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Abstract

Railways are often subjected to periodic cyclic loading and intermittent rest periods. Excessive
consolidation settlements can affect the performance of railway tracks built on the soft
subgrade. The consolidation behavior under railway loading conditions with rest periods has
not been evaluated thoroughly. In this study, laboratory testing was conducted to investigate
the influence of periodic cyclic loading and rest periods on the consolidation of Holocene soft
clay from Ballina NSW. The specimens were subjected to a loading frequency of 1Hz for 54hrs
with multiple rest periods. The recorded settlements and excess pore water pressures (EPWP)
during cyclic consolidation were employed to determine the corresponding hydraulic
gradient, void ratio, resilient (dynamic) modulus and damping ratio. The settlement and
accumulated EPWP can be observed during cyclic loading. In contrast, settlements do not
occur within a rest period, despite the rapidly dissipating EPWP at the start of a given rest
period. The maximum EPWP and settlements decrease as the number of resting periods
increases. An analytical model capturing the effect of cyclic loading and rest period is
proposed where the unique relationships between the hydraulic gradient and the flow rate

are established.

Keywords: Clays, Consolidation, Railway tracks

Notation

AOS apparent opening size

Cc coefficient of compressibility

Ceye coefficient of consolidation under cyclic loading
CL stage number of cyclic loading
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Cv

dQ

DR

DR1

Eq

Eg1

EPWP

LL

Meyc

PL

RP

Stcyc

ti

coefficient of consolidation

change of volume

damping ratio

damping ratio of frist cycle

void ratio

axial dynamic modulus

axial dynamic modulus of first cycle

excess pore water pressure

sample height/thickness

drainage length

permeability of the soil

liquid limit

coefficient of volume compressibility

plastic limit

flow rate

stage number of rest period

accumulated settlement at time t

time

time elapsed at an individual period of cyclic load
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Tv

ua

Up

UG

Umax

Ur

Yw

Ae

Au

Aojcyc

€z initial

€z max

gtcyc

time factor

degree of consolidation

pore pressure

accumulation of excess pore pressure

dissipation of excess pore pressure

generation of excess pore pressure

maximum pore pressure

residual excess pore water pressure

stored energy

experimental constant

experimental constant

unit weight of water

change in void ratio

change of excess pore water pressure

increase in effective stress due to cyclic loading

initial axial strain in each cycle

maximum axial strain in each cycle

vertical strain at time t

experimental constant
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A relative void ratio

oo initial effective stress

0o applied preconsolidation stress

Oy cyc cyclic vertical stress

Oz initial initial axial stress in each cycle

Oz max maximum axial stress in each cycle

1. Introduction

Settlement of railway tracks built on soft soils can lead to instability, high maintenance costs,
and service disruption. In the eastern coastal regions of Australia, relatively thick, soft
Holocene clay layers (up to 30m deep) can be found with intermittent sand layers (Indraratna
et al., 2013; Kelly et al., 2017; Lim et al., 2018; Pineda et al., 2016). Typically, these clay layers
have relatively low permeability and high compressibility. When such clays are subjected to
cyclic train loading under poor drainage conditions, excess pore water pressures (EPWP)
accumulate with time, causing instability such as differential settlement, undrained failure
and subgrade fluidisation (Ansal & Erken, 1989; Brown et al., 1975; Diaz-Rodriguez, 1989;

Duong et al., 2014; Indraratna, Singh, et al., 2020).

In railway embankments built on soft clay deposits, consolidation deformation can be
significant. The behaviour of clayey soils subjected to static embankment loads is usually well-
understood, and various design techniques reported in past literature are presented, and they
explain how the post-construction consolidation settlement can be controlled (Arulrajah et
al., 2009; Indraratna et al., 2005; Kelly et al., 2018; Mesri & Choi, 1985; Ngo et al., 2020).

Besides, the assessment of settlement behaviour under cyclic loading becomes a challenging

5
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task due to (i) time-dependent EPWP accumulation behaviour (Indraratna et al. 2020; Duong
et al. 2014; Ni 2012); (ii) Stiffness variation (Andersen, 2015; Cai et al., 2018). With the
increasing number of loading cycles, soil behaviour continues to vary depending on the
magnitude and frequency of the applied load. Therefore, the consolidation settlement of
railway tracks would be required to be assessed under a more realistic cyclic loading rather

than static loading.

In view of the above, the scope of this study is to investigate the consolidation behaviour
under railway loading conditions. Although a considerable amount of research has been
carried out to investigate the undrained behaviour (i.e. no volume reduction) of soft soils
under cyclic loading, their consolidation under railway loading conditions with special
reference to rest periods has not been evaluated thoroughly. This study aims to provide
further insight into consolidation settlement and corresponding EPWP under periodic cyclic

loading capturing the influence of rest periods.

A summary of consolidation tests performed under cyclic/repeated loading conditions is
provided in Table 1. Brown et al. (1977) investigated the consolidation behavior under long-
term repeated loading conditions using cyclic triaxial testing with a loading frequency of 0.1
Hz, and their results showed that drainage during the rest period (i.e., no loading) would
increase the stiffness of clay when subjected to subsequent cyclic loading. Geng et al. (2006),
Yildirim & Ersan (2007), Toufigh & Ouria (2009), Chai et al. (2021) studied consolidation under
low-frequency loading (< 0.1 Hz) and proposed theoretical solutions for cyclic consolidation.
Through a series of undrained cyclic triaxial testing, Zhou & Gong (2001) and Indraratna et al.
(2020) showed that loading amplitude and frequency had a significant effect on the

development of axial strains. Furthermore, Yasuhara et al. (1982) and Ni (2012) confirmed
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that higher frequencies may delay the development of the peak EPWP under undrained
conditions. Lei et al. (2020) investigated the cyclic behavior of soft clay under intermittent
cyclic loading; here the frequencies were varied from 0.5 to 2 Hz under undrained conditions
with intermittent rest periods, however, drainage was allowed while a static load equivalent
to half of the cyclic loading was maintained. A similar loading condition was also adopted by
Liu & Xue (2022), Li et al. (2021) and Nie et al. (2020), where drainage period between loading
cycles can improve the cyclic resistance of clay for subsequent loading cycles. However, the
above studies do not represent the actual railway loading conditions. Loading frequency in
railway subgrade varies between 1 — 5 Hz when a train travelling approximately at 45-225

km/h (Arivalagan et al., 2021; Indraratna et al., 2020; Mamou et al., 2017; Powrie et al., 2007).

2. Theoretical development

Model description

Cyclic loading with drainage can cause consolidation settlement via EPWP dissipation. EPWP
dissipation during rest periods without any live loading causes negligible deformation, so the
observed behaviour in the subsequent section can be conceptualised as illustrated in Figure
1 using the piston analogy. At the initial stage (Figure 1(a)), the effective stress (d’o) of the
normally consolidated soil is equal to the applied preconsolidation stress (go) with no EPWP
(Au=0). When the cyclic load is applied, say due to the passage of a train (Figure 1(b)), soil
settlement occurs while the EPWP starts to accumulate during the loading-unloading process,
as the rate of pore pressure generation rate is higher than its rate of dissipation.
Simultaneously, settlement causes a reduction in void ratio, contributing to an increase in
effective stress (0'11=0"w0+ Ad’yc); Where Ad’cyc is the increase in effective stress due to cyclic

loading as a function of the change of void ratio, (4e). When the cyclic loading ceases during
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the rest period (Figure 1(c)), the accumulated EPWP (Au:) starts to decrease to reach an
equilibrium (i.e., Aut = ur) as shown in Figure 1(d). The removal of cyclic load contributes to
swelling (i.e., Ae—> Ae*), the extent of which depends on the type of soft soil and the
magnitude of stress release; however, in this study, swelling (within 0.05 mm) is considered

negligible based on the experimental results as presented in the following section of the

paper.
Determination of time-dependent settlement due to EPWP dissipation during cyclic load

The processes of EPWP generation and dissipation as well as volumetric strain under cyclic
load, are presented in Fig. 2 (Hyodo & Yasuhara, 1988). In this study, we consider that the
settlement only occurs due to the dissipation of EPWP. For a given cyclic vertical stress
(0y,cyc), the coefficient of volume compressibility for one-dimensional compression under the

small strain condition can be determined by:

— &f
mCyC N Oy,cyc (1)

where &; is the final vertical strain due to the cyclic vertical stress.

The strain-based degree of consolidation (U) at a vertical strain (Etcyc) upon an accumulated

time during cyclic loading (t.,.) can be obtained from:

Eteyc Steyc
U= 2= 2 2)
Ef McycOp,cycH

where Steye and H are the accumulated settlement during cyclic load and the sample height,

respectively.

It is assumed that the degree of consolidation based on Terzaghi’s 1-D consolidation theory

(Terzaghi, 1943) can be expressed by:
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U =1-Xnossexp(—M?T,) (3a)

Ccycteyc
T, = # (3b)

where, T, is the time factor and c,,. is the coefficient of consolidation which can be back-

analysed using time-settlement curve and Egs. (1)-(3).

Determination of time-dependent EPWP due to cyclic load

Based on Fig. 2, the accumulation of excess pore pressure (1, ) can be calculated based on

the difference between the generation (u; )and dissipation (up ) of EPWP as:
Uy =uUg; — Up (4)

The dissipation of EPWP can be obtained using time-dependent settlement by:

Eteyc
Up = & Oy,cyc (5)

Based on Laboratory observation, u, follows an exponential relationship with time elapsed

at an individual period of cyclic load (t;) and can be expressed as:

A =1—ae Fti (6)
Uy

where u}*** is the measured maximum accumulation of EPWP at an individual period of cyclic
u:lnax

load and «, B are experimental constants. Subsequent experimental results show that

is a function of the void ratio during cyclic loading.
A theoretical model for EPWP dissipation during the rest period

During the rest period, no volumetric strains of the soil occur as described in Figure 1.

Therefore, pore fluid is considered slightly compressible and the volume change in the pore
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fluid is considered equal to the flow rate during a given time interval (dt). If the change of
volume and flow rate per unit volume are dQ and g, respectively, the continuity equation of

the soil specimen with thickness dz can be represented by;

_da
dQ = o dzdt (7)
Considering Darcy’s law;
k ou
U (8)

where ¥, is the unit weight of water, u is the EPWP and k is the permeability of the soil. Egs.

(7) and (8) can be combined and re-written as;

k 0%u
dQ = vy (9)

The change in EPWP can result in a change in the volume of pore fluid per unit volume,

therefore;

dv = %%dzdt (10)

where u is the pore pressure at time t and depth z. By combining Equations (9) and (10), the
Equation for the one-dimensional EPWP transmission during the rest period can be obtained

as:

ou 0%u k
=Nz sN= (11)

Constant n determines the rate of the pore pressure dissipation. It should be noted that,
Equation (11) has the same form as Terzaghi’s one-dimensional consolidation equation.
However, this Equation considers that the pore fluid deformation is elastic and the pore
volume change occurs due to the elastic deformation of the fluid as a result of stress removal

10
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in the rest period. It isimportant to note that, this volume change is tiny as the compressibility
of the water is significantly high. Further, the volume of the solid is considered to be

unchanged.

To solve Eq (11), a soil element under two-way drainage is considered. Assuming that the pore
pressure behaviour is symmetrical along the mid-depth, thickness, H is considered where Hp
= Half of the full thickness of the soil section. The following initial conditions and boundary

conditions are established.

B =00 12
{ u = f(z) (t = 0,0<z<Hp) (12)
u=0(0<t< o,z=0)
{ Z_Z=O(O<t§oo,z=HD) (13)

where f(z) is the non-uniform distribution of the excess pore pressure with depth due to the
cyclic load application. Assuming the excess pore pressure distribution is sinusoidal, and

excess pore pressure is zero at the drainage boundary;
. nz
f(2) = uysin (E) (14)
where u1 is the measured excess pore pressure at depth Hp,att=0.

2. Experimental program

To overcome the limitations of conventional oedometers and Rowe cells for which cyclic
loading cannot be applied, the Dynamic Filtration Apparatus (DFA) developed by Israr et al.
(2016) and later used extensively by Arivalagan et al. (2021, 2022) was modified to investigate
one-dimensional cyclic consolidation behavior. This unique apparatus (Figure 3) consisted of

4 main components; (1) hydraulic actuator, (2) piston, (3) rigid loading plate, and (4)

11
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polycarbonate rigid cell. The polycarbonate cell had an internal diameter of 240 mm, a height
of 300 mm, and a thickness of 13 mm. In the current study, a linear variable differential
transformer (LVDT) was attached to the axial hydraulic actuator to measure the settlement
of the soil specimen. Two body pressure transducers attached to the periphery of the
polycarbonate cell (1 kPa accuracy) were used to measure the excess pore water pressure.
Pore pressure transducers (P1 and P2) were located near the top-sand-clay interface and at
35 mm above the bottom sand-clay interface, respectively. A volumetric flask was connected
to the bottom drainage to collect the discharge. Cyclic vertical load was applied using the
hydraulic actuator via the rigid loading plate through the piston. A compacted coarse sand
layer was used as the drainage layer at the top and the bottom of the clay specimen (i.e., two-

way drainage).

Reconstituted clay samples at Ballina NSW (1.3 m to 2.2 m deep) were used during testing.
The soil specimen was characterized by a clay fraction of 25%, with a liquid limit, plastic limit
and natural water content of 82%, 29%, and 70%, respectively. According to the Unified Soil
Classification System (USCS), this soil could be classified as high-plasticity clay (CH). The test
samples were mixed with de-aired distilled water at 1.2 times the liquid limit to form a slurry,
which was kept for 24 hours in air-tight containers stored in a humidity-controlled room. The
initial void ratio of the slurry was 2.61, and under a consolidation pressure of 50 kPa following
ASTM-D2435 (ASTM-D2435, 2010) coefficient of compressibility (cc) of 0.47 and coefficient of

consolidation (cy) of 1.19 m?2/year could be determined.

The test procedure is briefly described as follows:

1. The internal wall of the polycarbonate cell was coated with Teflon to minimise

boundary friction between the cell wall and test specimen. Then, a coarse sand layer

12
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2.

was compacted in three layers at the cell’s bottom to a thickness of 40 mm, and
saturated with distilled water. Sand layers were compacted using the 2.5-kg top
loading plate with a detachable handle to lift the loading plate. Drop height (300 mm)
and the number of drops (50) were selected to achieve the standard compaction
energy of 600 kN-m/m?3 (ASTM-D698, 2012). A permeable geotextile was placed on
top of the sand layer to prevent any intermixing between clay and sand layers
(apparent opening size, AOS of the geotextile was <1 pum; minimum particle size of

clay =1 um and that of sand = 0.2 mm).

The clay slurry was poured into the cell until a total specimen height of 135 mm was
attained. A permeable geotextile layer was then placed on top of the clay slurry, and
the top sand layer was carefully compacted to a thickness of 20 mm. The specimen
was consolidated by applying a pressure of 25 kPa representing an in-situ pressure
corresponding to a depth of 1.5 m. Preconsolidation was continued until a negligible
rate of settlement (i.e. <0.1 mm/h) and complete dissipation of EPWP (< 1 kPa) was
achieved, thus giving a final specimen height of 90 mm with an initial void ratio of 1.41

evaluated from weight-volume relationships.

In addition to the initial vertical stress of 25 kPa, a vertical sinusoidal cyclic load
(amplitude = 40 kPa, frequency = 1 Hz) was applied, resulting in minimum and
maximum vertical stresses of 25 and 65 kPa, respectively. These loading conditions
conformed to 25-tonne axle loading of a heavy haul train travelling at 45 km/h

(Indraratna et al. 2020; Powrie et al. 2007).

To simulate typical heavy haul operations on a track built on soft subgrade, the cyclic loading

was applied during normal operating hours of the laboratory and a rest period was

13
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maintained overnight, as shown in Figure 4(a) for 5 sets of this cyclic loading pattern. CL and

RP represent the stage number of cyclic loading and rest period, respectively.

3. Experimental results

3.1 EPWP, settlements, and void ratio

As shown in Figure 4(b), the measured EPWP is the difference between the built-up and
dissipated ones. As expected, EPWP near the drainage (P1) rises quickly and dissipates during
the application of cyclic loading. In contrast, EPWP gradually increases despite the proximity
to drainage boundary (35 mm away from P2). During CL3, CL4 and CL5, the drop in the EPWP
can be observed after 30,000 cycles. This indicates that the magnitude of EPWP dissipation is
greater than the EPWP generation (Figure 4(b)) and results in an overall reduction of the
EPWP. The decrease in void ratio through settlement during the previous cyclic loading and
the dissipation of EPWP during rest period causes lesser accumulated EPWP in the following
loading stage. This can also be attributed to the inevitable increase in soil stiffness (reduction
in pore space/void ratio) during cyclic consolidation. As expected, at the drainage boundary,

the EPWP is minimal (0.6 - 1.6 kPa).

In Figure 4(c), settlements are observed to be substantial in CL1 and they gradually reduce
during the subsequent loading stages. This can also be confirmed by the reduction in the
measured discharge volume from the bottom drainage (Figure 4(d)) as cyclic consolidation
occurs to make the soil stiffer. It can be seen that settlement only occurs during the loading
application, while there is insignificant deformation during a rest period, and this observation
was also reported by Li et al. (2021). A similar behaviour could be observed at a railway site

in the town of Sandgate, NSW, where the measured EPWP increased during the passage of a

14
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train and then diminished swiftly to the normal hydrostatic level during the rest periods, while

the rate of settlement significantly reduced with time (Indraratna et al., 2010).

Furthermore, experimental results show that, normalised EPWP with the maximum EPWP
(1 —u/uy, ), follows an exponential relationship with time elapsed at an individual period of
cyclic load (t;) (Figure 5). This confirms that the rate of EPWP accumulation is relatively

constant in all subsequent loading stages.

3.2 Soil behaviour during the rest period

Figure 6(a) shows the measured EPWP at P2 during rest periods. In the absence of loading,
redistribution of the EPWP can be observed during the rest periods without any deformation
occurring. For instance, the excess pore pressure becomes less than 1 kPa within 13 hours
without deformation. This is in contrast to static consolidation, where the dissipation of EPWP
generated by sustained external loading can cause notable deformation. Figure 6(b) shows
the measured normalised EPWP (the ratio of the EPWP and the initial EPWP of the
corresponding loading stage), confirming that the redistribution of EPWP is independent of

the initial pore pressure.

The measured EPWP at Hp = 45 mm was adopted to calibrate the proposed model described
earlier (Egs. 11-14). Based on the back analysis, the constant n = 1.42 m?/year can be
obtained. Figure 6(a) compares the predicted model results with the recorded EPWP at the
start of rest periods (RP1, RP2, RP3 and RP4), where Ui(rp1), U1(rP2), U1(RP3) and Ui(rps), are 22.4
kPa, 16.4 kPa, 11.7 kPa and 7.6 kPa, respectively. An acceptable agreement is established,
whereby the proposed EPWP prediction model (including both cyclic loading and rest period)
is validated using the experimental data as shown earlier in Figures 4(b) and 4(c). Here the

value of m¢yc was calculated from Eq. (1) to be 2.58x103 m?/kN and the back-calculated value

15
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of Ceyc was 0.75 m?/year. The generation of EPWP during cyclic loading was calculated using

Egs. (4-6) where back-calculated a and 8 parameters are 0.85 and 0.0002, respectively.

3.3 Soil stiffness during cyclic consolidation

To quantify the soil stiffness variation during cyclic loading, the axial dynamic modulus (Eq)
was determined using the method proposed by Cai et al. (2018), where E4 =
(0zmax = Oa,initia)/ (Ezmax — €zinitial); Ozmax aNd €, max = Maximum axial stress and
strain in each cycle, respectively; 6, initiar and €5 initiqr = initial axial stress and strain in each
cycle, respectively. Figures 7(a) and 7(b) show the development of the Eq and the normalised
modulus (E4/Eq 1) with the number of cycles where Eq; is the corresponding value of the 1%
cycle. Figure 7(a) shows that, during CL1, the axial dynamic modulus gradually increases with
the number of cycles due to the consolidation. The initial Eq/Eq: reduces in the subsequent

loading stages as the consolidation progresses.

The damping ratio (DR) was calculated using the ratio between the consumed energy (AW) to
the stored energy (W) do a given cycle, where DR = AW/4rtW. In contrast to E4, DR and relative
change of damping ratio (DR/DR;) reduce with the number of cycles and after each rest period
(DR1 is the corresponding value of the 15 cycle). This behaviour is opposite to the measured
axial dynamic modulus and damping ratio during undrained cyclic loading, where the axial
dynamic modulus decreases with the number of cycles while the damping ratio increases with
the number of cycles (Cai et al., 2018; Indraratna et al., 2022; Lei et al., 2020; Nguyen et al.,

2021).

The increase in axial dynamic modulus between subsequent loading (AE4) and maximum
EPWP (umax) is related to the soil structure, including void ratio. Therefore, the parameter

representing the relative void ratio (A) is introduced to obtain the desired correlation, where
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A = (eo-e)/(eo-€y); eo = initial void ratio; ef = final void ratio. A = 0 represents the initial condition
of the soil, and A = 1 represents the final condition. Figures 8(a) and 8(b) show that umaxand
AEy decrease when A approaches 1, implying that when soil approaches its maximum
contraction (or ultimate consolidation settlement), either negligible or minimal change to the
EPWP and stiffness occurs. Figures 8(c) and 8(d) show that, Umax is directly proportional to the
stiffness increase in the previous loading stages. A similar analogy between the change in void
ratio and modulus was also discussed by Park & Santamarina (2019) for sandy soils under one-

dimensional compression.

3.4 Hydraulic gradient and flow rate during cyclic consolidation

The hydraulic gradient was calculated using the difference between the measured EPWP at
P1 and P2. The flow rate was obtained by converting the rate of settlement (per 100 cycles).
Figure 9(a) shows that the hydraulic gradient increases with the number of cycles. During the
initial number of loading cycles, EPWP accumulates when the generated EPWP (dug) exceeds
the dissipated EPWP (dup). In contrast to the consolidation occurring under incremental
loading, where the hydraulic gradient is proportional to the flow rate (Hansbo, 1960; Kianfar
et al., 2013), the relationship between the hydraulic gradient and the flow rate is inversely
proportional as indicated in Figure 9(b). However, when the dissipation rate dominates (i.e.
dup > dug), the hydraulic gradient becomes proportional to the flow rate, which is similar to

the condition of static consolidation.

5. Conclusions

This study was focused on the influence of periodic cyclic loading and rest periods on soft soil

consolidation in which changes to the excess pore water pressure (EPWP), settlements, void
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ratio, axial dynamic modulus, and hydraulic gradient were quantified together with their

inter-relationships where warranted. The salient findings based on this study are as follows:

1. The development of EPWP, settlements, and vertical strains reduced considerably

from cyclic loading-stage 1 to 5 (CL1 to CL5). The maximum EPWP (umax) decreases
upon the subsequent loading stages, where umax during CL1 and CL5 were 21.3 kPa
and 5.2 kPa, respectively. Similar trends were observed for settlement and discharged
water. When the test specimen was subjected to cyclic loading with effective
drainage, it became increasingly stiffer due to the consolidation and offered more
resistance to the subsequent cyclic load with the corresponding EPWP becoming less

than the previous loading stage.

Observed settlements and volume outflow from the bottom drain suggest that cyclic
consolidation does not occur during the rest periods (i.e., negligible settlement) albeit
notable rate of dissipation of the accumulated EPWP. Furthermore, the rate of pore
pressure dissipation during rest period was found to be independent of the

accumulated EPWP value at the start of the rest period.

The axial dynamic modulus increased from 89.9 kPa to 121.7 kPa (approx. 35%
increase) and the damping ratio reduced to <10% from its initial value from CL1-CL5.
Their relationships with the relative void ratio (A) could be established where changes
were minimum when A approached 1. This implies that for a given cyclic loading
pattern with appropriate rest periods, the extent of change to the dynamic modulus,
damping ratio, and EPWP decreases as soil stiffness increases with the number of

loading cycles.
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4. The hydraulic gradient decreased when the flow velocity increased during the initial
phase, when the accumulated EPWP was dominant. However, when the dissipation of
EPWP became dominant as facilitated by the drainage, the hydraulic gradient was

proportional to the flow velocity as in static loading conditions.
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Table 1: Summary of past studies related to consolidation under cyclic loading

Sources Soil types Stress Characteristics Frequencies Total Cyclic Drainage Details

conditions  of cyclic load loading condition

& sample duration during

sizes cyclic

(Diameter loading

x  Height

mm)
Brown Remoulded Triaxial Two-way 0.1 Hz 11.1 hours Not Undrained cyclic loading tests were
et al., Norwegian (75x150) Sinusoidal allowed performed for 2.7 hrs (1000 cycles) and
(1977) Drammen clay wave-form followed by an overnight drainage

(LL = 55%; PL =

28%)

period
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Fujiwara
et al.

(1985)

O’reilly
et al.

(1991)

Sakai et
al.

(2003)

Remoulded
Kudamatsu Clay
(LL = 65%; PL =
30%)
Remoulded
Keuper Marl
(mudstone) (LL
= 32%; PL =
17%)
Undisturbed
Silty-clay from
Saga, Japan (LL
= 63%; PL =

31%)

Oedometer

(60x20)

Triaxial

(76x150)

Triaxial

(50x100)

Rectangular

step loading

Two-way
Sinusoidal

wave-form

One-way
Sinusoidal

wave-form

0.023

0.004 Hz

0.1 Hz

0.1-1Hz

96 hours

30 hours

250 s

Allowed

Not

allowed

Allowed

Step loadings were applied along with a

sustained static loading

Six hours of undrained cyclic loading

followed by 18 hours of rest period

Drainage was allowed in the lateral

direction using filter papers.
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Yildirim

& Ersan

(2007)

Lei et al.

(2020)

Nie et al.

(2020)

Chai
al.

(2021)

et

Remoulded clay
from
Zeytinburnu,
Istanbul (LL =
73%; PL = 25%)
Remoulded
Tianjin soft clay
(LL=52.7%; PL=
27.1%)
Remoulded clay

from China

Remoulded

Ariake clay (LL =

Simple
shear

(70x30)

Triaxial

(70x140)

Triaxial

(39.1x80)

Oedometer

(485x618)

Two-way
Sinusoidal

wave-form

One-way
Sinusoidal

wave-form

One-way
Sinusoidal
wave-form
Rectangular

step loading

0.1 Hz 2500 s

0.5-2Hz 0.6 hours

(2250 sec)

2 Hz 1.4 hours

(5000 sec)

0.017 Hz 1200 hours

(Period 60s)

Not

allowed

Not

allowed

Not

allowed

Allowed

The undrained cyclic load was applied
for 500 seconds and followed by 3600

seconds during rest periods

Undrained intermittent cyclic loading
for 750 s followed by a drained rest

period of 24 hours

Undrained cyclic loading for 1000 s
followed by a drained rest period of
1000 s

EPWP was dissipated radially (through

PVDs) during step loading

29



559

Tong et
al.

(2022)

Geng,

2022)

124.2%; PL =

58.5%)

Remoulded clay Triaxial
form Wenzhou, (50x100)

China (LL = 64%;

PL=38%)
Remoulded Triaxial
Kaolin (LL = (300x600)

55%; PL = 27%)

One-way
Sinusoidal

wave-form

One-way
Sinusoidal

wave-form

1Hz

1Hz

13.8 hours Allowed

(50,000

cycles)

12.6 hours

Allowed

No rest period

Cyclic load was applied for 15000 cycles
with radial drainage allowed through

PVDs and followed by 48 hrs rest period
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(a) Initial
condition of soil
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(c) At the start
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(b) Soil during
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Figure 1: Conceptual piston analogy for consolidation under cyclic loading with rest periods

(a) initial condition of soil (b) soil during cyclic loading (c) at the start of rest period (d) at the

end of rest period
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Fig. 2 EPWP and associated volumetric strain under cyclic loading condition (Inspired by

Hyodo & Yasuhara (1988))
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