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ABSTRACT: Significant deformation and loss of strength and stiffness in clay soils under cyclic loading is a crucial
phenomenon that results in serious challenges for the stability of geotechnical structures, especially in offshore and seismi-
cally active environments. This paper investigates the risk of cyclic degradation in clay soils by conducting a review of
recent in situ and laboratory investigations found in the literature. The mechanical behaviour contributing to cyclic degrada-
tion, such as excess pore pressure development due to dynamic loading and strain accumulation, will be critically evaluated.
The effect of cyclic stress ratio and loading frequency on cyclic degradation is reviewed by incorporating different loading
events. In addition to cyclic softening, which is the most common failure mode in clay soils, the review examines other
failure mechanisms such as flow liquefaction and cyclic mobility followed by strength and stiffness degradation in clay soils.
Despite the conventional idea that clayey soils are non-liquefiable, ultimately, this review will showcase the significance of
cyclic degradation-related stability issues leading to soil liquefaction in clay soils. Hence, there is a need to revise the current
practices used for the design of geotechnical structures built on clay soils within offshore and seismically active regions,
considering different types of failure modes including soil liquefaction.

Keywords: Cyclic dynamic loading; strain accumulation; strength and stiffness degradation, in situ and experimental inves-
tigations

1 INTRODUCTION

Cyclic loading poses significant challenges to the sta-
bility of geotechnical structures built on clay soils, par-
ticularly in offshore and seismically active regions.
Offshore structures are subjected to continuous long- . iaep g
term cyclic loading due to forces such as wind, and St L pma.  Eontle increase ,l,,f:’/’L £
ocean waves in their operational life. Similarly, foun- S A S
dation clay soils of onshore structures are subjected to o v l
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quency (f) and Cyclic Stress Ratio (CSR) of load-
ing.The review identifies (refer to Figure. 1) the typi-
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tribute to the degradation of strength and stiffness
leading to different failure modes. Figure 1. Typical cyclic behaviour of clays (Xiao et al.

(2024)
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Table 1. Summary of laboratory and in situ investigations of cyclic loading in clay soils.

Reference | PI | Method | [ (Hz) | CSR | Guide to practical applications
Marine Loading on soft Marine clay.
Guoetal. |, Toe |16, | FCUPCAIES were wsed as cyclic
(2024) /%% | 024 gth criteria. is recommended for
practice.
Xiao et al. . 0.18- Stiffness. degradation models were pro-
(2024) 11.5-57.8 Cychc 027 posed.wrth thf: average flow coefficient
simple 0.1 (1) being a suitable index.
Wang et al. 31 shear test 0.08-0.2 FC1/FC6 was used. A modified softening
(2024b) ' "~ | model for soft clay is proposed.
Teye Loading limits to FC1/FC4/N=5000. Cy-
He et al. 16-38 Syp | 0.28- clic contour diagrams were developed for
(2024) 0.94 the foundation design of offshore struc-
tures.
Dai et al. 255 Acyc 03-05 Cumulative strain and Energy dissipa-
(2022) ) /92 T tion-based failure criteria are proposed.
0.1 04 In situ (CPT-U) and laboratory (based on
Wu et al. 11.1-50.73 /20 | 0.11- FC1) Cyclic Resistance Ratio (CRR)
(2024) ’ ’ 0.38 were found. A method to derive in-situ
CRR from laboratory CRR was proposed.
Zhao et al. Dynflnﬁc Qeyc Cyclic loading stops at.N=2000 unless
(2024) 28.71 triaxial 0.125 /0t 0.1-04 FC6. The allowable CSR is recommended
test to find the bearing capacity of a structure.
deye The critical degree of consolidation for
Zheng et al. . g’ 0.133- soft marine clay is found to be 0.85, a
(2024g) Not Mentioned 0.5 /e 0.267 standard referelfce, considering the need
for rapid construction.
Tiao et al Oa_ 0,347 Tests end at N=2000 or FC7. The effect
’ 31.42,32.35 1 20, ) of CSR, f, OCR, and consolidation ratio
(2024) 0.634 X .
(Kc) was investigated.
Sun et al. Sand-clay Cyclilc o Teye 0.181- Fhe s(;resi path {)eachci; the tfritica(; stgte
o) mixwres |Gt | 1 10875 | o dilarion
Traffic loading on soft clay
Low to me- q“¢ The soil was loaded until N=50,000 or
Indraratna et | dium plasticity 1-5 ﬁc’o 02-08 failure. Excessive plastic settlement, pro-
al. (2024) clay, Australia - gressive shear failure, and subgrade flu-
(PI<22) idisation failure modes were investigated.
Not It focused on the four stages of the stress-
Mao et al. SOf.t clay, de- strain curve: pure elasticity, elastic stabil-
(2024) China ! fined. 0.1,0.3 ity, plastic stability, and incremental fail-
(P1=22.9) ure
London 04 Tendency to undergo brittle failures in-
Pan et al. (PI=44) Kim- | Dynamic 1 /2py | 0.074- volving shear band formation and a dila-
(2024) merridge triaxial 0.772 tive tendency when sheared to large
(PI=31) clay test strains.
Soft Marine Aeyc The study proposed empirical equations
Clay, Wen- q for predicting the settlement of roads
Sun (2024) zhou, China 0.1 d 0.5 overlaid on sogft marine clay due to traffic
(PI=35-37) loading.
Geyc The analysis shows that a low cyclic
Lean clay [0 stress amplitude improves soil cyclic sta-
Wang et al. (PI=17.8) 05,1, 01-04 bility, but the stable zone still requires
(2024a) China o 2 T control for samples with fixed static
stress ratio and CSR, regardless of stress
history.

Earthquake loading on clay
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Cetin et al. Liquefied soil NA NA | NA Clayey soils can produce flow liquefac-
(2024) (PI=16-34), tion when subjected to cyclic loading.
Cly s s il el i,
Choudhury | (PI=25-60), In- | 1V os188 | NA NA | NA y Subjectes : >
(2017) dia tion, The cyclic mobility hazard maps can be
Tested for used for practical applications.
Tsai et al. Clay soil Index . . .
(2022), (PI=15-27), Properties Flow-type fallure~ with  significant
; o o strains/strength loss in saturated clay was
Meinong Flow-like NA NA | NA .
. observed. The damage was induced by
earthquake, failure of a . .
: cyclic softening.
Taiwan levee
Tonyali et al. | clay soil under Teye Foundation strength decreased by 23%
(2024), a failed apart- 1 Syp | 0.72- from cyclic softening, highlighting the
Earthquake ment (PI= 20— Cveli 0.81 need to consider cyclic softening in de-
site, Turkey 25) siilrf IIZ signs.
shearl)r test 0.65( *Cyclic mobility/Flow liquefaction was
. Port-Said soft M) found. The effects of the PI, f, and CSR
Khalil et al. 0.125, g
(2024) clay (PI=46- 02 £(22) 0.2-0.7 | on CRR, shear modulus, pore water pres-
82), Egypt ' alo sure, and damping ratio were investi-
*0.75 gated.
Boulanger et . . . .
al. (1998), Clayey soil at Field and 0.001 | o, 0.16- Silty clay devel(')pe'd.hlgh residual pore
X . laboratory , pressures and significant shear strains
Loma Prieta | Moss Landing -0.1 /204 | 0.38 .
tests during the earthquake.
Earthquake

Note: FC1-double amplitude strain (yp4) of 15%, FC2-reaching the monotonic failure line, FC3-Inflection point of yp 4,
FC4-The average shear strain of 15%, *yp4 of 5 %, i.e. cyclic mobility type of failure, or when pore water pressure
reaches 0.95 of gy, i.e. flow liquefaction type of failure, FC5-Permanent strain (y,,) failure (y, = 7.5%), FC6-axial strain

5%, FC7- axial strain 25%

Do - Initial mean effective stress

Teye- Cyclic shear stress amplitude

0,0 Initial effective vertical stress

Syp- Undrained static shear strength

04 — Dynamic stress amplitude

0,o- Initial effective consolidation stress
Geyc- Cyclic deviator stress amplitude
o.-Average consolidation pressure

qy — Deviator stress at 15% of axial strain
Amax- Peak horizontal ground acceleration
o,- Initial total vertical stress

Physical properties such as clay mineral content
and void ratio also affect the cyclic resistance. In-
draratna et al. (2020) found that optimum mineral con-
tent and lower void ratios improve resistance. Alt-
hough the breadth of literature on this subject is too
vast, key trends are presented within this paper.

2 LOADING AND STRESS STATE EFFECT

It was found that there is a critical CSR (CSRc), beyond
or below that the applied CSR exhibited two distinct
behaviours. When CSR < CSRc, the hysteresis loop is
in the stable mode. As the number of cycles increases,
the hysteresis loops move to the right and the shape
and the area of the hysteresis loops does not change
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significantly, showing that the natural structure of clay
is not damaged. Also, the shape of hysteresis loops
suggests that the developed cumulative plastic strains
are not significant. For higher CSR, the hysteresis loop
changes significantly in terms of shape and area. As
hysteresis loops move and the number of cycles in-
creases, the inclination of hysteresis loops becomes
smaller, and the area also increases. The shape of the
hysteresis loop gradually develops into an “inverse S-
shaped” loop from an “ellipse-shaped,” loop and the
cumulative strain increases dramatically. Under the
continuous action of large-amplitude cyclic loading,
the soil structure is gradually destroyed, changing the
hysteretic behaviour, and decreasing the hysteresis
loop's dip angle, reflecting the progressive reduction in
soil stiffness. Cyclic loading causes arise in pore water
pressure giving a rapid rise initially due to the initial
structural damage to the soil. As the loading cycles
continue, the increase in pore pressure becomes steady
and eventually stabilises. In saturated soils, the buildup
of pore water pressure decreases effective stress,
which in turn lowers the shear strength and stiffness
(Guo et al., 2024; He et al., 2024; Khalil et al., 2024;
Sun et al., 2024; Tan et al., 2024; Wang et al., 2024b;
Xiao et al., 2024; Chao et al., 2024; Indraratna et al.,
2024; Jiao et al., 2024; Mao et al., 2024; Pan et al.,
2024; Sun, 2024; Tong et al., 2024; Wang et al., 2024a;
Wu et al., 2024; Zhao et al., 2024; Zheng et al., 2024).
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Wang et al. (2024a) concluded that the permanent
deformation and residual pore water pressure are sig-
nificantly influenced by the CSR, OCR, and stress his-
tories, but the loading frequency is not significant.
Contrastingly, Indraratna et al. (2024) concluded that
under adverse combinations of frequency and CSR,
continuous cyclic loading can cause rapid increases in
excess pore pressure and axial strain, leading to soil
instability. Increasing the applied load frequency ne-
cessitates a higher cyclic load magnitude and number
of cycles for the specimen to fail (Chao et al., 2024).
As the frequency decreases, the CRR increases for the
specimens tested under identical conditions (similar PI
and consolidation stress). It is also observed that the
specimens with higher PI is more sensitive to the
change in frequency compared to other specimens
(Khalil et al., 2024).

Idriss et al. (1978) proposed the stiffness degrada-
tion/softening index (&) as the ratio of shear modulus
at cycles N (Gy) and at cycle 1 (G;) which has been
widely used in practice (e.g., Sun et al. (2024) and Tan
et al. (2024)).

§ = GylG, (1)
where,
G = Tmax " Tmin (2)

Ymax—Ymin

In Eq 2, the shear stress of 7,,,, and 7,,;, are at apex
points of stress-strain 10oops. Ymax and Vi, are the
corresponding shear strains. Many researchers im-
proved & (Eq 1) by incorporating OCR, CSR, f, consol-
idation pressure, and PI; e.g., Xiao et al. (2024) sug-
gested Eqs 3 and 4.

b
= %arctan (1\%) - 0.3(1\%) 3)
6=cG)* 4)

where a,b,c,d are model parameters, Nf is the number
of cycles at failure, k is the average flow coefficient
and kg is the flow coefficient at failure. Wang et al.
(2024b) also proposed an equation for § as shown be-
low:

§ =1— (Aa + B)(CSR — CSRc)IgN?  (5)

where « is the initial shear stress ratio. A and B are fit-
ting parameters, dependent on the stress state of soft
clay. With an increasing CSR, the cumulative defor-
mation of the specimen is greater under the same cycle
number demonstrating that the higher CSR values in-
crease the risk of failure. For higher CSR, the strain
increases dramatically and accumulates progressively

leading to plastic behaviour or failure of the soil and
associated structures. The influences of cyclic stress
path (7), as well as stress history (OCR) on the long-
term permanent axial strain accumulation, is given by
Sun (2024) as shown below:

P _ _N 5o0.156 _ ampl __
el = 0.794(5)%1%¢ [1-0.27(n

) cocry-013¢ ©6)

ampl ;

where 1 is the amplitude of stress path.

3 FAILURE MECHANISMS

Herein, the failure mechanisms of cyclic softening, cy-
clic mobility, and flow liquefaction are discussed with
reference to the studies in Table 1.

Cyclic softening occurs in non-liquefiable soils,
which include moderate to high plasticity clays. These
soils generally do not reach a state of initial liquefac-
tion where effective stress drops to zero. This is be-
cause the intergranular forces within such materials
typically repel the particles, preventing the occurrence
of a zero-stress state. However, softening of both stift-
ness and strength may occur. In many instances, this
degradation is counterbalanced by an increase in cyclic
strength due to strain rate effects. This phenomenon,
where materials exhibit enhanced strength under rapid
cyclic loading, is commonly observed during seismic
or wave events. The damage is typically reversible
once excess pore pressures dissipate. Conventional de-
sign practices often concentrate on assessing soil
strength loss under dynamic conditions by primarily
addressing liquefaction potential. A significant case
history in Tonyali et al. (2024) underscores the critical
necessity of integrating the potential strength loss in-
duced by cyclic softening during seismic events into
geotechnical design considerations.

Cyclic mobility occurs in moderately to very dense
materials and is characterized by a gradual reduction
in stiffness during cyclic loading. Initially, the material
undergoes softening, eventually reaching a state of in-
itial liquefaction, marked by a zigzag response pattern.
At this stage, there is a momentary zero effective stress
and near-zero tangent stiffness during a small portion
of the cycle. However, upon shearing beyond this
point, the soil begins to recover its strength, leading to
the eventual restoration of its original strength. Im-
portantly, cyclic mobility involves a temporary loss of
stiffness rather than a loss of strength. The damage in-
curred is reversible once excess pore pressures dissi-
pate, and this phenomenon can occur in low-plasticity
clays.
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Flow Liquefaction occurs primarily in very loose,
non-plastic soils or, in some cases, in denser soils sub-
jected to high confining stresses. It is influenced by the
internal structure and begins similar to cyclic mobility,
with a gradual softening and reduction in stiffness.
However, it eventually intersects a brittle monotonic
stress-strain curve, leading to a rapid and significant
loss of strength, which can approach zero. Unlike ini-
tial liquefaction, where there is a temporary loss of
stiffness, this represents a large-scale failure. This fail-
ure mode can be triggered under both cyclic and mon-
otonic loading, driven by post-peak strain softening
along the monotonic curve. Failure can result from cy-
clic or monotonic overloading, with damage poten-
tially reversible once excess pore pressure dissipates.

While clay soils are prone to cyclic softening, their
susceptibility to cyclic mobility or flow liquefaction
must be evaluated under higher cyclic loading magni-
tudes. Different criteria exist in the literature, employ-
ing index properties of fine-grained soils i.e., Pl
greater than a threshold value has a low risk of lique-
faction. (e.g., PI > 7 by Boulanger and Idriss (2024),
PI >18 by Bray and Sancio (2006), and PI > 24 by On-
alp et al. (2023)). These criteria indicate liquefaction
susceptibility but are not definitive measures and
should be applied with careful engineering judgment.

4 CONCLUSIONS

Dynamic cyclic triaxial tests and cyclic direct simple
shear tests are among the commonly employed labor-
atory methods in recent studies to investigate the me-
chanical behaviour of clay soils under cyclic loading.
The cyclic behaviour of different types of clays is typ-
ical whilst the failure mode differs based on the load-
ing factors, stress conditions, and properties of the clay
soil. Cyclic loading alters the internal structure of the
soil, further reducing shear strength and stiffness over
time. Owing to this degradation, fine-grained soils,
such as low-plasticity clays, quick clays, and silts, ex-
hibit sand-like behaviour under cyclic loading and are
susceptible to cyclic mobility or flow liquefaction. In
contrast, clays with moderate to high plasticity are
prone to cyclic softening. Based on a thorough review
of susceptibility criteria, it is recommended to use the
proposed criteria in the literature followed by required
field and laboratory investigations to design safe, reli-
able, and cost-effective structures against cyclic dy-
namic loading. It is recommended to measure the CRR
or the cyclic strength of soil under cyclic loading using
field or laboratory tests especially for the geotechnical
structures constructed over clay soils subjected to cy-
clic loading.
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