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Abstract. The extensive coastal stretches of Gujarat are underlain by soft marine clays that are highly
plastic, highly compressible, moisture-rich, and sensitive to remolding. These soft clays beneath onshore
and offshore infrastructure are exposed to a range of diverse loading rates during their service life, which
makes understanding the strain-rate-dependent shear strength behavior of these soils crucial for ensuring the
stability and longevity of coastal infrastructure. The present study is focused on evaluating the monotonic
undrained response of soft marine clay collected from Kandla Port, Gujarat, India. A series of unconfined
compression and consolidated undrained triaxial tests were performed on slurry-consolidated specimens at
different strain rates. The high strain rates of loading essentially simulated rapid loading scenarios, such as
excavation, surcharge application, and the fast installation of piles and anchors. The experimental findings
revealed distinct isotfach behavior observed at all axial strain levels, characterized by unique rate-dependent
stress-strain curves. An increase in the loading rate was found to reduce the undrained shear strength of the
soil, quantified by determining the strength change rate (R). The study further analyzed pore pressure
evolution, effective stress path, and maximum obliquity response. The influence of strain rate on the
mechanical behavior of soft Kandla soil was also interpreted using strain energy dissipation mechanism.

1 Introduction

The rapid growth of infrastructure worldwide, both on
land and offshore, has led to greater dependence on
foundations built over marine deposits. These marine
soils are generally soft, moisture-rich, and highly
sensitive, characterized by high compressibility and low
shear strength. In addition, they are particularly prone to
time-dependent effects [1].

Numerous studies have shown that different
geomaterials, such as sands, weathered rocks, and clays,
respond differently to changes in strain rate [2-5].
Experimental investigations have explored the effect of
strain rate on the mechanical behavior of clays, both
natural and reconstituted. Some researchers have
reported that increasing strain rate leads to higher
mobilized shear strength and lower excess pore water
pressure generation [1,6—13]. In contrast, other studies
have observed an increase in pore pressure with
increasing strain rate [14,15]. These contrasting findings
highlight the complex nature of rate-dependent behavior
in clays. Similarly, the effect of strain rate on the
effective friction angle remains uncertain. While some
studies have reported an increase in strength parameters
with higher loading rates [16], others have documented
a reduction in effective friction angle as strain rate
increases [8]. Sudan and Sachan [8] investigated the
combined influence of strain rate and confining pressure
on the pore pressure evolution and effective stress path
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response of soft marine soil. Wu et al. [10,11] examined
Macau marine clay under both Ko and isotropic
consolidation conditions and observed higher shear
strength and reduced pore pressure at higher loading
rates. Li et al. [15] further observed significant strain-
hardening behavior, strength mobilization and pore
pressure response in stiff clays subjected to step changes
in strain rate.

Tatsuoka [17] proposed a conceptual framework to
describe the strain rate dependency of geomaterials by
classifying their behavior into three main types: isotach,
TESRA (Temporary Effect of Strain rate and
Acceleration), and a combined isotach—-TESRA mode.
The concept of isotach behavior was first introduced by
Suklje [18] and later refined through detailed
experimental investigations by Leroueil [19] and
Tatsuoka [17]. It provides a general approach to
interpret how changes in strain rate influence the stress-
strain response of soils. Although the concept was
originally developed for one-dimensional consolidation,
it was further extended to triaxial loading conditions and
incorporated into advanced rate-dependent constitutive
models [20,21]. Recent studies [1,13] have further
indicated that soft clays exhibit isotach-type behavior
during triaxial shearing, characterized by distinct stress-
strain curves obtained at different strain rates.

The studies focused on the undrained shear strength
response of natural soft clays under fully saturated
conditions, particularly subjected to high strain rates, are
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comparatively limited in literature. The current study is
based on investigating the strain-rate-dependent
undrained behavior of the soft marine soil collected
from Kandla Port, Gujarat, India. A series of
consolidated undrained (CU) triaxial tests was
conducted over a wide range of strain rates, varying
from 0.005% per min to 9% per min. The effect of
loading rate on stress-strain response, excess pore water
pressure development, effective stress paths, and the
maximum obliquity angle was examined. The variation
in cumulative strain energy dissipation at different strain
rates was also analyzed to provide a comprehensive
understanding of the soil’s rate-dependent response
under saturated undrained conditions.

2 Material properties and specimen
preparation

This study investigated the soil collected from Kandla
Port, Gujarat, India. The grain-size distribution curve of
the soil is shown in Fig. 1, indicating the presence of
36% clay and 64% silt. The soil had a liquid limit (wr)
of 70%, plastic limit (wp) of 34%, and plasticity index
(Ir) 0f 36%. The specific gravity (Gs) was obtained to be
2.80. Based on the Unified Soil Classification System,
the soil was classified as a high-plasticity clay (CH).
Scanning Electron Microscope (SEM) micrograph of
the soil obtained at x30,000 magnification is presented
in Fig. 2. A free swell index (FSI) of 53% further
signified the very high expansion potential of the soil
[22].

In this study, the slurry-consolidation technique was
used to reconstitute the soft Kandla soil specimen in the
laboratory at its in-situ bulk density (1.64 g/cc) and in-
situ  water content (57%). The solid cylindrical
specimens of the soil were prepared by mixing 900 g of
oven-dried powdered soil with 1494 g of distilled water
to form a clay slurry at 166% water content
(approximately 2.4 times of wr). The slurry was then
consolidated under K,-conditions at a vertical pressure
of 120 kPa. Double drainage conditions were
maintained throughout the consolidation process, and
volume changes were continuously monitored. A
consolidated soil cake measuring 97 mm in diameter and
110 mm in height was obtained after 96 hours of slurry
consolidation. The average water content measured at
the top, middle, bottom, and core sections of the soil
cake was determined to be approximately 57%,
confirming the uniformity and homogeneity of the
prepared specimens at its in-situ conditions.

3 Experimental program

All the experiments were performed on cylindrical
specimens of soft Kandla soil measuring 50 mm in
diameter and 100 mm in height. These specimens were
carefully extracted from the prepared slurry-
consolidated soil cakes of 97 mm diameter and 110 mm
height.

The effect of strain rate on the geotechnical
behavior of soft Kandla soil was investigated by

performing a series of triaxial compression tests. The
Consolidated Undrained (CU) triaxial tests were
performed over a wider range of axial strain rates,
varying from 0.005% to 9% per min. Additionally,
Unconfined Compression (UC) tests were also
conducted at six axial strain rates of 0.5% per min, 1%
per min, 1.25% per min, 1.5% per min, 2% per min, and
5% per min.
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Fig. 1. Grain size distribution curve of soft Kandla soil.
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Fig. 2. SEM micrograph of soft Kandla soil.

In the CU triaxial tests, the soft soil specimens were
mounted on the triaxial pedestal with porous stones and
circular filter papers placed at both ends. In addition, six
vertical filter paper strips were attached around the
circumference of each specimen to facilitate radial
drainage. This accelerated the saturation and
consolidation processes in the CU triaxial tests on soft
clay. Complete saturation was ensured when the
Skempton's pore pressure parameter (B = Au/Acc)
exceeded 0.95, which was achieved at a back pressure
of 270 kPa in all the triaxial tests. The specimens were
then isotropically consolidated to an effective confining
pressure of 100 kPa and sheared under undrained
conditions at four different axial strain rates of 0.005%
per min, 0.05% per min, 5% per min, and 9% per min.
The higher rates were selected to simulate rapid field
loading conditions, such as deep excavations, sudden
surcharge application, and high-speed pile or anchor
installation [7,8,14,23].
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4 Results and discussion

The undrained shear strength behavior of the soft
Kandla soil was evaluated by conducting a series of
Consolidated Undrained (CU) triaxial tests conducted at
effective confining pressures of 50 kPa, 100 kPa, and
300 kPa. After isotropic consolidation, the specimens
were sheared at an axial strain rate of 0.05% per min,
ensuring uniform pore pressure distribution throughout
the soil specimen. The resulting stress-strain behavior,
pore pressure evolution, and effective stress path
responses are presented in Fig. 3.
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marked by an initial increase in strength, followed by
softening and a gradual recovery. The ability of the soft
soil to regain part of the strength lost during deformation
is referred to as thixotropy, a time-dependent structural
rearrangement commonly observed in cohesive soils.
Ren et al. [24] reported that fully saturated,
montmorillonite-rich soils exhibit thixotropic behavior
due to the presence of salt content within the soil mass.
In addition, this effect becomes significant in clays with
water content close to their liquid limit [25-28]. In the
current study, the marine soft Kandla soil contained
dissolved salts and had a high water content of 57%,
which is near its liquid limit of 70%. It also had
montmorillonite clay mineral with high swelling
potential (FSI = 53%). These combined factors
contributed to the observed thixotropic behavior in soft
Kandla soil. This study further employed a limiting axial
strain failure criterion of 15% to determine the effective
shear strength parameters, ¢' and ¢', of the soft Kandla
soil under undrained conditions [29,30]. The soil was
observed to exhibit zero cohesion and an effective
internal friction angle (¢") of 17° (Fig. 3(c)).

The effect of strain rate on the unconfined
compressive strength and initial stiffness of the soft
Kandla soil was investigated. In addition, variations in
stress-strain  behavior, excess pore water pressure
development, effective stress paths, and maximum
obliquity response under different loading rates were
evaluated through consolidated undrained triaxial tests.
The cumulative strain energy dissipated at different
strain rates was also determined for soft Kandla soil
under undrained shearing conditions.

4.1 Rate-dependent unconfined compressive
strength of soft Kandla soil

The variation of unconfined compressive strength (qu)
of the soft Kandla soil at axial strain rates ranging from
0.5% to 5% per minute is presented in Fig. 4. It was
observed that the strain rate exerted no significant
influence on the unconfined compressive strength of the
soil. The axial stress-strain curves exhibited similar
responses at all applied loading rates. Although minor
variations in q, were observed at different strain rates
(Table 1), no consistent trend was identified. The initial
stiffness of the soil was also found to remain largely
unaffected by changes in the rate of loading.

Table 1. Unconfined compressive strength (qu) and
undrained cohesion (cu) of soft Kandla soil under different
strain rates.
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Fig. 3. Shear strength characteristics of soft Kandla soil: (a)
stress-strain behavior, (b) excess pore pressure evolution, and
(c) effective stress path response.

The stress-strain curves of the soft Kandla soil (Fig.
3(a)) displayed a distinct pattern of strength evolution,

Strain Rate (%/min) qu (kPa) cu (kPa)
0.5 314 15.7
1 31.3 15.7
1.25 31.6 15.8
1.5 30.1 15.1
2 35.0 17.5
5 32.8 16.4
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Fig. 4. Unconfined compressive strength of soft Kandla soil
under varying strain rates.

4.2 Rate-dependent monotonic  undrained
shear strength response of soft Kandla soil

Fig. 5 illustrates the stress-strain behavior of the soft
Kandla soil sheared at axial strain rates of 0.005%,
0.05%, 5%, and 9% per minute. It was observed that the
soil exhibited an isofach-type of behavior over the entire
axial strain range of 15%, with distinct stress-strain
curves obtained at each loading rate. At a constant
effective confining pressure of 100 kPa, an increase in
strain rate resulted in a reduction in deviatoric stress.
This response contradicted with several earlier studies,
where higher loading rates were reported to enhance the
strength of clays, independent of confining pressure
[1,6,7,9-11,14,15]. In this study, the decrease in
strength with increasing strain rates might be attributed
to rapid shear stress mobilization, inducing localized
deformation and disturbance of the soil fabric and
ultimately reducing the shear resistance of the soil.
Furthermore, the thixotropic effect was observed to
persist even at the highest applied strain rate of 9% per
minute. The onset of this effect was noted at
approximately 1% axial strain and continued throughout
the loading process up to 15% axial strain.
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Fig. 5. Stress-strain behavior of soft Kandla soil under varying
strain rates

The evolution of excess pore water pressure in the
soft Kandla soil under different axial strain rates is

depicted in Fig. 6. An increase in strain rate resulted in
a decrease in excess pore pressure generation,
demonstrating the significant influence of loading rate
on the contractive behavior of the soil. A decrease in Au
of around 34% was noted at 15% axial strain for a rise
in strain rate from 0.005 to 9% per min. Similar pore
pressure responses have been reported for soft soils in
previous studies [1,7,8,10,11]. The evolution of lower
pore pressure at higher strain rates might be attributed to
the development of non-uniform deformations within
the soil mass. Such non-uniform and localized
deformations would have contributed to the reduced
contractive response of soil with increasing strain rates.
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Fig. 6. Evolution of excess pore water pressure in soft Kandla
soil under varying strain rates.

The evolution of the stress state during shearing is
represented by the effective stress path (ESP) in the ¢ -
p' stress space, where the prevailing mean effective
stress governs the resistance of the soil to applied
loading [31]. The ESP responses of the soft Kandla soil
subjected to different strain rates are shown in Fig. 7. In
this study, the deviatoric stress (q) and mean effective
stress (p') are defined as:

01— 03
= — 1
q > €Y)
o, + 03
p’=—12 - (2)

where, ¢'| and ¢'; are the major and minor effective
principal stresses during shearing, respectively. When
the soft Kandla soil was sheared at a high strain rate (9%
per minute), particle slippage occurred within localized
regions, producing a relatively looser arrangement of
clay and silt particles. With continued shearing, these
weakened zones expanded and gradually propagated
through the specimen. As multiple zones
interconnected, localized failure might have initiated at
an earlier stage in the high strain rate tests (9% per min)
than in the low strain rate tests (0.005% per min). This
caused the effective stress paths of the soil to
progressive shift downward with increasing strain rate.
The influence of strain rate on the maximum
obliquity angle (Bmax) of the soft Kandla soil was also
examined, as shown in Fig. 8. The angle of maximum
obliquity (Bmax) is defined as the maximum angle formed
between the resultant stress vector and the normal stress
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vector, serving as an indicator of the extent of shear
strength mobilized at a particular strain level. A
consistent decrease in Bmax Was observed with increasing
strain rate from 0.005% to 9% per min. This suggested
that failure was mobilized at lower stress levels under
higher loading rates. The rapid application of load at a
high strain rate (9% per min) might have limited the time
available for proper stress redistribution through
interparticle contact points within the soil mass, leading
to earlier failure compared to the specimen tested at a
lower strain rate (0.005% per min).
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Fig. 7. Effective stress path response of soft Kandla soil under
varying strain rates.
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Failure in this study was defined using a limiting
axial strain failure criterion of 15%. The undrained shear
strength (Su) of the soft Kandla soil corresponding to
15% axial strain at different strain rates is listed in Table
2. The variation of S, with strain rate is shown in Fig.
9(a) on a semi-logarithmic scale. It was found that the
strength of the soft soil exhibited a negative trend with
increasing strain rate. A decrease in shear strength of
46.11% was noted for a rise in strain rate from 0.005%
per min to 9% per min.

The strain rate dependency of the undrained shear
strength of the soft Kandla soil was further quantified by
evaluating the strength change rate (R), using Equation
(3) as:

-5
R="""x100% 3)

where S, is the undrained shear strength at a given strain
rate (kPa) and Sy, is the strength measured at a reference
strain rate (kPa). In this study, a reference strain rate of
0.05% per min was adopted, following Sachan and
Penumadu [32]. The evaluated values of R for different
strain rates are presented in Table 2 and plotted on a
semi-log scale in Fig. 9(b). The results clearly indicated
that an increase in loading rate led to a reduction in the
undrained shear strength of the soft Kandla soil.
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Fig. 9. Effect of strain rate on (a) undrained shear strength, and
(b) strength change rate of soft Kandla soil.

Table 2. Strength characteristics of soft Kandla soil under
varying strain rates.

Strain Rate (%/min) Su (kPa) R (%)
0.005 78.5 20
0.05 65.6 0
5 56.5 -14
9 42.3 -36

The monotonic undrained shear behavior of the soft
Kandla soil was also assessed using the strain energy
dissipation framework. The total strain energy
dissipated by the soil during shearing is a sum of the
volumetric and shear strain energy components. It was
computed following the formulation proposed by
Tavenas et al. [33] as follows:

W = W, + W, = (p’ X Ssp) + (q X 6£q) 4)
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where, O6W, and J&W, represent the incremental
volumetric and shear strain energies, respectively; dg, is
the incremental volumetric strain (g, = g, + 20¢;); and
dgq 1s the incremental shear strain (8gq = 2(0¢a - der)/3).
Under undrained triaxial conditions, the incremental
axial strain is equal in magnitude and opposite in sign to
twice the incremental radial strain, resulting in zero total
volumetric strain.
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Fig. 10. Effect of strain rate on cumulative strain energy
dissipation response of soft Kandla soil. (a) Total work done
versus axial strain, and (b) Total work done versus mean
effective stress.

Figs. 10(a) and 10(b) present the cumulative strain
energy dissipated, in terms of total work done, plotted
against axial strain (€,) and mean effective stress (p'),
respectively, for different strain rates of undrained
loading. A consistent reduction in total work done was
observed as the strain rate increased from 0.005% per
min to 9% per min, indicating lower strain energy
dissipation at higher rates of loading. At 15% axial
strain, the total dissipated energy was found to decrease
by approximately 40%, reducing from 5 kJ/m? at a strain
rate of 0.005% per min to about 3 kJ/m?* at 9% per min.
These observed responses suggested the occurrence of
greater particle rearrangement in specimens during
shearing at lower strain rates (0.005% and 0.05% per
min). In contrast, higher rates of loading (5 and 9% per
min) allowed limited internal adjustment of the soil
structure, leading to reduced energy dissipation. The
corresponding W - p' relationships displayed a steep
upward trend, reflecting progressive increases in both

volumetric stress and total strain energy dissipation in
soft Kandla soil.

5 Conclusion

The current study explored the effect of strain rate on
the undrained shear strength response of soft Kandla
soil. The key findings derived from this study are
summarized below:

1. The influence of strain rate on the unconfined
compressive strength and initial stiffness of the soft
Kandla soil was found to be negligible.

2. The soft soil exhibited isotach behavior, with
distinct rate dependent stress-strain curves.

3. A continuous reduction in mobilized stress was
observed as the strain rate increased from 0.005%
to 9% per min. Thixotropic effect was further
evident in the stress-strain responses of the soft soil
at all strain rates, with the influence more
pronounced at the highest loading rate of 9% per
min.

4. Lower positive pore water pressure was generated
within the soil with increasing strain rate, indicating
a reduced contractive tendency of the soft Kandla
soil under higher loading rates. This reduction in
pore pressure caused a downward shift in the
effective stress paths as the strain rate increased.

5. A decrease in the maximum obliquity angle was
found with increasing strain rate, indicating early
failure of soft soil under higher strain rates.

6. A significant reduction in the undrained shear
strength of the soft Kandla soil was observed,
decreasing from 78.5kPa at a strain rate of 0.005%
per min to 42.3kPa at 9% per min. This was further
reflected by the decreasing strength change rate (R),
emphasizing the pronounced strain-rate-dependent
undrained shear strength behavior of the soft soil.

7. Strain energy dissipation in the soft Kandla soil
decreased with increasing strain rate. This
suggested that under lower strain rates, the soft soil
exhibited enhanced mechanical resilience to sustain
higher stresses and dissipate more strain energy
prior to failure.

The financial support and technical assistance provided by IIT
Gandhinagar are gratefully acknowledged.
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