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Soft clay in the offshore area of the Yangtze River estuary has been investigated
considering its basic physical properties. Forty-five unconfined compressive
strength tests were conducted on the remolded marine soft clay to investigate
the impacts of curing time T, water content w, plasticity index /p, and clay particle
content p. on the thixotropic static shear strength ratio A of the marine soft clay
from the Yangtze River estuary. Results show that the stress—strain curves were
primarily strain hardening and strain softening curve types. Unconfined
compressive strength q, increased with an increase in T. All specimens with
different basic physical properties were capable of thixotropic strength recovery.
When T = 0-28 days, A increased rapidly, while for T > 28 days, A of most
specimens increased slightly or tended to stabilize. The impacts of w, Ip and p. on
As do not follow a consistent pattern, but there is a strong correlation between A
and w/w, (w, is the liquid-limit water content). For w/w < 0.75, A increased with
increasing w/w,, whereas for w/w, >0.75, As decreased with increasing w/w,. We
proposed a simple and widely applicable power function prediction model for
the As of the soft clay from the Yangtze River estuary.

KEYWORDS

marine soft clay, thixotropic strength, unconfined compressive strength tests,
prediction model, physical properties

1 Introduction

Soft clays are widely distributed across marine sites around the world. Due to their
unique sedimentary environment and consolidated state, the basic physical properties of
marine soft clays differ substantially from those of terrestrial soils (Wu et al., 2023; Xiao
et al., 2024). These differences are characterized by their low strengths, high porosity ratios,
low permeability, high sensitivity, and high compressibility. Once disturbed, the structure
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of a marine-deposited soft clay is damaged, leading to a substantial
decrease in its strength and flow behavior, thereby exhibiting
thixotropy. In 1927, Peterfi first introduced the concept of
“thixotropy,” which is used to describe a reversible phenomenon
where a colloidal solution can be transformed from a liquid state to
a solid state and then from a solid state to a liquid state. When the
clayey soil is disturbed by external forces, it gets remolded, leading
to a decrease in strength. However, after being left undisturbed for a
certain period under constant temperature and humidity
conditions, its strength increases. For example, during the
installation of a pile or a suction anchor, the in situ marine clay is
damaged and transformed into a remolded soil. After a marine
structure such as a pile, anchor, or cable is installed, the lateral
strength of the remodeled soil around its foundation will increase
over time due to thixotropy. Part of this strength can provide
sufficient frictional resistance for the pile or suction anchor in the
early stage. The thixotropy of soft clays is important for the design
of anchored foundations. For example, Kul’Chitskii (1975) found
that about one month after disturbance, the strength of the soil
around the pile was about twice that of the soil when it was first
disturbed. Therefore, if the contribution of the thixotropy of the
clay to the soil strength is taken into account in the design of the
foundations for actual marine engineering sites, a significant
amount of costs can be saved.

For a long time, many scholars have conducted extensive
research on the thixotropy of soils involved in the geotechnical
engineering field. Boswell (1949) conducted a thixotropy study on a
large number of sediments in the geotechnical engineering field,
and found that except for clean sands and gravels (Ma et al., 2024a;
Ma et al., 2024b; Ma W. et al., 2024; Qin et al., 2024), most materials
exhibited various degrees of thixotropy. Soft clays, in particular,
exhibited higher thixotropy compared to other materials, and these
thixotropic properties are commonly observed (Dullaert and
Mewis, 2006; Seng and Tanaka, 2012; Shahriar et al., 2018; Peng
et al,, 2021a; 2021b; Ren et al., 2021). Moretto (1948) conducted
unconfined compressive strength tests on four different clays and
found that all four clays were capable of thixotropic strength
recovery, with some of them recovering nearly to the strength
levels of in situ clays. Alam et al. (2021) conducted unconfined
compressive and direct shear tests, and found that the thixotropic
strength of a clay mainly depends on its liquid limit, activity, clay
particle content, and initial grain structure. Shahriar and Jadid
(2018) conducted one-dimensional consolidation tests, and found
that the yield stress of dredged clays increased with increasing
thixotropic time, and they developed a prediction model for the
yield stress ratio of dredged clays with different initial water
contents. Tang et al. (2022) investigated the changes of
mechanical properties of the clay from Zhanjiang during the
thixotropic process. They quantitatively analyzed the relationships
between the thixotropic time and the cohesion, internal friction
angle, and initial tangential modulus, and developed the Duncan-
Chang model that considers the thixotropy of clay. Yang et al.
(2021) investigated the impacts of thixotropy and reconsolidation
on the undrained shear strength and shear modulus of marine clays,
and found that reconsolidation counteracted the increase in shear
strength and shear modulus caused by thixotropy. Wei et al. (2023)
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identified significant thixotropy in loess and demonstrated that the
increase in thixotropic strength of loess during the thixotropic
process was due to increased cohesion and frictional force in the
soil structure. Ren et al. (2024) conducted fall-cone tests and found
that the thixotropic strength of a deep-sea clay increased rapidly in
the early stage and then its increase slowed down with increasing
thixotropic time. They also observed that during the thixotropic
process, the microstructure of the clay changed from a dispersed
structure with parallel-aligned particles to a well-flocculated
dispersed structure.

The thixotropic properties of marine soft clays are crucial for
maintaining the bearing capacities of offshore engineering
foundations in the early stage, and deserve the attention of the
engineering community during the designing of offshore
engineering foundations (Ren et al., 2021). Although the above
studies on the thixotropy of soft clays have achieved certain results,
there is a lack of research on the thixotropy of the soft clay in the
offshore area at the Yangtze River estuary due to its complex
regional variations. In particular, there is a lack of analytical
research on the impacts of its physical and mechanical properties
on its thixotropy. In addition, there are few prediction models for
the thixotropy of soft clays. Given the shortcomings of the above
studies, we focused on water content w, plasticity index Ip clay
particle content p., and curing time T, and conducted unconfined
compressive strength tests to measure and analyze the thixotropy of
the marine soft clay from the Yangtze River estuary. The research
findings can provide reference data for the early-stage bearing
capacities of actual engineering foundations at the Yangtze River
estuary, and also help us understand more deeply the unique
engineering properties of marine soft clays.

2 Test plan

2.1 Test materials and preparation
of specimens

The specimens were taken from the offshore waters of the
Qidong section of the Yangtze River estuary. The physical
properties, including water content w, specific gravity G, natural
density p, and plasticity index Ip, were determined according to
ASTM D2487-11 (2017); ASTM D854 (2014); ASTM D2216-982
(2019); ASTM D1556/D1556M (2015), and ASTM D4318 (2017),
respectively. The results are summarized in Table 1. The measured
Iy and w of the in situ soil were used as the basic physical properties

TABLE 1 Basic physical properties of the marine soft clay.

ID w/% Awo/% plgem™ Gy wi/% wpl%
1 45 05-03 | 168 272 | 500 | 246 254
2 45 L0~14 181 269 601 251 35.0
3 45 02-05 | 214 268 | 706 | 263 443
4 40 00-03 | 203 271 | 578 | 236 352
5 35 0.75~1.2 1.77 2.70 64.8 29.2 35.6
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for the remolded specimens in the tests. The remolding procedure is
as follows: 1) Dry, crush, and sieve the in situ soil (sieve pore size
0.25 mm); 2) Weigh the predetermined mass of soil (keeping the
dry density at 1.5 g/cm’), add the corresponding mass of water
according to the specified w, and mix thoroughly until the mixture
becomes a uniform soil paste; 3) Fill the prepared uniform soil paste
into a standard triaxial specimen-saturation mold in eight layers,
and ensure high consistent compaction and uniform height for each
layer; 4) Wrap the prepared cylindrical specimens with a diameter
of 50 mm and height of 100 mm in plastic wrap, and store them a
constant temperature and humidity environment (humidity of 98%,
and temperature of 20°C) for curing times of 0, 7, 14, 28, and 60
days. Before the test, check the water contents of the cured
specimens layer by layer. The difference between the cured water
content and the initial water content Aw, should not exceed 1.5%
for the test to proceed.

2.2 Test instrument and test plan

The unconfined compressive strength test is one of the common
indoor tests for studying the thixotropic properties of clays. In this
test, an electric strain-controlled unconfined pressure gauge was
used, and specimens with an Ip of 25.4, 35, and 44.3, respectively,
were selected. Specimens with different I values were prepared with
water contents of (w) 35%, 40%, and 45%, respectively. Considering
the impact of time on the thixotropic properties of the remodeled
marine soft clay, five different curing times (T) of 0, 7, 14, 28, and 60
days were used to investigate their impacts on the thixotropic
properties. Taking the above factors into account, we conducted a
total of 45 unconfined compressive strength tests. The specific test
conditions are shown in Table 2.

3 Analysis of test results

The thixotropic static shear strength ratio A is defined as
follows:

A, =t (1)
qu0

where g, is the unconfined compressive strength g, with a
curing time of T, and ¢, is the ¢, with a curing time of 0. A reflects
the recovery of the thixotropy static shear strength with any T. It is
used to indicate the strength of the specimen. The g, and A; of the
specimens under different test conditions are shown in Table 3. The
value of g, is defined as the peak strength when the specimen

TABLE 2 Test conditions for the unconfined compressive strength tests.

Ip w/% T/day
254 35, 40, 45

35.0 35, 40, 45 07 1428 60
44.3 35, 40, 45
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experiences a brittle failure, or the strength corresponding toa strain
of 15%when the specimen experiences a plastic failure.

Figure 1 shows the axial stress-strain curves for the remodeled
marine soft clay with different T values. As shown in the figure, the
stress—strain curves are of two types: Strain hardening and stress
softening curves. With Ip = 25.4, all the stress—strain curves for the
specimens with T = 0, 7, 14, 28 and 60 days are strain hardening
stress—strain curves. With Ip = 35.0, w = 35% or Ip =443, w = 35%,
the stress—strain curves for the specimens are strain softening
stress—strain curves with the increase of T. With I, = 35, w =
45%, the stress—strain curves for the specimens gradually changed
from strain hardening to strain softening stress—strain curves with
the increase of T, in which case the primary failures are cracks on
the surface. The main reasons for the different development
patterns are the following. When the w of a specimen is low and
its I is high, its soil particles are fine and surface water film is thin.
The water inside the specimen is mainly bound water, thereby
resulting in tightly connected soil particles and a high unconfined
compressive strength which will cause the specimen to experience a
considerable brittle failure once a failure occurs. Conversely, as its w
increases and Ip decreases, the water inside the specimen is mainly
free water and the bound water film becomes thicker. The water on
the surface of the soil particles acts as a lubricant, which reduces the
frictional resistance between them. This would result in a lower
unconfined compressive strength, which will cause the specimen to
experience a plastic failure once a failure occurs, and cause the stress
to decrease or increase at a slower pace. It is noteworthy that with T
= 0 days, all the stress—strain curves for the specimens are strain
hardening stress—strain curves. As T increased, the axial stress—
strain curves gradually changed to strain softening stress—strain
curves, developing a relationship similar to the drained axial stress—
strain relationship in over consolidated clays. This is mainly because
with T = 0, the main factors affecting g, are the hardness and the
newly formed structure of the soil. As the T increases, the
thixotropic effect leads to a rearrangement of the soil particles,
thus increasing the contact between them, and gradually forming a
new structure. Under an external load, soil particles are compressed
and slide, leading to the complete disappearance of its structural
integrity, which ultimately results in a strain softening failure.

3.1 Recovery of the thixotropic strength

To investigate the impact of T on the unconfined compressive
strength g, of the remolded marine soft clay, Figure 2 shows the g,-
T curve. As shown in the figure, under the influence of the
thixotropic effect, the g, of all specimens increased with the
increase of T. All the specimens were capable of thixotropic
strength recovery, with g, increasing rapidly in the early stage,
and its increase slowing down in the later stage. With Iy = 35.0 and
w = 45%, the g, increased from 2.16 kPa to 3.25 kPa as the T
increased from 0 to 60 days, marking a 50.18% increase in g, and
the highest thixotropic strength recovery capability. With Ip = 35.0
and w = 35%, the g, increased from 5.37 kPa to 6.52 as the T
increased from 0 to 60 days, marking a 21.34% increase in ¢, and
the lowest thixotropic strength recovery capability. In general, the
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TABLE 3 Results of unconfined compressive strength tests.

10.3389/fmars.2024.1462550

35 254 0 2.845 1.000 40 254 0 1.483 1.000 45 254 0 1.216 1.000
7 3.307 1.162 7 1.625 1.096 7 1.288 1.059
14 3.575 1.257 14 1.715 1.156 14 1.337 1.100
28 3.894 1.369 28 1.785 1.204 28 1.437 1.182
60 4.055 1.425 60 1.891 1.275 60 1.493 1.228
35.0 0 5.374 1.000 35.0 0 2.845 1.000 35.0 0 2.164 1.000
7 5.544 1.042 7 3.220 1.132 7 2.578 1.191
14 5.958 1.088 14 3.526 1.239 14 2.772 1.281
28 6.395 1.150 28 3.696 1.299 28 3.000 1.386
60 6.521 1.213 60 3915 1.376 60 3.250 1.502
443 0 9.046 1.000 44.3 0 5.800 1.000 44.3 0 3.891 1.000
7 9.217 1.019 7 5.979 1.031 7 4.110 1.056
14 9.362 1.035 14 6.200 1.069 14 4.234 1.109
28 9.530 1.054 28 6.374 1.099 28 4.593 1.180
60 9.654 1.067 60 6.662 1.149 60 4.789 1.231
7.0 3.0
—=— (day (a) —= Oday (b) (©
< —o— 7days _ _aco —o— Tdays , _ — o _ _ <0
£ 5.6[ —— [4ddys P~ 254,w=35% | 241 —— 14days Ir = 254w =40% I =254w=45%
= —v— 28days —v— 28days
:h 4. —+ 60days O 1.8+ —* 60days
| e
> 2.8 =2 1.2
3 14f 0.6
0.0% . : : 0.0% : : -
0 5 100 15 20 25 0 5 100 15 20 25 25
12 8 6
S @1 = S @[ o o ®
< | —o0— ays _ _ —o— ays _ _ L ays — — 0,
@ 10t~ 14days I =35.0,w=35% ol = 14da};/s I =35.0,w =40% St l4dayslp 35.0, w=45%
S gl 28days —— 28days 4L 28days
h —+— 60days —+ 60days —+— 60days
& 6 - 3
w
s 4r o}
% i
< 2
0 . . . .
0 5 10 15 20 25 25
18 12 10,
—=— Oday (2) —=— Oday (h) —=— Oday (i)
£ 15— 7days —o— 7Tdays —o— 7days
£ —+ lddays [p=443,w=35% | o l4days Ip=44.3w=40% 8F—— 14days Ip = 44.3,w = 45%
s ol 28days —v— 28days —— 28days
s —+— 60days —+— 60days 6L+ 60days
g2 97 6r
w
E 6
I
3 F
<,
0 : - - - 0 - : - : 0 : . : -
0 5 10 15 20 250 5 100 15 20 25 0 5 0 15 20 25
Axial strain, &/% Axial strain, &/% Axial strain, &/%
FIGURE 1

Axial stress—strain curves for the remodeled marine soft clay with different T values (A—I represent the test results under different conditions).
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FIGURE 2
qu—T curves.

remodeled marine soft clay under different test conditions showed
different levels of thixotropic strength recovery capability. The g,
increased with increasing T, but this does not imply that the g,
would increase infinitely within an infinitely long curing time. For
instance, the specimen with Ip = 25.4 and w = 35% was measured to
have a g, of 4.05 kPa after 60 days of curing, which is substantially
lower than the strength of its in situ clay, i.e., 14.69 kPa.

Figure 3 shows the A;-T curves for the remolded marine soft
clay under different test conditions. With T = 0-28 days, Aj
increased rapidly; with T > 28, A, of most specimens increased
slightly or tended to stabilize. However, with I = 35, and w = 45%,
A; of the specimens continued to increase after 28 days,
demonstrating a high thixotropic strength recovery capability.
With T = 60 days, the A of the specimen with Ip = 35, and w =
45% was the highest, i.e., 1.5, among all specimens; the A of the
specimen with Ip = 25.4, and w = 35% was the second highest, i.e.,
1.4; the A; of the specimen with Ip = 45, and w = 35% was the lowest,

_.
)

I W% I W%

—>— 350 45 —k— 254 45

—4— 254 35 —— 350 35

—0— 350 40 <O 443 40

1.6 - —O0— 254 40 < 443 35
—A— 443 45

Thixotropy static shear strength ratio, 4

1

50

—_
S

30 40
Time, 7' /day

70

FIGURE 3
As—T curves.
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i.e., 1.2; the A values of the remaining specimens were in the range
of 1.2-1.4. In general, the thixotropy of a soft clay is a prolonged
and continuous process.

Figure 4 shows the As- T curves for the soft clay from the
Yangtze River estuary and clayey soils from other regions Taihu
Lake (Wang et al., 2015), Zhanjiang (Zhang et al., 2017), and South
China Sea (Yang and Andersen, 2016). The figure also contains data
for three pure clay minerals: montmorillonite, illite, and kaolin
(Skemption and NorThey, 1952). As shown in the figure, with T <
14 days, the A; of the clay from the Yangtze River estuary is close to
those of the clay from Zhanjang and illite; with T'> 14 days, the A of
the clay from the Yangtze River estuary is higher than that of illite,
but lower than that of the clay from Zhanjiang. With T'=0, 7, 14, 28,
60, and 100 days, the A of the clay from the Yangtze River estuary is
significantly lower than those of the marine clay from the South
China Sea, montmorillonite, and clay from Taihu Lake, and its A
variation curve clearly lies below the curves for the clays from these
three regions, indicating a lower thixotropic strength recovery
capability of the clay from the Yangtze River estuary. In addition,
the A values of the three pure clay minerals differed considerably.
Despite increasing T, Kaolin showed no thixotropic effect with an A
being close to 1.0. The A; of illite increased linearly but with a lower
thixotropy, and reached approximately 1.35 with T = 100 days.
Montmorillonite showed the highest thixotropy compared to the
other two clay minerals, with its A, peaking at 2.75 with T =
100 days.

The thixotropic static shear strength ratio A; is defined as the
ratio of the strength with a curing time of T to the strength with a
curing time of 0. This ratio can reflect the variation in the static
shear strength of a soil over the curing time, and is used to evaluate
the variation in the thixotropic strength. A can be used to indicate
the relative variation in the static shear strength, rather than the
absolute variation. Based on this, to further evaluate the absolute
variation in the static shear strength of the remodeled marine soft
clay under the influence of the thixotropic effect, the following
equation is used to define the thixotropy static shear strength
recovery ratio By

b
=)

—4&— Taihu Lake Clay (Wang et al., 2015)

—O— South China Sea Marine clay (Yang and Andersep 2016)
—a— Zhanjiang clay (Zhang et al., 2017)
—O— This study
Mommorillonite}

w2
(o]
T

g
=)

Skempto
Northey(1952)

— —— lllite

— — - Kaolin

N
(o]
T

g
=}

—
W

Thixotropy static shear strength ratio, 4

Sl T

1 10
Time, 7' /day

R

100

—
[}

1000

FIGURE 4
As variation curves with different T values.
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B, can represent the percentage ratio of the strength recovered
during the thixotropic process to the strength lost due to disturbance
(Zhang et al., 2017). Figure 5 shows the BT curves for the specimens
under different test conditions. As shown in the figure, the two
specimens with the highest and lowest B also have the highest and
lowest A, respectively. However, not all test conditions show a one-to-
one correspondence in their arrangement. A comparison of Figures 3
and 5 shows that a specimen with a high A, does not necessarily have a
high B (e.g, the specimen with Ip = 25.4 and w = 35%), while a
specimen with a low A has a high B; (e.g., the specimen with I = 35
and w = 35%). This is mainly related to the differences in the basic
physical properties of the specimens. When the soil is disturbed by
external factors, the cohesion between soil particles and the balance
system of anions and cations are disrupted, leading to the destruction
of the naturally formed soil structure, and a decrease in soil strength.
Although its thixotropy will recover some strength, the recovery is
limited. In this study, the thixotropy static shear strength of the soft clay
from the Yangtze River estuary recovered after 60 days of curing only
accounted for 3.1%-16% of the strength lost due to disturbance. This
indicates that even with a long curing time, it is difficult for a clayey soil
to restore to its in situ strength, reflecting the fact that all clayey soils are
partially thixotropic (Zhang et al.,, 2017).

3.2 Impact of Ip on Ag

Figure 6 shows the I,-Ag curves with different T' values. A,
shown in figure, with w = 35%, the A of the specimens with
different T values decreased with the increase of I,. The specimens
with w = 35% and Ip = 44.3 had the lowest A; in the range of 1.02-
1.07 during a curing time of 7-60 days; the specimen with w = 35%
and Iy = 25.4 had an A, in the range of 1.16-1.43 during a curing
time of 7-60 days. With w = 40% or w = 45%, the A; of the specimen
first increased and then decreased with the increase of I,. Hence,
with different w values, the impact of w on Ag does not follow a

24
L w% L w%
> 350 45 k- 254 45
20 —O— 254 35 -~ 350 35
—@— 350 40 - 443 40
—O— 254 40 4 443 35
16 —A— 443 45

Thixotropy static shear strength
recovery ratio, By/%
o

30 40 50 60 70
Time, T /day

FIGURE 5
Bs—T curves.
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monotonic pattern. This is mainly related to the structural
differences between different clay minerals. When w is moderate,
a higher Ip means a larger specific surface area, which facilitates
particle rearrangement and exchange of ions. These influencing
factors can, to a certain extent, promote the occurrence of the
thixotropic effect in soft clays. In addition, with the same Ip, the A
of all the specimens increased with the increase of T. With T =7
days, the A; of each specimen was the lowest, and with T = 60 days,
the A of each specimen was the highest.

3.3 Impact of p. on Ag

Figure 7 shows the A¢—p. curves with different T values. p, is the
proportion of the mass of particles with a diameter < 0.005 mm to
the total mass. This value reflects the fineness of the soil particles
and their ability to adsorb bound water. As shown in the figure, with
w = 35%, A, increased with increasing p. during a curing time of 7,
14, 28 or 60 days; with w = 40% or w = 45%, A, increased first and
then decreased with increasing p. with different T values. The
specimen with w = 45% and p. = 35.6 reached its highest A, of 1.5
with T = 60 days, while the specimen with w = 35% and p. = 33.8
had an A of only 1.02 with T = 7 days. In general, the impact of p.
on A does not follow a monotonic pattern. The higher the p,, the
higher the capacity of the soil to adsorb bound water, and with an
appropriate w, the more likely the soil particles will be rearranged to
form a new structure more favorable for thixotropy.

3.4 Impact of w on A

Mitchell (1960) pointed out that w is a major parameter
affecting the thixotropic properties of soils. Figure 8 shows the
Ag-w curves for the remolded marine soft clay with different T
values. With Ip = 25.4, A, decreases with increasing w with different
T values; with Ip = 25.4 or Ip = 45, A increases with increasing w
with different T values. Hence, with different Ip values, the impact of
w on A does not follow a monotonic patter. In addition, with the
same w, A, increases with increasing T.

In summary, the impacts of w, Ip and p. on A do not follow a
monotonic pattern. In addition, due to differences in surface area
and mineral composition, soils vary in their capacity to adsorb
bound water. With the same w, in a specimen with a high Ip, all the
water may be bound water, while in a specimen with a low Ip, a
significant portion of water may already be free water. Investigating
the impact of w or I on the thixotropic static shear strength ratio A
may not fully explain the thixotropic properties of a marine soft
clay. Therefore, we introduced the normalized water content w/wy,
which can comprehensively reflect the combined impact of w and Ip
on A,. It is analogous to the liquidity index, which can
comprehensively reflect the hardness of a soil. Normalized water
content w/wy is an important parameter for assessing the
thixotropic properties of clayey soils, and many scholars have
studied its impacts on A Skemption and NorThey (1952)
reported that with w/w < 1, A; would decrease with decreasing
w. Mitchell (1960) found that when w/wy is in the range of 0.56-
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0.74, soils exhibit a significant thixotropic effect. Shahriar and Jadid
(2018) found that with w/wy = 0.75, the A, of a soil will reach its
highest value. Based on the above research findings, the threshold
value of the normalized water content w/w;, with respect to its
impact on Ay is 0.75. However, due to differences in the basic
physical properties of the marine soft clay, to investigate the impact
of w/wy, on the A of the remolded marine soft clay, the Ai—w/wy,
curves with different T values are shown in Figure 9. It can be
observed that with different T values, A, first increased and then
decreased with increasing w/wy. With T = 7 days, A, was the lowest.
With T = 60 days, w/wy increased from 0.5 to 0.75, and Ay increased
from 1.07 to 1.43; with w/wy > 0.75, A, decreased, and with w/w;, =
0.95, A decreased to 1.23. This indicates that with w/wy = 0.75, A
was the highest. The above results are consistent with the findings of
Shahriar and Jadid (2018) regarding the impact of w/w; on A,.
However, due to complex regional variations and differences in

basic physical properties of the marine soft clay, A values of the
marine soft clay with different w/wy, ratios differ from one another.

w/wy, can comprehensively reflect the thickness of the electric
double layer as well as the relative contents of bound water and free
water in a soil, thereby affecting the thixotropic properties of the
soil. Mitchell (1960) hypothesized the mechanism of thixotropy in
soils, suggesting that after the soil is disturbed to a remolded state, a
significant amount of energy remains in the soil. This energy
induces the rearrangement of particles and the movement of
water molecules until the energy is dissipated, and the internal
structure of the soil reaches a state of equilibrium. In addition, the
attraction between soil particles is closely related to the spacings
between them. Even slight changes in spacings can considerably
impact the soil strength. Therefore, with a constant w/wy, particle
movement is the primary factor in strength recovery. For a soft clay,
when its w/wy is low (w/wy = 0.5), there is less free water between

—

1.6

5 (a) =254 (b) ,=35.0 (c) Ip=443

2 14t V -=- 7days -=- 7days

o - 14days - l4days

=g 13k L4 o 28days 1.2} -e- 28days »

ER -o- 60days -o- 60days :

2 12l

g8 1.2t L1

ZE 1t

=

: : . : 1.0 . : 1.0 : : :
l'030 35 40 45 50 7730 35 40 45 50 30 35 40 45 50

Moisture content, w/%

FIGURE 8

Moisture content, w/%

Moisture content, w/%

As—w curves for the remolded marine soft clay with different T values (A—C represent different plasticity indices).

Frontiers in Marine Science

07

frontiersin.org


https://doi.org/10.3389/fmars.2024.1462550
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al.

—_—
W

—_— —_— —
[\ (O8] N

Thixotropy static shear
strength ratio, A

—
—_

0.6 0.7 0.8 0.9 1.0
Normalized moisture content, w/wy

FIGURE 9
As—w/w curves with different T values.

soil particles, and most of the water is bound water. The bound
water films around the soil particles are very thin, and bound water
is affected significantly by the electric field, thus resulting in a strong
attraction between particles, which makes it difficult for the soil
particles to spontaneously rearrange during the thixotropic process,
thereby leading to a lower thixotropic strength recovery capability
of the soil. When the normalized water content is moderate (w/wy, =
0.75), the amount of free water between particles increases. During
the thixotropic process, free water flows through the inter-particle
pores, carrying clay particles to fill the pores. The thickness of the
electric double layer around clay particles is moderate, and the
spacings between particles are appropriate. This allows for more
spontaneous movement and rearrangement of particles, facilitating
the formation of a new flocculated structure, and thereby leading to
a higher thixotropic strength recovery capability of the soil. When
the normalized water content is high (w/wy > 0.75), there is a
significant amount of free water between soil particles, and the
thickness of the electric double layer increases, which increases the
spacings between particles. This would result in a very weak
attraction during the thixotropic process, making it difficult for

10.3389/fmars.2024.1462550

the particles to form a new flocculated structure, thereby leading to
a lower thixotropic strength recovery capability of the soil.

4 Prediction model for the thixotropic
static shear strength ratio

Ay is an important parameter used to characterize the recovery
of the thixotropy static shear strength of a soft clay under static
loading. In practical engineering, it would be cost saving if the
contribution of A; to the strength of the clay is taken into account.
In order to facilitate the design and construction of actual
engineering sites, it is necessary to establish relationships between
the thixotropic static shear strength ratio Ag and the parameters.
This study analyzed a total of 45 tests in the test plan, and developed
a power function model between the thixotropic static shear
strength ratio and the curing time as shown in Equation 3:

A, = arctan (BT®) + 1 (3)

where Ay is the thixotropic static shear strength ratio; T is the
curing time; B and C are the fitting parameters. Equation 3 was used
to fit the A; of the remolded marine soft clay from the Yangtze River
estuary. Table 4 lists the values of As of the specimens under
different test conditions as well as the values of the fitting
parameters calculated using Equation 3.

In summary, the impact of w/wy, on A depends on a threshold
value of 0.75. With w/wy < 0.75, A, increases with the increase of w/
wr; with w/wy > 0.75, A, decreases with the increase of w/wy,
Therefore, to better distinguish between the two scenarios,
Figure 10 shows the A-T curves with w/wy < 0.75 and w/wy, 2
0.75, respectively. As shown in Figure 10, the overall fitting results
are better when the power function model is used for fitting. Under
certain thixotropic static conditions, the prediction equation for A
proposed in this section is both reliable and effective.

Currently, there are few prediction models for A, and there are
significant differences among different sites. To verify the
applicability and accuracy of the prediction model proposed in
this paper, Figure 11 shows the As- T curves for the clayey soils from

TABLE 4 Values of A and corresponding fitting parameters of the remolded marine soft clay.

As
14days 28days = 60days
35 254 0.75 1.000 1.162 1.257 1.369 1.425 0.976 0.095 0.970
35.6 0.6 1.000 1.042 1.088 1.150 1.213 0.908 0.070 0.997
443 0.5 1.000 1.019 1.035 1.054 1.067 0.977 0.022 0.993
40 254 0.85 1.000 1.096 1.156 1.204 1.275 0.959 0.069 0.997
352 0.68 1.000 1.132 1.239 1.299 1.376 0.956 0.091 0.976
443 0.57 1.000 1.031 1.069 1.099 1.149 0.932 0.050 0.996
45 254 0.95 1.000 1.059 1.100 1.182 1.228 0918 0.072 0.980
35.6 0.76 1.000 1.191 1.281 1.386 1.502 0.964 0.108 0.999
443 0.63 1.000 1.056 1.109 1.180 1.231 0.932 0.069 0.985
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four different regions Bangladesh (Shahriar and Jadid, 2018), the
South China Sea (Yang and Andersen, 2016), Taihu Lake (Wang
etal, 2015), and Zhanjiang (Zhang et al., 2017). Using Equation 3 to
fit the data revealed that the fitting results were excellent, with all R*
values greater than 0.95, while the lowest R* value for the clay from
the South China Sea clay was still 0.954. This indicates that using
Equation 3 to evaluate the As of clays from different sites is
advantageous due to its simplicity and broad applicability.

5 Conclusion

In this study, we conducted 45 unconfined compressive strength
tests on the remolded marine soft clay from the Yangtze River estuary.

By analyzing its axial stress—strain curves, thixotropic strength recovery
capability, and the impacts of curing time T, water content w, plasticity
index Ip, and clay particle content p. on its thixotropic static shear
strength ratio A, we drew the following conclusions:

1. A values increased with an increase in T. For T = 0-28
days, the A, increased rapidly, whereas for T > 28, A,
increased slightly or tended to stabilize. All specimens were
capable of thixotropic strength recovery. Furthermore, a
specimen with a high A does not necessarily have a high
thixotropy static shear strength recovery ratio B; There is
no one-to-one correspondence between the two.

2. The impacts of w, Ip and p. on A do not follow a consistent
pattern, but there is a strong correlation between A and w/

2. 2. -
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§ 2221 n Ll
5 . . 200
£ 207 0.429
% 3 0677 A, = arctan(0.4757"7 ) +1
o - 1.8 A, = arctan(0.0677"°"") +1 L75 )
2% | R R*=0.996
Eglér 4 R* =0.987 150
'_E @14+ — Fitting curve — Fitting curve
=
12 1.25
1'OO 50 100 150 200 250 100 0 30 60 90 120 150
2.50 3.0 -
(c) Taihu Lake clay (d) Zhanjiang clay
. 2025+ (Wang et al., 2015) L] (Zhang et al., 2017)
5 .
2 & 2.5¢
2 200t N
‘§ £ A, = arctan(0 ll6T1'°98)+1 0.900
o E175f 5 : 2.0k A, = arctan(0.0277°°°) +1
— e . 2 _ B
£ RT=0.974 R? =0.995
gz y
£ — Fiiung curve 15 — Fitting curve

200 300 400
Time, T /day

0 100

FIGURE 11
As—T curves for clays from different sites (A—D represent different regions).
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wr, (wy, is the liquid-limit water content). A, increased and
decreased with increasing w/wL for w/wy, < 0.75 and w/wy, >
0.75, respectively.

. The A, of the remodeled soft clay is affected by the coupling
effect of w, Ip and T. We proposed a power function
prediction model for the A of the soft clay from the
Yangtze River estuary and verified its applicability.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

Author contributions

BW: Conceptualization, Data curation, Investigation,
Methodology, Validation, Visualization, Writing — original draft,
Writing - review & editing. YH: Data curation, Investigation,
Methodology, Validation, Visualization, Writing - review &
editing. EZ: Data curation, Investigation, Methodology,
Validation, Visualization, Writing — review & editing. XX: Data
curation, Investigation, Methodology, Validation, Visualization,

References

Alam, M. K., Shahriar, A. R, Islam, M. S., Islam, N., and Abedin, M. Z. (2021).
Experimental investigation on the strength and deformation aspects of thixotropic aging
in reconstituted clays. Geotech Geol Eng 39, 2471-2486. doi: 10.1007/s10706-020-01639-1

ASTM D1556/D1556M. (2015). Standard Test Method for Density and Unit Weight
of Soil in Place by Sand-Cone Method (West Conshohocken, PA, USA: ASTM
International). doi: 10.1520/D1556_D1556M-15E01

ASTM D2216-982. (2019). Standard Test Method for Laboratory Determination of
Water (Moisture) Content of Soil and Rock by Mass (West Conshohocken, PA, USA:
International). doi: 10.1520/D2216-19

ASTM D2487-11. (2017). Standard Practice for Classification of Soils for Engineering
Purposes (Unified Soil Classification System) (West Conshohocken, PA, USA: ASTM
International). doi: 10.1520/D2487-17E01

ASTM D4318. (2017). Standard Test Method for Sand Content by Volume of
Bentonitic Slurries (West Conshohocken, PA, USA: ASTM International).
doi: 10.1520/D4318-17E01

ASTM D854. (2014). Standard Test Methods for Specific Gravity of Soil Solids by
Water Pycnometer (West Conshohocken, PA, USA: ASTM International).
doi: 10.1520/D0854-14

Boswell, P. G. H. (1949). A preliminary examination of the thixotropy of some
sedimentary rocks. J. Geotech 104, 499-526. doi: 10.1144/GSL.JGS.1948.104.01-04.23

Dullaert, K., and Mewis, J. (2006). A structural kinetics model for thixotropy. J. Non-
Newton Fluid 139, 21-30. doi: 10.1016/j.jnnfm.2006.06.002

Kul'Chitskii, G. B. (1975). Thixotropy of soils of the Middle Ob region and its
consideration when constructing pile foundations. J. Soil Mech. Found Eng 12, 168-170.
doi: 10.1007/BF01707641

Ma, W.J,, Qin, Y., Xu, Z. H., and Chen, G. X. (2024). Prediction model for generation
trend of axial deformation of saturated coral sand under cyclic loading. Soil Dyn.
Earthq. Eng. 184, 108861. doi: 10.1016/j.s0ildyn.2024.108861

Ma, L, Ke, J, and Chen, T. (2024a). Dynamic mechanical behaviors of coral sand
under drop weight impact. Acta Geotechnica 19, 699-716. doi: 10.1007/s11440-023-
01911-7

Ma, L, Deng, J, and Wang, M. (2024b). Effect of diagenetic variation on the static and
dynamic mechanical behavior of coral reef limestone. Int. J. Mining Sci. Technol.
doi: 10.1016/j.ijmst.2024.07.004

Frontiers in Marine Science

10

10.3389/fmars.2024.1462550

Writing - review & editing. QW: Conceptualization, Data
curation, Funding acquisition, Investigation, Methodology,
Supervision, Validation, Visualization, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Mitchell, J. K. (1960). Fundamental aspects of thixotropy in soils. J. Soil Mechanics
Foundations Division ASCE 86, 19-52. doi: 10.1061/JSFEAQ.0000271

Moretto, O. (1948). Effect of natural hardening of the unconfined compression
strength of remolded clay. Proc. 2nd Int. Conf. Soil Mech. and Found. Engr. 1, 137-144.

Peng, J., Luo, S. M., Wang, D. F,, Cao, Y. M., DeGroot, D. J., and Zhang, G. P.
(2021a). Multiple thixotropisms of liquid limit-consistency clays unraveled by
multiscale experimentation. J. Geotech Geoenviron Eng 148, 04021165. doi: 10.1061/
(ASCE)GT.1943-5606.0002705

Peng, J., Luo, S. M., Wang, D. F,, Ren, Y., Fan, L. L., DeGroot, D. ], et al. (2021b).
Quantitative evaluation of thixotropy-governed microfabric evolution in soft clays.
Appl. Clay Sci. 210, 106157. doi: 10.1016/j.clay.2021.106157

Peterfi, T. (1927). The separation of the fertilization membrane of sea urchin eggs.
Arch. Entwicklungsmech Organ 112, 660-695. doi: 10.1007/bf02253780

Qin, Y, Yang, Z. T,, Long, H., Ma, W. J., Wu, Q,, and Chen, G. X. (2024). Threshold
strain for the accumulation of excess pore-water pressure in saturated coral sands
under complex cyclic loading patterns. Ocean Eng. 310, 118691. doi: 10.1016/
j.oceaneng.2024.118691

Ren, Y. B, Yang, S. L., Andersen, K. H,, Yang, Q., and Wang, Y. (2021). Thixotropy of
soft clay: A review. Eng. Geol. 287, 106097. doi: 10.1016/j.enggeo.2021.106097

Ren, Y. B, Zhang, S. X., Wang, Y., Yang, Q., and Zhou, Z. F. (2024). Experimental
study on the thixotropic mechanism of deep-sea clay from the perspective of
microstructure and bound water. Acta Geotech 19, 685-698. doi: 10.1007/s11440-
023-01967-5

Seng, S., and Tanaka, H. (2012). Properties of very soft clays: A study of thixotropic
hardening and behavior under low consolidation pressure. Soils Found 52, 335-345.
doi: 10.1016/j.sandf.2012.02.010

Shahriar, A. R,, Abedin, M. A,, and Jadid, R. (2018). Thixotropic aging and its effect
on 1-D compression behavior of soft reconstituted clays. Appl. Clay Sci. 153, 217-227.
doi: 10.1016/j.clay.2017.12.029

Shahriar, A. R,, and Jadid, R. (2018). An experimental investigation on the effect of
thixotropic aging on primary and secondary compression of reconstituted dredged
clays. Appl. Clay Sci. 162, 524-533. doi: 10.1016/j.clay.2018.05.023

Skemption, A. W., and NorThey, R. D. (1952). The sensitivity of clays. Geotechnique
2, 30-53. doi: 10.1680/geot.1952.3.1.30

frontiersin.org


https://doi.org/10.1007/s10706-020-01639-1
https://doi.org/10.1520/D1556_D1556M-15E01
https://doi.org/10.1520/D2216-19
https://doi.org/10.1520/D2487-17E01
https://doi.org/10.1520/D4318-17E01
https://doi.org/10.1520/D0854-14
https://doi.org/10.1144/GSL.JGS.1948.104.01-04.23
https://doi.org/10.1016/j.jnnfm.2006.06.002
https://doi.org/10.1007/BF01707641
https://doi.org/10.1016/j.soildyn.2024.108861
https://doi.org/10.1007/s11440-023-01911-7
https://doi.org/10.1007/s11440-023-01911-7
https://doi.org/10.1016/j.ijmst.2024.07.004
https://doi.org/10.1061/JSFEAQ.0000271
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002705
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002705
https://doi.org/10.1016/j.clay.2021.106157
https://doi.org/10.1007/bf02253780
https://doi.org/10.1016/j.oceaneng.2024.118691
https://doi.org/10.1016/j.oceaneng.2024.118691
https://doi.org/10.1016/j.enggeo.2021.106097
https://doi.org/10.1007/s11440-023-01967-5
https://doi.org/10.1007/s11440-023-01967-5
https://doi.org/10.1016/j.sandf.2012.02.010
https://doi.org/10.1016/j.clay.2017.12.029
https://doi.org/10.1016/j.clay.2018.05.023
https://doi.org/10.1680/geot.1952.3.1.30
https://doi.org/10.3389/fmars.2024.1462550
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al.

Tang, B., Liu, T. L., and Zhou, B. H. (2022). Duncan-chang E-v Model considering
the thixotropy of clay in the zhanjiang formation. Sustainability-Basel 14, 12258.
doi: 10.3390/su141912258

Wang, L, Cao, L. L, Li, L, Yang, L. ], Sun, T. L, Shi, P, et al. (2015). Thixotropic
characterization of dredged silt from Lake Taihu and Lake Baima. J. Eng. Geol. 23, 548-553.

Wei, L., Dang, F., Ding, J., Wu, X,, Li, ], and Cao, Z. (2023). An analysis of
thixotropic micropore variation and its mechanism in loess. Front. Ecol. Evol. 11.
doi: 10.3389/fevo0.2023.1242462

Wu, Q., Zhu, E. C, Xiao, X,, Li, Y. X,, and Chen, G. X. (2023). Cyclic resistance
evaluation of marine clay based on CPTu data: a case study of Shaba Wind Farm. Front.
Mar. Sci. 10. doi: 10.3389/fmars.2023.1300005

Frontiers in Marine Science

11

10.3389/fmars.2024.1462550

Xiao, X., Wang, Z. F., Wu, Q.,, Zhou, R. R,, and Chen, G. X. (2024). Shear-thinning
non-Newtonian fluid-based method for investigating cyclic stiffness degradation of
marine clay. Ocean Eng 300, 117499. doi: 10.1016/j.0ceaneng.2024.117499

Yang, S. L., and Andersen, K. H. (2016). Thixotropy of marine clays. Geotech Test J.
39, 20150020. doi: 10.1520/GTJ20150020

Yang, S. L., Ren, Y. B, and Andersen, K. H. (2021). Effects of thixotropy and
reconsolidation on the undrained shear characteristics of remoulded marine clays.
Ocean Eng 239, 109888. doi: 10.1016/j.0ceaneng.2021.109888

Zhang, X. W., Kong, L. W,, Yang, A. W., and Sayem, H. M. (2017). Thixotropic
mechanism of clay: A microstructural investigation. Soils Found 57, 23-35.
doi: 10.1016/j.sandf.2017.01.002

frontiersin.org


https://doi.org/10.3390/su141912258
https://doi.org/10.3389/fevo.2023.1242462
https://doi.org/10.3389/fmars.2023.1300005
https://doi.org/10.1016/j.oceaneng.2024.117499
https://doi.org/10.1520/GTJ20150020
https://doi.org/10.1016/j.oceaneng.2021.109888
https://doi.org/10.1016/j.sandf.2017.01.002
https://doi.org/10.3389/fmars.2024.1462550
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Experimental study on the thixotropic strength of the marine soft clay from the Yangtze River estuary
	1 Introduction
	2 Test plan
	2.1 Test materials and preparation of specimens
	2.2 Test instrument and test plan

	3 Analysis of test results
	3.1 Recovery of the thixotropic strength
	3.2 Impact of IP on As
	3.3 Impact of &rho;c on As
	3.4 Impact of w on As

	4 Prediction model for the thixotropic static shear strength ratio
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


