapolating
existing empirical relationships may not be appropriate without specific
testing confirmation [20].

Although the Gulfs of Mexico (GOM) and Texas have been identified
as having particularly suitable offshore areas for wind production, the
presence of large zones of carbonate soils provide challenging founda-
tion design conditions [21]. Characterising dynamic properties such as
small-strain shear modulus (Gmax), stiffness degradation (G/Gmax), and
damping ratio (D) will be critical for the evaluation of liquefaction po-
tential and the prediction of dynamic soil-structure interaction (SSI) for
many of the required structures and foundations. This includes the
lateral response of offshore and other cyclically loaded pile foundations
governed by SSI, which are typically modeled using p-y curves. Recently,
the classical p-y curve approach has been improved to create a more
efficient design method taking into account the Gp,ax of the soil and the
rigidity of the piles [22]. Researchers have also recently added the
non-linear reduction of stiffness with strain to this approach [23].
However, the dynamic properties for the SSI analysis of suitable offshore
gravity and caisson foundations for these wind turbines [24] in the Gulf
of Mexico will require knowledge of dynamic behaviour and charac-
terizations of carbonate soils that does not currently exist.

This gap in the literature shows the importance of better under-
standing the behaviour of these intermediate carbonate soils and the
grain mixtures that cause transitions in their behaviour. The current
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knowledge and frameworks required to predict the dynamic behaviour
of carbonate silty clays are lacking and given the importance of this
information for the development of future offshore energy infrastructure
in the Gulf of Mexico, this needs to be urgently addressed.

2. Study aims

This research aims to evaluate variations in the shear modulus (Gax)
for very small-strains and the non-linear stiffness degradation and
damping behaviour (G/Gpax and D) for a structured illite clay containing
different carbonate and silicate silt sized inclusions. This approach has
enabled a controlled investigation of the effect of carbonate content on
small-strain stiffness, while preserving a realistic representation of
offshore fine-grained carbonate clay to silt sediments. The shear
modulus variation is analyzed in relation to plastic index, compress-
ibility index, grain size distribution, and gap-graded soil characteristics,
to improve the understanding of how soil state parameters influence the
shear modulus and damping behaviour. Additionally, the findings
shown in this paper highlight key considerations for applying different
commonly used predictive models.

3. Materials

Ottawa clay was selected to create artificial carbonate clayey sam-
ples due to its glaciolacustrine characteristics and mineralogical simi-
larity to marine sediments. Illite, which is the second most abundant
mineral in the Gulf of Mexico and decreases in concentration from
shallow to deep waters [25], is the dominant mineral in Ottawa clay.
This lacustrine clay from Eastern Canada also contains traces of kaolinite
and is classified as a sensitive material. In-situ, this clay has an average
80% water content and a liquidity index around 2.0 with an over-
consolidation ratio (OCR) of 2.55. The material has a plastic limit (PL) of
30% and a liquid limit (LL) of 53% with a saturated density (psq) of 1.53
g/cm® and a specific gravity (G;) of 2.77, as shown in Table 1.

Artificial soils were created with two different CaCOs silt grain forms
blended into the clay mixtures (synthetic calcite and crushed aragonite).
Calcite particles were created using the precipitation synthesis method
described by Yu et al. [26], with a solution of sodium carbonate Na;CO3
(5 mol) in 100 ml of poly styrene-alt-maleic acid PSMA (1 g/L). The pH
was adjusted to 10 with hydrochloric acid HCI. A calcium chloride CaCl,
(5 mol) solution was then added whilst agitating the solution with a
magnetic stirrer. The aragonite particles were obtained from crushing
fine sand to make particles smaller than 0.075 mm from larger oolitic
aragonite sand grains from The Bahamas (distributed by AQUA NATU-
RAL). Further tests were performed with a commercial silicate silt
Sil-Co-Sil-106, which is a sub-angular ground quartz. Nine artificial
clayey silt mixtures were created to conduct dynamic tests with 25%,
50% and 60% calcite, aragonite and silicate particles by weight.

Table 1
Clay and artificial calcareous and carbonate clayey silt properties.
Sample Gs PI LL eo eo/ Psat (&/ p
(%) (%) e, em®)
Undisturbed 2.77 27.2 54.0 2.32 1.55 1.53 0.483
clay
Reconstituted 2.77 27.2 54.0 1.27 0.85 1.77 0.105
clay
25% silicate 2.74 10.7 42.5 1.08 0.93 1.83 0.083
50% silicate 2.71 5.5 33.3 0.86 0.96 1.92 0.058
60% silicate 2.7 2.5 28.7 0.91 1.16 1.89 0.059
25% calcite 2.75 13.4 48.0 1.25 0.95 1.77 0.093
50% calcite 2.73 9.5 38.0 1.01 0.98 1.86 0.087
60% calcite 2.72 9.0 35.5 0.91 0.89 1.90 0.079
25% aragonite 2.81 12.3 42.0 1.14 0.96 1.84 0.095
50% aragonite 2.86 10.3 36.0 1.01 0.98 1.92 0.077
60% aragonite 2.87 7.3 31.4 1.01 1.03 1.93 0.076
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3.1. Mixture preparation

These materials were initially mixed in slurry form at water contents
close to 1.5 times their liquid limit (e; = void ratio at liquid limit); this
was deemed to be sufficient to easily create samples without particle
segregation occurring. Subsequently, the samples were reconstituted in
a non-standard long one-dimensional (1-D) oedometer column. The final
vertical consolidation pressure was 100 kPa, corresponding to the ver-
tical yielding stress determined from consolidation tests conducted on
the undisturbed Ottawa clay sample, and was used to provide an over-
consolidation ratio (OCR) close to the undisturbed clay sample (~2.0),
to mimic both lacustrine and marine sediments. The void ratio (ep) after
1-D consolidation in the long oedometer was used to characterize the
initial state of the reconstituted samples.

Before the next stage of laboratory stress-strain tests, the silicate
mixtures were found to be a normalized void ratio, ep/ey, of approxi-
mately 1.01, and the calcite and aragonite mixtures ranged between ep/
e;, = 0.94 and 0.99. These corresponded to saturated densities from pgq,
= 1.77 - 1.93 g/cm®. It should be noted that no significant time-
dependent carbonate cementation bonding was expected, as the sam-
ples remained under vertical consolidation for only 24 h. This period
was expected to be sufficient for dissipation of excess pore pressures, but
too short for any measurable carbonate cementation to develop. The
applied consolidation pressure of 100 kPa effectively expelled most of
the free pore water, leaving the samples in a firm, mechanically stable
state. Owing to the high proportion of Ottawa clay in the mixtures, the
reconstituted soils showed sufficient solidity after consolidation, to
behave like lightly overconsolidated materials.

3.2. Mixture properties

The specific gravities (Gs), plastic index (PI), liquid limits (LL),
saturated density (psq), and corresponding initial void ratios (eg) of the
various samples are shown in Tables 1 and in addition of the virgin
compression slope (1), determined during the isotropic consolidation
tests. The index and isotropic compressibility properties of the Ottawa
clay mixtures highlight the contrast between the silicate and carbonate
inclusions. While the undisturbed clay shows high plasticity (PI = 27%)
and a high compression slope 1 = 0.48, a reduction to 1 = 0.10 occurs for
the reconstituted sample due to the destruction of the undisturbed fabric
and has an associated reduction in the void ratio due to the reconstitu-
tion process. The addition of silicate silt abruptly reduces the plasticity
(PI < 11%) and leads to lower compressibility (4 = 0.083 - 0.059). In
contrast, carbonate inclusions (calcite and aragonite) result in inter-
mediate plasticity values (PI < 13.5%) and higher compressibility (1 =
0.094 - 0.077) compared with the silicates. These findings indicate that
carbonate mixtures retain higher compressibility despite reduced plas-
ticity, reflecting the distinctive role of the carbonate mineralogy in
modifying the soil fabric and the resulting mechanical behaviour.

The particle size distributions of these mixtures are shown in Fig. 1,
and have curves which lie within representative clay and sandy silt
grading ranges found in the Bay of Campeche [27]. Fig. 2 shows the
coefficient of uniformity (C,) and the mean particle size (dsg) of each
mixture. The pure Ottawa clay has a coefficient of uniformity of C, =
2.08. These values change with silt increments; the 60% calcite mixture
has the highest C, = 27.78, whereas the 60% aragonite mixture has
much lower value of C, = 9.03. The calcite mixtures have the largest
grains, while the silicate mixtures lie between the two carbonate forms,
according to the mean particle size (dsp) shown in Fig. 2.

3.3. Experimental program

The undisturbed and reconstituted clay samples and the nine artifi-
cial mixtures were initially used to determine the relationship between
the small-strain shear modulus, Gnax, and confining pressure using
bender elements (BE). Stiffness reduction and damping ratios with strain
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Fig. 2. Particle size distribution curve characteristics: mean particle size, dsop
and coefficient of uniformity, C, for the artificial mixtures.

were also determined in a resonant column (RC). For the BE tests, the
formed cylindrical samples (5 cm x 10 cm) were saturated and allowed
to swell isotropically in a Bishop and Wesley triaxial cell at stresses <50
kPa. After achieving Skempton's pore pressure parameter (B) values
larger than 0.95, further isotropic consolidation stages were applied up
to 800 kPa. At each confining pressure (op,), vertical bender element
(BE) tests were performed to find the shear wave velocity (vg). The
resonant column samples were back-pressure saturated to 140 kPa and
isotropically consolidated in a secondary compression stage to 60, 100
and 300 kPa. The samples were maintained under the target confining
pressure for a 24-h consolidation period, prior to initiating measure-
ments of shear modulus and damping ratio.

3.4. Bender element testing

The maximum shear modulus (Gpax) or shear modulus at extremely
small-strains (i.e. y = 0.0001% or 0.001%) was determined using very
low strain shear wave propagation, assumed not to modify the fabric of
the sample [10]. Gpax Was obtained thorough eq. (1):

Gma.x =p *Vsz (1)

Where p is the bulk density in kg/m® and vy is the shear wave velocity in
m/s. Equation (1) is a consequence of the influence of the packing state
(the porosity, density, etc.) and the contact number (shear wave prop-
agation efficiency) of the soil grains [10].

Shear wave velocities (vs) were obtained using vertical bender
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element readings, along with measured distances between the source
and the received waveforms using eq. (2):
L L

L_ 2
At (Atsta_rt arrival + Atpeﬂkfpeak)/z ®

Vg =

Where 4, is the average of the first and peak arrival or the time to start
arrival, and v is the shear wave velocity in m/s. L is the height of the
sample in m, which corresponds to the tip-to-tip distance between the
bender elements.

The travel time distance A;, shown in Fig. 3, was obtained from time
domain analysis, taking the average reading of the (A) first deflection,
(B) first bump maximum, (C) zero crossing and (D) major first peak [28].
The data processing of the time histories, cross-correlations and fre-
quency domain plots were carried out with the GDS bender element test
analysis tool [29].

Based on recommendations in the literature [28,30,31], single-cycle
sinusoidal signals with input frequencies between 2 and 8 kHz were
sequentially tested for each confining stress. This frequency range was
selected to explore different combinations of wavelength, and to identify
the excitation that produced a ratio of specimen length to wavelength,
L/2 > 2, while maintaining a clear and stable time domain response. This
analysis allowed the verification of whether the frequency domain
response showed the expected linear trend in phase angle-frequency
space, which is characteristic of a robust transfer function [28,30,31].

Fig. 4 shows two representative time-domain plots obtained at
confining stresses between 15 and 500 kPa for the 25% and 60%
aragonite mixtures. These examples illustrate the typical evolution of
the received waveform and the identifiable sequence of first deflection
and major first peak. As expected, the arrival time systematically de-
creases with increasing confining pressure and with higher silt contents.
Furthermore, maintaining L/A > 2 required increasing the input fre-
quency as the confining pressures increased.

Fig. 5 shows two examples of the corresponding frequency-domain
outputs, including the input-output spectra and the unwrapped phase
relationships. The phase angle-frequency curves show the standard
behavior expected for BE testing: a dominant energy band centered near
the transmitted frequency and a largely linear phase trend across the
active spectral region. These outputs were used to verify that the
transmitted frequency produced a stable response consistent with pre-
vious BE studies [28,30,31].

3.5. Resonant column testing

The GDS resonant column (RC) is a Stokoe type, where the base of
the sample is fixed, and the applied torsional excitation occurs at the free
top of the sample [32]. The shear modulus for small and up to medium
strains (0.001% - 0.1%) were found using this apparatus. The resonant
frequency (f;) was determined by applying torsional excitation from 30
to 120 Hz to the sample and selecting the frequency for the maximum

20
Peaks with confining stress increments
St (A) " (< )
) /
§ 0 A A /%\ /X/\‘ AN
ol T ~ 7 T\ T
. 0
=l —Source —15kPa Received
. B 100kPaReceived —200 kPa Received
0 05 1 15 2
Time (ms)

Fig. 3. Results of typical bender element tests on the reconstituted samples.

Soil Dynamics and Earthquake Engineering 204 (2026) 110192

a) 25% Aragonite L=0-1m, vi}bB:Snz']./;,sh 2000k
N T [=0.096m, v.= 142mls, f= 4000Hz
a=2.71
2 A — o
s L=0.092m, v,= 173m/s, f= 5000Hz
e /=267
F /
£ NA
) vV L=0.089m, v,= 230m/s, f= 5000Hz
2=1.94
/
AN~ n A
V VAASEVANV
15 kPa ——100 kPa
— 250 kPa —500 kPa
o 1 2 Time (ms) 3 4 5
b) 60% Aragonite L=0.1m, vg= 93m/s, f= 2000Hz
L/A=2.15
- L= 0.096m, v,= 155m/s, f= 4000Hz |
(/2 =2.49
[
(=]
S = 10.093m, v,= 217m/s, f= 5000Hz
S L/i=215
=]
e
3 [=0.090m, v,= 266m/s, f= 6000Hz
/i=2.02
15 kPa 100 kPa
—250kPa —500 kPa
0 1 2 3 4 5

Time (ms)

Fig. 4. Determination of the arrival time for the 25% and 60% aragonite
mixtures for different stresses.
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Fig. 5. Frequency domain outputs for the 25% and 60% aragonite mixtures at
250 kPa.

amplitude obtained in millivolts (mV) according to the ASTM standard
[33]. The preliminary range of frequency values were selected based on
the shear wave velocity results obtained from the bender elements
performed in previous tests, to provide a maximum shear modulus for
small-strain in the resonant column. This procedure was selected
because the shear strain on the specimen is not constant for all
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frequencies, potentially leading to over/under estimation in resonant
frequencies [34].

The shear modulus (G) was obtained from the vg values for each
natural frequency (f;,) at specific shear strains (y). Following the theory
of wave propagation and the solution for the equation of motion for
fixed-free resonant column devices [35], the vs values were determined
using egs. (3) and (4). These were transformed into shear modulus
values using eq. (1).

TR 3
Vi,

Ii = (f"—H> *tan (f"l{) “4)

0 Vs Vs

Where H is the height of the sample in m, f, is the natural frequency in
Hz, I is the mass polar moment of inertia of soil specimen in kg*m?, and
I is the mass polar moment of inertia of resonant column drive system in
kg*m? Ip was determined using the conventional calibration method
with standard aluminium bars [32,36]. The measured velocities of each
aluminium bar fall within +3% of the reference value, confirming the
reliability of the calibration. Similarly, these results are comparable with
those reported previously by other authors [37,38].

The viscous damping ratio was determined from the free vibration
decay shape curve and then found numerically from the logarithmic
decrement equation. First the logarithmic decrement (6) is provided by
the best straight line fit slope of the peak amplitude — cyclic number plot,
and then viscous damping ratio is determined using § according to eq.
(5). The number of cycles used for the analysis is commonly taken be-
tween 10 and 50 [39].

52

PO\t w

()

4. Results and discussions
4.1. Shear wave velocity (vs)

Fig. 6 shows the shear wave velocity (vg) for different confining
pressures (o, for the undisturbed and reconstituted pure Ottawa clay.
As the figure indicates, the shear wave velocities for the undisturbed
samples have lower values than the reconstituted samples, since the
reconstituted samples have lower initial void ratios (ep), which leads to a
reduced porosity. Consequently, shear waves propagate faster due to the
contact number increasing within the reconstituted sample compared to
the undisturbed sample. The relationship between shear wave velocity
(vs) and effective confining stress (op,) is often characterized with the
exponential relationship [40], expressed in eq. (6):

v, =a* (a/m/Po)/; 6)

Where factor a and f-exponent are fitting parameters and Py' is a refer-
ence stress (1 kPa).

However, determining the fitting parameters a and f-exponent in
sensitive clays can be challenging due to the influence of natural soil
structure and sensitivity, previous and initial confining stresses, elec-
tromechanical interactions, and the high specific surface area of clay
particles [41]. These factors, combined with the interface of compres-
sive waves in the selection of shear wave arrivals and the effects of the
excitation frequency on the measured wave velocity (thereby influ-
encing the initial small-strain stiffness), can lead to variability in the
estimated shear wave velocities [34,42].

Fig. 6 also shows the shear wave velocity behaviours of some of the
artificial silty clay mixtures and Table 2 shows the associated factor a
and p-exponents for each curve. The 25% silicate, calcite and aragonite
mixtures lie in the same range as the normally consolidated
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Fig. 6. Shear wave velocities v, for undisturbed and reconstituted Ottawa clay
samples and some artificial mixtures.

reconstituted clay sample. There is an increase in factor a with the
addition of the silt particles, while there is a slight reduction in the
p-exponent; with these two changes the final shear wave velocity rela-
tionship has a curve similar to the reconstituted clay sample. On the
other hand, for the 50% calcium carbonate silt contents (aragonite and
calcite), there is a slight variation in factor @ and $-exponent, showing an
increase in the shear wave velocity, which results in the curve lying
above the reconstituted clay sample. However, the 50% silicate content
also has a decrease in the p-exponent, thereby reducing the shear wave
velocity. This pronounced reduction in the $-exponent, observed when
increasing silicate contents from 25% to 50% - 60%, reflects a transition
toward a contact network dominated by silicate silt particles with
limited physicochemical interaction, resulting in a weaker dependence
of stiffness on the effective stress. The potential underlying mechanisms
governing contact rearrangement are discussed in the following section.

4.1.1. Effect of mineral composition on fitting parameters a and f3

Combination of these two fitting parameters have been identified for
different soils by previous researchers [9,11,43-50], and this charac-
terization is shown in Fig. 7. The low factor a and high p-exponent for the
undisturbed clay sample lie within the pure clay behaviour zone, ac-
cording to the a and p-exponent relationship [9,44] in Fig. 7. This result
is associated with the high initial porosity and pronounced compress-
ibility of the undisturbed sensitive clay during loading [51]. In contrast,
the reconstituted Ottawa clay lies within the clay to silt behaviour due to
its relatively high factor o, likely influenced by fabric densification
during the 1-D consolidation at 100 kPa, and more limited v resolution
at low stresses [52].

Both the carbonate and silicate mixtures lie within the clay to silt
behaviour zone, shifting toward a silt to sand trend as the silt content
increases. The main difference for the calcium carbonate mixtures is that
they show higher p-exponent values than the silicate mixtures, which is

Table 2

Factor a and p-exponent values of artificial clayey silt mixtures.
Sample Factor a (m/s) p-exponent R?
Reconstituted clay 36.41 0.2789 0.9927
25% silicate 39.35 0.2700 0.9992
50% silicate 39.80 0.2594 0.9989
60% silicate 39.17 0.2530 0.9921
25% calcite 41.51 0.2783 0.9867
50% calcite 41.19 0.2749 0.9848
60% calcite 42.08 0.2918 0.9937
25% aragonite 38.57 0.2795 0.9871
50% aragonite 39.11 0.2926 0.9945
60% aragonite 41.65 0.2940 0.9936
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Fig. 7. Factor a and f - exponent relationship according to Cha et al. [9] and Ramirez et al. [44].

also beneficial for liquefaction susceptibility [13]. This reflects the role
of the calcium (Ca®") ions, which contract the diffuse double layer,
reduce electrochemical repulsion, and strengthen interparticle contacts
[53,54]. This mechanism promotes rigid particle networks through
physicochemical, non-frictional interactions by contracting the diffuse
double layer, rather than true crystalline cementation, increasing shear
wave velocities. Silicate silt particles, with low surface area and minimal
electrochemical activity, develop weaker contacts and limited stiffness
gain with stress, resulting in smaller p-exponent values [55].

The observed differences between the undisturbed clay and the
reconstituted clay and artificial mixtures highlight the role of structural
degradation in governing the dynamic response of the soil mixtures.
While the intact clay retains a natural, metastable fabric associated with
structure, sensitivity, and stress-dependent stiffness, this structure is
largely destroyed during remolding and reconstitution. Consequently,
the artificial and reconstituted clay mixtures behave as mechanically
stable, non-structured materials, dominated by particle rearrangement
and densification during the consolidation, thereby limiting the influ-
ence of any structure on the small-strain stiffness.

4.1.2. Comparative results with other binary soils

The artificial calcium carbonate mixtures show factor a values 11% -
15% higher and p-exponents ~ 4% higher than the reference recon-
stituted clay (@ = 36, p = 0.28), aligning with moderate plasticity
offshore marine silty clays [45,46], which are also shown in Fig. 7. In
contrast, other marine calcareous clays [43,47] show reduced factor a
values by —21% and p-exponent increased by 28%, reflecting strong
stress-dependent shear stiffness due to collapse of the open, metastable
microstructure and high compressibility of diatom particles. From all of
these results and comparisons it can be seen that factor a decreases with
increasing plasticity index, clay fraction, and compressibility index (C,),
although mineralogy and microstructure cause deviation from linear
trends [48,49]. Pure silica silt samples display highly variable shear
wave velocity fitting parameters, indicating complex dynamic behav-
iour [11,50].

Despite the fact that Ottawa clay is illite and mineralogically
consistent with many Gulf of Mexico marine sediments, its high sensi-
tivity originates from a glaciolacustrine depositional history, resulting in
a metastable fabric that may differ from the metastable structures
typically observed in offshore marine clays due to salt flocculation. As a

result, the contrast observed between the undisturbed and reconstituted
Ottawa clay represents a pronounced case of structural degradation,
rather than a direct analogue for all marine clay conditions. In this
study, the undisturbed Ottawa clay is therefore used as a reference
material to isolate and quantify the influence of soil structure on the
dynamic response, while the reconstituted clay and artificial mixtures
represent mechanically homogenized states in which structural effects
are minimized. Consequently, the observed differences should be
interpreted as bounding the potential impact of destructuration on dy-
namic properties, rather than implying direct equivalence with in-situ
Gulf of Mexico sediments.

4.2. Maximum shear modulus (Gmax)

Fig. 8 shows the values of Gpax determined from the bender element
vs readings against void ratio (e), exhibiting trends similar to those found
by Li et al. [56] for gap-graded soils; as the silt content increases, these
relationships shift to the left. Although these curves are informative, it is
difficult to isolate the effect of packing density on Gpay, since the global
void ratio (e) is not constant; shear modulus varies with changes with silt
content (particle size ratios, Rq and coefficient of uniformity, C,) and
plasticity (PI).

The observed increase in Gpax with silt content is attributed to
different micromechanical mechanisms that depend on the mixture
compositions. At low silt content (25%), the increase in Gpax is primarily
associated with partial densification of the clay matrix. At higher silt
contents (50% and 60%), the increase in G« is mainly governed by the
reinforcing contribution of the silt particles, which progressively
participate in load transfer.

From a conceptual threshold coarse content (CCy) perspective,
coarse grain (silt) contacts play a primary role when the fine content
(FC) is lower than CCy,. Conversely, when FC exceeds the threshold fines
content (FCy), fine grain contacts progressively dominate the mechan-
ical response, while coarse grains become dispersed within the matrix
and provide only secondary reinforcement until complete separation
occurs [57]. Based on eq. (7), the FCy of the artificial mixtures is
approximately 74% (corresponding to 26% silt), representing the min-
imum clay content at which inter-fine grain contacts govern the
response. The CCy, of the artificial mixtures is approximately 65%,
estimated using representative maximum void ratios for the silt fractions
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Fig. 8. Shear modulus (Gnay) against void ratio (e).

(émax = 1.4 for calcite and aragonite, and 1.2 for silicate) and defining
the maximum void ratio of the clay as ey, following the approach pro-
posed in eq. (8) [58]. Accordingly, the 50% and 60% mixtures fall within
the transition regime between inter-fine grain and inter-coarse grain
contact dominance.

Further insight is obtained by examining the inter-fine void ratio, ey,
defined in eq. (9). Relative to the pure clay (e = 1.74), e decreases at
25% silt content (average ef ~ 1.57), indicating partial densification of
the clay matrix. At higher silt contents (50% and 60%), ef increases
again, accompanied by a reduction in the inter coarse void ratio, e,
defined in eq. (10). Consistent with the framework proposed by The-
vanayagam et al. [57], the increase in ey reflects a progressive reduction
in load transfer through fine grain contacts and a corresponding increase
in the contribution of silt contacts.

€

FCy = Trete )
CCh=(1+emax) / (emax +1+e€r) (8
e=V,/Vy 9
ee=(V+V) / Ve (10)

Where FCy, is the threshold fines content, CCy, is threshold coarse con-
tent, e. is the intergranular coarse (silt) void ratio, ey is the inter-fine
(clay) void ratio, Vy, is the void volume, Vyis the fine (clay) volume, V.
is the coarse (silt) volume, and e,x is the maximum void ratio [57,58].

4.2.1. Transition of Guay in gap-graded soils

While void ratio is an effective physical index to evaluate Gpayx, the
particle size distributions may also provide a reliable indicator for
cohesionless soils [59]. In contrast, for cohesive soils such as silty clays,
it is necessary to account for interparticle (non-frictional) bonding forces
due to the plasticity, which can significantly influence the mechanical
behaviour [46]. The small-strain stiffness Gp.x was evaluated under a
reference state to investigate the influence of mixture consistency and
packing on the dynamic behaviour of the mixtures. A constant void ratio
of e = 0.8 was selected, which corresponds to a stiff-plastic consistency
for the reconstituted Ottawa clay, but represents softer consistency
states for mixtures with increasing silt content. Using a fixed void ratio
enables direct comparison of the mixtures under an equivalent global
packing condition (average dry density pgr, ~ 1.53 g/cm®), allowing the
physical changes with particle shape and aspect ratio to be better
evaluated.

Fig. 9 shows the relative variations in Gp,x compared to that of the
pure clay (Gmax-clay), as a function of the particle size ratio, Rq = d5o.mix/

dso-clay, where dso.mix and dso.ciqy denote the mean particle sizes of the
mixture and the Ottawa clay, respectively. The data used is for e = 0.8,
providing the intermediate density benchmark. All the mixtures show
reductions in relative maximum shear modulus with increasing particle
size disparity. The calcite shows the largest range of R4, whilst the
aragonite shows the smallest range. Two tendencies are observed in
Fig. 9; the calcite mixtures (pink line) follow approximately the same
reductions with increasing R4 as found for the sand-silt mixtures by Li
et al. [56], because of the high ds¢ values in the mixture, while the 25%
to 60% aragonite mixtures (blue line) have the lowest normalized
Gmax/Gmax-clay teduction due to the low Ry values.

This reduction in normalized Gp,x with Ry is related to the inter-
particle contact stiffness changes between the silt and clay grains and
follows the behaviour described by Choo & Burns [60], who found that
stiffness reduction in binary mixtures is more pronounced as the size
ratio between particles increases, due to greater disruption of force
chains among larger particles. Additionally, Wichtmann & Tri-
antafyllidis [61] attributed the reduction of the Gpax to the presence of
strong and weak force chains in mixtures with high coefficient of uni-
formity, in contrast to uniformly graded soils where force chains are
equally distributed. This behaviour is observed in the calcite and silicate
mixtures, which shows a lower normalized Gp.x than the aragonite
mixtures. Therefore, the slight reduction of the stiffness in the 25% to
60% aragonite mixtures is attributed to their relatively small variation in
C, in comparison to the calcite or silicate mixtures.

e=0.8 AAragonite MSilicate ®Calcite X Sand-Silt mixtures, Li (2022)

1 3 5 il 9 1 13
Ry= dsomix/ dso»clay

15 17 19 21

Fig. 9. Normalized Gmax/Gmax-clay With relative particle size (e = 0.8).
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The influence of grading on small-strain stiffness is further governed
by the combined effects of the fine matrix state and the increasing
presence of coarse inclusions. At low confining stress and a loose
reference state (e = 0.8), the introduction of silt disrupts inter-fine grain
contacts and weakens the continuity of force chains within the clay
matrix, resulting in lower Gpax relative to the pure clay. With increasing
effective confining stress and associated densification of the matrix, the
mechanical contribution of the coarse fraction becomes increasingly
significant. Under these denser conditions, coarse particles actively
participate in load transfer, leading to a marked increase in Gpax with
silt content. This transition reflects the development of a more effective
force chain network as the proportion of coarse particles increases, in
agreement with previous studies on gap-graded soils [62].

4.2.2. Normalized shear modulus Gnqy/f(e)

Further normalization of the G,qx values can also be conducted using
an exponential void ratio function, f(e) = e **'1. This is found to provide
shear modulus values consistent with the upper bound of Eastern Ca-
nadian clays [8], and this approach is also supported by Lo Presti &
Jamiolkowski [16], who applied similar exponential formulations for
carbonate soils, where the exponent of the void ratio function decreases
with higher carbonate content and reduced clay fractions.

Fig. 10 shows normalized small-strain shear modulus Gpay/f(e)
values along with data from the literature on silty clays, clayey silts, and
sand-silt mixtures. The curves for calcareous clays from the Gulf of
Mexico [43] and calcareous silts from the Persian Gulf [63] are found to
overlap with the artificial carbonate mixtures at low stresses (<100
kPa), but lie above at higher effective confining stresses. In contrast,
silicate mixtures, e.g. Refs. [11,50], and sand-kaolin mixtures [64] fall
within the range of the artificial silicate mixtures. Two distinct trends
appear in the data set. For silicate and kaolin mixtures, normalized
stiffness decreases with increasing silt content, reflecting the reduction
in PI and lower clay fractions [48]. In contrast, carbonate mixtures
reveal a fundamentally different response: PI ceases to govern the
behaviour, and calcium carbonate content becomes the dominant factor.
As shown here and by Kallioglou et al. [65], normalized stiffness curves
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shift upwards with increasing CaCO3 content, and their slopes reflect the
combined effects of the carbonate-clay interactions.

To quantify the very small shear modulus behaviour across mixtures,
the normalized Gax/f(e) values of the 50% artificial mixtures and other
binary sediments were also compared against the reconstituted Ottawa
clay at 100 kPa (Gpax/f(e) = 32.37). The artificial aragonite and calcite
mixtures show increases of approximately 34%, while the silicate
mixture shows only a 6% increase, confirming the minor contribution of
non-plastic silt particles to the stiffness enhancement. Natural and
calcareous silts from the Gulf of Mexico and the Persian Gulf [43,63]
show 19 - 36% increases, which fall within the range of the artificial
carbonate mixtures. The highest increments, from 116% to 215%,
correspond to onshore carbonate clays with 38% - 80% CaCOs and
moderate plasticity [65], highlighting the dominant role of carbonate
cementation and interparticle bonding in natural onshore carbonate
clays [65], where long-term geological processes promote true cemen-
ted structures.

4.3. Stiffness degradation

4.3.1. Shear modulus (G) from resonant column tests

Fig. 11 shows the variation of the shear modulus (G) with shear
strain for a selection of the undisturbed and reconstituted clay, aragonite
and silicate mixtures measured using the resonant column. The G values
at small-strains (<0.001%) are consistent with those reported previously
for Gpax determined with bender elements. With increasing strain, the
shear modulus decays in a typical non-linear tendency, highlighting the
transition from truly elastic to non-linear elastic response. As shown in
the figures, the reconstituted Ottawa clay shows higher shear modulus
(G) values compared to the undisturbed sample. Among the artificial
samples, the aragonite mixtures consistently show higher G values than
the silicate mixtures, reflecting the influence of carbonate particles
embedded in the mixtures. A more detailed analysis of the shear
modulus degradation and the damping ratio curves is presented in the
following sections.

0 Artificial calcite and aragonite mixtures
Carbonate mixtures from Kallioglou (2008)
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Fig. 10. Normalized Gax/f(e) for the artificial mixtures and literature results.
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4.3.2. Stiffness degradation curves (G/Gmgx)

Fig. 12 shows the normalized degradation curves (by Gmax) of
various samples tested at 60 kPa confining pressure (OCR = 2). The
undisturbed Ottawa clay sample response matches that of Leda clay [34]
and the upper bound of the Eastern Canadian clays. In contrast, the
reconstituted pure clay response shows greater degradation at stiffness
ratios below G/Gpax < 0.8 than the undisturbed sample, likely due to the
absence of structure. This occurs even though the reconstituted clay
sample lies in the range of the stiffer Eastern Canadian clays. It is
anticipated that the curves will move to the left with higher silt % and
reducing plasticity index. The 50% aragonite mixture exhibits a
response comparable to the offshore carbonate clay (OCR = 1.5) from
the Gulf of Mexico (GOM) [20]. The GOM clay exhibits a general greater
stiffness than the aragonite mixture because its higher PI = 38.6 and its
overconsolidated state, as the confining pressures applied during testing
(om' ~ 40 kPa) were below its preconsolidation stress. On the other hand,
the 50% silicate mixture falls near the Canadian clay lower bound. Both
silt mixtures appear to be influenced by their reductions in plasticity, but
the position change for aragonite is much less, which was expected due
to the higher PI and the lower coefficient of uniformity [7].

The corresponding curves for o,,' > 100 kPa are shown in Fig. 13.
Most of the samples show a minor shift to the left for pressure increases
from 60 kPa to 300 kPa, likely reflecting partial structural disturbance
due to the application of stresses above the preconsolidation level. Such
loading may alter the sample, leading to slight reduction in small-strain
stiffness. This reduction in the stiffness which is also shown in the
reduction in their yy,s from samples tested from an overconsolidated to a
normally consolidated soil state has not been extensively studied. Few
authors have observed that the stress ratio along the pre-consolidation
path significantly influences the stiffness degradation behaviour of
cohesive soils in a normally consolidated (NC) state [66,67]. Specif-
ically, the stress history associated with the overconsolidation appears
to accelerate the rate of stiffness degradation in NC samples. Interest-
ingly, the aragonite curve essentially maintains its position at 100 and
300 kPa confining stresses. The 50% aragonite mixture behaves
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Fig. 12. Stiffness degradation curves of pure clay and artificial mixtures at 60
kPa, OCR ~ 2.

similarly to the silt-clay sample as its curve lies in the same range as the
40% silt-clay mixture [68], while the 50% silicate mixture shifts its
curve to the right from 100 kPa to 300 kPa and aligns better with the
40% sand and 20% clay.

These results suggest the silicate mixtures show behaviour closer to
sand-silt or cohesionless sediments, whereas the aragonites resemble
more clay-like or cohesive samples, which may be due to crushing
occurring, counteracting the silt influence and their lower C, and higher
PL. The effect of plasticity on the threshold strain deserves particular
attention. The degradation threshold strain (y.s) increases with
increasing plasticity, reflecting the role of the interparticle electrical
forces that stabilize the soil fabric. This behaviour can be rationalized
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Fig. 11. Shear modulus (G) of undisturbed and reconstituted Ottawa clay, aragonite and silicate artificial mixtures from resonant column testing.
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through the concept of double layer thickness, which increases with PI
and particle surface activity [41]. Thus, calcium carbonate mixtures
show higher electromechanical attraction compared to inert silicate
mixtures, leading to higher .

4.3.3. Empirical hyperbolic model

Equation (11) is commonly used for normalizing shear modulus
behaviour [7]. The shape of the location and hyperbolic model is
controlled by the reference strain (yr,f) and curvature parameter (a,).

G/ Gre=1 /(1 +y/y,ef)ay

Where G is the shear modulus, G is the shear modulus at very small-
strains, y is the shear strain, ys is the reference shear strain (for this
study 50% of the G/Gnax), and a, is the curvature parameter.

Table 3 summarizes these parameters for the tested samples, to
better quantify these changes. The undisturbed clay shows the highest
values of yre for both OC and NC soil states, showing the importance of
its structure. The reconstituted Ottawa clay shows, the second highest
Yref for the OC condition, while the 50% aragonite shows the second
highest yyffor the NC condition and the silicate mixtures have the lowest
7ref for both soil states. The decrease in y.s with increasing silt content,
connected with higher C, and lower PI, leads to a corresponding rise in
the curvature parameter (@,) compared to the reconstituted clay. This
behavior is attributed to the illite clay mineral present in Ottawa clay,
which effectively enhances stiffness at strains below 0.01%, but exhibits
limited contributions at larger strains. Consequently, the silicate mix-

1D
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degradation, resulting in greater initial curvature (a,) compared to the
aragonite mixtures.

Fig. 14 shows the reference strain (y,¢) and curvature (a,) parameters
as functions of coefficient of uniformity of the reconstituted clay and the
artificial aragonite and silicate mixtures, evaluated at three different
effective confining stresses. The reference strain results show a clear
decreasing trend with increasing C,, consistent with the behaviour re-
ported for quartz sands by Wichtmann & Triantafyllidis [69], who re-
ported a power-law relationship for granular soils. This behaviour can
be attributed to the effect of particle gradation on the evolution of the
internal fabric under small-strain dynamic loading. As the coefficient of
uniformity increases, the contact network becomes progressively more
heterogeneous, with load transfer concentrated through a reduced
number of dominant contacts. Under cyclic deformation, this fabric
promotes earlier development of localized strains at the particle scale,
leading to a more pronounced stiffness degradation at a given strain
level. Consequently, the characteristic reference strain decreases with
increasing C, [61,69]. However, the values obtained for the artificial
mixtures are higher, reflecting the greater strain performance of the
Ottawa clay matrix and its cohesive nature. This trend is expected, as
cohesive fine-grained materials typically show larger reference strains
than non-plastic silts or clean sands [18,19]. In contrast, the curvature
parameter @, remains relatively constant (a, ~ 1.3) across the different
coefficients of uniformity due to its limited variation with grading [69].

Although C,, Ry, and PI are not strictly independent parameters, the
experimental results show that their respective influences on the dy-
namic response can be consistently interpreted. In general, increases in
Cy and R4 lead to reductions in Gpax and reference strain due to
increased fabric heterogeneity and disruption of force chain contacts.
However, this effect is modulated by physicochemical interactions
associated with the plasticity index. In the present study, aragonite
mixtures exhibit higher PI and lower C, than the silicate mixtures,
resulting in higher Gnax and reference strains under comparable grading
conditions. While both artificial mixtures show decreasing Gyax and yrer
with increasing C,, the reduction is more pronounced for the silicate
mixtures due to their higher C, and lower PI. This indicates that,
although grading controls the overall trend, plasticity governs the
resistance of the soil fabric to stiffness degradation. Higher plasticity
increases the interparticle electrical interaction range and degradation
threshold strain, thereby reducing the susceptibility of force chains to
buckling and instability [41]. Consequently, the dynamic behaviour of
the aragonite mixtures reflects a coupled but interpretable interaction
between grading and physicochemical effects, with PI partially
compensating for fabric heterogeneity associated with grading.

4.3.4. Comparative results with other silty clay sediments

Fig. 15 shows the results of the reconstituted Ottawa clay, and 50%
aragonite and silicate mixtures tested at 300 kPa, with, some degrada-
tion curves from other researchers to corroborate the experimental re-
sults of this research. Shan et al. [70] demonstrate the importance of the

tures with higher C, and lower PI experience more rapid stiffness clay mineral in the stiffness degradation curves, with their
Table 3
Reference strain and curvature parameters.
Sample om' (kPa) Yref a, R? Sample om' (KPa) Tref a, R?
Undisturbed Ottawa clay 60 0.300 1.40 0.98 Reconstituted Ottawa clay 60 0.16 1.25 0.92
100 0.090 1.50 0.91 100 0.06 1.30 0.97
200 0.200 1.20 0.96 300 0.09 1.10 0.96
25% silicate 60 0.075 1.30 0.97 25% aragonite 60 0.11 1.30 0.98
100 0.055 1.30 0.95 100 0.07 1.30 0.89
300 0.10 1.50 0.85 300 0.08 1.25 0.97
50% silicate 60 0.055 1.40 0.93 50% aragonite 60 0.081 1.30 0.97
100 0.040 1.30 0.86 100 0.086 1.20 0.92
300 0.050 1.40 0.93 300 0.098 1.00 0.91
60% silicate 60 0.030 1.50 0.96 60% aragonite 60 0.060 1.30 0.94
100 0.015 1.40 0.95 100 0.070 1.30 0.93
300 0.030 1.40 0.92 300 0.085 1.11 0.92

10
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montmorillonite-silt mixtures having higher stiffness and more curva-
ture at smaller strains y < 0.001% than the kaolinite-silt mixtures,
suggesting that more active clay minerals increase the curvature of the
degradation curve, while the plasticity increases the reference strain.
Considering this conclusion and the stiffness behaviour of the Eastern
Canadian clays, for the Ottawa clay, silicate and aragonite artificial
mixtures, the pronounced curvature observed in their stiffness degra-
dation curves at non-linear strain levels is consistent.

Furthermore, the 50% silicate mixture and 60% aragonite mixture lie
above the average results of the silt and silty clay, respectively, from
undisturbed marine samples tested by Fang et al. [46]. In that study, the
silty clays (PI between 10 and 15) showed higher stiffness degradation
curves than the silts (PI < 10), reflecting the influence of plasticity. A
similar tendency is exhibited with the aragonite and silicate mixtures,
where the aragonite mixtures with higher plasticity lies above the sili-
cate mixtures in the degradation curves. The 50% artificial mixtures
show higher curvature than previous marine sediments and cohesionless
carbonate silt sediments from the GOM and according to more extensive
experimental research from more undisturbed marine soils on the east
coast of China [71] and silt sediments from the GOM [72]; the artificial
mixtures lie in the range of both marine sediments.

To facilitate a quantitative comparison between the mixtures and the
literature data, all reference strain values from the literature and those
from the reconstituted samples (clay, aragonite, and silicate) were
evaluated at a mean effective confining stress of 100 kPa. At an effective
confining pressure of 100 kPa, the reconstituted clay shows normalized
stiffness ratios (G/Gmax) of 0.96 and 0.80 at 0.005% and 0.002% shear
strain, respectively. The 50% aragonite mixture shows no stiffness
reduction at 0.005% and a slight increase (6%) at 0.02%. On the other
hand, the 50% silicate mixture shows a significant stiffness reduction of
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Fig. 15. Stiffness degradation curve artificial mixtures at 300 kPa and marine
sediments from literature.

approximately —8.9% and —37.5% at the same strain levels, similar to
sandy silty clay [68], which shows reductions of —14.1% and —25%,
respectively. The stiff calcareous clay from the GOM [20] does not show
stiffness degradation at 0.005% shear strain, but shows a 12.5% increase
at 0.02%, highlighting its stiff behaviour. These observations collec-
tively indicate that the inclusion of calcium carbonate grains enhances
the stiffness retention within the clay matrix.

4.4. Damping ratio (D)

Fig. 16 shows the damping ratio, D (%), curves of the undisturbed
and reconstituted samples tested at 60 kPa (OCR = 2). The undisturbed
clay sample shows the lowest damping because of its high structuration
and void ratio, and the silicate mixture has the highest damping ratio
due to the lowest PI. The 50% aragonite mixture lies between the un-
disturbed and silicate results, and its damping ratio curve is slightly
higher than the GOM calcareous clay, which is stiffer and produces more
damping. Fig. 17 shows the damping ratio of the undisturbed clay
sample and reconstituted clay sample at three different stresses. The
lowest damping ratios are attributed to its natural structuration and high
void ratio, the results lie near the lower boundary of the sensitive
Eastern Canada clay envelope proposed by Abdellaziz et al. [73]. In
contrast, the reconstituted sample shows higher damping, reinforcing
the influence of destructuration on the dynamic behavior.

Fig. 18 shows the damping ratio, D (%), behaviour of artificial
aragonite and silicate mixtures, tested under different effective
confining stresses (60, 100 and 300 kPa), plotted alongside empirical
curves proposed by Wichtmann & Triantafyllidis [69] and Taboada
[20]. Wichtmann & Triantafyllidis [69] model is based on the coefficient
of uniformity (C,), showing the effects of particle gradation and Taboada
[20] model correlates damping with the plasticity index (PI), reflecting
the influence of clay mineralogy and soil plasticity on energy
dissipation.

The aragonite mixtures fall slightly below the cohesionless sand
predictions from Wichtmann's model, suggesting that the Ottawa clay in
the mixtures plays a moderating role in reducing damping. The trends
indicate that lower PI and higher C, contribute to increased damping in
these artificial mixtures. Silicate mixtures show a similar tendency to
aragonite mixtures. When comparing both models to the laboratory data
obtained from resonant column tests, it appears that the model based on
C, provides a better characterization of the artificial mixtures. The
predictions from Wichtmann's equation align more closely with the
measured damping ratios, suggesting that particle gradation plays a
dominant role in governing the damping ratios instead of the plasticity
index. Overall, the relatively low damping ratios observed in the
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Fig. 16. Damping ratio of 50% artificial mixtures and Ottawa clay samples
(OCR = 2).

reconstituted and artificial samples can be primarily attributed to the
inherent properties of Ottawa clay, emphasizing the critical role of
particle grading, and plasticity in controlling dynamic energy dissipa-
tion. Additionally, the damping values obtained through the free-decay
method can vary due to factors such as signal attenuation, and the
assumption of constant exponential decay [74].

Additionally, the damping trends observed in this study reflect the
combined effects of particle grading and plasticity on contact kinematics
and energy dissipation. In binary mixtures, increasing C, promotes a
shift from sliding to rolling contacts of finer particles, which tends to
reduce energy loss and partially compensates for the effect of increased
particle size contrast associated with higher C, values [69]. At larger
small-strain levels, soils with lower plasticity exhibit higher damping
due to earlier onset of nonlinearity and increased interparticle slip
within the contact network. In contrast, soils with higher plasticity
maintain a more stable contact response over a wider strain range, as
electrochemical interactions associated with fine particles promote
flexible yet persistent contacts that delay force chain instability [18,41].
These mechanisms explain the observed moderation of grading effects
by plasticity and mineralogy in the damping behaviour, where aragonite
mixtures show lower damping than silicate mixtures, and the undis-
turbed Ottawa clay exhibits the lowest damping as a result of its intact
natural structure. At comparable global void ratios, silicate mixtures are
expected to develop a less stable contact network with lower effective
coordination, allowing greater local rearrangement and interparticle

10 ® Undisturbed clay, 200 kPa

9 m Undisturbed clay, 100 kPa /
A Undisturbed clay, 60 kPa /
O Reconstituted clay, 300 kPa /

8 | o Reconstituted clay, 100 kPa /
A Reconstituted clay, 60 kPa //

7 |— —Canadian clays from PI 3 to 40, Abdellaziz (2023) /

— —Reconstittued Ottawa clay /
6 |——Undisturbed Ottawa clay /

Damping ratio, D (%)

Shear strain, y (%)

Fig. 17. Damping ratio of Ottawa clay samples at three different
confining stresses.

12

Soil Dynamics and Earthquake Engineering 204 (2026) 110192

a)

25% Aragonite
50% Aragonite
8 | 4 60% Aragonite

:\5 Cu= 3.5, Wichtmann and Triantafyllidis (2013)
5’ 7 Cu= 8, Wichtmann and Triantafyllidis (2013)
o ——Cu= 9, Wichtmann and Triantafyllidis (2013)
2 6 PI= 12.3, Taboada (2017)
o PI=10.3, Taboada (2017)
2 5 [—PI=7.3, Taboada (2017)
a — —Canadian clays from PI 3 to 40, Abdellaziz (2023)
§ 4
o
3
2
1
0 A
0.0001 0.001 . 0.01 0.1
Shear strain, y (%)
10

9 0O 25% Silicate
m 50% Silicate
B 60% Silicate

. 8 Cu= 4, Wichtmann and Triantafyllidis (2013)
9 7 Cu= 17, Wichtmann and Triantafyllidis (2013)
E —— Cu= 24, Wichtmann and Triantafyllidis (2013)
E PI=10.7, Taboada (2017)
g 6 Pl= 5.5, Taboada (2017)
o ——PI= 2.6, Taboada (2017)
2 5 | — —canadian clays from Pl 3 to 40, Abdellaziz (2023) o
a
E 4
<
(=]
3
2
1 — = [T P
m n W - e
0 ui= mg m WO gt W
0.0001 0.001 0.01 0.1

Shear strain, y (%)

Fig. 18. Damping ratio of artificial mixtures with predictions from empir-
ical equations.

slip, which contributes to the higher damping observed in these
mixtures.

5. Conclusions

This study investigates the dynamic behavior and small-strain of
artificial marine soils composed of aragonite, calcite and silicate silt
mixed with lacustrine clay. Through resonant column and bender
element testing under controlled laboratory conditions, this investiga-
tion evaluates key dynamic parameters such as the shear wave velocity
(vs), small-strain shear modulus (Gpayx), stiffness degradation (G/Gmax)
and damping ratio (D). The results provide insights into the effect of
mineralogy, grain size distribution, and fabric on stiffness and damping,
offering a basis for improving the design of structures in offshore car-
bonate sediments.

The results reveal several notable trends in the dynamic behaviour of
the artificial mixtures, as outlined below.

e The artificial mixtures reproduced the small-strain stiffness trends of
offshore marine sediments, with calcium carbonate mixtures
matching the behaviour of moderate plasticity marine clays. These
artificial mixtures also fall within the stiffness degradation range of
documented offshore sediments.

e Shear wave velocities (vs) were consistently higher in the recon-
stituted Ottawa clay samples compared to undisturbed samples,
primarily due to lower void ratios and denser particle contacts from
the slurry consolidation process. Calcium carbonate mixtures
showed higher v values than silicate mixtures, reflecting the impact
of mineralogy on wave propagation. This behaviour is attributed to
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the role of Ca?* ions, which enhances thickness physicochemical,
non-frictional interactions by contracting the diffuse double layer.
Aragonite mixtures showed the stiffest responses overall, attributed
to their lower coefficient of uniformity and non-frictional bonding,
which enhanced effective stress transmission through well formed
force chains. Calcite mixtures showed lower stiffness, and silica
mixtures the lowest, behaving more like cohesionless silts due to its
less plasticity index and high coefficient of uniformity.

Stiffness degradation curves for both undisturbed and reconstituted
Ottawa clay samples aligned well with trends observed in other
lacustrine and marine clays. Reference strains and damping ratios
were notably higher and lower, respectively, in undisturbed samples
than reconstituted samples, emphasizing the influence of soil struc-
ture on stiffness degradation and energy dissipation.

Stiffness degradation curves (G/Gmax) showed a clear dependence on
the coefficient of uniformity (C,) of the silt fraction: as C, increased,
the reference strain decreased, indicating an earlier inflection of
stiffness degradation curve. However, mixtures with high Ottawa
clay content retained higher initial stiffness at very small-strains,
behaving more like structured marine clays.

Damping ratios (D) were lowest in the aragonite mixtures and
highest in silicate mixtures. This pattern aligns with the observed
trends in stiffness and suggests that mineralogy, grain shape, and the
plasticity of the clay matrix control energy dissipation at small and
intermediate strains.

In summary, this research highlights the importance of understand-
ing the interplay between soil fabric, carbonate content, and grain sizes
in shaping the dynamic properties of soils. The distinctions between
aragonite and calcite mixtures with silicate mixture comparisons pro-
vide new insights into the expected behavior of carbonate sediments,
contributing to potentially improved design methodologies for offshore
foundations and other marine infrastructure projects in the Gulf of
Mexico and other challenging offshore carbonate zones. It should be
stressed that the interpretations presented in this study are based on
laboratory testing of reconstituted and artificial mixtures under a
limited range of effective stresses and controlled boundary conditions.
As such, the results are intended to capture fundamental mechanisms
governing small-strain stiffness and damping in shallow marine sedi-
ments, rather than the full response of deep offshore deposits where
higher stress levels, stress history, and long-term fabric evolution may
become dominant. Accordingly, the findings should be interpreted as
mechanistic trends, rather than as direct predictors of in situ perfor-
mance and further study is required to create materials that are more
direct analogs of offshore sediments.
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