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Abstract

This paper presents observed arching-induced ground deformation and stress redistribution behind braced excavation using
the top-down construction method. The soil properties around the excavation were determined by laboratory and field tests.
The ground deformation, soil displacement vector, strain path, principal strain, maximum shear strain, lateral earth pressure,
pore water pressure, and effective stress path are presented based on the measured data. The majority of soil behind the wall
is under volumetric expansion, indicating consolidation, creep behavior, or a combination of both. Besides, two periods of
increases in pore pressure are observed, due to stress transfer from the lower to the upper parts (i.e., soil arching effect).
The deep inward movement of the wall and the nearby soil accounts for the distribution of lateral earth pressure acting on
the wall. The soil located behind the area of maximum wall deformation and adjacent to the wall, as well as the soil below
the excavation base intersected by the shear plane, is in an active stress state. The lateral earth pressure at 5 m from the
left excavation wall showed minimal changes, due to the combined effects of soil arching from lateral excavation and shield

tunneling.
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Introduction

In recent decades, the rapid development of underground
space in cities has led to numerous deep excavation con-
structions (Liu et al. 2005, 2011; Yang et al. 2011; Tan and
Wei 2012; Ou 2014; Hong et al. 2015; Meng et al. 2021).
The main challenge in deep excavation is to ensure the safe
construction of the excavation and to mitigate potential im-
pacts on nearby existing structures (Bolton 1993; Ng et al.
2003; Tan and Li 2011; Bolton et al. 2014; Faustin et al. 2017;
Meng et al. 2022g; Liu et al. 2023). For example, excavation
in Shenzhen resulted in the cumulative horizontal and ver-
tical displacements of the shield tunnel of Metro Line 1 lo-
cated 38 m away to reach 34.8 and 76.8 mm, respectively,
which caused severe cracking and water leakage in the tun-
nel lining (Zhu et al. 2019). Therefore, one essential issue
for the design of braced excavations is the determination of
the ground deformation and stress redistribution behind the
wall. This is closely related to the soil arching effect. However,
there are limits in considering the arching-induced ground
deformation and stress transfer behind the excavation, re-
sulting in inaccurate prediction for deformation and stress
in the soil mass. Therefore, it is necessary to investigate the
soil arching effect behind the excavation to ensure the ser-
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viceability and safety of both the excavation and existing
structures.

Numerical simulations (Hashash and Whittle 2002;
Karlsrud and Andresen 2005; Meng et al. 2022b; Liu et
al. 2023) and theoretical analyses (Mindlin 1936; Sagaseta
1987; Lei et al. 2001; Osman and Bolton 2005; Kung et al.
2007; Cheng et al. 2020) have been employed to understand
the complex behavior of soil during excavation. However,
there are various factors influencing the soil response, and
making it challenging to obtain accurate predictions solely
from these methods. Therefore, field measurements, which
provide direct observations of the actual soil behavior, are
necessary for obtaining reliable and precise data for a better
understanding of the arching-induced deformation and
stress redistribution behind the excavation. The soil arching
effect is one of the most common phenomena encountered
in geotechnical engineering (Terzaghi 1943), including tun-
neling, piled embankments, excavations, and so on. To date,
however, the field measurements that reveal the soil arching
effect behind the excavation are very limited compared with
that caused by shield tunneling and piled embankments,
with only a few studies conducted by Lambe and Whitman
(1969), Ng et al. (2012), Li et al. (2021), Liu (2022), Yang
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Fig. 1. Plan view of the construction site with instrumentations.
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et al. (2023), and Chen et al. (2023). Besides, attention from
previous studies on the arching effect is usually put on the
ground deformation but seldom took into account both
ground movement and stress transfer, which are the two
characteristics of the arching effect. There is only a limited
amount of measured data available regarding the soil strain
path and effective stress path induced by lateral excavation.
Very limited field data are also found for the principal strain
and maximum shear strain behind the braced excavation.
The mechanism of arching-induced ground deformation
and stress redistribution during excavation remains to be
studied. These limit the assessment of the responses of the
nearby ground and existing structures and the development
of corresponding countermeasures.

In an attempt to address the aforementioned issues regard-
ing the excavations, a braced excavation in Wuhan clayey
ground was heavily instrumented. The soil properties in this
site were determined by laboratory and field tests. The mon-
itoring program includes measurement of horizontal and
vertical ground movement, ground surface settlements, di-
aphragm wall deformation, earth pressure, pore water pres-
sure, and strut load. The ground deformation and stress re-
distribution associated with the arching effect were studied
through further analysis of the measured data, including soil
displacement vector, strain path, principal strain, maximum
shear strain, lateral earth pressure, pore water pressure, and
effective stress path.
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Unit: m

Site characterization

Retaining system and nearby tunnel

The excavation studied in this paper is associated with the
construction of a city expressway named the South Exten-
sion of Peace Avenue in Wuhan, Hubei Province, China. The
excavation exhibited an approximately trapezoidal shape, as
depicted in Fig. 1. The width of the excavation ranged from
18.3 t0 21.3 m, and the length was 31.5 m. Focus is paid to the
center cross-section X2 + 152 to observe the two-dimensional
ground responses.

As shown in Fig. 2, the excavation was supported by a
33.5 m deep and 1 m wide diaphragm wall and three levels
of temporary internal bracing. The top and middle levels of
internal bracing each consisted of a pair of reinforced con-
crete (RC) struts measuring a cross-sectional height of 1 m
and a width of 0.8 or 1 m. They were supported vertically
by steel lattice columns at their midpoints. The horizontal
axial spacings of the RC struts were 3.5, 6, and 4 m, respec-
tively. The bottom level of internal bracing was steel casing
pipes measuring 0.609 m in outer diameter and 0.016 m in
thickness. To ensure a stiff retaining system, purlins were
welded between the RC struts and rows of reinforcement
protruding from the diaphragm wall, enabling the RC struts
to be in rigid connection with the wall. The loads from the
retained soil were transferred to the struts via the purlins.
In addition, the excavation bottom was reinforced by soil-
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Fig. 2. Transverse view with instrumentations on Section X2 + 152. RC, reinforced concrete.
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cement mixing columns with depths ranging from 4.8 to
6.0 m.

The shield tunnels lay parallel and west to the exca-
vation, with twin tunnels featuring staggered joints. The
outer boundary was 8.5-9.0 m from the excavation, and the
distance between the right-line tunnel and the excavation
ranged from 8.6 to 11.2 m, with its cover depth at 11.1-
11.8 m. The tunnel and excavation base were at a similar
depth. The lining of the tunnel was 1.5 wide, with internal
and external diameters of 5.5 and 6.2 m, respectively, and a
thickness of 0.35 m.

Ground conditions

Wuhan is situated at the confluence of the Han River
and the Yangtze River in the eastern part of the Jianghan
Plain, which lies in the middle reaches of the Yangtze River.
The construction site fell within the first- and third-order
terraces of the Yangtze River alluvial plain. Before exca-
vation, the ground condition at the construction site was
fully investigated by a series of field tests such as standard
penetration tests and cone penetration tests, and labora-
tory tests, including standard oedometer tests and triaxial
tests.

The ground level was taken as the reference datum. As
shown in Fig. 3, the strata concerned in this excavation were
composed of six layers with a total depth of up to 40 m. Gener-
ally, the subsurface conditions consisted of a layer of (1) mis-
cellaneous fill with a thickness of 6.0 m, followed by a thick
layer of compressible (2) clayey soils ranging from depths 6.0
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to 27.9 m. The underlying soil comprised (5) residual soil at an
average depth ranging from 27.9 to 30.0 m and (6); strongly
weathered silty mudstone at a depth of 29.3-40.0 m. The (2)
clayey soils influenced the excavation significantly and the
shield tunnel located within (2); silty clay and (2), silty clay
interbedded with silt. The long-term groundwater table level
was observed approximately hydrostatic at 4.1 m below the
ground surface.

The average geotechnical parameters of the investigated
layers are summarized in Table. 1. Using average soil prop-
erties is reliable in this study due to the rigorous collection
and analysis methods employed. The soil data, aligned with
Phoon and Kulhawy’s (1999) standards, were collected from
similar geological origins and within confined spatial extents
using robust equipment and procedural controls, thereby
minimizing spatial variability. The limited scale of this ex-
cavation and minimal longitudinal variations in soil prop-
erties further validate the use of average values. These fac-
tors collectively ensure that the average soil properties accu-
rately reflect the inherent characteristics of the excavation,
making them suitable for precise geotechnical analysis and
design.

The boundary water content of each specimen was mea-
sured using a photoelectric liquid-plastic limit combined
measuring device. Taking (2); silty clay as an example, the
typical result from standard oedometer tests and triaxial
tests are shown in Fig. 4. The parameters (Es, E, m) were ob-
tained by standard oedometer test on the undisturbed soil
sample. Pre-consolidation pressure and over-consolidation
ratio of the soil were obtained by using Becker’s method
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Fig. 3. Longitudinal view of the excavation and soil profile.
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Table 1. Average geotechnical parameters.
Number (O @1 @3 @4 ®n ®1
w (%) 27.8 34.3 24.3 24.1 23.5 26.4
y (KN/m3) 17.9 17.9 19.7 19.7 19.4 20.5
eo 0.917 1.043 0.711 0.714 0.679 /
Gs / 2.72 2.72 2.71 2.7 |
Ip (%) | 15.9 15.1 14.7 | |
I, 13.9 0.689 0.417 0.446 / /
Es (kPa) 5000 4097 8473.7 9874.7 12500 38300
E'f (kPa) 5000 3440.4 6585.7 7777.3 12500 38300
E;Sf (kPa) 5000 3931.5 7043.3 8226.0 12500 38300
E‘rlerf (kPa) 15000 42 859.2 50315.4 33375.7 37500 114900
v 0.32 0.37 0.28 0.39 0.3 0.25
m 0.5 0.60 0.72 0.65 0.65 0.5
¢ (kPa) 10 13.7 4.7 12.7 13 14
AR 25 25.8 31.8 284 33 36
¥ (%) 0 0 0.55 0.17 0 0
R¢ 0.9 0.81 0.87 0.70 0.9 0.9
qu (kPa) | 63.1 70.9 98.3 | |
SPT-N / 3.5 3.0 4.0 18 34
OCR | 1.1 1.07 1.06 1.06 |

Note: w = water content; y = unit weight; e = void ratio; Gy = specific gravity; Ip = plasticity index; I; = liquidity index;
Es = compression modulus; ' = reference stiffness from one-dimensional compression tests; EX¢ = reference secant stiffness
of trial axial compression stress paths; E,ﬂif = reference stiffness for unloading/reloading stiffness; v =Poisson’s ratio; m = power
that controls the stress dependency of stiffness; ¢’ = effective cohesion; ¢’ = effective inner friction angle; ¢ = dilatancy angle;
Ry = failure ratio; q, = unconfined compression strength; SPT-N = standard penetration test counts; OCR = over-consolidation
ratio.

(Becker et al. 1987) toward the oedometer test results. This tion of half load for each increment. Once the deformation

test was performed using a step-by-step loading-unloading— of the soil sample stabilized under a particular stress level,
reload method, with a maximum applied load of 800 kPa. The unloading to the subsequent stress level was performed. The
unloading intervals ranged from 200 to 1 kPa with a reduc- compression modulus Es roughly increased with the depth,
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Fig. 4. Laboratory test results of (2)1 silty clay: (a) oedometer test; (b)
drained triaxial test.
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Table 2. Construction stages.

Stage Date (mm/dd[yyyy) Days spent Construction activity
Pre-excavation 0(a) 04/29/2021-05/10/2021 12 Construct grouted struts (—16.9 to —22.3 m)
0(b) 05/15/2021-05/20/2021 Excavate shallow soil (0 to —1.0 m)
0(c) 05/21/2021-05/28/2021 Install first-level RC struts (0 to —1.0 m)
Main-excavation 1(a) 05/29/2021-06/13/2021 16 Excavate first layer (—1.0 to —9.3 m)
1(b) 06/14/2021-06/22/2021 9 Install second-level RC struts (—8.3 to —9.3 m)
2(a) 06/23/2021-07/14/2021 23 Excavate second layer (—9.3 to —13.7 m)
3(a) 07/15/2021-07/24/2021 10 Excavate third layer (—13.7 to —16.9 m)
3(b) 07/25/2021-07/27/2021 Install third-level steel struts (—13.3 to —13.9 m)
3(c) 07/28/2021-08/03/2021 Cast base slab (—15.6 to —16.9 m)
After-excavation 4(a) 08/04/2021-08/06/2021 Remove third-level steel struts (—13.3 m to —13.9 m)
4(b) 08/07/2021-08/23/2021 17 Construct middle slab (—10.3 m to —11.0 m)
4(c) 08/24/2021-08/27/2021 4 Remove second-level RC struts (—8.3 to —9.3 m)
4(d) 08/28/2021-09/11/2021 15 Construct top slab (—4.5 to —5.7 m)
with (2)3 silty clay and (2); silty clay interbedded with silt in ~ Instrumentation

the parameter. Multiple triaxial tests were conducted on the
clays to obtain corresponding strength and stiffness parame-
ters, where each soil specimen was consolidated isotropically
before shearing. More details can be found in the companion
paper (Chen et al. 2023).

Around the construction site, the thickness of each soil
stratum was relatively uniform. This made it possible to com-
pare excavation-induced deformation and stress at different
locations of the site.

Construction sequence

A top-down excavation method was employed for the ex-
cavation. Before excavation, the diaphragm wall was con-
structed and the ground below the excavation base was re-
inforced by soil-cement mixing columns to form “grouted
struts”. They span the entire excavation with a diameter mea-
suring 0.85 m with an axial spacing of 0.6 m. After excavat-
ing the shallow soil, the first-level RC struts were constructed
along the top of the whole diaphragm wall through the inter-
mediary of purlins, which enhanced the total retaining sys-
tem stiffness. Due to the small excavation area, zoned excava-
tion was not adopted. The main excavation involved alternat-
ing cycles of excavation and installing struts. The first-level
and second-level struts were made of RC, while prestressed
steel struts were used on the third level. Soil excavation pro-
ceeded only after RC struts reached 70% of their maximum
strength, ensuring safety and structural integrity. This prac-
tice, acknowledging RC structures’ capability to withstand
loads exceeding 75% of their short-time capacity without fail-
ure, employs the 70% threshold as a safety margin (Ma 2021).
This balanced construction progress with stability under dif-
ferent load conditions. To meet the projected construction
schedule, the installation of third-level struts was postponed
until the final excavation depth was reached. Following the
completion of the base slab construction, the third-level steel
struts were removed and a middle slab was cast above their
place. The installation procedure for the top slab was identi-
cal to the middle slab. The detailed construction stages can
be found in Table 2.

2740

To improve understanding of the arching-induced ground
deformation and stress redistribution behind the braced ex-
cavation, various instruments were heavily installed at the
construction site, especially the excavation center (Section
X2 + 152). In this paper, the data obtained from lateral earth
pressure (EP) cells, piezometers, strut load cells, inclinome-
ters, extensometers, and ground surface settlement marks
were presented (refer to Figs. 1 and 2). The resolution and
accuracy of instruments are shown in Table 3.

To measure the lateral earth pressures at varying distances
behind the wall, several vibrating wire EPs were installed on
both sides of Section X2 + 152. Each EP was accompanied by
a piezometer (P) situated at the same depth as the Ps to mea-
sure corresponding pore pressures so that the effective earth
pressure could be captured. The initial readings of the EPs
and Ps were recorded and calibrated against the correspond-
ing lateral earth pressure at the same depth and hydrostatic
water pressure at each depth, respectively. The EP was firmly
fixed to the grooves of the tube, which was then gradually
lowered into the borehole and secured with screws. The EP
was oriented toward the excavation to measure lateral earth
pressure. Once the tube was fully inserted into the borehole,
the gaps between the tube and the soil were quickly filled
with bentonite balls, clay, and sand. The inside of the tube
was also filled with bentonite balls, which absorbed water
and expanded to squeeze the EP outward, making it in firm
contact with the outside soil. The installation of the piezome-
ter was similar to the EPs. The piezometer was fully saturated
by immersing it in clean water for more than 24 h. Subse-
quently, it was lowered by using a rope to a specific depth
in a borehole that was partially filled with slurry. Once the
desired depth was reached, the rope was fixed and the gap
between the borehole and the piezometer was filled. The top
of the slurry in the borehole was identical to the groundwater
table.

The installation process for inclinometers and extensome-
ters involved several steps. Inclinometers were installed both
in the diaphragm wall and surrounding ground, with careful
consideration of depth, alignment, and error correction. In

Can. Geotech. J. 61: 2735-2754 (2024) | dx.doi.org/10.1139/cgj-2023-0227
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Piezometer Lateral earth
Instrument (P) pressure cell (EP) Load cell Inclinometer probe Extensometer Leveling
Resolution 0.3 kPa 0.3 kPa 1.6 kN 0.1 mm/500 mm gauge length 0.015 mm +0.5 mm/km
Accuracy 2.0 kPa 2.0 kPa 3.0 kN 0.1 mm/500 mm gauge length 0.25 mm +0.5 mm/km

the installation process, it was specified that instrumentation
boreholes should extend about 10 m deeper than the final ex-
cavation depth. This was aimed at reaching into the ground
where movement is minimal, ensuring more stable and re-
liable readings (Schwamb et al. 2016). The process involved
taking multiple initial readings, which were later averaged
to enhance accuracy and repeatability.

The inclinometers were fixed to reinforcement cages be-
fore casting concrete to measure wall deflection. The hori-
zontal ground movements were also measured by the incli-
nometers embedded into the borehole behind the wall. The
inclinometers had a pair of grooves oriented in the expected
measured direction of movement. These inclinometers were
installed behind the wall at a distance of 2, 5, 7, and 11 m.
However, due to the presence of the tunnel, an inclinometer
was not installed at a distance of 11 m on the left side. The
inclination was measured using probes with a resolution of
0.1 mm over a 500 mm gauge length.

The magnetic extensometers with a resolution 0of 0.015 mm
for measuring vertical ground movements were attached to
the tubes, which were lowered section by section into the
borehole. The bottom tube was positioned on the bedrock to
ensure absolute displacement measurements. The magnetic
claws of each extensometer were securely anchored into the
ground so that the claws could simultaneously move verti-
cally with the ground and the extensometer could measure
the vertical ground displacement. Extensometers were posi-
tioned at the excavation center, at intervals of 2, 5, 7, and
11 m behind the diaphragm wall, and depths of 4, 11, 17,
and 22 m below the ground surface.

Markers for measuring ground surface settlement were
buried 0.5 m below the ground surface and perpendicular to
the excavation. The markers were positioned at varying dis-
tances from the diaphragm wall, specifically at intervals of
2,5,7,9, 12, 16, and 20 m. The markers were measured by
level with a resolution of 0.5 mm/km, concerning a bench-
mark socket located approximately 85 m (equivalent to five
times excavation depth) behind the wall. The measurements
from the inclinometer, surface settlement marks, and exten-
someter captured the direction and magnitude of the ground
movements.

The loads on each strut were determined by measuring
the strains using vibrating wire strain gauges. Subsequent
changes in strain from the initial values were used to cal-
culate the loads applied to the struts. To reduce the impact
of temperature, the strut loads were measured daily in the
evenings.

All monitoring instruments were initiated to start measur-
ing in the stage of pre-excavation. Emphasis is put on the
measured results during the main excavation (from 29 May
2021 to 24 July 2021). The measured data were minimally
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time-affected after reaching the final excavation depth due
to the fast casting of the slabs following excavation.

Interpretation of measured results

This paper distinctively focuses on the two-dimensional ef-
fects of braced excavation in the clayey ground, incorporat-
ing analyses of soil displacement vectors, strain path, shear
strain, effective stress, and pore water pressure. In contrast,
the companion paper (Chen et al. 2023) concentrates on
three-dimensional ground responses, primarily investigating
aspects like partitioning the soil arching and total lateral
earth pressure, without delving into the parameters this pa-
per explores.

General ground deformation

The general ground response throughout excavation in this
part was described by examining the diaphragm wall, and
horizontal and vertical ground displacements. In this study,
settlement is considered negative and heave is regarded as
positive, aligning with the conventions used in Tan and Wang
(2013b), Li et al. (2021), and Yang et al. (2023). As depicted
in Fig. 5, both the diaphragm wall and the ground near the
wall exhibited inward concave (deep-seated) deformations.
This matched trends seen in other deep excavation databases,
particularly showing the typical deep-seated deformation de-
tailed by Hsieh and Ou (1998).

This phenomenon can be attributed to the installation of
the initial RC strut before excavation, which restricted de-
formation at the wall’s top. Initially, maximum wall deflec-
tion was observed around the second strut. However, as exca-
vation continued, this point of maximum deflection shifted
deeper, paralleling the excavation depth. The maximum wall
deflection recorded was 16.7 mm, representing roughly 0.1%
of the total excavation depth. The normalized wall deforma-
tion observed varied between 0.03% and 0.1%, aligned with
the minimal range of normalized wall deformation in Shang-
hai soft clay reported by Tan and Wang (2013a). These nor-
malized values fell within the range of 0.2%-0.5% excava-
tion depth for those summarized by Ou et al. (1993). These
findings were less than Clough and O’Rourke’s (1990) max-
imum deformation of 0.2% excavation depth in stiffer soils
and Peck’s (1969) data of 1% excavation depth, which primar-
ily involved pile-supported lateral systems.

Furthermore, the maximum horizontal displacement in-
creased with distance from the wall and gradually shifted to-
ward the ground surface, forming a cantilever-shaped profile
of horizontal ground displacement. This phenomenon is con-
sistent with the case histories observed by Li et al. (2021) and
Yang et al. (2023). The tunneling-induced disturbance caused
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Fig. 5. Transverse ground horizontal displacements and surface settlements on Section X2 + 152.
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a reduction in the strength and stiffness of the surrounding
soil (Meng et al. 2018), resulting in slightly greater horizontal
displacement on the left side compared to the right side.

Deep inward movement presented by the wall, accounted
for the maximum surface settlement occurring at some dis-
tance from the wall. The maximum ground surface settle-
ment was located about 5 m behind the wall, recorded at
—9 mm and accounting for 0.053% of the excavation depth.
This concave surface settlement pattern corresponded to the
deep-seated deformation of the wall, which was a typical set-
tlement profile observed by Hsieh and Ou (1998). The settle-
ment trough extended to approximately 1.5 times the exca-
vation depth behind the wall. The ratio of the maximum sur-
face settlement to the maximum wall deformation was 0.54,
which was similar to the field measurement of 0.56-0.78 by
Ou et al. (1998), and was also generally within the range of
the findings by Clough and O’Rourke (1990).

Figure 6 depicts the contours of horizontal ground dis-
placement after the third layer excavated, which were de-
rived through a combination of measured inclinometer data
and Kriging interpolation. It was assumed that the soil lo-
cated beyond three times the excavation depth from the wall
was minimally impacted by excavation, and therefore the
ground displacement at these distant locations was consid-
ered zero (Ou et al. 2000).

Kriging is a widely used geostatistical method for gener-
ating interpolated contours from scattered data. It is recog-
nized as an effective method in environmental and spatial
studies for modeling spatial correlations with associated un-
certainties (Trochu 1993). A standard deviation grid was in-
corporated to quantify uncertainty, and Point Kriging, tai-
lored to the specific characteristics of the data, was employed
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Fig. 6. Contour of horizontal ground displacement on Section
X2 + 152 after the third layer excavated.
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for a more nuanced spatial analysis. Additionally, monitoring
points were densely placed at the excavation center to min-
imize interpolation uncertainties, thus enhancing the accu-
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Fig. 7. Contour of vertical ground displacement on Section
X2 + 152 after the third layer excavated.
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racy of the findings. This approach, balancing raw data rep-
resentation with the inherent uncertainties of interpolation,
aligns with methodologies used in recent field studies (Li et
al. 2021; Yang et al. 2023), validating the correctness of the
interpolated data in corresponding figures.

As shown in Fig. 6, the soil near the top of the wall and the
excavation base showed minimal horizontal displacement. In
contrast, the soil behind the maximum wall deformation ex-
perienced the most significant horizontal movement. The rel-
ative movements between the two parts resulted in the for-
mation of a horizontal displacement arch visibly marked in
Fig. 6 with red dash lines. This phenomenon was similar to
that observed in Terzaghi’s trapdoor test and shield tunnel-
ing, where the soil arching effect occurred. It was due to that
the soil displacement behind the maximum wall deforma-
tion was greater than that at the neighboring parts, result-
ing in the resistance of shear strength and the stress trans-
fer from the soil behind maximum deformation to the adja-
cent relative stationary parts. In other words, the maximum
wall deformation was akin to that of the downward trapdoor
or shield tunnel machine, while the distinction was that the
wall was continuous, whereas the other two were separate.

Figure 7 displays the contours of vertical ground displace-
ment after the third layer excavated, which were obtained
from extensometer measurements and Kriging interpola-
tion. An obvious settlement concentration zone in the shal-
low soil was observed, with the maximum settlement occur-
ring approximately 5 m away from the wall. This was consis-
tent with the location of the maximum ground surface settle-
ment. The ground settlement within the shallow depth was
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greatest and decreased gradually with depth. In Terzaghi’s
trapdoor test, the trapdoor’s downward movement aligned
with gravity direction, predominantly causing vertical soil
displacement. In contrast, the equivalent “trapdoor” in the
context of excavation moved horizontally, intersecting with
gravity and thereby inducing both horizontal and vertical
soil displacements. The dominant horizontal displacement
results in a less apparent vertical displacement arch, while
the horizontal displacement arch is more pronounced.

Displacement vector

To comprehensively analyze the trends of soil movement,
Figs. 8 and 9 present the vectors illustrating the soil move-
ments behind the wall during stages 1(a)-3(a). These figures
were obtained based on inclinometer measurements for hor-
izontal displacements and extensometer measurements for
vertical displacements.

The displacements, particularly within the clays above the
excavation base, were oriented at approximately 45° and in-
dicated progressive movements toward the wall, while the
soil below the excavation base showed an upward movement
toward the wall. The vertical displacements of the soil at the
depth of the excavation base were insignificant, with domi-
nant horizontal displacements toward the wall. In fact, there
was a tendency for the displacement vectors to be oriented
toward the excavation base. The movements increased with
the excavation depth. These incremental movements were in-
dicative of a block-type movement that was associated with
the development of a shearing plane. A similar response
was observed in the case history reported by Finno et al.
(1989b). The areas with larger displacement vectors were con-
centrated above the excavation base, within approximately
0.6 times the excavation depth from the wall. The deforma-
tions were larger as closer to the wall, and the maximum dis-
placement reached approximately 16 mm, which was about
0.95 times the excavation depth.

As shown in Fig. 9, the horizontal displacements of the soil
near the wall were observed considerably larger than the ver-
tical displacements, while that far from the wall usually ex-
hibited less than the vertical displacements. In other words,
the ratio of vertical displacement to horizontal displacement
increased with the distance from the wall. Furthermore, the
maximum vertical soil movement did not occur at the ground
surface, but rather about 4 m below the surface. This sug-
gested that the soil movements were not uniform throughout
the depth behind the wall, with differences observed at dif-
ferent depths. Besides, the incremental vectors of soil move-
ment were mainly concentrated during the first and second
layers of excavation, which was due to the deeper excavation
level in these two stages.

Strain path

The soil strains were computed from the inclinometer,
extensometer, and ground surface settlement mark mea-
surements using the method proposed by Finno and Nerby
(1989a). The horizontal strain ¢, components were computed
from inclinometer measurements by dividing the differential
horizontal displacement by the initial horizontal distance.
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Fig. 8. Ground movement vectors on Section X2 + 152 during excavation: (a) first layer excavated; (b) second layer excavated;
and (c) third layer excavated.
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The vertical strain ¢, components were computed from ex- monly used in computing ground strain (Finno and Nerby

tensometers and settlement marks by dividing the differen- 1989a; Ou et al. 2000; Li et al. 2021; Chen et al. 2023; Yang
tial vertical movements by the initial vertical distance. The et al. 2023). The soil strain paths at stages 1(a), 2(a), and
shear strain e, components were half the sum of the an- 3(a) were derived from strain magnitudes at the midpoint
gular distortions (Au/Ay + Av/Ax). This method was com-  between the two measured points. Positive values indicated
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Fig. 9. Incremental vectors of the soil movements during excavation on Section X2 + 152.
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tensile strain for horizontal and vertical strain, while neg-
ative values represented compressive strain, and the shear
strain was presented by the absolute values. The installa-
tion of densely distributed monitoring points could ensure
the accuracy and reliability of the fixed midpoint for strain
calculation.

As shown in Fig. 10a, the ¢, and &, increased with the
excavation depth. The majority of the soil located behind
the wall experienced horizontal extension and vertical com-
pression, except for the soil near the crest of the wall and
at shallow depths, which was subjected to horizontal com-
pression and vertical extension. This phenomenon was con-
sistent with the measured lateral earth pressure, which at
shallow depth appeared to exceed the initial values and that
at deep levels was lower than the initial values (described
below).

The maximum horizontal and vertical strains were concen-
trated behind the maximum wall deformation, specifically at
points C, G, and K. This demonstrated that the soil behind
the maximum wall deformation was under a larger horizon-
tal extension and vertical compression. Furthermore, as the
distance from the wall increased, the corresponding strain
decreased. The maximum horizontal tensile and compressive
were 1.35% and —0.11%, respectively, and the corresponding
vertical strains were 0.16% and —0.83%, respectively. The ratio
between maximum horizontal and vertical strains was 1.63,

indicating that the soil strain in the lateral excavation was
mainly under horizontal extension.

As shown in Fig. 10b, the horizontal axis represents soil
volumetric change, while the vertical axis represents shear
strain. Except for points E and H, the volumetric strains in
the measured soil points during the excavation process were
slightly greater than zero. This indicated that the majority
of the soil behind the wall experienced volumetric expan-
sion (positive values on the horizontal axis), except for points
E and H, where volumetric compression was observed. Al-
though the volumetric expansion was consistent with exca-
vation unloading, it was noteworthy that the excavation ac-
tually took place under undrained loading conditions, and
the volumetric change should ideally be zero. However, most
of the soil exhibited nonzero volumetric changes. This sug-
gested that there could have been consolidation or creep ef-
fects, or both, in the saturated clay due to water movement
during excavation.

The strain paths of points E and H revealed lateral com-
pression existed within the soil mass, induced by the incre-
mental movement of the soil toward the braced portions of
the wall. In addition, the soil at point H located below the ex-
cavation base was sheared significantly, which possessed the
maximum shear strain of 0.42%. This demonstrated that the
shear plane was developed around the wall below the exca-
vation base and passed through point H.
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Fig. 10. Strain paths: (a) relationship between horizontal strain and vertical strain and (b) relationship between normal strain
and shear strain.
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Figure 11 shows the principal strain increments at stage

Normal strain, (&+&,)/2 (%)

3(a), derived based on horizontal, vertical, and shear strain
using the theory of Mohr’s circle; the calculation equation is
shown below:

2
en + &v &h — &y Yhv \ 2
D ans 05 (5)
W) o= \/( ) + (%
(2) tan20= ™ _
Eh — &y

where ¢; and &, are major and minor principal strains,
respectively; ¢, and &, are horizontal and vertical
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(b)

Normal strain, (&+¢&,)/2 (%)

strains, respectively; yny is the shear strain; and 6 is
the angle between principal direction and horizontal
direction.

The majority of the soil behind the wall was in a state of
lateral or near-lateral extension. This phenomenon was con-
sistent with the observed strain increments shown in Fig 10.
Notably, the magnitudes of the principal strain increments
were found to be larger in the soil near the excavation base
compared to other areas. This suggested that the soil behind
the excavation base experienced relatively higher levels of
strain, due to the maximum lateral wall deformation occur-
ring near the excavation base. Besides, the directions of the
principal strain increments of the soil below the excavation
base were also inclined much more than in any other part of
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Fig. 11. Principal strain increments on Section X2 + 152.
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the soil, which was associated with the development of the
shear plane.

Maximum shear strain

Figure 12 shows the maximum shear strain at stage 3(a),
calculated from horizontal, vertical, and shear strain using
the following equation:

Ymax Eh — &y 2 Yhv \ 2
) 2 _\/< 2 >+<7)
where y nax is the maximum shear strain; ¢, and ¢, are hori-
zontal and vertical strains, respectively; and yyy is the shear
strain.

The maximum shear strain within the soil mass was ori-
ented at 45° and developed behind the maximum wall de-
formation, which was consistent with the strain path in Fig.
10. In fact, the increment of maximum shear strains demon-
strated the unmistakable formation of a zone of concentrated
shear strains in a distinct zone behind the maximum wall
deformation. The maximum incremental shear strain mag-
nitude near the wall was approximately 2.20%. The presence
of these strains was consistent with the rotating principal
strains at depths below the excavation base (Finno and Nerby
1989a). The shear strain near the ground surface ranged from
0.33% to 0.36%, smaller compared to that behind the maxi-
mum wall deformation. This suggested that the shear plane
did not develop to the ground surface; otherwise, the larger
shear strain or cracks would be observed at the ground sur-
face.
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Fig. 12. Maximum shear strain on Section X2 + 152.
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Distribution of lateral earth pressure

Figure 13 shows the measured strut loads and lateral earth
pressure at stage 3(a). Notably, the second strut, positioned
proximate to the point of maximum wall deformation, func-
tioned as the primary support, bearing a load of 4868 kN. In
contrast, the load on the first strut was comparatively lesser,
approximately 1066 kN. It was observed that the lateral earth
pressure approximately 9 m below the surface exhibited a de-
crease, whereas there was an increase in earth pressure in
the shallower overlying parts. This phenomenon has been
also observed by Ou et al. (1998), Ng and Yan (1998), Ma et
al. (2010), and Tan and Wang (2013b). The observed pattern of
stress was associated with the arching effect, which could be
understood as examining the soil deformations as the exca-
vation proceeded. Once the topmost strut was installed and
tightly wedged against the wall, it prevented any further ap-
preciable horizontal displacement of the soil at that depth. As
the soil was excavated at a lower depth, the remaining soil at
that level moved inward until it was prevented by the mid-
dle strut. As a result, the overall pattern of soil movement
took on a deep-seated pattern. The larger inward movements
of the soil behind the maximum wall deformation led to the
resistance of shear stress between the contact parts, further
causing stress transfer and exerting drag-type shear stress on
the overlying soil. Hence, the soil near the top of the wall
was in a more passive stress state rather than an active state
of stress.

As depicted in Fig. 14, the lateral earth pressure ratio was
defined as the ratio of the lateral earth pressure after exca-
vation to that before excavation. In the shallow soil, the R,
values increased, with a decreasing trend of increment as
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Fig. 13. Distribution of lateral earth pressures and horizontal strut loads on Section X2 + 152.
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the distance increased. In the deep soil, the degree of lat- and the potential sliding plane passed through, which indi-
eral earth pressure reduction varied, with the maximum R, cated stress redistribution occurring. Both sides of the ex-
reduction of 0.62 occurring behind the maximum wall de- cavation were asymmetric, with a shield tunnel located ap-
formation. This area experienced the highest shear strain proximately 10 m away from the left side. However, the R,
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Fig. 15. (a) Distribution of the pore pressure at different excavation phases on both sides of the excavation and (b) changes of

pore pressure on the right side throughout construction.
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values varied at a distance of 5 m from both sides of the ex-
cavation. On the right side of the excavation, the R, values
decreased, with a maximum reduction of 0.79. In contrast,
R, values on the left side remained relatively unchanged,
which was an interesting phenomenon. This was related to
the interaction between the soil arching induced by the lat-
eral excavation and the shield tunneling-induced soil arch-
ing. The shield tunneling induced the soil arching effect, re-
sulting in stress redistribution within the surrounding soil.
The subsequent lateral excavation led to another stress re-
distribution (soil arching effect). The interaction between the
two arching effects eventually formed a relatively stable arch-
ing in the middle, resulting in little stress change in that
area. If the stable arching was not formed, the excavation-
induced unloading could cause a reduction in lateral earth
pressure.
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(b)

Pore water pressure

Due to the absence of dewatering processes during the ex-
cavation phase, it can be logically inferred that the water ta-
ble on the retained side remained stable. Consequently, the
variations in pore water pressure observed at this site were
predominantly the result of excavation-induced load release
and subsequent stress redistribution.

As shown in Fig. 15a, the initial pore water pressure fell be-
hind the initial hydrostatic line, indicating that excess pore
water pressures induced by diaphragm walling and base rein-
forcement were fully dissipated before excavation. The mea-
sured pore water pressure decreased gradually as the excava-
tion progressed, which could be attributed to the excavation-
induced stress release. The pore pressure at 17 and 22 m
below the surface decreased by 15.9 and 24.4 kPa, respec-
tively. The pore water pressure decreased more with increas-
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Fig. 16. Contour of pore pressure variations on Section X2 + 152.
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ing depth due to larger stress release in the deeper soil. As
shown in Fig. 15b, two periods of increases in pore pressure
were observed, corresponding to the excavation of the sec-
ond and third layers, respectively. During both periods, the
increases were associated with stress transfer from the lower
to the upper parts of the soil, indicative of the soil arching ef-
fect. These small increases during excavation occurred imme-
diately after each shear zone developed (Finno et al. 1989b).
In fact, a noticeable decrease in pore pressure was observed
during the formation of the shear plane. After the comple-
tion of shear plane development, there was a gradual increase
in pore pressure. This phenomenon was also observed in the
case histories reported by Finno et al. (1989b), Ng et al. (2012),
and Li et al. (2021).

Figure 16 shows the pore pressure variation contours de-
rived from the observed piezometer and Kriging interpola-
tion for stages 3(a). Excavation caused the pore pressures to
decrease with increasing depth and with decreasing distance
from the wall. The pore pressure concentration zone was ob-
served below the excavation base. The pore pressure zone was
bounded by the horizontal distance less than 20 m from the
wall and by the depth approximately less than the wall depth
(depth = 33.5 m)

Effective stress path

Figure 17 illustrates some representative effective stress
paths at stages 0(c), 1(a), 2(a), 3(a), and 3(c), derived from mea-
surements of total lateral earth pressure o, and pore pres-
sures u, assuming that the initial total vertical stress was con-
trolled by the weight of the overlying soil. The horizontal ef-
fective stress o’y was calculated using the measured total lat-
eral earth pressure and corresponding pore water pressure.
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The vertical total lateral stress o, was assumed to be con-
stant, and the changes in vertical effective stress o’y were
only caused by corresponding pore water pressure. The lat-
eral earth pressure coefficient Ky, was considered as 0.7, be-
cause of the construction of the diaphragm wall (Ng et al.
2012). Therefore, the initial oy could be back-calculated from
the corresponding initial o,. Besides, the at-rest earth pres-
sure line (Ko line), failure line (K¢ line), and Rankine’s pas-
sive and active limiting pressures with and without consid-
ering soil-wall friction were included in Fig. 17. The aver-
age effective inner friction angle, ¢’ (i.e., 30.0°), the aver-
age effective cohesion, ¢’ (i.e., 10.1 kPa), and the soil-wall
friction angle §’ taken as one-third of ¢’ (i.e., 10°) were
taken from Table 1 for calculating the limiting pressures.
The arrows in the figure represent the direction of soil stress
paths.

As shown in Fig. 17a, the effective stress path at EP5 and
EP8 exhibited a decrease in o', (due to lateral stress relief)
and an increase in o’y (due to the decrease in pore pressure)
during excavation. At stage 2(a), the stress path intersected
the active limiting line, indicating an active stress state in
the soil located both behind the maximum wall deformation
(near the wall at EP5) and along the shear plane (at EP8). This
result was consistent with Lambe and Whitman (1969), who
stated that the state of stress in the soil behind a braced cut
has often been described as an arching active condition. Fur-
thermore, the stress path recorded at EP8 closely resembled
that observed in the EP6(R) from the soft clay excavation in
Ng et al. (2012), indicating similar stress behavior in the exca-
vation. However, the effective stress path at EP9 first showed
an increase in ¢’y (due to lateral stress relief less than the
pore pressure decrease) and o’y (due to the pore pressure de-
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Fig. 17. Effective stress paths: (a) relationship between effective horizontal stress and effective vertical stress and (b) relation-

ship between mean normal stress and shear stress. EP, earth
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crease). The effective stress path at EP9 moved toward the
active limiting line but did not reach it, suggesting that the
soil behind the maximum wall deformation but far from the
wall was not in an active state of stress. The effective stress
paths at EP4 near the second strut first showed a decrease in
o’n and an increase in o'y, and experienced a reversal in the
direction of the stress path after crossing the K, line without
considering ¢’ and &', and then turning to an increase in both

Can. Geotech. J. 61: 2735-2754 (2024) | dx.doi.org/10.1139/cgj-2023-

(b)

o’p and o’y. This indicated that soil at EP4 approached the
active failure state during excavation.

As shown in Fig. 17b, the effective stress path at EP5, EP6,
EP7, and EP8 registered an increase in mean normal stress p’
and shear stress q’, and roughly all crossed the Kt line con-
sidering ¢’ and ¢'. This meant that the soils at these points
reached the shear strength limit and were in the failure state,
which was consistent with the results in Fig. 17a. The effec-
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tive stress path at EP4 and EP9 showed an increase in p’ and ¢/,
but both did not cross the K¢ line with considering c’. Besides,
a reversal in the effective stress path at EP4 was observed.
This was also consistent with the results in Fig. 17a, where
the soils at EP4 and EP9 were approached but not in an ac-
tive failure state.

Conclusions

This study focuses on the observed transverse ground
movement and stress redistribution associated with the arch-
ing effect behind the braced excavation, including ground
deformation, soil displacement vector, strain path, principal
strain, maximum shear strain, lateral earth pressure, pore
water pressure, and effective stress path. Based on the field
observations and further analyses, the following conclusions
can be drawn.

(1) The diaphragm wall and the ground near the wall ex-
hibited inward deep-seated deformations. The maximum
wall deflection recorded was 16.7 mm, which accounts for
approximately 0.1% of the excavation depth. The soil dis-
placement behind the maximum wall deformation was
greater than that at the neighboring parts, resulting in
the resistance of shear strength and the stress transfer
from the soil behind maximum deformation to the adja-
cent relative stationary parts.

(2) There was a tendency for the soil displacement vectors
to be oriented toward the excavation base. The move-
ments above the excavation base were oriented at approx-
imately 45° and indicated progressive movements toward
the wall. These incremental movements were indicative
of a block-type movement associated with the develop-
ment of a shearing plane. The horizontal soil displace-
ments near the wall were observed considerably larger
than the vertical displacements and the ratio of vertical
displacement to horizontal displacement increased with
the distance from the wall.

(3) The majority of the soil behind the wall experienced vol-
umetric expansion. This suggested that the soil volume
change has been influenced by consolidation, creep be-
havior, or a combination of both. Besides, the soil lo-
cated below the excavation base and passed through by
the shear plane had the maximum shear strain of 0.42%.
The orientations of the principal strain increments were
observed to be significantly more inclined compared to
other parts within the soil This inclination was closely
associated with the formation of the shear plane.

(4) Two periods of increases in pore pressure were associated
with stress transfer from the lower to the upper parts (i.e.,
soil arching effect). In the course of shear plane develop-
ment, there was a discernible decrease in pore pressure.
Conversely, following the formation of the shear plane,
a gradual increment in pore pressure was observed. The
pore pressure variation zone was characterized by a hor-
izontal extent not exceeding 20 m from the wall, and a
vertical limit roughly less than the depth of the wall.

(5) The soil behind the maximum wall deformation and near
the wall and soil below the excavation base and passed
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through by the shear plane were in an active stress state.
The soil behind the maximum wall deformation but far
from the wall did not reach the active state of stress. The
lateral earth pressure at 5 m from the left wall of the exca-
vation remained relatively unchanged due to the interac-
tion between the lateral excavation-induced soil arching
and the shield tunneling-induced soil arching.
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