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Abstract
Drainage conditions and consolidation states can affect the deformation behaviour of clayey soil under cyclic loading. A

series of cyclic triaxial tests were carried out on normally and over consolidated kaolin under both undrained (UD) and

partially drained (PD) conditions. The effects of drainage conditions on the strain accumulation, excess pore water pressure

(EPWP) and resilient modulus (Mr) of the soil are analysed under different over consolidation ratios and cyclic stress

amplitudes. The results indicate that greater axial strain may accumulate under PD condition than under UD condition if

the cyclic stress is small. With the increase of over consolidation ratio, lateral deformation in soils under PD condition is

similar to those under UD condition. Meanwhile, a large axial strain could accumulate with a small amount accumulation

in EPWP under UD condition or in volumetric strain under PD condition. The Mr of soil decreases as EPWP increases

under UD condition or as volumetric strain increases under PD condition. For the over consolidated soil, Mr could degrade

significantly with little accumulation in EPWP under UD condition or in volumetric strain under PD condition. For

example, under an over consolidation ratio of 5 and UD condition, Mr degrades about 20–55% with EPWP accumulation of

2–13 kPa.
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1 Introduction

Clayey soil may encounter large deformation and stiffness

degradation under cyclic loading [1–5]. The surcharge

preloading method is widely used to reduce the deforma-

tion of clayey soil subjected to cyclic loading. After

applying surcharge, the soil is over consolidated and its

cyclic deformation behaviour would differ with over con-

solidated ratios (OCRs). During long-term cyclic loading,

for example, traffic loading condition, EPWP generates and

dissipates simultaneously, suggesting that partially drained

(PD) condition should be considered when analysing the

deformation of soils. Understanding the effects of drainage

conditions on the cyclic deformation of over consolidated

soil is critical in assessing the long-term settlement of

geotechnical infrastructures under traffic loading.

To evaluate the long-term settlement of geotechnical

infrastructures under traffic loading, cyclic tests are usually

performed to study the deformation of soil [6–9]. The

deformation behaviour of soil is affected by cyclic stress

ratio, OCR, initial static deviatoric stress, mineral compo-

sition and the number of loading cycles [1–6, 8, 10, 11]. It

has been found that the greater the OCR, the less the

accumulated axial strain and EPWP [11].

The initial static deviatoric stress ratio (the ratio of the

static deviatoric stress to effective confining pressure)

affects the cyclic deformation of an over consolidated soft

marine clay [8]. It has been found that there exists a critical

initial static deviatoric stress ratio beyond that great strain

accumulation and failure can be observed under cyclic

loading.

The long-term undrained behaviour of a soft clay by

some researchers [12]. The soil was consolidated to
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different OCRs and then cyclically loaded under an

undrained (UD) condition in a triaxial cell. The authors

found that due to the coupling effects of cyclic loading and

creep, the EPWP in the over consolidated soil increases in

the early loading stage and then reduces as the loading

continues. A similar phenomenon was also reported on an

over consolidated soft marine clay [13]. Cyclic torsional

shearing tests were carried out on marine soft clay and it

has been claimed that the stress–strain hysteresis curve is

nearly linear in samples with high OCR values [13].

Among those studies, as the permeability of clay is low,

cyclic tests were performed under undrained condition.

There is limited study for the deformation behaviour of

clay under different drainage conditions.

The effects of drainage condition on the deformation

behaviour of soils subjected to cyclic loading have been

studied in some research. The cyclic deformation beha-

viour of railway track foundation materials was tested

under both undrained and free drainage conditions [14].

The instability of the material is associated with the gen-

eration of large EPWP under undrained conditions or

associated with a rapid increase in volumetric strain

accumulation in free drainage conditions [14]. For the

cyclic behaviour of Wenzhou clay, it has been found that

greater permeant strain accumulates in PD condition than

in UD condition [15]. However, different effects of drai-

nage conditions on the cyclic deformation of soils were

reported by other researchers [16, 17]. The researchers

tested the deformation behaviour of silty clay under dif-

ferent drainage conditions and observed greater strain

accumulations in samples under UD condition [16, 17].

Based on the literature review, it has been found that (1)

the effects of drainage conditions on the cyclic deformation

behaviour of soils are not clear and need to be further

investigated; (2) there are few studies on the deformation

of over consolidated soil under different drainage

conditions.

To investigate the effects of drainage conditions on the

cyclic deformation of clayey soil with different consoli-

dation states, cyclic triaxial tests were performed on kaolin.

The strain accumulation, EPWP and stiffness of the soil are

investigated under different OCRs, cyclic stress amplitudes

and drainage conditions. The deformation mechanism of

the soil is analysed based on the EPWP and volumetric

strain accumulation under different drainage conditions.

2 Material and Test Program

An advanced Dynamic Triaxial Testing System at Guangxi

University was used to perform the cyclic tests. The

description of this system can be referred to the existing

work [18].

The material used in this study was kaolin. The specific

gravity is 2.6. The plastic limit and liquid limit are about

35% and 75%, respectively, with a plasticity index (PI) of

about 40% [18]. As shown in Fig. 1a, the soil lies on the

A-line in the Casagrande diagram. Figure 1b reveals the

grain size distribution curve of the soil, which was deter-

mined using a laser particle size analyzer (Mastesizer

3000) made in Malvern Company, the United Kingdom.

Considering the position of the kaolin in the Casagrande

diagram and the grain size distribution curve, the used soil

can be classified as highly compressible silt. The hydraulic

conductivity is about 6 9 10–8 cm/s determined as per GB/

T 50124-1999 [19]. Kaolin slurry with a water content of

about 2 times of liquid limit was put into a Perspex tube

and consolidated under a vertical pressure of 100 kPa to

prepare samples. More details about the preparation of

samples have been addressed in the existing work [18]. All

samples had a diameter of 50 mm and a height of 60 mm.

This resulted in an L/D ratio of 1.2, the ratio of height to

diameter of the samples. The dimension of sample has

limited effects on the cyclic response of clayey soil under

triaxial cyclic loading [20]. The height of the samples

(corresponding to L/D ratio of 1.2) is similar to that used by

some researchers [18] and greater than that of 50 mm

(corresponding to L/D ratio of 1) used by some other

researchers [20]. The samples were saturated under a back

pressure of 300 kPa to obtain a Skempton’s B-value of at

least 0.96. The samples were isotropically consolidated to

the effective confining pressure of 100 kPa, 150 kPa and

500 kPa to prepare normally and over consolidated sam-

ples. The cyclic loading was performed under the confining

pressure of 100 kPa. So, the OCRs of the samples were 1,

1.5 and 5, respectively.

After consolidation, 10,000 sinusoidal loading cycles

were applied to all samples under the loading frequency of

1 Hz. This loading frequency has been widely adopted to

simulate traffic loading in previous studies [21]. In addi-

tion, the loading frequency of 1 Hz was also used in the

previous study to investigate the cyclic deformation of clay

under different drainage conditions [15]. One-way cyclic

loading was used to simulate traffic loading where there

was no cyclic tension. The loading waveform is shown in

Fig. 2. Both UD and PD conditions were considered in this

study. For the PD cyclic tests, only the drainage valve to

the top surface was open to slow the drainage process. The

pore pressure in the samples was monitored using a pore

pressure transducer to the bottom surface. The cyclic

deviatoric stress (peak to peak value) varied from 25 to

55 kPa. So, the ratio of cyclic stress to initial effective

mean stress, namely the cyclic stress ratio (CSR), ranged

from 0.25 to 0.55. The test schemes are summarized in

Table 1. Samples are named based on the drainage con-

dition, cyclic stress amplitude and OCR value. For
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example, PD-25-1.5 refers to the test under a PD condition

with a cyclic stress amplitude of 25 kPa and OCR of 1.5.

The effective mean stress (p0) and deviatoric stress (q) are

defined as follows:

p0 ¼ r01 þ 2r03
3

ð1Þ

and

q ¼ r01 � r03; ð2Þ

where r10 and r30 are the effective major and minor prin-

cipal stresses, respectively.

3 Results and Discussions

This section presents and analyses the strain accumulation,

EPWP and Mr of the samples subjected to different loading

and drainage conditions.

3.1 Axial Strain and EPWP Accumulation

3.1.1 The Effects of Drainage Conditions on Strain
Accumulation

The accumulated axial strain is normally greater PD con-

dition than under UD condition except the samples with

OCR = 1.5 and CSR = 0.4 as shown in Fig. 3. For other

samples as shown in Fig. 3a, b, d, the accumulative axial

strains after 10,000 loading cycles are about 0.96%, 0.12%,

Fig. 1 a Position of the tested soil in the Casagrande diagram and b grain size distribution curve from a laser particle size analyser

Fig. 2 The used loading waveform

Table 1 Cyclic triaxial tests series

Test ID qd (kPa) CSR OCR Drainage condition

UD-25-1 25 0.25 1 UD

UD-30-1 30 0.3 1 UD

PD-25-1 25 0.25 1 PD

PD-30-1 30 0.3 1 PD

UD-25-1.5 25 0.25 1.5 UD

UD-30-1.5 30 0.3 1.5 UD

UD-35-1.5 35 0.35 1.5 UD

UD-40-1.5a 40 0.4 1.5 UD

PD-25-1.5 25 0.25 1.5 PD

PD-30-1.5 30 0.3 1.5 PD

PD-35-1.5 35 0.35 1.5 PD

PD-40-1.5 40 0.4 1.5 PD

UD-40-5 40 0.4 5 UD

UD-55-5 55 0.55 5 UD

PD-40-5 40 0.4 5 PD

PD-55-5 55 0.55 5 PD

qd is cyclic stress; UD and PD refer to undrained and partially drained

conditions, respectively
aOnly 5822 loading cycles were applied due to the failure of the

sample; CSR: the ratio of cyclic deviatoric stress to initial effective

mean stress
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and 1.22% under PD condition. But the values are about

0.42%, 0.07% and 0.96%, respectively, under UD condi-

tion. Such a phenomenon can be better seen in Fig. 4a

which summarized the accumulated axial strain under PD

and UD conditions. Figure 4b reveals the accumulative

axial strain differences (De1) between samples under the

PD and UD conditions. It shows that larger cyclic stress

ratios lead to greater differences. For example, for the

samples with OCR = 1.5, the De1 increases from 0.049 to

0.13% when the CSR increases from 0.25 to 0.35.

Some samples may fail under UD condition but remain

intact under PD condition. This can be seen in the samples

UD-40-1.5 and PD-40-1.5 (see Fig. 3c). The accumulative

axial strain is over 10% in the sample UD-40-1.5 after 5822

cycles under UD condition but is only about 1.2% in the

sample PD-40-1.5 after 10,000 loading cycles under PD

condition. This may be due to the rapid development of

EPWP in the sample under UD condition as discussed later.

The amplitude of traffic loading is rather small, which

leads to soil deformation but not failure [22]. Under such a

small cyclic stress amplitude, the axial strain accumulation

under PD condition is greater than that under UD condition

as shown in Figs. 3 and 4. A similar phenomenon was also

reported on normally consolidated clay with even more

loading cycles (30,000 loading cycles) under the same

loading frequency of 1 Hz [15]. This means that traditional

UD cyclic tests on clayey soil may underestimate its

deformation under long-term traffic loading, and PD con-

dition should be considered when analysing the long-term

deformation of geotechnical infrastructures in normally or

over consolidated clayey soil. This compensates the finding

on normally consolidated clayey soil [15].

Fig. 3 The accumulated axial strain accumulation under a OCR = 1, CSR = 0.3; b OCR = 1.5, CSR = 0.3, c OCR = 1.5, CSR = 0.4 and

d OCR = 5, CSR = 0.55
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3.1.2 The effects of OCR and CSR on strain accumulation

OCR has significant effects on strain accumulation as

shown in Fig. 4a. Under the same CSR, the greater the

OCR value, the less the strain accumulation for both UD

and PD conditions. For example, the axial strain is about

0.96% in the sample PD-30-1, whilst it is only 0.12% in the

sample PD-30-1.5 under the same cyclic stress of 30 kPa.

This is consistent with the finding that compared with

normally consolidated soil, much less strain accumulation

was observed in slightly over consolidated soil [11, 23].

Under the same OCR, more axial strains accumulate as

CSR increases. For example, at OCR = 1.5, the sample

UD-40-1.5 failed after 5822 cycles as discussed earlier. But

the soils with OCR = 5 have not failed even under loading

with higher CSR. The accumulative axial strains in the

samples with the OCR = 5 are in the range of 0.96–1.23%

under higher CSR (e.g. 0.55) as shown in Fig. 4b. These

values are far from the failure strain of 5% suggested in the

previous study [24]. Such phenomena suggest that

increasing OCR value would increase the failure resistance

of the soil under cyclic loading. This is because over

consolidation would lead to the development of soil fabric,

densification and greater UD shear strength [25].

3.1.3 Accumulation of EPWP

The EPWP in the samples accumulates under different

rules as revealed in Fig. 5. The accumulation of EPWP is

greatly affected by drainage conditions, OCR and CSR.

Under UD condition, the EPWP accumulation rate reduces

with OCR for a given CSR. For both samples with

CSR = 0.3 (Fig. 5a, b), the EPWP increases quickly in the

first few loading cycles, but the rate is much higher in the

sample with lower OCR = 1. The EPWP reaches 20 kPa

within 500 loading cycles in the sample of OCR = 1, but

only 4 kPa in the sample of OCR = 1.5. The EPWP keeps

increasing at a diminishing rate to about 37 kPa after

10,000 cycles in the sample of OCR = 1. But the EPWP

stabilizes at 4 kPa after about 1,000 cycles in the sample of

OCR = 1.5. This explains the lower accumulative strains

observed in the samples with higher OCRs as discussed

earlier.

Furthermore, for the sample UD-40-1.5, the EPWP

accumulates greatly and is over 75 kPa after 5822 cycles,

which is much greater than that in the sample UD-30-1.5

(see Fig. 5b, c). If OCR increases to 5, higher EPWP

accumulates under CSR = 0.55 compared to that in the

sample with OCR = 1.5 and CSR = 0.3 (see Fig. 5b, d).

This suggests that increasing CSR increases the rate of

EPWP accumulation under UD condition. This is the same

for PD condition as discussed below.

Under PD condition, the EPWP accumulation rates in

the early cyclic loading stage are the same as those under

UD condition as shown in Fig. 5. But under PD condition,

the EPWP starts to decrease after a number of loading

cycles as the dissipation rates over passing the accumula-

tion rates. A similar variation in EPWP under PD condition

was also observed on Ariake silty clay [16, 17].

The dissipation of EPWP would result in higher effec-

tive mean stresses in the samples under PD condition than

those under UD condition. However, the axial strain

accumulation under PD condition is noticeably greater than

that under UD condition as shown in Figs. 1 and 2. This

contradicts the findings that applying a smaller confining

pressure results in greater strain accumulation [26]. This is

because the deformation mechanism of soil under drained

conditions is different from that soil under drainage con-

ditions. Under UD condition, the accumulation of strain is

due to the adjustment of microstructure under cyclic

Fig. 4 The comparison of accumulated axial strain under PD and UD

conditions, a the accumulated axial strain and b the difference of axial

strain under different drainage conditions
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loading such as particle sliding or rotation [27]. However,

under PD condition, in addition to the adjustment of

microstructure induced deformation, the dissipation of

EPWP would cause additional consolidation deformation.

This causes the accumulative axial strain under PD con-

dition greater than that under UD condition as shown in

Fig. 3. Such a phenomenon suggests that effective con-

fining pressure or stress state in a sample is not the sole

factor influencing strain accumulation. The drainage con-

ditions are also important as the deformation mechanisms

are different.

Figure 6 compares the accumulative EPWP at the end of

the tests in the UD tests. Similar to the axial strain, much

less EPWP accumulated in the samples with greater OCRs.

For example, under the CSR of 0.3, EPWP is about 37 kPa

in the normally consolidated sample, while it is just

4.2 kPa in the sample with OCR = 1.5. This is because the

sample with higher OCR has a lower void ratio and lower

Fig. 5 The accumulated EPWP under a OCR = 1, CSR = 0.3; b OCR = 1.5, CSR = 0.3; c OCR = 1.5, CSR = 0.4 and d OCR = 5, CSR = 0.55

Fig. 6 The EPWP in the samples subjected to different CSRs under

UD condition
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compressibility, which leads to less EPWP under the same

CSR.

Figure 7 shows the relationship between the accumula-

tive axial strain and the EPWP normalized by the initial

effective mean stress (100 kPa) in UD condition. Under the

same normalized EPWP, strain accumulation is greater in

the sample with a higher OCR value. For example, when

the normalized EPWP is about 0.12, the accumulative axial

strain is about 0.26% in the sample with OCR = 1.5

(CSR = 0.35), but the respective values are 0.13 and 0.96%

in the sample with OCR = 5 (CSR = 0.55). This can also

be seen in the variation of volumetric strains in the PD

samples as discussed later. This means that for over con-

solidated soil, axial strain would accumulate greatly with

little EPWP accumulation, particularly in heavily over

consolidated soil. This suggests that the sample with a

higher OCR value shows greater dilatancy.

3.2 The Volumetric Strain Accumulation

Under PD condition, volumetric strain accumulates due to

the dissipation of EPWP. Figure 8 shows the accumulative

volumetric strain in samples under different loading con-

ditions. For the soil with the same OCR, applying greater

cyclic stress leads to greater volumetric strain accumula-

tion, as greater cyclic stress leads to greater mean total

stress.

In addition, OCR has significant effects on the volu-

metric strain. The greater the OCR, the less the volumetric

strain accumulates after 10,000 loading cycles. For exam-

ple, under the CSR of 0.4, the volumetric strain accumu-

lates about 0.93% in the sample with OCR = 1.5, while it

is just about 0.05% under an OCR of 5. This is because the

samples with greater OCR values have a smaller void ratio

and greater densification, so less volumetric deformation

Fig. 7 The relationship between axial strain and EPWP in the samples

under UD condition

Fig. 8 The accumulated volumetric strain under different CSR,

a OCR = 1; b OCR = 1.5 and c OCR = 5
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occurs under cyclic loading. This is consistent with the

finding in EPWP under UD condition as discussed earlier.

In triaxial tests, lateral strain (e3) can be estimated using

e3 ¼
ev � e1

2
; ð3Þ

where ev and e1 refer to volumetric and axial strains,

respectively. The lateral deformation may not be uniform

in samples under PD condition, as the degrees of consoli-

dation vary along the depth of the samples. Still, Eq. (3)

can be used to estimate the average lateral deformation

[16]. Under constant-volume test conditions (UD condi-

tion), Eq. (3) becomes

e3 ¼ � e1
2
: ð4Þ

In Eqs. (3) and (4), a negative value in e3 suggests lat-

eral bulging and a positive value means lateral contraction.

Figure 9 reveals the development of lateral strain

accumulation under different testing conditions. The lateral

deformation is affected by CSR, OCR and drainage con-

ditions. Under the same OCR, applying a greater CSR

leads to larger lateral strain accumulation. For example, in

the samples with OCR = 1, the lateral strains after 10,000

loading cycles are about 0.03% and 0.06% under the CSRs

of 0.25 and 0.3, respectively.

OCR could affect the development pattern of lateral

strains. Under UD condition, the samples expand laterally

as loading continues, and the deformation is not affected by

CSR. For samples under PD condition, the lateral defor-

mation starts with contraction and then could expand or not

depending on the OCR. For the samples with OCR = 1 and

OCR = 1.5, as shown in Fig. 9, lateral strain starts at

negative values, indicating a bulging behaviour initially.

The greater the OCR and CSR values, the greater the lat-

eral expansion is. Depending on the OCR values, the

sample could contract laterally after reaching certain

deformation levels, and the lower the OCR value, the

greater the contraction. For example, when OCR = 1 and

CSR = 0.3, the sample starts to contract when the lateral

strain reaches about e3 ¼ �0:055%. But when OCR = 5,

no contraction behaviour can be observed.

The different lateral deformation behaviours in the

samples observed above are mainly caused by the different

responses in EPWP to cyclic loading. Under PD condition,

in the early loading stage, the EPWP dissipation rate is

lower than its accumulation rate. Therefore, the EPWP

accumulation tendency is similar to that under UD condi-

tion (see Fig. 5). The effective stress decreases as EPWP

increases. This leads to the bulging of the samples under

cyclic shear. The lower the OCR, the greater the accumu-

lated EPWP is (see Fig. 5) and so is the lateral bulging.

Once the EPWP dissipation rate exceeds the accumulation

Fig. 9 The relationship between lateral and axial strain under PD

condition
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rate, the EPWP starts to decrease under PD condition. So

the sample starts to consolidate and contract laterally. Once

the volumetric strain is greater than the axial strain, as

expected from Eq. (3), the lateral strain becomes positive

as shown in Fig. 9a, suggesting that the sample shows

contraction in both axial and lateral directions.

The contraction behaviour observed in the samples with

lower OCR values is very different from that under UD

condition where the lateral deformation is always bulging.

Such a phenomenon means that reconsolidation greatly

contributes to the deformation of soil. Therefore, the strain

accumulation under PD condition could be much greater

than that under UD condition. For over consolidated soils,

the partial drainage conditions can be ignored if the dura-

tion of cyclic loading is not long enough for consolidation

to occur.

For the samples with OCR = 5, the lateral strain accu-

mulation follows that of the sample under UD condition

even under high CSR values as revealed in Fig. 9c. This

can be also found in the accumulative axial strain as shown

in Fig. 4. For example, of the samples with OCR = 5, the

axial strain accumulations under PD condition are only

about 8–22% greater than those under UD condition after

10,000 loading cycles, while the difference is much more

significant in normally consolidated soil shown in Fig. 4b.

Figure 10a illustrates the lateral strain accumulation

against axial strain after 10,000 loading cycles. It shows

that if the OCR of soil is high enough, it is acceptable to

neglect the partial drainage condition if the number of

loading cycles and the CSR are not too large. For the

normally consolidated soil, e.g. OCR = 1, however, using

UD cyclic loading test results may misinterpret the beha-

viour of the soil under PD condition.

Figure 10b reveals the relationship between accumula-

tive axial strain with volumetric strain. As can be seen, for

both normally and over consolidated samples, axial strains

increase with the development of volumetric strain accu-

mulation. However, for the samples with greater OCR, the

greater axial strain could accumulate with the same

development in volumetric strain. For example, as esti-

mated from the figure, with the volumetric strain accu-

mulation of about 0.2%, the axial strain develops about 1%

in the sample with an OCR of 5, while it is only about

0.25% at an OCR of 1.5. This is consistent with the lower

EPWP development in the samples with greater OCR

under UD condition as shown in Fig. 7. This means that for

the over consolidated soil under PD condition, the recon-

solidation induced deformation only has a minor contri-

bution to the axial strain accumulation. The main

contribution could be the adjustment of microstructure

induced by cyclic loading and/or cyclic loading induced

destruction of soil fabric developed in the consolidation

stage. This will be discussed below together with the

variation of Mr.

3.3 The variation of Mr

The resilient modulus (Mr) of the soil is calculated based

on Fig. 11. Figure 12 reveals the variation of Mr in the

samples under different loading conditions. Similar to

strain accumulation, the Mr is affected by drainage con-

ditions, OCR and CSR. Under both UD and PD conditions,

the Mr increase with OCR at given CSRs and decrease with

CSR at given OCRs. For example, at CSR of 0.25, the

resilient moduli during the first loading cycle in the sam-

ples with OCR = 1 and 1.5 under UD condition are about

39.4 MPa and 62.4 MPa, respectively (see Fig. 12a, b).

Fig. 10 The relationship between: a lateral and axial strains; b axial and volumetric strains of samples with different OCR under PD condition
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The respective values are 37.8 MPa and 32.4 MPa in the

samples with OCR = 5 under CSR of 0.4 and 0.55 as

shown in Fig. 12c.

Under UD condition, the Mr decreases with the

increases in loading cycles as shown in Fig. 12a–c. Par-

ticularly, in the sample UD-40-1.5, the Mr degrades

greatly, suggesting an almost total loss of stiffness and

instability under the UD condition. One possible cause is

the accumulation of EPWP as shown in Fig. 5a. This

causes a decrease in the effective mean stress as cyclic

loading continues. The result is consistent with the findings

reported by Liu et al. [18] that the Mr of normally con-

solidated soil decreases with effective mean stress. How-

ever, for the sample with OCR = 1.5 and CSR = 0.25 (UD-

25-1.5), a small increase in Mr is observed as loading

continues. This may be attributed to the small stress–strain

behaviour of soil and/or the adjustment of microstructure

[11, 18].

Though the degradation in stiffness shows dependence

on EPWP, the variation is affected by OCRs. As shown in

Fig. 6, for the samples with OCR of 5, there is very limited

EPWP accumulated under UD condition, but the Mr

degrades significantly as shown in Fig. 12c. This means

that the degradation of stiffness may not be solely attrib-

uted to the change of effective mean stress. This can be

better seen in Fig. 13a which shows the relationship of the

stiffness (MrN=10,000) during the 10,000th loading cycle

with the accumulated EPWP under different OCR values.

The stiffness is normalized by the Mr (MrN=1) during the

first loading cycle and EPWP is normalized by the initial

effective mean stress (100 kPa). As can be seen, the stiff-

ness reduces with the normalized EPWP, but the samples

with OCR = 5 show a greater change in stiffness with a

little EPWP accumulation. For example, in the samples

UD-55-5 and UD-35-1.5 with the normalized EPWPs at

both about 0.13, the stiffness degrades by 56% in the

sample UD-55-5 after 10,000 loading cycles, whilst it

degrades by only 25% in the sample UD-35-1.5. This

means that the change in effective mean stress alone cannot

explain the degradation of stiffness in over consolidated

soil.

The degradation of stiffness of over consolidated soil

may be attributed to the destruction of soil fabric developed

in the consolidation stage. Soil fabric may develop during

the consolidation stage in soils [25]. Under cyclic loading,

particularly if the cyclic stress amplitude is great enough,

the soil fabric can be destructed, resulting in a loss in

stiffness. This leads to great axial strain accumulation. And

the stiffness of soil degrades significantly without too much

change in EPWP under UD condition as revealed in

Fig. 13a.

Under PD condition, however, as shown in Fig. 12d, e,

the resilient moduli in the samples with OCR = 1 and 1.5

decrease within certain loading cycles and then increase

gradually as cyclic loading continues. For the samples with

an OCR of 5, as shown in Fig. 12f, as cyclic loading

continues, the stiffnesses decrease first and then show little

change afterwards. Such variation in the stiffness under PD

condition is different from that under UD condition. This is

because, as discussed earlier, under PD condition EPWP

develops during the early loading stage and then dissipates

as cyclic loading continues. So, the effective mean stress

decreases first and then increases afterwards. In addition, as

cyclic loading continues, the existing soil fabric in samples

has been damaged, resulting in a loss of stiffness. On the

other hand, as cyclic loading continues, volumetric strain

develops gradually as shown in Fig. 8. This induces a new

densification process in the sample and a reduction in the

void ratio, which contributes to the increase in Mr.

Figure 12f shows that the stiffness of the sample UD-55-

5 decreases by 37% from 31.7 to 20 MPa after 2500

loading cycles. However, the maximum EPWP observed in

the sample is only about 7 kPa as shown in Fig. 5d. In

addition, under the over consolidation ratio of 5 and UD

condition, Mr degrades about 20–55% with EPWP accu-

mulation of 2–13 kPa. This also suggests that the

destruction of soil fabric rather than the reduction in

effective mean stress is the main cause of the degradation

in the stiffness of over consolidated soils. Since the volu-

metric strains in the samples with OCR = 5 and CSR = 0.4

is small as shown in Fig. 8c, limited densification has been

introduced in the sample. Therefore, there is little variation

in the stiffness of the sample under cyclic loading as shown

in Fig. 12f.

Similarly, under PD condition, as shown in Fig. 13b, the

Mr shows a decrease with volumetric strain accumulation

and the samples with greater OCR experience greater

degradation in stiffness under the same volumetric defor-

mation. For example, in the sample PD-35-1.5, the volu-

metric strain is about 0.28% and the stiffness degrades by

Fig. 11 The definition of Mr [18]
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Fig. 12 The Mr under different CSR
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about 14% from 42.1 to 36.2 MPa after 10,000 loading

cycles. In contrast, the sample PD-55-5 experienced less

volumetric strain (about 0.23%) but greater degradation in

stiffness (about 43% from 31.7 MPa to 18.1 MPa). This is

because the sample with larger OCR shows greater stress-

dilatancy, and less volumetric strain can be observed even

with greater damage in soil fabric.

4 Summary and Conclusions

A series of undrained and partially drained cyclic triaxial

tests were performed on kaolin samples with different over

consolidation ratios. The objectives are to investigate the

effects of drainage condition, over consolidation ratio and

cyclic stress ratio on the cyclic deformation behaviour of

the soil. The accumulative axial strain, EPWP, volumetric

strain accumulation and resilient modulus (Mr) of the soil

are presented and discussed. The results of the tests indi-

cate the following:

1. Under PD condition, due to reconsolidation deforma-

tion, the accumulative axial strain in both the normally

and over consolidated soil under lower cyclic stress

ratios (not a failure case) is greater than that under UD

condition.

2. Under PD condition, with the increase of over consol-

idation ratio, the average lateral deformation is similar

to that under UD condition.

3. The over consolidated ratio affects the relationship

between the accumulative axial strain and EPWP under

UD condition. It also affects the relationship between

the accumulative axial strain and volumetric strain

under PD condition. As the over consolidation ratio

increases, greater axial strain could accumulate without

too much accumulative EPWP or volumetric strain.

4. The Mr of soil decreases with the increase of EPWP in

UD condition or volumetric strain accumulation under

PD condition. For the heavily consolidated soil (for

example, an over consolidation ratio of 5), the Mr

degrades significantly with little accumulation in

EPWP under UD condition or in volumetric strain

under PD condition. This may be because the degra-

dation of stiffness of the over consolidated soil is

primarily attributed to the destruction of soil fabric

developed in the consolidation stage.
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