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Abstract: An ultra-deep L-shape foundation pit in a coastal area has recently been constructed and
monitored. The project overview, geological conditions, excavation sequence and monitoring scheme
are introduced in detail. The deformation of the retaining structure and surrounding strata are
analyzed in detail through the measured data and 3D numerical simulation. The results show that the
exceptional performance of the current project is due to the combination of under-excavation and over-
excavation during construction. The under-excavation procedure restrained the wall deflections at the
middle part of the diaphragm wall, making the corner effects at the corresponding side inapparent.
Both the under-excavation and over-excavation procedure can only influence the performance of
the excavation in close proximity, while having negligible impacts on the normally excavated areas.
Based on the results of this study, practical suggestions are given to improve the performance of
similar excavations in the future.
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1. Introduction

Shanghai is a role model city in developing underground space in China, in which
the available underground space has been extensively exploited. Thus, new underground
projects are inevitably surrounded by numerous other projects. In addition, Shanghai is lo-
cated on the east coast of China and the most covered soils in the area are mainly composed
of marine sediments and are characterized by a high water content, high compressibility,
low shear strength, and low bearing capacity, which are very unfavorable to underground
constructions [1–5]. Therefore, it is a great challenge to construct new underground projects
in the area. Due to the complexity of deep excavations, it is impossible to consider every
site scenario during the design process. Therefore, field monitoring is the most intuitive
method to guarantee project safety. Field monitoring can provide immediate feedback
to engineers, so that appropriate countermeasures can be timely adopted [6–10]. In ad-
dition, well-documented field data provide high-quality information for researchers to
calibrate and validate theoretical and numerical methods, and thus improve their ability
to predict the behaviors of future projects [11–14]. Moreover, currently, excavation design
relies mainly on empirical or semi-empirical approaches established from field data [15–18].
Meanwhile, numerical simulation is also widely used in the analysis of foundation pit
excavation and construction technology optimization [19–21]. Various scholars have also
used the centrifugal model test to study the deformation characteristics of foundation pit
excavation [22–26].

The basement excavation described in this paper was constructed with the bottom-up
method for an underground substation in Shanghai (i.e., the Shanghai Jimo Substation
project). The project is of particular interest because both over-excavation and under-
excavation occurred during the construction, making its excavation-induced performance
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somewhat abnormal. Over-excavation refers to an excavation depth that exceeds the
planned excavation depth, while under-excavation refers to an excavation depth that does
not reach the planned excavation depth. In order to evaluate the performance of the exca-
vation, as well as to investigate the influence of the under-excavation and over-excavation
procedure, a case study based on this project was carried out. The subsurface conditions,
earth-retaining system, and construction procedures of the project are introduced in de-
tail. Furthermore, the field measurements of the diaphragm wall deflections, the ground
settlements, the axial forces of struts, the vertical movements of the interior columns and
wall tops, and the groundwater levels outside the excavation are reported, analyzed, and
discussed. Finally, a series of three-dimensional analyses were carried out to quantify the
impact of different construction procedures.

In contrast to the previous work, which generally focuses on the structural aspects of
deep excavations and the corresponding interaction with the adjacent properties, this paper
investigates the influence of different construction procedures on the performance of deep
excavations. The reported project and the relevant data facilitate a thorough understanding
of the general performance of deep excavations constructed by the bottom-up method
in soft clays. In addition, the numerical study based on this project provides valuable
references and practical suggestions for future projects.

2. Project Information
2.1. Site and Structure Description

The investigated pit was excavated for a 220 kV underground substation in the Pudong
District of Shanghai. The site plan of the project and the instrumentation layout for field
measurement are presented in Figure 1. As shown in the figure, the site of the project was a
triangular area surrounded by Yincheng Road, Rizhao Road, and Changyi Road. There was
a two-story masonry building on Changyi Road, with a distance of 17.3 m to the excavation.
On Rizhao Road, there was an eleven-story steel-reinforced residential building, a three-
story masonry building, and an eighteen-story steel-reinforced building with distances of
34 m, 47 m, and 55 m, respectively, to the pit. In addition to these buildings, the excavation
was also surrounded by numerous utility pipelines buried at depths of 1–2.5 m below the
ground surface (BGS).
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Figure 1. Site plane and instrumentation layout of the project.

The excavated pit was 4569 m2 in length and with an excavation depth of 22 m.
The excavation was constructed using the bottom-up method and supported by a braced
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concrete diaphragm wall. The 1.2 m thick diaphragm wall reached a depth of 53 m BGS
and was supported by five levels of reinforced concrete struts installed separately at 0.9 m,
6.4 m, 10.4 m, 13.7 m, and 18 m BGS. A typical cross-section of the retaining system is
presented in Figure 2. In order to ensure the stability of the slurry trenches during walling,
subsoils around the diaphragm wall were strengthened by three-axis stirring piles with
a diameter of 850 mm before the diaphragm wall installation. These stirring piles also
formed a barrier for cutting off groundwater.
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Figure 2. A typical cross section of the Jimo project.

The site work began with the construction of the diaphragm wall, the vertical column
piles, and the engineering piles. At the same time, the soils inside the excavation (with a
width of 8 m and within the vertical range of 6 m above and 3 m below the final excavation
level, as specified in Figure 2) were reinforced by jet-grouting. These activities were finished
before 8 February 2013. The compaction grouting was conducted to prevent horizontal
wall movements and basal heave. The measured unconfined compression strength of
the reinforced soil 28 days after the completion of grouting was required to be more
than 0.8 MPa by design. Nevertheless, in excavation practice within the Shanghai area,
the quality of compaction grouting is difficult to control because of the complex subsoil
condition. In most projects, according to Tan and Wei [27], the reinforcement layers below
the bottom of the excavation simply functioned as barriers for cutting off the water flow,
while failing to prevent the lateral movements of the diaphragm walls. After this, the main
excavation process was initiated. During the process, the removal of the subsoils and the
installation of the strutting components were conducted alternatively.

In principle, the groundwater level inside the pit should always be reduced to 1 m
below the excavation bottom before each excavation stage. However, the contractor re-
ported that the process had drained minimal water during the excavation of the clayey
soil layers. In addition, the confined water level was also lowered when the excavation
depth was increased to prevent potential upheaval failure. The excavation process ended
with the completion of the base slab on 21 July 2013. It should be noted that parts of the
monitoring system were not initiated until the completion of the ground layer struts. Hence,
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some displacements (e.g., wall deflections, struts forces, and vertical structural movements)
developed that were not recorded.

The approximate schedule of the construction procedure is shown in Figure 3. Ac-
cording to the figure, the actual scheme adopted by the contractor was quite fuzzy (i.e.,
overlapping between adjacent stages always occurred), which indicates that both over-
excavation and zone excavation occurred during the construction.
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2.2. Subsurface Conditions

Prior to construction, the subsurface conditions and soil properties at the site were
extensively explored by a series of in situ tests and laboratory tests. Figure 4 summarizes
the soil profiles and part of the measured soil properties, along with the depth of the soil.
The soil properties presented in the figure are generally derived from the results of a series
of in situ tests and laboratory tests, while the stratigraphy is an average value of the site.
These test results indicate that the soft soils in the upper layers (i.e., the upper 25 m) in this
site feature a high water content, high void ratio, high compressibility, and low strength.

2.3. Instrumentation

In order to ensure the safety of the project, a long-term comprehensive field instrumen-
tation program was conducted. The monitored items include the lateral wall deflections,
the horizontal and vertical movements at the top of the wall, the ground settlements outside
the excavation, the vertical movements of the columns, the strut forces, and the ground-
water tables outside the excavation. The monitoring scheme was formulated according
to the specification for engineering measurement (GB50026-2007), specification for first-
and second-order leveling (GB12897-2006), building foundation pit monitoring technical
specifications (GB50497-2009) and monitoring rules for the construction of foundation pit
engineering in Shanghai (DG/TJ08-2001-2006). The detailed instrumentation layout of the
project is shown in Figure 1.
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Figure 4. Soil profiles and material properties at the site.

The wall deflections were measured by 18 inclinometer tubes (i.e., CX1~CX18) affixed
to the steel reinforcement cages before concrete casting. Unfortunately, these inclinometer
tubes generally had lengths of approximately 25~30 m and they failed to reach the toe
of the diaphragm wall, leaving the displacements at the wall toe unknown. In addition,
nine typical sections (i.e., J 1-1 to J 1-5 through J 9-1 to J 9-5) were instrumented with
level instruments to monitor the ground settlements behind the diaphragm wall. These
monitored points ranged from 5 m to 25 m away from the diaphragm wall and were spaced
5 m apart. The monitored points of the wall top, namely B1~B18, were equipped at the
top of each inclinometer tube. In terms of the vertical movements of the columns, only
14 typical locations (i.e., LZ1~LZ14) were monitored. The strut forces were measured by
vibrating wire stress meters (i.e., ZC 1~ZC 18), and the groundwater tables outside the
excavation were monitored by six standpipe piezometers (SW1~SW6).

In addition to the performance of the excavation itself, the properties (e.g., buildings,
roads, and utility pipelines) adjacent to the pit were also surveyed during the construction.
However, since the primary concern of this study is the performance of the excavation,
only typical field measurements that can reflect the excavation-induced displacement field
are presented and discussed in this paper.

3. Field Measurements
3.1. Lateral Diaphragm Wall Deflections

Figure 5 presents the typical profiles of the lateral wall deflections at different construc-
tion stages. In general, the diaphragm wall at different monitoring points demonstrated
deep inward movements toward the excavation zone, and the magnitudes of the deflections
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increased as the excavation depth increased. The displacement patterns generally followed
the typical wall behavior of multi-propped excavations in Shanghai [3,4,14,26]. Despite
the similar deformation pattern, the development patterns were different among different
survey points. For example, at least four typical development patterns can be observed
from the figure. The wall deflections at CX2 developed in a relatively uniform manner
among the different excavation stages. The wall deflections at CX5 and CX10 increased
dramatically from Ex2 to Ex4 and then remained stable until the completion of the base
slab. The wall panel at CX13 demonstrated great inward movement at Ex2, Ex3, and Ex5,
but was negligibly deformed at Ex4 and Ex6. On the other hand, the wall panels at CX16
and CX18 demonstrated significant deflections from Ex2 to Ex5, but remained stable during
the last excavation stage.
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Figure 5. Lateral deflections of diaphragm wall.

The differences among the different locations can be explained by the different con-
struction sequences (e.g., over-excavation, zone excavation, and under-excavation) at
different areas. For example, the Ex4 curves in the figure refer to the measured wall de-
flections on 4 May 2013, at which the excavation bottom was recorded as 13.7 m BGS.
In the meantime, with regard to excavation, the contractor reached 19 m BGS in certain
areas (e.g., near the monitoring point CX16), while the excavation bottoms of some areas
were kept at 9.7 m BGS (e.g., near CX6). All these records suggest that the construction
of the project was not organized well, and both under-excavation and over-excavation oc-
curred. Evidently, these construction sequences significantly impacted the wall deflections
at different locations.

Due to the relatively chaotic organization of the construction, the separations between
different construction stages were very uncertain. Therefore, compared to the stage-based
wall deflection profiles, the development of the maximum wall deflections, δhm, over
time can provide a more intuitive means to understand the deformation process of the
diaphragm wall. Figure 6a describes the development patterns of the maximum wall
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deflections at several typical locations (i.e., CX2, CX4, CX5, CX9, CX16, and CX18). Accord-
ing to the figure, the values of δhm at all the monitoring points showed clear ladder-type
growth at the early stages (i.e., until 14 May 2013), in which the growth stages and the
stagnation stages generally corresponded to the excavation and the installation of the struts
in practice, respectively. However, as the excavation depth increased, the δhm values for
most of the monitoring points increased gradually and linearly, until they became stable.
According to the construction report provided by the contractor, the stagnation stages were
absent during these later stages because the excavation proceeded before the corresponding
concrete struts were fully cured.
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Figure 6. Wall performance over time: (a) maximum wall deflections; (b) maximum wall deflec-
tion increments.

The curves in Figure 6a also suggest that the maximum wall deflections did not always
increase over time. In other words, decreases in the maximum wall deflections sometimes
occurred. In order to show this tendency more clearly, Figure 6b summarizes the daily vari-
ations in the measured maximum wall deflections, ∆δhm. In this figure, the positive values
represent the increase in the maximum wall deflections, and the negative values represent
the decrease. It should be noted that the road sides in the figure refer to the A– and A–F
sides, and the construction site sides refer to the B–C–D–E–F sides in Figure 1. The figure
shows that negative values of ∆δhm existed throughout the excavation of the project. At the
same time, the construction site sides presented more negative values than the road sides.
These negative values somewhat reflect the significant influence of workmanship because
it is the only factor that is expected to be able to reduce the maximum wall deflections.
Considering that these decreases in the maximum wall deflections cannot be predicted from
analytical or numerical methods, and accumulated daily outward movements may lead to
structural instability, the effects of workmanship should be taken seriously in practice.

Among the monitored elements during the construction of a deep excavation, the
maximum wall deflection at the final stage is the most representative element to evaluate
the quality of the project because most of the other excavation-induced responses are
somewhat related to the maximum wall deflection. Figure 7 summarizes the maximum
wall deflections upon the completion of the base slab and upon the completion of the
underground structures.
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The Technical Code for Excavation Engineering in Shanghai (Shanghai Urban and
Rural Construction and Transportation Committee 2010) classifies excavation projects in
Shanghai into three grades (i.e., Grade-I, Grade-II, and Grade-III) according to the structural
importance and the surrounding conditions, requiring the accumulated maximum wall
deflections to be limited to 0.18%He, 0.3%He and 0.7%He (i.e., He refers to the excavation
depth), respectively. According to the code, the current excavation was classified as a
Grade-I project, which means that the deformation control of the diaphragm wall should
be δhm ≤ 0.18%He (i.e., 39.6 mm). However, as shown in Figure 7, the wall deflections
at CX2, CX15, and CX16 far exceeded this limit, and warnings were provided by the
monitoring system during the construction. On the other hand, despite the similarly large
magnitudes at the three locations, these were caused by different factors. The considerable
wall deflections at CX15 and CX16 should be attributed to the over-excavation at the
segments. In particular, according to the construction report, the over-excavation occurred
during the excavation of the deep layers (e.g., Exc-5 and Exc-6, as defined in Figure 2).
Since the earth pressures increase with depth, the removal of deeper soils inevitably leads
to greater reductions in the lateral earth pressures against the retaining structures inside
the excavation; thus, significant deformations occur. Therefore, over-excavation, especially
at deep layers, should always be avoided in deep excavation practices.

In contrast to CX15 and CX16, the large lateral deformations at CX2 arise from factors
other than excavation activities. The reason is that the wall deflections at CX2 developed
during the excavation stage were not as large as CX15 and CX16, while an additional
increase at the location was reported after casting the base slab. In fact, the CX2 was
located at the main gate of the construction site, which means that factors other than the
excavation activities (e.g., vertical loading from the heavily loaded trucks and the braking
or accelerating of the trucks) also may have occurred at the location. This confirms the
vulnerability of the wall deflections of deep excavations to workmanship. Unfortunately,
the influences of construction activities cannot be predicted by design, and the only method
to avoid the excessive deformations caused by these activities is to conduct the excavations
more carefully.

Because the current project was carried out using the bottom-up method, the construc-
tion of the underground part was not finished after the construction of the base slab, but
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after the completion of all the underground structures. The period between the completion
of the base slab and underground structures is named “PostExc” in this study (as described
in Figure 3), in which the construction activities generally included the demolishing of the
temporary struts and the construction of the underground structures. Both Figures 5 and 7
suggest that wall deflections developed during the “PostExc” stage. However, such defor-
mations (developed after the completion of the base slab) of a deep excavation have been
seldom discussed in previous studies.

The columns in Figure 8 represent the variations in the maximum wall deflections
developed during the “PostExc” stage of the current project. The dotted line represents
extreme value of variations. In general, the maximum wall deflections at most of the moni-
toring points increased during this stage, which possibly arose from the combined effects
of creeping and the demolishing of the temporary struts. At the same time, differences
between different locations are also apparent. For example, wall deflections at several
survey points (i.e., CX4, CX9, CX12, and CX17) increased dramatically; deformations at
some locations (e.g., CX7 and CX16) remained stable; while at some locations (i.e., CX3,
CX5, and CX6), they even decreased during this period. This can probably be explained by
the openings left on the floor slabs and the different strut conditions of the openings during
construction, because these survey points demonstrated relatively large increments that
generally coincided with the openings without temporary struts (as detailed in Figure 1).
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Figure 8. Maximum wall defection increments after the completion of base slabs.

Deformations near the corners of deep excavations are generally much smaller than
deformations at the middle of the sides due to the spatial effects. However, the wall
deflections at the middle of the BC side (specified in Figure 1) are surprisingly small, which
seems to counteract the spatial effects of deep excavations. At the same time, a further
examination of Figure 7 suggests that the wall deflections, along with the AB and AF sides,
still show apparent spatial effects. To better investigate the spatial performance of the
current project, Figure 9 presents the normalized maximum wall deflections, δhm/He, at
different excavation levels against the relative locations of the corresponding survey points
to the corners, dh/L. In accordance with Figure 6b, the “road sides” in Figure 9 refer to the
sides AB and AF in Figure 1, and the “construction site sides” stand for the B–C–D–E–F
sides specified in Figure 1. In addition, the envelopes of large basement excavations and
metro excavations in Shanghai summarized by Tan et al. [27] are also included in the figure
for comparison. According to Figure 9, the distributions of δhm/He with dh/L at the “road
sides” (i.e., dark grey shading in the figure) are generally symmetric around the central line
of the figure (i.e., dh/L = 0.5). In contrast, for the survey points at the “construction site
sides” (i.e., the red polygon), δhm/He is uniformly distributed with dh/L.
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The corner effects at the “road sides” are not surprising, yet the uniform distributions
of δhm/He at the “construction site sides” are unusual. Considering no special treatment
was reported for the “construction site sides”, the abnormal performance of these sec-
tions must be attributed to the under-excavation procedure in the area. According to the
contractor, the soils near CX6, CX7, and CX8 were under-excavated approximately from
the third excavation stage (i.e., Exc-3 in Figure 3) because the area was under the trestles.
Unfortunately, a more detailed under-excavation scheme (i.e., specific area and duration)
was not available to quantify the effect of the procedure.

It should be noted that there was a positive corner (circled in red in Figure 9) in the
basement of the project. Several studies [11,27] have reported that wall deflections at
positive corners are usually larger than their counterparts at standard segments. However,
in this case, the maximum wall deflection at the positive corner (i.e., CX10, with a magnitude
of 27.24 mm) was the second smallest among all the survey points. This well-constrained
wall deflection may be due to the special supports at the location (according to Figure 1, the
wall at the convex corner is heavily supported), or because of other unrecorded treatments
or excavation procedures that occurred during construction. Unfortunately, specific reasons
for the performance of the wall at the positive corner cannot be determined.

When compared with the general bounds of deep excavations in Shanghai developed
by Tan et al. [13], the data of the current project generally fall within the bounds of metro
excavations, which are much smaller than the lower bounds of large basement excavations.
In other words, the wall deflections in this project are much smaller than other basement
projects with similar conditions. This enhanced performance can be attributed to its more
robust enclosure structure required by the aforementioned Technical Code (due to its
Grade-I classification).

Comparison with Empirical Methods

Based on case histories worldwide, some empirical relationships between δhm and He
have been developed [28,29]. Figure 10 compares the data of the current project with these
empirical relationships. In general, δhm in this case lies between 0.06%He and 0.33%He. As
expected, the magnitudes of δhm for this case were much smaller than those reported by
Clough and O’Rourke [28] for excavations in stiff clay and by Peck [29] for excavations
in soft clay. The much smaller δhm at this pit generally results from the use of the more
rigid concrete diaphragm wall because the early excavations used to develop the empirical
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relationships were generally supported by flexible retaining structures, such as sheet piles
and soldier piles with lagging.
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The comparison with some more recent projects with similar conditions (e.g., geolog-
ical condition, size and construction method) suggests that the performance of this case
was close to the upper boundaries of metro excavations in Shanghai and Suzhou reported
by Tan and Wang [4] and Zhang et al. [30], but much smaller than the upper boundary
of basement excavations in Shanghai [4]. This comparison agrees with the conclusion of
Figure 9.

Figure 11 plots the normalized maximum wall deflections, δhm/He, and the supporting
system stiffness in this project. The concept of supporting system stiffness was defined
by Clough et al. [31]. The stiffness of the supporting system is an important factor that
governs the performance of an excavation. The stiffness of a supporting system relates to
many factors, including the bending stiffness of the retaining wall, the axial stiffness of the
struts, the location of the struts, and the vertical spacing between the struts [2–4]. Several
metro-station excavations and basement excavations in Shanghai reported by Tan and
Wang [2–4], as well as the design curves in terms of the safety factors associated with basal
heave, are also included in the figure for comparison. It should be noted that the values of
FOS in the chart are used to roughly discuss the trends and are not the exact values of the
current project. The figure shows that the δhm/He values of deep excavations in Shanghai
generally lie between the design curves of FOS =1.1 and FOS = 3.0. At the same time, the
relationship between the system stiffness and the δhm/He values of these excavations is not
apparent, which agrees with the conclusion drawn from other worldwide cases [6,7,15,25].
The system stiffness of the current project is higher than most basement excavations, while
it is lower than most metro excavations in Shanghai. Overall, all the δhm/He values of this
project fell below the curve of FOS = 2.0, suggesting that the stability problem was not a
concern for this project.
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Figure 11. Normalized maximum wall deflections versus system stiffness.

3.2. Ground Settlements behind the Diaphragm Wall

According to the Technical Code for Excavation Engineering in Shanghai (Shanghai
Urban and Rural Construction and Transportation Committee 2010), the ground settlements
behind the wall should be strictly limited. Similar to wall deflections, the limitations of
ground settlements of different projects are different; the limitations of Grade-I projects,
Grade-II projects, and Grade-III projects are 0.15%He, 0.25%He and 0.55%He, respectively.
As mentioned previously in this chapter, the current project was a Grade-I project, which
means that the limitation of ground surface settlements behind the wall for this project
was 33 mm. The maximum ground settlements were about 25 mm, indicating that the
performance of this case fully met the requirements of the code.

According to the monitoring report, the monitored settlements at different survey
points generally shared a similar development pattern with time. To investigate the pattern
further, the developments of the ground settlements over time at two typical locations (i.e.,
J3-1 to J3-5 at the “construction site sides” and J8-1 to J8-5 at the “road sides”) are presented
in Figure 12. In general, the measured ground settlements increased almost linearly with
time, until the completion of the base slab. After this, the ground at most monitoring
points stopped settling. The measured maximum ground settlements were approximately
12–24 mm at J3 and 18–25 mm at J8, which means that slightly larger settlements were
developed at J8 than at J3. In fact, the larger displacements at J8 were in accordance with the
more significant wall deformations at the following segments: CX6, which was in front of
J3, developed much smaller lateral wall deflections than CX16 in front of J8. This tendency
suggests that the lateral wall deformations dramatically impact the ground settlements.

It should be noted that the ground had already settled before the excavation was
initiated. This period generally covered the construction of the diaphragm wall and the
piles. Therefore, the settlements should arise from the construction of the diaphragm wall.
In fact, ground settlements during the construction of diaphragm walls have been reported
worldwide. For example, Xu [32] analyzed hundreds of case histories in Shanghai and
found that ground surface settlements during the construction of diaphragm wall panels
and piles accounted for up to 40% of the total ground settlements, while Tedd et al. [33]
reported a percentage of approximately 30% for deep excavations in London.
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Figure 12. Developments of the ground settlements at J3-1 to J3-5, and J8-1 to J8-5.

Peck [29] summarized ground settlement data from excavations propped by sheet
piles or soldier piles and proposed the first empirical approach for estimating excavation-
induced ground settlements. As shown in Figure 13, the approach considers different
soil types and workmanship by dividing the construction conditions into three zones.
Theoretically, deep excavations in Shanghai should be classified as Zone-II and Zone-III
because of the soft soils in the area. However, the current case data generally lie in Zone-
I, which echoes the conclusion of the method’s conservativeness in evaluating ground
settlements of the current deep excavations.
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The inserted graph in Figure 13 describes the settlement profiles of the ground settle-
ments. However, the monitored range (i.e., 5–25 m from the pit) was too small to find a
regular settlement trough.

The ground settlements of deep excavations have a certain relationship with the
lateral deflections at the corresponding locations. Mana and Clough [34] quantified this
relationship by relating the maximum ground settlements, δvm, with the maximum wall
deflections, δhm, and developed a design chart based on the data of various excavations
in the US and Norway. The chart, as shown in Figure 14, is also used to evaluate the
performance of the current case. In addition, the data available from other case histories in
Shanghai [35,36] are included for comparison. It should be noted that both the maximum
ground settlements and the maximum wall deflections were normalized by the excavation
depths in the chart.
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Figure 14. Normalized maximum wall deflections versus normalized maximum ground settlements.

As shown in Figures 5–14, the boundaries developed by Mana and Clough [34]
were δvm = 0.5δhm and δvm = δhm. The six metro stations in Shanghai reported by
Wang et al. [36] fell between δvm = 0.2δhm and δvm = 0.6δhm. Data from some more recent
excavations constructed by the cut-and-cover technique in Shanghai reported by Tan and
Wei [35] demonstrated the following boundaries: δvm = 0.8δhm and δvm = 1.2δhm. In
contrast, the data from the current case demonstrated the boundaries δvm = 0.36δhm and
δvm = 1.1δhm, indicating that the data from this case fell between a greater interval than
other case histories. In other words, the maximum ground settlements of this case varied
dramatically among different locations. Considering that the monitored ground surface
settlements are vulnerable to many factors (e.g., wall deflections, construction activities,
and other unrecorded disturbances to the monitoring system), the difference in the current
case is not surprising. Despite this difference, these ground settlements were generally
small, indicating that the ground settlements of the project were well-controlled.

3.3. Vertical Structural Movements

The columns in Figure 8 represent the measured uplifts of the diaphragm wall and
the interior columns upon the completion of the underground structures. It can be ob-
served that the interior columns demonstrated much larger vertical movements than the
diaphragm wall. In addition, differences among the wall panels and among the columns
were also observed. To better describe the distribution of the vertical structural move-
ments, Figure 15 was created. The colors and numbers in Figure 16 represent different
settlement values and settlement areas. Evidently, the vertical movements at the center of
the excavation site were generally larger than those at the marginal areas.
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Figures 15 and 16 show that the retaining structure experienced uneven vertical move-
ments. Large differential vertical movements between different structural components
may lead to excessive bending moments in the lateral structures, and sometimes even
lead to structural instability. For this case, the following three types of differential vertical
movements occurred: the differential movements among the wall panels at different loca-
tions, the differential movements among different columns, and the differential movements
between the walls and columns. The former two, for this case, were small enough to be
neglected. For example, the wall panels’ maximum and minimum upward movements
were 15 mm (at B15) and 11 mm (at B2 and B17), respectively, leaving a differential of just
4 mm. Compared with the long distances between the monitoring points, the differential
movements were negligible. Similarly, the maximum upheaval of the columns was ap-
proximately 27 mm (at LZ10), while the minimum value was 21 mm (at LZ8), leaving the
maximum differential movement to be only 6 mm. Such a small differential movement
resulted in minimal additional bending moments for the lateral supports; therefore, the
effect can generally be neglected.

In contrast, the differential vertical movements between the diaphragm wall and the
columns should be carefully considered because they are usually large enough to threaten
structural stability. For the current case, the maximum differential vertical movement was
around 16 mm, 2.7-times higher than the value between different columns and 4-times
higher than the value among different wall panels. In fact, a safe limit of differential vertical
movements is generally required by the design criteria of deep excavations. For projects in
Shanghai, the most applied safe limit requires the following:
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∆δv/L ≤ 1/500 (1)

This equation was proposed by Bjerrum [37] based on self-weight settlement, in which
∆δv is the differential vertical movement, and L stands for the distance between the two
adjacent components. The maximum value of ∆δv/L of this project was 1/542, which met
the requirement.

Figure 17a presents the typical vertical movements of the interior columns (i.e., LZ3
and LZ10) and wall panels (i.e., B6 and B16) during construction. In general, the wall
panels and the interior columns shared a similar movement pattern. Following the soil
removal, the structures rapidly moved upwards. With the casting of the heavy base slab,
the upward movements were suppressed quickly. It was noticed that both the wall panels
and the columns experienced abrupt upward movements from 10 July 2013 to 30 July 2013
(as shown in the shaded part of the Figure 17). According to Figure 3, the removal of the last
layer of soil was completed on 16 July 2013, and the base slab was finished on 20 July 2013,
indicating that the construction conditions during the period were very complicated. These
construction conditions included unloading (soil removal), loading (casting the heavy base
slab), and other disturbances in the contractor’s operation, of which any impact on the
vertical movements of the structures was not unusual. However, they cannot explain the
general upward movements of the wall panels and columns. In fact, the abrupt upheavals
of the structures were more likely to be related to the fluctuation of the groundwater level
during this period.
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Figure 17. Developments of the monitored features against time: (a) vertical movements of the
structures; (b) phreatic water level outside the pit.

To correlate the developments of the groundwater level outside the pit and the devel-
opments of the vertical structural movements, Figure 17b is presented below Figure 17a.
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The comparison clearly shows that the groundwater levels and the vertical structural move-
ments underwent significant changes during this period (i.e., the structures moved upward
abruptly, while the groundwater levels dropped dramatically).

As mentioned previously, the confined aquifer was dewatered when the excavation
depth increased. When the excavation reached its final depth, which is the shaded period in
Figure 17, the dewatering process was stopped so that the recovering pressure water could
lead to the upward movements of the structures. The dewatering of confined water may
cause the subsidence of the surroundings. Therefore, a waterproof curtain is commonly
used. However, for geological conditions such as those in the Shanghai area, where the
thickness of the aquifer is high, a curtain that can fully cut off the aquifer is restrictive.
Therefore, many projects choose to apply a suspended water curtain combined with the
groundwater recharge method to control groundwater levels, which was the case for the
current project. As the dewatering process was stopped, the recharging outside the pit
was stopped simultaneously, and thus explains the drawdown of the groundwater levels
outside the excavation in Figure 17b.

It should be noted that according to Figure 6, the wall deflections generally re-
mained stable during this period, indicating that the dewatering process did not sig-
nificantly influence the horizontal movements of the excavation. Therefore, numerical
approaches sometimes can neglect the dewatering process if the lateral wall deflections are
the main concerns.

3.4. Axial Strut Forces

Figure 18 presents the typical axial force developments in the concrete struts at
levels 1–5 during construction. Since the axial forces in the struts were measured im-
mediately after their installation, the initial values of most of the axial strut forces were
close to zero. As shown in the figure, the axial forces in the struts increased immediately
after their installation. As the axial forces of the struts at the next level reached certain val-
ues, they generally stabilized quickly. This tendency was in accordance with the monitored
axial strut forces in other case histories in Shanghai [2,13].
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Figure 18. Developments of axial strut force at ZC15 and ZC16.

By further examination, it can be observed that the struts at ZC7 and ZC16 carried
similar axial forces at the early stage. This is because the contractor generally followed
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the construction management design at the first several excavation stages, during which
neither over-excavation nor under-excavation occurred. The orderly excavation procedure
guaranteed a similar condition between ZC7 and ZC16, so that the struts at the correspond-
ing locations carried similar axial forces. However, as the excavation depth increased,
differences between ZC7 and ZC16 were observed. For example, the axial strut forces at
ZC7 generally stabilized much earlier than at ZC16, and the forces at ZC16 were generally
larger than at ZC7. The differences were generally because of the different construction
procedures at the two locations. As mentioned previously, the area near ZC7 underwent
under-excavation following the removal of the third layer of soils, while the area near
ZC16 underwent over-excavation at the deep layers. Typically, the axial forces at ZC16-4
and ZC16-5 were much larger than their counterparts (i.e., ZC7-4 and ZC7-4) as soon as
they were cast, demonstrating the significant impact of the over-excavation procedure.
In practical projects, it is dangerous for a reinforced concrete structure to carry a load
that is too large before it is cured. Therefore, over-excavation should be avoided as much
as possible.

Figure 19 summarizes the final axial forces at different monitoring points. The com-
parison between the differences of different monitoring points at the same levels suggests
that the struts near the wall panels experienced great deflections (e.g., CX2, CX15, CX16,
and CX17) and generally had significant axial forces. Additionally, corner effects were
also observed at the road sides regarding the distributions of the axial strut forces. This
tendency is in agreement with the distribution of the maximum wall deflection presented
in Figure 8, suggesting that the braced struts primarily carried the load, due to the soil
removal in close proximity, and the axial forces were closely correlated with the lateral wall
deflections near them.
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Figure 19 also reveals that Level-1 and Level-5 struts generally carried much smaller
axial forces than the other three levels. Despite the axial strut forces at Level-1 and Level-5
being similarly small, they arose for different reasons. As mentioned previously, earth
pressures increase with depth, which means that the removal of upper soils leads to less
reduction in the lateral earth pressures against the retaining structures. Therefore, the load
carried by the braced struts at upper levels is generally small. In contrast, the small axial
forces of the Level-5 struts should be associated with the timely construction of the heavy
base slab. As shown in Figure 3, the removal of the last layer of soil and the installation
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of the base slab were conducted almost simultaneously, suggesting that the casting of the
base slab was well-timed. This approach compensated for the unloading caused by the soil
removal and provided timely lateral supports to the diaphragm wall, which should have
shared much of the lateral pressure with the Level-5 struts.

4. Numerical Investigation

Prior to the construction of an underground project, a design of the construction
management is made. In the design of construction management, all construction details
(e.g., construction sequence, construction method, timeline, and the excavation depth for
each stage) are specified. In principle, the contractor should always follow the construction
management design. Nevertheless, some contractors do not follow the designed excavation
depth, and under-excavation or over-excavation may happen (according to the practical
situation of the project or for their own benefit or convenience). Such situations should
be avoided because they are dangerous. For example, over-excavation will produce large
amounts of unpredicted deformations of the retaining structure and, under worse situations,
may cause the collapse of the excavations.

The excavation for the Shanghai Jimo Substation project has undergone both under-
excavation and over-excavation during construction, meaning that the wall deflections
are extraordinarily distributed along different sides of the pit. This makes the project an
ideal case history to investigate the influence of under-excavation and over-excavation.
Therefore, a series of three-dimensional numerical tests are conducted in this section to
discuss the issue. Three scenarios are discussed in this study. More excavation-induced
characteristics (e.g., lateral wall deflections, ground settlements behind the wall, vertical
structural movements, and axial strut forces) are discussed and compared in this study to
evaluate the influence of different construction procedures.

4.1. Description of the FE Model

Although the supervising unit reported under-excavation and over-excavation during
construction, they failed to provide many details about these activities. The areas and
periods in which over-excavation and under-excavation occurred can only be determined
according to the contractor’s descriptions. In the numerical models, these construction
procedures are further simplified. For example, both the under-excavated area and the
over-excavated area are assumed to be rectangular areas, as shown in Figure 20.

In addition, according to the contractor, under-excavation occurred approximately
from the removal of the third layer of soil, while over-excavation generally occurred during
the removal of the last two layers of soil. To simplify the calculations, the under-excavation
was assumed to have occurred from the beginning of the removal of the third layer of soil
to the completion of the base slab, while the over-excavation was assumed to have occurred
from the removal of the fourth layer of soil to the completion of the base slab. Detailed
modeled construction sequences will be described in Figure 3.

The irregular geometry and complex construction sequence of the project require a
three-dimensional model that includes the whole pit to be generated to investigate the spa-
tial behavior of the excavation more accurately. The mesh of the whole model and the mesh
of the retaining structures developed using ABAQUS are shown in Figure 21. In order to
show the details of the lateral supports more clearly, parts of the diaphragm wall are not dis-
played in Figure 21b. As described in Figure 21a, the model size is 320 m × 275 m × 130 m,
with boundaries far enough away from the pit to eliminate the influence of boundary con-
ditions on the calculated results. The four vertical sides in the model have roller boundary
conditions, and the bottom of the model is fixed.



J. Mar. Sci. Eng. 2023, 11, 219 20 of 29

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 21 of 31 
 

 

Therefore, a series of three-dimensional numerical tests are conducted in this section to 

discuss the issue. Three scenarios are discussed in this study. More excavation-induced 

characteristics (e.g., lateral wall deflections, ground settlements behind the wall, vertical 

structural movements, and axial strut forces) are discussed and compared in this study to 

evaluate the influence of different construction procedures. 

4.1. Description of the FE Model 

Although the supervising unit reported under-excavation and over-excavation dur-

ing construction, they failed to provide many details about these activities. The areas and 

periods in which over-excavation and under-excavation occurred can only be determined 

according to the contractor’s descriptions. In the numerical models, these construction 

procedures are further simplified. For example, both the under-excavated area and the 

over-excavated area are assumed to be rectangular areas, as shown in Figure 20. 

 

Figure 20. Developments of axial strut force at ZC15 and ZC16. 

In addition, according to the contractor, under-excavation occurred approximately 

from the removal of the third layer of soil, while over-excavation generally occurred dur-

ing the removal of the last two layers of soil. To simplify the calculations, the under-exca-

vation was assumed to have occurred from the beginning of the removal of the third layer 

of soil to the completion of the base slab, while the over-excavation was assumed to have 

occurred from the removal of the fourth layer of soil to the completion of the base slab. 

Detailed modeled construction sequences will be described in Figure 3. 

The irregular geometry and complex construction sequence of the project require a 

three-dimensional model that includes the whole pit to be generated to investigate the 

spatial behavior of the excavation more accurately. The mesh of the whole model and the 

mesh of the retaining structures developed using ABAQUS are shown in Figure 21. In 

order to show the details of the lateral supports more clearly, parts of the diaphragm wall 

are not displayed in Figure 21b. As described in Figure 21a, the model size is 320 m × 275 

Figure 20. Developments of axial strut force at ZC15 and ZC16.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 22 of 31 
 

 

m × 130 m, with boundaries far enough away from the pit to eliminate the influence of 

boundary conditions on the calculated results. The four vertical sides in the model have 

roller boundary conditions, and the bottom of the model is fixed. 

 
(a) (b) 

Figure 21. Developments of the axial strut force at ZC15 and ZC16. (a) Geometry and mesh of the 

whole model. (b) Geometry and mesh of the retaining structures. 

One can notice that there is a construction trestle at the top of the retaining system 

because the excavation was conducted using the bottom-up method. The trestle was in-

stalled to work as a construction platform during the excavation. According to the con-

tractor, the trestle was a 250 mm thick concrete slab that was cast in situ. In the numerical 

models, the trestle is modeled using four-noded quadrilateral shell elements with reduced 

integration (S4R). In terms of the interactions, the trestle is assumed to be firmly connected 

with the first layer of struts (Strut-1). 

The clayey soil layers are represented by the modified cam-clay (MCC) model, while 

the sandy soil layers and the fill are modeled using the Mohr–Coulomb (MC) model. The 

MCC model is one of the most commonly used constitutive models for normally consoli-

dated (NC) to lightly over-consolidated (OC) clays. The model can effectively describe the 

non-linear behavior of cohesive soil before failure and the deformation behavior depend-

ing on the stress level or stress path. The model can also effectively illustrate the elastic–

plastic deformation characteristics of soil both theoretically and experimentally, so it can 

better predict the deformation characteristics of a foundation pit and the surrounding soil 

when applied to the excavation of a foundation pit [38–43]. The input parameters of the 

soils, as shown in Table 1, are determined from the geological exploration reports pro-

vided by the contractor. The concrete beams, trestles, piles, and columns are modeled as 

linear elastic material with reduced concrete properties (E = 24 GPa, ν = 0.2). Interaction 

between the diaphragm wall and surrounding soil was modeled by the surface-to-surface 

contact provided in ABAQUS, and the piles were assumed to be embedded in the soils. 

The tangential behavior of the soil–wall interaction was assumed to be Coulomb friction 

(μ = 0.3, τmax = 30 kPa), and the normal behavior was hard contact with no normal relative 

displacement between the wall and surrounding ground. 

Table 1. Input parameters of the layered soils. 

Soil Layers 
Mohr–Coulomb γ’ 

(kN/m3) 
ν K0 e0 

Modified Cam-Clay 

E (MPa) c’ (kPa) φ’ (°) M λ κ 

Fill 5 0 18 18 0.3 0.5 0.996    

Firm clay   28 17.8 0.3 0.65 0.972 1.109 0.135 0.0178 

Soft muddy clay   28.5 16.8 0.35 0.46 0.985 1.130 0.080 0.0100 

Silty clay   27 18.3 0.35 0.65 1.304 1.070 0.139 0.0213 

Figure 21. Developments of the axial strut force at ZC15 and ZC16. (a) Geometry and mesh of the
whole model. (b) Geometry and mesh of the retaining structures.

One can notice that there is a construction trestle at the top of the retaining system
because the excavation was conducted using the bottom-up method. The trestle was
installed to work as a construction platform during the excavation. According to the
contractor, the trestle was a 250 mm thick concrete slab that was cast in situ. In the
numerical models, the trestle is modeled using four-noded quadrilateral shell elements
with reduced integration (S4R). In terms of the interactions, the trestle is assumed to be
firmly connected with the first layer of struts (Strut-1).

The clayey soil layers are represented by the modified cam-clay (MCC) model, while
the sandy soil layers and the fill are modeled using the Mohr–Coulomb (MC) model.
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The MCC model is one of the most commonly used constitutive models for normally
consolidated (NC) to lightly over-consolidated (OC) clays. The model can effectively
describe the non-linear behavior of cohesive soil before failure and the deformation behavior
depending on the stress level or stress path. The model can also effectively illustrate the
elastic–plastic deformation characteristics of soil both theoretically and experimentally, so
it can better predict the deformation characteristics of a foundation pit and the surrounding
soil when applied to the excavation of a foundation pit [38–43]. The input parameters
of the soils, as shown in Table 1, are determined from the geological exploration reports
provided by the contractor. The concrete beams, trestles, piles, and columns are modeled
as linear elastic material with reduced concrete properties (E = 24 GPa, ν = 0.2). Interaction
between the diaphragm wall and surrounding soil was modeled by the surface-to-surface
contact provided in ABAQUS, and the piles were assumed to be embedded in the soils.
The tangential behavior of the soil–wall interaction was assumed to be Coulomb friction
(µ = 0.3, τmax = 30 kPa), and the normal behavior was hard contact with no normal relative
displacement between the wall and surrounding ground.

Table 1. Input parameters of the layered soils.

Soil Layers
Mohr–Coulomb γ’

(kN/m3) ν K0 e0
Modified Cam-Clay

E (MPa) c’ (kPa) ϕ’ (◦) M λ κ

Fill 5 0 18 18 0.3 0.5 0.996
Firm clay 28 17.8 0.3 0.65 0.972 1.109 0.135 0.0178

Soft muddy clay 28.5 16.8 0.35 0.46 0.985 1.130 0.080 0.0100
Silty clay 27 18.3 0.35 0.65 1.304 1.070 0.139 0.0213

Fine silty clay 23.5 19.7 0.35 0.66 1.352 0.920 0.163 0.0269
Silty fine sand 75 8 28.5 18.6 0.35 0.64 1.192

Silty sand 149 4 32.5 19.2 0.35 0.64 0.989
Sandy silt 74 14 25.5 19.1 0.3 0.49 0.877
Silty sand 162 2 28 18.7 0.3 0.6 0.780

4.2. Strategies of the Analyses

As specified in Table 2, three scenarios, namely “Normal”, “Under-Exc”, and
“Under+Over-Exc”, were analyzed in this study. In the “Normal” scenario, the removal of
soils and the installation of lateral supports were conducted alternatively in a traditional
way. In the “Under-Exc” scenario, the under-excavation at Zone-1 (specified in Figure 20)
was considered by setting the soils at Zone-1 to be removed one step behind Zone-2 and
Zone-3 from Step-7 (refers to Table 2). The “Under+Over-Exc” scenario, which is the closest
to the practical condition of the project, further considers the over-excavation at Zone-3.
The construction sequences of different scenarios are detailed in Table 2. It should be noted
that the removal of soils in all the steps was modeled by removing all the corresponding
meshes at once for simplicity. All the analysis steps in the FE model were static.

4.3. Interpretation of the Results

Due to the lack of critical information and the simplifications made in the numerical
models, it is difficult to replicate the displacement field of the project entirely. Therefore,
the numerical analyses in this section are expected to capture the general trend of the
displacements and explore the impact of under-excavation and over-excavation. The
calculated results of the numerical tests are analyzed below.

Figure 22 summarizes the maximum wall deflections of different models and the field
data. In general, the maximum wall deflections at normally excavated areas (i.e., Zone-2
in Figure 20) calculated from all three models match the field data. At the same time,
the deformations at Zone-1 and Zone-3 show great differences. The “Normal” scenario
underestimates the wall deflections at the over-excavated zone (i.e., CX15 and CX16), while
overestimating those at the under-excavated zone (i.e., CX6, CX7, and CX8). When the
under-excavation is considered (i.e., the “Under-Exc” scenario), the overestimations at
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CX6, CX7, and CX8 are mitigated, but the deformations at CX15 and CX16 are still largely
underestimated.

Table 2. Strategy of analyses and construction sequence.

Step Normal Under-Exc Under+Over-Exc

1 Geostatic Geostatic Geostatic

2 Install the piles and the diaphragm wall Install the piles and the diaphragm wall Install the piles and the
diaphragm wall

3 (Exc-1) Remove the soils to 1.5 m BGS Remove the soils to 1.5 m BGS Remove the soils to 1.5 m BGS

4 Install the Strut-1 and the trestle Install the Strut-1 and the trestle Install the Strut-1 and
the trestle

5 (Exc-2) Remove the soils to 6.5 m BGS Remove the soils to 6.5 m BGS Remove the soils to 6.5 m BGS

6 Install the struts at 6 m BGS Install the struts at 6 m BGS Install the struts at 6 m BGS

7 (Exc-3) Remove the soils to 11 m BGS Remove the soils at Zone-2 and Zone-3 to
11 m BGS

Remove the soils at Zone-2
and Zone-3 to 11 m BGS

8 Install the struts at 10.5 m BGS Remove the soils at Zone-1 to 11 m BGS;
install the struts at 10.5 m BGS

Remove the soils at Zone-1 to
11 m BGS; install the struts at

10.5 m BGS

9 (Exc-4) Remove the soils to 14 m BGS Remove the soils at Zone-2 and Zone-3 to
14 m BGS

Remove the soils at Zone-2
and Zone-3 to 14 m BGS

10 Install the struts at 13.5 m BGS Remove the soils at Zone-1 to 14 m BGS;
install the struts at 13.5 m BGS

Remove the soils at Zone-1 to
14 m BGS, soils at Zone-3 to

18 m BGS; install the struts at
13.5 m BGS

11 (Exc-5) Remove the soils to 18 m BGS Remove the soils at Zone-2 and Zone-3 to
18 m BGS

Remove the soils at Zone-2 to
18 m BGS

12 Install the struts at 17.5 m BGS Remove the soils at Zone-1 to 18 m BGS;
install the struts at 17.5 m BGS

Remove the soils at Zone-1 to
18 m BGS, soils at Zone-3 to

22 m BGS; install the struts at
17.5 m BGS

13 (Exc-6) Remove the soils to 22 m BGS Remove the soils at Zone-2 and Zone-3 to
22 m BGS

Remove the soils at Zone-2 to
22 m BGS

14 Install the base slab Remove the soils at Zone-1 to 22 m BGS;
install the base slab

Remove the soils at Zone-1 to
22 m BGS; install the full

base slab

Although the “Under-Exc” model cannot fully capture the lateral deflections at CX6,
CX7, and CX8, it shows a positive trend compared with the “Normal” scenario. The trend
suggests that the small wall deflections at CX6, CX7, and CX8 may arise from the under-
excavation procedure at the area. Unfortunately, under-excavation in practice (the area
and the duration) cannot be fully captured, which explains the discrepancy between the
results of the “Under-Exc” model and the field data. In fact, under-excavation at critical
segments of a deep excavation can help to restrain wall deflections and, thus, improve the
excavation performance. This is the reason for the broad application of zone excavation
and earth berms in practical deep excavation projects.

The comparison between the results of the “Normal” and the “Under-Exc” models
suggests that the large wall deflections at CX15 and CX16 were unlikely to be caused
by the under-excavation at Zone-1. Therefore, the “Under+Over-Exc” scenario is further
calculated. When the soils at Zone-3 were over-excavated, the maximum wall deflections in
the area increased dramatically. The calculated results from this model are very close to the
field data, suggesting that this model best reflects the actual performance of the excavation.
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At the same time, the significant increase in the wall deflections at the over-excavated area
confirms the danger of over-excavation in deep excavations.
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A preliminary investigation of the maximum wall deflections suggests that the ab-
normal spatial distribution of the wall deflections of the current projects was caused by
the combination of under-excavation and over-excavation procedures during construction.
However, the maximum wall deflections cannot reflect the influence of different construc-
tion procedures on the detailed structural reactions. Therefore, performances at several
typical locations (e.g., a normally excavated area, under-excavated area, and over-excavated
area) are further evaluated and compared with the field data.

The lateral wall deflection profiles at three typical locations (i.e., CX2 at the normally
excavated area, CX6 at the under-excavated area, and CX16 at the over-excavated area) are
presented in Figure 23. In addition, the field data are also included for comparison. The
figure shows that the wall deflections at CX2 calculated from the three models are almost
identical, and all of them match the field data, suggesting that both under-excavation and
over-excavation have negligible impacts on the normally excavated area. This indicates that
both under-excavation and over-excavation can only influence wall deflections at the corre-
sponding locations, while having negligible influence on the normally excavated areas.

The comparison between the field data at CX6 and the other two locations shows that
CX6 not only has smaller wall deflections, but the depth of the maximum wall deflection at
the location is smaller than the other two. The shallower maximum wall deflection location
at CX6 can also be attributed to the under-excavation procedure because the locations
of the maximum wall deflection calculated from both the “Under-Exc” model and the
“Under+Over-Exc” model are above the “Normal” model. In contrast, compared with the
under-excavation procedure, over-excavation seems only to increase the magnitudes of the
lateral deformations.

The ground settlement troughs calculated from different models are compared with
the field data in Figure 24. The dotted line in Figure 24 represents the ground surface. In
general, the numerical models underestimate the ground settlements behind the diaphragm
wall. Typically, the numerical models underestimate the displacements more significantly
at the points near the diaphragm wall, compared to the points far from the pit. This
underestimation may arise for several reasons, such as the inability of the constitutive
model used in the study to consider the low strain stiffness of the soils, the failure to dewater
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the confined aquifer in the numerical models, and the inability of the current model to take
into account the settlements induced by the installation of the diaphragm wall.
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Figure 24. Ground settlement troughs at J1, J3, and J8.
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Although the numerical models in this study underestimate the ground settlements
outside the pit, the differences between different models have reference values. For example,
the “Under+Over-Exc” model yields smaller settlements than the “Under-Exc” model at
J3, but an opposite tendency is observed at J8. This is because the displacements of the
ground outside an excavation are the combined results of the deformations caused by the
excavation-induced unloading and the volume loss caused by the inward movements of
the diaphragm wall. As shown in Figure 23, the wall deflections at J3 (i.e., CX6) calculated
from the two scenarios are almost identical. At the same time, the over-excavation in the
“Under+Over-Exc” scenario increases the general unloading of the excavation. As a result,
the general settlements at J3 are increased. In contrast, the additional settlements at J8
caused by the increased wall deflections outweigh the upheavals caused by the additional
unloading, which caused the larger settlements in the “Under+Over-Exc” scenario.

In contrast to the vertical movements of the ground, the vertical structural movements
were mainly caused by excavation-induced unloading. As described in Figure 25, the
numerical models generally overestimated the upheavals of the diaphragm wall and the
columns, compared to the monitored results. This overestimation can largely be attributed
to the neglection of the numerical models’ to dewater the confined water. Compared with
the diaphragm wall, the upheavals of the columns were overestimated more dramatically.
Moreover, compared with the field data, the calculated differential vertical movements of
different columns are more dramatic, indicating that the numerical models overestimate
the vertical movements at the center of the pit more significantly than the peripheral areas.
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Although the numerical models overestimate the vertical structural movements, they
can still, to some extent, reflect the influence of different construction procedures by
comparing the results of different models. For example, the difference between the results
from the “Normal” scenario and the other two models demonstrates that under-excavation
dramatically reduces the structural upheaval. At the same time, the comparison between
the “Under-Exc” model and the “Under+Over-Exc” model shows that the negative effect
of over-excavation of the vertical structural movements is not apparent. One may notice
that the calculated vertical movement at LZ14 is much smaller than the other monitoring
points, but the field data did not show the same tendency. The small value of the numerical
results is because the column is the closest to a corner of the pit. The failure of the field
data to show the same tendency to the numerical results may arise from some unrecorded
construction activities in practice.



J. Mar. Sci. Eng. 2023, 11, 219 26 of 29

Figure 26 compares the calculated axial forces of different models with the field data.
According to the figure, all the models can generally yield the same distribution pattern
among different layers of supports with the field data; the axial forces of the Level-1 and
Level-5 struts are much smaller than the other three in the middle. On the other hand, the
numerical models perform differently at different locations. For example, all the models
dramatically underestimate the struts at ZC2, while yielding relatively accurate results
at ZC6 and ZC16. Considering that all three models show the same tendency at ZC2,
the possible influence of different construction procedures can be excluded. By further
examination, it can be observed that the struts at ZC2 are diagonal struts, which could be
the reason for the underestimated displacements.
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Figure 26. Axial forces at the monitored points ZC2, ZC6, and ZC16.

The differences in the calculated strut forces at ZC2 among the three models are not
apparent, suggesting that the under-excavation at Zone-1 and the over-excavation at Zone-3
can only influence the structural performance of the excavation in close proximity, while
nobility influencing the structures at the normally excavated areas. Compared with the
“Normal” scenario, the “Under-Exc” model and the “Under+Over-Exc” model produced
smaller axial forces at ZC6, indicating the positive effect of the under-excavation procedure.
In terms of the axial forces at ZC16, the figure suggests that both the under-excavation at
Zone-1 and the over-excavation at Zone-3 have certain impacts on the forces, in which the
under-excavation tends to restrain the axial forces, while over-excavation can increase the
maximum axial forces.



J. Mar. Sci. Eng. 2023, 11, 219 27 of 29

5. Conclusions

Through an extensive field instrumentation program, in combination with three-
dimensional numerical analyses, this paper investigates both the performance of a deep
excavation in Shanghai soft soils and the corresponding influence of under-excavation
and over-excavation. Through the analyses of the field data and the calculated results of
different numerical models, the following conclusions, recommendations, and precautions
can be drawn:

1. The lateral wall deflections showed a typical spatial distribution. The under-excavation
procedure restrained the wall deflections at the middle part of the diaphragm wall,
making the corner effects at the corresponding side inapparent.

2. Although dewatering the confined aquifer had negligible impacts on the lateral wall
deflections, the process dramatically influenced the vertical structural movements.
The recovery of the confined water after the dewatering process was stopped and
caused abrupt upheavals to the interior columns and the diaphragm wall, which
exaggerated the differential vertical movements of the retaining structures.

3. The distribution of the axial strut forces around the pit were closely related to the
distribution of the wall deflections. Therefore, both under-excavation and over-
excavation dramatically influenced the axial strut forces of the project.

4. The numerical models effectively reflect the displacement trends and the influences of
different construction procedures. The “Under+Over-Exc” model produces the most
conforming results with the field measurement, suggesting that the atypical spatial
performance of the project was caused by the combination of the under-excavation
and the over-excavation during construction. Both the under-excavation and over-
excavation procedure can only influence the performance of the excavation in close
proximity, while having negligible impacts on the normally excavated areas.
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