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Settlement deformation in the foundation with miscellaneous ﬁll and soft soil was typically calculated by summing up the
settlement in each individual layer. However, this calculation method did not involve settlement deformation by embedding
miscellaneous ﬁll particles into soft soils under external loads, thus inducing signiﬁcant settlement prediction error. To solve this
problem, a laboratory testing device was developed to study the mutual embedding for specimens with diﬀerent miscellaneous ﬁll
particle sizes, external loads, and particle materials. Testing results indicate that a larger particle size and subsequently the smaller
speciﬁc surface resulted in greater mutual embedding settlement due to the smaller resistance. In addition, higher external loads
and smaller interface friction both induced larger settlement. Based on these results, a theoretical calculation equation of
settlement due to the mutual embedding of miscellaneous ﬁll and soft soil was proposed. The calculated settlements were found to
be well matching with the experimental results.

1. Introduction
Fast urbanization produces large amount of construction wastes
which were used as foundation materials to ﬁll lakes and
wetlands of urban areas, providing new lands for urbanization.
In these types of foundations, the surface soil layers are typically
composed of multiphase bad-graded soils with complicated
structures, so these types of foundations are called miscellaneous
ﬁll foundations. It sometimes contains waste ﬁbers, gravels, and
construction wastes with unevenly distributed density and loose
structures, e.g., [1, 2]. The original bottom layers often contain
saturated soft soils which may be easily squeezed into the voids
between miscellaneous ﬁll particles subjecting to overlying loads,
and subsequently causing settlements of foundation (Figure 1).
Nevertheless, existing theories of oedometric compression [3],
plane strain [4], and three-directional compression [5] cannot
interpret mutual embedding because the traditional methods of
calculating total settlements can only consider settlements of
miscellaneous ﬁll layer and soft soil layer separately, e.g., [6–8],

neglecting settlement induced by mutual embedment of miscellaneous ﬁll and soft soil. Currently, the studies of deformations of multimedia materials mainly focus on interface frictions
including pile-soil frictional behaviors, e.g., [9–13], geotextilesoil frictional behaviors, e.g., [14–17] and pushing muds away
from the road subgrade by throwing stones, e.g., [18–20]. There
was no discussion of the mechanism of large particles embedding into soft soils under external loads. To study the mutual
embedding behaviors, a new testing device was developed to
investigate eﬀects of external loads and miscellaneous ﬁll particle
characteristics (e.g., particle size and particle surface roughness)
on mutual embedment deformation. Based on experimental
results, a theoretical method of predicting mutual embedment
settlement was proposed.

2. Experiment Setups
2.1. Testing Device. A mutual embedding experimental apparatus was designed according to mutual embedding
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Figure 1: An example of mutual embedding of soft soil and miscellaneous ﬁll particles: (a) before mutual embedding; (b) after mutual
embedding.

deformation characteristics of miscellaneous ﬁll and soft soil
(Figure 2). This device was mainly composed of sample
containers, a loading device, and a collector. The diameter of
the containers was 30 cm, and the height of the containers was
40 cm. The device had upper and lower containers that were
ﬁlled with miscellaneous ﬁll and soft soil, respectively. The
loading device provided a constant leverage loading. During
the tests, the total volume of drainage water and total vertical
displacement of the loading plate were recorded by a
computer.
2.2. Theory. When the overlying pressure is smaller than or
equal to 100 kPa, it can be assumed that 1. the container
wall is stiﬀ enough and there is only vertical deformation; 2.
in the tests, miscellaneous ﬁll particles are spherical and
made of rigid materials in a very dense arrangement, so
miscellaneous ﬁll will not produce settlement deformation
under low pressures which are lower than 100 kPa.
Therefore, the total displacement (h) only includes two
components. One is the consolidation settlement (h1 ) of the
soft soil layer, and the other is mutually embedding settlement (h2 ). According to the ﬁrst assumption, the consolidation settlement of the soft soil layer can be calculated
by measuring the drained water volume. Therefore, h2 can
be calculated as
h2 � h − h 1 .

(1)

Then, the consolidation settlement can be calculated as
V
(2)
h1 � ,
S

where V is the drained water volume and S is the sectional
area of the sample container.
2.3. Materials. Soft soil was collected from the bed of
Qinhuai River in Nanjing City with the particle size distribution, shown in Figure 3. Soil properties are listed in
Table 1.
Miscellaneous ﬁlls with unique particle sizes were chosen
as test samples. Eﬀects of particle size and particle surface
roughness on mutually embedding deformation were investigated. Five test groups were selected, including four
groups of spherical cement particles with the diameters of
15 mm, 25 mm, 35 mm, and 45 mm (Figure 4). The last
group of particles had spherical glass particles with the
diameter of 25 mm. 25 kPa, 50 kPa, and 100 kPa of vertical
loadings were applied to all the groups.
2.4. Testing Procedures
2.4.1. Test Preparation. Spherical cement particles were
cured for over 7 days, and ﬁlter papers and geotechnical
cloth were stored in a box with the humidity of 100% for at
least 48 h.
2.4.2. Sample Installation. First, a layer of geotechnical cloth
was put on the bottom of the lower container, and a layer of
ﬁlter papers was stuck onto the wall of the lower container
(Figure 5(a)). Then, proper amount of water was added into
the measuring burette with air discharged, and then the
drainage valve was closed. Soft soil samples with a total
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Figure 2: Mutual embedding testing apparatus: (a) design sketch; (b) photo picture. Note: diﬀerent parts in (a) are numbered as follows: 1counterforce weight; 2-counterforce framework; 3-leverage leveling structure; 4-leverage; 5-balancing bubble; 6-displacement sensor; 7weights; 8-displacement plate; 9-upper contain; 10-pore pressure sensor; 11-lower container; 12-the ﬁrst three-way valve; 13-ball row; 14burette; 15-table support; 16-diﬀerential pressure sensor; 17-water vent; 18-the second three-way valve; A-pivot; B-force-bearing point; Cloading point.
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Figure 3: Particle size distribution of the soft soil.

height of 8 cm were ﬁlled into the container layer by layer
with the height of about 2 cm in each layer. Four layers of
soft soil were ﬁlled until the targeted height was reached
(Figure 5(b)). In order to avoid air bubbles, soft soil was ﬁlled
carefully in each layer, and after ﬁlling each layer, the sample
was shaken by gently hitting the wall of the container with a
hammer. Before ﬁlling the upper container, a thin layer of
vaseline was coated onto the wall of the upper container.
Particles were also ﬁlled in layer by layer from the broader to
the center. The particle ﬁlling method is shown in
Figure 5(c). After ﬁnishing the sample installation, the
pressure plate was placed onto the sample top, and a bubble
leveler was used to make sure the plate was leveled.
2.4.3. Self-Weight Balance. The self-weights of the pressure
plate and particles may cause consolidation drainage of the

2.4.4. Loading. After the self-weight balance, the test program was started with the ﬁrst step of resetting the displacement and diﬀerential pressure sensors. In the tests,
loadings of 25 kPa, 50 kPa, and 100 kPa were applied with
one loading in each test.

3. Analysis of Test Results
3.1. Initial Test Data. With equation (1), the mutual embedding settlement for specimens with diﬀerent particle
sizes of miscellaneous ﬁll and diﬀerent external loadings
were calculated, shown in Figure 6. The mutual embedding
settlement had three stages which were instantaneous deformation stage, continuous growth stage, and stable stage.
The ﬁndings by comparing the results for specimens with
diﬀerent particle sizes, diﬀerent external loadings, and different particle surface friction are discussed in the following
sections.
3.2. Eﬀects of Miscellaneous Fill Diameter on Mutual Embedding Settlement. From testing results in Figures 6 and 7,
it can be seen that the mutual embedding settlement increases with increased spherical miscellaneous ﬁll diameter
regardless of the external loadings.
Diﬀerent miscellaneous ﬁll diameters will lead to different speciﬁc surface areas. Porosity values in the upper
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Table 1: Physical and mechanical properties of test samples.

Natural moisture content
40.2%

Void ratio
1.07

(a)
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Speciﬁc gravity
2.67

Clay content
33.72%

(c)

Organic content
3.08%

(d)

Figure 4: Miscellaneous ﬁll materials with diﬀerent particle sizes (spherical cement particles). (a) 15 mm. (b) 25 mm. (c) 35 mm. (d) 45 mm.
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Figure 5: Sample installation processes: (a) installation of ﬁlter papers and the geomembrane; (b) clay layer; (c) cement particle ﬁlling
process.

container ﬁlled with diﬀerent diameters of miscellaneous ﬁll
particles were tested with the water-ﬁlling method, shown in
Figure 8(a). Although porosities were increased with the
increase of miscellaneous ﬁll diameter, they were very close,
ranging 0.43∼0.45 which was very close to the maximum
porosity of 0.4764 for simple cubic packing in three dimensions. However, diﬀerent miscellaneous ﬁll diameters
can signiﬁcantly change the speciﬁc surface area which is the
total surface area of particles per unit volume (note: the
speciﬁc surface area of spheres is 6/di , where di is the diameter of spheres). Squeezing miscellaneous ﬁll particles
into soft soil was a process of shear deformation between
miscellaneous ﬁll particles and soft soil. With the increase of
mutual embedding settlement, the total interface area between soft soil and miscellaneous ﬁll particles was increased,
and the constraint of soft soil over miscellaneous ﬁll particles
was also increased. The relationships between mutual embedding settlement and speciﬁc surface area of miscellaneous ﬁll particles are plotted in Figure 8(b), showing that,
with the increase of speciﬁc surface area, the mutual embedding settlement was decreased.

3.3. Eﬀects of External Loadings on Mutual Embedding
Settlement. The relationships between mutual embedding
settlement and external loadings are plotted in Figure 9 for
specimens with diﬀerent miscellaneous ﬁll particle sizes. It
shows that the mutual embedding settlement increased
with the increase of external loadings regardless of particle
size. As mentioned above, the embedding process of
miscellaneous ﬁll particles into soft soil is a process of shear
deformation between particles and soft soil, producing an
upward frictional resistance. Mutual embedding settlement
was stopped when the frictional resisting forces were able to
balance the external loadings. Therefore, the shear deformation between particles and soft soil increased with external loadings, ﬁnally causing larger amount of mutual
embedding settlement. In addition, the eﬀect of increasing
the external loadings on the mutual embedding settlement
was more signiﬁcant for samples with larger miscellaneous
ﬁll particles. This could be interpreted as that when the
particle size was increased, the porosity shown in
Figure 8(a) was increased, inducing smaller embedding
resistance.
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Figure 6: Mutual embedding settlement: (a) 15 mm cement balls; (b) 25 mm cement balls; (c) 35 mm cement balls; (d) 45 mm cement balls;
(e) 25 mm glass beads.

3.4. Eﬀects of Particle Material on Mutual Embedding
Settlement. The shearing resistance on the interface between
particles and soft soil supports the external loadings, so the
interface friction can directly aﬀect mutual embedding

settlement. Glass beads have smaller surface friction than
that of the cement balls. The mutual embedding settlement
for samples with these two types of balls is plotted in
Figure 10. It can be seen that the samples with cement balls
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miscellaneous ﬁll diameter; (b) relationship between mutual embedding settlement and speciﬁc surface area of particles.
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Figure 9: Eﬀects of external loadings on mutual embedding settlement.

4.1. Determine Interface Friction. With the application of
external loadings, miscellaneous ﬁll particles will be embedded into the soft soil, and shear deformation occurs on
the interface, producing a resisting force. When the deformation is increasing, the resisting force is increasing by
adding larger areas of interface between particles and soft
soil. At the moment of the total shear force which equals to
the external force, settlement will stop. Therefore, the relationship between the external loading and the shear
strength will be as follows:
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P�

τf
,
A1

(3)

where P is the external loading (kN); τ f is the shearing
resistance on the particle-soft soil interface, and A1 is the
interface surface area. To calculate shearing resistance, the
interface area (A1 ) in Figure 1 must be calculated, and it can
be calculated with the mutual embedding settlement (h2 ).
The calculation steps are as follows:
(1) First, the volume and thickness of the mutual embedding layer (Vm and h3 ) shall be calculated. When
the mutual embedding settlement is h2 , soft soil with a
volume of V1 � A × h2 (where A is the sectional area
of the container) is squeezed into miscellaneous ﬁll
voids. In other words, miscellaneous ﬁll voids with a
volume of Vv � V1 � A × h2 are ﬁlled up. Since the
porosity of miscellaneous ﬁll is n, the volume of the
corresponding mutual embedding layer is Vm � (Vv /
n) � (A × h2 /n) � A × h3 , where h3 is the thickness of
the mutual embedding layer, and it values h3 � h2 /n
when there is no lateral deformation.
(2) Second, the particle surface area (S) in a unit volume
of miscellaneous ﬁll should be calculated. For
spherical miscellaneous ﬁll particles with a diameter of
di , the volume is Vi � πd3i /6, and the surface area is
Ai � πd2i . Given the porosity of miscellaneous ﬁll (n),
soil particle volume in a unit volume of miscellaneous
ﬁll is VS � 1 − n, and the number of particles in a unit
volume of miscellaneous ﬁll is x � VS /Vi . Therefore,
the particle surface area in a unit volume of miscellaneous ﬁll is S � x × Ai � (VS /Vi ) × Ai .
(3) The interface area (A1 ) in the mutual embedding
layer is
A1 � S × V m �

VS
h
(1 − n)
h
× Ai × A × 2 �
× Ai × A × 2 .
Vi
n
n
Vi

(4)
Then, the external loading is

150

P � τ f × A1 � τ f ×

(1 − n)
h
× Ai × A × 2 .
n
Vi

(5)

4.2. Particle-Soft Soil Interface Frictional Behavior Test. A
direct shear apparatus was used in this test. A piece of 10 mm
thick cement plate or glass plate was placed into the lower
shearing box. Soil samples were ﬁlled into the upper direct
shear box to make the interface between upper and lower
shearing boxes overlapping with the particle-soft soil interface. The overlying pressure was set to 25 kPa, 50 kPa,
75 kPa, and 100 kPa. Direct shear tests were under drained
condition. During these tests, if the shear stress increased
until a peak value followed with a decrease, the peak value
was considered as the shear strength. If there was no decrease of shear stress, the value of shear stress when the shear
displacement was at 4 mm was selected as the shear strength,
and the shearing was stopped when the shear displacement
reached 6 mm. Shear strengths are plotted in Figure 11.
Shear strength parameters are listed in Table 2.
4.3. Calculation of Mutual Embedding Settlement. Given the
external loading force, P, P � p × A, where p is the loading
pressure (25 kPa, 50 kPa, and 100 kPa). According to
equation (5), the mutual embedding settlement (h2 ) can be
calculated as
p × A × Vi × n
h2 �
.
(6)
τ f ×(1 − n) × Ai × A
Calculated results and test results are compared in
Figure 12. It can be seen that the calculated mutual embedding settlements are able to well predict the test data for
cement particle samples with diﬀerent external loadings and
for the glass bead sample.

5. Discussion
Miscellaneous ﬁll medium has complicated composition,
and the settlement of miscellaneous ﬁll foundation is very
special. Therefore, settlement of miscellaneous ﬁll foundation caused by mutual embedding between sludge and
miscellaneous ﬁll under overlying loadings must be considered in the analysis of the settlement of miscellaneous ﬁll
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Table 2: Shear strength parameters of particle-soft soil interface frictional intensity.

Type of interface

Interface cohesion, CQ (kPa)

Interface friction angle, φQ (°)
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Figure 12: Comparison of calculated values with test results of mutual embedding settlement: (a) with 25 kPa external loading; (b) with
50 kPa external loading; (c) with 100 kPa external loading; (d) the sample with 25 mm glass beads.

foundation. Particle size, particle size distribution, material
type, overlying loadings of miscellaneous ﬁll, etc., can signiﬁcantly aﬀect mutual embedding settlement. There are few
research studies on the mechanism of mutual embedding
settlement between miscellaneous ﬁll and soft soil. In this
study, mutual embedding settlement was investigated
through a self-made mutual embedding instrument. A
theoretical equation of calculating the mutual embedding
settlement between miscellaneous ﬁll and soft soil was
proposed based on experimental results and theoretical
analysis results of frictional behaviors on the interface. This
equation is applicable to calculate mutually embedded

settlement between the same size of miscellaneous ﬁll and
soft soil. However, further veriﬁcations are needed whether
this equation is applicable to calculate mutual embedding
settlement of miscellaneous ﬁll foundation with complicated
compositions and wide particle size distribution.
The self-made mutual embedding instrument has advantages of clear theory, easy operation, and reasonable
testing data. Mutual embedding settlement is not directly
measured, but it is calculated by equation (6). It is possible
that assumption ② may cause testing error. The determination of 100 kPa in this assumption is based on that the
depth of water like lakes in cities in the plain area in eastern
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China is generally small (e.g., the average depth of Xuanwu
Lake and Taihu Lake in Jiangsu Province in China is lower
than 2 m), and the sum of overlying loadings including the
ﬁlled soil weight and the traﬃc loadings is generally not
higher than 100 kPa. According to miscellaneous ﬁll compressive test results before mutual embedding process, when
the external loading is smaller than 100 kPa, the settlement is
negligible if the particles are arranged in a very dense
manner. However, when the miscellaneous ﬁll is loose, it is
diﬃcult to directly measure the settlement caused by the
miscellaneous ﬁll densiﬁcation. Then, it is necessary to
measure the miscellaneous ﬁll settlement (h4 ) under the
same loads as that in mutual embedding tests. Therefore, the
mutual embedding settlement can be calculated as
h2 � h − h1 − h4 . When the miscellaneous ﬁll is loose or the
external loading is large and settlement of miscellaneous ﬁll
cannot be overlooked, there might be testing error in the
mutual embedding tests.

6. Conclusions
To investigate mutual embedding settlement between miscellaneous ﬁll and soft soil under external loads, eﬀects of
particle size of miscellaneous ﬁll, external loadings, and
particle material on mutual embedding settlement are
studied with a self-made mutual embedding device. A
method of calculating the mutual embedding settlement was
also proposed. Some major conclusions are as follows:
(1) According to mutual embedding settlement tests
with diﬀerent particle sizes and materials, all curves
of mutual embedding settlement versus time can be
divided into three stages which are the instantaneous
deformation stage, continuous growth stage, and
stable stage.
(2) Larger particle size leads to smaller speciﬁc surface
area, inducing larger mutual embedding settlement.
Larger external loadings induce larger shear deformation at the interface between miscellaneous particles and soft soil, and subsequently, larger mutual
embedding settlement. Higher interface friction
causes larger constraint on the interface, and the
mutual embedding settlement is smaller.
(3) Based on the theoretical analysis on mutual embedding settlement under interface friction, the
theoretical calculation equation of mutual embedding settlement is proposed. The theoretical calculated results with this equation well match with the
testing results. It achieves higher reasonability and
reliability than the layered method does.
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