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Cyclic Behavior of Kaolin Clay under Undrained
Conditions: Role of Microfabric

Quanyang Dong, Ph.D., Aff.M.ASCE"; Qi Sun, Ph.D., Afft M.ASCEZ; and Jun Yang, Ph.D., F.ASCE?

Abstract: The role of microfabric in the undrained cyclic behavior of kaolin clay is a topic of considerable interest but is yet to be fully
understood. This paper presents new experimental data and analysis to address the topic. An efficient method is suggested to prepare
flocculated and dispersed samples of good uniformity and repeatability in the laboratory. The experiments consistently show that there
exists a critical cyclic stress ratio (CSR)—when the applied CSR is less than or greater than it, the accumulation of plastic strain and of
residual pore water pressure during cyclic loading can be markedly different. The microfabric of kaolin clay affects the critical CSR, and
this effect appears to be coupled with the effective confining pressure. In general, the flocculated sample has a larger critical CSR than the
dispersed one and it has stronger resistance when subjected to CSR that is greater than the critical CSR. When subjected to CSR that is
less than the critical CSR, the dispersed sample, however, exhibits larger resistance than the flocculated sample. Furthermore, the
possible microscopic mechanism for the macroscopic experimental findings is explored by means of quantitative analysis of microfabrics
of the flocculated and dispersed samples at different loading stages. DOI: 10.1061/JGGEFK.GTENG-12838. © 2025 American Society

of Civil Engineers.
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Introduction

The structure of clay, including microfabric and bonding between
soil particles, has an important influence on its overall mechanical
behavior. The term microfabric refers to the arrangement of particle
groups and pore spaces (Mitchell 1993). For natural clay, micro-
fabric reflects the imprints of the geologic and stress history, the
depositional environment, and the weathering history. Attempts
have been made to find the differences in engineering properties
between natural and remolded clays (Broms and Casbarian
1965; Kirkgard and Lade 1993). However, due to the complex envi-
ronment of natural clay and the intricate effects of physical and
chemical conditions on clay structure, it is difficult to identify
the effect of microfabric in such comparative studies. To overcome
the difficulty, attempts have been made to use different remolding
methods in the laboratory, for example, using different consolida-
tion pressures (Martin 1965) to obtain different microfabrics. Since
the stress history has a significant influence on the mechanical
properties of clay, it is also difficult to isolate the effect of micro-
fabric. An alternative way is to use different pore water chemistry to
form different microfabrics (Krizek et al. 1975; Soga 1994; Hazen
and Penumadu 1999; Wang and Siu 2006). In general, clays
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deposited in salt water can develop a flocculated structure, whereas
those deposited in fresh water have a dispersed structure (Lambe
and Whitman 1969; Sachan and Penumadu 2007, Pillai et al. 2011).

Most of the existing experimental studies have concentrated on
the effect of microfabric on the consolidation behavior of clay (Seed
and Chan 1959; Sloane 1966; Mckyes 1971; Delage and Lefebvre
1984; Yu et al. 2016; Chow et al. 2019). A few studies also inves-
tigated the effect of microfabric on the shear behavior of clay (Wang
and Siu 2006; Sachan and Penumadu 2007) and observed that floc-
culated clay samples had higher compressibility and lower shear
strength compared with the dispersed samples. As far as the critical
state line (CSL) is concerned, several studies showed that the CSL in
the g—p' plane is independent of the initial microfabric of the sample
(Wheeler and Sivakumar 2000; Pillai et al. 2011). Based on a quali-
tative comparison, Pillai et al. (2011) suggested that the microfabrics
of flocculated and dispersed samples at critical state are similar. Sev-
eral studies, however, showed that the microfabric can affect the CSL
in the e-p’ plane (Wheeler and Sivakumar 2000; Wang and Siu
2006). These diverse results indicate the complexity of the problem
and call for further investigation.

In many practical applications, clay deposits are subjected to
cyclic loading (e.g., wave loading, traffic loading, or seismic load-
ing); it is thus important to properly determine the mechanical
properties of clays under cyclic loading (Seed and Chan 1966;
Sangrey et al. 1978; Idriss et al. 1980; Yasuhara and Andersen
1991; Hyde et al. 1993; Guo et al. 2013). By means of resonant
column testing, several studies reported that soil structure can affect
the shear modulus and damping ratio of clay (Edil and Luh 1980;
Du et al. 1986; Wang and Siu 2006). However, the effect of micro-
fabric on the cyclic behavior of clay has received much less atten-
tion (Pillai et al. 2011) and is not yet fully understood. Most of the
prior studies on the effect of soil fabric have focused mainly on the
cyclic behavior and liquefaction resistance of sands (e.g., Sze and
Yang 2014). For clays, changes of the depositional environment
may alter their microfabric, and hence it is of interest to
explore the cyclic behavior and strength of clay with different
microfabric.
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This paper presents new experimental data aimed to better under-
stand the effect of microfabric on the behavior of kaolin clay under
undrained cyclic loading. An efficient method was developed to pre-
pare quality kaolin clay samples with flocculated and dispersed
microfabrics in the laboratory. A series of stress-controlled cyclic
triaxial tests was carried out on flocculated and dispersed samples,
and the results in terms of pore pressure response and plastic strain
accumulation were analyzed in detail. Furthermore, the microfabrics
of flocculated and dispersed samples were quantified using an im-
aging technique to explore the microscopic mechanisms for the ob-
served behavior.

Preparing Remolded Clay Samples

Principles

Commercially available kaolinite obtained from Suzhou, China,
was used in the present study. The kaolin clay has a specific gravity
of 2.61, with 80% of particles being finer than 10 4m and 46% finer
than 2 pm, with activity of 0.44. The reason for choosing commer-
cial kaolin clay instead of natural clay is to minimize the uncertainty
associated with different minerals in natural clay. Kaolinite is a kind
of stable clay mineral that does not swell or expand when encoun-
tering water.

Kaolinite is a 1:1 sheet silicate, composed of a (Si,0s)~2 tetra-
hedral layer and an (Al,[OH],)*? octahedral layer. When kaolin
clay is in acidic aqueous solution, the faces of the particles get
negatively charged while the edges get positively charged. In this
case, the edges of a platelet can be attracted to the faces of another
platelet, and meanwhile the faces of the platelets try to repel each
other as far as possible. As a result, these platelets form a floccu-
lated microfabric (Carty 1999). However, dispersant solution can
change the charges carried at the edges of the particle. The anions
ionized by the dispersant have priority to be adsorbed at the edges
(Carty 1999), thus making the side negatively charged. All of the
particles carry negative charges, leading to repulsion between
each other. Therefore, the parallel particles caused by repulsion
result in a dispersed microfabric when subjected to consolidation
pressure.

Sample Preparation

In preparing the kaolin slurry, the water content was about two
times the liquid limit of the clay. The kaolin powder was mixed
with distilled water for the flocculated microfabric, whereas it was
mixed with dispersant solution prepared by dissolving 2% Calgon
by weight for the dispersed microfabric.

In most experimental studies, the method of one-dimensional
slurry consolidation was employed to prepare clay samples with
different microfabrics (Sachan and Penumadu 2007; Pillai et al.
2011; Wang and Siu 2006). This conventional method has several
limitations. First, the slurry may easily leak from the consolidometer
when high stresses are applied, especially for the slurry with disper-
sant. Second, it usually takes a long time to complete consolidation
for samples with dispersed microfabric. In addition, nonuniformity
can become significant when the method is used to prepare large
samples.

To overcome these disadvantages, a tailor-made vacuum con-
solidation device was set up in this study, as schematically shown
in Fig. 1. The device is composed of a cylindrical mould with
pedestal and porous plate at the bottom, a graduated cylinder, and

provides specific consolidation pressures. Each sample is placed
in an individual mould, and several samples as a batch (e.g., eight
samples in this study) can be prepared simultaneously by joining all
the pedestals as a circuit. Note that in this study filter papers were
placed on the top, bottom, and around the slurry to speed up
consolidation.

After pouring the slurry into the rubber membrane inside the
cylindrical mould, the top of the rubber membrane was fastened
by rubber band to form a sealed state in order to prevent leakage
during consolidation. The preparation of kaolin samples with the
different microfabrics adopted the same consolidation pressure.
The slurry was initially consolidated under the vacuum pressure
of 15 kPa; after the finish of consolidation, it was continued to
consolidate by increasing the vacuum pressure by 15 kPa in steps
until the completion of consolidation under 90 kPa.

By using the specifically designed device, a batch of samples
can be prepared simultaneously to ensure uniformity and repeat-
ability. Each specimen after consolidation was measured 80 mm
in diameter and 150 mm in height. The vacuum consolidation
method can significantly shorten the time as compared with the
conventional method. In general, it took five days to prepare floc-
culated samples and eight days to prepare dispersed samples.

Table 1 summarizes the physical properties of the flocculated
and dispersed samples. Note that the flocculated sample has lower
density, higher water content, and higher permeability than the dis-
persed sample. The liquid limit of the flocculated sample is higher
than that of the dispersed sample, but the plastic limit is almost the
same. These results are consistent with those reported by Sachan
and Penumadu (2007) and Pillai et al. (2011).

To examine the microfabric of the prepared samples, SEM
images of the samples after consolidation under vacuum pressure
of 90 kPa were taken along the vertical direction (i.e., the direction
of major principal stress in triaxial compression test), as shown in
Fig. 2. These images confirm that the flocculated sample has a
random orientation of clay platelets with face-to-edge contact
[Fig. 2(a)], whereas the dispersed microfabric is in the form of
layered arrangement of clay platelets with face-to-face contact
[Fig. 2(b)]. The observations are in agreement with those reported
in previous studies (Sides and Barden 1971; Sachan and Penumadu
2007; Pillai et al. 2011). Further quantification of the microfabric

Rubber bﬂ{d‘ Rubber membrane

Cylindrical mold
Filter paper
Slurry

Pressure
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cylinder

X Vacuum
pump
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Fig. 1. Schematic of the vacuum consolidation device for the study.

Table 1. Physical properties of flocculated and dispersed samples

Initial
Initial Water void Liquid Plastic
density, content, Permeability, ratio, limit, limit,
Sample po (g/em®) w (%)  k(cm/s) eg  wr (%) wp (%)

-7
a vacuum pump. The graduated cylinder is to measure the amount Flocculated 113 449 14x 10—3 130 60.8  24.1
. .. Dispersed 1.25 38.2 3.8 x 10 1.05  40.0 24.5
of water consolidated from the slurry. The digital vacuum pump
© ASCE 04025071-2 J. Geotech. Geoenviron. Eng.
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Fig. 2. SEM images of the kaolin clay used: (a) flocculated microfabric; and (b) dispersed microfabric.

will be presented later. It is worth noting that most of the floccu-
lated structures look like the book-house instead of card-house
structure. A more realistic representation of the dispersed structure
is the turbostratic arrangement (Sides and Barden 1971).

One critical issue in the study of the effect of microfabric is to
ensure uniformity and repeatability of the samples submitted to
testing. To validate the quality of the prepared samples, the water
content was measured for different parts. As shown in Fig. 3, a total
of nine locations were selected for a test sample—three at the top,
three in the middle, and three at the bottom. Typical test results are
summarized in Table 2. For the flocculated sample, the water con-
tent varies between 44.3% and 45.9%, with an average value of
44.9%, while it ranges between 37.6% and 39.1% for the dispersed
sample, with an average value of 38.2%. Both flocculated and dis-
persed samples showed excellent uniformity.

Furthermore, parallel triaxial compression tests were conducted
on flocculated and dispersed samples under the effective confining
pressure of 100 kPa. In doing so, cylindrical specimens 100 mm in
height and 50 mm in diameter were extracted from the core of the

L
A4 . @
5 Selected testing point

Fig. 3. Distribution of the selected points for water content
measurement.

slurry-consolidated sediment. The test results are shown in Fig. 4(a),
where F and D stand for the flocculated and dispersed samples,
respectively. It is evident that the stress—strain relationships of the
two parallel samples is quite consistent, confirming excellent
repeatability and reliability of the experiments.

Fig. 4(b) shows the void ratio versus isotropic consolidation
pressure for dispersed and flocculated samples. It is evident that
the compressibility of flocculated and dispersed microfabric is sig-
nificantly different. The compression index, C¢, for the flocculated
sample is much higher than the dispersed sample, but the swelling
index, Cg, is similar.

Testing Apparatus and Procedure

The apparatus used in the present study is an advanced dynamic
triaxial testing system that can realize static and dynamic tests
under arbitrary stress paths. The cyclic load can be applied up to
5 Hz, and the deformation and pore pressure are measured via a
robust real-time data acquisition system. Each specimen was satu-
rated by circulation of deaired water and then by application of
back pressure, and full saturation was assumed at the Skempton
pore pressure parameter being greater than 0.96. The saturated
specimen was isotropically consolidated to the specified confining
pressure and then subjected to stress-controlled cyclic triaxial
testing under undrained conditions. The frequency of cyclic loading
was set as 0.1 Hz.

All samples were subjected to 5,000 cycles, except those that
reached the axial strain level of 12% before 5,000 cycles. Cyclic
triaxial tests were carried out under two effective confining
pressures, 100 and 200 kPa. The applied cyclic stress ratio (CSR),
defined as follows, was between 0.35 and 0.77:

CSR = 14 (1)
ar

where g, = cyclic deviatoric stress; and gy = undrained shear
strength of the sample obtained from the monotonic loading test.

Table 2. Test results of water content (in %) of flocculated and dispersed samples

Sample Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Average water content
Flocculated 443 44.6 44 .4 44.7 45 44.8 45.6 459 45.5 44.9
Dispersed 37.6 37.8 37.7 38.0 38.3 38.1 39 39.1 38.8 38.2
© ASCE 04025071-3 J. Geotech. Geoenviron. Eng.
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Fig. 4. Test results on flocculated and dispersed samples: (a) stress—strain curves in triaxial loading; and (b) variation of void ratio under isotropic

consolidation.

Test Results

Monotonic Loading Tests

Monotonic tests were conducted at the strain rate of 0.05 mm/min
under effective confining pressure of 100 and 200 kPa, respectively.
Fig. 5(a) shows the stress—strain curves of flocculated and dispersed
samples under two different confining pressures, and Fig. 5(b)
shows the pore pressure responses of these specimens. It is inter-
esting to note that the dispersed samples exhibit strain softening
behavior, whereas the flocculated samples show strain hardening
response. The maximum deviatoric stresses of the dispersed
samples at the confining pressure of 100 and 200 kPa are deter-
mined as 68.1 and 124.4 kPa, respectively. By comparison, the
maximum deviatoric stresses of the two flocculated samples are
59.4 and 119.9 kPa. As far as the excess pore pressure is concerned,
higher pore pressures were generated in the flocculated samples,
implying that the flocculated samples were more contractive than
the dispersed samples.

The effective stress paths of the flocculated and dispersed sam-
ple for the monotonic test under 100, 150, and 200 kPa are shown
in Fig. 6(a), and the CSL and normal consolidation line (NCL) of
the flocculated and dispersed samples are plotted in the ¢ — p’ and
v — p’ space. As shown in Fig. 6, at a given confining pressure, two
samples with different microfabrics arrive at different critical states.
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i
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8 40t
20
0 1 1 1 1
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(a) Axial strain, & %

The flocculated samples attain a larger critical stress ratio (¢/p’) in
the g — p’ plane and a steeper CSL in the v — p’ space. The friction
angles at the critical state determined are comparable with that
reported by Prashant and Penumadu (2005). Moreover, the NCL
is parallel to its own CSL, which is consistent with the test result
on remolded clay by Wood (1990). The microfabric affects not only
the consolidation response but also the behavior at the critical state.

Cyclic Loading Tests

Table 3 summarizes the results of cyclic tests conducted on floc-
culated and dispersed samples, including final accumulated strains
and residual pore pressures. As an example, Fig. 7 shows the results
of a flocculated sample under the confining pressure of 100 kPa and
the CSR of 0.57, where the plot of Fig. 7(a) presents the evolution
of axial strain (¢,) with the number of cycles and the plot in
Fig. 7(b) shows the buildup of excess pore pressure (u).

Plastic Strain Accumulation

By subtracting the resilient strain (¢,) from the total strain (¢,,), the
plastic strain (¢,) can be derived. Fig. 8(a) shows the accumulated
plastic strain (g,) as a function of number of cycles for flocculated
and dispersed samples under the confining pressure of 100 kPa and
subjected to CSR < 0.57. Fig. 8(b) shows the accumulated plastic
strain (g,,) as a function of loading cycles at CSR greater than 0.57.
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Fig. 5. Results of undrained triaxial compression tests: (a) stress—strain curve; and (b) pore pressure response.
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Fig. 6. Test results of (a) effective stress path; and (b) CSL and NCL in v — p’ space.

The corresponding results for the case of confining pressure of
200 kPa are shown in Figs. 9(a and b).

One of the notable findings is the effect of CSR. Take the case of
confining pressure of 100 kPa (Fig. 8) as an example. When
CSR £0.57, plastic strain accumulates mainly at the first few
hundred cycles, for both flocculated and dispersed samples, and
then tends to remain at a stable strain level afterwards. The final
plastic strains after 5,000 cycles are relatively small (less than
1.2%). In terms of the role of microfabric, flocculated samples
undergo larger plastic strains than dispersed samples under the
same CSR. For example, at CSR = 0.57, the cumulative plastic
strain after 5,000 cycles is 1.15% for the flocculated sample as
compared with 0.80% for the dispersed sample.

Table 3. Summary of cyclic triaxial tests

However, when CSR is greater than 0.57, a markedly different
phenomenon is observed, as shown in Fig. 8(b). In the case of
CSR = 0.63, for example, the dispersed sample develops plastic
strain relatively more slowly than the flocculated sample at the first
few hundred cycles, but as the cyclic loading further proceeds, a
rapid development of plastic strain takes place in the dispersed sam-
ple and the deformation becomes uncontrollable at the 645th cycle.
By comparison, the plastic strain continues to accumulate gradually
in the flocculated sample, reaching ~2.72% at the end of 5,000
cycles, and it does not appear to reach a stable strain level. When
CSR is increased to 0.70, the dispersed sample becomes uncontrol-
lable more rapidly, at the 38th cycle, whilst the flocculated sample
also develops large plastic strains (~12%) well before the specific
number of cycles (5,000) is reached.

Similar observations can be obtained in the case of effective
confining pressure of 200 kPa (Fig. 9). An additional point of
interest is that the dispersed sample under the CSR of 0.57 develops
uncontrollable deformation at the 3048th cycle, whereas under the

Effective

confining Final residual same CSR but at the confining pressure of 100 kPa, it shows a kind

pressure, Final accumulative  pore pressure, of stable response, with the accumulated plastic strain of less than
Sample o4 (kPa)  CSR strain, €, (%) u, (kPa) 1.2% after 5,000 cycles of loading. This finding reveals the inter-
Flocculated 100 0.35 0216 2301 play of the CSR and the effective confining pressure.
Flocculated 100 0.50 0.517 45.67 Residual Pore Pressure
Flocculated 100 0.57 1.147 57.84 . . .
Flocculated 100 0.63 2718 36.89 Figs. 10 and 11 present the residual pore pressure (u,.) as a function
Flocculated 100 0.70 12.000 98.93 of number of cycles for flocculated and dispersed samples under
Flocculated 100 0.77 12.000 97.44 the confining pressure of 100 and 200 kPa, respectively. The values
Flocculated 200 0.35 0.350 43.80 of residual pore pressures at the end of the tests are given in Table 3.
Flocculated 200 0.50 1.041 72.87 Under the confining pressure of 100 kPa and at the CSR of less
Flocculated 200 0.57 1.878 134.77 than 0.57, the development of residual pore pressure in flocculated
Flocculated 200 0.63 6.173 179.59 and dispersed samples shows a similar pattern [Fig. 10(a)]: the
Flocculated 200 0.70 12.000 184.45 residual pore pressure builds up in the first few hundred cycles
FDli(;;(:rliitded %88 8;; 13?22 1;?32 and then tends to stabilize afterwards. Overall, larger pore pressures
Disperée d 100 0.50 0430 41.53 are generated in ﬂpcgulated sgrpples t.han in dispersed samples
Dispersed 100 057 0.801 5438 under otherwise similar conditions, implying that flocculated
Dispersed 100 0.63 12.000 83.57 samples are more contractive than dispersed samples. This result is
Dispersed 100 0.70 12.000 49.02 consistent with the finding obtained from the undrained monotonic
Dispersed 100 0.77 12.000 49.85 tests [Fig. 5(b)].
Dispersed 200 0.35 0.186 39.92 When the applied CSR is greater than 0.57, the accumulation of
Dispersed 200 0.50 0.528 67.25 residual pore pressure shows significantly different patterns in
Dispersed 200 0.57 12.000 173.85 flocculated and dispersed samples [Fig. 10(b)]. The residual pore
Dispersed 200 0.63 12.000 171.01 pressure builds up rapidly toward failure in dispersed samples,
Dispersed 200 0.70 12.000 100.75 whereas in flocculated samples it builds up quickly in the first sev-
Dispersed 200 0.7 12.000 8342 eral hundred cycles and then tends to stabilize afterwards. At the
© ASCE 04025071-5 J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2025, 151(7): 04025071



Downloaded from ascelibrary.org by University of Hong Kong on 10/21/25. Copyright ASCE. For personal use only; al rights reserved.

1.4 70

0,=100kPa 0,=100kPa
12} F, CSR=0.57 | : | ‘ _ k © 60f F, CSR=0.57 M o
I I o
10} i S 50 1
X | il L g i Y
. ‘ T = YTTTTTm
o o8l ‘ H‘M‘\\H“”w @ 40| ‘\‘“‘H‘”“\‘\““
£ - \WMWM o HM‘H \M\M
g i ik 3 I
T 06f W e g %0r i e
04+ § 20
w
0.2 | Plastic strain, ¢, 10 + Residual pore pressure, u,
0.0 ] 1 1 1 ] L v 0 1 1 1 I )
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
(a) Number of cycles, N (b) Number of cycles, N

Fig. 7. Typical results of flocculated sample (o3 = 100 kPa, CSR = 0.57): (a) development of axial strain; and (b) development of excess pore
pressure.

1.4 12

0,=100kPa A 0,=100kPa
12} 1ol M=38|N= N = 2761 s
I F, CSR=0.57
= 10} < F, CSR=0.70
< W 8r M
§ 08r D, CSR=0.57 s
= - 5 et D, CSR=0.70
© 06| 0
7 F, CSR=0.50 2
g - a
o o 4r
04 -~ F, CSR=0.63
i F, CSR=0.35 2| D £:50=0.6
02t
- D, CSR=0.35
00 1 1 1 0 1 1 1 1 1
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
(a) Number of cycles, N (b) Number of cycles, N

Fig. 8. Accumulation of plastic strains of flocculated and dispersed samples under effective confining pressure of 100 kPa: (a) CSR = 0.35-0.57; and
(b) CSR > 0.57.
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Fig. 9. Accumulation of plastic strains of flocculated and dispersed samples under effective confining pressure of 200 kPa: (a) CSR = 0.35-0.50; and
(b) CSR > 0.50.
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Fig. 10. Development of residual pore pressure of flocculated and dispersed samples under effective confining pressure of 100 kPa:

(a) CSR = 0.35-0.57; and (b) CSR > 0.57.

CSR of 0.70, for example, the residual pore pressure in the floc-
culated sample becomes close to the effective confining pressure at
around 1,000 cycles and then remains almost unchanged until the
end of the test. By comparison, the dispersed sample fails at the
38th cycle with the recorded residual pore pressure of ~70 kPa.

Similar observations can be obtained in the case of effective
confining pressure of 200 kPa (Fig. 11). It is worth noting that
the dispersed sample under CSR = 0.57 shows a markedly differ-
ent feature as compared with the dispersed sample under the same
CSR but lower confining pressure, indicating the interplay of the
effects of CSR and the confining pressure.

Critical Cyclic Stress Ratio and Cyclic Strength

The results in Figs. 8—11 suggest that there exists a critical CSR,
which can be regarded as the maximum CSR that does not lead to
failure (Larew and Leonards 1962; Sangrey et al. 1978). If assum-
ing the failure criterion of 5% plastic strain, the values of critical
CSR of the flocculated and dispersed samples under the effective
confining pressure of 100 kPa can be determined as 0.63 and 0.57,
respectively, and the critical CSR values under the confining
pressure of 200 kPa are 0.57 and 0.50, respectively. Note that these
critical values are approximate estimates based on the test results.
Therefore, it can be concluded that the microfabric of kaolin clay
affects the critical CSR, and this effect is coupled with the effective
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confining pressure. In general, the flocculated sample has a larger
critical CSR than the dispersed one, meaning that it is more difficult
to fail the flocculated sample, especially under low effective con-
fining pressure.

As defining cyclic strength for sand (Yang and Sze 2011),
similar cyclic strength curves can be determined for the kaolin clay,
as shown in Fig. 12, where N is defined as number of loading
cycles to failure (5% accumulated plastic strain). One can notice
that the cyclic strength of flocculated samples is larger than that
of dispersed samples. Furthermore, the cyclic strength difference
due to different microfabrics slightly decreases with increasing
confining pressure. This may be due to rearrangement of aggregates
associated with confining pressures (Sachan and Penumadu 2007).

Plastic Strain Development Patterns

Based on a thorough examination of the tests conducted, three
types of deformation patterns can be put forward for flocculated
and dispersed samples, respectively, as shown in Fig. 13.

Fig. 13(a) shows the three patterns of flocculated samples.
When CSR is smaller than the critical CSR, the plastic strain
accumulates toward a stable level after a few hundred loading cycles
(Type I). When CSR is close to the critical CSR, the plastic strain
accumulates gradually until the end of the test (Type II). When CSR
is larger than the critical CSR, plastic strain accumulates more
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200 N =682
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%
5 =5
o 150 -\
E}
2
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o 100}
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w50
Q
14
0 " 1 L 1 " 1 " 1 " 1

0 1000 2000 3000 4000 5000

(b) Number of cycles, N

Fig. 11. Development of residual pore pressure of flocculated and dispersed samples under effective confining pressure of 200 kPa:

(a) CSR = 0.35-0.50; and (b) CSR > 0.50.
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Fig. 12. Cyclic strength curves of flocculated and dispersed samples.

quickly in the initial stage of loading and then accumulates at a
decreased rate (Type III).

The three patterns of dispersed samples are shown in Fig. 13(b).
When CSR is smaller than critical CSR, the pattern is similar to
Type I of flocculated samples. When CSR is close to the critical
CSR, the plastic strain accumulation is relatively slow in the initial
stage, which is followed by a rapid development of large strain
leading to failure (Type II'). When CSR is larger than the critical
CSR, arapid development of plastic strain toward failure may occur
within the first few cycles (Type III').

The markedly different patterns between Type II and Type II'
and between Type III and Type III' highlight the significant effect
of microfabric on the undrained cyclic behavior of kaolin clay.

Quantification of Microfabric

To further understand the observed differences in the behavior of
flocculated and dispersed samples, an attempt was made to quantify
their microfabrics using SEM image processing. It is to be
acknowledged that the 2D nature of SEM images poses an intrinsic
limitation. While 3D characterization techniques, such as microscopic-
computed tomography scanning, are now available, it remains a
challenge to acquire microstructural information accurately. To
overcome the limitation of the 2D SEM images, both horizontal
and vertical SEM images are analyzed and processed in this study.

Plastic strain

(o] Number of cycles

(@)

Sample Preparation for Image Processing

To explore the linkage between the macroscopic behavior and the
microfabric, three states were investigated for both flocculated and
dispersed samples, that is, (a) initial state (after preparation in the
consolidation device); (b) after isotropic consolidation (i.e., 200 kPa)
in the triaxial apparatus; and (c¢) 15% axial strain after undrained
monotonic tests. All the samples reached their critical states
approximately at 15% axial strain, with a constant stress ratio and
reasonable homogeneity. In order to take SEM images of the micro-
structure of each specimen, the specimen was withdrawn from the
cell by slowly reducing the stress under undrained conditions such
that any potential influence of unloading was minimized.

A schematic illustration of sample preparation for SEM analysis
is given in Fig. 14. A rectangular soil slice (10 mm x 10 mm x
20 mm) was extracted from the core, and the samples were quickly
frozen by liquid nitrogen, and then were placed in a freeze dryer at a
temperature of ~50°C to remove water by sublimation. And the
samples for vertical and horizontal SEM observation were notched
in the middle section perpendicular to the horizontal direction
(y-direction) and vertical direction (z-direction). The freeze-drying
method is considered most appropriate for dehydrating clayey soil
samples, especially clays of kaolinite type, without disturbing
fabric (Delage and Pellerin 1984).

SEM images were taken by a ZEISS scanning electron microscope
(Sigma 300), which has a resolution of 1.0 nm and a maximum
magnification of 1,000,000. A magnification factor of x10,000
and an accelerating voltage of 2.0 kV were used to capture high-
resolution SEM images. Ten SEM images were taken from each
observational plane. In each SEM image, approximately more than
400 pores were identified, and at least 4,000 pores were analyzed in
total for one single observational plane. This number of pores is
considered sufficient to provide a good representation of fabric
components (Chow et al. 2019; Tang et al. 2020).

The software, Pores (Particles) and Cracks Analysis System,
was employed in this study. SEM images were first converted into
binary images using the global thresholding method (Sokolov et al.
1998; Prakongkep et al. 2010), in which the voids and solids
(particles and aggregates) were represented by white and black,
respectively. Second, isolated pores were identified using the seed
filling algorithm or the improved scan line seed filling algorithm.
Erosion operation was applied to separate the connected pores (Liu
etal. 2011). It should be noted that very small pores cannot be iden-
tified as measurements on small objects are incorrect due to a small
number of pixels. Also, some small dots are impurities and image

Type II'
Type II'

Plastic strain

Type I'

(o] Number of cycles

(b)

Fig. 13. Schematics of plastic strain development of (a) flocculated samples; and (b) dispersed samples.
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G~ »

vertical plane
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ra,
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Fig. 14. Schematic of sample preparation for SEM observation.

Table 4. Statistical parameters of the micropores from SEM images at initial state

Total region Total Region Average region Average Average Average

Sample area (pum?) number Porosity area (pm?) perimeter (pm) length (pm) width (pm)
Flocculated—horizontal-vertical 221.960 5875 0.255 0.038 0.976 0.312 0.166
Flocculated 152.233 4999 0.175 0.030 0.863 0.298 0.149
Dispersed—horizontal 155.056 6667 0.178 0.023 0.787 0.268 0.139
Dispersed-vertical 176.727 6964 0.203 0.026 0.825 0.281 0.145
noise. Therefore, the pores represented by less than 50 pixels N

(0.006 pm x 0.006 pum) were removed. After SEM image process- p(0;) = % x100% (i =1,2,3,...,24) (2)

ing, the pore geometric parameters (e.g., the pore area, the pore
perimeter, the major and minor axis lengths, and the direction) were
computed (Table 4). As an example, the original SEM image,
binary image, and processed vector image are shown in Fig. 15.

where 0; = ith angle, ranging from (15i-22.5)° to (15i-7.5)°%
p(6;) = percentage of pores with orientation at 6;; Ny; = number
of pores with orientation at §;; and N = total number of pores.

The pore shape can be characterized by the roundness, defined

Quantitative Analysis as follows:

It is of interest to analyze pore orientation and pore shape (i.e., pore
roundness). Pore orientation is defined as the direction of the major
axis of a pore with respect to the horizontal rightward direction,
which is perpendicular to the axial stress applied in triaxial tests.

Ry = = (3)

In order to quantify the frequency of pore orientation at a given
angle range (0;), the angle () from 0° to 360° is divided into 24
equal intervals. Therefore, the percentage of pores with 6; orienta-
tion is calculated by

where R = pore roundness, which varies from approaching O for a
very elongated pore to near 1 for an equiaxed pore; a = major axis
length of the fitting ellipse; b = minor axis length of the fitting
ellipse; and A = pore area.

Original clay SEM image
(1280x960 pixels,
resolution 13.6 pixels/pm)

Binary image
(select gray-level threshold)

Pore division
pores are divided and small
dots are removed

Fig. 15. SEM image processing and pore identification.
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Fig. 16. Rose diagram of pore orientation in (a) horizontal plane; and (b) vertical plane of flocculated sample and in (c) horizontal plane; and

(d) vertical plane of dispersed sample (initial state).

The rose diagrams of pore orientation at initial state are shown
in Fig. 16, showing the pore orientation frequency in different angle
ranges. It is noted that the pore orientation of the two samples on
the horizontal plane is similar, and the pore orientation on the
vertical plane of the two samples is obviously different. The micro-
pores in the flocculated sample are oriented mainly at 15° and 165°,
whilst the preferred orientation of the micropores in the dispersed
sample is close to 30°. Therefore, the two types of samples can be
observed to have significantly different anisotropy.

To quantify the anisotropy of the two microfabrics, the orientation
index proposed by Hicher et al. (2000) is used. It is calculated using
the micropores orientation results in the rose diagram as follows:

k+1+m

Iy =—"— (4)

r+s+t

where /. = orientation index, which varies from 1 for an isotropic
pore structure to O for a perfectly anisotropic structure; s = maxi-
mum orientation percentage; r and ¢ = orientation percentages of
two zones beside the maximum percentage zone; and k, [/, and
m = orientation percentages of the zones perpendicular to zones
r, s, and t, respectively.

The average values of [, in the horizontal planes of the two
samples are 0.798 and 0.709, while the average values in the ver-
tical planes are 0.742 and 0.524. It is noted that for the flocculated
sample, the values of I, in the horizontal and vertical planes are
very close, indicating an isotropic structure. By comparison, the
dispersed sample has a more anisotropic structure since the value
of I, in the vertical plane is much less than that in the horizontal
plane.
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The pore orientation in the dispersed sample aligns horizontally,
being perpendicular to the direction of the major principal stress.
As reported by Hattab and Fleureau (2011), the microfabric maintains
at the beginning (~5% axial strain) of the triaxial loading; thus the
initial more anisotropic microfabric in dispersed samples resulting
in more considerable shear strength than flocculated samples
(Fig. 5). Interestingly, this finding is consistent with the laboratory
observation on sand (Vaid et al. 1999; Yang et al. 2008); that is,

40
s = @ O (O
R=0.2 R=0.4 R=0.6 R=0.8
X 30+
2 .
° 25 | |
o 1
e 1
20 !
g |
515 o
o | \\
& 10} : \
—m—F ! \\
5t @D : \
1
0 Za 1 H 1
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Roundness, R,

Fig. 17. Pore roundness curves of flocculated and dispersed samples.
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a specimen with a higher degree of anisotropy shows larger shear
strength than the specimen with a more or less isotropic fabric
under otherwise identical conditions.

Fig. 17 shows the pore roundness distribution of the flocculated
and dispersed samples at the initial state. The majority of pores
within the two samples have roundness between 0.4 and 0.8, with
a dominant value of about 0.6, showing clear elliptical shapes.
Compared with the flocculated sample, the dispersed sample has
a larger number of pores with roundness greater than 0.6, implying
that more pores are close to the rounded shape. More rounded pores
are likely associated with more dilative behavior (Gao et al. 2020).
This may be another cause for smaller pore pressures being gen-
erated in dispersed samples than in flocculated samples during
undrained loading. It is worth noting that besides initial pore
orientation and pore shape, the evolution of the microfabric may
also affect the macroscale behavior.

Evolution of Microfabric and Its Effect

Besides the initial microfabric, quantitative analysis of microfabric
was also conducted for the state after isotropic consolidation
(i.e., 200 kPa) and the state at the strain level of 15% due to un-
drained triaxial compression. The rose diagrams of pore orientation
at the two states are shown in Figs. 18 and 19, respectively.
The variation of 7, at the three states is shown in Fig. 20 for both
flocculated and dispersed samples.
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The results in Figs. 18 and 20 suggest that there is a decrease
of I, in the horizontal plane and an increase of /,, in the vertical
plane due to isotropic consolidation, implying that an increase of
anisotropy occurs in the horizontal plane and a decrease in
anisotropy occurs in the vertical plane, for both flocculated and
dispersed samples. As the vertical plane is dominant in the triaxial
setting, the reorientation of particles during consolidation overall
leads to a more isotropic microfabric; this finding is generally con-
sistent with the previous observation (Hicher et al. 2000; Hattab
and Fleureau 2011). On the other hand, compared with the floccu-
lated sample, a more anisotropic microfabric in the vertical plane
can be found for the dispersed sample after consolidation. When
large strain develops (~15%, around the critical state), the rotation
of the micropores becomes more apparent, and their orientation
progressively tends toward ~165° and ~30° for the flocculated
and dispersed samples, respectively.

Furthermore, the preferred orientation of micropores can be
observed in the dispersed sample, accompanied by microslip planes
[Fig. 21(b)], which implies that the sample can develop strain
localization with further loading. Interestingly, the formation of
microslip planes cannot be found in the flocculated samples
[Fig. 21(a)]. Hattab and Fleureau (2010) observed that slip occurs
when the principal orientation develops toward the planes of
20°-40°. In this study, the preferred orientation of pores is about 30°
[Fig. 19(d)], indicating similar slip mechanisms. The formation of
microslip plane at large deformation may explain why the dispersed
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Fig. 18. Rose diagram of pore orientation in (a) horizontal plane; and (b) vertical plane of flocculated sample and in (c) horizontal plane; and

(d) vertical plane of dispersed sample (after consolidation).
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Fig. 19. Rose diagram of pore orientation in (a) horizontal plane; and (b) vertical plane of flocculated sample and in (c) horizontal plane; and

(d) vertical plane of dispersed sample (15% axial strain).

samples exhibit a kind of strain-softening behavior in the mono-
tonic tests and a rapid plastic strain development in the cyclic tests
(Type II' and Type III'). Also, it may help explain why the dispersed
samples attain a lower stress ratio at the critical state.

Conclusions

This paper presents new experimental data for better understanding
the effect of microfabric on the cyclic behavior of clay. An efficient
method was put forward to prepare high quality samples with floc-
culated and dispersed microfabrics. A series of undrained cyclic
tests with various CSR was carried out, and a quantitative analysis
of the microfabric was conducted. The main results and findings are
summarized as follows:

* Microfabric plays a vital role in the undrained cyclic behavior of
kaolin clay, including both the accumulation of plastic strains
and the buildup of residue pore pressures.

* A critical CSR can be identified for both flocculated and dis-
persed samples. Depending on the applied CSR with reference
to the critical CSR, a clay sample can exhibit markedly different
patterns of plastic strain accumulation.

e The microfabric affects the critical CSR, and this effect is
coupled with the effective confining pressure. In general,
the flocculated sample has a larger critical CSR than the
dispersed one.
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* For flocculated samples, when the applied CSR is larger than the
critical CSR, plastic strain accumulates quickly to a large level
in the initial stage of loading, and it then accumulates at a
decreased rate. In dispersed samples, however, a rapid develop-
ment of plastic strain toward failure may occur within first few
cycles.

e The quantitative analysis of SEM images indicates that the dis-
persed sample has a more anisotropic microfabric in that particles
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Fig. 20. Microfabric evolution of flocculated and dispersed samples.
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Fig. 21. SEM images at axial strain of 15% for (a) flocculated; and (b) dispersed samples in vertical plane.

or particle aggregates prefer to orientate horizontally. This may
explain why the dispersed sample, when subjected to triaxial
compression, exhibits larger strength than the flocculated
sample.

e The microfabric of dispersed samples tends to be more aniso-
tropic during undrained shear, and the formation of microslip
planes may occur at large stains. This is a plausible microscale
mechanism for the macroscopic observation that dispersed
samples exhibit a kind of strain-softening behavior in the mon-
otonic tests and a more rapid plastic strain development in the
cyclic tests.
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