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Partially drained cyclic tests with low stress and high cycle number was performed.
Effect of microstructure reconstruction on permeability of soil was revealed.
Resilient and permanent strain behavior were investigated.

Permanent strain was correlated with stress states by simple approach.
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ABSTRACT:

The dynamic responses of granular materials subjected to cyclic loading under partially drained
condition were seldom investigated, though the partially drained condition is commonly
existing for the granular materials that locate nearby the drainage boundaries. Besides, the
prevalent studies mainly focus on the liquefaction behaviour of granular materials under high
stress levels. In this study, a granular fill material was chosen as testing material. A series of
partially drained cyclic triaxial tests was conducted with low level of cyclic loading and high
cycle number that are commonly experienced in the geostructures of transportation projects.
Note that the cyclic triaxial test under partially drained condition is a model test rather than an
element test since the distribution of excess pore water pressure is not homogeneous inside the
specimen. The test results show that cyclic loading induces the reconstruction effect on the
microstructure of the specimen, thereby changing the trend between permeability and void ratio.
Under partially drained condition, the granular fill material normally experiences a sudden
decrease of stiffness and a quick increase in deformation during the first cycles of loading,
followed by gradually decreasing excess pore water pressure and stabilizing deformation.
Importantly, the deformation response of the material can be contributed by two items: (a) that
caused by densification effect of applied cyclic loading and (b) that due to the dissipation of
excess pore water pressure. Two linear relationships were established to correlate the

deformations with excess pore water pressure and applied cyclic loading.

Keywords: cyclic triaxial tests, granular material, partially drained, excess pore water pressure,

permanent strain.
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1. Introduction

In the last several decades, significant progress has been advanced in understanding the
rationales underlying the macroscopic responses of the saturated granular materials under cyclic
loading. Most of the studies were conducted by implementing cyclic triaxial tests, in which the
granular materials were compressed or extended under drained or undrained condition [1-11].
The granular materials are widely adopted as filling materials in transport infrastructures, such
as pavement, ballasted and ballastless railways [9, 12-14]. One of the main functions of these
granular materials is to provide drainage paths to drain the rainwater due to their relatively high
permeability. Therefore, under the traffic loading, the granular materials are frequently serving
in a partially drained condition, in which the build-up of excess pore water pressure and
drainage of water in the granular materials occur simultaneously. The partially drained
condition commonly exists in the granular materials that locate nearby the drainage boundaries,
such as the surface of highway and railway embankment and the gravel or sand drains in the
treated ground. Compared with the behaviour of granular materials under drained or undrained
condition, their behaviour under partially drained condition is complexed by a coupling effect
of a) decrease of effective confining pressure due to the increase of excess pore water pressure,
and b) volumetric contraction due to the drainage of water. This coupling effect may further
induce an excess settlement and a loss in bearing capacity, which will probably decrease the

stability or even result in the failure of the geostructures.

Relative to the studies on granular materials, more studies, though not many, have been
conducted on the cyclic behavior of cohesive soils under partially drained condition. Hyodo et
al. [15] stated that the soft clay beneath nearshore or offshore structures and railway
embankment are subjected to a long-term cyclic wave and traffic loadings, thereby inducing
the alternate repetition between the generation and dissipation of excess pore pressure. A series
of cyclic triaxial tests with the variation of cyclic deviator stress were conducted. They proposed
a prediction model to describe the behaviour of clay in partially drained condition by calculating

the excess pore water pressure based on the results of undrained cyclic triaxial tests combined
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with the theory of consolidation. Sakai et al. [16] implemented a series of cyclic triaxial tests
on silty clay under drained and undrained conditions, then, modified and validated the model
by Hyodo et al. [15] to incorporate the non-linear compressibility of soil. Indraratna et al. [17]
conducted a series of large-scale cyclic triaxial tests on kaolinite clay with prefabricated vertical
drain (PVD) installed in the center of the specimen under undrained and partially drained
conditions. The results of tests indicate that PVD assists in the dissipation of excess pore water
pressure in the specimen, the rate of which depends on the distance to the drain. However, the
above-mentioned tests only investigated the effect of effective confining pressure and cyclic

deviator stress on the behaviour of cohesive soil under partially drained condition.

Few attentions have been paid on the cyclic behaviour of granular materials under partially
drained condition. After analyzing a group of cyclic undrained and partially drained triaxial
tests on Toyoura sand, Yamamoto et al. [ 18] found that the initial liquefaction only occurs after
reaching a certain limit of cyclic shear stress ratio (cyclic deviator stress over the double of
effective confining pressure). Moreover, they concluded that permeability, drainage length, and
loading frequency are three core factors that control the liquefaction potential of the sand under
partially drained condition. A significant decrease in permeability of sand under dynamic
compaction was observed by Chapuis et al. [19]. Mangal [20] highlighted the effect of dilatancy
of sand on the build-up of excess pore water pressure in partially drained cyclic physical model

test of shallow foundation.

Based on the above review, it can be seen that the existing studies about the cyclic behaviour
of geomaterials under partially drained condition are limited to cohesive soil and clean sand
with a narrow gradation. Furthermore, the above studies normally paid more attention to the
cyclic strength of the geomaterials, particularly focusing on the critical shear stress ratio that
induces the failure of cohesive soils and the liquefaction (cyclic mobility) of sand, in which the
stress and strain levels are high. In contrast, for the granular material layers in transport

infrastructure, firstly, the static and cyclic stress levels are normally much lower than the
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corresponding failure strength; secondly, the control limit of axial strain is strictly low; thirdly,
a large number of cyclic loading will be experienced in the service life. Therefore, the cyclic
behaviour of granular materials that are adopted as filling materials in transport infrastructures

under partially drained condition is still an open question.

In this study, a poorly-graded coarse-grained soil is adopted as the testing material. A detailed
characterization of soil at micro and macro scale was implemented and presented. Then, three
static compression tests were conducted on the saturated specimens under drained condition.

Subsequently, a series of cyclic triaxial tests on the saturated soil specimens under partially

drained condition with variations of initial effective confining pressure (o, ) , cyclic deviator

stress (¢ue), frequency (f), cycle number (N), and consolidation stress ratio (o, /o). The

changes of excess pore water pressure (Au), resilient modulus (M,), permanent volumetric and
axial strains (Ag, and Ag,), and the Poisson’s ratio (v) during cyclic loading tests will be
presented and discussed. Several specimens subjected to cyclic loading were followed by
drained static compression tests to evaluate the post-cyclic behaviour of the specimen. This
investigation was aimed to provide a detailed database of experimental evidence of partially

drained behaviour of granular fill materials in transport infrastructures.

2. Testing material, specimen preparation, apparatus and scheme

Testing material

The tested granular soil is a filling material, that is adopted in the high-filled embankment of
an airport. The soil is classified as poorly-graded gravel with sand according to ASTM D 2487-
06 [21]. Note that all particles larger than 20 mm in diameter were removed by sieving. Figure
1 shows the particle size distribution curve of the tested fill material after scaling. The scaled-
down soil was first divided into eight groups characterized by eight particle size ranges: 10-20
mm, 5-10 mm, 2-5 mm, 0.3-2 mm, 0.212-0.3mm, 0.15-0.212 mm, 0.063-0.15mm, and
<0.063 mm. For the soil specimens in characterization and triaxial tests, the predetermined mass

of each group size was weighed and mixed together, according to the particle distribution curve
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as shown in Figure 1. The basic index values are listed in Table 1.

For better understanding the soil behaviour at the particle scale, microhardness of single
particles was measured. Several particles from the size range of 2-5 mm were selected and cast
by Epoxy to form a sliced specimen. Then, the sliced specimen was carefully polished by a
grinding&polishing equipment (Buehler AutoMet 250) until the soil particles were clearly
exposed to the air [22, 23, 24]. Figure 2(a) presents a typical microscopic view of the cross-
section of a single soil particle. The soil particle comprises angular particles (bright areas) and
the bonding materials (dim areas). The measurements were repeated for dry and saturated
specimens. Figures 2(b) and 2(c) show the typical indentations on bright angular particles and
bonding materials. As shown in Figure 3(a), when the soil particles are air-dried, the average
Vickers microhardness (VM) of bright particles and bonding materials are 1387.1 kg/mm? and
66.5 kg/mm?, respectively. Combined with the analysis of the content of oxide by X-ray
fluorescence (XRF) test, as listed in Table 2, it is reasonable to conclude that the bright angular
particles and bonding materials are quartz and clay minerals, respectively. Figure 3(b) shows
that the VM values of bright particles and bonding materials will decrease to 1317.7 kg/mm?,
and 23.3 kg/mm?, respectively, after saturation. The electron microscope scan of a typical
particle is shown in Figure 4. It clearly shows that the particle is a clump of agglutinated
materials, including angular particles and the attached small sheets. Therefore, it can be inferred
that the compression of the specimen is accompanied by particle crushing due to the

disaggregation of clay minerals under the effects of loading and soaking [25].

Specimen preparation

According to the particle size distribution curve shown in Figure 1, the oven-dried soil in
predetermined mass from each size group was weighed and mixed together. Subsequently, the
de-aired water was added into the soil to achieve the optimum water content. After mixing
thoroughly, the soil was matured for at least 24 hrs. Then, the matured soil was compacted in a

mold with an internal diameter of 100 mm using a rotary hammer in five layers. Each soil layer
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was compacted to achieve a height of 40 mm and a target dry density of 1.87 Mg/m?3 (88% of
MDD). After finishing the compaction of each layer, the surface of the layers was scratched to

ensure proper bonding with the subsequent soil layer.

Testing apparatus and scheme

An electro-hydraulically actuated servo-controlled loading apparatus (GCTS, USA) was
utilized for the cyclic triaxial tests. For each triaxial specimen, as shown in Figure 5, two high-
precision Linear Variable Differential Transformers (LVDTs) (RDP, UK) were attached at
diametrically opposite sides of specimen for measuring the local vertical strain. For each
specimen consolidated under an effective confining pressure of 100 kPa, a new LVDTs-based
radial strain measurement device was attached at the middle height of the specimen. The new
device is capable of measuring radial strain of specimen under both static and cyclic loadings.
The details of this system are systematically introduced in Chen et al. [26]. With the results of
radial strain, the Poisson’s ratio can be calculated. The test scheme is listed in Table 3. Three
levels of initial effective confining pressure (50, 100, 200 kPa) were selected in consolidation
stage for static and cyclic triaxial tests. For three static compression tests, the specimens were
sheared under drained condition. The effects of loading frequency and consolidation stress ratio
are only investigated on the specimens consolidated under 100 kPa initial effective confining
pressure. In the cyclic triaxial test, a series of stepwise-increased cyclic deviator stresses at an
interval of 25 or 30 kPa was applied. The stress paths for cyclic tests are presented in Figure 6.
Considering the control limit of axial strain in transport infrastructure is quite strict, especially
for the pavement of airport and the embankment of railway, the stepwise-increased cyclic
loadings were stopped after the accumulated (permanent) axial strain of the specimen reached
3 to 4 %. For each level of cyclic loading, 10000 loading cycles were applied. Note that post-
cyclic compression was conducted in drained condition after the completion of cyclic loading
for three specimens such that the post-cyclic strength and deformation behaviour can be
evaluated. For the specimen consolidated under 200 kPa, the isotropic consolidation stress was

increased step by step. The permeability tests were conducted after each stage of consolidation
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and cyclic loading to determine the relationship between void ratio and permeability.

To facilitate the saturation of specimens, all the specimens were flushed by Carbon Dioxide for
20 minutes. Then, the de-aired water was introduced from the bottom of the specimens to
occupy the majority of voids in the specimen under the cell pressure of 25 kPa. Lastly, the back
pressure saturation method was adopted to achieve a minimum B-value of 0.97. The typical
changes of volumetric strain, axial strain and radial strain of one specimen during introducing
water, which is also called collapse deformation, are presented in Figure 7. It can be seen that
all the strains increase quickly at the beginning, then gradually tend to level off. Chen et al. [27]
prepared the specimens with the same material and followed the same procedure. They stated
that the matric suction of the specimens after compaction ranged from 20 kPa to 40 kPa and the
air entry value on the drying path was 1.8 kPa. Therefore, the changes of strains can be inferred
to be mainly induced by the release of matric suction. The strain levels showed in Figure 7 also

indicate that the tested material is not prone to collapse under wetting.

Note that during cyclic loading, the drainage valve at the bottom of the specimen was kept open
and excess pore water pressure of specimen was measured at the top of specimen. Therefore,
the cyclic triaxial test resembles a model test rather than an element test since the distribution

of excess pore water pressure is not homogeneous inside the specimen.

3. Test results and discussions

Hydraulic conductivity of tested granular fill material

For the specimen consolidated under 200 kPa, a series of stepwise-increased isotropic effective
confining pressures (10 kPa, 20 kPa, 50 kPa, 100 kPa, 150 kPa, and 200 kPa) was applied. At
each stage of loading, the vertical permeability of the specimen was measured after the
completion of consolidation. Four levels of constant water head difference were maintained
between the top and bottom of the specimen to determine the permeability at one stress state,

then the average value of permeability was calculated. The corresponding void ratio was
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calculated based on the initial void ratio and the water volume draining out from the specimen
under cyclic loadings. The same approach was applied to determine the permeability of the
specimen after each stage of cyclic loading. Figure 8(a) shows the relationship between the
permeability and void ratio under isotropic consolidation. The blanked circle dots represent the
measured results and the solid fitting line shows that the logarithmic value of permeability
decreases almost linearly with decreasing void ratio. Other five sets of data from literature are
plotted in Figure 8(a) for comparison. It can be seen that the permeability level of the tested soil
locates between that of uniformly-graded clean sand (silica sand or Toyoura sand) and the silt
or silty sand, though the particles with diameter larger than 1 mm account for more than 50%
in mass. This proves that the permeability is more dominated by the existence of the finer
particles. For one specific soil, the void ratio plays a significant role in its drainage capacity,

which inversely influences the compressibility of the soil, i.e. the change of void ratio.

As shown in Figure 8(b), an obvious sudden change occurs for the permeability after the lowest
cyclic loading (25 kPa) is applied. Then the trend of permeability with void ratio differs greatly
with that under multi-stage isotropic loading. It can be seen that the decreasing rate of
permeability with the void ratio under cyclic loading increases compared to that under isotropic
loading. This is possibly induced by the reconstruction effect from cyclic loading on the
microstructure of specimen, which is presented by the increase of micro-pores and the decrease
of macro-pores. The disaggregation of particles of the tested soil is aggravated under cyclic
loading, leading to an increase in the percentage of fine particles and further resulting in the
increase of micro-pores. It can be concluded that the change of particle size distribution curve
(the crushing behavior of particles), except the change of void ratio, should be taken into

account when investigating the hydraulic conductivity of one specific soil.

Static compression and post-cyclic strength
Figure 9 shows the stress-strain behaviour of the specimens with and without cyclic loading.

For the specimens with cyclic loading, the deviator stress rose from zero point since the cyclic
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deviator stress was totally released before compression commenced. It can be seen that the
initial modulus of post-cyclic compression curve is much higher than that of the specimen
compressed under the same pressure without cyclic loading. Moreover, the strain level of the
turning point, at which the deviator stress starts to level off, becomes smaller in the post-cyclic
compression cases. Importantly, the maximum deviator stresses for the specimens consolidated
under 50 kPa, 100 kPa and 200 kPa decreased by 15.5%, 9.6% and 13.9 %, respectively. This
finding shows that the tested fill material degrades due to cyclic loading so that the design
parameters for the embankment based on the conventional triaxial tests without cyclic loading
are on the unsafe side. Therefore, the stability problem of the geostructure should take the effect

of cyclic loading into consideration.

Excess pore water pressure

As mentioned in Section 2, the cyclic tests in this study resemble more a model test rather than
an element test such that the pore water pressure distribution is not homogeneous throughout
the specimen. Note that the build-up of excess pore water pressure corresponding to the cyclic
loading is quite complex under partially drained condition. The profile of excess pore water
pressure along the height of the specimen keeps varying from time to time depending on the
stress level, loading frequency, void ratio, drainage path distance, and the change of particle
size distribution. Based on the assumption adopted by Hyodo et al. [ 15], the pore water pressure
measured at the top of the specimen can be reasonably regarded as the maximum one in the
specimen due to its longest drainage path to the draining boundary, which is located at the
bottom of the specimen. Figure 10 shows the build-up of excess pore water pressure of all
specimens under cyclic loading. As the cyclic deviator stress is relatively small, the tests were
all stopped before the liquefaction was triggered, i.e., the excess pore water pressure is equal to
the initial effective confining pressure. It can be observed that the excess pore water pressure
shoots up to a high level, then followed by a gradual decrease. Figure 10(a) shows the build-up
of excess pore water pressure under different levels of confining pressure and the same loading

frequency of 1 Hz. Unexpectedly, the maximum excess pore water pressure occurred when the
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specimen was consolidated under 50 kPa and subjected to a cyclic loading of 50 kPa. The
transient high level of excess pore water pressure dropped down to a small level immediately.
This dramatic change possibly resulted from the relatively high compressibility or high void
ratio, which led to an instant volume contraction of the specimen. Then the high permeability
enabled a quick dissipation of excess pore water pressure. If the excess pore water pressure is
normalized by the initial effective confining pressure, it can be concluded that higher initial
effective confining pressure increases the resistance to the build-up of excess pore water
pressure. As shown in Figure 10(b), the higher loading frequency results in the higher maximum
value of excess pore water pressure. With the increase of cyclic deviator stress, the specimens
loaded under 0.25, 0.5 and 1 Hz showed a general decreasing trend of maximum pore water
pressure. However, the specimen with cyclic loading of 2 Hz obtained its highest excess pore
water pressure when the cyclic deviator stress of 130 kPa was applied, showing that the
increasing frequency and cyclic stress level are two adverse factors in evaluating the
liquefaction resistance or stability problem of the layer of fill materials in the embankment. For
railway engineering projects, fortunately, the high-speed passenger trains normally exert low
levels of dynamic stress on the subgrade, while heavy freight trains normally run at slow speed.
On the contrary, it is necessary to consider the combined effects of high stress level and loading
frequency for the embankment of the airport, which will experience the transient high level of
dynamic stress of high frequency during the landing and take-off of the airplanes. Figure 10(c)
shows that a slightly higher level of excess pore water pressure is reached for the specimens
consolidated under a higher consolidation stress ratio. It can be speculated that this small

difference is mainly due to the smaller void ratio, which represents the lower permeability.

Resilient modulus

Resilient modulus is defined as the ratio of the amplitude of cyclic deviator stress to the
recoverable axial strain in one loading cycle. It is a fundamental parameter to describe the
stiffness of soil under cyclic loading and commonly adopted for characterizing the compacted

fill materials in substructures of pavement or railway [12, 14]. Figure 11 presents the variation
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of M, with increasing cycle number under different stress states. As can be observed in Figure
11(a), with the same loading frequency of 1 Hz, M, generally becomes larger under higher
confining pressure, which confirms with the findings by the majority of studies [e.g. 30, 31]. It
can also be noted that the cyclic deviator stress is less influencing to M, compared to the
confining pressure for this specific granular fill material. When a higher level of cyclic loading
is applied, M, shows a sudden decrease in the first several loading cycles, then followed by a
gradual increase until a stable state is achieved. The sudden decrease is most significant for the
specimen under the confining pressure of 50 kPa. This is in accordance with the trend of the
build-up of excess pore water pressure, which decreases the effective confining pressure
sustained by soil skeleton, thereby facilitating the interparticle slip and skeleton deformation.
After the dissipation of excess pore water pressure, the soil specimen regains stiffness due to
the increase of effective confining pressure. This indicates that the granular fill material at the
top part of the subgrade is prone to fail at low effective confining pressure. Furthermore, with
the development of rutting and the possible particle suffusion in gap-graded granular materials,
the effective confining pressure will decrease further due to the drop of bulk density or unit
weight. When coupling with saturated condition, the stability problem of the surface part will
be fatal to the serviceability of the whole embankment. As for the effect of consolidation stress,
it shows a slight strengthening effect on the resilient modulus when the cyclic deviator stress is
relatively small (from 20 to 100 kPa), as shown in Figure 11(c). The higher consolidation stress
would lead to a more densely contacted soil particle structure, in which the average area of each
contact point is increased, and the macroscopic compressibility of the soil specimen is
decreased. The increasing cyclic deviator stress gradually diminishes this strengthening effect.
Therefore, for some typical practical projects, e.g. ballastless High-speed Railway, with the
dynamic stress transferred from concrete slab to the embankment smaller than 20 kPa [32, 33],
the resilient modulus tests on the specimens under anisotropic consolidation are inevitable,
which, however, is normally overlooked in the prevalent standards, e.g. EN 13286-7 [34] and

AASHTO T307-99 [35].



330  Poisson’s ratio

331 In this study, the radial strain measurement system was only utilized for the specimens
332 consolidated under 100 kPa. The corresponding values of Poisson’s ratio were calculated and
333  presented in Figure 12. It is challenging to measure accurately the radial strain change during
334  eachcycle of loading [26], thus some slight fluctuations can be observed in the figure. Generally,
335 the Poisson’s ratio increases with increasing cyclic deviator stress. Under higher loading
336  frequency, the Poisson’s ratio generally becomes larger. In contrast, the higher consolidation
337  stress ratio induces a lower value of Poisson’s ratio.

338

339 Accumulated axial and volumetric strains

340  The accumulated strain is defined as the sum of the irrecoverable strain occurs during each
341 cycle of loading. Estimating the accumulated strain of granular materials in embankment
342  subjected to cyclic loading is a major challenge for transport engineering projects. The control
343 limits of the settlement after construction are very strict for the embankment of High-speed
344  Railway (<15mm) or the embankment of airport (<50mm). Also, the strain levels of differential
345  settlement should be strictly lower than 0.1-0.15% for the embankment of airport and 0.15-0.45%
346  for High-speed Railway. However, accumulated strain behavior is less investigated compared
347  to that of resilient modulus as it needs a larger number of specimens and much more time and
348  effort. To the knowledge of authors, the accumulated strains (axial and volumetric strains) of
349  granular fill materials under long-term cyclic loading and partially drained condition has never
350  been investigated. As shown in Figure 13(a), the rising effective confining pressure increases
351 the deformation resistance of the specimen. Figure 13(b) presents the effect of loading
352 frequency on the development of accumulated axial strain. Generally, the specimens
353  experienced higher accumulated axial strain when the loading frequency was higher. The
354  accumulated axial strain normally increased quickly in the first cycles, followed by a stable
355  state. Excessive deformation occurred for the specimen subjected to a 2 Hz cyclic loading when
356  cyclic deviator stress reached 130 kPa. Figure 13(c) shows that the accumulated axial strain

357  becomes larger with increasing consolidation stress ratio under each level of cyclic deviator
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stress. Therefore, the simplification of using isotropic confining pressure for permanent strain
in EN 13286-7 [34] may underestimate the real strain level in the field, where the embankment
is normally subjected to an anisotropic stress condition with larger vertical stress and lower

lateral stress.

Figure 14 presents the relationship between the maximum mean stress (P,y) under each level
of cyclic deviator stress and the change of void ratio. To ease the comparison, the confining
pressure for the calculation of maximum mean stress adopts the initial effective confining
pressure before applying cyclic loadings. The maximum mean stress is reached when the cyclic
deviator stress increases to its peak. On the other hand, the void ratio in the figure is a stable
value at the end of each stage of loading. A reference curve, as shown in Figure 14, is composed
of the mean effective stresses under different stages of isotropic confining pressure and the
corresponding void ratios. The void ratio decreases at an obviously higher rate under cyclic
loading, which is called the densification effect of cyclic loading, compared to that under
isotropic loading. Specifically, the changes of the void ratio of the specimens under 100 kPa
initial effective confining pressure are presented in Figure 15. The compression index, C, is

calculated as:

C.=-Ae/Alog(p,...) (1)

The compression index for each specimen is also listed in Figure 15. The trends of C. for
different frequencies and stress ratios are identical to those of permanent strain with a larger
value under higher frequency and higher consolidation stress ratio. A largest value of the

compression index was achieved by the specimen under 2 Hz cyclic loading.

According to the simplification by Hyodo et al. [15] and Sakai et al. [16], the total volume
change Ag, can be expressed by:

Ae,= Ag,, + Aey,; (2)
where Ag,, is the volumetric strain resulted from the dissipation of excess pore water pressure,

Ag,; 1s the volumetric strain due to the densification effect of applied cyclic loading. As
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mentioned in Section 2, the cyclic triaxial test in this study is a model test, which has a clear
boundary condition. Also, the excess pore water pressure distribution is inhomogeneous
throughout the specimen with the largest exists at the impermeable boundary, i.e. the top of the
specimen, and the lowest (can be regarded as zero) exists at the drainage boundary, i.e. the
bottom of the specimen. Hyoto et al. [15] proved that except in the vicinity of the drainage
boundary the excess pore water pressure rises up with the cycle number until reaching the peak
value at which the contour of excess pore water pressure is of a trapezoidal shape. Then, the
excess pore water pressure dissipates while keeping a parabolic shape until reaching a marginal
level. Therefore, it is reasonable to assume that the equivalent average excess pore water
pressure, Au,, throughout the specimen can be calculated as the two-thirds of the maximum

excess pore water pressure measured at the top of the specimen, as expressed by:

Al/la 25 Aumax (3)

This is also a common approach to estimate the average excess pore water pressure in a clay
specimen with one permeable boundary and one impermeable boundary under 1D straining
condition [36, 37]. Therefore, Ag,, can be calculated as:

Agy, = Augm, = Aug [Ae/(1+ep) |/ Apmax (4)
where m, is the coefficient of volume compressibility, e, is the initial void ratio and Ae is the
change of void ratio. Note that m, is a highly stress-path dependent parameter [38, 39]. On one
hand, the Au, is bulk stress such that the corresponding m, cannot be determined by the cyclic
tests with varying deviator stress. On the other hand, no isotropic loading was applied after each
stage of cyclic loading, in this study, to determine the m,. Thus, the m, corresponding to Au,
was estimated based on the compression index of the normal compression line (NCL), which
is shown in Figure 14 assuming that after the cyclic loading the void ratio of the specimen
subjected to an isotropic loading will develop along a line that is parallel to the NCL. As shown
in Figure 16, the relationship between Ae,, and Aup,y /Pmax 1S plotted and a good linear
relationship can be shown as:

Agy, = 0.0328 Attmax /Pmax %)

Then, Ag,; can be easily calculated using Eq. (2), and, as shown in Figure 17, it can be well
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correlated with ¢ax/Pmax as a linear formula:

Aé,; = 0.0388Gmax/Pmax (6)
where g,y 1s defined as the maximum deviator stress can be achieved during cyclic loading. It
can be seen that, irrespective of the confining pressure, loading frequency, and consolidation
stress ratio, the volumetric strain due to the densification of cyclic loading has a unique linear
relationship with gpa/Pmax, With a standard error less than £15%, which indicates that the
volumetric strain due to the densification of cyclic loading under partially drained condition
can be easily estimated by the test results from one drained cyclic test with multi-stage cyclic

deviator stress.

4. Discussions of this study

In this study, the length of the drainage path (sample height) was kept constant for all the
specimens. Also, the drainage direction in the field would be quite different from the condition
in the triaxial test, where the drainage is only one-dimensional. Note that the permeability after
cyclic loading was only measured for one specimen such that no generalized relationship
between permeability and peak excess pore water pressure ratio as well as stress states can be
established, which will be the main research focus in the future. The research findings in this
study are valid for the specific ranges of loading conditions, including the confining pressure,
frequency, consolidation stress ratio and cyclic deviator stress, which aims to simulate the stress
conditions that are normally confronted in the transportation geostructures. Importantly, as a
common limitation for most laboratory studies, the scale of the model test (triaxial specimen)

may not be comparable to the actual dimensions of most practical problems.

5. Conclusions

In this study, a series of static and cyclic triaxial tests was implemented to focus on the dynamic
responses of a granular fill material under partially drained condition, in which the top of the
specimen was impermeable, and the bottom of the specimen was connected to a pressure

controller that maintained the water pressure and allowed water drain freely. Due to the fact
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that the excess pore water pressure distribution inside the specimen subjected to cyclic loading

is inhomogeneous, the cyclic triaxial test is a model test rather than an element test. Aim to

simulate the condition that a granular fill material in a transport geostructure normally

experiences, the specimens were subjected to multi-stage cyclic deviator stress with low stress

level and high cycle number, instead of the investigation on liquefaction phenomenon under

high stress levels, which has been widely reported in extensive studies. Based on the principal

findings of the current results, the following conclusions can be drawn:

1.

The permeability of granular fill material is more dominated by the existence of fine
particles. Under isotropic loading, the logarithmic value of permeability decreases almost
linearly with decreasing void ratio. After the cyclic loading is applied, however, the
permeability decreases at an obviously higher rate with the decreasing void ratio. This is
possibly induced by the reconstruction effect from cyclic loading on the microstructure of
the specimen.

The stress-strain behaviour of the post-cyclic specimens shows a significantly higher initial
modulus but lower shear strength compared to that of the specimens without subjected to
cyclic loading.

The development of excess pore water pressure results from the dynamic disequilibrium
between the contraction of the specimen and its drainage ability. Under partially drained
condition, the excess pore water pressure normally increases dramatically to a high level,
then followed by a gradual decrease. The increasing frequency and cyclic stress levels are
two adverse factors to the deformation or stability of granular fill layers in the embankment.
Under partially drained condition, the granular fill material normally experiences a sudden
decrease of stiffness and a quick increase in deformation at the first cycles of loading. The
deformation response of the material can be reasonably divided into that caused by
densification effect of applied cyclic loading and that due to the dissipation of excess pore
water pressure. Two linear relationships were established to correlate the permanent

deformations with excess pore water pressure and applied cyclic loading.
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Figure 1. Particle size distribution curve of the granular fill material



Figure 2. The microscopic view of (a) the cross-section of a single soil particle, (b)
typical indentation point on an angular particle, and (c) typical indentation point on
the bonding materials
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Figure 3. The Vickers microhardness of different positions on particles in (a) air dried
and (b) saturated conditions



LR

SEM HV: 20.0 KV VEGA3 TESCAN
SEM MAG: 4.00 kx 20 pm

5 o

Performance in nanospace

Figure 4. Electron microscope scan image of a typical particle of the granular fill
material
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Figure 5. The setup of the on-specimen transducers for measuring vertical and radial
strains of the specimen
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Figure 17. The relationship between the volumetric strain due to cyclic loading (Ae,;)
and qmax /pmax



Table 1. Basic index values of tested granular fill material

Basic characteristics Value
Coefticient of uniformity (C,) 35.47
Coecfficient of curvature (C,) 0.138
Specific gravity (Gy) 2.73
Maximum dry density (MDD) (94, 4ry» kg/m?) 2120.0
Optimum moisture content (OMC) (Wopt, %)) 5.70




Table 2. XRF results of oxide content of tested granular fill material

Component Si0, Al,O4 Fe,04 MgO K,O CaO

Content (%) 62.3 19.3 5.25 4.58 2.54 2.45




Table 3. Test scheme of tested granular fill material

Initial effective

Test No. confining Frequency, COHSOl,ldatl,On , Cyclic deviator stress, gcyc (kPa) Remarks
, f(Hz) stress ratio, 0’}/0 3
pressure, o3 (kPa)
50 kPa_static 50 - - - Static compression
100 kPa_static 100 - - - Static compression
200 kPa_static 200 - - - Static compression
50 kPa 1 Hz 50 1 1 20, 50, 75, 100 With post-cyclic compression
100 kPa 0.25 Hz 100 0.25 1 20, 50, 75, 100, 130, 150, 175 -
100 kPa_0.5 Hz 100 0.5 1 20, 50, 75, 100, 130, 150, 175 -
100 kPa 1 Hz 100 1 1 20, 50, 75, 100, 130, 150, 175 With post-cyclic compression
100 kPa_2 Hz 100 2 1 20, 50, 75, 100, 130 -
100 kPa_1 Hz_1.25 stress ratio 100 1 1.25 20, 50, 75, 100, 130, 150, 175 -
100 kPa 1 Hz 1.5 stress ratio 100 1 1.5 20, 50, 75, 100, 130 -
150 kPa 1 Hz 150 1 1 20, 50, 75, 100, 130, 150, 175 -
With post-cyclic compression;
200 kPa_1 Hz 200 ! ! 20, 50, 75, 100, 130, 150, 175, permeability tests were conducted

200, 230

after each stage of isotropic loading
and cyclic loading
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