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Dredged sandy clays are widely utilized as fill material in geotechnical projects, and their compressibility is crucial to the
engineering design. It is well recognized that the compression behavior of dredged sandy clays is significantly affected by the
initial water content and sand fraction. Besides, these two physical properties are usually spatially dependent due to the process of
hydraulic filling. In this study, an effective compression model is formulated based on the equivalent void ratio concept. The
compression curve of pure clays is first established as a reference, which depends on the initial void ratio and liquid limit. Then, the
effect of sand fraction has been incorporated by directly implementing the equivalent void ratio into the reference curve. A
structural variable is introduced to describe the evolving intergranular structure with coarse content and stress level. Only one
additional structural parameter is required, and it can be readily calibrated by one traditional compression test. Validation shows
that the model is effective in reproducing the compression behavior of dredged sandy clays with a wide range of initial water
content and sand fraction. The proposed equation can provide a reasonable reference for establishing the hardening law and the
corresponding general constitutive model of dredged sandy clays.

1. Introduction

Hydraulic fill method has been well adopted in land recla-
mation and waterway dredging engineering [1-5]. The nat-
ural depositions are mixed with water and pumped from
river/sea bed, leading to a high porosity of dredged sandy
clays, which results in poor mechanical properties (e.g., low
stiffness and shear resistance). In this case, a drainage treat-
ment is required in engineering practices to reduce the water
content before this type of soil can be reused as construction
material in airports and harbors [6, 7]. To this end, a practi-
cal estimation on the compressibility of dredged sandy clays
is required for the engineering design of those geostructures
[1-3, 6-8].

The in situ investigation shows that there is usually a
spatial variability in water content and gradation in dredged

sandy clays due to the process of hydraulic transportation. In
detail, with the increasing distance from dredge pump, the
water content gradually decreases while the sand fraction
gradually increases [9, 10]. Previous studies based on labora-
tory work have collectively reported that the compression
behavior of dredged sandy clays is significantly affected by
the initial state and sand fraction [10-19]. The compressibil-
ity decreases with the decrease of initial water content and
increases with the decrease of sand fraction. Two different
types of compression model have been proposed for describ-
ing this behavior: (1) empirical or semiempirical models
based on the database of experimental tests and phenome-
nological approaches [1-3, 11, 20, 21], for example, Hong
et al. [1] and their coworkers proposed a series of empirical
models to reproduce the intrinsic compression line of recon-
stituted soils with various initial void ratios; and (2)
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theoretical models within the framework of mixture theory
[4, 22] and equivalent void ratio concept [23, 24]. For
instance, a structural variable has been introduced by Shi
and Yin [4] to describe the evolution of intergranular struc-
ture of dredged sandy clays with various sand fractions. How-
ever, the effect of initial water content is not incorporated.

In this work, a simple yet practical model is proposed to
evaluate the effect of initial water content and sand fraction
on the compression behavior of dredged sandy clays. A ref-
erence model is first formulated for pure clays. Then, the
equivalent void ratio concept is further adopted to describe
the evolving soil structure and the corresponding sand frac-
tion effect. Validation reveals that the proposed model can
well reproduce the test results and possesses a higher accu-
racy than empirical method.

2. Compression Curve for Pure Clays
Incorporating the Effect of Initial
Water Content

In situ investigations on dredging project have indicated that
the sand fraction of dredged sandy clays is usually below the
transitional value (i.e., a certain value of clay/sand content
which distinguishes the dominated structure in sand—clay
mixture) [11, 12, 17-19, 23], leading to a fine-dominated
structure (i.e., sand particles are suspended in the soft clay
matrix and play a secondary role in the loading transmis-
sion). In this case, the compression behavior of dredged
sandy clays is mainly controlled by the soft clay matrix [4,
16, 24, 25]. Therefore, the intrinsic compression curve of
pure clays can be adopted as a reference for evaluating the
effect of initial water content and sand fraction.

As noted by Hong et al. [1], the reconstituted clay with
high initial water content shows a semielastic compression
behavior within the remold yield stress (02},), which is analo-
gous to the behavior of structured soils [10, 26]. Besides, the
compression line beyond o7, can be well captured by a linear
relationship in double logarithmic plot [1, 19]. Note that the
effective stress of dredged sandy clays during preloading pro-
cess is usually beyond the remold yield stress [1-3, 19, 21].
Therefore, the deformation behavior in semielastic range can
be deemed insignificant. A linear compression line of pure
clays is defined to capture the compression behavior of the
pure clay matrix [27]:

In(1 —In(1 !
hl(‘l/c) = ln(l + 61000) - n( + 61000) n( s eCO) In <0-C> N

In(al,) - In(a}) o

(1)

where v, and o are the specific volume (v.=1+¢,.) and
effective stress of pure clays, respectively; and e, represents
the initial void ratio of the pure clays. Note that the volumet-
ric deformation of reconstituted soils within o7, is assumed
to be negligible due to the extremely high bulk modules [19,
28]; and o} = 1, 000 kPa is employed as a reference stress and
ej000 denotes the corresponding void ratio [29].
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FiGURE 1: Typical compression curves of reconstituted Lianyungang
clay (data from Hong et al. [1]).

2.1. Effect of Initial Water Content. Typical compression
behavior of reconstituted clays with different initial water
contents is presented in Figure 1 (data from Hong et al.
[1]). It can be seen that for a given effective stress, the void
ratio and compressibility both decrease with a decreasing
initial water content. Besides, the semielastic range narrows
down continually as the initial void ratio increases. Evi-
dently, the reference void ratio (o) and remolded yield
stress (o;,) vary with initial water content. According to
laboratory investigation in previous research, those two
physical variables are directly related to e,y and the void ratio
at liquid limit (e.;) [1-3, 21, 30, 31]. By performing multiple-
regression analysis on the database compiled from the liter-
ature [1-4, 22] (detailed soil properties are given in Table 1),
Equations (2) and (3) are formulated to determine e;o, and
o~ Note that there might be an absence of the compression
data at 1,000 kPa for some of the experimental results from
the literature. In this case, the data values are extrapolated
based on the measured compression curve.

€1000 — 0.05650 + 0'8866L7 (2)

oy = 3.21507241, (3)

cL

The comparison between the model predictions and test
data is presented in Figure 2. It can be seen that the errors
between calculated results and experimental data are both
within 10%, which show a good performance of the proposed
equations. Substitution of Equations (2) and (3) into
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TasLE 1: Details of the physical properties of soils.

Soils pe (g/cm®) wy (%) w (%) References
Lianyungang clay 271 737 1140, 115,127, 1350, 112.0.and 1460
64.0, 72.0, 83.0, 91.0, 101.0, 111.0, 119.0,
Baimahu clay 2.65 90.6 126.0, 137.0, 143.0, 153.0, 163.0, 174.0, Hong et al. [1]
and 180.0
43.0, 48.0, 57.0, 62.0, 66.0, 72.0, 80.0, 87.0,
Kemen clay 267 611 91.0, 99.0, 106.0, 110.0, 116.0, and 122.0
2.70 100.0 80.6, 100.2, 119.5, 139.9, 159.7, and 179.6
2.72 86.0 88.8 and 132.9
2.70 72.7 79.0 and 109.0
Huaian clay 2.70 59.7 92.9
2.70 46.5 71.3
2.69 77.1 77.7 and 112.7
2.69 66.7 100.9
2.69 57.4 89.3
2.72 72.3 74.6 and 136.5
Zeng et al. [2]
2.69 60.5 61.5
2.70 64.9 64.0
Wenzhou clay 2.68 64.8 65.1
2.67 60.8 58.6
2.68 62.1 52.5
2.72 63.0 96.6 and 125.0
2.71 46.7 46.2 and 76.3
Nanjing clay 2.70 43.8 422
2.72 52.0 46.8
Taizhou clay 2.63 69.5 69.0
2.66 60.1 42.7 and 84.6
Zeng et al. [3]
Fuzhou clay 2.72 69.3 86.2
2.66 67.0 67.2
Hong Kong marine clay 2.68 62.4 67.9, 74.5, 86.9, and 99.5 Shi and Yin [4]
Bentonite 2.70 524.0 744.0 and 885.0 Shi et al. [22]

p =the density of clay particles; w; = the liquid limit of the soil; w = the initial water content of the soil.

Equation (1) yields a complete compression curve for pure
clays with various initial water contents and liquid limits:

O_/
ny{—|.
o

(4)

In(v.)= In(1 + 0.05¢, + 0.88¢,;)
_In(1 4 0.05e, +0.88¢,.) — In(1 + ey)
In3.21(e/er) 2] ~ In(a))

The compression data of four different reconstituted
clays [1, 4] are used to further evaluate the accuracy of the
proposed compression curve. The physical properties of soils
used for comparison are summarized in Table 1. The pre-
dicted compression curves are compared with experimental
data in Figure 3. The model works well in describing the
compressibility of reconstituted clays with different initial
water contents, and is consistent with the experimental
data (especially after the remolded yield stress). Thus, the
proposed model in Equation (4) could provide a good

reference for estimating the compressibility of dredged sandy
clays with different clay fractions.

3. Intrinsic Compression Curve of Dredged
Sandy Clays with Different Initial Water
Contents and Sand Fractions (Model 1)

3.1. Effect of Sand Fraction. The coarse aggregates (e.g., sand
and gravel) usually disperse in soft clay matrix of dredged
sandy clays with a fine-dominated structure, leading to a
decrease of void space and compressibility [4, 19, 32-34].
In this case, the relative content of clay matrix and coarse
particles should be considered when evaluating the compres-
sion behavior of dredged sandy clays. First, the initial void
ratio of dredged sandy clays with different sand fractions can
be expressed according to its definition:

A-yps (5)

@=——"—""—¢€y,
e+ (L—y)ps
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FiGURe 2: Comparison of model indices calculated by measurements and equations for reconstituted clays [1-4, 22]: (a) reference void ratio

for pure clays (ejgo0); and (b) remolded yield stress for pure clays (oéy).

where yis the dry mass fraction of sand (coarse) particles; p,
and p, denote the particle density of coarse and clay,
respectively.

Since the sand particles in dredged sandy clays cannot be
compressed, the volume change under stress compression is
caused by the clay—water system related to the water content.
The liquid limit, as an indicator of water contents, is closely
related to the components of the dredged sandy clays. When
the water content of a saturated soil reaches the liquid limit,
the sand particles are suspended within the clay—water sys-
tem. At this point, the percentage of sand fraction relative to
the sum of sand and clay fractions reaches a critical value.
When the water content reaches the liquid limit, there are
two states of the dredged sandy clays: (1) when the sand
fraction is less than the critical percentage, the sand particles
remain suspended in the clay—water system and do not come
into contact with each other; and (2) the sand particles come
into contact with each other when the sand fraction is greater
than the critical percentage, increasing the soil’s resistance to
deformation and reducing deformation, thereby allowing the
soil to retain more water.

Previous studies on diverse clay—sand/gravel mixtures
have demonstrated that the water holding capacity of
dredged sandy clays is primarily governed by the clay parti-
cles [35-37]. Consequently, the liquid limit of dredged sandy
clays exhibits a downward trend with an increase in sand
fraction, establishing an inverse correlation between sand

fraction and the liquid limit of mixtures. To this end, the
void ratio of dredged sandy clays at liquid limit (e; ) is corre-
lated with the sand fraction, and a linear relationship
between e; and y (when y is below 75%) has been reported
by previous researchers [38]:

e, =(1-yey. (6)

Equation (6) is employed to describe the effect of coarse
inclusions on the compressibility of dredged sandy clays.
Note that the “75%” is an approximate value of the transition
coarse content yy, of dredged sandy clays, which relies on the
nature of soil particles (e.g., mineralogy and particle size distri-
bution), and may vary within a narrow range. For simplicity,
win = 75% is adopted herein, which is consistent with the experi-
mental results of most dredged sandy clays [38, 39].

Replacing ey and e in Equation (4) by e, and e; in
Equations (5) and (6), one obtains the intrinsic compression
curve of dredged sandy clays with various initial void ratios
and sand fractions.

In(v)= In(1 4 0.05¢, + 0.88¢;)
In(1 + 0.05¢, + 0.88¢;) — In(1 + ;) In I
In[3.21(ey/e)~2*'] - In(s)) '
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FiGure 3: Comparison of measured data and predicted compression curves for reconstituted clays [1, 4]: (a) Lianyungang clay; (b) Baimahu

clay; (c) Kemen clay; and (d) Hong Kong marine clay.

where v and ¢’ are the specific volume (v=1+e) and effec-
tive vertical stress of the dredged sandy clays, respectively.
Equation (7) is termed as Model 1 herein to avoid confusion.

3.2. Validation for Model 1. Model 1 is verified by the com-
pression test data of two different clay—sand/gravel mixtures:
(1) sand-marine clay mixtures [4]; and (2) sand—bentonite
mixtures [22]. The particle densities of the coarse particle in

these two mixtures are 2.63 and 2.69, respectively, with cor-
responding minimum void ratios at maximum packing of
0.601 and 0.55, respectively. A summary of the basic physical
properties of those mixtures and the values of model param-
eter required for this study are listed in Table 2.

The predicted compression curves (lines) and corre-
sponding test data of sand-marine clay mixtures and
sand-bentonite mixtures (dots) are presented in Figures 4
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TasLE 2: Physical properties and values of model parameters for mixtures from the literature.

Host clay peand p (g/cm3) emax and ey w (%) y (%) 9] References

Hong Kong marine clay 2.68/2.63 0.945/0.601 67.9, 74.5, 86.9, and 99.5 0, 20, 40, and 60  0.24  Shi and Yin [4]
744.0 0, 50, 65, and 75 .

Bentonite 2.70/2.69 0.890/0.550 an 0.15  Shiet al. [22]
885.0 0, 65, and 75

€max and e;, = the maximum and minimum void ratios of coarse aggregates, respectively.
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FIGURE 4: Comparison of measured data and predicted compression curves for the sand—marine clay mixtures from Shi and Yin [4] (Model 1):

(a) w=67.9%; (b) w=74.5%; (c) w=286.9%; and (d) w=99.5%.

and 5, respectively. It is seen that the main features of the
compression behavior can be captured by Model 1: the com-
pression curve shifts upward, and the compressibility of the
dredged sandy clay rises with an increase in initial water
content. Besides, the overall stiffness of the dredged sandy
clays increases with rising sand fraction, revealing a reinfor-
cing effect of sand particles on the compressibility of dredged
sandy clays.

4. Compression Curve of Dredged Sandy Clays
Based on Equivalent Void Ratio (Model 2)

4.1. Equivalent Void Ratio for Dredged Sandy Clays. As men-
tioned above, dredged sandy clays usually process a certain
amount of coarse aggregates, leading to a clay—sand/gravel
mixture. Previous studies on this type of soils have shown
that the mechanical properties are well affected by the
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FIGURE 6: Schematic diagram of the internal structure of dredged
sandy clays.

evolving intergranular structure with sand fraction and stress
level [4, 19, 23-25, 33, 40, 41]. The mechanisms governing
this effect can be interpreted in the following two aspects: (1)
incompressible sand particles occupy the void space in the
clay matrix, leading to a decrease in compressibility; and (2)
the compacted “clay bridge” and partial contacts between
sand particles result in a stress concentration, which reduces
the local stress in the deformable clay matrix, and leads to an
increase in overall stiffness [42].

A schematic diagram of the internal structure of dredged
sandy clays is presented in Figure 6. Although the validation
in last section shows a relatively satisfactory performance of
Model 1, it is limited in describing the evolution of

intergranular structure of dredged sandy clays with varying
sand fractions. To this end, a novel compression model based
on the equivalent concept is proposed in the sequel for a
better description of effect of sand fraction on the compress-
ibility of dredged sandy clays.

Previous studies on clay—sand/gravel mixtures indicate
that the equivalent void ratio is effective in capturing the
evolving structure as well as the reinforcement effect of coarse
aggregates [19, 23, 24, 43, 44]. For example, Zeng et al. [24]
proposed an equivalent compression curve for clay—sand/
gravel mixtures, which is proved to be effective in normalizing
the compression lines of clay—sand/gravel mixtures with vari-
ous sand fractions, overcoming the shortcomings of the semi-
empirical method (Model 1) used above. The equivalent void
ratio concept was initially proposed by Thevanayagam and
Mohan [43] for particle mixtures. Due to the high particle size
ratio between sand and clay particles in dredged sandy clays,
the original version cannot effectively reflect the contribution
of increased sand fraction to the overall mechanical properties
of the soil, therefore, the void ratio in the compression law of
pure clays [27] has been directly replaced by the modified
equivalent void ratio e, [19]:

- e
l-—y+K-y

(8)

eeq

where  is a structure variable responsible for the reinforcing
effect of sand particles on the compressibility of dredged
sandy clays, and it is positively correlated with the sand
fraction. As noted by Shi et al. [19], the following require-
ments should be satisfied for the clay-sand mixtures: (1) the
effect of sand inclusions is negligible (x=0) when the sand
fraction approaches to zero; and (2) the mixture is nearly
incompressible as the sand particle reaches its densest pack-
ing state, resulting in an infinite value of the structural
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FiGURE 7: Comparison of measured data and predicted compression curves for the sand—marine clay mixtures from Shi and Yin [4] (Model 2):

(a) w=67.9%; (b) w=74.5%; (c) w=286.9%; and (d) w=99.5%.

variable (k — o0). Considering the requirements mentioned
above, Equation (9) is introduced to capture the evolution of
the intergranular structure of dredged sandy clays.

1

8
K= ] -1,
_¢)emin

[(/’ - (1 ®)

where e, represents the minimum void ratio of sand
(coarse) aggregates; 6 is a structural parameter controlling
the sensitivity of the structure variable « to the sand fraction
[24], and ¢ is the volume fraction of clay matrix. The struc-
tural parameter J controls the evolution of interaggregates
structure with sand fraction and stress level. It only depends
on the basic physical properties of the sand particle (e.g.,
particle shape, roughness, and particle-size distribution),
and can be calibrated from one oedometer test on dredged

sandy clay with a relatively high sand fraction [19, 24, 34].
Compared to the mass fraction, the volume fraction of sand
¢ (a state-dependent variable) can evaluate the evolution of
interparticle structure under different sand fractions and
stress levels [19, 24]:

B WP,
Y0t Olwp+ —wipd (10)

Refer to the work from Zeng et al. [24], the concept of
equivalent void ratio is further adopted in this study to cap-
ture the effect of sand fraction on the compression behavior
of dredged sandy clays with various initial water contents.
Combining Equations (4) and (8), a new compression curve
for dredged sandy clays base on the equivalent void ratio
(Model 2) is obtained:
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v=1+(1-y+x-y)-

Note that the sand aggregates may be crushed under
high-stress level, which results in particle rearrangement
and affects the compressibility. However, for dredged sandy
clay with clay fraction beyond the “transition fine content”,
the sand particles are surrounded by soft clay, which pro-
vides a confining pressure and protects the coarse aggregates
from breakage [4]. In this case, the effect of particle breakage
on the compressibility of dredged sandy clay is negligible and
not be incorporated into the models.

4.2. Validation for Model 2. Compared with Model 1, an
additional structure parameter § is required in Model 2 to
evaluate the evolution of intergranular structure of dredged
sandy clays with different sand fractions. The structure
parameter is dependent on the basic physical properties of
the coarse aggregates in dredged sandy clays (e.g., gradation,
roughness, and particle shape), and it can be determined
from one oedometer test on the dredged sandy clays with a
relative high sand fraction (50%-70%).

The experimental data introduced in last section are also
utilized for the validation of Model 2, and the calibrated
structural parameter are given in Table 2. The predicted
compression results (lines) and test data (dots) are plotted
in Figures 7 and 8. It can be observed that after introducing
the equivalent void ratio to consider the internal structural
evolution of dredged sandy clays, it is still found that the
compression curve moves upward and the overall initial
void ratio increases with the increase of initial water content,
leading to an increase in the compressibility of dredged
sandy clays. As the clay fraction increases, the compression
curve becomes higher, and the overall compressibility

exp |In(1 + 0.05¢y + 0.88¢;) —

In (1+0.05€0+0.8861_

T+e, ) 1 o .
nl =) =
In {3.21<eo//eL>-2'4‘} o,

T’

(11)

increases. The results indicate that, compared with the semi-
empirical method (Model 1), Model 2 is more effective in
estimating the compressibility of dredged sandy clays with
different sand fractions, and reveals that the structure
parameter is independent on the sand fractions.

4.3. Comparison between Model 1 and Model 2. As above-
mentioned, both of the Model 1 and Model 2 can capture the
main features of the compression behavior of the dredged
sandy clays, for example, the effect of initial water content,
sand fraction and nature of clay particles (liquid limit). To
turther evaluate the capacity of the proposed two models, a
comparison between the test data and the predicted results of
Model 1 and Model 2 are summarized in Figures 9(a) and
9(b), respectively. It is seen that the maximum error of Model
1 is 10%, revealing a promising application prospect in engi-
neering projects. Besides, after introducing the equivalent
void ratio concept to capture the internal structure evolution
of dredged sandy clays, the prediction effect of Model 2 is
turther improved, and the maximum error is further reduced
to 5%. Model 2 indicates a good capacity of the equivalent
void ratio in describing the evolution of internal structure of
dredged sandy clays, and it might provide a reference for
modeling the general elastic—plastic behavior of dredged
sandy clays.

The semiempirical method (Model 1) can capture the
influence of clay fraction under different initial water content
conditions with reasonable accuracy without introducing an
additional parameter, which basically meets the engineering
requirements. Nevertheless, the incorporation of one single
model parameter to Model 2 can be achieved with
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FiGUre 9: Comparisons between compression model predicted and oedometer test data: (a) Model 1; and (b) Model 2.

straightforward adjustment, without excessively complicat-
ing the method. Simultaneously, it captures the impact of the
evolution of interparticle structure on its mechanical prop-
erties, rendering it more universally applicable.

5. Conclusions

The water content and gradation of dredged sandy clays are
usually spatial-dependent variables, which results a variation
of the compressibility of this geomaterial. A compression
model has been proposed for dredged sandy clays based on
the equivalent void ratio concept, which considers the com-
bined effect of initial water content and sand fraction. It is
further validated by the experimental data from literature.
The following summaries can be drawn:

(1) A reference compression line is first established for
pure dredged clays by performing a multiple regres-
sion analysis on the available data base. Validation
shows that the effect of initial water content of the
compressibility of dredged clays can be well captured
by the proposed model. Besides, a semiempirical
method (Model 1) is proposed for dredged sandy
clays. This is done by incorporating the linear rela-
tionship between the liquid limit and sand fraction
into the reference line.

(2) A structural variable is further introduced to describe
the evolution of interparticle structure of dredge
sandy clays with rising sand fraction and stress level.
Furthermore, the revised equivalent void ratio of

sand—clay mixture is implemented into the reference
compression line, and a novel compression model
(Model 2) is proposed within the framework of
equivalent concept.

(3) Only one model parameter is required for the pro-
posed Model 2, and it can be readily calibrated from
one single compression test. Comparison between
the test data and predicted results indicates that the
Model 2 is simple yet practical in capturing the com-
pression behavior of dredged sandy clays with a wide
range of initial water contents and sand fractions.
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