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Preface

Land subsidence exists in the cities throughout the world. With the increase of the
high-rise buildings, land subsidence induced by the human factors accelerates.
Though land subsidence occurs slowly, the accumulation results in the crack of the
road, the damage of the pipelines, the tilt or the crack of the buildings, and so on. It
causes the loss of the economy. With a large number of high-rise buildings being
built and the dewatering of foundation pit for construction of underground struc-
tures, the engineering-environmental effect comes to be the main cause of land
subsidence. In this monograph, the engineering-environmental effect refers to loads
of the high-rise building and the dewatering of foundation pit for the construction of
underground structures.

Supported by National key research and development program (Grant
No. 2017YFC1500702), National Natural Science Foundation of China (Grant
No. 51208503) and Outstanding Innovation Team Project in China University of
Mining and Technology (Grant No. 2015QN001), this monograph studies the land
subsidence caused by the engineering-environmental effect. With a large number of
high-rise buildings being built and the dewatering of foundation pit for construction
of underground structures, the engineering-environmental effect comes to be the
main cause of land subsidence. The mechanism of land subsidence is studied by the
theoretical analysis, the in-site monitoring, the general model test, and the cen-
trifugal model test combined with the scanning electron microscope test (SEM) and
the mercury intrusion porosimetry test (MIP).

Chapter 1 is introduction. First, it introduces the progresses of land subsidence in
China. Then, the recent researches about land subsidence from four aspects,
including in-site monitoring of land subsidence, model tests of land subsidence,
theoretical analysis of land subsidence, and prediction of land subsidence, are
summarized. Hereby, it points out the purpose and research strategy in this
monograph.

Chapter 2 is theoretical analysis of land subsidence caused by the engineering-
environmental effect. Land subsidence caused by decompression of confined water
is comprised of deformation of aquifer, aquitard, and phreatic stratum. When the
decompression features short duration, the consolidation deformation of aquitard is
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little and the aquitard is supposed to be watertight. Based on displacement coor-
dination condition, theory for elastic-layered system is adopted to calculate layered
soil deformation caused by decompression of confined aquifer, including vertical
and horizontal components. The formulas for calculating the land subsidence
caused by single pile are deduced for different lateral frictions of pile.

Chapter 3 is consolidation of saturated multilayered soils caused by pumping
from the dewatering well. Axisymmetric consolidation of multilayered soils
induced by groundwater extraction from a dewatering well is studied with con-
sideration of the anisotropic permeability and the well length. Laplace–Hankel
transforms are utilized to solve the governing equations. The analytical
layer-element method is used to build relationships between displacements, stres-
ses, excess pore pressure, and seepage velocity in the transformed domain. The real
solutions can be obtained by the inversion of Laplace–Hankel transforms. A series
of parametric studies, especially the length of a dewatering well and the combined
effect of pumping and recharging, are conducted to analyze the consolidation
behaviors of layered soils.

Chapter 4 is in-site monitoring of land subsidence. The land subsidence caused
by four high-rise buildings including World Financial Center (SWFC), Bank of
China Tower (BOC Tower), Shanghai Merchants Tower, and Jinmao Tower, which
are located in Lujiazui area of Shanghai, is studied by the in-site monitoring data. In
addition, the relationship between the changing of the groundwater table and the
deformation characteristics of soils is analyzed. The numerical simulation is con-
ducted to study the land subsidence caused by two high-rise buildings with rela-
tively close distance, Jinmao Tower and World Financial Center.

Chapter 5 is centrifuge modeling of land subsidence caused by high-rise building
group. This chapter discusses the engineering-environmental effect of high-rise
building group on land subsidence under the typical geological subsurface of
Shanghai by the centrifuge model tests. The problems studied include the defor-
mation characteristics of different soil layers, the influence of high-rise building
group on land subsidence of its central and circumjacent areas, the land subsidence
affected by the different building distances, and the stress variation of soil layers
due to the engineering-environmental effect of the high-rise building group.

Chapter 6 is microstructure of different soil layers before and after centrifuge
modeling of land subsidence caused by the high-rise building group. This chapter
studies the microstructure of each soil layer under the building loads in the cen-
trifuge model by SEM and MIP, for qualitative analysis and quantitative analysis,
respectively. Before and after the centrifuge model test conducted in Chap. 5,
samples of each soil layer are prepared for studying the microstructure of soils by
SEM test and MIP test.

Chapter 7 is microstructures of the soil layer at different depths in the centrifuge
modeling of land subsidence caused by the interaction of two high-rise buildings. In
this chapter, oven-drying method is used to dehydrate the clay samples due to test
condition restriction. Many factors at microlevel influencing consolidation of clay
are studied, and the MIP is used to examine microstructural change of kaolin clay at
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different depths. The Menger fractal dimension model and the thermodynamics
fractal dimension model are used to analyze MIP data.

Chapter 8 is physical model test of layered soil subsidence considering dual
effects of building load and groundwater withdrawal. In this chapter, the defor-
mation of each soil layer caused by high-rise buildings and groundwater
exploitation simultaneously is studied. The physical model test based on the typical
geological background in Shanghai is conducted, and the particle image velocity
(PIV) is adopted to measure the displacement of each point in soil layers.

Chapter 9 is floor area ratio ANFIS model affected by causes of land subsidence.
This chapter has demonstrated that the geological environmental capacity of the
building is mainly controlled by the land subsidence and the relationship can be
assessed using the floor area ratio. The adaptive neuro-fuzzy inference system
(ANFIS) is used to evaluate the floor area ratios of four typical areas in Shanghai in
order to offer some guidance in respect of urban planning.

Chapter 10 is conclusions and prospects. This part comprehensively summarizes
the research conclusions. Several controversial issues are discussed, and then the
further research work and prospects are simply described.

This monograph has been prepared with the combined effort of all researchers in
the group under Prof. Zhen-Dong Cui’s leading, in which Ya-Jie Jia, Zheng Li,
Jia-Qiang Yang, Ling-Zi Zhao, Zhong-Liang Zhang, Peng-Peng He, Qiang Yuan,
Jun Tan, Cheng-Lin Zhang, Shi-Xi Ren, and some other students all have involved
in this comprehensive research work in this monograph. In addition, I should
acknowledge the guidance of Prof. Yi-Qun Tang in Tongji University, the guidance
of Prof. C. W. W. Ng in Hong Kong University of Science and Technology, and the
guidance of Prof. Ronald Y. S. Pak in University of Colorado Boulder.

Xuzhou, China Prof. Dr. Zhen-Dong Cui
January 2018
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Chapter 1
Introduction

1.1 Background

Land subsidence is an environmental geology phenomenon that the land surface ele-
vation falls down due to ground compression (Cui 2012; Hu et al. 2004). Land sub-
sidence in the soft soil area has characteristics of the slow generation, the long duration,
the wide ranges of affection, the complex mechanisms of generation, and the difficult
prevention (Cui 2008). It is a slow movement and it may break the pipelines and
subsidize and/or tilt the buildings in the affected area. The economic loss induced by
land subsidence in Shanghai has reached over 46 billion dollars, which means that each
millimeter subsidence costs Shanghai nearly 25 million dollars. More than 60 countries
are suffering from the costly land subsidence. The cities experienced serious land
subsidence, such as Shanghai, Tianjin in China; Osaka, Niigata, and Tokyo in Japan;
California region in America; Venice in Italy, and so on.

1.1.1 Land Subsidence of Shanghai

There are two first cities in China to suffer serious subsidence, Shanghai in 1921
and Tianjin in 1923. The land subsidence of two cities shows different
characteristics.

Figure 1.1 illustrates the variations of land subsidence with time and Fig. 1.2
shows the comparison between the measured and the calculative subsidence of
bedrock mark No. 0–264 in Shanghai (Shen and Xu 2011). At the early stage in
Shanghai, the main cause of land subsidence was the irrational withdrawal of
groundwater. The extraction of groundwater was mainly conducted in the second
and the third aquifers, accounting for 86% of total exploitation quantity. By 1965,
the average subsidence in urban area was 1.76 m and the maximum subsidence was
2.63 m. Then, the aquifer for extraction of groundwater was adjusted to the fourth
and the fifth aquifers, accounting for 85% of total exploitation quantity and the
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water was recharged into the second and the third aquifers, which caused the rate of
subsidence to be gentle. In the middle of 1970s, the rebound phenomenon of land
subsidence appeared. But from 1990s, the rate of land subsidence accelerated
gradually.

What are the causes of this phenomenon? The groundwater was exploited in the
deeper aquifer and especially from 1990s the quantity of exploitation increased. The
recharge of groundwater in the urban area was not enough because the groundwater
was exploited not in the urban area but in the suburb and the delayed drainage in the
watertight layer is the main cause for the aggravation of land subsidence. However,
from some researches, the large-scale engineering construction is the main cause of
land subsidence, including the building loads, the pit excavation, the pit dewatering,
the shield tunneling, and the leakage of tunnel. Figure 1.3 illustrates the relationship
between the accumulative subsidence and the building area in Shanghai (Yang and
Gong 2010).
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The deformation of soil layers with the depth 75 m from the ground was mainly
caused by the engineering construction and the withdrawal of groundwater mainly
resulted in the deformation of soil layers with the depth larger than 75 m from the
ground (Shi 1999). From the measured data of land subsidence in Shanghai, the
land subsidence caused by the engineering construction accounted for 30% of the
total land subsidence, but there was less theoretical accordance. On the one hand,
the leakage recharge was ignored and the influence of groundwater exploitation on
the shallow compression layer was reduced. On the other hand, the pile foundation
was chosen by the high-rise buildings. The pile depth of Jinmao Building finished
in 1999 was 83 m and that of World Financial Center finished in 2008 was 78 m,
but the buried depth of the second confined aquifer is about 50–70 m. The pile
foundation reached the influence area of groundwater exploitation and recharge. So
the analysis also underestimated the effect of building loads on the deep com-
pression layer. The influence between the groundwater exploitation and high-rise
building loads crosses each other (Jia 2015).

In addition, some scholars (Wang and Miao 2011) pointed out that the land
subsidence increased slightly, showing typical creep characteristics and the creep of
soil is also the cause of long-term development of land subsidence in Shanghai.

The comprehensive effects of various factors lead to the slow growth of land
subsidence in Shanghai. However, there is no exact theoretical basis for evaluating
the proportion of the land subsidence caused by each factor to the total land
subsidence.

1.1.2 Land Subsidence of Tianjin

The development of land subsidence in Tianjin was divided into four stages: the
initial subsidence stage from 1923 to 1957, the initial formation of settlement center
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from 1958 to 1966, the rapid development of subsidence from 1966 to 1985, and
the settlement control stage from 1986 to present (Dong et al. 2007).

In the first stage, the land subsidence coincided with the groundwater
exploitation and the subsidence rate was slow. The cumulative subsidence was
small and the damage was small. The land subsidence was not recognized. With the
increase of groundwater exploitation, land subsidence was found in 1958 and it
developed rapidly. Some subsidence centers were formed, such as Hebei street and
Dazhigu. With the further increase of groundwater exploitation, land subsidence
developed rapidly. In 1985, the accumulated subsidence in Tanggu area was 3.1 m
and the annual settlement was 100 mm. Tianjin is the coastal city owning the
lowest ground elevation in China and its elevation is only 3–5 m. It is more serious
for Tianjin to deal with land subsidence. In the land subsidence center, the
groundwater exploitation was strictly controlled. The pore water pressure gradually
recovered and the settlement phenomenon eased. However, the groundwater level
continued to decline and the land subsidence continued to develop in the coastal
area. Figure 1.4 illustrates variations of the pore water pressure with the soil layer
depth in the urban area and coastal area of Tianjin, respectively (Wu et al. 1998).

(a) The urban area (b) The Coastal area

Fig. 1.4 Variations of pore water pressure with depth in Tianjin
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Among the factors causing the land subsidence of Tianjin, overexploitation of
groundwater is the main factor. The other factors include the natural consolidation of
the under consolidation soil whose contribution to the land subsidence of Tianjin is
10–20 mm/a, the exploitation of gas and petroleumwhose contribution is 6 mm/a, the
engineering construction, the geological tectonic movement, the sea level rise, and so
on. At the early stage, the latter three factors affect the land subsidence little. However,
at the late stage, when the groundwater exploitation is controlled reasonably, these
factors may become main factors resulting in the land subsidence (Xu et al. 2005).

1.1.3 Land Subsidence of Other Areas in China

After the land subsidence appeared in Shanghai and Tianjin, at present there have
being 17 provinces experiencing land subsidence in China because of the
large-scale industrialization, the urbanization construction, the population
agglomeration to the city, the increasing demand for industrial water and domestic
water, and the large-scale urban infrastructure. The total area exceeds 5� 107 m2,
where mainly distributes in the Yangtze River Delta Plain, the North China Plain,
the Northeast Plain, the Southeast Coastal Plain, the Jianghan Plain, and the Fault
Basin, as shown in Fig. 1.5.

Fig. 1.5 Land subsidence in China
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The characteristics of land subsidence in each area are summarized in Table 1.1
(Hu et al. 2011; Zhang and Wei 2005; Duan 1998). The large-scale land subsidence
was mainly caused by the groundwater exploitation. There was a high correlation
between the state of groundwater and the magnitude of land subsidence. At present,
the state of groundwater was changed by human activities from two aspects,
including the exploitation and utilization of groundwater and the engineering
dewatering. Compared with the groundwater exploitation, the range of land sub-
sidence caused by the engineering dewatering was smaller. The drawdown depth of
groundwater was related to the excavation scale and the geological condition of the
foundation pit. The drawdown depth of groundwater did not exceed 30 m in
common. For large foundation pit dewatering project, the recharge, water curtain,
and other measures to reduce its influence range were conducted in the same time.
After the completion of the project, with the recovery of groundwater level, there
was a certain amount of rebound for land subsidence.

In order to reduce the land subsidence caused by groundwater exploitation, the
groundwater exploitation was reduced and the recharge was conducted in the areas
experiencing larger land subsidence, such as Shanghai, Tianjin, and so on. The
groundwater recharge was always larger than the amount of exploitation in the
urban area of Shanghai. According to the East satellite TV report, the groundwater
exploitation in the urban area of Shanghai was 106 m3 and the amount of recharge
was 107 m3 in 2011. Figure 1.6 illustrates the variations of groundwater exploita-
tion recharge with time in Shanghai. The groundwater exploitation reduced in the
whole area of Shanghai, from 1:2� 108 m3 in 1998 to 1:094� 107 m3. However,
the amount of recharge increased from 1:8� 107 m3 in 1998 to 1:935� 107 m3. In
2011, the amount of recharge was 1:861� 107 m3, which first exceeded the
groundwater exploitation 1:351� 107 m3. Although the net exploitation of
groundwater was minus, the land subsidence still developed and the mean rate of
land subsidence in Shanghai was 6 mm/a.

1.2 Research of Land Subsidence

The research status of land subsidence includes four aspects, including in-site
monitoring of land subsidence, model tests of land subsidence, theoretical analysis
of land subsidence, and prediction of land subsidence.

1.2.1 In-Site Monitoring of Land Subsidence

Land subsidence monitoring methods include the precise leveling, the global
positioning system measurement, the interferometric synthetic aperture radar
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measurement, the bedrock mark and layered mark measurement, and the laser radar
measurement.

Precise leveling requires a reference point first. It is generally considered that the
datum point does not produce vertical displacement. Shanghai has built a large
number of bedrock marks as leveling control points. Under the premise of ensuring
the measurement accuracy, the leveling is conducted to the designated leveling
points in the study area. Through the adjustment calculation of the leveling net-
work, the elevation of leveling points can be obtained. The elevation of the leveling
point is measured every other period of time, so that the accumulated settlement of
the leveling point in a period of time can be obtained. The accuracies of the
first-order leveling and the second-order leveling are 1 and 2 mm/km, respectively.

The global positioning system (GPS) measurement needs to build the GPS
station on the ground. The GPS station determines the distance between the satellite
and the GPS station according to the signal released by the satellite. Then, the
three-dimensional coordinates of the station at a certain time are determined
according to the location of several satellites. At present, the GPS stations have
been built in Tianjin, Shanghai, Taiwan, Su-Xi-Chang, and so on. The resolution
reaches 3 mm. In addition, the horizontal displacement of the measuring point can
be obtained by using the GPS system.

The interferometric synthetic aperture radar (InSAR) is used to measure the SAR
image of the same region at different times. The phase difference of the two images
is calculated to obtain the interference image. The ground deformation contour map
is obtained by ground deformation measurement. For the permanent scatterer
interferometry (PSI), the decorrelation of time and space and the atmospheric
effects which limit the accuracy of the measurement are well handled and the
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accuracy can reach mm level. In China, it has been used in Tianjin, Shanghai,
Suzhou, and so on, compared with the GPS system, InSAR can get more data.

The standard structure of bedrock mark and layered mark includes protection
device, guide device, pilot device, ground device, and guide device. The base of
bedrock mark is fixed in the bedrock, so the bedrock mark can be used as the
control point in leveling. However, the base of the layered mark contacts with the
interface of soil layers and it can move up and down with the soil layer, reflecting
the rise and fall of the measured soil layer. The technology of one well owing many
marks is that the sensing devices are distributed at different depths, to achieve the
observation of multilayers in a single well. This method is economical and the
precision is up to 0.01–1 mm. It is widely used in Shanghai, Tianjin, and Taiwan.

The light detection and ranging (LiDAR) includes two types: the ground laser
radar and the airborne lidar. The working principle is that the laser beam is
transmitted by the sensor and transmitted to the ground through the air. After the
reflection of the ground, the sensor receives the reflected signal and the distance
from the laser to the ground surface can be calculated according to the time of
transmitting and receiving the signal. The accuracy of airborne lidar is not high,
only being 0.3 m. Ground laser radar is usually used to obtain the parameters of
moving objects or to draw the shape of the object surface. For measuring the land
subsidence, the technical requirements of the operator are high.

The monitoring of land subsidence develops from the artificial to the intelligence
and from single point to multiple points. Although the precise leveling has high
precision, it can obtain less data points and it is time-consuming and laborious.
Because of the limitation of accuracy and measurement time, LiDAR can only be
used for rough topographic mapping. GPS and InSAR can obtain more data points,
but the accuracy of measurement needs to be further improved. The land subsidence
at different depths in the same measuring point, the technology of one well owing
many marks, is more suitable. But a variety of monitoring methods are still needed.

1.2.2 Theoretical Analysis of Land Subsidence

The area of ground subsidence caused by groundwater exploitation is often very
large. The thickness of the vertical compression layer is smaller than the scope of
the plane. There is the difference of orders of magnitude between the horizontal
displacement and the vertical displacement, even near the pumping well. But far
away from the pumping well, the difference is greater (Li et al. 2013). Generally,
the deformation of soil caused by groundwater exploitation is reduced to
one-dimensional compression. According to the coupling relation of seepage and
stress, the calculation model can be divided into two kinds: sequential coupling and
direct coupling.

For each soil layer, the sequential coupling refers to the continuity equation of
water, that is, the difference between the quantity of water flowing into and out of
the infinitesimal element in unit time is equal to the increase of the amount of water
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in the infinitesimal element in unit time, and the change of the soil water pressure
with time is combined with the corresponding boundary conditions. Generally, the
compression of water is not considered. According to the principle of effective
stress, the change of water pressure is transformed into the change of effective
stress. Then, the strain and the settlement of soil layer can be obtained by the
constitutive relation of soil. The constitutive relation of soil can be taken as elastic,
elastoplastic, and viscoelastic plastic according to the characteristics of deformation
of soil. The characteristics of deformation are determined by the critical water level
in the soil, i.e., the pre-consolidation pressure of the soil. The characteristics of
deformation of clay had been studied by many researchers, which was considered
as elastic–plastic deformation (Hu et al. 2002). It was found that clay creep
accounted for a large proportion of deformation, so the creep of clay should be
taken into account (Men 1999). The deformation of sandy soil is elastic. From
analyzing the data of the indoor test and the in-site, it was found that there also
existed the plastic deformation and the creep for sand (Zhang et al. 2009). The
viscoelastic–plastic constitutive model of soil is established, which can be trans-
formed into the elastic model, the viscoelastic model, and the elastoplastic model by
adjusting parameters of the model. In the calculation of soil deformation, some
scholars did not consider the change of the permeability coefficient of soil with the
change of stress state and some studies adjusted the permeability coefficient in the
process of the deformation of soil. The sequential coupling method was used to
study the land subsidence caused by the groundwater exploitation in Shanghai (Ye
et al. 2011), Tianjin (Shearer 1998), Suzhou (Chen et al. 2003), and other areas.

The direct coupling theory is based on Biot consolidation theory and the seepage
deformation coupling equation is established, including the equilibrium differential
equation, the geometric equation, the constitutive equation, and the continuity
equation. The four unknowns of the pore pressure and the displacement of soil in
three directions are solved directly. The constitutive equation is determined by the
deformation characteristics of the soil, which is as the same as those of the soil in
the sequential coupling model. The advantage of the direct coupling is that the
horizontal displacement of the soil can be calculated, which can be used in the
formation of ground fissures. The disadvantage is that the computation is complex
and it is usually solved by numerical method. When the solution area is large, the
computation is very complex. Therefore, the direct coupling method is generally
used for the calculation of small regional land subsidence (Chen and Li 2006).
When calculating the large-scale land subsidence, the soil parameters should be
calculated according to the relationship between the actual amount of groundwater
exploitation and the subsidence.

For land subsidence caused by groundwater exploitation, especially for the
confined aquifer, the change of saturation of soil is not taken into account in
common and the soil is always considered in the saturated state. Land subsidence
induced by dewatering includes the compression of the aquifer and the consoli-
dation deformation of the weak permeable aquifer (Luo et al. 2006). The com-
pression of permeable layer is calculated directly according to the effective stress of
soil before and after depressurization. The compressibility of the weak aquifer is
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calculated as follows. (1) According to the pore pressure at the boundary eventually
being adjusted to the same as the aquifer, the consolidation equation of the weak
layer is established to calculate its deformation (Luo et al. 2004). (2) The weak
permeable aquifer is regarded as the water-resisting layer and the effect of
depressurization of confined aquifer on the overlying soil is equivalent to the
downward pulling force to calculate the final deformation of the weak permeable
layer (Gong and Zhang 2011). (3) Without considering the existence of overlying
weak permeable layer, the compression of permeable layer is regarded as ground
subsidence (Zhou et al. 2011). As for whether to consider the compression amount
of each soil layer, in addition to considering the time factor and the permeability of
soil layer, the thickness of soil layer plays an important role.

The calculation model of land subsidence caused by the building load is much
simpler. The deformation is generally regarded as the three-dimensional problem,
and the computational theory is Biot consolidation theory. The subsidence can
change with time of consideration. In addition, the additional stress can be con-
verted into the effective stress without considering the consolidation process of the
soil, and the elastic–plastic or elasto-viscoplastic constitutive relation of the soil is
used to calculate the final settlement of the area. The building foundation was taken
as the pile foundation and the elastoplastic or viscoelastic–plastic constitutive
model was adopted to study the distribution law of the land subsidence under
different floor area ratios (Song and Tang 2012). Except for the factors such as the
floor area ratio, there is no quantitative study on the influence of the basic form on
the distribution of the subsidence in the whole area. Some scholars believed that the
role of pile foundation was only to transfer the upper load and changing the pile
diameter or pile length only changed the influence range of foundation and the force
between piles and soils, which had little effect on the distribution of the whole land
subsidence area. But there was no quantitative research conclusion.

For the land subsidence induced by both groundwater exploitation and the
building loads, without considering the change of soil saturation and only con-
sidering the simple geological condition of single-layer soil, the land subsidence
caused by the two factors is linearly superposed (Zhao et al. 2008). Considering
the complex geological conditions of the multilayered soil, without considering the
change of soil saturation, the subsidence caused by interaction of both the
groundwater exploitation and the building loads is smaller than the sum of the land
subsidence caused by the groundwater exploitation and that caused by the building
loads through the numerical calculation (Ding et al. 2011). There was no detailed
description of the basic form of the building, and there was only one building. The
order of pumping and building was not clear. The effect of interaction needs to be
further studied.
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1.2.3 Model Tests of Land Subsidence

The boundary condition of laboratory test is easy to control and the boundary
condition and stress state of model test can be changed according to the need of
research. The land subsidence caused by the groundwater exploitation has the
characteristics of the long duration, the slow development, and the wide range of
influence. Even in laboratory tests, the selection of similar materials and the sim-
ulation of pumping conditions are quite difficult. The centrifugal model test was
conducted to study the land subsidence in the small area caused by groundwater
exploitation (Sun et al. 2008), which simulated the plane problem.

The general model test and the centrifuge model test were conducted by Tang
et al. (2008) and Cui et al. (2010) to study the land subsidence under the typical
engineering geology in Shanghai with the groundwater unchanging, considering the
building spacing and the floor area ratio. The land subsidence caused by high-rise
buildings was affected by the construction sequence of the buildings. Figure 1.7
illustrates the variations of subsidence of model buildings with time. Building A
was the first loaded, and the subsidence was greatest, followed by Building B which
was the second to be loaded. Buildings C and D were the last to be loaded at the
same time and their subsidence was the least. The stress superimposition effect at
the central area was the largest. The land subsidence of the points near to the former
building was larger than that of those near to the latter building. The central area of
the group of buildings experienced the maximum subsidence. The points within one
times the width of the foundation from the center of the building had the second
largest subsidence. The least subsidence was recorded in the area two times the
width of the foundation from the center of the building.

1.2.4 Prediction of Land Subsidence

The prediction of land subsidence can be divided into three types, including the
deterministic model, the stochastic statistical model, and the artificial intelligence
model.

According to the deformation mechanism of the soil, the calculation model was
established by the deterministic model, considering the engineering geological
conditions, the soil constitutive relationship, and the amount of groundwater
exploitation. By setting the corresponding boundary conditions, or adjusting the
amount of groundwater exploitation, or adjusting the floor area ratio (Song and
Tang 2012), the variations of land subsidence with time under different ground-
water exploitations or different floor area ratios in a certain area were obtained.
According to the local control requirements for land subsidence, the corresponding
policy of groundwater exploitation was formulated. The method requires more
information and complex computation, but the results are reliable. The land
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subsidence in Shanghai, Tianjin, Suzhou, and so on was studied by this method (Ye
et al. 2011; Shearer 1998).

The variations of land subsidence with time in a certain area are analyzed by the
stochastic statistical model. The mathematical methods include the regression
analysis and the gray theory. This method cannot reveal the dynamic mechanism of
land subsidence. In addition, the formation of land subsidence is the result of
multiple factors, such as the groundwater exploitation, the building load, and other
factors. The stochastic statistical model cannot consider the correlation and weight
of each factor. This method cannot solve the problem that which factor of the
groundwater exploitation and the building load is the main factor to cause land
subsidence in Shanghai. However, the model is simple and the conclusion is clear.
It can simulate the overall trend of land subsidence and has some guiding signifi-
cance for policymaking. This method was conducted to predict the land subsidence
based on both the in-site monitoring and the mode test by Tang et al. (2008).

The artificial intelligence model includes the artificial neural network, the
genetic algorithm, and so on. Compared to the stochastic statistical model, this
method can realize the multivariable and nonlinear numerical prediction. This
method was used to predict the land subsidence in Tianjin by Li et al. (2005).

1.3 Discussion and Conclusions

Above all research of land subsidence from the in-site monitoring, the theoretical
analysis, the model tests, and the prediction of land subsidence, the horizontal sub-
sidence of the soil has been less studied. Compared to the vertical subsidence, the
horizontal subsidence of soil caused by either the groundwater exploitation or the
building loads is small. However, whether the horizontal subsidence should be
neglected or not and its damage should not be considered or not has been less reported.
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The cities experienced larger land subsidence such as Shanghai, Tianjin, Tokyo,
and so on and decrease the amount of groundwater exploitation and in the mean-
time increase the amount of groundwater recharge. It is not enough only from the
absolute magnitude of the exploitation and the recharge because the levels of the
exploiting and the recharging are different.

In addition, there are less studies on the land subsidence from the aspects of the
theoretical research, the basic form of buildings, the adjustment of groundwater
surface induced by the groundwater exploitation, and the changing of the saturation
state of the overlying soil.

The land subsidence includes the compression of different soil layers. However,
some studies tend to calculate the deformation of the weak aquifer and some studies
consider the compression of the aquifer. The compression of different soil layers
should be considered together.
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Chapter 2
Theoretical Analysis of Land Subsidence
Caused by the Engineering-Environmental
Effect

2.1 Introduction

Land subsidence is most often caused by human activities, mainly from the removal
of subsurface water. Land subsidence occurs when large amounts of groundwater
have been withdrawn from certain types of rocks, such as fine-grained sediments.
The rock compacts because the water is partly responsible for holding the ground
up. When the water is withdrawn, the rock falls in on itself.

With the withdrawal of groundwater controlled reasonably in many cities
throughout the world, the engineering-environmental effect of the dense high-rise
building group comes to be the main cause of land subsidence. In the urban region
of China, groundwater extraction is the primary cause of land subsidence. But from
the 1960s, the withdrawal of groundwater was controlled reasonably and especially
from the end of the 1970s, the pumping of groundwater was strictly controlled in
the urban area in Shanghai. The quantity of water recharged into the subsurface was
always greater than that of the pumping and the extracted aquifers were gradually
adjusted. As a result of these measures, the subsidence caused by pumping and
recharging kept smooth and gentle in the urban area. During the 1990s, however,
with the development of the economy, a variety of municipal works and high-rise
buildings were constructed and the subsidence appeared to accelerate in Shanghai
(Cui 2012b).

2.2 Land Subsidence Caused by Decompression
of Confined Water

Land subsidence caused by decompression of confined water is comprised of
compression of aquifer, aquitard, and phreatic stratum (Luo et al. 2006). Methods
for calculating land subsidence include sequential coupling model and direct
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coupling model (Galloway and Burbey 2011). The sequential coupling model is to
calculate soil additional stress according to groundwater flow theory and the
principle of effective stress, and then, to calculate soil deformation with certain soil
constitutive model. The sequential coupling model was widely used to calculate
aquifer compression (Wu et al. 2010; Zhou et al. 2010, 2011; Lou et al. 2011; Shen
and Xu 2011; Chen et al. 2013). When decompression of confined aquifer features
short duration, the consolidation deformation of aquitard is little. Gong et al. (2011)
and Wang et al. (2013) supposed that the adjacent aquitard was watertight and the
bottom of upper soil layer should be subjected to the equivalent tension stress of the
increasing effective stress value in the aquifer. That is, the stress coordination
condition was adopted. And then the Mindlin’s solution for displacement was used
to calculate the land subsidence. Zhou et al. (2011) considered the ground subsi-
dence to be equal to the aquifer compression. If leakage recharge from adjacent
aquitards should be taken into consideration, Terzaghi’s one-dimensional consoli-
dation theory can be applied to calculate the adjacent aquitards deformation based
on the boundary condition that the adjacent aquitards pore pressure should be equal
to the confined aquifer (Luo et al. 2004; Zeng and Wang 2012; Wu et al. 2014).
Land subsidence equals to the superposition of the compression of the aquifer, the
aquitard, and the phreatic stratum (Miu et al. 1991). The theoretical basis of the
direct coupling model is Biot’s consolidation theory (Luo et al. 2008, 2011, 2013;
Zheng et al. 2014).

When using the stress coordination condition and the Mindlin’s solution, it is
ambiguous to choose soil physical property indexes, that is, it is uncertain to use the
elastic parameters of the aquifer or the upper soil layers. And for the half-space
hypothesis, the calculated results tend to be larger. Taking no consideration of the
existence of the upper aquitard and phreatic stratum, the influence of upper soil
layers on ground deformation cannot be studied so that the obtained land subsi-
dence may not be accurate. The same problem exists in adding the compression of
the aquifer, the aquitard, and the phreatic stratum directly to obtain the land sub-
sidence. The solution of direct coupling model is complicated, and the adoption of
the numerical method is necessary. What is more, if the study area is too big,
numerical method may not help for the complicated calculation. Besides, soil
horizontal displacement was rarely studied in the above research.

When decompression of confined aquifer features short duration, consolidation
of confined aquifer can complete within a short time for its high permeability. For
low permeability, consolidation deformation of the adjacent aquitards within a short
time is little. Taking no consideration of consolidation deformation of upper soil
layers, displacement of the adjacent aquitards should be equal to confined aquifer.
This chapter used theory for elastic-layered system to calculate layered soil
deformation based on displacement coordination condition, including vertical and
horizontal components, caused by decompression of confined aquifer. The vertical
and horizontal displacements of aquifer and overlying soil were studied, and the
results were verified by in situ pumping test and numerical simulation results (Cui
et al. 2016).
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2.2.1 Theory for Elastic-Layered System

As Fig. 2.1 shows, the Love displacement equation of single-layer soil subjected to
axisymmetric load should satisfy the following compatible equation (Burmister
1944, 1945a, b; Zhang et al. 1985, 1986):
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þ 1
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@z2
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f ¼ 0 ð2:1Þ

The displacement and stress components can be described as
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where ur is the horizontal displacement, w being the vertical displacement, rz being
the vertical stress, srz being the shear stress, G being the shear modulus, and l being
the Poisson’s ratio.

Perform Hankel transformation for Eq. (2.1) and the following ordinary differ-
ential equation about z can be obtained,

d2

dz2
þ n2

� �2

f n; zð Þ ¼ 0; ð2:3Þ

where f n; zð Þ ¼ R1
0 f r; zð Þ rJ0ðnrÞdr.

The general solution is

f n; zð Þ ¼ ðAþBzÞe�nz þðCþDzÞenz ð2:4Þ

where A, B, C, and D are constants determined by the boundary condition.

Fig. 2.1 Single-layer soil
subjected to axisymmetric
load
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Perform Hankel transformation for Eq. (2.2) and express stress and displacement
distribution function with Eq. (2.4),

urðn; zÞ ¼ 1þ l
E ne�nzA� 2� 2l� nzð Þe�nzBþ nenzCþ 2� 2lþ nzð ÞenzD� �

wðn; zÞ ¼ 1þl
E ne�nzAþ 1� 2lþ nzð Þe�nzB� nenzCþ 1� 2l� nzð ÞenzD� �

rzðn; zÞ ¼ �n2 e�nzAþ ze�nzBþ enzCþ zenzD
� �

srzðn; zÞ ¼ n �ne�nzAþ 1� nzð Þe�nzBþ nzCþ 1þ nzð ÞenzD� �

9>>>>>=
>>>>>;
ð2:5Þ

where E is the elastic modulus and H is the thickness of soil layers.
Suppose that z ¼ 0 in Eq. (2.5), linear algebraic equations about A, B, C, and

D can be obtained. Solve the linear algebraic equations and substitute A, B, C, and
D in Eq. (2.5); the initial function solution for single elastic soil layer is as follows:

urðn; zÞ
wðn; zÞ
rzðn;zÞH

E
srzðn;zÞH

E

2
66664

3
77775 ¼

F1
1

4 1�lð Þ F5 � F4ð Þ zð1þ lÞ
4Hð1�lÞ ðF3 þF4Þ 1þ l

2nHð1�lÞF5

1
4 1�lð Þ F6 � F3ð Þ F2

1þ l
2nHð1�lÞF6 � zð1þlÞ

4Hð1�lÞ ðF3 þF4Þ
n2zH

4ð1�l2Þ ðF3 þF4Þ nH
2ð1�l2ÞF4 F2 � 1

4ð1�lÞ ðF5 � F4Þ
nH

2ð1�l2ÞF3
n2zH

4ð1�l2Þ ðF3 þF4Þ � 1
4ð1�lÞ ðF6 � F3Þ F1

2
6666664

3
7777775

�

urðn; 0Þ
wðn; 0Þ
rzðn;0ÞH

E
srzðn;0ÞH

E

2
66664

3
77775

ð2:6Þ

F1 ¼ chnzþ nzshnz
2ð1�lÞ

F2 ¼ chnz� nzshnz
2ð1�lÞ

F3 ¼ shnzþ nzchnz
F4 ¼ shnz� nzchnz
F5 ¼ 3� 4lð Þshnzþ nzchnz
F6 ¼ 3� 4lð Þshnz� nzchnz

9>>>>>>>=
>>>>>>>;

ð2:7Þ

From Eq. (2.6), it is clear that if the four functions, urðn; 0Þ, wðn; 0Þ, rzðn; 0Þ,
and srzðn; 0Þ are known, the displacement and stress of every point in soil foun-
dation can be determined. Suppose that nH ¼ a, from Eq. (2.6), the relationship of
the top surface displacement and bottom surface displacement can be obtained.
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2.2.2 Calculation Model for Layered Soil Deformation

If there are aquitards above and below the pumping aquifer, suppose that perme-
ability of the adjacent aquitards is so low that the phreatic stratum groundwater
table does not change, then the deformation of upper aquitard and phreatic stratum
can be determined if the elastic modulus E and Poisson’s ratio l of the soil layers
are known. The elastic modulus E and Poisson’s ratio l of the upper aquitard and
phreatic stratum are supposed to be the same. The upper aquitard and the phreatic
stratum can be combined to one soil layer, which is named upper soil layer in this
chapter. Land subsidence caused by the pumping of fully penetrated confined well
can be simplified to a model including single well and two soil layers. One is the
aquifer and the another one is named as upper soil layer. Figure 2.2 shows the
groundwater table change after pumping. Assumed that the groundwater flow
reached a steady state, the groundwater table of the phreatic stratum keeps constant.
According to the principle of effective stress, pore water pressure of aquifer drops
and the effective stress increases. Part of the weight of the upper soil layers is
supported by the soil skeleton instead of water. The aquifer undergoes a defor-
mation first for its high permeability. For low permeability, consolidation defor-
mation of the adjacent aquitards within a short time is little. Taking no
consideration of the consolidation of upper soil layers, the displacement coordi-
nation condition can be adopted. Referring to the idea of sequential coupling model,
the confined aquifer deformation is calculated first according to the effective stress
change, and then, on the basis of displacement coordination condition, the upper
soil layer deformation is studied. The water yield of single-well Q is 3600 m3/d.
The drawdown of pumping well sw is 15 m, and the unit weight of water is
rw ¼ 10 kN/m3. The parameters of each soil layer are summarized in Table 2.1.
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For Dupuit’s steady flow of confined well, the drawdown can be described as

ssðr; 0Þ ¼ Q
2pT

ln
R
r
; ðr0 � r�RÞ ð2:10Þ

where r is the distance away from the pumping well; r0 is the radius of pumping
well; R is the influence radius, which can be determined by Siechardt’s formula:

R ¼ 10 sw
ffiffiffi
k

p
; ð2:11Þ

where k is the permeability coefficient (m/d).
The pressure acting on confined aquifer induced by weight of upper soil layer

does not change. Pore pressure drops and the effective stress increases. It is sup-
posed that the result of effective stress increase equals the consequence that aquifer
surface is subjected to the following distribution load (Fig. 2.3):

Initial phreatic water level

Pumping well

Phreatic stratum

Confined aquifer

Dewatering

Aquitard

Confined aquifer

Phreatic stratum Phreatic water level after pumping

Aquitard

Pumping well

(a) Phreatic

Initial confined water level Confined water level after pumping

Dewatering

Aquitard

Aquitard

(b) Aquifer

Fig. 2.2 Change of water level

Table 2.1 Calculation of parameters of soil layers

Soil layers Elastic modulus
E (MPa)

Poisson’s
ratio

Thickness
(m)

Permeability coefficient
(m/d)

Confined
aquifer

20 0.4 20 20

Upper soil
layer

4 0.4 30 0
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rzðr; 0Þ ¼ cw
Q
2pT ln

R
r ; ðr0 � r�RÞ

srzðr; 0Þ ¼ 0; ðr0 � r�RÞ
	

ð2:12Þ

According to Eq. (2.8), if rzðn;H1Þ and srzðn;H1Þ are known, taking no con-
sideration of the soil layer compression below confined aquifer, that is
urðn;H1 þH2Þ ¼ wðn;H1 þH2Þ ¼ 0, urðn;H1Þ and wðn;H1Þ can be described as

ur n;H1ð Þ ¼ � a22a13�a12a23
a11a22�a12a21

r0H2
E2

w n;H1ð Þ ¼ a21a13�a11a23
a11a22�a12a21

r0H2
E2

)
ð2:13Þ

where H1 and H2 are the thickness of upper soil layer and confined aquifer,
respectively.

The displacement at top surface of confined aquifer is

ur l;H1ð Þ ¼ � R1
0

a22a13�a12a23
a11a22�a12a21

r0H2
E2

nJ1 nlð Þdn

w l;H1ð Þ ¼ R1
0

a21a13�a11a23
a11a22�a12a21

r0H2
E2

nJ0 nlð Þdn

9>>=
>>; ð2:14Þ

where

r0 ¼
ZR
0

rz r;H1ð ÞrJ0 rnð Þdr ð2:15Þ
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Fig. 2.3 Additional stress acting on aquifer caused by pumping
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Assumed that nH2 ¼ a, Eq. (2.14) can be described as

ur l;H1ð Þ ¼ lþ 1
E2H2

R1
0

2l�1ð Þ 4l�3ð Þsh2
aþ a2

3�4lð Þsh2
aþ 4 1�lð Þ2 þ a2

r0J1 l
H2
a


 �
da

w l;H1ð Þ ¼ l2�1
E2H2

R1
0

3�4lð Þsh2a�2a

3�4lð Þch2
aþ 1�2lð Þ2 þ a2

r0J0 l
H2
a


 �
da

9>>=
>>; ð2:16Þ

There is no load acting on ground surface, that is, rzðn; 0Þ ¼ srzðn; 0Þ ¼ 0.
urðn; 0Þ and wðn; 0Þ are unknown. On the basis of displacement coordination
condition, the displacement distribution for the lower surface of the upper soil layer
equals to the upper surface of the confined aquifer. According to Eq. (2.6), ur n; 0ð Þ
and wðn; 0Þ can be expressed as

ur n; 0ð Þ ¼ b22ur n;H1ð Þ�b12w n;H1ð Þ
b11b22�b21b12

w n; 0ð Þ ¼ b11w n;H1ð Þ�b21ur n;H1ð Þ
b11b22�b21b12

)
ð2:17Þ

Horizontal displacement for upper surface of confined aquifer is much less than
the vertical displacement. Taking the calculated result with the parameters in
Table 2.1 for example, it is about one order of magnitude smaller (Fig. 2.4).
Suppose that the horizontal displacement for upper surface of confined aquifer can
be ignored, that is ur n;H1ð Þ ¼ 0, Eq. (2.17) can be simplified as

ur n; 0ð Þ ¼ � b12w n;H1ð Þ
b11b22�b21b12

w n; 0ð Þ ¼ b11w n;H1ð Þ
b11b22�b21b12

)
ð2:18Þ
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Fig. 2.4 Top surface displacement of confined aquifer
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Suppose that nH1 ¼ b,

b11 ¼ ch bþ bsh b
2ð1�lÞ

b12 ¼ 1
2 1�lð Þ 1� 2lð Þshbþ b ch b½ �

b21 ¼ 1
2 1�lð Þ 1� 2lð Þsh b� b ch b½ �

b22 ¼ ch b� bshb
2ð1�lÞ

9>>>>=
>>>>;

ð2:19Þ

Substitute Eqs. (2.13)–(2.18),

ur n; 0ð Þ ¼ � b12
b11b22�b21b12

� a21a13�a11a23
a11a22�a12a21

r0H2
E2

w n; 0ð Þ ¼ b11
b11b22�b21b12

� a21a13�a11a23
a11a22�a12a21

r0H2
E2

)
ð2:20Þ

Inverse transform ur n; 0ð Þ and wðn; 0Þ, and the ground surface deformation can
be obtained.

ur l; 0ð Þ ¼ � R1
0

b12
b11b22�b21b12

� a21a13�a11a23
a11a22�a12a21

r0H2
E2

nJ1 nlð Þdn

w l; 0ð Þ ¼ R1
0

b11
b11b22�b21b12

� a21a13�a11a23
a11a22�a12a21

r0H2
E2

nJ0 nlð Þdn

9>>=
>>; ð2:21Þ

where

r0 ¼
ZR
0

rz r;H1ð ÞrJ0 rnð Þdr ð2:22Þ

2.2.3 Case Study

2.2.3.1 Soil Deformation Caused by Steady Flow of Confined Well

Equation (2.21) tells that the ground surface deformation has no relationship with
elastic modulus of upper soil layer. However, the parameter was adopted to cal-
culate land subsidence in the papers using stress coordination condition (Gong and
Zhang 2011; Wang et al. 2013). To verify Eq. (2.21), numerical simulation was
conducted with the parameters shown in Table 2.1. Suppose that water inflow Q of
well is 3600 m3/d. The drawdown of pumping well sw is 15 m, and the unit weight
of water rw is 10 kN/m3. Figure 2.5 shows the simulation model. Pore pressure of
confined aquifer at 700 m apart from the pumping well was fixed. Suppose that the
horizontal displacement of confined aquifer at the top surface is zero.
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Figure 2.6 shows that with the modulus of upper soil layer changing from 4 to
40 MPa, the maximum change of horizontal and vertical ground surface dis-
placement is less than 5%, meaning that the ground surface displacement has little
relationship with the modulus of upper soil layer change.

If the thickness change of upper soil layer affects the calculated ground surface
deformation little either, then the upper soil layer deformation may be ignored.
Figure 2.7 shows that when the thickness is 30 m, the maximum settlement is
31.3 mm. Assumed that the thickness increased to 60, 90, and 120 m, the maxi-
mum settlement decreased to 22.7, 32.2, and 39.3%. The ground surface subsidence
of the position within 50 m away from the pumping well changes distinctly.
Although the maximum horizontal displacement keeps at 3.3 mm, the maximum
displacement position moved from 40 to 75, 105, and 135 m, respectively. The
horizontal displacement distribution changes significantly. Compared with chang-
ing elastic modulus, change of upper soil layer thickness has a greater impact on
ground surface deformation.

Suppose that drawdown of pumping well sw is 15 m and the unit weight of water
rw is 10 kN/m3. The parameters in Table 2.1 and Fig. 2.8 show the vertical dis-
placement at confined aquifer and ground surface calculated with Eqs. (2.16) and
(2.21). Within 40 m away from the pumping well, the difference between dis-
placements at confined aquifer and ground surface is distinct. At the pumping point,
the ground surface settlement is 26.7 mm, which is only 70% to that of confined
aquifer. This means the existence of upper soil layer can mitigate land subsidence.
Similar conclusion can be found in numerical simulations and in situ tests (Wang
et al. 2009; Zheng et al. 2014). The settlement difference between confined aquifer
surface and ground surface reduced with the distance r increasing. Zhou et al.
(2010, 2011) considered the compression of aquifer to be equal to land subsidence.
From the analysis above, it can be told that this method tends to be larger.

To verify the result with proposed method, corresponding numerical simulation
was conducted. Comparing the theoretical result with numerical simulation, the
maximum deviation for aquifer surface settlement is about 15% and the position is
located at about 50 m away from the pumping point. The maximum deviation for
ground surface settlement is about 15% and the position is about 50–100 m away
from the pumping point. Deviation from other positions is less than 10% (Fig. 2.9).
The maximum horizontal displacement is 3.3 mm, located at 40 m away from the

Upper soil layer

Confined aquifer

Pumping well, Sw =15m

E1=4MPa, H 1=30m, μ 1=0.4

E2 =20MPa, H 2=20m, μ2=0.4, k=20m/d Fixed hydraulic head

700m

Fig. 2.5 Numerical simulation model

26 2 Theoretical Analysis of Land Subsidence …



pumping point. The theoretical result of ground surface horizontal displacement is
close to numerical simulation result (Fig. 2.10).

2.2.3.2 Soil Deformation Caused by Transient Flow of Confined Well

For unsteady flow confined well, aquifer drawdown can be described as
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Fig. 2.6 Ground surface displacement of a different upper soil layer elastic modulus
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Fig. 2.7 Ground surface displacement for different upper soil layer thicknesses
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s r; tð Þ ¼ Q
4pKH W uð Þ

W uð Þ ¼ R1
u

e�y

y dy

u ¼ cw aþ nbð Þr2
4Kt

9>>>=
>>>;

ð2:23Þ

where a is the soil skeleton volume compressibility; b being the water volume
compressibility; and n being the void ratio.

Suppose that u is small enough, W uð Þ and s r; tð Þ can be approximately described
as

W uð Þ � ln 2:25Kt
cw aþ n bð Þr2

s r; tð Þ ¼ Q
4pKH � ln 2:25Kt

cw aþ n bð Þr2

)
ð2:24Þ

Assume that water is incompressible, that is, b ¼ 0. rzðr; 0Þ can be described as

rzðr; 0Þ ¼ cwQ
4pKH

� ln
2:25Kt
cwar2

ð2:25Þ

Figure 2.11 shows the displacement of confined aquifer and upper soil layer
surface. Settlements keep growing with pumping time increasing. Pumping for 1, 5,
10, and 30 days, the maximum settlement at ground surface, located at pumping
point, increases from 21.3 to 26.7, 29.0, and 32.7 mm, which is 63.5, 68.6, 70.4,
and 72.8% of the maximum confined aquifer surface settlement, respectively. The
settlement region also expands. Pumping for 1 day, settlement of position more than
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Fig. 2.8 Settlement of ground and aquifer surface
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300 m away from pumping point is zero, while Pumping for 5 days, the distance
increased to 670 m. Pumping for 10 days and 30 days, settlements of position at
700 m away from pumping point are 2.0 and 5.7 mm, respectively. The settlement
difference between confined aquifer and upper soil layer surface is distinct within
40 m away from the pumping well. Located at 40 m away from pumping point, the
maximum horizontal displacement at ground surface keeps at 3.3 mm with

0 100 200 300 400 500 600 700
40

35

30

25

20

15

10

5

0

Se
ttl

em
en

t (
m

m
)

r (m)

 Theory proposed
 Numerical simulation

(a)  Aquifer surface

0 100 200 300 400 500 600 700
35

30

25

20

15

10

5

0

Se
ttl

em
en

t (
m

m
)

r (m)

 Theory proposed
 Numerical simulation

(b)  Ground surface

Fig. 2.9 Comparison of numerical modeling with theoretical analysis for vertical displacement
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pumping time increasing. The horizontal displacement range expands. Pumping for
1 day, horizontal displacement at position more than 350 m away from pumping
point is zero, while pumping for 5 days, the distance increased to 700 m. Pumping
for 10 and 30 days, horizontal displacements of position at 700 m away from
pumping point are both 0.3 mm. After pumping for a certain time, the horizontal
displacement does not change with time.

2.2.3.3 Soil Deformation Caused by In Situ Pumping Test

The in situ pumping test at Cultural Square Station of Tianjin Metro Lines 5 and 6
is taken as an example to verify the proposed theory. The pumping test drawdown
sw = 12 m. The test lasted 2 days. Table 2.2 shows the soil physical parameters
(Zheng et al. 2014). The confined aquifer is comprised of three soil layers. The
adopted elastic modulus E = 82.3 MPa, which is equal to weighted average of three
soil layers. Poisson’s ratio l = 0.3. For water in aquifer flows along horizontal
direction, the aquifer permeability coefficient is determined by weighted average of
horizontal permeability coefficient of three soil layers, which is equal to 2 m/day.
The influence radius R equals to 180 m. The pumping well radius r0 = 0.14 m and
unit weight of water rw = 10 kN/m3.

The critical step of the calculation model for layered soil deformation is to
determine the load distribution acting on aquifer surface. For a pumping well, the
relationship between discharge and drawdown is
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Fig. 2.10 Comparison of numerical modeling with theoretical analysis for horizontal
displacement
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Fig. 2.11 Displacement of aquifer and ground surface at different pumping times
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Q0 ¼ 2pTsw

ln R
r0


 � ð2:26Þ

Load acting on aquifer surface is

rzðr; 0Þ ¼ cw
Q0

2p T
ln

R
r

� �
¼ cwsw

ln R
r

� �
ln R

r0


 � ð2:27Þ

To protect measuring device, the measured points were buried 2 m beneath
ground surface. Figure 2.12 shows that within 20 m from pumping well, difference
between subsidence at aquifer surface and 2 m beneath ground surface was distinct.
Near the pumping well, subsidence at aquifer surface was 7.9 mm, while 5.9 mm at
the measured point. The latter was about 74% of the former. The maximum hori-
zontal displacement of ground surface was 0.8 mm, located at about 20 m from the
pumping well.

Figure 2.13 shows the comparison of ground subsidence obtained by the pro-
posed theory, numerical simulation, and in situ measurement. Measured subsidence
at DCCJ07, DCCJ06, DCCJ04, and DCCJ01 are 4.8, 4.3, 3.4, and 2.3 mm,
respectively. The numerical simulation subsidence is 5.1, 4.7, 4.3, and 3.6 mm,
respectively. Subsidences obtained by the proposed theory are 5.6, 5.0, 4.2, and
3.3 mm, respectively. Subsidence obtained by the proposed theory approximates
with subsidence obtained by numerical simulation and in situ test.

Figure 2.14 shows the comparison of calculated subsidence with monitoring
data of soil settlement around pumping well. Along measured points FCCJ1 and
FCCJ2, which are near the pumping well, soil subsidence decreases markedly with
the buried depth reducing. Along measured points FCCJ3 and FCCJ4, which are a
certain distance away from pumping well, soil subsidence does not change with
buried depth.

Table 2.2 Soil parameters for cultural square station

Soil strata Soil Buried
depth of
soil layer
(m)

Elastic
modulus
E (kPa)

Poisson’s ratio
l

Horizontal
permeability
coefficient kx
(m/day)

Vertical
permeability
coefficient kz
(m/day)

Overlying
soil layers

Silty
clay

16.5 29,778 0.30 0.002 0.0003

The first
aquifer

Silty
sand

20.5 94,358 0.25 3.000 1.0000

Silty
clay

23.5 43,835 0.30 0.005 0.0023

Silty
sand

29.0 94,358 0.25 2.210 1.5200
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2.3 Land Subsidence Caused by High-Rise Building Load

The subsidence caused by group piles is affected by many factors, including the
geometry size of the group piles, the pile foundation construction, the physical and
mechanics characteristics of the soil, the change of the soil layer, the load magnitude
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Fig. 2.12 Deformation of confined aquifer and ground surface
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and its operation time, and so on. It is difficult to put forward the method of com-
puting subsidence caused by group piles considering the above factors (Gong 2001).

Based on the stress of Geddes solution (1966), the formula of computing sub-
sidence caused by the single pile was derived by Mindlin displacement solution
(Cui 2012a).
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2.3.1 Land Subsidence Caused by Single Pile

2.3.1.1 Basic Formula

To the semi-infinite elastic body, the displacement of any point among the uniform
soil under the concentrated force is given by

w ¼ Q
16pGð1� lÞ

3� 4l
R1

þ 8ð1� lÞ2 � ð3� 4lÞ
R2

þ ðz� cÞ2
R3
1

"

þ ð3� 4lÞðzþ cÞ2 � 2cz
R3
2

þ 6czðzþ cÞ2
R5
2

# ð2:28Þ

where l is the Poisson’s ratio of the soil; G is the shear modulus of the soil and
G ¼ E=2ð1þ lÞ; E is the deformation modulus of the soil; Q is the concentrated
load; and other variables are shown in Fig. 2.15.

2.3.1.2 Subsidence Induced by the Pile-Tip Concentrated Load

Using Formula (2.28), the subsidence induced by the pile-tip concentrated load was
obtained:
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Fig. 2.15 Force diagram

36 2 Theoretical Analysis of Land Subsidence …



w ¼ Pb

16pGð1� lÞ
3� 4l
R1

þ 8ð1� lÞ2 � ð3� 4lÞ
R2

þ ðz� lÞ2
R3
1

"

þ ð3� 4lÞðzþ lÞ2 � 2lz
R3
2

þ 6lzðzþ lÞ2
R5
2

#

¼ Pb

16pGlð1� lÞ
3� 4l

A
þ 8ð1� lÞ2 � ð3� 4lÞ

B
þ ðm� 1Þ2

A3

"

þ ð3� 4lÞðmþ 1Þ2 � 2m
B3 þ 6mðmþ 1Þ2

B5

#
¼ Pb

l
Ib

ð2:29Þ

Ib ¼ Pb

16pGð1� lÞ
3� 4l

A
þ 8ð1� lÞ2 � ð3� 4lÞ

B
þ ðm� 1Þ2

A3

"

þ ð3� 4lÞðmþ 1Þ2 � 2m
B3 þ 6mðmþ 1Þ2

B5

# ð2:30Þ

where A2 ¼ n2 þðm� 1Þ2; B2 ¼ n2 þðmþ 1Þ2; F2 ¼ n2 þm2; m ¼ z=l; n ¼ r=l.

2.3.1.3 Subsidence Induced by Different Lateral Frictions of Pile

(1) Rectangular distribution of the lateral friction along the pile

Figure 2.16a illustrates rectangular distribution of the lateral friction along the
pile. The resultant force of the lateral friction of pile is P, and the load for dh is
dq ¼ ðP=lÞdh. The vertical subsidence of any point Aðr; zÞ among the soil is

w ¼
Z l

0

dq
16pGð1� lÞ

3� 4l
R1

þ 8ð1� lÞ2 � ð3� 4lÞ
R2

þ ðz� hÞ2
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where

Ir ¼ 1
16 pGð1� lÞ 4ð1� lÞ ln 1� mþA

F � m

�
þ 8ð1� lÞ2 ln
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� 2m2ðmþ 1Þ3
n2B3

þ 2mðn2 þmþm2Þ
n2B



(2) Erect triangular distribution of the lateral friction along the pile

Figure 2.16b illustrates the erect triangular distribution of the lateral friction
along the pile. The resultant force of the lateral friction of pile is P. The load at the
bottom margin of the triangle is 2P

l and the load for dh is dq ¼ 2P
l2 hdh.

The vertical subsidence of any point Aðr; zÞ among the soil is

w ¼
Z l

0

dq
16pGð1� lÞ

3� 4l
R1

þ 8ð1� lÞ2 � ð3� 4lÞ
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Fig. 2.16 Distribution of lateral friction of pile
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where

It ¼ 1
8pGð1� lÞ 5� 4lð ÞAþ m� 1

A

�
þ 8 1� lð Þ2 þ 3� 4lð Þ
h i

B

� 4m 1� lð Þ ln F � m
A� mþ 1

þ 8 1� lð Þ2�4
h i

m ln
Fþm

Bþmþ 1

þ 2m mþ 1ð Þ2 m2 mþ 1ð Þ � n2 m� 1ð Þ½ �
n2B3

)

(3) Inverted triangular distribution of the lateral friction along the pile

Figure 2.16c illustrates the inverted triangular distribution of the lateral friction
along the pile, which can be regarded as the difference of the rectangular distri-
bution and the erect triangular distribution of the lateral friction. Assume that the
total resultant force of the lateral friction of the pile is P. The resultant force of the
rectangular distribution is 2P and that of the erect triangular distribution is P. The
subsidence induced by the inverted triangular distribution of the lateral friction
along the pile is

w ¼ 2P
l
Ir � P

l
It ð2:33Þ

(4) Erect trapezoidal distribution of the lateral friction along the pile

This can be regarded as the sum of the rectangular distribution and the erect
triangular distribution of the lateral friction. Assume the ratio of the rectangle to the
erect trapezoid is b, so the resultant force of the rectangular distribution is bP and
that of the erect triangular distribution is 1� bð ÞP. The subsidence induced by the
erect trapezoidal distribution of the lateral friction along the pile is

w ¼ bP
l
Ir þ 1� bð ÞP

l
It ð2:34Þ

(5) Inverted trapezoidal distribution of the lateral friction along the pile

This can be regarded as the difference of the rectangular distribution and the
erect triangular distribution of the lateral friction. Assume the ratio of the rectangle
to the erect trapezoid is b, so the resultant force of the rectangular distribution is bP
and that of the erect triangular distribution is 1� bð ÞP. The subsidence induced by
the inverted trapezoidal distribution of the lateral friction along the pile is
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w ¼ bP
l
Ir � 1� bð ÞP

l
It ð2:35Þ

(6) Other distributions of the lateral friction along the pile

This can be simplified to be the combination of several rectangles and triangles,
which can be calculated by the above formulas, respectively.

2.3.2 Land Subsidence Caused by Pile Group

According to the above theory, the influence of any concentrated load in the elastic
body is infinite and the influence of the pile foundation on the surrounding soil is
also infinite in theory. If the number of piles is small and the distance among piles is
large, the additional pressure from the piles at the end of the pile plane does not
overlap or overlap little when the pile group is loaded. The working state of each
pile in the pile group is similar to that of the single pile. However, if the number of
piles is larger and the distance among piles is small, the additional pressure at the
end of the pile plane will be the superposition of each pile. Because of the addi-
tional stress increasing and the influence range widening and deepening, the set-
tlement of pile groups is much higher than that of a single pile. Especially, when
there is a high compressible soil layer under the pile bearing stratum, the settlement
will further increase under the stress superposition of the pile foundation.

2.4 Subsidence Caused by Pumping and High-Rise
Buildings

The variations of groundwater level and the building load are two independent
factors that cause the land subsidence by changing the effective stress of soil.
Previous studies have shown that there is a coupling effect between the two factors
and the superposition value is less than the sum of the values produced by the two
individual factors (Ding et al. 2011).

Considering the interaction of piles and soils, the soil deformation caused by the
decline of groundwater level may change the stress state of the pile and the pile
stress state change in turn prevents the subsidence of soil, so the pile foundation is
conducive to reduce ground settlement. In fact, the ground subsidence is only the
appearance; it is caused by the consolidation of the soil for either the building load
or the groundwater level change.
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2.5 Conclusions

When decompression of confined aquifer features short duration, consolidation of
confined aquifer can complete within a short time for its high permeability. And
consolidation deformation of the adjacent aquitards within a short time is little for
its low permeability. The aquitards are supposed to be watertight. Based on dis-
placement coordination condition, theory for elastic-layered system is adopted to
calculate layered soil deformation caused by decompression of confined aquifer,
including vertical and horizontal components. The calculated results are compared
with numerical simulation and in situ pumping test. It is necessary to point out that
decompression of only one aquifer in subsidence model is built in this chapter. If
decompression of more than one aquifer was conducted simultaneously, the final
displacement can be obtained by adding the calculated deformation caused by
decompression of each aquifer. The following conclusion can be drawn:

(1) The elastic modulus of overlying soil has little influence on ground surface
displacement caused by decompression of confined water, yet thickness of
overlying soil should be taken into consideration.

(2) Settlement of soils overlying confined aquifer increases up to down nearby the
pumping well. Over a certain distance, the settlement does not change with
buried depth.

(3) For unsteady flow confined wells, the settlement value and region at ground and
aquifer surface grows with pumping time increasing. The maximum horizontal
displacement value and position at ground surface does not change with time
after pumping for a certain time.
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Chapter 3
Consolidation of Saturated Multilayered
Soils Caused by Pumping
from the Dewatering Well

3.1 Introduction

Land subsidence caused by the extraction of underground fluid is a problem of
major importance to environmental geosciences and environmental geomechanics.
The problem has caused damage to infrastructures and resulted in huge economic
loss in many regions of the world, posing a threat to sustainable development of
cities (Galloway and Burbey 2011; Cui et al. 2016). In China, some coastal soft soil
areas, especially the Yangtze River Delta and the North China Plain, have been
suffering from severe subsidence due to the fact that groundwater is withdrawn
extremely for industrial and domestic purposes (Xue et al. 2005; Chai et al. 2004;
Cui and Tang 2010). How to keep the balance between the reasonable use of
groundwater resources and the control of land subsidence is a hotspot in
geotechnical engineering. Therefore, evaluating and predicting the surface settle-
ment induced by the changes in groundwater levels precisely is the key to this
problem.

The extraction of fluid from saturated soil results in decline in pore water
pressure and the increase in the effective stress, which induce the deformation of
soil skeleton. Some researchers have combined the three-dimensional flow model
with one-dimensional consolidation theory to calculate the settlement due to
groundwater drawdown, and considered nonlinear seepage and consolidation
behaviors of soils (Chen et al. 2003; Shen et al. 2006; Shen and Xu 2011), while
this method cannot present the inter-coupling process between soil stress and pore
pressure, and it is also hard to illustrate the occurrence of earth fissures, which are
caused by horizontal stress and displacement.

However, the general theory of Biot’s consolidation, which takes into account the
coupling between the soil skeleton and the fluid in a porous medium, can be regarded
as the fundamental theory for the analysis of pumping in the saturated soil. Booker
and Carter (1987) developed the complete solution for the consolidation of a satu-
rated elastic half-space caused by pumping from a point sink with consideration of
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the anisotropy of permeability. Selvadurai and Kim (2015) presented analytical
solution for the transient poroelastic problem related to fluid extraction from a
circular disk-shaped region located within the half-space, and found that the size of
withdrawal region had a direct impact on the surface displacement and pore water
pressure. Xie et al. (2014) presumed that the distribution of groundwater level in the
aquifer coincided with Theis well model. The excess pore pressure of the surface of
this layer was regarded as the boundary condition for the overlying aquitard, and
then the influence of the compressibility of the fluid on the consolidation behavior of
the aquitard layer was studied. Based on previous researches, we can find that most
scholars mainly considered the effects of the compressibility of fluid or soil con-
stituents and the anisotropy of permeability on the consolidation deformation of soil,
but actually, the latter acts as a predominant factor in consolidation analysis, while
the former has few effects and can even been ignored.

Besides, it is widely known that natural foundation has experienced a sedi-
mentation process and thus has obvious stratification characteristic. But in general,
it is acceptable to assume that a single soil layer is homogeneous along the hori-
zontal direction for the convenience of theoretical analysis. Vardoulakis and
Harnpatanapanich (1986) and Booker and Small (1987) analyzed the problem of
saturated multilayered soil with isotropic permeability caused by a point sink by
using a numerical Laplace–Fourier transform inversion technique and the finite
layer method, respectively. Chen (2013) utilized integral transform and transfer
matrix technique to obtain the steady-state solutions for multilayered and poroe-
lastic half-space subjected to three types of pumping, including a point sink, a
circular area, and a ring line. Ai and Zeng (2013) used Laplace–Hankel integral
transform and the analytical layer-element method to derive the solutions for sat-
urated multilayered soils caused by a point sink in the transformed domain.

The current researches normally simplify a pumping well into a sink point or a
circular extraction region and ignore the length of dewatering well, which is not
consistent with practical engineering. Besides, the combined effects of pumping and
recharging on the consolidation of stratified soils have not been studied by theo-
retical methods, but this is extremely important, since it can help us understand
deformation behaviors of multilayered soils induced by changes in groundwater
levels, and lead us to use groundwater resources reasonably and avoid serious
subsidence. Therefore, this paper establishes the analytical model of stratified soils
under the effect of pumping from the dewatering well by considering anisotropic
permeability and the length of the well. Adopting Laplace–Hankel transforms, the
exact expressions of stresses, displacements, excess pore pressure, and seepage
velocity can be obtained in the transformed domain. Subsequently, the stiffness
matrix of a single soil layer is built to describe the relationship between those
components. Then, the global stiffness matrix of layered soils is assembled by using
the analytical layer-element method proposed by Ai and Zeng (2013). Finally, the
actual solutions can be acquired by the inversion of the Laplace–Hankel transforms.
To verify the accuracy of this method, comparisons with the results of ABAQUS
are carried out. Moreover, a series of parametric studies, especially the length of the
well and the combined effect of pumping and recharging, are conducted to analyze
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the consolidation behaviors of layered soils with anisotropic permeability (Li and
Cui 2017).

3.2 Analytical Solutions for a Single Soil Layer

3.2.1 Governing Equations

As for the axisymmetric Biot’s consolidation problem, the force equilibrium
equations (with no body forces) expressed in total stresses are

@rrr
@r

þ @rrz
@z

þ rrr � rhh
r

¼ 0 ð3:1aÞ

@rrz
@r

þ @rzz
@z

þ rrz
r

¼ 0; ð3:1bÞ

where rrr; rzz; rhh are total normal components and rrz is shear stress component.
It is assumed that the solid constituent is incompressible. The constitutive

equations take the form

rij ¼ 2Gðeij þ v
1� 2v

evdijÞ � pdij; ð3:2Þ

where the subscripts i and j can be r, z or h; eij are strain components; G and
v are shear modulus and Poisson’s ratio, respectively; p is excess pore pressure;
ev ¼ @ur

@r þ ur
r þ @uz

@z denotes volumetric strain; dij is the Kronecker delta.
Substituting Eq. (3.2) into Eqs. (3.1a) and (3.1b), we obtain

r2 � 1
r2

� �
ur þ 2g� 1ð Þ @ev

@r
� 1
G
@p
@r

¼ 0 ð3:3aÞ

r2uz þ 2g� 1ð Þ @ev
@z

� 1
G
@p
@z

¼ 0; ð3:3bÞ

where r2¼ @2

@r2 þ 1
r
@
@r þ @2

@z2 is the Laplacian operator; g ¼ 1�v
1�2v.

Assuming that the permeability of porous medium is anisotropic and the fluid
constituent is incompressible, the pore fluid mass conservation equation is given by

@ev
@t

¼ kh
cw

@2p
@r2

þ 1
r
@p
@r

� �
þ kz

cw

@2p
@z2

; ð3:4Þ

where kz and kh are the vertical and horizontal permeability, respectively; cw is the
unit weight of water; t is a time variable.
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Figure 3.1 illustrates groundwater drawdown from a dewatering well in a single
soil layer. It is assumed that the well is arranged in the whole depth of the soil layer
and its radius is infinitely small, and water flows uniformly through the whole well.
H represents the vertical coordinate of the undersurface of the soil layer, while DH
represents its thickness. Therefore, the pumping boundary on the centerline can be
expressed as:

r
@p
@r

����
r!0

¼ Qcw
2pDHkr

; ð3:5Þ

where Q is the water flow velocity through the dewatering well and it can be defined
as any continuous derivable function, like constants, periodic function, etc. It is worth
noting thatQ[ 0 represents water drawdown andQ\0 represents water recharging,
while a soil layer does not contain a dewatering well, we can set Q to be 0.

It is assumed that the flow of pore water complies with Darcy’s law, so the
vertical seepage velocity is

Vz ¼ kz
@p
@z

ð3:6Þ

3.2.2 Solutions

Applying the operators of @
@r þ 1

r

� �
and @

@z to Eqs. (3.3a) and (3.3b), we have

r2 @
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r

� �
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¼ 0 ð3:7aÞ
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þ @2
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2g� 1ð Þev � p

G
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¼ 0 ð3:7bÞ

r
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ΔH

o

Quniform flow along
the well

dewatering well

Fig. 3.1 Consolidation of a soil layer due to water extraction from the dewatering well
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Combining Eqs. (3.7a) with (3.7b), we have

r2 2gev � p
G

� �
¼ 0 ð3:8Þ

The Laplace–Hankel transforms are introduced in the partial differential
Eqs. (3.2) and (3.4)–(3.8) in order to obtain the ordinary differential equations. The
nth-order Laplace–Hankel transform and the corresponding inversion of the func-
tion with respect to the variables r and t are defined by Sneddon (1972):

f̂n n; z; sð Þ ¼
Z1

0

Z1

0

f r; z; tð ÞrJn nrð Þ e�stdrdt ð3:9aÞ

f r; z; tð Þ ¼ 1
2pi

Zcþ i1

c�i1

Z1

0

f̂n n; z; sð ÞnJn nrð Þestdnds ð3:9bÞ

where f̂n n; z; sð Þ is the corresponding variable of f r; z; tð Þ in the Laplace–Hankel
transformed domain; s and n are the Laplace and Hankel transform parameters,
respectively; Jn nrð Þ denotes the nth-order Bessel function.

Taking Laplace–Hankel transform (zeroth-order) of Eqs. (3.4) and (3.8) and
combining the pumping condition Eq. (3.5), we have

sêv0 ¼ � kh
cw

n2p̂0 þ kz
cw

d2p0
dz2

� Q̂
2pDH

ð3:10Þ

d2

dz2
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� q2p̂0 � Q̂cw
2pDHkz

� �
¼ 0; ð3:11Þ

where Q̂ ¼ Q
s denotes the Laplace transform of water flow velocity Q;

q2 ¼ an2 þ cws
Mkz

, in which a ¼ kh
kz
and M¼2gG.

The solutions to Eqs. (3.10) and (3.11) are

p̂0 ¼ A1e
�nz þA2e

nz þA3e
�qz þA4e

qz � Q1 n;DH; sð Þ ð3:12Þ
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M
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eqz

M
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Mkhn

2 þ cws

Q̂
2pDH

; ð3:13Þ

where A1 * A6 are arbitrary functions determined by the boundary conditions and

continuity condition of adjacent soil layers; Q1 n;DH; sð Þ ¼ M
Mkhn

2 þ cws
Q̂cw
2pDH;

u ¼ n2 1�að Þkz
scw

.
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Taking the first-order, zeroth-order, and zeroth-order Laplace–Hankel transform
of Eqs. (3.3a) and (3.3b) and volumetric strain function ev, respectively, we have

d2

dz2
� n2

� �
ûr1 � n 2g� 1ð Þ̂ev0 � 1

G
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� �
¼ 0 ð3:14aÞ
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G
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� �
¼ 0 ð3:14bÞ

êv0 ¼ nûr1 þ dûz0
dz

ð3:14cÞ

Substituting Eqs. (3.12) and (3.13) into Eqs. (3.14a), (3.14b) and (3.14c), the
solutions to ûr1 and ûz0 in the transformed domain can be expressed as

ûr1 ¼ 1� M � Gð Þu
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2G
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where Q2 n;DH; sð Þ ¼ 1
Mkhn

2 þ cws
Q̂cw

2pDHn.

From Eq. (3.2), we have

rrz ¼ G
@ur
@z

þ @uz
@r

� �
ð3:16aÞ

rz ¼ 2G
@uz
@z

þ g� 1ð Þev
� �

� p0 ð3:16bÞ

Similarly, taking the first-order, zeroth-order, and zeroth-order Laplace–Hankel
transform of Eqs. (3.16a), (3.16b) and (3.6), respectively, we have

r̂rz1 ¼ G
dûr1
dz

� nûz0

� �
ð3:17aÞ
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r̂z0 ¼ 2G
dûz0
dz

þ g� 1ð Þêv0
� �

� p̂0 ð3:17bÞ

V̂0 ¼ �nkze
�nz þ nkze

nz � qkze
�qz þ qkzA4e

qz ð3:17cÞ

Substituting Eqs. (3.12), (3.15a) and (3.15b) into Eqs. (3.17a) and (3.17b), we
have

r̂rz1 ¼ Gu� zn 1þGu�Muð Þð Þe�nzA1 � Guþ zn 1þGu�Muð Þð ÞenzA2

þ 2qnGe�qz

M q2 � n2
� �A3 � 2qnGeqz

M q2 � n2
� �A4 � 2e�nzGnA5 þ 2enzGnA6

ð3:18aÞ

r̂z0 ¼ �1þMu� zn 1þGu�Muð Þð Þe�nzA1 � 1�Mu� zn 1þGu�Muð Þð ÞenzA2

þ 2n2Ge�qz

M q2 � n2
� �A3 þ 2n2Geqz

M q2 � n2
� �A4 � 2e�nzGnA5 � 2enzGnA6 þQ3 n;DH; sð Þ;

ð3:18bÞ

where Q3 n;DH; sð Þ ¼ 2G
Mkhn

2 þ cws
Q̂cw
2pDH.

In order to establish relationships between stresses, displacements, excess pore
pressure, and seepage velocity in the transformed domain, we can define

Û n; z; sð Þ ¼ ûr1 n; z; sð Þ; r̂z0 n; z; sð Þ; p̂0 n; z; sð Þ½ �T ð3:19aÞ

Ĉ n; z; sð Þ ¼ r̂rz1 n; z; sð Þ; ûz0 n; z; sð Þ; V̂0 n; z; sð Þ	 
T ð3:19bÞ

T n;DH; sð Þ ¼ Q2 n;DH; sð Þ;�Q3 n;DH; sð Þ;Q1 n;DH; sð Þ½ �T ð3:19cÞ

If a soil layer does not contain a dewatering well, T n;DH; sð Þ ¼ 0; 0; 0½ �T.
Obviously, Û n; 0; sð Þþ T n;DH; sð Þ, Ĉ n; 0; sð Þ; Û n;H; sð Þþ T n;DH; sð Þ and

Ĉ n;H; sð Þ are all vectors made of A1 �A6, so the relationship can be expressed as

�Û n; 0; sð Þ
Û n;H; sð Þ

� �
þ �T n;DH; sð Þ

T n;DH; sð Þ
� �

¼ R � A1;A2;A3;A4;A5;A6½ �T ð3:20aÞ

Ĉ n; 0; sð Þ
Ĉ n;H; sð Þ

� �
¼ S � A1;A2;A3;A4;A5;A6½ �T ð3:20bÞ

Combining Eqs. (3.20a) with (3.20b), we have
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�Û n; 0; sð Þ
Û n;H; sð Þ

� �
þ �T n;DH; sð Þ

T n;DH; sð Þ
� �

¼ U � Ĉ n; 0; sð Þ
Ĉ n;H; sð Þ

� �
ð3:21Þ

where U ¼ R � S�1 is a stiffness matrix of order 6� 6, which describes the rela-
tionship between stresses, displacements, excess pore pressure, and seepage
velocity of the top and the bottom surface of a soil layer in the transformed domain.
The expression of U can be found in Appendix A.

3.3 Numerical Assembly of Multilayered Soils

A stratified soil system, as shown in Fig. 3.2, consists of n layers, so the number of
unknowns is 6nþ 6. The thickness of the ith layer is DHi ¼ Hi � Hi�1 H0 ¼ 0ð Þ, in
which Hi is the vertical coordinate of the bottom surface of the ith layer. It is worth
noting that if the dewatering well is not arranged in the whole depth of one soil
layer, we can partition this layer into several new sublayers along the horizontal
direction. One of them is a layer that the well distributes in the whole depth of, and
the others do not contain the well.

It is assumed that the surface of the top layer is permeable and stress-free, and
the bottom surface of the last layer is impermeable and fixed, so the boundary
conditions in the transformed domain are

r̂z0 n; 0; sð Þ ¼ r̂rz1 n; 0; sð Þ ¼ p0 n; 0; sð Þ ¼ 0 ð3:22aÞ

ûr1 n;Hn; sð Þ ¼ ûz0 n;Hn; sð Þ ¼ V̂0 n;Hn; sð Þ ¼ 0 ð3:22bÞ

Fig. 3.2 Multilayered soils containing a dewatering well
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Besides, the interfaces of the two adjacent layers satisfy the continuity condi-
tions, so we have

(1) the jth soil layer including a dewatering well

Ĉ n;H�
j�1; s

� �
¼ Ĉ n;H þ

j�1; s
� �

; Û n;H�
j�1; s

� �
¼ Û n;H þ

j�1; s
� �

þ T n;DHj; s
� �

ð3:23aÞ

Ĉ n;H þ
j ; s

� �
¼ Ĉ n;H�

j ; s
� �

; Û n;H þ
j ; s

� �
¼ Û n;H�

j ; s
� �

þ T n;DHj; s
� �

ð3:23bÞ
(2) the other soil layers

Ĉ n;H�
j�1; s

� �
¼ Ĉ n;H þ

j�1; s
� �

; Û n;H�
j�1; s

� �
¼ Û n;H þ

j�1; s
� �

ð3:24aÞ

Ĉ n;H þ
j ; s

� �
¼ Ĉ n;H�

j ; s
� �

; Û n;H þ
j ; s

� �
¼ Û n;H�

j ; s
� �

ð3:24bÞ

where H�
j and H þ

j denote the depth Hj of the jth layer and the (j + 1)th layer,
respectively.

Applying Eq. (3.21) to each layer and on the superposition of each layer stiffness
matrix, the global stiffness matrix of the multilayered soils is assembled by taking
into account the continuity condition:

ð3:25Þ

By combining 6 boundary conditions, namely, Eqs. (3.22a) and (3.22b), we can
derive 3nþ 3 unknowns Ĉ n; 0; sð Þ . . . Ĉ n;Hj; s

� �Þ . . . Ĉ n;Hn; sð Þ	 

through solving

Eq. (3.25), so the left 3n� 3 unknowns Û n;H1; sð Þ . . . Û n;Hj; s
� �

. . . Û n;Hn�1; sð Þ	 
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can be obtained by substituting 3nþ 9 known quantities into Eq. (3.21). Now, the
solutions of stresses, displacements, excess pore pressure, and seepage velocity at
any point of any interface of layered soil system are available in the transformed
domain. In order to obtain the real solutions, the Talbot method (Talbot 1979) and
the technique proposed by Ai et al. (2002) are employed for the inversion of the
Laplace transforms and the Hankel transforms, respectively.

3.4 Verification of Present Method

To verify the feasibility and accuracy of the proposed analytical solutions, the
results of theoretical calculation are compared with those obtained from the
finite-element software ABAQUS in terms of the surface displacements and excess
pore pressure on the horizontal plane z ¼ DH1. The axisymmetric two-layered soil
model including a dewatering well arranged in the whole depth of the aquifer is
shown in Fig. 3.3a, where soil parameters are also indicated. In the numerical
model, we suppose that the horizontal dimension of layered soils is large enough to
simulate the infinite boundary. Besides, the radius of the dewatering well is 0.1 m,
which can be nearly ignored compared with other geometrical dimensions, and the
constant water flow velocity through the well is regarded as the pumping condition.
The elastic modulus of soils can be obtained according to E ¼ 2Gð1þ vÞ and the
void ratio is 0.6. The other assumptions are as same as those of the theoretical
model. For the convenience, we define the following dimensionless quantities,
which are also valid in the next section:

�uz ¼ uzkz1g1G1

cwQ
; �ur ¼ urkz1g1G1

cwQ
; �p0 ¼ p0kz1DH1

cwQ
;�t ¼ tg1G1kz1

cwDH
2
1
;�r ¼ r

DH1
;�z ¼ z

DH1
:

In Fig. 3.3a, b, c, we can find that the present method agrees well with the
numerical simulation, no matter at the early stage of consolidation or at the end.
Apart from this, the largest vertical displacement and excess pore pressure occur in
the centerline, while the figure for horizontal displacement exists in the range of �r
between 1 and 2 and its position moves outward over time.

3.5 Parametric Studies and Numerical Results

3.5.1 The Length of the Dewatering Well

Selvadurai and Kim (2015) investigated the effects of the radius of the dewatering
well (ignoring the well length) on the surface settlement and dissipation of excess
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Fig. 3.3 Comparison
between theoretical
calculations and the numerical
results of ABAQUS

3.5 Parametric Studies and Numerical Results 53



pore pressure. In this chapter, we focus on the length of the well h and define it in a
dimensionless form v ¼ h=DH1, where DH1 is the thickness of the aquitard. In
Fig. 3.4, the vertical and horizontal surface displacements are plotted against
dimensionless radial distance. Because the length of dewatering well is not equal to
the thickness of the aquifer, we should partition this layer for obtaining a new
sublayer with the well arranged along the whole thickness. When v is 0.01, we can
appropriately regard the dewatering well as a point sink, and the vertical and
horizontal displacement at this level of v is significantly higher than others, nearly
more than twice the figures for v ¼ 1. The increase in v induces the smaller surface
displacements. This means that the length of dewatering well has an essential
impact on the deformation behaviors of multilayered soils caused by groundwater
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Fig. 3.4 The influence of the length of a dewatering well on the surface displacements
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drawdown and deserves our considerations in this problem, while regarding the
well as a point sink normally leads to the relatively large calculated results.

3.5.2 Anisotropic Permeability

Anisotropic permeability is a basic characteristic of soils and it has a bigger
influence on the consolidation analysis than other factors do, like the compress-
ibility of fluid or soil constituents (Xie et al. 2014) as well as elastic anisotropic
(Tarn and Lu 1991). Three values of anisotropic permeability parameter a ¼
1; 3; 10 are selected to study their influence on the surface displacements and the
excess pore pressure on the horizontal plane z ¼ DH1. The soil system contains
three layers and the relevant parameter relationships as shown in Fig. 3.5. It can be
seen that the increase in a induces significantly smaller surface displacements and
excess pore pressure, since the larger horizontal permeability facilitates the main
supply of pore water from the horizontal direction instead of water seepage in the
vertical direction.

3.5.3 Layered Characteristic

Figure 3.6 presents the consolidation of multilayered soils caused by pumping and
is compared with that of a single soil layer with weighted parameters at different
times. At the initial stage of consolidation, there is few difference between the
uniform soil layer and the stratified soil in terms of surface displacements and
excess pore pressure on the horizontal plane z ¼ DH1. But this difference widens
obviously over time. Especially when the consolidation is finished, the vertical and
horizontal displacements calculated by the present method were more than twice of
those obtained by the weighted method. Therefore, we cannot transform the layered
soil into the uniform soil by taking a weighted average of parameters to calculate
the final settlement and the excess pore pressure, which may be quite different from
the real values.

Another aspect that can reflect the layered characteristic of soils is that
groundwater is extracted from different aquifers. As shown in Fig. 3.7, a
four-layered soil system contains two aquifers and all the parameters of these two
layers are the same, so we can study the influence of the depth of pumping layer on
the surface displacements. For the vertical surface displacement, pumping from the
shallow aquifer induces the larger settlement than that from the deep aquifer in the
range of �r between 0 and 2.5, in other words, the former can result in more serious
differential settlement in the surrounding areas of centerline. However, the latter can
lead to the larger influence range of settlement. There is a similar trend seen in the
horizontal surface displacement. Along with a shift of pumping from the shallow
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Fig. 3.5 The influence of anisotropic permeability on the surface displacements and the excess
pore pressure of the top surface of the aquifer
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Fig. 3.6 Comparison
between multilayered soils
and a single-layer soil with
weighted parameters
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aquifer to the deep aquifer, the maximum horizontal surface displacement decreases
remarkably and its position moves outward.

3.6 Pumping and Recharging Together

Previous researches mainly focus on the influence of the single factor such as
pumping or recharging on the consolidation problems, but their combined effect has
been rarely considered. In this section, two situations that pumping and recharging
work together are selected to understand this effect. One situation is that water is
extracted from the deep aquifer and recharged into the shallow aquifer at the same

Fig. 3.7 The influence of different layers of dewatering on the surface displacements
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time (Fig. 3.8), the other is that the water flow velocity on the surface of dewatering
well is a periodical function, which means that pumping and recharging work
alternatively, as shown in Fig. 3.9.

For the first situation, the recharging ratio h is defined as Q1j j= Q2j j to describe
the relationship between recharging and pumping, where Q1j j and Q2j j denote the
recharging amount and the pumping amount, respectively. h ¼ 0 means there is no
recharging, while h ¼ 1 means the amounts of pumping and recharging reach the
balance. Four values of h ¼ 0; 0:1; 0:3; 1 are selected to study their influence on
the surface displacements. In Fig. 3.8, it can be observed that the increase in the
recharging ratio h enables vertical displacement and horizontal displacement to
decrease dramatically. When it reaches the balance between pumping and
recharging, the surface rebound and the outward horizontal surface movement

Fig. 3.8 The influence of the amount of water recharging on the surface displacements
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Fig. 3.9 The influence of
periodical water pumping rate
on the surface displacements
at the point �r ¼ 0:5 and
excess pore pressure at the
point �r ¼ 0:5 of the horizontal
plane z ¼ DH1
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occur in the surrounding area of centerline. Therefore, artificially recharging is an
effective method to control land subsidence and the recharging ratio h is the key to
this problem.

In Shanghai, the method of pumping in summer and recharging in winter has
been conducted to control subsidence (Gong 2009), so it is necessary to figure out
the deformation behaviors of multilayered soils caused by cyclic pumping and
recharging through theoretical analysis. The periodical water pumping function Q is
defined as Q ¼ Q0 sin atþ bð Þ= 1þ bð Þ, where Q0 denotes the pumping amplitude, a
is the pumping period and b is the pumping deviator. We select three types of
pumping functions, namely, Q ¼ 1, Q ¼ sin p t, and Q ¼ sin p tþ 2ð Þ=3, which
represent the constant pumping rate, the periodical pumping rate, and the periodical
pumping rate with a pumping deviator, respectively. In Fig. 3.9a, b, it can be seen
that the changes of vertical displacement and horizontal displacement with time
induced by the pumping function Q ¼ sin p t also comply with the trigonometric
function but their amplitude and period do not change over time, while the dis-
placements caused by the constant pumping function Q ¼ 1 accumulate gradually.
The surface displacements induced by the pumping function Q ¼ sin p tþ 2ð Þ=3
contain all the characteristics of two previous functions, namely, the periodical
fluctuation and the accumulated deformation. Besides, the displacements induced
by the periodical pumping rate are smaller than that caused by the constant pumping
rate, although their pumping amplitudes are the same. Combined with Fig. 3.9c, we
can find that even if the excess pore pressure caused by Q ¼ 1 remains stable after
the time �t ¼ 1, the displacements still develop further. There is a similar trend seen
in the function Q ¼ sin p tþ 2ð Þ=3. This means that the change of displacements
induced by pumping lags behind that of the excess pore pressure.

3.7 Conclusions

The chapter presents transient solutions to the consolidation problems of multi-
layered soils with anisotropic permeability caused by groundwater drawdown and
recharging. Based on the Laplace–Hankel transforms, we obtain the exact
expression of stresses, displacements, excess pore pressure, and vertical seepage
velocity in the transformed domain. Subsequently, the stiffness matrix of a single
layer is established to describe the relationships between these six components.
Then, combined with the continuity conditions of adjacent layers and the boundary
conditions, the global stiffness matrix equation of layered soils is assembled. At
last, the real solutions can be obtained by the inversion of Laplace–Hankel trans-
forms. The theoretical calculation results are in good agreement with numerical
results of ABAQUS, which proves the validity of present method. Some numerical
examples are provided to investigate the influence of the changes of parameters on
the consolidation behaviors of stratified soils, and also compared with existing
research achievements. The results include the following:
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(1) The length of dewatering well should be considered in the consolidation
analysis of layered soils caused by water pumping from the well. The increase
in the length of the well leads to smaller surface displacement.

(2) The larger values of anisotropic permeability parameters a can lead to the
smaller surface displacements and excess pore pressure.

(3) The layered soil cannot be regarded easily as the uniform soil by taking a
weighted average of soil parameters, since this method leads to great deviation
of the description of consolidation behaviors of layered soils.

(4) Pumping from the shallow aquifer can result in the more serious differential
settlement in the surrounding areas of centerline, while pumping from the deep
aquifer can lead to the larger influence range of settlement.

(5) The increase in the recharging ratio h can effectively restrict the vertical surface
settlement and horizontal surface displacement. This effect is particularly
obvious when the amounts of pumping and recharging reach the balance.

(6) The displacements induced by the cyclic pumping and recharging are smaller
than those caused by pumping alone, although their pumping amplitudes are the
same.

(7) The change of surface displacements induced by pumping lags behind that of
the excess pore pressure.
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Chapter 4
In-Site Monitoring of Land Subsidence

4.1 Introduction

The in-site monitoring data of land subsidence in Shanghai showed that the
deformation of the aquifer occupied a large proportion of the total subsidence and it
was not synchronized with the changing of the groundwater table (Zhang et al.
2003). In the early period of land subsidence in Shanghai, there was a strong
correlation between the land subsidence and the groundwater exploitation. With the
construction of modern cities, the correlation between them was weakened grad-
ually. The land subsidence was accelerated because a large number of municipal
works and high-rise buildings were constructed in Shanghai. Some researchers
proposed that large-scale city constructions were a significant factor for the land
subsidence and this factor accounted for about 30% of the total land subsidence in
Shanghai (Gong 1998).

Land subsidence caused by building loads was studied and the additional stress
caused by building loads in the foundation was the main reason for changing the
stress state of the shallow soil (Tang et al. 2007; Jie et al. 2007). The land subsi-
dence caused by building loads was mainly concentrated in the single building as
well as the dense high-rise building group, which was studied by the theoretical
calculation, the in-site monitoring, the laboratory tests, and the numerical
simulation.

In recent years, land subsidence has greatly accelerated though the exploitation
of groundwater is strictly controlled in Shanghai. The mechanism of land subsi-
dence in the soft soil areas caused by the dense high-rise buildings was studied by
the in situ monitoring, the general model test, and the centrifugal model test (Tang
et al. 2008; Cui and Tang 2011), which gave a reference to study the mechanism of
land subsidence in the soft soil areas caused by the dense high-rise building group.

In this chapter, the land subsidence caused by four high-rise buildings including
World Financial Center (SWFC), Bank of China Tower (BOC Tower), Shanghai
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Merchants Tower, and Jinmao Tower, located in Lujiazui area of Shanghai, was
studied by the in-site monitoring data. In addition, the relationship between the
changing of the groundwater table and the deformation characteristics of soils was
analyzed. The numerical simulation was conducted to study the land subsidence
caused by two high-rise buildings with relatively close distance, Jinmao Tower and
World Financial Center.

4.2 In Situ Monitoring

4.2.1 Geological and Hydrogeological Background

Shanghai is situated at the fore of the Yangtze River delta. The Quaternary deposit
is thick and generally reaches 250–300 m in the urban area. The upper layer about
0–150 m is mainly composed of soft-plastic clay and sandy soil. Figure 4.1 shows
the drill column section of soil layers in Lujiazui area of Shanghai.

In order to better monitor the land subsidence in Shanghai, a large number of
monitoring system have been built up in the early days. Up to now, comprehensive
land subsidence monitoring systems in Shanghai have been set up, which consist of
bedrock marks, layered marks, and GPS stations (Cui and Yuan 2015). These
monitoring stations had been set up for decades of years and the monitoring sys-
tems were formed to monitor the land subsidence in Shanghai area accurately
(Zhang and Gu 2000).

4.2.2 In-Site Monitoring of Land Subsidence in High-Rise
Building Group

High-rise building groups are dense in Lujiazui area of Shanghai. The land sub-
sidence is greatly affected by the construction of the dense high-rise building
groups. Figure 4.2 shows four high-rise buildings, including Shanghai Merchants
Tower, Jinmao Tower, BOC Tower, and SWFC. Figure 4.3 shows the location of
four high-rise buildings in the map and Table 4.1 shows the basic data of four
buildings.

Figure 4.4 illustrates the monitoring points around four buildings. The moni-
toring points were arranged along five paths, A01–A10, B01–B10, C01–A10, D01–
A10, and E01–E10, respectively.

Along Huayuanshiqiao Road, at the positions of 7, 12, 20, 30, 60, 100, 150, 200,
250, and 300 m away from World Financial Center, there are 10 monitoring points:
A01, A02, A03, A04, A05, A06, A07, A08, A09, and A10, respectively. Along
Dongtai Road, at the positions of 7, 12, 20, 30, 60, 100, 150, 200, 250, and 300 m
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away from World Financial Center, there are 10 monitoring points: B01, B02, B03,
B04, B05, B06, B07, B08, B09, and B10, respectively. The elevation of these 20
monitoring points was monitored from December 2005 to November 2008.
Figures 4.5 and 4.6 illustrate the variations of land subsidence with the distance
away from World Financial Center at 10 months (October 2006), 20 months
(August 2007), 30 months (June 2008), and 35 months (November 2008),
respectively.

Figure 4.5 illustrates the variations of land subsidence with the distance away
from World Financial Center along Huayuanshiqiao Road. Point A01 experienced
the maximum land subsidence, which was the nearest point to the building. With
the distance increasing, the land subsidence decreased. But at Point A08 (200 m),
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Fig. 4.1 Drill column section of soil layers in Lujiazui area
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the land subsidence increased again, because Point A08 had the minimum distance
from Jinmao Tower, which showed the superimposition effect of two high-rise
buildings. In addition, Point A10 had greater land subsidence than Point A09,
which may be affected by the traffic load of Yincheng Middle Road.

(a) Merchants Tower (b) Jinmao Tower (c) BOC Tower (d) World Financial Center

Fig. 4.2 Physical map of four high-rise buildings

Fig. 4.3 The location of four high-rise buildings in the map
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Figure 4.5 illustrates the variations of land subsidence with the distance away
from World Financial Center along Dongtai Road. The subsidence of monitoring
points from B01 to B10 had the same varying regulation at 10 months, 20 months,
and 30 months. However, the subsidence of monitoring points from B01 to B06 at
35 months was abnormal.

In order to further analyze the superposition effect of building loads on the land
subsidence, the variations of settlement with time in the monitoring Point A08 were
compared with that of the monitoring Point B08, as shown in Fig. 4.7. The vari-
ations of land subsidence of Point A08 with time was the same as that of Point B08,
which mainly related to the construction process of the World Financial Center. The
land subsidence at Point A08 was larger than that of Point B08 due to the effect of
building load from the Jinmao Tower. At 15 months, the land subsidence of Point
A08 was 113.2% larger than that of Point B08. The land subsidence caused by
high-rise buildings had a remarkable superposition effect, which exceeded the
allowable value for the safety of buildings. It is important to control the value of the
loads in order to prevent the excessive land subsidence.

Figure 4.8 illustrates variations of subsidence with time along Path A, Path B,
and Path C, respectively. At the first stage, the rate of land subsidence was small.
Then the land subsidence increased and at last, the land subsidence became gentle
again. Besides, the subsidence of each monitoring point from A01 to A10, from
B01 to B10, and from C01 to C10 was not a simple drop with the increase of the
distance from the SWFC.

From Fig. 4.8a, Point A01 had the largest subsidence and the Point A09 was the
smallest. It should be noted that the subsidence at Point A08 was much larger than
that at the points A05, A06, and A07, which was influenced by the stress super-
position effect of both the Jinmao Tower and World Financial Center. From
Fig. 4.8b, the variations of land subsidence with time along Path B were similar to
those of Path A. However, a large settlement occurred at the Point B07, which
might be affected by the traffic load of Lujiazui Ring Road. The land subsidence in
the urban area was influenced by a variety of engineering-environment effects,

Table 4.1 The basic data of four buildings

Building
name

Start
time

Time of
completion

Height
(m)

Floor
(ground/
underground)

Building
area
(103 m2)

Pile
depth
(m)

Bearing
layer

Merchants
Tower

1992 1996 186 39/2 75 – Layer
No. 7

Jinmao
Tower

1994 1999 420.5 88/3 290 83.5 Layer
No. 9

BOC
Tower

1997 2000 258 53/3 120 46.5 Layer
No. 7

World
financial
center

2003 2008.8 492 101/3 381.6 78 Layer
No. 9
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which were characteristics of complex. From Fig. 4.8c, the land subsidence along
Path C had a similar law by comparing with that along Path A and Path B.

Figure 4.9 illustrates the variations of land subsidence along Path A, B, and C
with the distance away from high-rise buildings. According to the measured data,
the land subsidence largely decreased with the increase in distance of the buildings.
Nevertheless, the land subsidence was mutated in some monitoring points,
including A08, A10, B06, B09, and C09. The monitoring points around high-rise
buildings experienced larger land subsidence, whose maximum subsidence was
greater than 60 mm and the maximum rate of land subsidence was up to 45 mm/a.

Fig. 4.4 The monitoring points around four buildings
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On one hand, the rate of land subsidence in the monitor area was far greater than the
average rate of land subsidence in the urban area of Shanghai during the same
period. The rate of land subsidence was less than 10 mm/a at the points A10, B10,
and C10, 300 m away from buildings, which was close to the average rate of land
subsidence, about 6.8 mm/a, during the same period in the urban area of Shanghai.
It showed that the influence range of land subsidence caused by the high-rise
buildings was about 300 m, which was close to five times the width of the building
foundation.

Figure 4.10 illustrates the variations of subsidence with time along Path D
around BOC Tower and along Path E around Merchants Tower. The land subsi-
dence around the BOC Tower was larger than that around the Merchants Tower.
The average rate of land subsidence at Point D01 was about 25 mm/a and Point
D07 experienced the largest rate of land subsidence, being 15.3 mm/a. Similarly,
the largest average rate of land subsidence around the Merchants Tower was about
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Fig. 4.7 Variations of subsidence with time (A08 and B08)
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25 mm/a. It was noted that the land subsidence of E02 around Merchants Tower
emerged jump from 53 to 62 months. This might be due to some unknown phe-
nomena or externally imposed stress in the vicinity of this test site.

4.3 Subsidence with Groundwater Table Changing

The deformation of layered soils and the level of groundwater were analyzed by the
monitoring data obtained from the layered marks and water level holes between
2004 and 2007 in Lujiazui area. The detailed information of layered soils in
Lujiazui area are summarized in Table 4.2.

Figure 4.11 illustrates the variations of land subsidence of different soil layers in
Lujiazui area from August 2004 to August 2007. According to the data, the total
settlement value of the upper soil minus the settlement value of lower layer was the
compressive deformation of this layer.

Table 4.2 Distribution of strata in Lujiazui area

Layerwise
mark

Depth (m) Height (m) Soil layers Height of each soil layer
(m)

S0 0.00 0–70.0 – –

S1 9.58 9.58–70 Silty clay of layer No. 4 9.58–17.32

S2 25.32 17.32–70 Clayey soil of layer
No. 5

25.32–30.38

S3 30.38 25.32–70 Clayey soil of layer
No. 6

30.38–33.37

S4 33.37 30.38–70 Silt sand of layer
No. 7 & 9

33.37–70.0

70.00 – – –
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Fig. 4.11 Variations of
subsidence with time for
different soil layers
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The mucky clay of layer No. 4 experienced the maximum settlement than other
soil layers. Furthermore, the building loads increased with the continuous con-
struction of residential area in this time period, which led to the increase in
deformation of this soil. On one hand, the mucky clay of layer No. 4 buried in the
depth 9.58–17.32 m bore the larger building additional load of buildings.

Figure 4.12 illustrates the variations of groundwater table of the second confined
aquifer with time at the monitoring site F15. The groundwater table showed an
overall rising trend with some fluctuations. As mentioned in Fig. 4.11, a slight
rebound phenomenon occurred in the silt sand layer No. 7 and No. 9 during this
period. The reason could be that a large number of groundwater were recharged in
recent years in Shanghai. As a permeable material, particles of the sand bear less
effective stress as the groundwater rises, causing a rebound in the sand layer. At the
same time, settlements of the benchmark on the ground vary to some degree during
this period with an average value of 5 mm, which indicates that changes of land
subsidence are complex for the combining factors of the groundwater, the building
loads, and the engineering-environment effect.

4.4 Numerical Simulation

4.4.1 Basic Parameters of the Model

Compared with the model tests and the in-site monitoring, the numerical simulation
has the advantages of high efficiency and low cost. Land subsidence caused by
high-rise buildings is a complex problem so that the analytical solution by theo-
retical calculation cannot be obtained. However, the numerical simulation can solve
such problems. Pile raft foundations are normally used for high-rise buildings. The
interaction of piles and soils has been theoretically analyzed and modeled by many
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scholars. However, it is very difficult to accurately calculate the land subsidence
caused by high-rise buildings, because there exists the elastic, plastic, and viscous
plastic deformation in the soft soil.

Due to the complexity of the actual project, it is difficult to accurately simulate the
land subsidence in the study area. So, only two super high-rise buildings were
selected, which were Jinmao Tower and SWFC and the numerical simulations were
conducted to study the land subsidence caused by two closely spaced high-rise
buildings. Figure 4.13 illustrates the layout of buildings in the numerical simulation
model. In addition, three representative paths Path A, Path B, and Path I were selected
to obtain variations of land subsidence with different positions of buildings them-
selves and their surrounding soils provide. The physical and mechanical properties of
soils in the area of Jinmao tower and SWFC are summarized in Tables 4.3 and 4.4.
Due to the complex geological conditions of the actual conditions, the simplification
of the soil layers in this numerical simulation was conducted. The basic data of piled
raft foundations for two buildings are summarized in Table 4.5.

4.4.2 Analysis of Numerical Simulation

The material of the raft was considered as the linear elastic material and the soils
were treated as the elastoplastic material. Expressions of the shear force and the

Jin Mao
Tower World
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Dong
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Road

Huayaunshiqiao           Road

 Century                         Avenve

Yin
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Lujiazui           Ring              Road
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Fig. 4.13 Layout of buildings in numerical simulation model
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shear displacement of the soils and piles are obtained as the form of penalty
functions according to Mohr–Coulomb yield criterion. The simplification of the soil
layers in this numerical simulation was conducted. The specific parameters of the
model are summarized in Table 4.6.

The boundary conditions are as follows:

(1) Physical boundaries: displacements of lateral and bottom faces of the model do
not exist.

(2) Mechanical boundaries: the top surface is free for water in soils to go while the
sides and the bottom face are undrained.

(3) Initial conditions: freedom of pore water pressure is zero when the pore water is
immobile. Subsidence of soil mass is steadily stated, so the pore water pressure
of all nodes in the model is also equal to zero.

Figure 4.14a illustrates the final subsidence along Path A on Huayuanshiqiao
Road. The maximum settlement of the numerical simulation was 450 mm, which
was much larger than that of the in-site monitoring. But the in-site monitoring was
carried out only for 30 months and its maximum settlement was 84 mm. So, the
land subsidence in Shanghai area has characteristics of long duration and strong
hysteresis. The soil around the high-rise building foundations suffered the drainage
consolidation and secondary consolidation phenomenon for a period of time after
the building was completed. According to the monitoring data (Ma et al. 2006), the
instantaneous settlement of soft soil accounted only for 10–30% of total settlement
under the action of external loads in Shanghai. The time of the foundation settle-
ment of buildings might be more than 10 years.

It should be noted that the land subsidence decreased significantly with the
increase in distance of the SWFC. Comparing the in-site monitoring data as shown
in Fig. 4.5, two settlement curves had a turning near the Point A08 in some degree,
which was due to the influence of the load of Jinmao Tower. The additional stress at

Table 4.6 A numerical model of material parameters

Materials Elastic
modulus
(kPa)

Poisson’s
ratio l

Permeability
k (�10�4 cm s�1)

Gravity
(kN/m3)

Cohesion
c (kPa)

Internal
friction
angle (°)

Pile 200,000 0.2 – – – –

Brown-yellow
silty clay

150 0.35 1.435 18.1 9 21

Mcuky clay
layer No. 4

50 0.4 0.01232 17.3 12 12

Silty clay layer
No. 5

110 0.35 0.01237 18.7 14 17

Silty clay layer
No. 6

110 0.35 0.707 20.0 44 17

Silt sand layer
No. 7 & No.9

500 0.3 8.21 19.3 1 28
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the Point A08 was affected by the superposition of two building loads. It manifested
that land subsidence caused by high-rise buildings was undermined by the multiple
factors and the complex variation with the different positions.

Figure 4.14b illustrates the final subsidence along Path B on the Dongtai Road.
Due to the ideal condition of the numerical simulation, the land subsidence along
Path B in the numerical simulation was different from that of the in-site monitoring,
which resulted from some unknown phenomena or externally imposed stress in the
vicinity of the test site, such as B07 been experienced by the vehicle dynamic load.
It indicated that with the distance of the building foundation increasing, the sub-
sidence decreased rapidly and the land subsidence was basically zero at a distance
of 100 m. Although the foundation and its surrounding soil experienced a larger
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settlement caused by the larger building load, the impact ranges of the settlement
were also very limited. In addition, the settlement was affected by the foundation
form and the weight of the surrounding buildings. For the rectangular or strip
foundation, the impact of the settlement was generally not more than two times the
width of the foundation. The excessive land subsidence can not only threaten the
safety of the building itself but also create serious hazard to its surrounding project.

Figure 4.15 illustrates the variations of the additional stress with the different
positions. When the load of Jinmao Tower was applied, the maximum additional
stress was generated at the center of the base and gradually decayed to zero along
the radius of the 150 m. After the Jinmao Tower and SWFC loads were both
applied, the additional stresses in the bottom of the two building foundation center
had two extreme points. Meanwhile, the superposition effect of stresses existed in
the central area of two high-rise buildings. Figure 4.16 illustrates the variations of
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land subsidence with different positions along Path I. The building itself experi-
enced the maximum subsidence. The differential subsidence occurred in the
building foundation and its surrounding ground. Comparative analysis of Figs. 4.15
and 4.16 showed that the distribution of soil settlement was determined by the
distribution of the additional stress of the foundation under the flexible pile cap.

Figure 4.17 illustrates the variations of the subsidence and the additional stress
with the different positions under the load of Jinmao Tower and the loads of Jinmao
Tower and SWFC, respectively. Themagnitude of the additional stress of the soil was
the decisive factor to determine the final settlements of the soil. On the other hand,
the superimposition effect of the high-rise buildings in the central area was obvious.
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Fig. 4.17 Variations of subsidence and of additional stress at different loading conditions
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This indicated that the building space was a main factor to cause land subsidence. The
influence of the dense high-rise buildings should be fully considered in the practical
phase of the project. In the design stage, it is reasonable to control the distance among
the dense high-rise buildings in order to avoid the land subsidence of the regional
ground over estimated value, which affects the normal use of other structures, such as
the roads, the underground pipelines, and so on.

4.5 Conclusions

The land subsidence in the urban was influenced by many factors, including the
building load, the withdrawal of groundwater, and so on. The monitoring stations
for land subsidence have been set up for decades of years in Shanghai, which
consist of the bedrock marks, the layered marks, the water level holes, etc. In this
chapter, the land subsidence caused by four high-rise buildings which are located in
Lujiazui area of Shanghai was studied by the in-site monitoring data. The changing
of the groundwater table and the deformation characteristics of soils under the
different exploitation of groundwater were also analyzed by the in-site monitoring
data. Based on the data obtained from the in-site monitoring and the numerical
simulation, the main conclusions are as follows.

(1) Building itself may experience a maximum settlement because of the remark-
able subsidence superimposition effect between the high-rise buildings which
exceeds the allowable values. However, the land subsidence decreases dra-
matically with the distance increasing. The range of the land subsidence caused
by the building load is about 300 m from the in-site monitoring.

(2) The mucky clay of layer No. 4 has the maximum settlement than other soil
layers. A slight rebound occurs in the silt sand of layers No. 7 and
No. 9 because a large amount of groundwater recharge has been conducted in
Shanghai in recent years. As a permeable material, particles of the sand bear
less effective stress as the groundwater rises, causing a rebound in the sand
layer.

(3) The average settlement is 5 mm except some fluctuations, which indicates that
the influence factors of land subsidence are very complex, including the
withdrawal of groundwater, the building loads, and the engineering-
environment effect, etc.

(4) The surrounding ground of high-rise buildings suffers obviously superimposed
subsidence by the additional stress, which causes a larger ground settlement
than the estimated value. Therefore, in the design stage, it is reasonable to
control the distance between the dense high-rise buildings in order to avoid the
settlement of regional ground over the allowable value and affect the normal
use of other structures.
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Chapter 5
Centrifuge Modeling of Land Subsidence
Caused by the High-Rise Building Group

5.1 Introduction

In the coastal urban area of China, the groundwater extraction is the primary cause
of land subsidence. But from the 1960s, the withdrawal of groundwater was con-
trolled reasonably and especially, from the end of the 1970s, the pumping of
groundwater was strictly controlled in the urban area in Shanghai. The quantity of
water recharged into the subsurface was always greater than that of the pumping
and the extracted aquifers were gradually adjusted. As a result of these measures,
the subsidence caused by pumping and recharging was kept smooth and gentle in
the urban area (Cui et al. 2010a). During the 1990s, however, with the development
of the economy, a variety of municipal works and high-rise buildings were con-
structed and the subsidence appeared to accelerate in Shanghai (Cui et al. 2010b).

With an increasing number of high-rise buildings in major cities worldwide, land
subsidence induced by the interaction between closely spaced buildings becomes a
major challenge to many researchers. The mechanism of land subsidence caused by
interaction of high-rise buildings was first studied by the model test (Tang and Cui
2008). The land subsidence caused by high-rise buildings was affected by the
construction sequence of the buildings and the land subsidence of the points near to
the former building was larger than that of those near to the latter building; the
central area of the group of buildings experienced the maximum subsidence and the
points within one time the width of the foundation from the center of the building
had the second largest subsidence. But the general model test cannot satisfy the
requirement that the model had the same stress level as the prototype and the
centrifuge model test was conducted by Cui et al. (2010a). The central area of the
building group had larger subsidence and the subsidence superimposition effect was
obvious. The buildings distance was smaller and the subsidence superimposition
effect was more obvious.

This chapter discusses the engineering-environmental effect of high-rise building
group on land subsidence under the typical geological subsurface of Shanghai by
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the centrifuge model tests. The problems studied include the deformation charac-
teristics of different soil layers, the influence of high-rise building group on land
subsidence of its central and circumjacent areas, the land subsidence affected by the
different building distances, and the stress variation of soil layers due to the
engineering-environmental effects of the high-rise building group.

5.2 Determination of Bearing Capacity of Single Pile

It is of importance to determine the bearing capacity of single pile in the centrifuge
model test which is the precondition to correctly study the mechanism of land
subsidence. The T-bar penetration test was conducted in flight to measure the shear
strength of the soft soil in this chapter.

5.2.1 In-Flight T-Bar Penetration Test

Centrifuge modeling is a useful tool for the investigation of geotechnical problems
(Powrie and Daly 2007; Geddes 1966) because of its ability to reproduce the same
stress levels in a small-scale model, as those present in the full-scale prototype.

5.2.1.1 The Geotechnical Centrifuge

The geotechnical centrifuge used for the model tests has a single arm with the
nominal radius of 3 m. The capacity of the centrifuge is 150 g�t and its maximum
acceleration can reach 200 g. The strongbox used for the model tests has dimen-
sions of 500 mm � 800 mm � 550 mm in width, length, and height. Three side
walls and the bottom of the container are made of high strength stainless steel plates
to protect against possible corrosion and to reduce the friction between the soil and
the container surface. The front wall of the container is made of a 40-mm-thick
Plexiglas plate.

5.2.1.2 Soil Property

According to the geological and hydrogeological background in Shanghai, the soil
layers from the top downward are brown-yellow clay layer, silty clay layer, silt sand
layer, clayey soil layer, and silt sand layer. The foundation soil of the model test is
silty clay of layer No. 4, silt sand of layer No. 7, and clayey soil of layer No. 8,
respectively, obtained from the site in Shanghai. The soil properties are summarized
in Table 5.1.
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5.2.1.3 Preparation of Soil Layers

To minimize side friction, the container wall was covered with a thin layer of
smooth plastic membrane. The procedures of preparing soil layer were as follows:

(1) The silt sand obtained from the site was used to construct the bottom sand layer
(layer No. 9), 50 mm in thickness.

(2) Layer No. 8, 150 mm in thickness, was constructed by the clayey soil obtained
from the site. This layer was divided by several sublayers. After the first
sublayer was constructed, the second sublayer was subsequently constructed.

(3) Third, layer No. 7, 75 mm in thickness, was also constructed by silt sand.
(4) The silty clay was used to construct layer No. 4, 200 mm in thickness. Its

construction way was as same as that of layer No. 8.
(5) Lastly, 25-mm-thick upper layer was constructed.

5.2.1.4 Undrained Shear Strength Measured by in-Flight T-Bar
Penetration Test

A T-bar penetrometer (Fig. 5.1) was used to measure the undrained shear strength
of the silty clay in flight. Figure 5.2 shows the calibration curve of the T-bar
penetrometer (Cui 2012).

After installing T-bar penetrometer at 1 g, the model was accelerated to 200 g
for about 3 h till the pore water pressure became stable. Figure 5.3 illustrates the
time subsidence curves of soil layers during the centrifuge consolidation. Then, the
T-bar penetration test was conducted in flight. Figure 5.4 illustrates the measured
undrained shear strength of soft-clay layer with depth. Immediately after swinging
down, vane shear test was conducted at 1 g to measure the undrained shear strength
of the silty clay. The shear strength measured by vane shear immediately after
centrifuge test is summarized in Table 5.2.

Table 5.1 Physical and mechanical properties of soils for the centrifugal model test

Soil Water
content
(%)

Bulk
density
(kN/m3)

Initial
void
ratio

Compression
modulus
(MPa)

Cohesion
(kPa)

Internal
friction
angle (°)

Silty clay of
layer No. 4

43.58 18.89 1.075 2.48 12.0 12.5

Silt sand of
layer No. 7

9.95 13.81 1.142 9.04 5.0 24.8

Clayey soil
of layer
No. 8

38.79 18.88 1.001 2.13 15.8 14.5

Silt sand of
layer No. 9

9.95 13.81 1.142 9.04 5.0 24.8
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Fig. 5.1 The T-bar penetrometer used in the test
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Fig. 5.2 The calibration
curve of T-bar
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Comparing the shear strength in Table 5.2 with that in Fig. 5.4, the undrained
shear strengths by the vane shear test immediately after swinging down are 49.0%
of that by the in-flight T-bar test at 50 mm depth, 47.2% at 100 mm depth, 45.8% at
150 mm depth, and 46.7% at 200 mm depth, respectively.

5.2.2 Centrifuge Model Test for the Bearing Capacity
of Single Pile

5.2.2.1 Single Pile

Pile foundations are the normal type of foundation for high-rise buildings in
Shanghai. The prototype plan dimensions of each building were 20 m � 20 m,
with 22 floors reaching a height of 65 m. The scale of the test is 1:200. In order to
simplify the model, steel bar was used to make the 230 mm model single pile and
steel plate was used to make the 100 mm � 100 mm model pile cap). Figure 5.5
illustrates the model section of single pile centrifuge model test and the bearing
stratum of the pile tip was the silt sand of layer No. 7. The linear variable differ-
ential transformer was installed on the pile cap in order to measure the subsidence
of the building.
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Fig. 5.4 Measured undrained shear strength with depth by in-flight T-bar test

Table 5.2 Shear strength measured by vane shear immediately after centrifuge test

Penetration depth (mm) 50 100 150 200

Shear strength (kPa) 5 8.5 11 14
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5.2.2.2 Bearing Capacity of the Single Pile

The loading pattern of the centrifuge model test for bearing capacity of the single
pile is different from that of the routine test with step loading. In the centrifuge
model test for bearing capacity of the single pile, the step loading pattern was
conducted by increasing the acceleration of the centrifuge. The acceleration of the
centrifuge a was calculated by the rotational speed x to the centrifuge used in this
test,

a ¼ 3
x

29:894

� �2
ð5:1Þ

Six steps of stable accelerations were used in this test, including 5, 10, 15, 25,
and 30 g and each step was running 20 miniatures. The variations of the subsidence
with the acceleration are shown in Fig. 5.6a–c. Figure 5.6d illustrates the variations
of the subsidence with the running time of the centrifuge at the certain acceleration.
From Fig. 5.6d, the curves between subsidence and time at each g level were
analyzed and the acceleration for the bearing capacity of single pile was determined
to be 25 g. The bearing capacity of the single pile was 49 kN/m2.

In order to determine the number of the piles of the high-rise building, the
additional stress (p) is given,

p ¼ cGaxNs; ð5:2Þ

where x is the vertical load of unit area and its value is 12–14 kN/m2 for the portal
frame construction; Ns is the floor number of the building; a is the magnification
factor of the axial force considering the earthquake and its value is 1.05–1.10 for
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Fig. 5.5 Model section with
instrumentation used
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seven seismic intensity; cG is the partial coefficient of the vertical load and its value
is 1.2.

To the prototype building with 22 floors, p = 1.2 � 1.05 � 14 � 22 = 387 kN/
m2. Considering the safety coefficient with its value being 2, the number of the piles
of the high-rise buildings can be obtained, being 16.

5.3 Centrifuge Modeling Land Subsidence Caused
by the High-Rise Buildings

It is difficult to monitor the subsidence caused by a large number of high-rise
buildings for a long time and the environment of the site changes greatly with the
lapse of time. The measured data are affected by many factors, the measurement of
which is not available. The centrifuge model tests are applicable to study the land
subsidence caused by the engineering-environmental effect of high-rise building
group.
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This chapter discusses the engineering-environmental effect of high-rise building
group on land subsidence under the typical geological subsurface of Shanghai by
the centrifuge model tests. The problems studied include the deformation charac-
teristics of different soil layers, the influence of high-rise building group on land
subsidence of its central and circumjacent areas, the land subsidence affected by the
different building distances, and the stress variation of soil layers due to the
engineering-environmental effects of the high-rise building group.

5.3.1 Geological and Hydrogeological Background

Shanghai is situated at the fore of the Yangtze River delta. Its aquifer is not a single
and simple system, since it is a part of the aquifer system of the Yangtze River
delta. The Quaternary deposit is thick and generally reaches 250–300 m in the
urban area. The upper and lower layers are divided at the depth of 150 m. The
upper layer consists mainly of gray soil and is composed of soft-plastic clay and
sandy soil. The lower layer consists mainly of soil with mixed colors and is
composed of hard-plastic clay and alternate layers of sand and gravel. Figure 5.7
shows the typical geological section of Shanghai.

Municipal works and high-rise buildings have been constructed on a large scale
since the 1990s. Land subsidence accelerated again in Shanghai and the average
yearly subsidence was more than four times that of the previous period (the 1970s
and the 1980s). As the pumping of groundwater was strictly controlled in the urban
area of Shanghai and the quantity of back-pouring of water was always greater than
that of the pumping, the subsidence caused by pumping and back-pouring was kept
smooth and gentle in the urban area. Under this circumstance, the effect of the
large-scale construction in the urban area was taken into consideration seriously.
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In recent years, according to the quantities of water pumped and recharged, the
deformation data of soil strata indicated subsidence mainly below the depth of
70 m. The soil deformation above this depth was mainly caused by engineering
works. Within the soil strata above the depth of 70 m, there are three thick layers of
soft soil, which is the typical area of soft soil foundation, as summarized in
Table 5.3.

5.3.2 Centrifugal Model Tests

5.3.2.1 Soil Property and Pile

The soil properties are summarized in Table 5.1. The model used pile foundations,
as this is the normal type of foundation for high-rise buildings in Shanghai.
However, it is not intended to study the characteristics of pile foundations and they
are used in the model simple to take the building load. In order to simplify the
model, steel bars are used to make the 230 mm model piles and steel plates are used
to make the 100 mm � 100 mm model pile caps.

5.3.2.2 Preparation of Soil Layers

To minimize side friction, the container wall was covered with a thin layer of
smooth plastic membrane. The procedures of preparing soil layer were as same as
those in Sect. 5.2.1.3.

After soil layers were constructed, the model was consolidated at 200 g for about
3 h. Figure 5.8 illustrates the time subsidence curves of soil layers during the
centrifuge consolidation.

5.3.2.3 Instrumentation and Test Procedures

The earth pressure cells (GTI-E201-500KPS) and pore pressure transducers
(KYJ-31) were installed to study the characteristics of the soil pressure and excess
pore water pressure of the different soil layers, shown in Fig. 5.9. Linear variable
differential transformers (RMWY-50) were installed on the pile cap of one building
and at various points in the foundation soils in order to measure the building and
land subsidence as well as the deformation of different soil layers.

The model consisted of four high-rise buildings, using a scale of 1–200. The
original plan dimensions of each building were 20 m � 20 mm, with the 22 floors
reaching a height of 65 m. The bearing stratum of the pile tip was the silt sand of
layer No. 7.
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Two centrifuge model tests were conducted to study the land subsidence affected
by the different building distances. The distance between two adjacent buildings in
the building group was 20 and 30 m in the prototype, and the running time of the
centrifuge was 6 and 8 h, respectively. The acceleration stage of the centrifuge
needs 8 min, then the centrifuge reaches the stable acceleration.
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5.3.3 Analysis of Results

5.3.3.1 Comparison of Subsidence for Different Soil Layers

The deformation of the individual layers was obtained by subtracting the subsi-
dence recorded in an individual layer from the overall subsidence. Figure 5.10
shows variations of subsidence with time for different soil layers.

(1) The brown-yellow clay of layer No. 2 is thinner, 25 mm in thickness and
deformation of this layer is not measured.

(2) In the acceleration increasing stage, the subsidence of layer No. 4 increases
quickly. When the centrifuge reaches the stable acceleration, the subsidence
keeps increasing. After consolidation, the subsidence value continues to
increase and the soil shows rheological characteristics. The silty clay of layer
No. 4 has the maximum subsidence and accounts for 43% of the total subsi-
dence of all the soil layers.

(3) The silt sand of layer No. 7 is the bearing stratum for the pile tip and its
subsidence is larger, though its thickness is 75 mm. In the acceleration stage,
the subsidence reaches 60% of its total deformation.

(4) The clayey soil of layer No. 8, beneath the silt sand of layer No. 7 in which the
piles were embedded, experiences the greatest compressibility resulting in the
subsidence in the second place, accounting for 37% though its thickness is
50 mm thinner than that of the silty clay of layer No. 4.

(5) The silt sand of layer No. 9 is 50 mm in thickness and touches the floor of the
centrifuge model box. The subsidence of this layer is small, and in the initial
acceleration increasing stage, the subsidence already reaches its maximum
subsidence.
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In order to study the characteristics of every soil layer in the total subsidence
stage, the subsidence of different soil layers with time is fitted with the exponential
function of three-order attenuation. Figure 5.11 shows fitting curves of subsidence
of different soil layers.

The exponential function of three-order attenuation is given by

s ¼ A1e
t
B1 þA2e

t
B2 þA3e

t
B3 þ s0; ð5:3Þ

where A1, A2, A3, B1, B2, and B3 are associated with the soil properties, the thickness
of soil layer, the acceleration of the centrifuge, the operating time of the centrifuge,
and the building load.

This formula reflects the attenuation relationship between the subsidence and
time. The velocity of subsidence gradually decreases with time and the subsidence
comes to be a stable state. This formula can predict the subsidence of soil layers at
any point of time.
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Fig. 5.11 Fitting curves of subsidence of different soil layers
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5.3.3.2 Subsidence of Different Positions in the Building Group

In the acceleration increasing stage, the subsidence of different positions all
increases quickly. In the stable acceleration stage, the subsidence keeps increasing
and the velocity decreases. Figure 5.12 presents variations of subsidence with time
at three different positions in the building group.

The central area of the high-rise building group experiences larger subsidence,
so the superimposition effect of the high-rise building group in the central area is
obvious. The subsidence of one time the width of the building foundation is smaller
than that of the central area, which indicates that the superimposition effect is not
much more obvious than that of the central area. The building itself shows the
maximum subsidence. From Fig. 5.12b, the subsidence velocity of the central area
is much larger than that of the building itself in the last, so the subsidence of the
central area will exceed that of the building itself.

5.3.3.3 The Subsidence of the Central Area Under Different Building
Distances

In order to study the land subsidence affected by the different building distances,
two centrifuge model tests were conducted. The distance between two adjacent
buildings in the building group was 20 and 30 m in the prototype, and the running
time of the centrifuge was 6 and 8 h, respectively.

Figure 5.13 illustrates the subsidence of the central area under two different
building distances in the building group. The central area of building distance being
100 mm in the model, 20 m in the prototype, has larger subsidence than that of
150 mm distance in the model, 30 m in the prototype, though the running time of
the centrifuge for the smaller building distance is shorter. The building distance is
smaller; the subsidence superimposition effect is more obvious. So, the building

0 50 100 150 200 250 300 350 400
-20
-18
-16
-14
-12
-10

-8
-6
-4
-2
0

Su
bs

id
en

ce
 s

( 1
0-1

m
m)

Time t (min)

 Central area of buliding group
 one time the width of foundation
 building

1 10 100 1000
-20
-18
-16
-14
-12
-10
-8
-6
-4
-2
0

Su
bs

id
en

ce
 s

(1
0-1

m
m

)

Time lgt (min)

 Central area of building group
 one times the width of foundation
 building

(a) s-t (b) s-lgt

Fig. 5.12 Variations of subsidence with time at three different positions in the building group
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distance among the building group can be properly increased to decrease the
subsidence superimposition effect on the area.

5.4 The Subsidence with the Change of Earth Pressure
and Pore Water Pressure

Figure 5.14 illustrates variations of the subsidence, the pore pressure, and the earth
pressure with time in the central area of layer No. 4. In the initial stage, the earth
pressure and pore pressure of the silty clay of layer No. 4 increase quickly. Then,
the pore pressure begins to slowly dissipate. In the meantime, the subsidence
gradually increases. The excess pore water pressure in the central area is higher
which indicates the superimposition effect by the high-rise building group is
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obvious. Under the higher earth pressure, the consolidation time prolongs and the
subsidence keeps increasing (Cui and Tang 2010).

Figure 5.15 illustrates variations of the subsidence, the pore pressure, and the
earth pressure with time in the central area of layer No. 7. In the course of subsi-
dence, the dissipating velocity is much slower than that of layer No. 4. The buried
depth of layer No. 7 is deeper than that of layer No. 4, so the earth pressure is larger
than that of layer No. 4. Under the high pressure, the subsidence keeps increasing.

The pore pressure cells and earth pressure cells were embedded in the soils,
shown in Fig. 5.9. From Fig. 5.16, in the course of subsidence, the trend of the pore
water pressure in the central area of the building group changes the same as that
under the building. The pore water pressure in the central area is higher than that
under the building which indicates that the superimposition effect of the central area
is more obvious than that under the building.
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From Fig. 5.17, the earth pressure under the building fluctuates largely. The silt
sand of layer No. 7 is the bearing stratum for the pile tip and the thickness of this
layer is only 75 mm. In the course of subsidence, the soil around the pile tip is
always disturbed by the pile. However, the earth pressure in the central area remains
stable because of the fewer disturbances by the pile tip in the course of subsidence.

5.5 Three-Dimensional Numerical Simulation
of the Prototype of Centrifugal Model Tests

The numerical simulation can be easily obtained for a number of useful regularities
of land subsidence caused by high-rise buildings. For a clearer presentation, a series
of numerical simulations were conducted to study the land subsidence caused by
the interaction of four high-rise buildings and investigate the effect of different
influence factors, including the building loads and the distance between buildings,
etc.

5.5.1 Element Division and Material Parameters Selection

As is shown in Fig. 5.18, the soil mass of this model is divided into five layers by
160 m � 160 m � 100 m, the length of piles is 46 m and the load of the each
building is 388 kPa. It is important to note that the loads and the whole model are
symmetric about X and Y axes, therefore, we can build 1/4 models (Fig. 5.19) for
finite-element analysis. In modeling, soil mass of this model is simulated by C3D8P
element while the piles are by C3D8 element. The materials of the raft are con-
sidered as linear elastic materials and soils around the pile and below are treated as
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elastoplastic materials. Expressions of shear forces and shear displacement of the
soils and piles are obtained as the form of penalty functions according to Mohr–
Coulomb yield criterion. The specific material and load parameters of the numerical
model are summarized in Tables 5.4 and 5.5.

5.5.2 Boundary Conditions

(1) Physical boundaries: displacements of lateral and bottom faces of the model do
not exist.

(2) Mechanical boundaries: the top surface is free for water in soils to go while the
sides and the bottom face are undrained.

(3) Initial conditions: freedom of pore water pressure is zero when the pore water is
immobile. Subsidence of soil mass is steadily stated so the pore water pressure
of all nodes in the model also equals zero.
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Fig. 5.18 Layout of four high-rise buildings in numerical simulation of plan
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Fig. 5.19 Finite-element
meshes for the model

Table 5.4 Material parameters for numerical models

Soils Elastic
modulus
(kPa)

Poisson’s
ratio (l)

Permeability
coefficient (m/
d)

Gravity
(KN/
m3)

Cohesion
c (kPa)

Internal
friction
angle (°)

Pile 20,000,000 0.2 – – – –

Silty clay of
layer No. 4

7440 0.35 1.89 18.89 12.0 12.5

Silt sand of
layer No. 7

27,150 0.25 2070 13.81 5.0 24.8

Clayey soil
of layer
No. 8

6390 0.38 4.67 18.88 15.8 14.5

Table 5.5 A numerical model of load parameters

Buildings A B C D

Area (m2) 400 400 400 400

Load (kPa) 388 388 388 388
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5.5.3 Analysis of Numerical Simulation Results

A 3D numerical simulation analysis of the prototype of centrifugal model test
mentioned above created by ABAQUS is used to compare the results of centrifugal
model test and to get the general laws of land subsidence caused by high-rise
buildings (Cui et al. 2015).

To further study the subsidence of different soil layers and the displacement of
the surface, subsidence nephogram of the model is obtained as is shown in
Fig. 5.20, which shows clearly that a superposition of subsidence caused by four
buildings exists in this simulation. The building itself and the surrounding soil
undergone some degree of differential subsidence. On the other hand, three posi-
tions, including the central area of building group (P1), one time the width of
foundation (P2) and building itself (P3), and two paths (Path 1, Path 2) are selected
to closer analysis of the general rules of land subsidence caused by high-rise
buildings, shown in Fig. 5.18.

Fig. 5.20 Subsidence nephogram of the model
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5.5.3.1 The Deformation of Different Soil Layers

Figure 5.21 presents variations of subsidence with time for different soil layers at
the central area by numerical simulation. From Fig. 5.21, the silty clay of layer
No. 4 experiences largest subsidence and the clayed soil of layer No. 8, the silt sand
of layer No. 7 and the silt sand of layer No. 9 rank second, third and fourth,
respectively. In addition, each soil layer will rapidly experience a larger subsidence
during the loading period. The subsidence of silt sand layer of No. 9 is basically
completed during the loading period. However, the silty clay of layer No. 4 and the
clayed soil of layer No. 8 will have a larger consolidation subsidence after the
loading period which coincides with the results of the centrifugal model tests.

5.5.3.2 Subsidence of Different Positions in the Building Group

Figure 5.22a presents variations of subsidence with time at P1, P2, and P3. The
maximum subsidence occurs at P2. P1 similarly experiences larger subsidence, so
the superimposition effect of the high-rise building group in the central area is
obvious. On the other hand, the subsidence of P2 is smaller than that of P1, which
indicates the superimposition effect is not much more obvious than that of the
central area. From Fig. 5.22b, it is observed that the subsidence velocity of P1 is
much larger than that of P3 in the last, so the subsidence of the central area will
exceed that of the building itself. From Fig. 5.23, results of the variations of sub-
sidence at three different positions analyzed by both the numerical simulation and
the centrifugal model test are not perfect but satisfactory.
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5.5.3.3 The Subsidence with the Changing of Earth Pressure and Pore
Water Pressure

Figure 5.24 shows variations of subsidence, excess pore pressure and earth pressure
with time in the central area of layer No. 4 and No. 7. In the course of subsidence,
the dissipating velocity of layer No. 4 is much slower than that of layer No. 7. It
indicates that the consolidation settlement of silty clay will be a certain degree of
lag because of poor water permeability.
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5.5.3.4 Subsidence along Path 1

To further study the subsidence of different position of the surface, the subsidence
along Path 1 is obtained as shown in Fig. 5.25, which shows clearly that a
superposition of subsidence is caused by high-rise building group. The value of
subsidence reaches to 243 mm at the central area of the buildings and the value of
which are 143 mm at one time the width of foundation even though there exists an
equivalent distance to the building itself in this modeling. The results indicate
exactly the superposition of subsidence appears at the central area of the buildings,
which matches well with the results of the centrifugal model tests.

5.5.4 Analysis of Different Influence Factors by Numerical
Simulation

A series of numerical simulations are conducted to investigate the effect of different
influence factors of land subsidence caused by high-rise buildings by changing the
building loads and the distance between buildings.

5.5.4.1 The Influence Factor of Different Building Loads

In the interest of investigating the influence factor of land subsidence caused by
different building loads. Figure 5.26a represents a few example of subsidence under
different building loads (s–N) in the building foundation. As shown in Fig. 5.26a,
the subsidence and the building load show the linear relationship at the initial
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loading stage. With the increasing load, the nonlinear relationship appears at the
late loading stage. Under the conditions of building load as 0.5 N (194 kPa), 1 N
(388 kPa) and 1.5 N (584 kPa), the soil layers experience the elastic deformation
because of small building loads. However, large nonlinear subsidence occurs in soil
layers until the building load reaches 2 N (776 kPa). This shows that the plastic
deformation will occur in soil layers, causing larger land subsidence when the
building load is large enough.

For a clearer presentation, Fig. 5.26b represents the curve of subsidence at
different building loads (s–lgN). In order to get the ultimate bearing capacity of soils
under this condition, the load value of the section (Point Q) is taken as the ultimate
bearing capacity of the foundation while the slope of the curve changes sharply. As
stated above, it is important to control the value of the loads in order to prevent
excessive land subsidence.
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5.5.4.2 The Influence Factor of Different Distances Among Buildings

As aforementioned, building distance is the important influence factors of land
subsidence caused by high-rise buildings. Figure 5.27a shows the subsidence under
three different building distances (20, 30, 40 m) in the building foundation. It should
be noted that the subsidence of building itself decreases with the increase of building
distance but the variations of the subsidence with time under three different building
distances are same. In addition, the subsidence under three different building dis-
tances (20, 30, 40 m) at the central area of the building group is shown in Fig. 5.27b.
As mentioned earlier, the subsidence at the central area of the building group also
decreases with the increase of building distance. In fact, the subsidence at the central
area of the building group is affected by the distances among buildings seriously. This
shows that the effect of different distances among buildings on the land subsidence at
the central area of buildings is obviously larger than that at the building itself. It
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seems that we need to increase the distance of buildings as far as possible to reduce
land subsidence while the loads cannot be reduced.

The subsidence under three different building distances along Path 1 is shown in
Fig. 5.28a. The subsidence along Path 1 decreases with the increase of building
distance obviously. On the other hand, the subsidence of one time the width of the
building foundation is smaller than that of the central area, which indicates the
superimposition effect is not much more obvious than that of the central area. The
building distance is smaller, the subsidence superimposition effect is more obvious.
Especially, the subsidence superimposition effect at the central area of buildings is
obviously larger than that at other positions.

Figure 5.28b represents the subsidence under three different building distances
along Path 2. This shows that the building itself has the maximum subsidence.
Uneven subsidence occurs in the building foundation and its surrounding ground.
Comparing three sets of data, the maximum uneven subsidence occurs at the
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building distance from 20 m. It indicates the superimposition effect is more obvious
as the building distance decreases. In summary, the smaller distance of high-rise
buildings may have obvious superimposition effect, which can cause larger land
subsidence at the central area of the building group. It is feasible to increase the
distance of buildings to prevent excessive land subsidence.

5.6 Conclusions

In the centrifugal model test, the model has the same stress level as the prototype
and can simulate the long-term subsidence; however, the general model test (Tang
and Cui 2008; Cui 2008) cannot satisfy the requirement. There are some different
characteristics of the subsidence at different points and the subsidence of different
soil layers between the centrifuge model test and the general one. But the general
trends of land subsidence are in good agreement with each other.

(1) The silty clay of layer No. 4 experiences the maximum subsidence. The
exponential function of three-order attenuation can well fit the subsidence of
different soil layers with time. It can predict the subsidence of soil layers at any
time.

(2) The central area of the building group has larger subsidence and the subsidence
superimposition effect is obvious. It can exceed the allowance and cause land
subsidence hazard.

(3) The land subsidence affected by the different building distances is studied by
the centrifuge model tests. The building distance is smaller; the subsidence
superimposition effect is more obvious. So the building distance among the
building group can be properly increased to decrease the subsidence super-
imposition effect on the area.

(4) In the centrifuge model tests, the larger excess pore water pressure in the
bearing stratum for the pile tip of the central area also shows that the stress
superimposition effect is larger at the central area. The earth pressure under the
buildings fluctuates by the disturbance of the pile tip.

(5) The results from the 3D numerical simulation match well with the centrifugal
model test which can be used to analyze and to predict the land subsidence of
high-rise buildings.
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Chapter 6
Microstructures of Different Soil Layers
Before and After Centrifuge Modeling
of Land Subsidence Caused by High-Rise
Building Group

6.1 Introduction

The engineering characteristics of soils are controlled by the state of pore structure
of soils to a great extent. SEM is frequently employed to analyze the microstructure
of soils in an attempt to assess their environmental and mechanical behavior
(Mitchell 1993). Cetin et al. (2007) studied the microstructure of a cohesive soil
during compaction by SEM test. Shi et al. (1999) presented the preparation of soil
specimens for SEM test. Yamamuro and Wood (2004) investigate the effect of
depositional method on the microscopic grain structures of sand containing non-
plastic silt by SEM.

The macroscopic characteristics of soils such as the permeability, the com-
pressibility, and the strength are controlled by the parameters of soil microstructure
such as the size distribution of particles and pores, the contact ways of particles, and
the morphology of pores to a great extent (Hong et al. 2006). Every continuum
model depending on the certain homogenization was difficult to explain the com-
plexities of the soil microstructures (Tan 1983). The early researches on the soil
microstructures were intended to explain the soil properties qualitatively. With the
development of test technology, quantitative researches on the soil microstructures
developed rapidly. The X-ray diffraction (XRD) was conducted to determine the
mineral composition of the soil (Lin and Cerato 2012). The mercury intrusion
porosimetry (MIP) tests were conducted to study the pore structure of the soil (Cui
et al. 2010; Zhang and Li 2010). Although XRD and MIP were reliable and
repeatable, they were limit to quantitatively study the soil microstructure, and the
test results were only suitable for the certain conditions. The parameters of the soil
microstructure such as the diameter, the shape factor, and the anisotropy rate of
particles or pores were obtained by the X computed tomography (X-CT) or the
scanning electron microscopy (SEM) combined with image processing (Sleutel
et al. 2008; Shi 1996), which can rebuild the three-dimensional microstructure
of the soil (Wang et al. 2004a, b). By this method, many results can be obtained,
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but the accuracy was less. It was difficult to accurately determine what grayscale
value represented the particle or the pore in a certain grayscale image. The porosity
obtained from the two-dimensional image processing was affected by the selected
threshold greatly (Wang et al. 2008) while vertical and horizontal scale of the image
should be adjusted based on the experience for the three-dimensional processing
(Wang et al. 2011). The threshold range [60, 100] was suggested when studying the
pore structure quantitatively and the range [150, 220] for studying the particle
morphology (Wang et al. 2004a, b). However, the suggested threshold range was
not accurate enough. The soil microstructures were quantitatively studied by some
researchers through the MIP tests, accompanying with the X-CT or SEM tests for
qualitative analysis of images to ensure the validity (Cui and Tang 2011). The
obtained conclusions were more available, but the X-CT or SEM tests for quanti-
tatively studying were not functioned enough for less accuracy of the image
processing.

Mercury intrusion porosimetry (MIP) has been routinely used to evaluate the
pore size distribution of powdered and bulk materials with open and interconnected
pore structures. Recent applications of mercury intrusion porosimetry in geotech-
nical engineering include the following: the effect of soil microstructure on the
compressibility of natural Singapore marine (Low et al. 2008); the compressibility
effect in evaluating the pore size distribution of kaolin clay (Penumadu and Dean
2000); the differences between the pore size distribution in laboratory and field
compacted soil (Prapaharan et al. 1991); the feasibility of correlating permeability
with the pore size distribution of clays (Lapierre et al. 1990); the effect of air drying
and critical point drying on the porosity of clay soils (De Kimpe 1984); perme-
ability as a function of the pore size distribution of silty clay (Garcia-Benaochea
et al. 1979); and the pore size distribution in clays (Diamond 1970).

This chapter studied the microstructure of each soil layer under the building
loads in the centrifuge model by SEM and MIP, for qualitative analysis and
quantitative analysis, respectively. Before and after the centrifuge model test con-
ducted in Chap. 5, samples of each soil layer were prepared for studying the
microstructure of soils by SEM test and MIP test.

6.2 The Scanning Electron Microscopy Test

6.2.1 Soil Preparation

Soil samples of silty clay of layer No. 4, silt sand of layer No. 7, clayey soil of layer
No. 8, and silt sand of layer No. 9 were prepared before and after the centrifuge
model test, except brown-yellow clay of layer No. 2, 25 mm in thickness. The
preparation process of soil samples is as follows:

(1) The soil sample should be broken by hand, not by mechanical cutting tools.
Breaking the sample well is not easy. If there is smooth internal surface of the
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sample, it is easy to be broken along the smooth surface, and the observed
microstructure of sample is the feature of this smooth surface. So attention
should be paid to choose the part on behalf of the soil microstructure in the
process of sample preparation.

(2) Break the soil samples into certain sizes along the observing direction and then
choose smooth sections of the samples with a magnifying glass.

(3) Then, put the samples in a drying case at a certain temperature less than 100 °C
for a certain time.

(4) After drying, put the samples into a spraying machine and spray with con-
ductive material being gold or carbon-gold.

6.2.2 Qualitative Analysis of Test Results

The amplifications of the SEM test are 3000� and 500� for silty clay of layer
No. 4 and clayey soil of layer No. 8, and silt sand of layer No. 7 and layer No. 9,
respectively. Figure 6.1 shows the microstructure of each soil layer by SEM. The
microstructure of each soil layer presents states of face–face contact, edge–edge
contact, and face–edge contact.

For silty clay of layer No. 4 and clayey soil of layer No. 8, before the centrifuge
model test, particles show good arrangement and take on the shape of flake. After
the centrifuge model test, particles rearrange tightly and the consolidation was
conducted. The pore size becomes smaller.

Because silt sand of layer No. 7 is the bearing stratum of the pile tip and layer
No. 9 lies at the bottom of strongbox and touch the floor of strongbox, soil particles
are damaged a little after the test. The pore size also becomes smaller.

6.2.3 Quantitative Analysis of Test Results

The amplifications of the SEM test were 500�, 1000�, 3000�, 5000�, and
10,000� for the silty clay of layer No. 4 and the clayey soil of layer No. 8, and
100�, 500�, 1000�, 3000�, 5000�, and 10,000� for the silt sand of layer
No. 7 and the silt sand of layer No. 9. An appropriate amplification of the image
should be selected to study the microstructure of soils quantitatively with different
particle sizes. Figure 6.1 shows the SEM images with appropriate amplifications,
3000� for the silty clay of layer No. 4 and the clayey soil of layer No. 8 and
500� for the silt sand of layer No. 7 and layer No. 9, respectively. Section 6.2.2
qualitatively analyzed the microstructures of different soil layers caused by the
high-rise building group in Shanghai. This chapter mainly studies the changes of
soil microstructure characteristics quantitatively before and after the centrifuge
model test.
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(a) Silty clay of layer No.4

(b) Silt sand of layer No.7

(c) Clayey soil of layer No.8

(d) Silt sand of layer No.9

Fig. 6.1 Microstructure of each soil layer before and after the centrifuge model test
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6.2.3.1 The Calculation of Void Ratio from SEM Images

The image processing was conducted to obtain characteristics of the pore structures,
including reading the image, converting the format of the image, and calculating the
parameters of the pore structures. The void ratio calculated was controlled by the
selected threshold for the binary of the images. The threshold was normalized,
noted as Tn, having the value from 0 to 1 with the interval of 0.1 for images with
different amplifications of different soil layers before the centrifuge model test. If
the normalized grayscale value of a certain pixel was smaller than or equal to that of
the selected Tn, it was identified as the pore; otherwise, it was identified as the
particle. The area of particles can be calculated by counting the white pixels. The
area of the particle was named as the filling rate n0, and the following function can
be obtained:

nþ n0 ¼ 1; ð6:1Þ

where n is the rate of the pores, and n0 is the filling rate of the particles.
Take the 3000� SEM image of the silty clay of layer No. 4 as an example.

Figure 6.2 shows the distribution of the grayscale, and Fig. 6.3 shows the pore
structure with Tn being 0.2, 0.3, and 0.4, respectively. From Fig. 6.2, the grayscale
values of 3000� SEM image of the silty clay of layer No. 4 are mainly varying
from 50 to 100. From Fig. 6.3, the larger value of Tn, the more pixels will be
identified as the pore. To the partition of the foreground and background for a
certain image, the Otsu method is available. It is assumed that T is the dividing
threshold between the foreground and the background, x0;x1 being the ratio of the
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Fig. 6.2 Grayscale distribution of 3000� SEM image of silty clay of layer No. 4
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(a) Tn=0.2

(b) Tn=0.3

(c) Tn=0.4

Fig. 6.3 Pore structure of silty clay of layer No. 4
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pixels in the foreground and in the background to all the pixels, respectively, u0; u1
being the mean grayscale value of the pixels in the foreground and in the back-
ground, respectively, the mean grayscale value of the whole image is
uT ¼ x0 � u0 þx1 � u1. When the variance r2 ¼ x0 u0 � uTð Þþx1 u0 � uTð Þ2
reaches the maximum, T is the best dividing threshold. Variations of n0 of different
soil layers with different Tn calculated by the Otsu method are summarized in
Table 6.1, compared with the real filling rate.

Table 6.1 Calculated n′ with different Tn before consolidation

Tn n0 Real n0

500� 1000� 3000� 5000� 10,000�
(a) Silty clay of layer No. 4

0 0.913 0.9996 0.998 1 0.9774 0.482

0.1 0.7835 0.9812 0.9545 0.9735 0.9185 0.482

0.2 0.6089 0.9042 0.8426 0.8652 0.7854 0.482

0.3 0.4321 0.7376 0.6205 0.6361 0.5475 0.482

0.4 0.2874 0.5119 0.3921 0.3784 0.3211 0.482

0.5 0.1809 0.3026 0.2153 0.1924 0.1716 0.482

0.6 0.1022 0.1388 0.0926 0.0724 0.0666 0.482

0.7 0.0567 0.0581 0.035 0.0223 0.0182 0.482

0.8 0.0282 0.0207 0.01 0.0051 0.0039 0.482

0.9 0.0117 0.0059 0.0018 0.00065 0.0004 0.482

1 0 0 0 0 0 0.482

Otsu 0.3695 0.4232 0.4133 0.4018 0.4009 0.482

Otsu error (%) −23.3 −12.2 −14.25 −16.64 −16.83 –

Tn n0 Real n0

500� 1000� 3000� 5000� 10,000�
(b) Clayey soil of layer No. 8

0 0.9902 0.9843 0.9963 0.9964 0.9929 0.5

0.1 0.932 0.9123 0.9529 0.9515 0.938 0.5

0.2 0.7812 0.7581 0.8325 0.8301 0.7811 0.5

0.3 0.5503 0.5493 0.627 0.6125 0.5326 0.5

0.4 0.3441 0.3594 0.4151 0.389 0.3111 0.5

0.5 0.1978 0.2174 0.2465 0.2184 0.159 0.5

0.6 0.0936 0.1108 0.1194 0.0948 0.0685 0.5

0.7 0.0396 0.051 0.0519 0.0392 0.0266 0.5

0.8 0.0131 0.109 0.0179 0.0136 0.0084 0.5

0.9 0.0029 0.0051 0.0046 0.004 0.0022 0.5

1 0 0 0 0 0 0.5

Otsu 0.381 0.3934 0.4151 0.389 0.3912 0.5

Otsu error (%) −23.8 −21.3 −17.0 −22.2 −27.2 –

(continued)
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The minimum and maximum errors of n0 by the Otsu method for the silty clay of
layer No. 4, the clayey soil of layer No. 8, and the silt sand of layer No. 7 (No. 9)
are −12.2, −17.0, −3.8 and −23.3, −27.2, −35.2%, respectively. It is not accurate
enough to calculate the filling rate by the Otsu method. However, the real filling rate
can be estimated by adding 15% to the calculated filling rate of the particle with the
Tn decided by the Otsu method. To calculate the filling rate from SEM images, the
adopted Tn should be between the range of [0.3, 0.4], that is, the corresponding
grayscale value should be [75, 100]. However, Fig. 6.2 shows that the grayscale
values of most pixels are between [50, 100]. So, the range [75, 100] is not accurate
enough. For example, when Tn equals 0.3, the minimum and maximum errors of the
calculated n0 for the silty clay of layer No. 4, the clayey soil of layer No. 8, and the
silt sand of layer No. 7 (No. 9) are −10.2, 9.9, 8.0 and 52.2, 25.4, 43.9%,
respectively. When Tn equals 0.4, the minimum and maximum errors of the cal-
culated n0 for the silty clay of layer No. 4, the clayey soil of layer No. 8, and the silt
sand of layer No. 7 (No. 9) are 6.2, −17.0, −8.67 and −40.4, 37.8, −47.43%,
respectively. So the range needs to be narrowed.

The corresponding Tn to the real filling rate can be back-calculated by the fitting
function between n0 and Tn. The fitting method affects the results to a great extent.
The polynomial fitting method and the Gaussian fitting method were used.
Figure 6.4 shows the comparison of the fourth degree polynomial fitting with the

Table 6.1 continued

Tn n0 Real n0

100� 500� 1000� 3000� 5000� 10,000�
(c) Silt sand of layer No. 7 (No. 9)

0 0.9822 0.9878 0.9954 0.9904 0.9962 0.9998 0.467

0.1 0.8639 0.934 0.9447 0.9338 0.9557 0.9801 0.467

0.2 0.6435 0.7827 0.7878 0.8086 0.7925 0.8841 0.467

0.3 0.4098 0.5042 0.5628 0.5937 0.5487 0.672 0.467

0.4 0.2455 0.295 0.344 0.3955 0.303 0.4265 0.467

0.5 0.1406 0.1666 0.1876 0.2498 0.123 0.2552 0.467

0.6 0.0727 0.083 0.0811 0.1242 0.0454 0.1316 0.467

0.7 0.0384 0.0378 0.0309 0.0513 0.0194 0.0599 0.467

0.8 0.0186 0.0154 0.0101 0.0146 0.0009 0.0222 0.467

0.9 0.008 0.0084 0.0039 0.0034 0.0037 0.0057 0.467

1 0 0 0 0 0 0 0.467

Otsu 0.3025 0.3116 0.383 0.3955 0.4491 0.349 0.467

Otsu error (%) −35.2 −33.3 −18.0 −15.3 −3.8 −25.3 –
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(a) Silty clay of layer No. 4 (3000×)
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(b) Clayey soil of layer No. 8 (3000×) 

(c) Silty sand of layer No. 7 (500×) 
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Fig. 6.4 Comparison of
fourth degree polynomial and
Gaussian fitting
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Gaussian fitting for the silty clay of layer No. 4 (3000�), the clayey soil of layer
No. 8 (3000�), and the silt sand of layer No. 7 (500�). The relationship between n0

and Tn is in good agreement with that of the Gaussian fitting. The value of Tn
back-calculated by the Gaussian function is summarized in Table 6.2.

The appropriate amplifications of the images which can fully represent the soil
microstructure should be chosen to calculate the filling rate of the particles with the
SEM images. 3000� or 5000� is suitable for the silty clay of layer No. 4 and the
clayey soil of layer No. 8 and 500� or 1000� is suitable for the silt sand of layer
No. 7 and No. 9. The selected Tn should be the value between the range [0.34, 0.36],
which corresponds to the value between the range [85, 90] for the real grayscale.

6.2.3.2 Microscopic Mechanism of Soil Consolidation and Land
Subsidence

(1) The sizes and morphological characteristics changes of pores

How to pick up pores from a certain image is the key to obtain the quantitative
parameters of the microstructures. Here are two methods: one is the back calcu-
lation of the threshold, binarizing the images with the calculated threshold
according to the void ratio obtained from laboratory test; the other is picking up
pores depending on the similar value of the grayscale, which is treating the pixels
with the grayscale value similar to the apparent pores distinguished by eyes as the
pores. The SEM images of the silty clay of layer No. 4 (3000�) were taken as an
example to compare the two methods. According to Table 6.2, the corresponding
Tn was 0.3578. Figure 6.4 shows the pore structure extracted by the two methods.

Figure 6.5 shows that the filling rate is near to the real filling rate, but some
particles are mistakenly identified as pores. The reason was that the SEM images
can only illustrate the inter-aggregate pores but little intra-aggregate pores. The
grayscale values of different soils in the same height are also different. So, only
when the void ratio calculated with the first method is less than the real void ratio, it
can represent the real soil microstructure, and the difference depends on the
intra-aggregate void ratio, which is often estimated by the experience. So, the
binarization of the SEM images can only be used to estimate the macroscopic void
ratio instead of calculating the soil microstructure characteristics accurately. The
inter-aggregate pores can be extracted directly with the second method, and the
quantitative analysis can be undertaken. However, what value of the grayscale

Table 6.2 Relationship between n0 and Tn

Soil layers 100� 500� 1000� 3000� 5000� 10,000�
Silty clay of layer No. 4 – 0.2730 0.4069 0.3578 0.3557 0.3267

Clayey soil of layer No. 8 – 0.3257 0.3986 0.3497 0.3483 0.3188

Silt sand of layer No. 7 0.2809 0.3248 0.3415 0.3652 0.3266 0.3877
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representing the particle or the pore in a certain image did not have the unified
conclusion yet, so the result included the subjective error more or less. One method
to reduce the error was to magnify the images to a certain extent when extracting
the pores. This chapter used the method of extracting the pores depending on the
similar grayscale value. Figure 6.6 shows the pore structures of the silty clay of
layer No. 4, the clayey soil of layer No. 8, the silt sand of layer No. 7, and the silt
sand of layer No. 9 before and after the centrifuge model test. After the centrifuge
model test, the filling rate n0 of the silty clay of layer No. 4, the clayey soil of layer
No. 8, the silt sand of layer No. 7, and the silt sand of layer No. 9 increased from
0.571, 0.790, 0.731, and 0.790 to 0.691, 0.900, 0.813, and 0.844, respectively. This
indicated that each soil layer was compacted to different extents. With the pore
structure images, the pore microscopic characteristics were calculated, including the
numbers of pores N, the area A of each pore, the equivalent diameter DE of each
pore, the perimeter P of each pore, and the ellipse which has the same standard
secondary moment with each pore. So the average area �A, the average equivalent
diameter �DE, the average eccentricity �e, the average circularity �R, and the average
shape factor �F were obtained. It was noted that in the image, the unit of the length
was the pixel. For analyzing the characteristics of the pores quantitatively, the

(a) Method of back calculation of threshold ( n′ =0.479)

(b) Method of picking up pores depending on similar grayscale value
 ( n′=0.571)

Fig. 6.5 Pore structure of
silty clay of layer
No. 4 (3000�)
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length with the unit pixel should be transformed to the real length with the unit lm.
To the 3000� and 500� amplification images, one pixel represents 0.1314 and
0.7876 lm, respectively. The pore morphological characteristics of each soil layer
before and after the centrifuge model test are summarized in Table 6.3.

(a) Before test (n =0.571) After test (n =0.691) 

(b) Before test ( =0.790) After test (n n =0.900) 

(c) Before test ( =0.731) After test (n n =0.813) 

(d) Before test ( =0.790) After test (n n =0.844) 

′ ′

′ ′

′ ′

′ ′

Fig. 6.6 Pore structure of each soil layer before and after the centrifuge model test
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Pn
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Pn

i¼1
Ri

n ; R ¼ A
A0, where A0 is the

circumcircle area of a certain pore.

�F ¼
Pn

i¼1
Fi

n ; Fi ¼ Pi
P0
i
, where Pi is the perimeter of the circle which has the same

area with a certain pore; P0
i is the perimeter of a certain pore.

aE ¼
Pn

i¼1
aEi

n , where aEi is the long axis length of the ellipse which has the same
standard secondary moment with a certain pore.

Before the centrifuge model test, the edges and corners of the silt sand of layer
No. 7 and layer No. 9 were clear, and the inter-aggregate pores were big. Because
the silt sand of layer No. 7 was the bearing stratum of the pile tip and the layer
No. 9 lied at the bottom of the strongbox, soil particles were damaged a little during
the centrifuge model test and produced the finer particles. The pore size became
smaller and the pore numbers in the unit area increased. The grayscale value of the
finer particles was bigger, the brightness was higher, which affected the extraction
of pores, and the error occurred. The subsidence of silt sand of layer No. 7 and
No. 9 accounted for 20% of the total land subsidence (Cui et al. 2010). This chapter
mainly studied the microscopic mechanism of the silty clay of layer No. 4 and the
clayey soil of layer No. 8, which experienced 80% of the total land subsidence.

The parameters describing the size and shape of the pores are summarized in
Table 6.3. After the centrifuge model test, the decrease of �A and �DE was in coin-
cident with the changes of the void ratio of each soil layer. The increase of �e and �R
resulted from the pores being squashed. The increase of the average shape factor
and the decrease of the average long axis length indicated that parts of the pore
boundaries were compressed to be closed after the consolidation.

Table 6.3 Pore morphological characteristics of each soil layer before and after the centrifuge
model test

Characteristics Silty clay of
layer No. 4

Clayey soil of
layer No. 8

Silt sand of layer
No. 7

Silt sand of layer
No. 9

Before After Before After Before After Before After

n 63 65 65 73 14 24 14 68
�A/lm2 35.11 24.80 23.93 13.39 2780 770.0 2780 424.0

�DE /lm 5.2440 4.1435 4.2508 3.311 47.3830 25.0578 47.3830 18.8818

�e 0.7882 0.8183 0.8163 0.8447 0.8470 0.8514 0.8470 0.8131
�R 0.4419 0.4134 0.4265 0.3788 0.3837 0.3663 0.3837 0.4492
�F 0.5770 0.5934 0.6019 0.6247 0.5184 0.5325 0.5184 0.6586

aE /lm 8.960 6.871 7.093 5.927 77.39 45.37 77.39 23.97

Note n is the pore number in each image
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Figure 6.7 illustrates the pore size distribution of the silty clay of layer No. 4 and
the clayey soil of layer No. 8 before and after the consolidation. The pore area of
the pores with radii bigger than 1 lm occupied the majority, from 99.3 to 97.3% for
the former and from 98.6 to 97.5% for the latter before and after consolidation,
respectively, and the convergence was good. So the pore area of the pores with radii
bigger than 1 lm can be used to represent the total pore area approximatively. After
the consolidation, the total pore area of the silty clay of layer No. 4 and the clayey
soil of layer No. 8 decreased from 2212 and 1388 to 1592 and 977 lm2, respec-
tively. The amplitudes of reduction were 28.0 and 29.6%, respectively. This
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indicated the great compressibility of the two soil layers and was in good agreement
with the large macroscopic subsidence.

The silty clay of layer No. 4 and the clayey soil of layer No. 8 were compacted.
The pores became smaller and parts of the pore boundaries were compressed to be
closed. The shape of the pores should be more regular, which indicated that the
fractal dimension of shape D should decrease. D can be calculated by

log pð Þ ¼ D
2
� log Að ÞþC; ð6:2Þ

where p is the equivalent perimeter of a certain pore, D being the fractal dimension
of shape, A being the pore area of a certain pore, and C being the constant.

Figure 6.8 shows the variations of the pore area with the perimeter of the silty
clay of layer No. 4 and the clayey soil of layer No. 8 before and after consolidation.
After the consolidation, D decreased from 1.448 to 1.164 for the former and from
1.341 to 1.212 for the latter. The amplitudes of reduction were 24.7 and 9.6%,
respectively. This indicated that before the consolidation, the shapes of the pores of
the silty clay of layer No. 4 were more complicated. However, comparing with the
clayey soil of layer No. 8, the silty clay of layer No. 4 can be compacted more
easily for the greater amplitudes of reduction of the fractal dimension of shape.

(2) The pore orienting characteristics

The orientation of soil microstructure influenced the soil engineering properties
deeply. The orienting frequency Fi að Þ and the orienting probability entropy Hm

were used to study the pore orientation.
Figure 6.9 shows the orienting frequency of the long axis of the equivalent

ellipses of the silty clay of layer No. 4 and the clayey soil of layer No. 8 before and
after the consolidation. The images were centrosymmetric, and the pore anisotropy
was obvious. The orienting probability entropy Hm of each image can be calculated
by

Hm ¼ �
X36
i¼1

Fi að Þ log36 Fi að Þ; ð6:3Þ

where Fi að Þ is the orienting frequency of the ith range.
After the consolidation, the orienting probability entropy Hm of the silty clay of

layer No. 4 and the clayey soil of layer No. 8 increased from 0.9450 to 0.9731 and
from 0.9507 to 0.9569, respectively. The bigger the value of Hm, the more disor-
dered the pores. After the consolidation, Hm of each soil layer increased and the
orientation of pores became more disordered. The soils were compressed and the
pores became smaller. Some longer pores were even compressed to form more
pores, resulting in the dispersal of the orientation of the long axis.
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6.3 The Mercury Intrusion Porosimetry Test

6.3.1 Theory of MIP

Mercury intrusion porosimetry is based on the premise that a nonwetting liquid (one
having a contact angle greater than 90°) will only intrude capillaries under pressure.
MIP as a method measuring pore size distribution of porous solids was first pro-
posed by Washburn (1921).

In order to interpret pressure values, they are usually converted into equivalent
pore radii by applying the Washburn equation (Washburn 1921)
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r ¼ � 2c cos h
p

; ð6:4Þ

where h is the contact angle between the mercury and a surface of the solid material
tested, and c is the surface tension of mercury. There is good agreement as to the
surface tension of mercury with accepted values ranging from 0.473 to 0.485 N/m.
Values for the contact angle range from 117° to 141°. These values are strongly
affected by the purity of the mercury (Moro and Bohni 2002).

Before consolidation After consolidation 

(a) Silty clay of layer No.4 

Before consolidation After consolidation 

(b) Clayey soil of layer No. 8 

  2

  4

  6

  8

  10

30

210

60

240

90

270

120

300

150

330

0081

  2

  4

  6

  8

30

210

60

240

90

270

120

300

150

330

180 0

  2

  4

  6

  8

30

210

60

240

90

270

120

300

150

330

180 0

  2

  4

  6

  8

30

210

60

240

90

270

120

300

150

330

180 0

Fig. 6.9 Orienting frequency of the long axis of the equivalent ellipses before and after
consolidation
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The fraction of the porosity occupied by pores having radii in the interval
(d; dþDd) is then deduced from the volume of mercury that intrudes within the
pressure range (p; pþDp) corresponding to a pore radius range (r; rþDr) given by

dV ¼ �DV ðrÞ dr; ð6:5Þ

where DV is the volume pore size distribution function, defined as the pore volume
per unit interval of pore radii. Combining (6.4) and (6.5) gives

DVðrÞ ¼ p
r

dV
dp

� �
: ð6:6Þ

Another useful function often used in place of the volume distribution function is
the volume log radius distribution DV ðlog rÞ, which can be expressed as

DV log rð Þ ¼ dV
d log r

¼ rDV rð Þ: ð6:7Þ

Combining Eq. (6.4) with Eq. (6.1) yields

DV log rð Þ ¼ p
dV
dp

� �
¼ dV

d log p
: ð6:8Þ

6.3.2 Test Result

The mercury porosimeter typed Autoscan 60 was used in the test. The soil samples
of layer No. 4, layer No. 7, layer No. 8, and layer No. 9 before and after the
centrifuge model test were prepared. The mercury was intruded into the sample tube
under the vacuum condition. The low-pressure analysis (Fig. 6.10a) was conducted,
and then the high-pressure analysis (Fig. 6.10b) was conducted.

In the test, the surface tension of mercury was 0.485 N/m, and the contact angle
of mercury was 130°. Ink-bottle effect exists in the intrusion stage. MIP involves
intruding the pore space of a given material with the mercury under increasing
absolute pressures. The intrusion pressure is inversely related to the equivalent pore
entry diameter.

Figure 6.11 shows variations of pore size with intrusion pressure of each soil
layer before and after the centrifuge model test. Porosimetry equipment can typi-
cally measure a maximum pressure range between 0.53 and 60,000 Psi. This
pressure range corresponds to pore sizes from several hundreds of micrometers (low
pressure) to a few nanometers (high pressure).

Figure 6.12 shows the variations of intrusion–extrusion volume of mercury with
intrusion–extrusion pressure of each soil layer before and after the centrifuge model
test. In the intrusion stage, the intrusion volume of mercury increases with the
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(a) Low pressure 

(b) High pressure 

Fig. 6.10 Analysis system for low pressure and high pressure
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Fig. 6.11 Variations of pore size with intrusion pressure of each soil layer before and after the
centrifuge model test
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intrusion pressure increasing, and the pore size becomes smaller and smaller. The
intrusion volume increases slowly in the beginning. But when the intrusion pressure
reaches a certain value (that is, threshold value Pt), the intrusion volume increases
quickly. That means the ink-bottle effect exists in the intrusion stage. Until it
reaches the peak value, it becomes smooth. The threshold value of each soil layer is
different. The extrusion curve does not coincide with the intrusion curve because
there is some mercury remained in the pores of soils.

Figure 6.13 shows the variations of cumulative specific surface area with
intrusion pressure of each soil layer before and after the centrifuge model test. In the
beginning, the cumulative specific surface area increases slowly with the intrusion
pressure increasing. When the intrusion pressure reaches the threshold value, it
increases stably. The cumulative specific surface area is affected by not only the
pore size but also the pore number.

It is defined for soils that the pores with pore radii larger than 50 nm are
macropores, pore radii between 2 and 50 nm being mesopores, and pore radii less
than 2 nm being micropores. By the intrusion curve, the ratio of the volume of
macropores to the volume of total pores can be obtained for each soil layer before
and after the centrifuge model test, as shown in Fig. 6.14.
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Fig. 6.12 Variations of intrusion–extrusion volume with intrusion–extrusion pressure of each soil
layer before and after the centrifuge model test
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The pore volume and its distribution of soils were determined by the
pressure-intrusion data, as summarized in Table 6.4. There are mainly macropores
in silty clay of layer No. 4, clayey soil of layer No. 8, silty sand of layer No. 7, and
layer No. 9 in Shanghai. The macropores of each soil layer larger than 50 nm after
the centrifuge model test increase a little. The total porosity np of layer No. 4, layer
No. 7, and layer No. 8 decreases after the centrifuge model test and that of layer
No. 9 increases. The mean pore size rm of layer No. 4 and layer No. 8 increases
after the centrifuge model test and that of layer No. 7 and layer No. 9 decreases. The
holding mercury coefficient Rf of layer No. 4 and No. 8 increases and that of layer
No. 7 and No. 9 changes little. The pore specific surface area S of each soil layer
increases after the centrifuge model test.

6.3.3 Fractal Characteristics of Pore Structure of Soils

The fundamental of fractal geometry was described by Mandelbrot (1983). Peitgen
and Saupe (1988) presented an exposition of fractal principles; Moore and Krepfl
(1991) described the application of fractal principles to the computer synthesis of
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Fig. 6.14 Pore size distribution before and after the centrifuge model test
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soil fabrics, and Moore and Donaldson (1995) used fractals to quantify soil
microstructure.

The pore structures of many materials are of fractal characteristics (Satya Sai and
Krishnaiah 2005; Mahamud et al. 2003; Thompson et al. 1987; Zhang and Li 1995;
Sidney 2000; Sean et al. 2003), so are soils. If there exist line segments in the pore
size distribution between the ratio of the pore volume vðrÞ of the pore size larger
than r to the total pore volume vt and r in the double logarithm coordinate, the
relationship between vðrÞ and r in the line segment is of fractal characteristics. If the
slope ratio of the line segment is b, the fractal dimension is given by Tan and Kong
(2006)

D ¼ 3� b: ð6:9Þ

Figure 6.15 shows the fractal characteristics of pore size distribution of each soil
layer after the centrifuge model test, and the fractal dimensions are summarized in
Table 6.5.

There are four different fractal dimensions in silty clay of layer No. 4 and clayey
soil of layer No. 8. There are three different fractal dimensions in silty sand of layer
No. 7 and layer No. 9.

6.4 Mechanism of Land Subsidence from Macroscopic
and Microscopic Aspect

The characteristics of land subsidence caused by the high-rise building group are as
follows: silty clay of layer No. 4 experiences the maximum subsidence. The central
area of the building group has larger subsidence, and the subsidence superimpo-
sition effect is obvious. It can exceed the allowance and cause land subsidence
hazard; the building distance is smaller; and the subsidence superimposition effect

Table 6.4 Parameters of pore structures of soils before and after centrifuge model test

Soil layers np (cc/g) rm (nm) Rf S (m2/g) Pore size
distribution (%)

>50 nm <50 nm

Layer No. 4 Before test 0.3003 348.4 0.7310 8.7245 87.03 22.97

After test 0.2737 432.4 0.7522 7.0616 87.98 22.02

Layer No. 7 Before test 0.3003 8231.7 0.9563 1.4091 97.05 2.95

After test 0.2617 7621.0 0.9536 1.1382 97.85 2.15

Layer No. 8 Before test 0.2882 245.5 0.6530 9.7245 85.21 4.79

After test 0.2696 271.3 0.7008 8.4927 85.57 4.43

Layer No. 9 Before test 0.2701 8149.7 0.9412 1.4267 97.54 2.46

After test 0.2807 7763.2 0.9547 1.3799 97.64 2.36
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Fig. 6.15 Fractal characteristics of pore size distribution of each soil layer after the centrifuge
model test

Table 6.5 Fractal dimensions of pore structures of soils after the centrifuge model test

Soil layers Line segment r (nm) b D Dm (mean) Specific subsidence �S

Layer No. 4 AB 5623–316228 −0.739 3.739 4.365 0.0092

BC 1413–5632 0.085 2.915

CD 562–1413 −4.718 7.718

DE 3.2–562 −0.088 3.088

Layer No. 8 AB 7943–316288 −0.766 3.766 4.007 0.0084

BC 1002–7943 −0.199 3.199

CD 251–1002 −2.950 5.950

DE 3.2–251 −0.114 3.114

Layer No. 7 AB 39811–316228 −0.625 3.625 3.600 0.0039

BC 5623–39811 −1.114 4.114

CD 3.2–5623 −0.054 3.054

Layer No. 9 AB 19953–316288 −0.636 3.636 3.806 0.0016

BC 9772–19953 −1.749 4.749

CD 3.2–9772 −0.033 3.033
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is more obvious. So, the building distance among the building group can be
properly increased to decrease the subsidence superimposition effect on the area
(Cui and Tang 2010).

The engineering characteristics of soils are controlled by the state of the
microstructure of soils to a great extent. Flocculation and honeycomb-flocculation
are the main structure in silty clay of No. 4 and clayey soil of layer No. 8, and most of
the structures are laminar, which gives birth to the overhead structure with high
porosity. The particles are rearranged and consolidation is conducted by the building
loads and the stress superimposition effect. The microstructure of clay determines
the mechanics characteristics of engineering, and macro-land subsidence of layer
No. 4 and layer No. 8 is larger. After the test, the total porosity decreases.

The mineral of sand is mainly composed of quartz, including some feldspar and
mica, etc. The hardness of quartz is large. So, the sand layer is usually used as the
bearing stratum of the pile tip for the high-rise building in the soft area. Because of
better mechanics characteristics for engineering, the subsidence of layer No. 7 is
smaller. The microstructure of silty sand is destroyed a little by the building load
and the stress superimposition effect. After the test, the total porosity decreases.

The engineering characteristics of soils are controlled by the state of pore
structure of soils to a great extent. The specific subsidence �S of each soil layer after
the centrifuge model test is summarized in Table 6.5.

Figure 6.16 shows the variations of mean pore size with specific subsidence in
the centrifuge model test. For the silt sand (layer No. 7 and layer No. 9) which has
larger pore size, the mean pore size decreases with the specific subsidence
increasing, but for the clayey soil (layer No. 4 and layer No. 8) which has smaller
pore size, the mean pore size increases with the specific subsidence increasing.

Figure 6.17 shows the variations of total pore specific surface area with specific
subsidence in the centrifuge model test. For the silt sand (layer No. 7 and layer
No. 9) which has larger pore size, the total specific pore surface area decreases with
the specific subsidence increasing, and for the clayey soil (layer No. 4 and layer
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No. 8) which has smaller pore size, the total specific pore surface area also
decreases with the specific subsidence increasing.

Figure 6.18 shows the variations of total porosity with specific subsidence in the
centrifuge model test, taking on the shape of saddle. For the silt sand (layer
No. 7 and layer No. 9) which has larger pore size, the total porosity decreases with
the specific subsidence increasing, but for the clayey soil (layer No. 4 and layer
No. 8) which has smaller pore size, the total porosity increases with the specific
subsidence increasing.

Figure 6.19 shows the variations of holding mercury coefficient with specific
subsidence in the centrifuge model test. For the silt sand (layer No. 7 and layer
No. 9) which has larger pore size, the holding mercury coefficient decreases with
the specific subsidence increasing, but for the clayey soil (layer No. 4 and layer
No. 8) which has smaller pore size, the holding mercury coefficient increases with
the specific subsidence increasing.
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6.5 Discussion

This chapter studied the soil microstructure by the SEM images and the image
processing effectively. It was difficult to obtain the same results as that by the
laboratory test. But some results were in good agreement with the changes of the
macro-parameters of soils, which can explain the process of the soil consolidation.
If the void ratio calculated through the binarization of images was just the same as
that of the laboratory tests, it meant that some soil particles were mistakenly
identified as pores. The SEM images only illustrated the inter-aggregate pores,
which determined the soil macroscopic properties such as the permeability and the
compressibility, but it illustrated little intra-aggregate pores. The real filling rate n0

can be estimated by adding about 15% to the calculated pore rate with the Otsu
method. Another way was using a proper magnification of the images, 3000� for
the fine grain or 500� for the coarse grain, and the real void ratio was estimated by
thresholding the image with the threshold range [85, 90]. After the consolidation,
the orienting probability entropy Hm and the disorder of the silty clay of layer
No. 4 and the clayey soil of layer No. 8 increased, meaning that the soils were
compressed and the pores became smaller. Some longer pores were even com-
pressed to form more pores, which induced the dispersal of the orientation of the
long axis. The increase of the average eccentricity �e and the decrease of the average
equivalent diameter �DE and the fractal dimension of shape D indicated that the
pores were not simply squashed but parts of the boundaries of pores were com-
pressed to be closed, which made the shape of pores more regular.
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Chapter 7
Microstructures of the Soil Layer
at Different Depths in the Centrifuge
Modeling of Land Subsidence Caused
by the Interaction of Two High-Rise
Buildings

7.1 Introduction

Microlevel is one of the two points of view to investigate soil behavior of con-
solidation, and the MIP has been routinely used to quantitatively examine the wide
range of pore sizes (Griffiths and Joshi 1989). The macrolevel behavior of soil, to a
great extent, is controlled by its microstructure and mechanical properties of its
particles (Cui and Jia 2013). Parameters of clay microstructure include pore size
distribution (PSD), total pore volume, void ratio, etc. And the mathematical dis-
tribution of pore size in the clay can assist in interpreting the behavior of the clay
(Diamond 1970). Mercury intrusion porosimetry (MIP) has been routinely used to
quantitatively examine the wide range of pore sizes (Penumadu and Dean 2000). It
is also used in soil study including the following: the change in permeability with
compression of Louiseville clay and the relationships between pore size distribution
and permeability (Lapierre et al. 1990); PSD of preconsolidated Kaolin clay using
repeated MIP tests (Penumadu and Dean 2000); comparison between estimates of
the PSD from the SEM and the MIP on clayey soil (Simms and Yanful 2001);
variation of the inter- and the intra-aggregate pore space caused by increase in
consolidation pressure of Pusan clay (Ninjgarav et al. 2007); microstructure of
different soil layers in centrifuge model test and corresponding change in the PSD
(Cui and Tang 2011); effects of compaction and aggregate size on the PSD of silty
loam (Lipiec et al. 2012); evaluation of the PSD of cement paste on basis of pore
entrapment fraction (Zeng et al. 2012); and effects of variations in moisture content
on the PSD of clay (Sasanian and Newson 2013).

Initially, the adequacy of the MIP was questioned, but a number of researchers
proposed the MIP to be suitable for the study of microstructure of soil. Lawrence
(1978) found no significant difference in MIP tests repeated twice, which indicated
that damage from the MIP was negligible. Kenney (1980) hypothesized that in spite
of high pressure applied by the MIP, the force acting to cause damage was mod-
erate, particularly in fine pores. Simms and Yanful (2002) argued the lack of
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variation on the PSD measured by the MIP of samples in different sizes indicated
that this PSD was close to the actual PSD. Delage and Lefebvre (1984) proved that
results on intra-aggregate spaces by the SEM and the MIP were of the same order of
magnitude. In recent years, researchers have given their data derived from the SEM
and the MIP, which are in great agreement with results of Simms and Yanful
(2004).

Dehydration is an essential preparation work for MIP on clay, and the dehy-
dration methods include air drying, oven drying, freeze drying, and critical point
drying. Studies of Gillott (1970) and Mitchell and Soga (2005) revealed that air
drying caused the greatest disturbance to the fabric of clay, especially for mont-
morillonite clays. Oven drying might be more suitable than air drying, but thermal
stresses induced by it would cause substantial changes in the volume and the PSD
(Delage and Lefebvre 1984; Mitchell and Soga 2005). Critical point drying is rarely
used for dehydration before the MIP due to test condition restriction. Thus, it is
generally accepted that freeze drying causes the minimum disturbance to clay, and
it is the most appropriate choice for dehydration. It is mentionable that frozen
moisture deep inside the sample may have time to change into crystalline ice and
change micro-fabric of clay, which makes evaluation of sample size significant
(Penumadu and Dean 2000). Shrinkage process is repeatable with oven drying;
therefore, oven drying can be regarded as the most suitable dehydration method to
some extent.

In this chapter, oven-drying method was used to dehydrate the clay samples due
to test condition restriction. Many factors at microlevel influencing consolidation of
clay were studied, and the MIP was used to examine microstructural change of
Kaolin clay at different depths. The Menger fractal dimension model and the
thermodynamics fractal dimension model were used to analyze the MIP data.

7.2 Test Methods

7.2.1 Centrifuge Model Test

This centrifuge model test was conducted by centrifuge in the Hong Kong
University of Science and Technology. The scale of strongbox is 1250 mm
350 mm � 850 mm in length, width, and height. The test box was fronted with
synthetic glass of high strength and was assembled with standard filter tubes on the
bottom. Cellophanes painted with grease were stuck on the internal walls of
strongbox to reduce boundary effect.

Figure 7.1 illustrates the pile foundations and bearing platform for high-rise
buildings. To investigate Kaolin clay, layers in strongbox from the top downward
were Kaolin clay layer and Yokohama sand layer (as bearing stratum), as shown in
Fig. 7.2. The soil properties were summarized in Tables 7.1 and 7.2. The soil layer
preparing procedures were as follows:
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Fig. 7.1 Pile foundations and bearing platform for high-rise building model
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(1) Sand rain method was used to construct the bottom Yokohama sand layer.
(2) Standard filter tubes were used to hydrate Yokohama sand layer until it was

saturated. The density of layer was 1.510 kg/m3.
(3) Kaolin clay was agitated with deionized water by vacuum mixer and turned into

slurry with the water content being 110%, and then hold into the model con-
tainer, 600 mm in thickness.

(4) The soil in the box consolidated in 1 g condition for 16 days, and then it was in
100 g condition to consolidate for 48 h. It was regarded as consolidated at that
time.

(5) After consolidation, the Kaolin clay layer was trimmed to 320 mm in thickness.
The Yokohama sand layer was 240 mm in thickness.

The model consisted of two 10-floor buildings. Two buildings with original plan
dimensions 15 m � 15 m were placed on the soil. This model used pile foundations
as this is the normal type of foundation for buildings. However, it is not intended to
study characteristics of pile foundations, and they are used just to take building load.
The centrifuge model was conducted at 100 g for 12 h. After the model test, samples
were excavated as shown in Table 7.2, and the positions were circled.

7.2.2 Procedure of the MIP Test

Soil samples of Kaolin clay were prepared after centrifuge model test. The PSD of
the samples was determined using AutoPore IV 9510 produced by Micromeritics
company of the United States. Preparing and test procedure is as follows:

Table 7.1 Physical properties and component of Yokohama sand for the centrifuge model test

Soil emax emin Relative density of soil
particles (kN/m3)

Quartz
(%)

Feldspar
(%)

Mica
(%)

Yokohama
sand

0.977 0.597 2.65 75 22 3

Table 7.2 Physical properties and component of Kaolin clay for the centrifuge model test

Soil SiO2 (%) Al2O3 (%) >300 mm
(%)

>10 lm (%) � 2 lm
(%)

Relative
density

pH

Kaolin
clay

47 38 <0.02 <0.5 80� 3 2.6 5:0� 0:5

Soil Plastic
limit (%)

Liquid
limit (%)

Plastics
index (%)

Coefficient of
permeability (m/s)

D50 (mm)

Kaolin
clay

35 60 30 0:5�2� 10�9 5:0� 0:5
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(1) Excavate the Kaolin clay from top, middle, and bottom of the Kaolin clay layer
in the center of model of two buildings. The position of excavated Kaolin clay
was shown in Fig. 7.2.

(2) Cut top, middle, and bottom samples of Kaolin clay into appropriate size of
volume about 2 cm3, and choose three unbroken samples numbered as 1, 2, and
3, respectively.

(3) Sample 1–3 were dried by oven for 24 h at 60 °C, and then determined by
AutoPore IV 9510.

(4) Samples were analytically weighed and placed in the dilatometer, which were
then assembled and inserted into the low-pressure station for intrusion.

(5) After low-pressure intrusion (0–21.7 psia), the samples and dilatometer were
weighed again, and then inserted into the high-pressure station for intrusion.

(6) Results were analyzed after high-pressure intrusion (0.1–60,000 psia) and
disposal of remaining mercury.

7.3 Test Results and Analysis

7.3.1 Intrusion and Hysteresis of Mercury in Samples

There is obviously shown in Fig. 7.3 that significant mercury intrusion occurred till
the intrusion pressure gets to a certain value, which is supposed to be the intrusion
pressure threshold. It is agreed by Penumadu and Dean (2000) and Cui (2008). The
intrusion pressure is inversely related to equivalent pore entry diameter. In this
chapter, the value of the threshold pressure is determined by the intrusion pressure
corresponding to the first conspicuous incremental pore volume and summarized in
Table 7.3. Other quantitative results such as total intrusion volume, porosity,
median pore diameter (corresponding to the median volume), the proportion of
bigger pore (d > 100 nm), and the largest incremental pore volume are also sum-
marized in Table 7.3. The lower bound is determined by measurement range of
AutoPore IV 9510. Figure 7.3 also shows that increasing of the depth causes
decrease of the largest intrusion volume of the sample. It indicates decreasing trend
of the pore size of samples, meaning more collapse of pore skeleton in deeper soil
after consolidation. The decrease of total intrusion volume, proportion of bigger
pore, and median pore diameter showed in Table 7.3 reveal the same trend. Lipiec
et al. (2012) mentioned in their paper that the decrease of bigger pore volume
always company with the increase of smaller pore volume due to compaction. It is
consistent with results in this paper and explained irregular values of total porosity.

Figure 7.4 shows the hysteresis of the intrusion and the extrusion procedure. The
nonlinear characteristic of the PSD curve indicates the uneven distribution of pores
in Kaolin clay. The diameter of pores mostly ranges from 10 to 100 nm. During the
mercury removing, some of the mercury is trapped in pores with narrow neck which
leads to hysteresis. In 1989, Griffith and Joshi assumed that mercury trapped in
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inter-aggregate pores and volume of free pores or intra-aggregate pores could be
estimated by intrusion for two times. The principle of two-time intrusion is same as
intrusion and extrusion; thus, the volume of intra-aggregate pores and
inter-aggregate pores could be estimated by intrusion and extrusion procedure. The
volume of trapped pores or remnant mercury stands for volume of inter-aggregate
pores, and the total intrusion volume minus the volume of inter-aggregate pores
stands for volume of intra-aggregate pores or free pores (Griffiths and Joshi 1989).
Comparing sample 1–3, the volume of inter-aggregate pores and free pores
decreases, and the proportions of volume of free pores (57.71, 58.30, and 58.32%,
respectively) increase. But the variation is unconspicuous which reveals that depth
of the Kaolin clay has a slight effect on particle structure.

The PSD data obtained by AutoPore IV 9510 are actually scatter. Boltzmann
function fitting analysis shown in Fig. 7.5 was used to find accurate relationship
between the pore diameter and the proportion of volume of pores. Fitting results are
summarized in Table 7.4. It is evident that the curve fitting well with the pore
diameter from 3 to 100 nm and huge numbers of pores are with diameter from 3 to
100 nm. Therefore, fitting results are practicable. Another evidence of the reliability
is that the values of correlation coefficient are greater than 0.99.

7.3.2 Further Comparison of Results of Samples

The most probable aperture is corresponding to the peak value of log-differential
volume of pores (Lu et al. 2011). Figure 7.6 shows the most probable aperture of
each sample. Its decrease with increase of the depth indicates more collapse of pore
skeleton in deeper soil after consolidation as written before. Furthermore, the most
probable aperture can be a numerical standard of general pore size variation.
Log-differential curves regularly show the bimodal pattern, which indicates two
different mechanisms and has been used to calculate the inter-aggregate and the
intra-aggregate pore volumes (Sasanian and Newson 2013). In this test, only uni-
modal pattern was observed probably due to the centrifuge consolidation and the
oven-drying dehydration. Compared with EPK Kaolin specimen tests carried out by
Sasanian and Newson, the consolidation procedure and the oven-drying

Table 7.3 Quantitative results of samples derive from MIP

Samples Total
intrusion
volume
(mL/g)

Largest
incremental
pore volume
(mL/g)

Threshold
pressure
(psia)

Porosity
(%)

Volume
proportion of
bigger pore
(%)

Median
pore
diameter
(nm)

1 0.3121 0.06216 998.87 39.7802 65.72 113.2

2 0.3036 0.05652 995.58 39.0140 60.24 107.3

3 0.3023 0.05143 997.21 39.0697 58.19 106.4
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dehydration actually disturbed soil and changed the PSD of samples. But
log-differential volumes in their tests and this test have the same order of magni-
tudes. Hence, results of this test are available. It is hard to analyze the respective
effects of consolidation and dehydration on the PSD variation in this test. Further
research could focus on this issue and illustrate the underlying relationship between
the consolidation procedure or dehydration and the PSD variation.

Figure 7.7 illustrates the variation of cumulative pore area from sample 1 to
sample 3. Obviously, the values of total pore area are not in order; furthermore, the
maximum value and the minimum value are in sample 2 and sample 1, respectively.
Hence, total pore area of Kaolin clay is not directly related to the buried depth. As
mentioned before, the volume of the bigger pore decreases and volume of the
smaller pore simultaneously increases, which leads to increase of total pore area.
Total pore area differences between the three samples are not evident, meaning
relatively steady of the value.

Figure 7.8 reveals the variation of the incremental intrusion volume from sam-
ples 1–3. As proposed by Simms and Yanful (2004) that the PSD of soil would
change from bimodal to a unimodal distribution after compaction, the PSD of
consolidated Kaolin clay only shows a unimodal pattern. It is a found law that if the
variation of different similar samples is only decrease of the incremental intrusion
volume peak and corresponding pore diameter to the peak is constant then both

Table 7.4 The results of Boltzmann function fitting for samples

Samples 1 2 3

Boltzmann
function fitting

Fitting
area

All data All data All data

R2 0.99762 0.99750 0.99732

Fitting
function

y ¼ 1:94þ 100:19
1þ expx�111:75

27:85
y ¼ 1:84þ 100:18

1þ expx�107:30
26:44

y ¼ 1:84þ 100:20
1þ expx�106:28

26:12
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rotation and translation happened to soil aggregates and particles shown as
Fig. 7.9a (Chen et al. 2011). In contrast to it, if the variation of different similar
samples is only the decrease of the corresponding pore diameter to the peak and the
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incremental intrusion volume peak is constant, then only translation happened to
soil aggregates and particles shown as Fig. 7.9b. Results of this test obviously
belong to the first situation. From sample 1 to sample 3, the peak of incremental
intrusion volume decreases but the shape of curves mainly stays the same. It
indicates that the shape and the size of pores are systematically varied by variation
of depth in soil after consolidation; furthermore, the size of pores is smaller in soil
at greater depth.

7.3.3 Analysis of the PSD Using Fractal Theory

Since Mandelbrot (1983) established the fundamentals of fractal geometry, the
fractal theory was extensively used in the analysis of soil or rock microstructures. It
is accepted that pore structures of soil are of fractal characteristics (Rieu and Sposito
1991; Perfect and Kay 1991, 1997; Millan and Orellana 2001; Dathe et al. 2001).
Recently, Pirmoradian et al. (2005) investigated the stability of soil aggregates
based on fractal theory; Wang et al. (2011) established a relationship between void
ratio and fractal dimension; and Tripathi et al. (2012) were of the opinion that
values of D reflect a strong buffering capacity of ecotone with respect to the soil
aggregate formation.

(b) Translation only

(a) Rotation and translation

Fig. 7.9 Schematic diagram of movement of soil aggregates and particles

158 7 Microstructures of the Soil Layer at Different Depths …



Conclusions of previous researches were summarized as follows:

(1) The greater the fractal dimension of soil pores is, the more irregular the PSD is.
(2) Soil fractal characteristic reveals only in no scale area to some certain sections

of data; thus, soil has multi-fractal characteristic.
(3) Fractal dimension is a quantitative coefficient of structures of soil pores and, to

some extent, determines soil deformation.

In this research, Menger fractal dimension model was used in the analysis of
fractal characteristics. In theory, Menger fractal dimension model was formed by
making regular pores in a cube as shown in Fig. 7.10. In practical application,
irregular pores are made in a cube to simulate real soil pores as follows.

If the side length of the cube is L and each side was divided into m pieces for
n times, then the original cube will be composed of small cubes with the length of
l ¼ L=mn, and the number of small cubes is

Nn ¼ ðl=LÞ�D; ð7:1Þ

where D ¼ lgNend= lgm, and the volume of this porous cube is

Vn � l3�D
n : ð7:2Þ

When n ! 1, Vn ¼ Vend, then

dVend = dl� l2�D: ð7:3Þ

It can be seen that the volume of pores is V ¼ L3 � Vend, then

�ðdV=dlÞ� l2�D: ð7:4Þ

Combining Eqs. (7.1) with (7.4), we can get the relationship between fractal
dimension and intrusion pressure:

lgðdV=dlÞ� ðD� 4Þ lgP: ð7:5Þ

Fig. 7.10 Schematic diagram of Menger fractal dimension model
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The dV=dl and P double logarithmic curve were obtained by test data, and the
pore volume fractal dimension was given according to the slope of the curve (Jiang
and Lei 2010). It can be seen in Fig. 7.11 that the Menger fractal dimension model
is only appropriate to sections with P from 10 to 100 MPa, and values of Menger
fractal dimension are not in the reasonable range (2–3). Thus, thermal fractal
dimension model was used to analyze for comparison. Comparison results are
summarized in Table 7.5.

In the MIP test, the relationship between the intrusion pressure and the intrusion
volume turns out to be

ZV

0

P dV ¼ �
Zs

0

c cos h dS; ð7:6Þ

where S is the area of pores.
Equation (7.6) is equivalent to

ZV

0

P dV ¼ �
Zs

0

c cos h dS; ð7:7Þ

where Pi is the mean intrusion pressure for ith scattered intrusion; DVi is the
intrusion volume for ith scattered intrusion; n is the total number of scattered
intrusion minus 1; rn is the pore radius for nth scattered intrusion; k is constant; and
Vn is the cumulative intrusion volume for the nth scattered intrusion.

If it is given that

Wn ¼
Xn
i¼1

PiDV ð7:8Þ

Qn ¼ V1=3=rn: ð7:9Þ

Combing Eqs. (7.8) and (7.9) into Eq. (7.7) gives

ln Wn=r
2
n

� � ¼ D lnQn þC; ð7:10Þ

where C is constant, and the slope of double logarithmic curve of Qn and Wn=r2n
� �

is the thermal fractal dimension of samples.
It can be seen in Fig. 7.12 that the thermal fractal dimension model is appro-

priate to all sections, and the values of thermal fractal dimension are in the rea-
sonable range (2–3). As shown in Table 7.5, the values of the thermal fractal fitting
correlation coefficient are greater than 0.997, which means the values of thermal
fractal dimension are reliable. Comparing with values of the Menger fractal
dimension, the values of the thermal fractal dimension are more appropriate to
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dimension of samples
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Kaolin clay samples. The thermal fractal dimension increases with the increase of
soil depth which reveals that pores in shallow soil are more regular than in deep
soil. This phenomenon is caused by rotation and translation movement of aggre-
gates and particles in deep soil mentioned before. In addition, the shallow soil may
be disturbed by building load in centrifuge test which makes microstructure of soil
to change more regularly. Consolidation coefficients in different depth of soil were
figured out based on data of the centrifuge test. The relation between thermal fractal
dimensions of samples and corresponding consolidation coefficients is shown in
Fig. 7.13. The greater consolidation coefficients are corresponding to the greater
thermal fractal dimension. Though a great linear fitting was found, it is not enough
to determinately indicate the existence of the relation. So it is only a conjecture.
Thus, a greater awareness of this issue must be founded on further study.

7.4 Summary and Conclusions

Mercury intrusion porosimetry test was conducted to evaluate the PSD change of
consolidated Kaolin clay due to variation in depth. Conclusions are as follows:

(1) Although the threshold pressure is related to pore entry diameter, it is more
closely attached to the PSD or the porosity of soil. The value of it can be
estimated by variation of the incremental pore volume.

(2) Values of the total intrusion volume, peak incremental pore volume, median
pore diameter, proportion of bigger pore, and most probable aperture decreased
with increase in depth of soil, showing quantitative and qualitative reduction of
the pore size. Values of the porosity and total pore area changed irregularly
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Fig. 7.13 Linear fitting for relation between consolidation coefficients and thermal fractal
dimensions
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with increase in the depth of soil, showing the corresponding increasing of
smaller pores in soil.

(3) Ink-bottle effect was caused hysteresis of samples and separated the
intra-aggregate pore volume from the total pore volume. Slight increase of
proportions of free pore volume was observed in increasing of depth in Kaolin
clay, showing the stability of clay aggregates.

(4) Rotation and translation happened to aggregates and particles of Kaolin clay at a
greater depth. In addition, deeperKaolin clay hasmore complicated pore structure
indicated by thermal fractal dimensions, which are appropriate to Kaolin clay.

7.5 Conclusions

This chapter studied the microstructure of each soil layer under the building loads in
the centrifuge model by the scanning electron microscopy and the mercury intrusion
porosimetry, for qualitative analysis and quantitative analysis, respectively. The
influence of the selected threshold on the calculated void ratio was studied.
A method of picking up pores from the SEM images depending on the similar
grayscale value was put forward. The soil microstructures of the silty clay of layer
No. 4 and the clayey soil of layer No. 8 were studied by analyzing the changes of soil
microstructure characteristics. The micro- and macro-mechanism of land subsidence
caused by the high-rise building group was analyzed. The results are as follows:

(1) There are mainly macropores in the layer No. 4 silty clay, the layer
No. 8 clayey soil, the layer No. 7 silty, sand and the layer No. 9 silty sand in
Shanghai. The ink-bottle effect exists in the intrusion stage in the MIP test.
There are four different fractal dimensions in layer No. 4 silty clay and layer
No. 8 clayey soil. There are three different fractal dimensions in layer
No. 7 silty sand and layer No. 9 silty sand in Shanghai.

(2) Flocculation and honeycomb-flocculation are the main structures in silty clay
of No. 4 and clayey soil of layer No. 8, and most of the structures are laminar.
The particles are rearranged, and the consolidation is conducted by the
building loads and the stress superimposition effect. Layer No. 4 and layer
No. 8 experience larger subsidence.

(3) The mineral of sand is mainly composed of quartz, including some feldspar
and mica, etc. The sand layer is usually used as the bearing stratum of the pile
tip for high-rise buildings in the soft area.

(4) For the silt sand layer (layer No. 7 and layer No. 9), the mean pore size, the
total specific surface area, the total porosity, and the holding mercury coeffi-
cient decrease with the specific subsidence increasing. For the clayey soil
(layer No. 4 and layer No. 8), the mean pore size, the total porosity, and the
holding mercury coefficient increase with the specific subsidence increasing,
but the total pore specific surface area decreases with the specific subsidence
increasing.
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(5) The adopted threshold determines the calculated void ratio from the SEM
images. The larger the adopted threshold, the smaller the void ratio will be.
The real filling rate n′ can be estimated by adding about 15% to the filling rate
calculated with the Otsu method.

(6) The calculated filling rate n0 and the adopted threshold Tn are in good
agreement with the Gaussian function relationship.

(7) When calculating the void ratio with SEM images, the appropriate amplifi-
cations of images representing the soil microstructure should be chosen:
3000� or 5000� for the fine grain soil and 500� or 1000� for the coarse
grain soil. The selected Tn should be between the range [0.34, 0.36], which
corresponds to the range [85, 90] of the real grayscale value.

(8) After the consolidation, the total pore area of the silty clay of layer No. 4 and
the clayey soil of layer No. 8 decreased greatly, and the amplitudes of
reduction are 28.0 and 29.6%, respectively, showing the great compressibility
of the two soil layers, and are coincident with the large macroscopic subsi-
dence. The pore area of the pores whose radii are bigger than 1 lm occupies at
least 97% of the total pore area.

(9) Before the consolidation, the orienting probability entropy Hm of the silty clay
of layer No. 4 and the clayey soil of layer No. 8 was big, meaning the large
degree of the disorder of the pore structure. After the consolidation, the degree
was even bigger, showing the soil consolidation process, that is, the soils were
compressed and the pores become smaller. Some longer pores were even
compressed to produce more pores, which induces the dispersal of the ori-
entation of the long axis.

(10) After the consolidation, the fractal dimension of shape D of the pores in the
silty clay of layer No. 4 and the clayey soil of layer No. 8 decreased.
Considering the changes of the average eccentricity �e and the average shape
factor �F, it can be seen that during the soil consolidation, the pores are not
simply squashed but parts of the boundaries are compressed to be closed,
which makes the shape of pores more regular.
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Chapter 8
Physical Model Test of Layered Soil
Subsidence Considering Dual Effects
of Building Load and Groundwater
Withdrawal

8.1 Introduction

Land subsidence resulted in the loss of urban safe elevation, the tilt of buildings,
and the damage of underground pipelines. It has been a big challenge to urban
sustainable development (Shi et al. 2012; Zhang 2005). Shanghai was the first city
suffering from land subsidence in China, and its economic loss from 1921 to 2000
was about 46.7 billion dollars (Zhang et al. 2003).

Before the 1960s, land subsidence in Shanghai was mainly caused by unrea-
sonable groundwater exploitation. The groundwater was mainly extracted from the
second and third confined aquifers (accounting for 86% of the total) and land
subsidence developed fast (Zhang and Wei 2002). The average and maximum
subsidence in urban area were 1760 and 2630 mm in 1965, respectively. Since
then, comprehensive groundwater exploitation program was adopted. The
groundwater was mainly extracted from the fourth and fifth confined aquifers
(accounting for 85% of the total) and recharged to the second and third confined
aquifers. The subsidence rate slowed down. However, from the 1990s, the subsi-
dence rate accelerated again, and the average annual subsidence was more than four
times that of the previous period.

How to explain this phenomenon? Some researchers analyzed land subsidence
and net groundwater exploitation quantity in Shanghai and concluded that
groundwater exploitation from the deep confined aquifer, especially the increase of
groundwater exploitation during 1990s, was the main cause (Zhang 2005; Shen and
Xu 2011; Chai et al. 2004; Xue et al. 2005; Wu et al. 2010; Shi et al. 2008). Some
researchers attributed the subsidence acceleration to large-scale engineering con-
struction (Xu et al. 2011; Yan et al. 2002). Some researchers considered that
compression of soil at certain buried depth above was caused by engineering
construction, especially by high-rise buildings, and the below by the groundwater
exploitation.
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It is difficult to measure land subsidence in site, and the measured value is
influenced by many factors. A simple way is to conduct the physical model test,
because the building load and the boundary condition can be controlled easily.
Centrifuge model test of land subsidence caused by the groundwater exploitation
for one soil layer was conducted by Cheng et al. (2011) and Sun et al. (2008). Land
subsidence caused by high-rise building group with the invariable groundwater
table was studied by Tang et al. (2008a, b). Cui et al. (2010) and Liu (2010)
measured the subsidence of the whole soil layer caused by the building load using
the PIV, yet the deformation of each soil layer was not studied.

In this chapter, the deformation of each soil layer caused by high-rise buildings
and groundwater exploitation simultaneously was studied. The physical model test
based on the typical geological background in Shanghai was conducted, and PIV
was adopted to measure the displacement of each point in soil layers.

8.2 Physical Model Test

8.2.1 Soil Property and Pile

The model included clay and sand. The clay was the mucky soil of the No. 4 soil
layer in Shanghai, and the sand was manually sieved fine sand. Their parameters are
summarized in Table 8.1. The soft soil of No. 4 layer is widely distributed in
Shanghai and the thickness is large, so the pile foundation is adopted for high-rise
buildings. This model test adopted pile foundation, and the sand layer was chose as
the bearing stratum. It was not intended to study the characteristics of pile foun-
dations, and they were used in the model only to take the building load.

In order to simplify the model, five aluminum bars were used to make the model
piles of each building, 8 mm in diameter and 450 mm in length. The aluminum
plates were used to make the model pile caps of two buildings, 200 mm in length,
200 mm in width, and 10 mm in thickness.

Table 8.1 Physical parameters of soils

Soil
layers

Water
content
w (%)

Void
ratio
e

Weight
density c
(kN m−3)

Modulus of
compressibility
Es0:1�0:2 (MPa)

Cohesion
c (kPa)

Internal
friction
angle u (°)

Clay 40.7 1.10 18.4 3.6 8.8 4.4

Sand 17.3 0.64 19.3 16.4 0.19 39.1
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8.2.2 Model Test Design

The model consisted of two high-rise buildings and five soil layers using a scale of
1–100. Figure 8.1 illustrates the soil layers, from top to bottom, which are the hard
layer, the first aquitard, the first aquifer, the second aquitard, and the second aquifer.
The total thickness of soil layers was 1225 mm. The top hard soil layer, 25 mm in
height, was conducted to prevent water evaporation from soils, and the compression
was ignored. The original plane dimension of each building is 20 m � 20 m, with
35 floors. The load of each building in the model was determined to be 25 kg, and
the plane dimension is 200 mm � 200 mm. Before testing, the model box was
dealt with waterproofing work. Drainage pipes were installed around the inside wall
of model box for water draining when loading. Smooth plastic membrane was
smeared around the inside wall of model box to minimize the side friction. The
initial groundwater table was just at the soil surface, that is, the whole soil model
was saturated. Earth pressure cells (EPC) and pore pressure transducers (PPT) were
installed in each soil layer, and linear variable differential transformers (LVDT)
were installed on the soil surface, as shown in Fig. 8.2.
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8.2.3 Test Procedures

The transducers were calibrated, and then installed in each soil layer. Each time
before loading or dewatering, the criterion of judging the soil deformation reaching
to a steady state is that the transducers data did not change. The procedures of
testing were as follows:

(1) Filled the model box and installed transducers, piles, and pile caps.
(2) After the consolidation of soil completed under self-weight, Building A was

loaded in three steps. First, loaded 50 N and consolidated for 1 day; second,
loaded 100 N and consolidated for 1 day; and thirdly, loaded 100 N.

(3) The model was consolidated for 2d under Building A. Then, Building B was
loaded in three steps. First, loaded 50 N and consolidated for 1 day; second,
loaded 100 N and consolidated for 1 day; and third, loaded 100 N.

(4) After the model consolidation completed under the building load, 2500 ml of
groundwater was extracted from the first aquifer. The extraction lasted
150 min.

(5) After the model consolidation completed under the first extraction, 2500 ml of
groundwater was extracted from the second aquifer. The extraction lasted
150 min.

(6) After the model consolidation completed under the second extraction, 2500 ml
of water was recharged to the first aquifer.

(7) After the model consolidation completed under the first recharge, 2500 ml of
water was recharged to the second aquifer.

Load

Pile cap

LVDT

Drainage pipe
The pumping well of

the first aquifer

Plexiglas plate

20
0

18
0

18
0

20
0

200 100 200 100

Unit mm

A1A2A3A4A5 C1 B1 B2 B3 B4 B5

C2

C3

C4

C5

C6

C7

C8

Building A Building B

200 100

10
0

80
0

LVDT

1800

The pumping well of
the second aquifer

Fig. 8.2 Top view of the physical model
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8.3 Analysis of the Test Results

8.3.1 Subsidence at the Period of the Building Load

8.3.1.1 Subsidence of Buildings and the Surrounding Points

Figure 8.3 illustrates the subsidence of buildings under the building load, and the
period lasts 240 h. The subsidence of Buildings A and B is 5.8 and 3.9 mm,
respectively. The weights of Buildings A and B are the same. The subsidence of
Building A is larger than that of Building B, for Building A is constructed first.
Denote the positions where Buildings A and B are built as Points A1 and B1. If the
subsidence of Points A1 and B1 accumulated from the beginning of Building A is
constructed, the subsidence of Point B1 is 5.2 mm, close to that of Point A1. When
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Building B is loaded, the subsidence rate of Building A increases. The earlier
constructed building reduces the subsidence of the later constructed building to
some extent. Land subsidence caused by buildings interacts with each other. The
subsidence of Building A reaches to a steady state quickly in the first and second
loading steps. During the third loading step, the subsidence keeps increasing, and
the soil deformation shows the nonlinear characteristics. The subsidence rate
increases abruptly when the load reaches a certain value.

Figure 8.4 illustrates the comparison of subsidence of building positions with
surrounding measuring points. Points A2, B2, C1, C2, and C3 are 0.5 time the base
width away from buildings. Point C1 is close to the plexiglass plate, which is
laterally restrained. The subsidence of Point C1 is 4.6 mm, less than that of Points
C2 and C3, which are 5.0 and 5.5 mm, respectively. The subsidence of Points C2
and C3 is close to that of Points A1 and B1 and larger than that of Points A2 and
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B2. This indicates that in practical engineering construction, it is necessary to pay
attention to the subsidence of the central area. There are two building models in this
test. Point C3 experiences larger subsidence than that of Point B1, which shows the
effect of stress superimposition. Points A5, B5, and C8 are 2.5 times the base width
away from buildings. Point C8 is located at the symmetry axis, and its subsidence is
4.1 mm, larger than that of Points A5 and B5, which are 3.1 and 3.4 mm,
respectively. The subsidence of Points A5 and B5 is about 50% of that of the
building, while that of Point C8 located at the symmetry axis is about 70%. This
indicates that the subsidence of the position with a certain distance away from the
buildings should also be concerned in the practical engineering construction.

8.3.1.2 Distribution of Land Subsidence

When the damage caused by land subsidence is evaluated quantitatively, subsi-
dence value should certainly be considered. What is more, the differential subsi-
dence may cause more economic loss. The differential subsidence may cause great
additional stress to the building and the pavement structure. It may tilt high-rise
buildings. So, it is necessary to study the subsidence distribution around buildings.
Figure 8.5 illustrates seven typical paths which are chosen to study the subsidence
distribution. Path M is located at the symmetry axis of the model. Path L is located
at the top surface of the model and close to the plexiglas plate. Paths A1 and B1 are

Fig. 8.5 The position of typical paths
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vertically downward the building center. Paths A2, B2, and C1 are 100 mm away
from the building center.

The subsidence of 11 points (Points A1–A5, Point C1, and Points B1–B5) at
Path L is measured by LVDTs. By mesh refinement, the subsidence of more points
at Path L can be obtained by the PIV. However, the PIV cannot be used for Path M,
and the LVDT is used to measure the subsidence of points (Points C1–C8) at
Path M, while the PIV can measure the subsidence of the points at other paths.
When the soil consolidation completes under the building load, the subsidence of
Points C1–C8 is 4.6, 5.1, 5.5, 5.1, 4.9, 4.6, 4.7, and 4.5 mm, respectively, as shown
in Fig. 8.6. Taking no consideration of the lateral restraint, for Points C3–C8, the
average differential subsidence is 0.22 mm/100 mm, and the maximum differential
subsidence is 0.4 mm/100 mm, located between Point C3 and Point C4.

By analyzing photos of specific section of the physical model taken at different
time, the soil displacement of the whole area in the photos can be obtained by the
PIV. The procedure of the PIV includes determining the coordinates of reference
points, the meshing, and the displacement calculation. The grid size can be deter-
mined according to the demand for precision and data volume (White et al. 2003).
Each grid in this paper is 640 pixels, which represents the size of 27 mm � 27 mm
in physical space.

To validate the measured results by the PIV, the subsidence of Points A1, B1,
and C1 measured by PIV is compared with that measured by the LVDT, as shown
in Fig. 8.7. The subsidence of Point A1 at the end of the building load period, the
first dewatering period, the second dewatering period, and the recharging period
measured by the PIV is 5.6, 8.5, 11.9, and 12.8 mm, respectively, while that by the
LVDT is 5.8, 8.9, 12.6, and 13.5 mm, respectively. The relative errors are 3.8, 4.6,
6.0, and 5.1%, respectively. The subsidence of Point B1 at the end of four periods
measured by the PIV is 5.2, 8.7, 12.1, and 12.8 mm, respectively, while that by the
LVDT is 5.3, 9.0, 12.7, and 13.4 mm, respectively. The relative errors are 1.1, 3.0,
4.5, and 4.1%, respectively. The subsidence of Point C1 at the end of the four
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periods measured by PIV is 4.5, 7.6, 12.0, and 12.7 mm, respectively, while that by
LVDT is 4.6, 8.0, 12.6, and 13.5 mm, respectively. The relative errors are 3.3, 5.3,
5.0, and 5.9%, respectively. The maximum relative error is about 5%. It is
appropriate to study the subsidence distribution by the subsidence measured by the
PIV.

Figure 8.8 illustrates the variations of the subsidence along Path L at the end of
the building load period. The differential subsidence at the left of Building A and at
the right of Building B is 1.0 mm/100 mm and 0.7 mm/100 mm, respectively,
while that at the right of Building A and at the left of Building B is 0.5 mm/
100 mm and 0.3 mm/100 mm, respectively. The differential subsidence of the area
outside the building area is larger than that of the area inside the building area. The
maximum differential subsidence along Path L is larger than that of Path M.
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This indicates that not only the subsidence inside the building area but also the
differential subsidence outside the building area should be taken into consideration
to determine the distance between buildings.

8.3.1.3 Deformation of Soil Layers

The compression of each soil layer can be obtained by subtracting the subsidence
recorded in an individual layer from the overall subsidence. The two aquitard layers
are located at the height of 800–1200 mm (the first aquitard) and 200–600 mm (the
second aquitard). The two aquifers are located at the height of 600–800 mm (the
first aquifer) and 0–200 mm (the second aquifer). When analyzing the photos, the
minimum height is 100 mm, so the height of 100–200 mm represents the second
aquifer. Figure 8.9 illustrates the subsidence along Paths A2, A1, C1, B1, and B2 at
the building load period. The compression of the first aquitard along Paths A2, A1,
C1, B1, and B2 is 1.3, 1.9, 1.4, 1.7, and 0.9 mm, accounting for 34.1, 33.0, 30.8,
33.0, and 24.0% of the total subsidence, respectively. The compression of the
second aquitard along the five paths is 2.3, 3.2, 2.7, 3.0, and 2.7 mm, accounting
for 59.0, 56.0, 60.4, 58.0, and 69.0% of the total subsidence, respectively. The
compression of the two aquitards accounts for more than 90% of the total
subsidence.

Figure 8.10 illustrates the variations of the compression of each soil layer with
time along Paths A1, B1, and C1. At the beginning of the building load period, the
load is small and the compression of the first aquitard is larger than that of the
second aquitard along Paths A1 and C1. With the load increasing, the building load
is transferred to the sand layer by piles, and the compression of the second aquitard
increases quickly. The building load is diffused along the vertical direction so that
the second aquitard along Paths A1, B1, and C1 is compressed more than the first
one. The compression of aquifers is much less than that of aquitards and is mainly
caused at the loading moment.

0 1 2 3 4 5 6
100

200

300

400

500

600

700

800

900

1000

1100

1200

Po
si

tio
n 

(m
m

)

Displacement (mm)

 Parth A2
 Parth A1
 Parth C1
 Parth B1
 Parth B2

800

600

200

Fig. 8.9 Subsidence of soils
along Paths A2, A1, C1, B1,
and B2 at the building load
period

178 8 Physical Model Test of Layered Soil Subsidence …



8.3.2 Subsidence at Dewatering Period

8.3.2.1 Subsidence of Buildings and the Surrounding Points

Figure 8.11 illustrates the subsidence of buildings with time during the building
load and dewatering periods. The first pumping period lasts 335 h and the second
pumping lasts 755 h. Building A experiences the subsidence of 3.1 and 3.8 mm in
the first and second dewatering periods, while Building B experiences the subsi-
dence of 3.6 and 3.9 mm, respectively. The subsidence of Building A is less than
that of Building B at the dewatering period. The total subsidence of Building A at
the loading and dewatering periods is 12.7 mm, which is close to that of Building B
(12.8 mm). The subsidence of Buildings A and B is 5.8 and 5.2 mm at the building
load period, accounting for 45.6 and 40.7% of the total subsidence, respectively.

The building load period lasts 240 h, while the first and second dewatering
periods last 335 and 755 h, respectively. This indicates that the subsidence caused
by the dewatering develops slowly but longer, compared with that caused by the
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building load. It is a remarkable fact that each pumping work only lasts 2.5 h;
however, the subsidence induced by the two dewatering lasts 335 and 755 h,
respectively. This means that the land subsidence caused by the dewatering is
characteristic of the long duration, the slow development, and the time delay. The
subsidence caused by the first pumping is close to that of the second pumping, but
the latter lasts much longer. This development law is consistent with the subsidence
development in Shanghai. Comprehensive groundwater exploitation program is
adopted in Shanghai now. The groundwater is mainly extracted from the fourth and
fifth confined aquifers and recharged to the second and third confined aquifers. The
subsidence rate slows down. To avoid the final subsidence reaching the previous
value, the recharging should be kept on necessarily.

The soil deformation rate does not change at the pumping moment. Although the
final subsidence of Building A is close to that of Building B, the developing process
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is different. The subsidence of Building A is larger than that of Building B at the
building load period, yet less at the dewatering period. The reason is that the soil
under Building A experiences the different stress path from the soil under
Building B. Soil under Building A consolidates under larger load at the beginning
of loading period and under less load later while the soil under Building B is the
opposite.

Figure 8.12 illustrates the variations of subsidence of building positions and the
surrounding points with time. During the first dewatering period, the subsidence of
Points A1, A2, B1, B2, and C1 close to the plexiglass plate is 3.1, 3.0, 3.6, 3.1, and
3.4 mm, respectively, which are nearly the same. The subsidence of Points C2 and
C3 is 4.7 and 6.3 mm, respectively. The subsidence of Points C2 and C3 are larger
than that of Points A1, A2, B1, B2, and C1 which are close to the plexiglass plate
and are laterally restrained. Another reason is that Points C2 and C3 are closer to
the pumping point. During the second dewatering period, the subsidence of Points
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A1, A2, B1, B2, and C1 is 3.8, 5.8, 3.9, 5.7, and 4.8 mm, respectively. The
subsidence of Points A1 and B1 where buildings are located is the smallest.
The subsidence of Point C1 is the second place and that of Points A2 and B2 is the
largest. The farther away from the buildings, the larger the subsidence. The reason
is that soil stress near buildings is changed by piles when pumping. When pumping,
the groundwater table drops and the additional stress in soil increases, so the soil is
compressed. However, the friction force from piles prevents the soil from
subsiding.

Because of the superimposition effect of buildings, the subsidence of Point C1 is
larger than that of Points A2 and B2 at the building load period. When pumping, the
effect of buildings on Point C1 is also more than that on Points A2 and B2 so that it
subsides less. Points C2 and C3 subside 5.0 and 6.9 mm during the second
dewatering period, respectively. Points C1, C2, and C3 are all 0.5 time the base
width away from buildings, yet Point C3 subsides the largest at both the building
load and the dewatering periods, for Point C3 is located near the pumping point and
farther away from the plexiglass plate.

8.3.2.2 Distribution of Land Subsidence

Figure 8.13 shows the subsidence of points along Path M at different periods. The
subsidence of Points C1–C8 is 3.4, 4.7, 6.3, 6.9, 7.2, 7.4, 8.0, and 7.8 mm at the
first dewatering period and 4.8, 5.0, 6.9, 7.6, 8.0, 8.2, 8.4, and 8.9 mm at the second
dewatering period, respectively. Points C4 and C8, C5 and C7 are symmetrical
about the pumping point near to Point C6. Points C4 and C5 are closer to the
buildings and subside less at the dewatering period. The subsidence of Point C5 is
0.8 mm less than that of Point C7 at the first dewatering period and 0.4 mm at the
second dewatering period. The subsidence of Point C4 is 0.9 mm less than that of
Point C8 at the first dewatering period and 1.2 mm at the second dewatering period,
as shown in Fig. 8.14.
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The farther the distance to the buildings, the larger the subsidence at the
dewatering periods. The accumulated subsidence of Points C7 and C8, far away
from the buildings, at two pumping periods, is larger than that of Points C1,
C2, and C3, which are near the buildings. The plane size of the model is
1800 mm � 800 mm, which is so small that no subsidence funnel occurs, com-
pared with the influence range of the pumping well. That is, if there are no
buildings, subsidence of the soil surface should be the same at the dewatering
periods. However, different area subsides differently in this physical model test. The
subsidence of Points C1–C8 is 8.1, 9.7, 13.1, 14.5, 15.2, 15.6, 16.3, and 16.6 mm at
two dewatering periods and 12.7, 14.8, 18.7, 19.7, 20.0, 20.2, 21.0, and 21.1 mm at
the building load and two pumping periods. The subsidence of Points C7 and C8 at
the dewatering periods is even larger than that of Points C1 and C2 at the building
load and the dewatering periods. The reason is that Points C1 and C2 are close to
the buildings, and the friction force from piles prevents them from subsiding.
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(a) Points C4 and C8
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Fig. 8.14 Subsidence of
typical points at the pumping
periods
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In fact, the subsidence of Points C7 and C8 at the first dewatering period is 8.0 and
7.8 mm, larger than that of Points C1 (3.39 mm) and C2 (4.66 mm), but less than
the accumulated subsidence of Points C1 (8.0 mm) and C2 (9.8 mm) at the building
load and the dewatering periods. The influence of buildings on subsidence is not
that clear at the first dewatering period. With the groundwater pumping increasing,
land subsidence caused by the dewatering increases, and the negative friction effect
of building piles is more significant.

Compared with the subsidence caused by the building load, the subsidence at
dewatering periods is larger and develops longer, as shown in Fig. 8.15. The
buildings mitigate the subsidence of area around the buildings during the dewa-
tering periods, but the differential subsidence increases. The differential subsidence
from Points C1–C8 is 2.1 mm/100 mm for Points C1–C2, 3.9 mm/100 mm for
Points C2–C3, 1.0 mm/100 mm for Points C3–C4, 0.4 mm/100 mm for Points C4–
C5, 0.2 mm/100 mm for Points C5–C6, 0.8 mm/100 mm for Points C6–C7, and
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Fig. 8.15 Subsidence of
points along Path M at
different periods
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0.1 mm/100 mm for Points C7–C8, respectively. The differential subsidence
around buildings is much larger than that of the area farther away from the
buildings. The subsidence caused by the dewatering is flat. The buildings increase
the differential subsidence around buildings. Differential subsidence is more
destructive and should be controlled carefully in the practical engineering
construction.

Figure 8.16 illustrates the subsidence along Path L at different periods. The
subsidence of the area close to the buildings is less than that of the area farther away
from buildings significantly. The mitigation effect of buildings on subsidence
during dewatering periods is dramatic. The differential subsidence at the first
dewatering period is small. However, at the second dewatering period, the differ-
ential subsidence at the left of Building A and at the right of Building B is 0.8 mm/
100 mm and 1.0 mm/100 mm, respectively, while that at the right of Building A
and at the left of Building B is both 0.7 mm/100 mm.

8.3.2.3 Deformation of Soil Layers

When pumping, the saturation of the first aquitard decreases and the soil shrinks.
Figure 8.17 illustrates the compression of each soil layer along Paths A1, B1, and
C1 at the pumping periods. The compression of the two aquitards accounts for most
of the land subsidence. At the first pumping period, the compression of the first
aquitard is smaller than that of the second one. At the second pumping period, the
unsaturated part of the first aquitard increases and the shrinkage became serious.
The first aquitard experiences larger compression. For the decrease in upper soil
unit weight, the aquifer rebounded about 0.3 mm. However, compared with the
subsidence, the rebound can be ignored.

Compared with the subsidence caused by the dewatering with that of the
building load, the former lasts much longer time. At the later stage of dewatering
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period, the subsidence continues to increase because the saturation of the upper soil
layer decreases and the soil shrinks. The groundwater is mainly extracted from the
deeper confined aquifers and recharges to the shallower confined aquifers in
Shanghai at present. The saturation of the shallower soft soil layers is invariant.
Shrinkage cannot occur in the aquitard of Shanghai. In the early years, the recharge
is little and the large subsidence might be partly caused by this factor. In addition,
recharging to the shallow soil layers in foundation pit dewatering may be necessary
to prevent soil from shrinking.

Figure 8.18 illustrates the variations of the subsidence along typical paths at
different periods. At the first dewatering period, the compression of the first aquitard
along Paths A2, A1, C1, B1, and B2 is 1.0, 1.4, 1.2, 1.2, and 0.9 mm, accounting
for 33.6, 47.2, 37.8, 36.4, and 30.9% of the total subsidence, respectively. The
compression of the second aquitard along the five paths is 2.0, 1.7, 1.7, 2.0, and
2.0 mm, accounting for 67.5, 59.4, 55.1, 60.9, and 69.4% of the total subsidence,
respectively. The compression of the first aquitard is less than that of the second
one. The two aquifers are compressed little. At the second dewatering period, the
compression of the first aquitard along the five paths is 5.1, 2.9, 4.1, 2.9, and
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Fig. 8.17 Compression of each soil layer on typical paths at the pumping periods
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4.9 mm, accounting for 93.9, 84.2, 93.2, 85.6, and 91.6% of the total subsidence.
The compression of the second aquitard along the five paths is 0.6, 0.7, 0.5, 0.7, and
0.7 mm, accounting for 11.1, 20.1, 12.3, 19.4, and 12.2% of the total subsidence.
The first aquitard is compressed much more than the second one at the second
dewatering and the whole dewatering period. Compared with the building load
period, the subsidence presents different distribution laws. At the building load and
the dewatering periods, the compression of the first aquitard along the five paths is
7.4, 6.1, 6.6, 5.9, and 6.8 mm, accounting for 60.4, 51.2, 55.5, 48.9, and 55.3% of
the total subsidence. The compression of the second aquitard along the five paths is
4.9, 5.5, 5.0, 5.7, and 5.4 mm, accounting for 39.8, 46.3, 41.4, 47.8, and 44.1% of
the total subsidence. The dewatering changes the distribution of the subsidence
developing at the building load period.

8.3.3 Subsidence at Recharging Period

Figure 8.19 shows the subsidence of buildings at the recharging period. At the end
of the second dewatering period, the rates of subsidence for Buildings A and B are
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Fig. 8.18 Soil subsidence along typical paths at different testing periods
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0.18 and 0.22 mm/day, respectively. Buildings A and B both subside at a rate of
0.06 mm/day at the first recharging period, while 0.05 and 0.03 mm/day at the
second recharging period, respectively. At the beginning of the second recharging
period, Building A rebounds about 0.01 mm, while Building B rebounds about
0.08 mm. Both buildings subside again after a moment of rebounding. The net
groundwater pumping was zero at the end of the second recharging period. This
indicates that the subsidence of buildings is irreversible, and the recharging can be
applied to mitigate the subsidence. A certain amount of groundwater pumping is
necessary for some requirements in Shanghai. To prevent land from subsiding,
recharging should be kept on. It is not appropriate to estimate land subsidence by
the net groundwater pumping. If the net amount of groundwater pumping is zero at
certain time, it cannot be determined that land subsidence has no relationship with
the groundwater pumping. The subsidence may be caused by the early pumping.
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A large amount of groundwater is extracted at the early stage in Shanghai, and now
the amount of recharging is gradually increasing. From 2011, the amount of
recharging has been larger than that of pumping. However, Shanghai still subsides
at a rate of about 6 mm/a. This may have a great relationship with the groundwater
exploitation in the early years.

Figure 8.20 illustrates the subsidence of building positions and the surrounding
area. It can be seen that recharging can help mitigate subsidence effectively but little
rebound can be seen. At the end of the second dewatering period, the subsidence
rates of Points A2, B2, C1, C2, and C3 which are 0.5 time the base width away
from the buildings are 0.17, 0.28, 0.26, 0.22, and 0.21 mm/day, respectively. Their
rates reduced to be about 0.07 mm/day at the first recharging period and 0.05 mm/
day at the second recharging period. At the end of the second dewatering period, the
subsidence rates of Points A5, B5, and C8 which are 2.5 times the base width away
from buildings are 0.21, 0.17, and 0.27 mm/day, respectively. Their rates reduced
to be 0.08, 0.06, and 0.04 mm/day at the first recharging period and 0.08, 0.05, and
0.02 mm/day at the second recharging period, respectively. Similar to the subsi-
dence of buildings, the subsidence of the surrounding points is irreversible either.
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Fig. 8.20 Subsidence of building positions and the surrounding area
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Although some points rebound little at the beginning of the recharging period, all
the points begin to subside again after a short time. So, to prevent land from
subsiding, the recharging cannot be stopped. It can also be seen that subsidence of
points closer to the buildings is affected less by recharging.

8.4 Conclusions

This chapter studied the deformation law of each soil layer considering dual effects
of the building load and the groundwater withdrawal. The physical model test under
the typical geology in Shanghai was conducted, and the PIV was adopted to
measure the displacement of each point in soil layers. The conclusions are as
follows:

(1) The later constructed building accelerates the subsidence rate of the earlier one,
while the earlier one reduces the subsidence of the later one to some extent, for
the soil foundation under the later one has already consolidated under the earlier
constructed building load for some time.

(2) For the superimposition effect of land subsidence caused by buildings, the
subsidence inside the building area increases while the differential subsidence
outside the building area increases.

(3) The dewatering changes the subsidence distribution which develops at the
building load period. When dewatering, the friction force from piles reduces the
subsidence of buildings and the surrounding area, yet increases the differential
subsidence.

(4) Compared with the subsidence caused by the building loads, the subsidence
caused by the dewatering develops slowly and lasts a longer period of time. The
compression of soft soil layers accounts for the most part of land subsidence at
both the building load period and the dewatering periods.

(5) Groundwater recharge can mitigate land subsidence effectively, yet the rebound
is little. It is not appropriate to estimate the land subsidence by the net
groundwater pumping. If the net amount of groundwater pumping is zero at a
certain time, it cannot be determined that land subsidence has no relationship
with the groundwater pumping. The subsidence may be caused by the early
pumping.
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Chapter 9
Floor Area Ratio ANFIS Model Affected
by Causes of Land Subsidence

9.1 Introduction

Land subsidence is an environmental phenomenon resulting from consolidation of
the ground. It is generally a relatively slow movement but may break pipelines and
result in differential settlement/tilting of buildings. The causes of land subsidence
include natural factors (e.g., the collapsing of loess, drainage or organic-rich soils,
and karst development) and human activities (e.g., underground construction and
removal of liquid and/or solids from the ground). In the coastal urban region of
China, groundwater extraction is the primary cause of land subsidence (Chai et al.
2004, 2005; Gu 1998; Li et al. 2000).

In recent years, land subsidence has occurred in over 90 cities and counties in
China, including Shanghai, Tianjin, Jiangsu Province, and Shanxi Province; the
total area of subsidence is reported as 93,885 km2 (Cui 2008). Shanghai was one of
the first cities to experience land subsidence. In the 80 years from 1921 to the end of
2001, the total accumulative subsidence had reached 2.7 m (Zhang and Wei 2002;
Xue et al. 2005; Tang et al. 2008a). Initially, this was mainly due to the irrational
withdrawal of groundwater but from the 1960s, the withdrawal of groundwater was
restricted and from the end of the 1970s, the pumping of groundwater was strictly
controlled in the urban area of Shanghai, and the quantity of water recharged into
the subsurface was always greater than that extracted by pumping such that the
subsidence caused by pumping and recharging was limited in the urban area.
During the 1990s, with the development of the economy, a variety of municipal
works and high-rise buildings were constructed and land subsidence appeared to
accelerate in Shanghai (Tang et al. 2008b; Cui et al. 2009).

In this chapter, the “geology-environmental capacity” refers to the optimum
inter-relationship between the needs of human society, the economy, and the
engineering structure in a certain geological area. The geology-environmental
capacity is finite, e.g., there is a limit to the weight of the buildings that the ground
can sustain in a certain geological situation if particular environmental criteria are to
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be met. In the soft soils of Shanghai, land subsidence caused by the engineering-
environmental effect has resulted in great economic loss to the city, and hence this
has become an important factor, restricting the scale of construction. In Shanghai,
therefore, building is mainly controlled by land subsidence.

9.2 Factors Affecting Land Subsidence in Shanghai

9.2.1 Engineering Geology and Hydrogeology

Shanghai is situated on the Yangtze River delta where the alluvial deposits gen-
erally reach 250–300 m in the urban area. The upper 150 m of the alluvium is
mainly of gray, soft-plastic clay and sands. The lower horizon has a wider range of
colors and is mainly hard-plastic clay alternating with layers of sand and gravel
(Tang et al. 2008b).

In recent years, records indicate that the main subsidence below 70 m is related
to pumping/recharge, while above this the soil deformation was mainly caused by
engineering works. In this upper horizon, there are three distinct thick layers of soft
soil.

9.2.2 Disaster Distribution of Land Subsidence

Based on population density, engineering construction, hydraulic engineering, flood
control, etc., the area of Shanghai is divided into a basically stable region and a land
subsidence region which contains two subregions as shown in Table 9.1.

9.2.3 The Floor Area Ratio and Building Density

The floor area ratio is the ratio of the total floor area with an individual structure to
the area of land on which the construction has taken place. The building density is
the ratio of the basement area of the building to the area of land on which the
construction has taken place.

As shown in Table 9.2 (Yan et al. 2002), the building areas of four typical
regions, Lujiazui, Xujiahui, Zhongyuan, and Changqiao, increased from 1980 to
1999. It can be seen that the built area increased in the 1980s and 1990s relative to
that in the previous decade. In most areas, the floor space more than doubled. In the
same period, land subsidence increased rapidly (Table 9.3), again more than dou-
bling between the 1980s and 1990s.
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Table 9.4 indicates the number of high-rise buildings constructed in the four
areas together with the total floor areas. The value of the floor area ratio relates to
the proportion of the number of the high-rise buildings to the number of total
buildings.

Table 9.1 Disaster distribution of land subsidence in Shanghai

Region Subregion Distribution range Area/
km2

Land subsidence Subsidence
disaster

Basic
stability
region

Qingpu district,
Songjiang district,
Jinshan district

353.34 The accumulation
of land subsidence
is not over 25 mm
from 1980 to 1995
and the annual
average subsidence
is less than
1.7 mm/a

Not
occurrence

Land
subsidence
region

Subsidence
subregion

Pudong new
district, Baoshan
district, Minhang
district, Jiading
district, Fengxian
district, Nanhui
district, Songjiang
district, Jinshan
district, Qingpu
district,
Chongming
County

5736.66 The accumulation
of land subsidence
is 25–100 mm
from 1980 to 1995
and the annual
average subsidence
is 1.7–6.7 mm/a

The disaster
is not
obvious

Subsidence
subregion

Urban, suburb 250.50 The accumulation
of land subsidence
is over 100 mm
from 1980 to 1995
and the annual
average subsidence
is over 6.7 mm/a

The disaster
is more
obvious

Table 9.2 Building area of four typical regions (Unit: �106 m2)

Region Before
1970s

Increase area in
1970s

Increase area in
1980s

Increase area in
1990s

Total
area

Lujiazui 5.24 0.80 1.57 3.94 11.55

Xujiahui 6.80 0.72 1.75 2.30 11.57

Zhongyuan 3.47 0.51 1.57 2.78 8.33

Changqiao 2.85 0.20 1.31 2.31 6.67

Total area 18.36 2.23 6.20 11.33 38.12
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9.2.4 Dewatering and Utilization of Groundwater

Shanghai has more than one hundred years of groundwater mining history, with the
national economic development of groundwater demand, the groundwater
exploitation of each aquifer increased year by year. In 1960s, the groundwater was
mainly exploited in the second aquifer in the urban area. From 1970s, in the
suburbs, the groundwater exploitation from the second, third, fourth, and five
aquifers increased year by year. Before 1965, the quantity of groundwater
exploitation in Shanghai reached 135–203 million m3/a, which was concentrated in
the urban area where experienced serious land subsidence. From 1965, the quantity
of groundwater exploitation decreased and it was relatively stable at the end of
1970s, which was 58–116 million m3/a. At the same time, the recharge of
groundwater was conducted in the second and third aquifers, which reached 4–18
million m3/a. Since 1980s, the water demand increased sharply. The level and
region of groundwater exploitation changed. In the urban area, the second and third
aquifers were mainly exploited and the amount of the exploitation is less than that
of the recharge. However, in the suburbs, the groundwater was mainly exploited
from the fourth and fifth aquifers. The amount of groundwater exploitation was
101–151 million m3/a. The amount of recharge in the suburbs was also concen-
trated in the second and third aquifers, only a small amount of recharge occurring in
the fourth and fifth aquifers. The total recharge reached 15–26 million m3/a. The
groundwater exploitation was concentrated from June to September every year,
which accounted for about 80% of the total amount of annual groundwater
exploitation. The artificial recharge was mainly conducted from December to April,

Table 9.3 Land subsidence of four typical regions (Unit: mm)

Region In 1970s In 1980s In 1990s

Lujiazui −0.30 −3.52 −12.56

Xujiahui −2.13 −3.16 −7.18

Zhongyuan −1.37 −4.49 −15.14

Changqiao −0.89 −2.92 −7.95

Table 9.4 The floor area ratio of four typical regions

Region Total
building
area/
�106

(m)2

Building area
of high-rise
building/
�106 (m)2

Number
of
high-rise
buildings

The ratio of
high-rise
buildings to total
buildings/ (%)

Land area/
�106 (m)2

The
floor
area
ratio

Lujiazui 11.17 3.58 123 32.01 7.37 1.53

Xujiahui 9.79 2.33 126 23.77 6.98 1.40

Zhongyuan 8.09 0.57 47 57.25 6.88 1.18

Changqiao 6.17 0.42 36 42.34 6.89 0.90
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which accounted for over 80% of the annual recharge. Therefore, the exploitation
and the recharge of groundwater in Shanghai had the characteristics of the regional
concentration, the level concentration, and the time concentration.

9.3 ANFIS Model Based on the Floor Area Ratio

The adaptive neuro-fuzzy inference system (ANFIS) combines artificial neural
networks (Mamdani and Assilian 1975; Jacobs 1988; Hoke and Brown 1997) with
the (Sugeno) fuzzy logic inference. The typical fuzzy logic rule is given in
Appendix B.

Land subsidence S, the building density D, the geological disaster district C, the
exploitation of groundwater K, the recirculation of groundwater H, and the type of
the geology structure J were selected as the variables to infer the floor area ratio
R in this paper, that is, X ¼ ðS; D; C; K; H; JÞ. The relationship between R and
X is

R ¼ FðfXgÞ

This can be established using ANFIS as follows.

(1) The finite groups of the training data are obtained at different places according
to the influencing factor X and the floor area ratio R.

(2) X and R are taken as the input data and the output data of the initial structure of
ANFIS, respectively. After training, the optimum structure model of ANFIS
reflecting the global mapping relationship is built up between X and R.

(3) Putting the data of four typical regions into this structure model of ANFIS, the
output is the predicted optimum value of the floor area ratio.

Nineteen examples were selected as the training data, from different places in
Shanghai; the variables are shown in Table 9.5. The variables of the 16 examples in
Table 9.5 were treated in the standardized way. The S, D, C, K, H, and J are the
input of the network and the R is the output of the network. A model structure was
built up by the subtraction cluster method. The values of the training parameters
were range of influence 0.27, squash factor 1.25, accept ratio 0.5, and reject ratio
0.15.

Every input variable of the model was automatically endowed with 16 Gauss
membership functions. The model structure based on the floor area ratio is shown in
Fig. 9.1. Using the hybrid learning algorithm, the network was trained by the
selected data. The training degree was 1000 times and the smallest
root-mean-square deviation of the training data was 0.0030208. The change of the
error in the training process is shown in Fig. 9.2.

The membership functions of land subsidence S, the building density D, the
geological disaster district C, the exploitation of groundwater K, the recirculation of
groundwater H, and the type of the geology structure J can be obtained before and
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Table 9.5 ANFIS training data

S D C K H J R

1 150 0.296 100 3166.7650 184.3086 100 7.86

2 100 0.301 70 4168.9943 240.2756 50 5.62

3 60 0.260 40 4562.6321 216.7324 50 1.5

4 85 0.274 70 3213.4352 192.1249 50 2.0

5 90 0.267 70 4316.2984 209.3765 50 2.0

6 120 0.288 100 3200.2712 196.0024 100 4.78

7 95 0.320 100 457.8083 763.2687 60 3.90

8 60 0.315 100 586.4392 999.9386 60 2.0

9 120 0.302 100 578.4218 999.7294 60 1.5

10 140 0.321 100 573.2672 889.8367 60 2.0

11 105 0.330 100 590.3024 1001.2626 60 1.5

12 30 0.320 100 19.1032 16.2270 80 1.5

13 40 0.332 100 22.6857 30.7264 80 2.0

14 35 0.331 100 27.6858 33.0413 80 2.0

15 25 0.317 100 28.1023 32.7869 80 1.5

16 30 0.343 100 26.7474 32.976 80 4.3

17 40 0.284 40 1709.3189 10.8912 50 1.0

18 50 0.293 40 1379.2179 5.1610 50 1.5

19 45 0.302 40 936.3198 3.0826 50 2.0

Fig. 9.1 The structure of ANFIS
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after training. The membership functions of land subsidence, the building density,
the geological disaster district, the exploitation of groundwater, the recirculation of
groundwater, and the type of the geology structure are illustrated in Figs. 9.3, 9.4,
9.5, 9.6, 9.7, and 9.8, respectively.

Fig. 9.2 The training error in the training process

(a) before training

(b) after training

Fig. 9.3 The membership function of land subsidence before and after training
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(a) before training

(b) after training

Fig. 9.4 The membership function of the building density before and after training

(a) before training

(b) after training

Fig. 9.5 The membership function of the geological disaster district before and after training
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(b) after training

(a) before training

Fig. 9.6 The membership function of the exploitation of groundwater before and after training

(a) before training

(b) after training

Fig. 9.7 The membership function of the recirculation of groundwater before and after training
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Six pictures of the changing laws between one single-input parameter of S, D, C,
K, H, J, and the output parameter R can be obtained. The changing laws of S-R,
D-R, C-R, K-R, H-R, and J-R are illustrated in Figs. 9.9, 9.10, 9.11, 9.12, 9.13, and
9.14, respectively.

(a) before training

(b) after training

Fig. 9.8 The membership function of the type of the geology structure before and after training

Fig. 9.9 The changing law
between S and R
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Fig. 9.10 The changing law
between D and R

Fig. 9.11 The changing law
between C and R

Fig. 9.12 The changing law
between K and R
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Fig. 9.13 The changing law between H and R

Fig. 9.14 The changing law between J and R

Fig. 9.15 The changing law between S, D, and R
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Fifteen pictures of the changing laws between every two input parameters of S,
D, C, K, H, J, and the output parameter R can also be obtained. The changing laws
of S, D-R, and S, C-R as two examples, are shown in Figs. 9.15, 9.16, 9.17, 9.18,
9.19, 9.20, 9.21, 9.22, 9.23, 9.24, 9.25, 9.26, 9.27, 9.28, and 9.29, respectively.

Fig. 9.16 The changing law between S, C, and R

Fig. 9.17 The changing law between S, K, and R
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9.4 The Floor Area Ratios of Four Typical Regions

Evaluation of the geology-environmental capacity of the buildings based on the
ANFIS model of the floor area ratios is shown in Figs. 9.30, 9.31, 9.32, and 9.33.
Whereas the floor area ratios of the regions are bigger, the high-rise buildings are

Fig. 9.18 The changing law between S, H, and R

Fig. 9.19 The changing law between S, J, and R
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dense and land subsidence is larger. It is inappropriate to continue to plan high-rise
construction in these regions. However, whereas the floor area ratios of the
regions are smaller and land subsidence is less, high-rise buildings can be
constructed.

Fig. 9.20 The changing law between D, C, and R

Fig. 9.21 The changing law between D, K, and R
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Fig. 9.22 The changing law between D, H, and R

Fig. 9.23 The changing law between D, J, and R
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Fig. 9.24 The changing law between C, K, and R

Fig. 9.25 The changing law between C, H, and R

9.4 The Floor Area Ratios of Four Typical Regions 209



Fig. 9.26 The changing law between C, J, and R

Fig. 9.27 The changing law between K, H, and R
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Fig. 9.28 The changing law between K, J, and R

Fig. 9.29 The changing law between H, J, and R
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Fig. 9.30 The floor area ratios of the first typical region
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Fig. 9.31 The floor area ratios of the second typical region
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Fig. 9.32 The floor area ratios of the third typical region
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9.5 Conclusions

This chapter has demonstrated that the geological environmental capacity of the
building is mainly controlled by the land subsidence and the relationship can be
assessed using the floor area ratio. ANFIS was used to evaluate the floor area ratios
of four typical areas in the Shanghai region in order to offer some guidance in
respect of urban planning.
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Chapter 10
Conclusions and Prospects

10.1 Conclusions

In this monograph, the engineering-environmental effect refers to the high-rise
building load and the dewatering of foundation pit for the construction of under-
ground structures and the land subsidence caused by the engineering-environmental
effect is studied. Land subsidence exists in the cities throughout the world. With the
increase of the high-rise buildings, land subsidence induced by the human factors
accelerates. Though land subsidence occurs slowly, the accumulation results in the
crack of the road, the damage of the pipelines, the tilt or the crack of the buildings,
and so on. It causes loss of economy. With a large number of high-rise buildings
being built and the dewatering of foundation pit for construction of underground
structures, the engineering-environmental effect becomes the main cause of land
subsidence. In this monograph, the mechanism of land subsidence and the floor area
ratio are studied by the theoretical analysis, the in-site monitoring, the general
model test, and the centrifugal model test combined with the scanning electron
microscope test (SEM) and the mercury intrusion porosimetry test (MIP). The
results are as follows:

(1) The elastic modulus of overlying soil has little influence on ground surface
displacement caused by decompression of confined water, yet thickness of
overlying soil should be taken into consideration. Settlement of soils overlying
confined aquifer increases up to down nearby the pumping well. Over a certain
distance, the settlement does not change with buried depth. For unsteady flow
confined wells, the settlement value and region at ground and aquifer surface
grow with pumping time increasing. The maximum horizontal displacement
value and position at ground surface do not change with time after pumping for
a certain time. The length of dewatering well should be considered in the
consolidation analysis of layered soils caused by water pumping from the well.
The increase in the length of the well leads to smaller surface displacement. The
larger values of anisotropic permeability parameters can lead to the smaller
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surface displacements and excess pore pressure. The layered soil cannot be
regarded easily as the uniform soil by taking a weighted average of soil
parameters, since this method leads to great deviation of the description of
consolidation behaviors of layered soils. Pumping from the shallow aquifer can
result in more serious differential settlement in the surrounding areas of cen-
terline, while pumping from the deep aquifer can lead to the larger influence
range of settlement. The increase in the recharging ratio can effectively restrict
the vertical surface settlement and horizontal surface displacement. This effect
is particularly obvious when the amounts of pumping and recharging reach the
balance. The displacements induced by the cyclic pumping and recharging are
smaller than those caused by pumping alone, although their pumping ampli-
tudes are the same. The change of surface displacements induced by pumping
lags behind that of the excess pore pressure.

(2) Building itself may experience a maximum settlement because of the remark-
able subsidence superimposition effect between the high-rise buildings which
exceeds the allowable values. However, the land subsidence decreases dra-
matically with the distance increasing. The range of the land subsidence caused
by the building load is about 300 m from the in-site monitoring. The mucky
clay of layer No. 4 has the maximum settlement than other soil layers. A slight
rebound occurs in the silt sand of layers No. 7 and No. 9 because a large
amount of groundwater recharge has been conducted in Shanghai in recent
years. As a permeable material, particles of the sand bear less effective stress as
the groundwater rises, causing a rebound in the sand layer. The surrounding
ground of high-rise buildings suffers obviously superimposed subsidence by the
additional stress, which causes a larger ground settlement than the estimated
value. Therefore, in the design stage, it is reasonable to control the distance
between the dense high-rise buildings in order to avoid the settlement of
regional ground over the allowable value and affect the normal use of other
structures.

(3) In the centrifuge model tests, the silty clay of layer No. 4 experiences the
maximum subsidence. The exponential function of three-order attenuation can
well fit the subsidence of different soil layers with time. It can predict the
subsidence of soil layers at any time. The central area of the building group has
larger subsidence and the subsidence superimposition effect is obvious. It can
exceed the allowance and cause land subsidence hazard. The land subsidence
affected by the different building distances is studied by the centrifuge model
tests. The building distance is smaller; the subsidence superimposition effect is
more obvious. So the building distance among the building group can be
properly increased to decrease the subsidence superimposition effect on the
area. In the centrifuge model tests, the larger excess pore water pressure in the
bearing stratum for the pile tip of the central area also shows that the stress
superimposition effect is larger at the central area. The earth pressure under the
buildings fluctuates by the disturbance of the pile tip. The results from the 3D
numerical simulation match well with the centrifugal model test which can be
used to analyze and to predict the land subsidence of high-rise buildings.
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(4) In the general model test, this monograph studied the deformation law of each
soil layer considering dual effects of the building load and the groundwater
withdrawal. The later constructed building accelerates the subsidence rate of
soil layers having been under the load of the earlier constructed building, while
the earlier constructed building reduces the subsidence of soil layers under the
later constructed building to some extent, for the soil foundation under the later
constructed building has already consolidated under the earlier constructed
building load for some time. For the superimposition effect of land subsidence
caused by buildings, the subsidence inside the building area increases while the
differential subsidence outside the building area increases. The dewatering
changes the subsidence distribution which develops at the building load period.
When dewatering, the friction force from piles reduces the subsidence of
buildings and the surrounding area, yet increases the differential subsidence.
Compared with the subsidence caused by the building loads, the subsidence
caused by the dewatering develops slowly and lasts for a longer period of time.
The compression of soft soil layers accounts for the most part of land subsi-
dence at both the building load period and the dewatering periods. Groundwater
recharge can mitigate land subsidence effectively, yet the rebound is little. It is
not appropriate to estimate the land subsidence by the net groundwater
pumping. If the net amount of groundwater pumping is zero at a certain time, it
cannot be determined that land subsidence has no relationship with the
groundwater pumping. The subsidence may be caused by the early pumping.

(5) The engineering characteristics of soils are controlled by the state of the
microstructure of soils to a great extent. Flocculation and honeycomb-
flocculation are the main structures in silty clay of No. 4 and clayey soil of
layer No. 8 and most of the structures are laminar, which gives birth to the
overhead structure with high porosity. The particles are rearranged and con-
solidation is conducted by the building loads and the stress superimposition
effect. The microstructure of clay determines the mechanics characteristics for
engineering and macro-land subsidence of layer No. 4 and layer No. 8 is larger.
After the test, the total porosity decreases. The mineral of sand is mainly
composed of quartz, including some feldspar and mica, etc. The hardness of
quartz is large. So the sand layer is usually used as the bearing stratum of the
pile tip for the high-rise building in the soft area. Because of better mechanics
characteristics for engineering, the subsidence of layer No. 7 is smaller. The
microstructure of silty sand is destroyed a little by the building load and the
stress superimposition effect. After the test, the total porosity decreases. There
are mainly macropores in the layer No. 4 silty clay, the layer No. 8 clayey soil,
the layer No. 7 silty sand, and the layer No. 9 silty sand in Shanghai. The
ink-bottle effect exists in the intrusion stage in the MIP test. The pore size
distribution of each soil layer was studied by the fractal theory. There are four
different fractal dimensions in layer No. 4 silty clay and layer No. 8 clayey soil.
There are three different fractal dimensions in layer No. 7 silty sand and layer
No. 9 silty sand in Shanghai. The parameter of specific subsidence is put
forward as a tie to analyze the relationship between land subsidence and pore
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structure of soils. For the silt sand layer (layer No. 7 and layer No. 9), the mean
pore size, the total specific surface area, the total porosity, and the holding
mercury coefficient decrease with the specific subsidence increasing. For the
clayey soil (layer No. 4 and layer No. 8), the mean pore size, the total porosity,
and the holding mercury coefficient increase with the specific subsidence
increasing, but the total pore specific surface area decreases with the specific
subsidence increasing.

(6) The adopted threshold determines the calculated void ratio from the SEM
images. The larger the adopted threshold, the smaller the void ratio will be. The
real filling rate n’ can be estimated by adding about 15% to the filling rate
calculated with the Otsu method. The calculated filling rate and the adopted
threshold Tn are in good agreement with the Gaussian function
relationship. When calculating the void ratio with SEM images, the appropriate
amplifications of images representing the soil microstructure should be chosen.
3000� or 5000� for the fine grain soil and 500� or 1000� for the coarse
grain soil. The selected Tn should be between the range [0.34, 0.36], which
corresponds to the range [85, 90] of the real grayscale value. After the con-
solidation, the total pore area of the silty clay of layer No. 4 and the clayey soil
of layer No. 8 decreased greatly, the amplitudes of reduction are 28.0 and
29.6%, respectively, showing the great compressibility of the two soil layers
and are coincident with the large macroscopic subsidence. The pore area of the
pores whose radii are bigger than 1 lm occupies at least 97% of the total pore
area. Before the consolidation, the orienting probability entropy of the silty clay
of layer No. 4 and the clayey soil of layer No. 8 was big, meaning the large
degree of the disorder of the pore structure. After the consolidation, the degree
was even bigger, showing the soil consolidation process, that is, the soils were
compressed and the pores become smaller. Some longer pores were even
compressed to produce more pores, which induces the dispersal of the orien-
tation of the long axis. After the consolidation, the fractal dimension of shape D
of the pores in the silty clay of layer No. 4 and the clayey soil of layer
No. 8 decreased. Considering the changes of the average eccentricity and the
average shape factor, it can be seen that during the soil consolidation, the pores
are not simply squashed but parts of the boundaries are compressed to be
closed, which makes the shape of pores more regular.

(7) The concept of the geology-environmental capacity of the buildings is put
forward in this paper. By analyzing the main factors of land subsidence and
building up the evaluation system, the geology-environmental capacity of the
ground building comes to be quantitative. The geological environmental
capacity of the ground building is mainly controlled by the land subsidence and
the output is the floor area ratio. According to the different geology structures
and the different requirements of subsidence control in the soft soil area in
Shanghai, the evaluation system of the floor area ratio is built up by the
adaptive neuro-fuzzy inference system (ANFIS) and the floor area ratios of four
typical regions are obtained by the ANFIS to offer a reference to the urban
planning. If the floor area ratios of the regions are bigger, the high-rise
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buildings are dense and land subsidence of the regions is larger. It is adverse to
continue to plan the high-rise construction in these regions. However, the floor
area ratios of the regions are smaller and land subsidence is less and the
high-rise buildings can be planned for construction.

10.2 Prospects for Further Study

This monograph studied the land subsidence caused by the
engineering-environmental effect including the loads of high-rise building and the
changing of groundwater table. But there is still some work to be further studied.

(1) The engineering geology of the site for groundwater exploitation is complex
and the horizontal dimension is much larger than the longitudinal dimension.
The conventional finite-element method for grid computing is very large. The
multi-scale finite-element method can be used to analyze the land subsidence at
the scene.

(2) The stress level of the model test is low, and the stress state of the soil in situ
cannot be reduced. Centrifugal model test can be taken into consideration when
the steady duration of pumping consolidation is long and the conditions are
allowed.
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Appendix A
The Element of Matrix U

U11 ¼ ðb21b33 þ a13a25b31 þ a25b23b31 � 4a2a51b33 � a4b21b33 � 2a2a13a25b31

þ a4a13a25b31 � a4a25b23b31Þ
.

a25b33ða2 � 1Þ2ðb11 þ b21Þ
h i

þ 2a4a13a25b31 � 4a2a13a25b31
�

þ 2a13a25b31Þ
.

a25b33ða2 � 1Þ2ðb2 � 1Þðb11 þ b21Þ
h i

;

U12 ¼ 2a4a13a25b31 � 4a2a13a25b31
�

þ 2a13a25b31Þ
.

b33ða2 � 1Þ2ðb2 � 1Þðb11 þ b21Þ
h i

� ðb11b33 � a13a25b31 � a25b23b31 þ 4a2a51b33 � a4b11b33 þ 2a2a13a25b31

�a4a13a25b31 þ a4a25b23b31Þ
.

b33ða2 � 1Þ2ðb11 þ b21Þ
h i

;

U13 ¼ ða13 þ b23 þ a13b
2 � b2b23Þ

�
b33ðb2 � 1Þ� �

þð�2b23b2 þ 2b23Þ
�
b33ða2 � 1Þðb2 � 1Þ� �

;

U14 ¼ ð2aa51b33 � 2ab21b33 þ 2a3a51b33 þ 2a3b21b33 þ 2a3a25b23b31

�2aa25b23b31Þ
.

a25b33ða2 � 1Þ2ðb11 þ b21Þ
h i

� bð2a4a13a25b31 � 4a2a13a25b31
�

þ 2a13a25b31ÞÞ
.

a25b33ða2 � 1Þ2ðb2 � 1Þðb11 þ b21Þ
h i

;

U15 ¼ 2aa51b33 þ 2ab11b33 þ 2a3a51b33 � 2a3b11b33
�

þ 2a3a25b23b31 � 2aa25b23b31
�.

b33ða2 � 1Þ2ðb11 þ b21Þ
h i

� bð2a4a13a25b31 � 4a2a13a25b31
�

þ 2a13a25b31ÞÞ
.

b33ða2 � 1Þ2ðb2 � 1Þðb11 þ b21Þ
h i

;

U16 ¼ 2a13b=ð�b33b
2 þ b33Þ � 2ab23=ð�b33a

2 þ b33Þ;
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U21 ¼ a21b33 � b21b33 � a13a25b31 � a25b23b31 � a4a21b33 þ 4a2a51b33
�

þ a4b21b33 þ 2a2a13a25b31

�a4a13a25b31 þ a4a25b23b31
�.

b33ða2 � 1Þ2ðb11 þ b21Þ
h i

�ð2a4a13a25b31 � 4a2a13a25b31 þ 2a13a25b31Þ
.

b33ða2 � 1Þ2ðb2 � 1Þðb11 þ b21Þ
h i

;

U22 ¼ � a25ða21b33 þ b11b33 þ a13a25b31 � a25b23b31½
� a4a21b33 þ 4a2a51b33 � a4b11b33 � a21b

2b33 � b2b11b33

� 2a2a13a25b31 þ a4a13a25b31 þ a13a25b
2b31

þ a4a25b23b31 þ a25b
2b23b31 þ a4a21b

2b33 � 4a2a51b2b33

þ a4b2b11b33 � 2a2a13a25b2b31 þ a4a13a25b
2b31

�a4a25b
2b23b31Þ

�.
b33ða2 � 1Þ2ðb2 � 1Þðb11 þ b21Þ
h i

;

U23 ¼ a13a25= b33ðbþ 1Þ½ � � a13a25= b33ðb� 1Þ½ �
þ a25ða13 þ b23 � a2a13 þ a2b23Þ

�
b33ðbþ 1Þ½ �;

U25 ¼ 2a25bða4a13a25b31
� 2a2a13a25b31 þ a13a25b31Þ

.
b33ða2 � 1Þ2ðb2 � 1Þðb11 þ b21Þ
h i

� 2a25ðaa21b33 þ aa51b33 þ ab11b33 � a3a21b33 þ a3a51b33 � a3b11b33

þ a3a25b23b31 � aa25b23b31Þ
.

b33ða2 � 1Þ2ðb11 þ b21Þ
h i

;

U26 ¼ 2aa25b23
�ð�b33a

2 þ b33Þ � 2a13a25b
�ð�b33b

2 þ b33Þ;

U31 ¼ b31 � b33 � a2b31 � a2b33 þ b2b31 þ b2b33
�

�a2b2b31 þ a2b2b33Þ
�
b33ða2 � 1Þðb2 � 1Þðb11 þ b21Þ
� �

;

U32 ¼ �a25ð�a2b2 þ a2 � b2 þ 1Þ� ða2 � 1Þðb2 � 1Þðb11 þ b21Þ
� �

�a25ðb31b2 þ b31Þ
�
b33ðb2 � 1Þðb11 þ b21Þ
� �

;

U33 ¼ �ðb2 þ 1Þ� b33ðb2 � 1Þ� �
;

U34 ¼ 2ðb31a2b� b33ab
2 þ b33a� b31bÞ

�
b33ða2 � 1Þðb2 � 1Þðb11 þ b21Þ
� �

;

U35 ¼ 2a25ða2b31b� b33ab
2 þ b33a� b31bÞ

�
b33ða2 � 1Þðb2 � 1Þðb11 þ b21Þ
� �

;

U36 ¼ 2b
�
b33ðb2 � 1Þ� �

;
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U42 ¼ 2aa51b33 þ 2ab11b33 þ 2a3a51b33� 2a3b11b33
�

þ 2a3a25b23b31 � 2aa25b23b31Þ
.

b33ða2 � 1Þ2ðb11 þ b21Þ
h i

�bð2a13a25b31a4 � 4a2a13a25b31 þ 2a13a25b31Þ
.

b33ða2 � 1Þ2ðb2 � 1Þðb11 þ b21Þ
h i

;

U24 ¼ �U15;

U41 ¼ U14;

U43 ¼ U16;

U44 ¼ U11;

U45 ¼ �U12;

U46 ¼ U13;

U51 ¼ �U42;

U52 ¼ U25;

U53 ¼ U26;

U54 ¼ U21;

U55 ¼ U22;

U56 ¼ U23;

U61 ¼ U34;

U62 ¼ U35;

U63 ¼ U36;

U64 ¼ U31;

U65 ¼ U32;

U66 ¼ U33;

where a ¼ e�nz; b ¼ e�qz; a13 ¼ n
M �q2 þ n2ð Þ; a21 ¼ 1�Mu; a25 ¼ 2Gn;

a41 ¼ 1� M�Gð Þu
2G z; a51 ¼ zn 1þGu�Muð Þ; b11 ¼ Gu; b21 ¼ 1� Gu�Mu;

b23 ¼ q
M q2�n2ð Þ; b31 ¼ nkz; b33 ¼ qkz.
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Appendix B
The Adaptive Neuro-Fuzzy Inference
System (ANFIS)

If x is A and y is B, then Z ¼ f ðx; yÞ, where A and B are the fuzzy set of the inputs
and z ¼ f ðx; yÞ is the accurate function of the target. Generally, f ðx; yÞ is polyno-
mial about input variables x, y. If f ðx; yÞ is one-order polynomial, the obtained fuzzy
inference system is the one-order Sugeno fuzzy model.

Figure B.1 shows the inference process of the one-order Sugeno fuzzy model
which has two inputs x, y and one output z, such that it contains two fuzzy “if-then”
rules:

If x is A1 and y is B1, then f1 ¼ p1xþ q1yþ r1
If x is A1 and y is B2, then f2 ¼ p2xþ q2yþ r2

where Ai and Bi are fuzzy sets corresponding with input variables.
Supposing that the S type membership functions of input variables x and y are:

SAiðx; ai; biÞ ¼
1

1þ e�aiðx�biÞ

SBiðy; ci; diÞ ¼
1

1þ e�ciðx�diÞ

where i = 1,2, {ai; bi} and {ci; di} being two group characteristic parameters of
S type membership functions.

S type membership functions are changed with the change of the values of
characteristic parameters, that is, the membership functions of Ai and Bi are
changed. The inference process can be equivalent to the ANFIS structure shown in
Fig. B.2 which consists of five layers.

The function of the first layer is to compute the fuzzy membership of inputs.
Every node of this layer is the adaptive node and has a node function,

O1;i ¼ SAiðx; ai; biÞ; i ¼ 1; 2

O1;j ¼ SBj�2ðy; cj�2; dj�2Þ; j ¼ 3; 4

© Springer Nature Singapore Pte Ltd. 2018
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where O1;i is the No. i output of the first layer and is a member of the corresponding
output variable of fuzzy sets Ai and Bi.

The function of the second layer is to compute the fitness of every rule. Every
node of this layer is a fixed node labeled P. Its output is the product of all input
signals:

O2;1 ¼ O1;1 � O1;3 ¼ SA1ðx; a1; b1Þ � SB1ðy; c1; d1Þ; mariking W1

O2;2 ¼ O1;2 � O1;4 ¼ SA2ðx; a2; b2Þ � SB2ðy; c2; d2Þ; marking W2

The function of the third layer is to compute the unitary value of fitness. Every
node of this layer is a fixed node labeled N. The ratio of the strength of one rule to
the sum of all the strengths is obtained:

O3;1 ¼ W1 ¼ W1

W1 þW2

O3;2 ¼ W2 ¼ W2

W1 þW2

Figure B.1 The inference process of one-order Sugeno fuzzy system

Figure B.2 The ANFIS structure equivalent to one-order Sugeno
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The function of the fourth layer is to compute the output of every rule. Every
node of this layer is an adaptive node with a function:

O4;1 ¼ W1z1 ¼ W1ðp1xþ q1yþ r1Þ
O4;2 ¼ W2z2 ¼ W2ðp2xþ q2yþ r2Þ

where fpi; qi; rig ði ¼ 1; 2Þ is the set of parameters of corresponding nodes, ie
conclusion parameters.

The function of the fifth layer is to compute the output of the fuzzy system. The
single node of this layer is a fixed node (R) which compute the sum of all the
incoming signals:

O5 ¼ z ¼
X

Wizi ¼W1z1 þW2z2

This network consists of undetermined characteristic parameters (ai, bi, ci, diði ¼
1; 2Þ of membership functions and pi, qi, riði ¼ 1; 2Þ of conclusion parameters).
ANFIS dynamically adjusts these parameters in the trained process.
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