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Abstract: In order to explore the stability of test square during
archaeological excavation for prehistoric earthen sites in
Hangzhou, a modeled test square with 2.3 m in depth, in-
plane dimensions of 5 m in width by 5 m in length, and an
archaeological column in the middle was excavated by means
of a top-down excavation technique. To investigate the
stability performance of the modeled test square and the
associated effect on the adjacent real-time
comprehensive instrumentation program was conducted during
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the excavation. observations  included  ground
settlements, displacement, pore pressure and
underground water level. Monitoring data indicates that the
ground settlement induced by dewatering and unloading action
basically decreases with the increase of the distance away from
the pit edge, and the lateral displacements at four sides show a
nonlinear variation along the depth. The maximum value is far
below the acceptable value regulated by the related standard,
which validates the stability of the modeled test square during
excavation. Variations of pore pressure and water level suggest
that long-term stability should be paid more attention due to
the slow consolidation of soft soil. Meanwhile, it is proved
that the step shape of the wall can resist lateral displacement
more effectively than the vertical shape of wall. This case
study provides insights into the real archaeological excavation
in Hangzhou, in particular Liangzhu prehistoric earthen sites.
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ﬁ s an important type of cultural heritage, prehistoric
earthen sites in South China are usually buried un-
derground. Due to the absence of historical documenta-
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tion, archeological excavation becomes the only way to
illustrate the prehistoric life and civilization process'".
Test square is believed to be an ideal method to obtain ar-
cheological information in prehistoric archeology, basi-
cally due to the standard profile resulting from the vertical
wall surface'”’. Meanwhile, its rectangular shape enables
archeologists to read and distinguish the historical stra-
tums and collect relics buried underground without dama-
ging historical information. Due to these advantages, the
test square has gained popularity in practice for field ar-
cheology. However, during archeological excavation, ar-
cheologists pay much attention to archeological informa-
tion rather than the stability of the test square, and as a
result, the collapse of test squares occasionally oc-
curs" ™. Failure of the test square not only leads to the
disappearance of prehistoric information, but also threat-
ens the safety of archeological and cultural relics. In par-
ticular, underground water and soft soil which easily re-
sult in the collapse of the test square are constantly en-
countered during archeological excavations in south China.
Therefore, the stability of prehistoric earthen sites during
excavation is becoming an urgent issue to be addressed.
The theme of saving historic sites has gained interest
and has seen an increasing involvement by geotechnical
engineers. It is worth any effort to achieve a convincing
explanation for the distress causes and to propose inter-
ventions that are safe and respectful to the history of the
sites. From a geotechnical engineer’s point of view, the
test square used in archeological excavation is a typical
foundation pit. In terms of the foundation pit, much re-

7% and the analysis method'"'™* of

search on the theory
stability have been conducted to contribute to the stand-
ardization of the foundation pit design and construction.
In contrast, the test square has received much less atten-
tion. In consideration of archeological requirements, a
test square requires vertical profiles, as little intervention
during the excavation as possible, keeping cultural relics
undisturbed, and long-term exposure to archeological in-
vestigation'"". Current foundation pit engineering almost
always involves different kinds of propping measures dur-
ing the excavation to reduce the exposure time of soil and

guarantee safety''”. It has been discovered that excava-
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tion behaviors are affected by many factors (e. g., pit ge-
ometries, construction methods, soil conditions and re-
tention systems). Hence, different excavation procedures
and methods determine different behaviors of the ground
pit. In the foundation pit area, many empirical or
semiempirical approaches derived from rectangular exca-
11921 were obtained. Considering that the test
square has been widely used in archeological practice, it
is necessary to investigate their characteristics and develop
relevant stability evaluation approaches for ensuring the
safety of archeological and cultural relics and protecting
the surrounding cultural information. Due to of the lack

vations

of well-documented field data, the characteristics of test
squares in south China, particularly those in prehistoric
sites, still remain unclear.

To achieve this, well-documented field data is needed,
and the archeological excavations of Liangzhu prehistoric
sites provide a good opportunity. To avoid damage to
true archeological information, a test square under the
similar natural and geotechnical background is modeled
based on the archeological procedure adopted at Liangzhu
prehistoric sites. In order to obtain a better understanding
of the behaviors of the modeled test square, ground set-
tlement, pore pressure, underground water table and lat-
eral displacement are measured during the excavation. Fi-
nally, the stability evaluation of the modeled test square
during the excavation period is assembled to provide valu-
able information for archeological excavation at Liangzhu
sites.

1 Background
1.1 Geographical location

As the concentrated distribution district of Liangzhu
prehistoric sites, Hangzhou is located in the lower reaches
of Qiantang River in southeast China. Liangzhu prehistor-
ic sites sit on the flat alluvial plain, which features high
groundwater tables and thick soft clay in the upper layers.

In view of the invaluable properties of cultural herit-
age, destructive testing is strictly forbidden on real arche-
ological sites. Therefore, a modeled test square within a
similar environment and stratum was adopted to study the
deformation and failure behavior during excavation. For
this research, the experiment site was chosen at a test
base of archaeometry and conservation technology of cul-
tural relics. The site was surrounded by one electrical
pipeline in its proximity, open space on the north side,
brick walls with 2 m in height on the south and east
sides, and the laboratory building (10 m high) on the
west side, as shown in Fig. 1.

1.2 Engineering geology and hydrogeology

Prior to excavation, the subsurface conditions and soil
properties at the site had been extensively explored by a
series of field and laboratory tests. In general, the subsur-

Test base of archaeometry
and conservation

Lodg_ej Etorage spacg
technology of cultural

{ relics, Zhejiang province

Experimental site

Laboratory building

Fig.1 Plan layout of in-situ experiment

face conditions feature two layers of fill in the upper 1. 15
m below the ground surface, followed by a layer of silty
clay (Layer 3) to a depth of 1. 50 m. The next layer is
mucky clay (Layer 4) extending to a depth of 1.70 m,
underlaid by yellow clay (Layer 5) and cinereous clay
(Layer 6) until the termination depth of 3. 00 m. The ob-
served long-term groundwater table at the site is approxi-
mately 0. 80 m.

1.3 Excavation procedure

The existence of underground water is extremely nega-
tive to the stability of archaeological excavation for pre-

6,11,14,18,20 .
{ 201 " The formation of under-

historic earthen sites
ground water leads to the decrease of effective stress as a
result of the increase of pore-water pressure, which can
reduce the shear strength of the soil™. Secondly, the
formation of underground water can also provide favora-
ble conditions for the original non-saturated soil to absorb
enough water and soften, which will also lead to the de-
crease in shear strength of soil™ . As a matter of fact,
the study area is on the flat alluvial plain, which features
high groundwater tables and thick soft clay in the upper
layers, as mentioned before, with an extremely humid lo-
cal environment ( the average annual precipitation was
1 100 to 1 600 mm while the average annual evaporation
was 800 to 1 000 mm). As a consequence, the excessive
groundwater is a negative factor during the excavation
process which may not only lead to the destruction of the
site but also threaten the safety of archeologists. Hence,
some measures need to be carried out to ensure the safety
during excavation.

In this paper, two approaches of dewatering methods
were applied to ensure the stability of the ground pit: 1)
Active dewatering by the pump and 2) Passive dewatering
by protective shed. Prior to excavation of the test square,
the dewatering trench was excavated around the test
square and filled with sand and gravel as well as two
pumping wells at the two corners ( see Figs. 2 (a) to
(c)). Meanwhile, the protective shed was built above the
test square to protect it from frequent rainfall and facilitate
the excavation (see Fig.2(d)).
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After the underground water level was lowered to the
depth of 2. 0 m, the test square was dug according to the
standard procedure of archaeological excavation (the top-
down method) as illustrated in Fig. 3. The investigated
test square is 5 m in length, 5 m in width, and 2.3 m in
It consisted of two

depth, with an area in plan of 25 m’.
portions: 1) Archeological column (1.0 m in length x2. 0

Wl

()

Fig.2

at the two corners;

m in width x2.3 m in height) at the center for the pres-
entation of cultural stratum, and 2) A 2.5 m depth of the
peripheral rectangular pit, among which south side was
one step profile and the others were vertical profiles to
make the comparison. The excavation of the test square
was only performed at day time and took 5 d to finish in
total.

(o) (d)

Dewatering measurement during excavation. (a) Excavating a trench around the planned test square; (b) Setting two pumping wells

(c¢) Backfilling the trench with sand and gravel; (d) Building a protective shed above the planned test square

N N N
7. I - | [ 2}
0] U xcavation area
/ vy
/ Archeological < J Archeological - Archeological /
/0 % column 0 / column 2.3 % column /0 /
77 22 | -
(a) (b) (¢)
1.5 2.0 1.5
1 1 1 1
// 77 ) Al
Excavatlon area % o
e %”*;z?iﬁ:“ % s [Fa] = [
23 3 =
Step 1.21 Step 1% ‘;:
(d) (e)

Fig.3 Excavation procedure (unit: m).

2 Monitoring Plan

To investigate excavation behavior and ensure the safe-
ty of labourers, a comprehensive field instrumentation
program is conducted during the entire excavation pro-
gress, as shown in Fig.4. Assuming that the modeled ar-
cheological column sitting the center of the test square re-
mains stable during the process, the monitoring program
excludes the archaeological column.
the entire excavation verifies this assumption.

Although the stability of the modeled test square can
be described by a large number of different valuation in-
in this study, emphasis is given to four indices in
our paper because they are the most widely accepted and

Observation from

dices,

(a) The first day; (b) The second day; (c) The third day; (d) The fourth day; (e) The final day

their results can be interpreted in a straightforward fash-
ion. Specifically, the ground settlement and lateral de-
flection are the most direct indices that reflect the stabili-
ty of modeled test square. Water level is a factor that in-
dicate the change of surrounding soil condition during
the excavation and consolidation period, and pore pres-
sure exhibits the dynamic characteristic change when the
ground water goes down. In other literature,
important evaluation indices are approved for monitoring
the stability, such as axial forces and lateral earth pres-
sures'”! . However, the pit retention system is not adopt-
ed according to the safeguarding principles for the archi-
Therefore,

some other

tectural heritage. axial forces and lateral

earth pressures are not available in this study.
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Fig.4 Monitoring plan layout, plan and cross section (unit: m)

As a matter of fact, the monitored items and related in-
struments are described as follows. Lateral soil move-
ments are measured by four inclinometer casings ( desig-
nated as L1 to L4) distributed on each side. Ground set-
tlements are surveyed at one critical section behind the
north wall by a level instrument ( designated as M1-M8).
The positions of level instruments are optimized by the

U4 " The interval

characterization of the ground settlements
between adjacent monitoring points increases with its dis-
tance from the foundation pit. Specifically, the interval
of M1 to M5 is 0. 5 m ( There is a drainage ditch between
M2 and M3) and from M5 to M8, the interval is 1. 0 m.
The pore pressure at the depth of 1.5 m is monitored by
the vibrating wire piezometer installed inside the bore-
holes except of west side (designated as P1 to P3) and
phreatic water levels are monitored at the observation
wells, as described in Fig. 4. The pore-water pressure,
slope fissures, deep displacement, actual rainfall intensity
and surface runoff were recorded every three hours.

3 Results and Discussion
3.1 Ground settlement

Fig. 5 presents typical ground settlement development o-
ver time at Sections M1 to M8. The measured ground set-
tlements increased during the first 47 h; afterwards, it re-
mained stable at a certain level. According to the excava-

tion log, the north wall was finished before 47 h; hence,
most of ground settlement which was induced by the un-
loading of soil mass took place during this period. Mean-
while, some unusual temporary downward ground settle-
ments (for instance, L =0.8 and 2. 64 m) were caused by
vibrations from the pumping well in drainage ditch.
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Fig.5 Time histories of ground settlement at different points

Fig. 6 summarizes the ground settlement distribution
along distance from the pit edge. Apparently, there is a
small fluctuation along the curve of different excavation
time. As normal, settlement distribution has the tendency
to linearly decrease from the pit edge with the largest val-
ue'”™'. However, influenced by the embedded drainage
ditch ranging from 1.0 to 2.0 m, the settlement around
the drainage ditch shows a uniform increase except for in-
itial excavation stage (2 h). Meanwhile, transient up-
ward ground movement emerges at the distance from 3. 60
to 5.60 m. In terms of the amplitude of variation, the
largest one arises at the time point (47 h), as a result of
overall excavation.
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0 1 2 3 4 5 6 7
0 T T T T T T 1

—40
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-o-23.0
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-0-53.5
-+-71.5
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—-80F

—-100L

Fig.6 Ground settlements under different distances from pit edge

Ground settlement was derived from initial dewatering
and the following unloading of soil mass induced by mod-
eled archaeological excavation. From the variation curve
of ground settlements along the typical section, it is gen-
erally concluded that ground settlement decreases with the
increase of the distance away from the pit edge without
consideration of the effect of drainage trench. As for the
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scale of ground settlement that occurred during excava-
tion, the value ranging from 3 to 6 cm is far smaller than
the acceptable value regulated by the specification ( GB
50497—2009), which to some extent proves that the
modeled test square maintains stability throughout the en-
tire excavation.

3.2 Lateral displacement

The available lateral soil deflections at L1 at different
excavation stages on the east side are shown in Fig. 7(a)
and Fig. 8(a). Due to the limitation of monitoring equip-
ment and space conditions, only lateral soil deflection at a
depth of 2 m was measured. It can be seen that lateral de-
flection at monitoring points increases rapidly in the first
23.5 h and then remains stable at a certain level with con-
siderable fluctuations during the excavation process. With
the increment of depth, the deflection almost grows line-
arly. As excavation proceeds, the distribution curve grad-
ually moves towards the left part of the coordinate sys-
tem, which means that the side wall deforms horizontally
backward. Meanwhile, it can be concluded from the dis-
tribution curves that the soil continues to nearly deform
backward during excavation except the section from 0.5
to 1. 0 m after 112 h, and the absolute deflection value is
lower than 1. 50 mm.

Fig. 7(b) presents the available lateral soil deflections
at L2 at different excavation stages on the south side. The
analysis is conducted from available data of 2 m in depth.

0.5 Depth/m;
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()
Fig.7

Overall, the time histories of lateral displacement varia-
tions show that deflection transmits to a neglective value
in the initial period and then increases rapidly into change
into a positive value until the peak is attained; after-
wards, it remains stable at a certain level. The develop-
ment process reveals that after initial deformation towards
backward, soil horizontal movement runs gradually to-
wards the test square. As can be seen from deflection dis-
tribution along depth (see Fig. 8(b)), after the linear
growth from top to down in the first day, the deflection
curves are characterized by bowl-shaped curves, which
typically reveal that deflection increases to the depth of
1.0 and 1.5 m and then decreases at the depth of 2. 0 m.
With the exception of 23.5 h, the defection distribution
moves towards the right side of the coordinate system,
which fully indicates that the soil deforms horizontally to-
wards the test square and the maximum deflection occurs
at or near the middle part. Similar to the east side wall,
the absolute value of the deflection is relatively low ( be-
low 2.2 mm), which is actually no threat to the stability
of the side wall.

Fig.7(c) and Fig. 8(c) summarize the lateral soil de-
flection at L3 at different excavation stages on the west
side. In the process of excavation, there is an apparent
fluctuation around the zero axis in the initial 75 h, as
shown in Fig. 8(¢). In other words, soil repeatedly moves
backward towards the test square. After that, deflection at
all the monitoring points remains stable at a certain level.

2.5¢
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(d)

Time histories of lateral displacement variations. (a) East side; (b) South side; (c) West side; (d) North side
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Fig.8 Lateral displacement at different depth levels

The distribution of deflection along the depth shows a
transient irregular variation with a neglect value during
the period of the initial 48 h and approximately linear in-
creases with a positive value from top to down, which
fully reflect the change of deformation direction. Consid-
ering the absolute value of deflection, the maximum val-
ue of slant ( £2.5 mm) has no influence on the stability
of the side wall.

The available lateral soil deflection at 14 at different
excavation stages on the north side is also given in Fig.7
(d). Except the monitoring point at the depth of 2. 0 m,
which has a relative high absolute deflection value during
the whole process, the deflection diversely changes a-
round the zero value and finally reaches the peak positive
value. By comparison of the distribution curves at differ-
ent excavation time, as shown in Fig. 8(d), it can be
found that curve moves towards the right side of the coor-
dinate system and the shape of curve changes from mono-
tone increasing at 23.5 h to a bowl-shaped curve after
23.5 h, and the maximum value occurs at the section
from 0.5 to 1.0 m. The final results show that the soil
moves towards the test square. However, it is no threat to
the stability of the pit wall in terms of the maximum value
of deflection ( —1.0 and 0. 8 mm).

By comparison of the lateral displacement that occurred
on the four sides of the modeled test square, it was found
that apparently the distribution along the depth on the east
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. (a) East side; (b) South side; (c) West side; (d) North side

and west sides is different to that on the south and north
sides. The distribution curve of the “bowl” shape on the
south and north sides has been proved by existing re-

19-2
search™ 7"

Meanwhile, the south side with the step
shape can more effectively limit the lateral displacement
compared to the other three sides with a vertical shape,
which is also validated by similar research'™'. However,
the phenomenon with initial movement outwards and the
following movement inwards occurring on the east and
west sides is rarely encountered in past research, which is
possibly created by the excavation procedure and occa-
sional shock by excavation and deserves further study. In
terms of the maximum lateral displacement, the value be-
low 2. 5 mm is far smaller than the acceptable value regu-
lated by the specification (GB50497—2009), which also
proves that the modeled test square is remains stable
throughout the entire excavation as ground settlements in-
dicated. Besides, no local collapse, cracks or fissures
take place during the period of excavation.
words, all the archaeological information is preserved

considerably well during archaeological excavation.

In other

3.3 Pore pressure and water level

Since discharging of the phreatic water imposes sub-
stantial effects on excavation behaviors, the development
of phreatic water levels and the measured pore pressures
are closely monitored during the excavation. Fig.9 pres-



470

Chen Wenwu, Dai Pengfei, Zhang Jingke, Chen Pengfei, Guo Qinglin, and Sun Manli

ents the development of the measured pore pressure at Pl
(east side), P2 (south side) and P3 (west side) at the
depth of 1.5 m. The pore pressure drops sharply from a
positive value to a negative value during the first day. Af-
terwards, it decreases slowly with only occasional oscilla-
tion. From the observation, it can be concluded that soil
has been consolidated while discharging the phreatic water,
which is beneficial to the stability of test square during ex-
cavation. Due to the effect of initial excavation, data from
the phreatic water level on the first day was not obtained.

4r —a— Monitor 1
—o— Monitor 2
—A— Monitor 3

Pore pressure/Pa
=)
T

-6 1 1 1 1 I
0 25 50 75 100 125
t/h

Fig.9 Time histories of pore pressure at different points

The available data displayed in Fig. 10 indicates that the
phreatic water level is maintained at D =2.0 m as expec-
ted. Overall, the phreatic water was dewatered very suc-
cessfully during the excavation period, which was also fa-
cilitated by the pore pressure results. Although the ground
water table remains stable during excavation, pore pressure
shows slight fluctuation, which means that consolidation of
soft soil is still undergoing. As a matter of fact, consolida-
tion of soft soil can take a long time even with the drain-
age measure. Hence, more attention should be paid to
long-term stability considering the subsequent consolida-
tion that affects the stability of the modeled test square.

-1.0p
g
5 -L.5¢
£
g -2.0r L -— WA
& Bottom of pit
-2.5 . L L | ]
0 25 50 75 100 125

t/h

Fig.10 Time histories of water table level

From the point of view on archaeological excavation
and preservation of cultural information, the reason why
the modeled test square remains stable during excavation
is mainly due to the protection shield that prevents rainfall
and dewatering action. Therefore, the results from the
modeled test square for prehistoric earthen sites prove that
the studied excavation method is suitable for the archaeo-
logical excavation and the presence of Liangzhu prehistor-
ic sites or similar sites in the same area.

4 Conclusions

1) Monitoring plays an important role in the stability of
archaeological excavation and preservation of cultural in-
formation as well as in further research on the shape opti-
mum of the test square.

2) Ground settlement generated by dewatering and un-
loading action has no direct influence on the stability of
the test square in terms of its maximum value. Similarly,
although lateral displacement on four sides shows a nonlin-
ear variation along the depth, the occurring maximum val-
ue during excavation does not cause the collapse of the test
square or damage to cultural information. Monitor results
from water level and pore pressure prove that consolidation
of soil mass needs more time. As a result, long-term sta-
bility of the test square should be taken into account.

3) As important preventive environmental control
measures, both the building of the protection shield and
dewatering of the test square in advance largely contribute
to the stability of the test square during excavation.

4) The investigation results presented in this study
show that the proposed excavation methods can meet the
requirements of archaeological excavation in Liangzhu
prehistoric sites.

References

[1] Rotroff S I. Archaeologists on conservation: How codes
of archaeological ethics and professional standards treat
conservation [J]. Journal of the American Institute for
Conservation, 2001, 40(2): 137 —146. DOI: 10. 1179/
019713601806113085.

Arvanitakis M, Mira P, Kotsopoulou E, et al. Stabilisa-
tion and protection of the sides of the trenches and pits of
the Vergina Royal Tombs, Greece [ C]//International
Symposium Organized by the Greek National Group of
IAEG. Athens, Greek, 1988: 249 —252.

Ehrenhard J E. Stabilization and restoration at Russell Ca-
ve [J]. Cultural Resources Management, 1994, 17(1):
28 —30.

Charnov A A. 100 years of site maintenance and repair:

[2

—

[3

—_—

[4

—

conservation of earthen archaeological sites in the Ameri-

can southwest [J]. Journal of Architectural Conservation,

2014, 17(2): 59 —75. DOI: 10. 1080/13556207. 2011.

10785089.

Corfield M. Archaeological sites: Conservation and man-

agement [J]. Journal of the Institute of Conservation,

2014, 37(2): 197 —207. DOI: 10. 1080/19455224.2014.

960693.

[6] Finno R J, Atmatzidis D K, Perkins S B. Observed per-
formance of a deep excavation in clay [J]. International
Journal of Rock Mechanics & Mining Sciences & Geome-
chanics Abstracts, 1990, 27(2): All4. DOI: 10. 1016/
0148-9062(90)95270-b.

[7] Lee FH, Yong K'Y, Quan K C N, et al. Effect of cor-
ners in strutted excavations: Field monitoring and case

[5

—

histories [J]. Journal of Geotechnical & Geoenvironmen-
tal Engineering, 1998, 124(4): 339 —349.



Stability monitoring and evaluation of the modeled test square for prehistoric earthen sites during excavation period

[8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

WE:ATHARE T IR T HIRFT RN
m, P 7] WA A e RS IR . TP ARt AR o 5 ah 3R O Ae AR L

Hashash Y M A, Marulanda C, Ghaboussi J, et al. No-
vel Approach to integration of numerical modeling and
field observations for deep excavations [J]. Journal of
Geotechnical & Geoenvironmental Engineering, 2006, 132
(8): 1019 — 1031. DOI: 10. 1061/( asce) 1090-0241
(2006)132:8(1019).

Kung G T, Juang C H, Hsiao E C, et al. Simplified
model for wall deflection and ground-surface settlement
caused by braced excavation in clays [J]. Journal of
Geotechnical & Geoenvironmental Engineering, 2007,
133(6): 731 — 747. DOI: 10. 1061/( asce) 1090-0241
(2007)133:6(731).

Seo M W, Olson S M, Yang K S, et al. Sequential anal-
ysis of ground movements at three deep excavation sites
with mixed ground profiles [J]. Journal of Geotechnical
& Geoenvironmental Engineering, 2010, 136(5): 656 —
668. DOI: 10. 1061/ (asce) gt. 1943-5606. 0000257.
Hashash Y M A, Whittle A J. Ground movement predic-
tion for deep excavations in soft clay [J]. Journal of
Geotechnical Engineering, 1996, 122 (6): 474 — 486.
DOI: 10. 1061/ (asce)0733-9410(1996) 122: 6(474) .

Jen L C. The design and performance of deep excavations
in clay [ D]. Massachusetts:
Technology, 2005.
Moormann C. Analysis of wall and ground movements
due to deep excavation in soft soils based on a new world-
wide database [J]. Soils and Foundation, 2004, 44(1):
87 —98. DOI: 10. 3208/sandf. 44. 87.

Hashash Y M A, Osouli A, Marulanda C. Central artery/
tunnel project excavation induced ground deformations
[J]. Journal of Geotechnical & Geoenvironmental Engi-
neering, 2008, 134(9): 1399 - 1406. DOI: 10. 1061/
(asce) 1090-0241(2008) 134:9(1399).

Salgado R. The engineering of foundations| M].
York: McGraw-Hill, 2008.

Ou C Y, Hsieh P G, Chiou D C. Characteristics of

Massachusetts Institute of

New

[17]

[18

—

[19

—

[20]

[21]

[22]

[23]

471
ground surface settlement during excavation [J]. Canadi-
an Geotechnical Journal, 1993, 30 (5): 758 — 767.

DOI: 10. 1139/t93-068.

Hsieh P G, Ou C Y. Shape of ground surface settlement
profiles caused by excavation [J].
Journal, 1998, 35(6):
056.

Zhong W W, Ng C W, Guo B L. Characteristics of wall
deflections and ground surface settlements in Shanghai
[J]. Canadian Geotechnical Journal, 2005, 42(5): 1243
—1254. DOI: 10. 1139/t05-056.

Wang J H, XuZ H, Wang W D. Wall and ground move-
ments due to deep excavations in Shanghai soft soils [J].

Journal of Geotechnical & Geoenvironmental Engineering,

2010, 136(7): 985 —994. DOI: 10. 1061/ (asce) gt. 1943-
5606. 0000299.

Tan Y, Wei B. Observed behaviors of a long and deep
excavation constructed by cut-and-cover technique in
Shanghai soft clay [J]. Journal of Geotechnical & Geoen-
vironmental Engineering, 2012, 138(1): 69 —88. DOI:

10. 1061/ (asce) gt. 1943-5606. 0000553.

Tan Y, Wang D. Characteristics of a large-scale deep
foundation pit excavated by the central-island technique in
Shanghai soft clay. [: Bottom-up construction of the
central cylindrical shaft [J]. Journal of Geotechnical &
Geoenvironmental Engineering, 2013, 139(11): 1875 —
1893. DOI: 10. 1061/ (asce) gt. 1943-5606. 0000928.

Zhou Z, Wang H G, Fu HL, etal. Influences of rainfall
infiltration on stability of accumulation slope by in-situ
monitoring test [J]. Journal of Central South University
of Technology ( English Edition), 2009, 16(2): 297 —
302. DOI: 10. 1007/s11771-009 —0051-1.

XuCJ, Cheng SZ, Cai Y Q, et al. Deformation charac-
teristic analysis of foundation pit under asymmetric exca-
vation condition [J]. Rock & Soil Mechanics, 2014, 35
(7):1929 —1934. (in Chinese)

Canadian Geotechnical
1004 —1017. DOI: 10. 1139/198-

SEET L& it#ﬁiu%ﬁiﬂ%ﬁﬁﬁﬁ;ﬁ (6] B 2 7E £ B 0 1E

HXR'? #Emr'?

‘?‘ 7?‘]’] 2

M

AR INEA

(" ZMRFERIRE AR, 2 730030)
CZMREBHRRELREAFHFTHRELLRE, 21 730030)
CHEMARE R ERES S LR TAE KR PO, 30002 736200)
(" b K 3 AL F R, G % 710069)

VAR 3 KR ak A ], T

TR EASm, REA2.3
RIR AT AR, B A5 @ L

M) e 4545  FURR KR Ay Fo bt TR A W), Wooml B8 & 9, o T M AR AndR oy M) 2 #p 47 7| A2 g b B L e A K LG
H BRI NYIEB IR M KT Wi M a4 B AL IR T w69 dE &t T AL B KM @4 A A
i RAR T M TR, FURE N Fo KA R IR TR A R LW X KB i R0 W H T e kR8T
MR RAR 5. B A, R LARIER T 6 - R IT 32T vk B 7732 84 20k U ) w445 A
R TAUM R ak 0 B X F F X R T 5 F M4

KRERA L AT R Ak & F AR IR BRI s AR T

HESTES K854, 1



