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Land subsidence is an important environmental problem in the North China
Plain (NCP). A typical subsidence area mainly located on adjoining areas of
Beijing and Hebei provinces was selected to study the consolidation
characteristics of deep clayey soil. Clay samples were collected from
14 boreholes at different depths, and the compression and consolidation
behavior of the soil was analyzed by high-pressure oedometer tests. Results
show that the deformation amount and deformation stabilization time in the
primary consolidation stage increase with the load but decrease with the
sampling depth. The nonlinear compression model of e-log(p) does not fit
well for deep normally-consolidated clayey soil, the log(e+e.)—logp model fit
the shallow clayey soil better than the deep clayey soil, and the hyperbolic
model fits almost all soil samples well. Based on statistical theory, the soil
consolidation equation CE_NCP was established for calculating the relationship
between the degree of consolidation and the time factor in subsidence areas.
The equations were fitted with the data obtained from high-pressure
consolidation tests to obtain three parameters a, b and ¢, which are applied
to the consolidation calculations for soil samples at depths of 0-100 m,
100-200 m, 200-300 m and 300-400 m, respectively. The applicability of
CE_NCP equation was evaluated by comparing it to the analytical solution of
Terzaghi's consolidation equation, results showing that CE_NCP equation is
more suitable for the calculation of the consolidation in the study area than the
Terzaghi's analytical solution. Eventually, the CE_NCP equation was
successfully used to estimate the degree of consolidation in a subsidence
area of Lang Fang City in the NCP.
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1 Introduction

Land subsidence is a potentially destructive hazard caused by
various natural or man-made factors. Natural factors include, for
example, tectonic motion, consolidation of soft soil and seismic
activity. Man-made factors include withdrawal of groundwater,
oil, and gas, engineering construction and so on. Studies have
shown that excessive exploitation of groundwater is the main
cause of land subsidence. The process of land subsidence is also
the process of rock and soil compression and consolidation

10.3389/fenvs.2022.1084286

caused by pumping. The settlement mainly comes from the
compression deformation of aquitards (clayey soil layers) and
water-bearing sand layers. When the pore water pressure is
restored, the compaction of sand layers can basically return to
the original state. The compression of clay is permanent, which
determines the irreversibility of land subsidence. With the
continuous advancement of urbanization, the land subsidence
caused by underground space development, foundation pit
drainage, and large-scale landfilling has become increasingly
prominent. The trend of high-rise and densification of urban
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FIGURE 1

The study area and the distribution of sampling boreholes in a typical subsidence area of the NCP, and a typical hydrogeological cross

section A-A'.
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buildings is obvious, which gradually become a new important
impacting factor of urban land subsidence.

Land subsidence is now a major environmental problem
hindering regional sustainable development, occurring at more
than 50 countries around the world, including United States,
Japan, Mexico, Italy, Indonesia, India, Iran and China (Xiong
et al,, 2017; Figueroa-Mirandaet et al., 2018; Corbau et al.,, 2019;
Bagheri et al., 2021; Gerardo et al., 2021; Guo et al., 2021; Kadiyan
etal,, 2021; Rafiee et al., 2022). The impact of land subsidence is
expanding, and it is expected that by 2040, the global threat of
land subsidence will involve nearly 20% of the population
(Gerardo et al,, 2021). In China, widespread subsidence is
affecting rapidly developing cities, which are located in the
major sedimentary basins such as the North China Plain
(NCP). The NCP has the most serious and fastest developing
land subsidence in China, with severe subsidence accounting for
more than 80% of the country. More than 10 major cities,
including Beijing, Tianjin, Cangzhou, Langfang, Hengshui and
Dezhou, have experienced land subsidence (Figure 1). The
development of land subsidence has caused severe condition
in the NCP, with the maximum cumulative subsidence in Beijing,
Tianjin and Hebei exceeding 1.7 m, 3.4 m and 2.6 m respectively
(Cui and Lei, 2018). To promote the development of society and
economy, regional aquifers of NCP have been over-exploited,
resulting in the extrusion of clay layers, which is a major factor
leading to land subsidence in this region. The deep groundwater
depression cones are mainly distributed in the central and eastern
plains of the NCP, consisting with the location of severe land
subsidence areas. Land subsidence mainly occurred in the
Quaternary loose sediments. Due to the low degree of soil
consolidation, under the exploitation of underground fluids
such as groundwater, geothermal fluid, oil and gas, the original
pressure balance in the formation was broken, resulting in soil
compression and land subsidence. In addition, the strata
composed of a large amount of clayey soil with high plasticity
(Figure 1), have possibility to form permanent settlement (Guo
et al, 2017). Zhang et al. (2014) analyzed the deformation
characteristics of soils in subsidence areas of the Beijing Plain
using soil deformation and groundwater level data obtained by
borehole extensometers, revealing the creep behavior and the
elastic-plastic and viscoelastic-plastic mechanical behavior of the
aquitards at different depths. They also concluded that the
compressibility of the aquitards in the inelastic range is about
one order of magnitude greater than in the elastic range.

In general, it is easier to estimate the total settlement of a soil
than to estimate the time-dependent behavior of consolidation
settlement. Terzaghi developed the theory of one-dimensional
consolidation of saturated clays that has served as the basis for
solving most practical soil mechanics and settlement problems.
The aquitards (fine-grained interbeds) and confining beds
mainly composed of clayey soil, have low permeability and
high specific storage under virgin stressing. Thus, the escape
of water and the adjustment of pore pressures is slow and time-
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dependent, and the stress increase by the hydraulic head decline
in adjacent aquifers can induce nonlinear soil compaction in
these fine-grained soil layers. Duncan. (1993) analyzed the
limitations of conventional theory of clay consolidation
settlement, concluding that factors such as the variation of the
coefficient of consolidation (C,) and nonlinear stress-strain
relation can improve the accuracy of settlement estimation.
For most clays, strains increase in proportion (or
approximately in proportion) to the log of effective stress with
a flat slope when the effective stress is low, and then increase
rapidly as effective stresses exceed the preconsolidation pressure
(Das and Sobhan, 2016). Laboratory tests and field observations
have shown that the C, value depends on the permeability and
compressibility of the soil and varies with the consolidation
process. Mesri et al. (1999) developed an inflection point
method that is simpler than the most widely used graphical
methods of Casagrande and Taylor for calculating C,. Chan
(2003) used the least square method to determine the C, value,
and calculated results were more accurate than traditional
methods because the entire range of primary consolidation
data was used. The finite difference and circular arc endpoint
methods were used to determine C,, taking into account changes
in permeability and compressibility during the consolidation to
reduce the error of graphical method (Abbaspout et al., 2015).
Akbarimehr et al. (2020) found that the soil compression index
has good correlations with the physical properties of undisturbed
and remolded Tehran clay by performing 125 consolidation tests
and through determining the physical properties. Freire et al.
(2022) studied vertical (C,) and horizontal (C,,) consolidation
coefficients of Guaratiba’s soft soil by comparing CPTu and
laboratory test data. They concluded that high values of the
variability of C, and G, were probably due to the wide range of
organic matter, sand lenses and the sand content. Zablocka et al.
(2020) found that the main factors affecting correlation between C,
and consolidation pressure trends were mechanisms controlling
changes in soil volume (mechanical or physicochemical), which is
different for expansive and non-expansive soils. An efficient
methodology was proposed to predict C, using machine
learning models such as Multiple Linear Regression (MLR),
Artificial Neural Network (ANN), Support Vector Regression
(SVR), and Adaptive Network based Fuzzy Inference System
(ANFIS) (Mittal et al, 2021). To better characterize the
compressive behavior of soils, several non-linear compression
models have been developed, such as the e-log(p) model (Davis
and Raymond, 1965; Li et al., 2013), the log(e+e.)-log(p) model
(Chai et al., 2004), and the hyperbolic model (Wei, 1993).
Given the limitations of Terzaghi’s theory, various attempts
have been made to improve the accuracy of consolidation
calculation, generating abundant achievements on one-
dimensional consolidation theory and consolidation process of
soft clay. Analytical solutions for one-dimensional nonlinear
consolidation of single-layer and double-layered soft soil

under constant loading were derived by introducing an
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improved continuous drainage boundary condition (Zong and
Wu, 2020; Zong, 2021), and the effects of different interface
parameters and nonlinear parameters on soil consolidation
characteristics were analyzed. The consolidation process of
high organic peat soil was studied with one-dimensional
consolidation tests in Dali, China, and the results showed that
the consolidation process of the peat soil was divided into three
stages (Feng et al., 2021). To improve the applicability of the
consolidation theory in the actual soil consolidation calculation,
the theory and methods for the settlement calculation of double-
layer and multi-layer soils considering creep and rheological
properties were developed (Chen et al., 2021; Cui et al., 2021).
The microstructure evolution of soft soil during consolidation
was explored through oedometer tests and field emission scanning
and the
microstructure and macroscopic characteristics was analyzed
2021). The
characteristics of saturated and unsaturated soils under different

electron microscopy tests, relationship  between

(Zheng et al, consolidation  process and
boundary and seepage conditions have also been widely studied.
Governing equations for the one-dimensional large strain
consolidation of a fully saturated clay layer were derived
(Gibson et al., 1981; Xie and Leo, 2004), where the variation of
soil compressibility and permeability during consolidation was
taken into account. Compared with the small-strain theory, the
large-strain theory predicts a smaller subsidence magnitude, while
the subsidence develops and the excess pore water pressure
dissipates faster (Xie and Leo, 2004). The discrepancy between
large and small strain theories became smaller when the
compressibility of soil was decreased and the magnitude of
applied load was reduced. Hu et al. (2018) proposed a semi-
analytical the

consolidation problem of structured soil under single-stage

solution  for one-dimensional  nonlinear
loading. The one-dimensional consolidation problem of clay in
land reclamation was obtained by considering the effects of self-
weight and continuous drainage boundary conditions, and the
calculation results were successfully applied to the settlement
of land 2019). An

approximate analytical solution for one-dimensional nonlinear

analysis reclamation (Feng et al,
consolidation of single-layer and multi-layer foundation under
fixed load and cyclic load was derived by considering the change of
compressibility and permeability of saturated soil layer (Kim et al,,
2020a; 2020b). To reveal stress- and suction-dependency of
primary and secondary consolidation responses of the soil,
Rezania et al. (2020) carried out one-dimensional consolidation
tests on natural and reconstituted London clay samples under
saturated and unsaturated conditions by using a newly designed
unsaturated soil consolidation instrument. Based on the piecewise
linear consolidation model, Liu et al. (2021) proposed a
consolidation model for cohesive soils considering drainage
conditions and non-Darcy flow. The calculation results showed
that both continuous drainage boundary and Hansbo’s flow could
significantly slow down the consolidation process. Kim et al. (2021)
studied the radial consolidation characteristics of unsaturated soil
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under cyclic loading based on the Fredlund and Hasan’s
consolidation theory. The effects of different parameters on the
radial consolidation of unsaturated soil subjected to various cyclic
loadings were examined. Yin et al. (2022) proposed a simplified
calculation method for consolidation settlement, which can be
conveniently applied to the settlement calculation of layered
cohesive soil foundation. According to Selvadurai (2021), the
irreversibility of the skeletal deformations should be considered
when quasistatic loading cycles are encountered.

The above studies mainly improve several defects in
Co
deformation, finite deformation and rheological problems.

Terzaghi’s theory, such as nonlinearity of large
Due to the complexity of clay, researchers do not have a
unified understanding of the properties of soil, which will
inevitably affect the accuracy of analytical solutions, making it
difficult to apply these methods to engineering practice.
Furthermore, the above experiments and theoretical analysis
are mainly aimed at shallow clayey soil, while the deep clayey
soil buried more than 50-100 m is rarely involved. The land
subsidence of the NCP is serious due to human activities,
especially the excessive exploitation of deep groundwater. Due
to the limitation of the complex influencing factors and large
variation in space of aquifer systems, the research on
consolidation characteristics of deep clayey soils is weak so
which the of the

development trend for land subsidence and its forecast and

far, restricts scientific  evaluation
early warning. In this paper, clayey samples at various depths
were collected from 14 boreholes in a typical subsidence area
located at the junction of Beijing and Hebei provinces. Then
high-pressure oedometer tests were carried out to study the
consolidation characteristics of clayey soil and to evaluate the
applicability of the existing nonlinear compression deformation
models. In addition, a model CE_NCP for calculating the
consolidation degree of clayey soil was established to provide
theoretical support for the study of land subsidence. The derived
CE_NCP equation was used to investigate the degree of
consolidation in a typical land subsidence area in Langfang,
Hebei Province, China, where subsidence was mainly caused

by deep groundwater abstraction.

2 Materials and methods

2.1 Soil used in the study

The study area is located in a typical subsidence area in the
NCP, mainly in the north of Langfang City, Hebei Province,
and the south of Daxing District and Shunyi District in Beijing
(Figure 1). In order to meet the demand of water resources, the
deep groundwater was developed on a large scale, which has
induced the formation of groundwater depression cones and
severe subsidence areas. The strata composed of multi-layer
aquifer systems with deep confined aquifers and thick
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compressible clay layers, have geological and hydrogeological
conditions favorable for the development of land subsidence.
The mechanism of land subsidence in the study area is typical
and representative in the NCP. Figure 1 also shows the
distribution of sampling boreholes. There are eight drilling
holes in Langfang City, of which the drilling depth of zk1-zk7
is 80m, and the drilling depth of dxzk02 is 402 m. There are
four boreholes in Daxing District, of which zk8-zkl10
boreholes have a depth of 80m, and dxzk01 borehole has a
depth of 407 m. The other two boreholes marked with
dxzk03 and dxzk04 are located in Shunyi District, having
the drilling depth of 400 m and 300m, respectively. Basic
physical parameter tests and high-pressure consolidation
tests were carried out on 156 groups of clay samples at
different depths, including 60 clay samples and 96 silty clay
samples. The sampling intervals for each borehole was
approximately 10 m. A total of 60 samples were collected
from 0 to 50 m below the ground surface, and 96 samples
were collected from 50 m or more below the surface.

2.2 Experimental set-up

Each clay sample was cut 30 cm from the borehole core,
placed in a soil sample cylinder, sealed with wax and wrapped
with tape, and sent to the laboratory. During preparation, the
experimenters place the soil sample tube in the direction of
natural deposition, remove the wax seal and tape, open the soil
sample tube to take unearthed samples, and check whether the
soil sample has been disturbed. A sample with the diameter of
61.8 mm and the height of 20 mm was prepared by a ring
cutter for consolidation test, and the remaining soil was used
for the determination of physical parameters. Consolidation
tests were carried out with an electronic compression
rheometer to investigate the time-dependent behavior of
the clayey soil during one-dimensional consolidation. The
test data were used to estimate the preconsolidation pressure,
compression modulus and consolidation coefficient of test
specimens at different depths. In the compression rheometer
lateral movement of the soil was prevented by containing the
soil in a stiff metal ring so that only vertical soil movements
were possible. In practice the condition of zero lateral strain is
satisfied approximately in the case where the area of the
aquifer is much larger than the thickness. The stress
measurement system is BK-2 precision sensor, and the
maximum consolidation stress can reach 70 MPa. A series
of pressures were applied to the specimen, ranging from
0.04 MPa to 40.96MPa, each being double the previous
value. Each pressure was maintained for 24 h, during which
compression readings were observed at appropriate intervals.
During the test, the room was kept at a constant temperature
and humidity.
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2.3 Determination of soil parameters

The value of coefficient of consolidation (C,) for a particular
pressure increment in the test can be obtained by comparing the
characteristics of the experimental and theoretical consolidation
curves, which is referred as curve-fitting. Once the value of C, has
been determined, the permeability can be calculated. In this
paper, the root time method (Craig, 2004) was used to
determine the value of C,, where C, is given by

C, = 0.848h [tog (1)

where /1 is the longest drainage distance of the specimen (L), oo is
the time corresponding to 90% degree of consolidation (T).
The degree of consolidation U, of a soil is the ratio of the
average dissipation value of the pore water pressure to the initial
pore water pressure at a certain time during the consolidation
process under a certain level of load, or the ratio of the
the final
compression amount. The value of tgy can be obtained when

compression amount at a certain time to
calculating C,, and the deformation corresponding to U, = 100%
on the test curve can be determined in proportion. Then, the
degree of consolidation can be calculated by comparing the
deformation of test specimen at each time with that at 100%
consolidation. According to Terzaghi’s one-dimensional
consolidation theory, the degree of consolidation degree Uy is
clearly related to the dimensionless time factor T,. The formula

for calculating the time factor is as follows:

T, =C,t/h 2

where C, is the coefficient of consolidation (L*/T), t is the time of
consolidation (T), and / is the longest drainage distance (L).
During the test, both the upper and lower boundaries of the
specimen are free-draining, so / is taken as half the thickness of
the specimen.

3 Results

3.1 Time-dependent compression
behavior of the clayey soils

The results of four specimens in borehole dxzk02 (Table 1),
located in the subsidence area of Langfang, were selected to
analyze the time-dependent consolidation characteristics. These
specimens were all clayey soil and were taken from depths of
52.3m, 145.5m, 292.3 m and 395.1 m, respectively. The time-
dependent compression process under various loads is shown by
plotting deformation versus time (Figure 2). Time is plotted on a
logarithmic scale.

It can be seen from Figure 2 that under different loads, the
deformation of clayey soil increases with time, and the growth
rate increases first and then decreases gradually. From the
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TABLE 1 Physico-mechanical properties of four soil samples taken from borehole dxzk02.

NO. Soil Depth Density Moisture Void Plasticity Liquidity Specific Self-
e (m) (g/cm?) content ratio index index ravi weight
g g g
(%) stress
(kPa)
1 clay 52.3 1.96 28.06 0.790 17.24 0.45 2.74 595.65
2 clay 145.5 1.97 27.64 0.782 19.97 0.23 2.75 1498.64
3 clay 292.3 2.05 20.49 0.610 17.20 —-0.02 2.74 3194.08
4 clay 395.1 2.06 22.57 0.636 20.07 -0.05 2.75 4243.16
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FIGURE 2

Time-varying deformation curves of soil samples under different loads with sampling depths of 52.3 m (A), 145.5 m (B), 292.3 m (C) and 395.1 m

(D), respectively.

plot, we can observe three distinct stages, i.e., the initial
compression, the primary consolidation and the secondary
consolidation. Mainly due to the compression of a small
amount of air in the soil, the initial compression occurs
within 0-6s, and in general, the deformation during this
period increases with the increase of the load. For the
undisturbed due to the non-uniform

soil samples,

Frontiers in Environmental Science

06

compaction degree and composition of the soil, the
phenomenon of large load leading to small deformation
occurred in the experiment. Under the same load, the
deformation of different depths within 0-6s does not
change significantly, and no obvious decreasing trend with
the increase of depth occurs. The primary consolidation phase
begins after the instantaneous deformation is completed. In
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The relationship between the evaluation value of C, and the
pressure.

this stage, the deformation amount increases rapidly, but the
growth rate gradually decreases, and finally the deformation
reaches a stable state.

Figure 2 also indicates that the deformation law of the
primary consolidation stage has a certain relationship with the
load and soil sampling depth. At the same sampling depth, the
deformation of the primary consolidation stage, the proportion
of deformation to total deformation and the consolidation
stabilization time increase with the increase of the load. For
soil samples with a depth of 292.3 m, the primary consolidation
deformation at 1280kPa and 2560kPa is 0.140 mm and
0.164 mm, respectively, the deformation ratio is 53.8% and
65.0%, and the consolidation stabilization time is 49 min and
200 min, respectively. Under the same load, the primary
consolidation deformation and the stabilization time decrease
with the increase of depth. The main reason for this phenomenon
is that the sampling depth is positively correlated to the pressure
of overlying soil, and also positively correlated to the pre-
consolidation pressure after the soil sample was taken out.
Due to different stress history, soil samples with greater
depths have less deformation and less consolidation time
when the same load is applied. For example, when the load is
2560kPa, the primary consolidation deformations of the four
specimens at depth of 52.3 m, 145.5 m, 292.3 m and 395.1 m are
1.322 mm, 0.399 mm, 0.164 mm and 0.124 mm respectively. The
corresponding deformation ratios are 87.3%, 65.4%, 65.0% and
53.2%, and the stabilization times are 784 min, 784 min, 200 min
and 100 min respectively. The above indicators all decrease with
the increase of depth. When the primary consolidation is
completed, the deformation increases slowly over time.
Eventually the compression of the soil continues at a slow rate
for an indefinite period of time and is called secondary
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consolidation. The amount of secondary consolidation is
minor within 24 h, accounting for about 0.4%-1.3% of the
total deformation. The relevance of secondary consolidation
with respect to time or duration of the applied load need be
studied in the future.

3.2 Analysis of coefficient of consolidation

The coefficient of consolidation C, reflects the speed of soil
consolidation, which is proportional to the rate of the
dissipation of pore water pressure. The larger the C, is, the
greater the dissipation rate of the pore water pressure.
According to the root time method, the C, value of each
load was determined. Figure 3 exhibits the C, values for four
clayey soil samples at depths of 52.3 m, 145.5 m, 292.3 m and
395.1 m, taken from the borehole dxzk02 (Tablel). The
estimated results show that the value of C, varies with the
pressure and depth, and the estimated values are in the range
of 1.0 x 10*cm?*/s—7.0 x 10~ cm?/s, as shown in Figure 3. In
general, at the same pressure, the C, increases with the depth
of soil sampling. For example, at a pressure of 2560kPa, the
determined values of C, are 1.69 x 10 *cm?/s, 2.02 x 10™*cm?/
$,7.82 x 10™*cm?*/s and 9.99 x 10 *cm?/s, corresponding to the
sampling depths of 52.3 m, 145.5 m, 292.3 m and 395.1 m. As
the depth increases, the consolidation state gradually changes
to overconsolidation, and the time tyq required to reach 90%
consolidation degree is shorter, so the value of C, obtained by
graphic method becomes larger. When the pressure is less
than 80-160 kPa, the C, increases with the pressure, and when
the pressure increases further, the C, decreases with the
pressure. Eventually, the rate of change of C, with pressure
becomes slow.

3.3 Analysis of degree of consolidation

Figure 4 compares the calculated U, versus T, curves at
different pressures for four specimens of clayey soil collected
at different depths (Table 1). The degree of consolidation
increases rapidly when the time factor is in the range of
0-1.0. As T, is greater than 1, the growth rate of U, slows
down gradually until the deformation stabilizes (U, = 1).
Under the same time factor, the degree of consolidation
generally increases with the pressure. For example, when T, of
the sample at 395.1 m is equal to 2, the U, increases from 70% to
76.7%, to 85.1% as the pressure increases from 2560kPa to
5120kPa, to 10240 kPa. When T, is the same, the difference of
U, under high pressure and low pressure conditions increases
with the increase of sampling depth, indicating that the
consolidation process of deep clayey soil under low pressure is
slower than that under high pressure. Deep clayey soil usually has
large initial self-weight stress, high degree of consolidation, and is
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Relationship between U; and T, under different loads at sampling depths of 52.3 m (A), 145.5 m (B), 292.3 m (C) and 395.1 m (D)

in a dense and hard state. When the load is low, especially less
than the self-weight stress of the soil, the compaction response of
the specimen is relatively low. In this case, as shown in Figures
4C,D, Uy increases relatively slowly with T..

4 Discussion

4.1 Verification of typical one-dimensional
compression and consolidation models

4.1.1 Verification of one-dimensional nonlinear
compression models

The compression response of clayey soil is usually defined by
the relation between the settlement (after consolidation is
complete) and the effective stress, which is usually nonlinear.
It is conventional to investigate the compression response using a
plot of void ratio against the vertical effective stress. The widely
used nonlinear models describing the relation between the
settlement and the effective stress are as follows.
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4.4.1.1 e-log(p) model
The void ratio is an important indicator of soil consolidation
characteristics. The test data show that the void ratio has a certain
linear relationship with log(p), as shown in Eqs 3-5 (Davis and
Raymond, 1965; Li et al., 2013).
p
—e=C.og| — 3
e —e g( Po> 3)
For over-consolidated soil, the e-log(p) model is modified as
follows

P
e —e= C,log(P—

0

P. P
e —e= C,log(P—> + Cclog<P—> (P>Pc)
0 c

where e, is the initial void ratio, P is the initial effective stress, e

) (P<Po) 4)

(©)

and P are respectively the void ratio and effective pressure of soil
at a certain time, C. is the compression index, P is the
preconsolidation pressure and C, is the recompression index.
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TABLE 2 The estimated parameters of the compression models for ten soil samples.

log(e)-log(p)

NO. Sampling e-log(p)

depth

(m) C. C. R? Go
1 29.6 0.132 — 0.900 0.11
2 3535 0.121 — 0.905 0.085
3 4155 0.089 — 0.888 0.077
4 523 0.284 0.116 0.922 0.114
5 61.55 0.477 0.135 0.940 0.152
6 292.3 0.085 — 0.795 0.076
7 313.6 0.099 — 0.758 0.098
8 324.3 0.245 0.049 0.972 0.067
9 343.55 0.254 0.046 0.975 0.061
10 369.5 0.226 0.043 0.966 0.078

The e-log(p) model is commonly used to describe the
compression deformation of soil. However, the e-log(p) curve
may not be linear due to differences in soil structure. Therefore,
sometimes it is unreasonable to use only the compression (or
recompression) index C, (or C,) to represent the characteristics of
soil compression deformation.

4.1.1.2 log(e+e.)-log(p) model
Chai et al. (2004) developed the log(e+e.)- log(p) model as
described below.

(6)

log(e+e.) =log(ey+e)— Ccrlog<§>
0

where C,, is the modified compression index, that is, the slope of
the log(e+e.)-log(p) line; e, is a test parameter, ranging from -1 to
1. when e is 0, the model is simplified to the log(e)-log(p) model,
and when e, is 1, the model is simplified to the log(1 + e)-log(p)
model. The slopes of the straight lines corresponding to these two
models are Cy and C;, respectively.

4.1.1.3 Hyperbolic compression model
Wei. (1993) found that the shape of a general e-p curve is
similar to a hyperbola, and the expression is

% =E, +nP (7)
where E; and n are model parameters, ¢ is vertical strain of soil.

10 groups of soil samples from borehole dxzk02 in Langfang
City were selected to verify the suitability of the above three
compression models. The experimental data of the above 10 sets
of typical clayey soil samples were analyzed, and different
compression models were used to fit them, and the model
parameters and coefficient of determination R* were obtained
(Table 2).
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log(e+1)-log(p) Hyperbolic model

R (o} R n E, R

0.87 0.038 0.887 5.89 4687 0.962
0.877 0.033 0.895 5.18 3803 0.967
0.846 0.026 0.866 6.08 5100 0.937
0.855 0.044 0.875 3.18 10010 0.914
0.795 0.062 0.82 1.96 8852 0.770
0.741 0.025 0.778 4.40 38226 0.927
0.687 0.03 0.738 3.13 41840 0.910
0.751 0.023 0.783 5.70 28082 0.885
0.751 0.024 0.772 3.49 76022 0.981
0.771 0.027 0.798 3.68 90860 0.997

Table 2 shows that the e-log(p) model parameter C. ranges
from 0.085 to 0.477, parameter C, ranges from 0.043 to 0.135, the
log(e)-log(p) model parameter C, ranges from 0.061 to 0.152, the
log(1 + e)- log(p) model parameter C, ranges from 0.023 to 0.062,
the hyperbolic model parameter n ranges from 1.96 to 6.08, and
the parameter E, ranges from 3803 to 90860 kPa for 10 sets of
clayey samples. From the fitting results of each model and the test
data of each soil sample, it can be seen that the hyperbolic model
and e-log(p) models have the best fitting effect, the R* values of
multiple samples are all above 0.92, and the mean R* value are
0.93 and 0.9, respectively. The R* of the log(e)-log(p) and log(1 +
e)-log(p) models is generally in the range of 0.69-0.89, and the
fitting effect is not as good as the hyperbolic model and e-log(p)
models. It can also be seen that the e-log(p) model does not fit
well for deep normally-consolidated soils, the R” is only 0.79 and
0.76 for the normally-consolidated soil samples at depths of
292.3 m and 313.6 m, respectively. The log(e)-log(p) and log(1 +
e)-log(p) models fit the shallow clayey samples better than the
deep clayey samples, while the hyperbolic model fits almost all
soil samples well. The strain-stress curves are presented for the
clay samples at depths of 29.6 m and 292.3 m, respectively, which
are compared to the e-log(p), log(e)-log(p), log(1 + e)-log(p) and
hyperbolic models (Figure 5). As shown in Figure 5, the above
conclusion is also proved to be correct by comparing the strain-
stress curves with the compression models.

4.1.2 Verification of Terzaghi's one-dimensional
consolidation equation

The average degree of consolidation U, can be expressed as
(Craig, 2004):

© 2,

Ut =1- Zmzoﬁe (8)

where M = (2m + 1)77/2. Eq. 8 can be expanded to:
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8 2 1 o
U=1- —2<e'7TV +oe Ty ) 9)
s 9
Since the series in the brackets of Eq. 9 converges quickly, the
first term can be used in practice, see Eq. 10:

U =1- %e*%“ (10)

Eqs 9, 10 are analytical solution for Terzaghi’s one-
dimensional consolidation equation and simplified forms,
respectively. The accuracy of these solutions was tested by
plotting the degree of consolidation and time factor data for
five sets of shallow and deep clayey soil samples under loads of
2560 kPa and 20480 kPa, respectively (Figure 6). As shown in
Figure 6A, the analytical solution of the Terzaghi’s equation is
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similar to the simplified solution, which is in good agreement
with the test data of the shallow clayey soil samples. For deep
clayey soil, the solution appears to underestimate the value of U,
when the time factor T is in the range 0-1, and overestimate the
value of U; when T, is greater than 1 (Figure 6B).

4.2 A new solution for one-dimensional
consolidation of deep clayey soil

4.2.1 Equation derivation

Since the analytical solution of Terzaghi’s consolidation
equation has a certain error in calculating the consolidation
degree of deep clayey soil, it is necessary to establish a new
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relationship between U, and T,. Accordingly, 156 groups of
clayey soil samples with depths of 0-400 m were collected from
14 boreholes in Langfang, Shunyi and Daxing areas, and the
relationship between U; and T, under various loads was
analyzed. For soil layers with a buried depth of less than
400 m, the sum of self-weight stress and additional stress
caused by pumping and building loads is less than 10MPa,
thus, the load applied to the soil specimens in the laboratory
is selected as 640kPa-10.24 MPa. The data analysis software
ORIGIN was used to fit the U, - T, data. According to the
change trend of the data points, the fitting function was judged to
conform to the exponential function. After repeated fitting of the
data, an exponential equation (Eq. 11, abbreviated as CE_NCP)
was established for the relationship between U, and T.

U, = e(#rt) an

The results of test data and fitting curves are shown in
Figures 7, 8, indicating that CE_NCP fits the test data better
than the analytical solution of Terzaghi’ consolidation
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equation, which overestimates the degree of consolidation
as a whole. The mean value of R* for the CE_NCP equation
is 0.946, indicating that the overall fit of the test data is good.
The mean R* values of the specimens at depths of 0-100 m,
100-200 m, 200-300 m and 300-400 m are 0.947, 0.949,
0.937 and 0.950, respectively, implying that CE_NCP is
suitable for the consolidation calculation of both shallow
and deep clayey soils.

To more accurately reflect the consolidation process,
CE_NCP was applied to all soil sample data from 0 to
400 m depth. The parameters a, b and ¢ were averaged
under various loads, and Equations 12-15 were obtained as
follows.

U, = e(000srtit) (soil depth of 0 — 100m) (12)
U,=e (001314 7435%;) (soil depth of 100 — 200m) (13)
U, = e (001 r) (soil depth of 200 — 300m)  (14)

U, = ¢ (000 rit) (soil depth of 300 — 400m) ~ (15)
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TABLE 3 The estimated parameters a, b and c for the CE_NCP consolidation equation.

NO. Depth (m)
1 0-100 m

2 100-200 m

3 200-300 m

4 300-400 m

4.2.2 Parametric analysis

Parameter

Analysis of the parameters 4, b and ¢ is important to

understand the variation range and physical meaning. The

data ranges and mean values of the parameters are presented

Frontiers in Environmental Science

Data range

0.0027 to 0.016
—0.247 to —0.185
0.118 to 0.145
—0.001 to 0.035
—-0.301 to —0.208
0.124 to 0.195
0.003 to 0.029
—0.285 to —0.196
0.129 to 0.195
—0.039 to 0.026
—0.327 to -0.217
0.146 to 0.213

Mean value

0.008
—-0.209
0.132
0.0131
—-0.256
0.162
0.0108
-0.23
0.168
—0.0066
-0.26
0.175

Equation

0.
U, = @085

0.256
U, = 00131455

023

U, = £ OO+

0.26
U, = e(F0066+3557)

Ty+0.1

in Table 3. Analysis results show that the parameter b increases
with the increase of the load. For example, when the loads are
0.64MPa, 1.28MPa, 2.56 MPa and 5.12MPa, the values of

parameter

12

b for

100-200 m samples
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are —0.301, —0.281, —0.234 and —0.208, respectively. As the depth
200-300m, the b
from —0.285 to —0.22, to —-0.218, to —0.196, corresponding to
loads of 1.28 MPa, 2.56 MPa, 5.12MPa and 10.24 MPa,
respectively. In general, for soil samples with different depths,

increases  to value  increases

the mean values of parameters b and ¢ in the proposed equations
do not change much.

Sensitivity of the U,-T, relationship to the model parameters
was analyzed by expanding or reducing the size of one parameter
by 10 times while the other two parameters remained unchanged.
Results show that the U;-T, curve is more sensitive to parameters
a and b than c. That is, the variation of parameters a and b has a
greater influence on the fitting results than the parameter c.
Analysis also shows that the parameter a mainly affects the part
of the Ut-Tv curves after the inflection point where the slope of
the curve changes from large to small. Table 3 shows that the
variation range of parameter b is small, from —0.26 to —0.209, so
the change of parameter b has little effect on the calculation
results because it is limited to a small range, even though the U
T, curve is sensitive to parameter b. Therefore, parameter a is the
most important control parameter in CE_NCP.

4.2.3 Verification and application of CE_NCP

To verify the suitability of the developed consolidation
equation CE_NCP, the test data of the soil samples taken
from the boreholes located in Shunyi, i.e., dxzk03 and dxzk04,
were selected for the fitting (Figure 9). The results show that the
equatioin CE_NCP fits well with the test data.

To put the proposed equation into practice, the degree of
consolidation of clay near borehole dxzk02 in Langfang was
estimated, and the calculated degree of consolidation was
compared with the consolidation state of the strata.
Langfang City is located at the junction of the Hebei Plain
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and the Beijing Plain, and the Quaternary loose soil layer is
thick. Due to the influence of human activities, especially
over-exploitation of deep groundwater, the subsidence rate
gradually increased, and by 2015, the maximum subsidence
rate had exceeded 80mm/annum. The strata of Langfang City
can be divided into four aquifer groups. Groundwater in the
first and second aquifer groups is defined as shallow
groundwater with unconfined or semi-confined hydraulic
properties. Groundwater in the third and fourth aquifer
groups is confined and is defined as deep groundwater.
There are extensive and thick aquifers in all four aquifer
groups. Due to poor quality of shallow groundwater, deep
groundwater was mainly exploited locally. The relationship
between the variation of groundwater depression cones and
land subsidence shows that most serious subsidence areas
coincide well with the distribution of depression cones of deep
groundwater. The increase of groundwater extraction resulted
in the decrease of deep groundwater levels, which led to the
increasing of land subsidence rate and the influence area. The
decline of groundwater levels is the main influencing factor of
land subsidence in this area. There are regional differences in
the intensity of groundwater exploitation, and the decline in
water levels varies from place to place. In 2019, the depth of
shallow groundwater in the area was measured to be 7m-13m,
and the depth of deep groundwater reached 80 m.

To study the deformation law of the clayey soil driven by
groundwater abstraction, in 2019, a borehole dxzk-02 with a
drilling depth of 402.3 m was constructed near the groundwater
depression cone in Langfang City, and undisturbed clayey soil
samples were collected every 2m. According to the drilling
histogram, the total thickness of the clay in the borehole was is
214.3 m, accounting for 52.9% of the total thickness. The proportion
of clayey soil for the third and fourth aquifers was 56.8% and 52.8%,
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TABLE 4 Aquifer group division and stratigraphic thickness of lithologies.

Aquifer group Depth of top and

bottom (m) (m)
1 0.0-21.4 8.3
2 21.4-110.0 44.05
3 110.0-265.6 88.35
4 265.6-402.3 73.61
P (kPa) U
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FIGURE 10
Change of self-weight stress, preconsolidation pressure, and
degree of consolidation with depth.

respectively (Table 4). Clayey soil and coarse-grained soil were
mutually distributed, and the thickest layer of clayey soil was
located in the fourth aquifer group, reaching to 21.1 m.

Through geotechnical tests and high-pressure consolidation
tests, the time-varying compression curves of soil samples at
different depths and mechanical indicators such as pre-
consolidation pressure, consolidation coefficient, compression
index, and rebound index were obtained. By comparing the self-
weight stress and pre-consolidation pressure, the soil layer with a
depth of less than 300 m is basically normally consolidated, and
the soil layer with a depth of more than 300 m is slightly over-
consolidated (Figure 10).

Assuming that the clay layer only bears the additional load
caused by groundwater extraction, the additional load is calculated
as a 13 m drop in the shallow groundwater table and an 80 m drop
in the deep groundwater level. The Langfang groundwater
depression cone was formed in 1978. With the development of
the city, the depression cone has been deepened and expanded. By
the end of the drilling construction in 2019, it has been 41 years.
Therefore, the action time of additional load caused by pumping is
calculated as 41 years. Since the thickness of the clay layers at
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Thickness of silt Proportion of clayey soil

and sand (m) (%)
13.1 38.8
44.55 49.7
67.25 56.8
65.79 52.8

different depths is known, the degree of consolidation of the clay
layers can be calculated by the Terzaghi’s equation and the CE_NCP
equation proposed in this paper, as shown in Figure 10. The degree
of consolidation calculated by CE_NCP equation at the depth of
0-400m was in the range of 0.56-0.97, and the degree of
consolidation obtained by Terzaghi’s equation was from 0.59 to
1.0. With the increase of depth, the variation law of consolidation
degree calculated by Terzaghi’s equation and CE_NCP equation is
consistent, but the values calculated by CE_NCP equation are all
smaller than those calculated by Terzaghi’s equation. These
phenomena are consistent with the conclusion in Section 4.2.1.
The results of these two solutions indicate that the clayey soil in the
study area is still not fully consolidated, and may still be compressed
and result in continued land subsidence. In fact, the groundwater
levels in Langfang City have stopped dropping due to the measures
to control groundwater exploitation in recent years, but the land
subsidence in this region is still developing, which implies that the
consolidation of the clay layers have not been fully completed. The
thick and low-permeability clay layers may continue to compact at a
decreasing rate during the hydraulic head stabilization or recovery.

5 Conclusion

Based on the test data of undisturbed soil samples from
14 boreholes in typical land subsidence areas of Langfang,
Daxing and Shunyi, the deformation and consolidation laws of
deep clayey soils were analyzed in this paper, and the model
CE_NCP was the of
consolidation. This study has great scientific value and

developed to estimate degree
practical implications to improve the accuracy of land
subsidence calculation, forecast and early warning, and will
provide technical support to effectively relieve the disasters of
land subsidence caused by groundwater exploitation in the

NCP. The main conclusions are as follows:

1) The time-dependent compression process of clayey soil is

roughly divided into three stages, namely the initial
compression stage, the primary consolidation stage and the
secondary consolidation stage. Overall, the instantaneous
deformation caused by the initial compression is positively
related to the load. The and

deformation amount

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1084286

Liu et al.

deformation stabilization time in the primary consolidation stage
increase with the increase of the load and decrease with the
increase of depth. Geotechnical tests show a general trend that
the coefficient of consolidation decreases with the load. With the
same soil depth and time factors, the degree of consolidation
increases with increasing load. With the same time factor, the
difference in the degree of consolidation obtained under high
load and low load conditions increases with the increase of
sampling depth, indicating that the consolidation process of deep
clayey soils becomes slower under low load. Under the same time
factor T, the degree of consolidation U, generally increases with
the pressure, and the difference of U, under high pressure and
low pressure conditions increases with the increase of sampling
depth.

2) Existing compression models were evaluated for their
applicability in the study area. Compared with the log(e)-
log(p) and log(l + e)-log(p) models, the hyperbolic and
e-log(p) models have better fitting effects. However, the
e-log(p) model does not fit well for deep normally-
consolidated soils. The log(e)-log(p) and log(1 + e)-log(p)
compression models fit the shallow clayey soil samples
better than the deep clayey samples. The hyperbolic model
fits almost all soil samples well.

3) For deep clayey soils, the Terzaghi’s consolidation equation
deviates considerably from the experimental data. Through
statistical analysis of a large number of test data, we proposed
the CE_NCP consolidation equation, which is more suitable for
calculation of the consolidation process of deep clayey soil in the
study area than the Terzaghi’s equation. Among the three model
parameters g, b and ¢ involved in CE_NCP, parameter a has the
greatest influence on the calculation results. The CE_NCP
consolidation equation was applied successfully in calculating
the degree of consolidation in the subsidence area of Lang
Fang City.
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