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Abstract: This study demonstrates the design and field implementation of an innovative servo con-
crete bracing system in foundation pit excavation. The bracing system comprises concrete struts,
revised purlins, and hydraulic jacks, and its field performance is evaluated in a deep foundation pit
project in Shanghai, China. The field measurements demonstrate that the servo bracing system ef-
fectively reduces the maximum lateral displacement of the retaining wall by up to 31%. Moreover,
the servo jacks modify the wall’s flexural behavior by introducing local inflection points at certain
depths and driving the displacement peak upward. Furthermore, the system’s performance varies
with strut configuration, and servo forces influence not only the corresponding acting strut but also
the adjacent struts’ behavior, implying that the monitoring scope should be expanded when apply-
ing the servo bracing system in actual engineering. This study provides a meaningful technical ref-
erence for future servo concrete bracing system applications in foundation pit engineering.

Keywords: braced excavation; diaphragm wall displacement; foundation pit; proactive
displacement control; underground construction; servo concrete strut

1. Introduction

Ground deformation control has always been a critical issue in deep foundation pit
excavation. Generally, soil excavation triggers significant unloading effects on the green-
field and is often associated with observed ground disturbance issues [1,2]. If not con-
trolled properly, the resultant deformation tends to impact nearby ground and under-
ground infrastructures [3-8]. For instance, the foundation pit excavation may cause the
settlement and tilting of the nearby existing building [9]. Moreover, the excavation process
triggers movements of the surrounding soil layers, which may further damage the close
pipe gallery and deform the proximity tunnel significantly, which deteriorates its struc-
ture integrity [8,10,11]. For controlling adverse ground deformation, it is crucial to design
and implement a safe and reliable bracing system during foundation pit excavation.

Generally, the external retaining structure plus internal supports is the dominant
bracing system for deep foundation pit excavation, especially in soft ground. This type of
bracing system mainly consists of earth-retaining structures (e.g., secant piles, diaphragm
walls) and internal support components (e.g., steel and concrete struts) [12]. Reinforce-
ment concrete or steel struts are the mainstream internal support types, and they are typ-
ically placed horizontally, functioning as axially bearing rods to resist the lateral defor-
mation of the earth-retaining structures. Mostly, the normal concrete or steel struts are
considered as passive bearing parts because their axial bearing capacity is only passively
activated by the occurred lateral displacement of the earth-retaining structures [12-14].
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This implies that the strut axial forces cannot be proactively adjusted to the changing ex-
cavation conditions, and therefore exhibit limitations in ground deformation control.

To address the defects of normal passive struts, servo steel struts have been devel-
oped and applied in foundation pit engineering. Generally, servo struts are set up by com-
bining the normal steel struts with hydraulic jacks placed on either or both ends of the
strut, and thus, the axial forces can be adjusted conveniently by setting the hydraulic pres-
sures. The servo steel struts have been applied in many deep excavation projects and
demonstrated their effectiveness in mitigating ground deformation [15-18]. However,
previous studies mainly focus on developing servo steel struts, while there have been very
rare studies of servo concrete struts. Considering that concrete struts are widely used es-
pecially in mega foundation pit excavations, it is technically necessary to explore applying
servo technology to concrete struts.

This study demonstrates the design and implementation of the first servo concrete
bracing system worldwide and evaluates its technical performance through field moni-
toring in an actual foundation pit project. In the rest of this paper, Section 2 presents back-
ground project information incorporating the site’s geological conditions and normal
bracing structure designs. Section 3 details the servo concrete bracing system, including
configurations of the servo system, integration of jack-concrete struts, and the control pro-
cess. Section 4 presents deep insights into the field monitoring results, and further assesses
the application performance of the servo bracing system, and finally, Section 5 concludes
the study.

2. Engineering Background
2.1. Overall Project Information

The foundation pit in this study is excavated to construct the basement of a (residen-
tial and business district) property development project in Shanghai, China. This founda-
tion pit has a total plane area of about 58,000 m? and a maximum excavation depth of
about 22.1 m below the ground surface (BGS). In the excavation process, the foundation
pit is divided into 18 subzones using diaphragm walls for sequential construction plan-
ning. In this study, the field monitoring investigation is focused on the area consisting of
8 subzones, namely Z1 to Z4 and Z5a to Z5d, as illustrated in Figure 1. The excavation
depths of each subzone are as follows: Z1 area has a depth of 22.1 m BGS, Z2 to Z4 19.9 m
BGS, and Z5a to Z5d about 12.4 m BGS.

Since areas of Z5a to Z5b have much smaller excavation depths than areas of Z1 to
73, they are divided using partition diaphragm walls and designed to have independent
bracing structures, as shown in Figure 2. Notably, this foundation pit is located within the
displacement-sensitive urban area in Shanghai, with many important existing surround-
ing facilities that need high attention. Beneath the West Yangsi Road located on the north
side of the pit, two in-service metro transit tunnels exist, which are segmented bored tun-
nels with an outer diameter of 6.2 m, and the nearest upline tunnel is about 9.2 m distant
from the external pit boundary (see Figures 1 and 2). On the east side of the pit is Jiyang
Road, where many municipal pipelines (energy, telecommunication, electricity) are ex-
tending beneath the road. Overall, the pit excavation encounters significant technical chal-
lenges revolving around the ground deformation control and disturbance mitigations to
surrounding facilities.



Buildings 2024, 14, 1674 3 of 16

|
i

s
IC3 z1 =
< @ IC49 Depth - 19.9m 2
Depth - 22.1m g
5 Area - 4413m? Area - 4835n" a
g | 2 |csL
=) Depth - 19.9m
g Area - 7591m?

Diaphragm wall
™~ Z4
IC - Inclinometer Casting T Depth - 19.9m

WM

Figure 1. Plane view of the foundation pit project.
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Figure 2. Section view of the foundation pit (1-1 cross-section).

2.2. Site Geological Conditions

The site is located in the southeast front of the estuary of the Yangtze River Delta, and
the geomorphic unit belongs to the coastal plain. According to the site geotechnical con-
dition investigation, the stratum within the influence depth of the foundation belongs to
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the Quaternary Holocene to Middle Pleistocene coastal plain sedimentary soil layer of the
Yangtze River Delta, which is mainly composed of clayey soil, silty soil, and sandy soil.
According to the soil genetic type, spatial distribution, and geotechnical properties, the
ground strata within the construction site are divided into ten layers from top to bottom.

There is no surface water distribution at the site, and the phreatic water in the shallow
soil layer directly influences the pit construction of this project. The stable water level in
the borehole measured is about 0.6~1.6 m below the ground surface. Moreover, according
to the field investigation, the micro-artesian water level at the site is about 7.1 m below the
ground surface. The soil strata and their corresponding geotechnical parameters are de-
tailed from top to bottom in Table 1. Note that in the table, the static earth pressure coeffi-
cient refers to the ratio of horizontal to vertical effective stress of the soil, measured
through laboratory consolidation tests. The subgrade reaction stiffness is defined as the
force causing a unit settlement of ground soil, typically measured using field plate loading

tests. £ | ) means the compressive modulus of soil at a stress level of 0.1~0.2 MPa. The

soil mechanical properties are determined according to the Chinese geotechnical survey-
ing code [19,20].

Table 1. Table of geotechnical parameters.

Strength Parameters Compression

Static Earth Pressure permeability Subgrade Reac- Modulus

Soil Type c 9 D(f:;\]s/lzs)y Sa;l:l;i/tl)on R‘:filode Coefficient Coefficient tion Stiffness E
(KPa) ©) ° K, K (cm/s) (KN/m?) 5(0.1-02)
(MPa)
Silty clay 21 19 18.6 9 0.891 0.50 3.5 x 106 3000 4.73
M“‘fg’;‘lty 11 19 17.3 99 1243 0.56 8.6 x 106 1500 3.02
Clayey silt 7 31 18.7 9 0.850 0.40 22 %10 3000 7.94
Muddy clay 10 13 16.4 9 1499 0.60 42 %10 1500 196
Clay 14 12 172 9 1238 0.55 5.7 x 10 2000 2.80
Silty clay 6 325 186 95 0.858 041 3.0 x 10 4000 8.38
Silty sand 34.0 187 9 0.830 041 3.0 x 10 4000 8.87
Silty clay inter-
bedded with 15 195 183 96 0.955 0.56 13x10% 2500 443
silty soil
Silty sand 4 35 188 95 0.807 041 3.0 x 10 4500 8.25
Silty sand 2 35.5 189 95 0.771 0.39 4.0 <10+ 7000 9.68
Muddy silty
clay interbed- 21 18.4 9 0.915 0.54 3.6 x 105 3000 5.91
ded with sandy

silt

2.3. Bracing Structure Design of the Foundation Pit

The foundation pit is divided into 18 zones for staged excavation, using diaphragm
walls of 0.8 m/1.0 m/1.2 m thickness as partitions and ground-retaining structures. Fol-
lowing the completion of wall construction, jet-mixing grouting is conducted to reinforce
the soil inside the pit before excavation. The excavation follows a specified sequence from
Zones Z1 to Z4, with Z1 being the first to excavate until the bottom slab level, followed by
internal structure construction and backfilling to surface level. Afterward, it is succeeded
by the sequential excavation and backfilling of Zones Z4, Z2, Z3, and lastly, the shallow
pits Z5a to Z5d. This study focuses on monitoring the excavation of Z1 and Z3, where
depths reach 22.1 m and 19.9 m, respectively. Before excavation, soil reinforcement via
triaxial jet-mixing extends to a depth of about 27 m BGS in zones Z5b to Z5d, and closer
to the diaphragm wall within a 10m distance inside Z1 and Z3.

Within Z1 and Z3, five reinforced concrete (RC) struts are constructed as internal
support, descending from the top with varying cross-sectional dimensions illustrated in
Figure 3. The first RC strut has a cross-section that is 0.8 m wide and 0.9 m high, while the
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West Yangsi Road

other four RC struts are 1.0 m wide and 1.0 m high (see Table 2). A concrete purlin along
the pit’s perimeter connects to the diaphragm wall, minimizing the effects of concentrated
forces from the struts. Dimension differences in strut parameters between Z1 and Z3 are
minor. Notably, in Z1 only normal concrete struts are used, whereas in Z3 an innovative
servo hydraulic jack system is explored to investigate its performance, which is detailed
further in Section 3.

i s Grourli Sur;ace 1st RC strut 1st RC strut
RC purlins
é 2nd RC strut
E B | F=——————=1
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l by Steel strut
[ 3rd RC strut
Metro tunnel E E
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Tk ~/ o
s RC strut nq
L Wall /57m BGS
_‘_ “~Diaphragm wall -

Figure 3. Bracing structure design of the foundation pits: (in lower left corner is strut—purlin—-wall
connection).

Table 2. Concrete struts information.

Strut Cross-Section (Width x Height, mm) Depth (m) /BGS
71 Z3 71 73
1st RC strut 800 x 800 800 x 800 0.6 0.6
2nd RC strut 1000 x 900 1000 = 1000 5.1 4.6
3rd RC strut 1000 = 1000 1100 x 1100 9.1 8.4
4th RC strut 1000 = 1000 1000 = 1000 13.1 12.2
5th RC strut 1100 = 1000 1000 x 1000 17.1 16.1

3. Servo Concrete Bracing System Design and Field Implementation
3.1. Configuration of Servo Concrete Bracing System

For a typical bracing structure with concrete struts, a purlin is cast along the perime-
ter of the retaining wall to evenly distribute the load between the diaphragm wall and the
struts, as shown in Figure 3. When combining the servo hydraulic jacks with the concrete
struts, several technical issues must be considered, involving, for example, the ease of in-
stallation and the need to prevent cracking of concrete when under a concentrated jacking
force. To address these issues, a reinforced concrete purlin with an expanded cross-section
is meticulously designed and cast on site. Additionally, a series of grooves are constructed
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within the purlin on the side near the diaphragm wall (shown in Figure 4). These uniform-
spaced grooves are intended to accurately accommodate the hydraulic jack cluster, ensur-
ing that the servo forces are evenly distributed across the entire purlin. The primary com-
ponents including reinforced purlins, concrete struts, servo hydraulic jacks, and a hydrau-
lic pumping station, have been carefully designed to meet the performance requirements
of the overall servo bracing system. The final field implementation of this system config-
uration is schematically depicted in Figure 4.

Normal concrete strut /—|E| |E| ~~ l - <l Hydraulic

Servo concrete strut

\ \ L'__:!\ \ %

Za

- Hydraulic

\\Purlins

A  jack
ZZay
h . -
Diaphragm wall 4, Hydraulic jack
Cylinders
f
Concrete
struct
- - 4, Diaphragm wall

Figure 4. Servo concrete strut design and field implementation.

3.2. Field Implementation

In this project, the designed servo struct is applied in foundation pit Z3, where a total
of 48 hydraulic jacks are configured to the third, fourth, and fifth struts (16 jacks each) on
the north side facing the West Yangsi Road (see Figure 5b), while 24 hydraulic jacks are
configured to the fourth strut on the east side near Jiyan Road (see Figure 5c).

The actual field implementation of the servo bracing system is demonstrated in Fig-
ure 6. Firstly, a reinforced concrete purlin is cast on site with discrete grooves (see Figure
6a), and the hydraulic jacks are placed afterward when the concrete hardens (see Figure
6b). Once the servo hydraulic jacks are activated, additional reaction forces are imposed
on the diaphragm wall, while the force magnitudes can be adjusted manually according
to the control requirements of lateral displacement. The hydraulic forces control operation
should consider two aspects: first, the force level should not be too high to incur a signif-
icant separation between the diaphragm wall and the purlins; second, the total axial forces
(including the additional jack forces) of the concrete struts should not exceed its maximum
bearing capacity. In practice, dense field monitoring is conducted with a half-day interval
to provide instant feedback on hydraulic force control.
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Figure 6. Bracing structure design of the Z3 with servo concrete struts: (a) reinforcement cage of
purlin; (b) field construction of servo RC struts; and (c) servo-hydraulic jack.
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4. Field Monitoring Result and Discussion

In the foundation pits Z1 and Z3, intensive monitoring is conducted to feedback on
the excavation process and ensure safety, compassing the diaphragm wall lateral displace-
ment measured using inclinometer castings (ICs), strut internal forces, and jack forces et
al. The excavation of pit Z1 started in October 2020 and was completed to the base slab
level by the end of November 2020, followed by the subsequent basement construction;
the excavation of pit Z3 started in May 2023, and was finished to the base slab level by the
end of July 2023. In this study, the wall lateral displacements of Z1 and Z3 are analyzed
and compared to investigate the performance of the servo bracing system.

4.1. Wall Lateral Displacement Monitoring Results
4.1.1. Wall Displacement Results

The wall lateral displacement is measured by inclinometer castings (ICs, with a meas-
ure precision of 0.01 mm) initially attached to the reinforcement cage and buried into the
diaphragm walls. Four measurement points of foundation pit Z1, namely IC1 to IC4, are
selected to investigate the wall deformation throughout the excavation process. The rec-
orded displacement along with depth in Z1 is shown in Figure 7. Note that, in the dis-
placement curves, the dotted arrow lines indicate the elevations of the struts and a depth
of 19.9 m (the excavation depth of pit Z3), and each plot corresponds to the lateral dis-
placement of the wall at the time stage when the strut is concreted, while the latest plot
(the plot exhibiting the maximum displacement) is measured at the depth of 19.9 m.

Observing the deformation data in Z1, it can be found that the overall wall displace-
ments increase significantly along with the excavation depth. For example, at IC1 the max-
imum displacement is of about 22 mm when excavating to the second strut level (5.1 m
BGS) and increases to about 54 mm at the excavation depth of 19.9 m BGS; at IC3, the
maximum displacements are of about 44 mm and 166 mm to the depth of 5.1 m and 19.9
m BGS, respectively. In addition, at each plot the depth of peak displacement is mostly
below the excavation depth; for instance, at IC1, the peak value of 22 mm occurring at 13.5
m BGS corresponds to the excavation depth of about 5.1 m BGS, and the peak value of 54
mm occurring at 21.5 m BGS to the excavation depth of about 19.9 m BGS.

Furthermore, the wall displacements demonstrate a significant spatial variation. As
can be shown in Figure 7, at the same excavation depth, the wall displacements of points
IC1 and IC2, which are adjacent to West Yangsi Road, are much smaller than those of
points IC3 and IC4 far away from West Yangsi Road. The maximum displacements (at a
depth of 19.9 m BGS) at IC1 and IC2 reach about 54 mm and 42 mm, respectively, while
at IC3 and IC4 they are recorded as high as 165 mm and 132 mm. Considering the bracing
structure layout, the main reason for this difference may be that IC1 and IC2 are close to
the outermost diaphragm wall, which surrounds the shallow foundation pits Z5a to Z5d,
and these external walls (with a thickness of 1.2 m) serve as additional ground-retaining
structures when pit Z1 is excavated, which reduces the ground deformation significantly.
While at IC3 and IC4, there are no external walls offering such additional ground support,
and hence a significantly larger deformation.

For the foundation pit Z3 illustrated in Figures 1 and 5, it should be mentioned that
the servo jack system is implemented on the third to fifth concrete struts on the north side
(facing the metro tunnel lines), with two measurement points IC5 and IC6 on the wall. On
the east side adjacent to the energy pipe beneath Jiyang Road, the servo jacks are installed
only on the fourth strut, and two measurement points IC7 and IC8 are sampled, with wall
lateral displacement results demonstrated in Figure 8.

The displacement results in Figure 8 demonstrate similarities with those in Figure 7,
in that overall wall displacements increase significantly with the excavation depth. For
example, at IC5 the maximum displacement is of about 9.5 mm when excavating to the
second strut level (4.6 m BGS), and further increases to about 42 mm at the excavation
depth of 19.9 m BGS; at IC7, the maximum displacements are of about 10 mm and 67 mm
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to the excavation depths of 4.6 m and 19.9 m BGS, respectively. Moreover, the displace-
ment results still show spatial variation, since at IC7 and IC8 the wall exhibits a more
significant deformation than that at IC5 and IC6. However, highlighted differences exist
within the displacement results demonstrated in Figures 7 and 8, which reveal the effects
of the servo hydraulic jack system.

Displacement (mm)
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Figure 7. Horizontal displacement results of the diaphragm wall in foundation pit Z1: (a) Point IC1;
(b) Point IC2; (c) Point IC3; (d) Point IC4.
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Figure 8. Wall horizontal displacement results of the foundation pit Z3: (a) Point IC5; (b) Point IC6;

(c) Point IC7; (d) Point IC8.

4.1.2. Assessing the Performance of the Servo Strut System

A comparison of the wall displacement results in the two pit zones Z1 and Z3 helps
to evaluate the functionality of the servo bracing system. The most obvious distinction is
that servo forces alter the flexural behavior of the diaphragm wall, which causes several
local inflection points (at the positions of servo jacks), such as in the result plots corre-
sponding to the time stages of the fourth and fifth strut and the base slab in Figure 8a,b.
In contrast, the flexural curves plotted in Figure 7a,b are smoother and have no inflection
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points. Furthermore, the servo forces can reduce the overall deformation extent of the wall,
and hence help mitigate the impacts of pit excavation on the surrounding ground. For
instance, if comparing the displacement results at IC1 and IC6, the peak displacements by
the excavation to 19.9 m BGS reach approximately 54 mm and 42 mm, respectively, while
at IC2 and IC5 (where servo forces are imposed) they reach about 42 mm and 29 mm,
respectively. This indicates the servo struts reduce the maximum wall displacement by
about 22% at IC1 and IC6, and by 31% at IC2 and IC3.

In addition, the impacts of the servo forces also vary with different servo jack config-
urations. Observing the wall deformation results in Figure 8, it can be revealed that, on
the north side of pit Z3, where servo forces are imposed at the third/fourth/fifth struts, the
displacement plots at IC5 and IC6 have more local inflection points, while at IC7 and IC8,
where only the fourth strut is imposed servo forces, the displacement curves (see Figure
8¢,d) are highly smooth as those in Figure 7, with no significant inflection points. Notably,
it is not reasonable to assess the performance of servo jacks by comparing the displace-
ment at IC3, IC4, IC7, and IC8, because a large distinction already exists in the initial dis-
placement evolution of these measurement points, which occurred before the servo forces
were activated at pit Z3. However, if only observing the displacement evolution after ac-
tivating the fourth strut, it can be seen that, without the servo system, the increment of
peak displacements at IC3 and IC4 in pit Z1, from the fourth strut to the depth of 19.9 m,
are 59 mm and 27 mm; in contrast, with the servo force system, the increments in peak
displacements at IC7 and IC8 in pit Z3 are of 22 mm and 16 mm, and this implies that the
servo jacks play a role in mitigating the displacement evolution afterward.

Furthermore, the servo forces also alter the deflection mode of the wall, by driving
the location of the peak displacement upward. For instance, from the plots in Figure 7,
without servo forces, the depths of peak displacement at IC1 to IC4 are of 21.5 m, 19.0 m,
21.0 m, and 20 m BGS, generally below (or very close to) the excavation depth of 19.9 m
BGS. However, as can be seen from Figure 8, with imposed servo forces, the depths of
peak displacement at IC5 to IC8 are 13 m, 15.0 m, 15.5 m, and 13.5 m BGS, generally far
above the excavation depth of 19.9 m BGS.

4.1.3. Displacement Evolution of Characteristic Depths with Servo Strut

In addition to the overall wall displacement curves measured by inclinometers (dis-
played in Figures 8 and 9), the effects of the servo forces on the wall displacement are
further analyzed by observing the displacement evolution at selected (characteristic)
depths in the diaphragm wall, which corresponds to the positions of the servo jacks
(depths of the third to fifth concrete struts). In this project, the data from the inclinometers
casting IC5 to IC8 in foundation pit Z3 are specified in Figure 9, and it can be noted that
the starting day (Day 0) corresponds to the start of the pit Z3 excavation.

The displacement evolution tendency after imposing servo forces is the focus of this
analysis. When the individual hydraulic jack at the third strut is loaded from an initial 1
MN (Meganewton) on Day 29 to a final 3 MN by Day 34, the wall displacement of IC5 (in
Figure 9a) only changes from 17.3 mm to 18.7 mm in these 5 days, with an increment of
1.4 mm, whereas the wall displacement increment within the 5 days (before Day 29) is of
about 2.2 mm. Furthermore, observing the displacement curves of the fourth and the fifth
struts at IC5, the displacement increments are of 2.4 mm and 1.8 mm, respectively, after
imposing the servo forces at the third strut, corresponding to the displacement increments
of 4.0 mm and 2.8 mm at the same time-interval before. At IC6 in Figure 9b, the wall dis-
placement shows a similar characteristic, as the servo forces tend to flatten the displace-
ment curve and mitigate its gradient afterward.

In addition, when the jacks at the fourth strut are loaded to 1 MN on Day 46 to 2.5
MN by Day 48, the displacement curve of IC5 exhibits a significant decrease, say 2.6 mm
at the depth of the third strut, 2.9 mm at the fourth strut, and only 0.7 mm at the fifth strut,
which indicates that the loading of the fourth strut imposes less effects on the fifth strut.
At IC6 in Figure 9b, the wall displacement shows a rather similar characteristic under the
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servo forces, and a distinguishable decrease occurs in the curves of the third and the fourth
struts, but its influence on the fifth strut is insignificant. Overall, the wall displacement
curves are flattened significantly by the imposed servo forces, which demonstrates that
the servo concrete strut effectively assists in controlling wall displacements, and thus mit-
igates the disturbance to the surrounding grounds.
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Figure 9. Displacement evolution at strut depths of the wall in foundation pit Z3: (a) Measurement
point IC5; (b) Measurement point IC6; (c) Measurement point IC7; (d) Measurement point IC8.

Figure 9c,d demonstrates the wall displacement measured at IC7 and IC8. The servo
forces are only acting on the fourth strut, and it can be shown that the forces impose more
significant effects on the third and fourth struts than on the fifth strut. The servo forces
flatten the displacement curves corresponding to the third and fourth struts, and at IC7
the average daily increment of displacement was reduced from about 0.6 mm (period of
Day 41-45) to 0.45 mm (period of Day 45-49) at the fourth strut, and from about 0.5 mm
to 0 mm at the third strut. However, its impacts on the fifth strut seem insignificant, and
comparing the displacement curves monitored on the north and east sides, it can be in-
ferred that the servo jacks, when configured to multiple layers vertically, have a higher
effectiveness in mitigating wall displacement than when to a single layer.

4.2. Discussion

The servo concrete strut developed in this study has demonstrated effectiveness in
mitigating diaphragm wall displacements, and hence a highly promising technique appli-
cable in braced pit excavation projects. Compared with other technical measures to miti-
gate wall displacement, such as conducting soil reinforcement (using deep soil mixing or
jet grouting et al.), constructing a stiffer bracing structure (with thicker walls or additional
layers of struts), implementing servo jacks is a competent alternative since it assures a
relatively more reliable performance control than deep soil reinforcement, and eliminates
the needs of constructing additional layers of struts (and hence a wider workspace). Spe-
cifically, the imposed servo forces can be adjusted alongside with construction stages,
which can help maintain sufficient support to the wall, especially given the negative ef-
fects of concrete thermal shrinkage (in cold periods); moreover, if the servo forces are im-
posed properly, the stiffness of the whole bracing system can be boosted, and it can offer
a higher resistance to the ongoing ground deformation.

However, there exist several issues relating to design optimization and safety control
of servo struts which deserve further discussion. First and foremost, the level of servo
force exhibits influences on the whole bracing system stability. For example, a too-high
servo force may punch the concrete wall and cause local cracking, deteriorate its water-
tightness, and even result in a fatal collapse; furthermore, a high servo force introduces
excessive compressive forces on the struts, which may cause cross-section damage. In
summary, a proper force-loading scheme plays a vital role when implementing the servo-
type bracing system.

To address these limitations or risks, some specific optimization works are recom-
mended. Firstly, when assembling the hydraulic jacks with the concrete wall and struts,
measures should be taken to mitigate the stress concentration on the jack—wall contact
face, such as by adding a steel buffering pad to disperse the jacking force more uniformly.
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Secondly, in servo concrete struts, as presented in Figure 6b, purlins will detach from the
wall and this detachment may result in risks of collapsing. For instance, in this case study
a maximum of 70 mm gap was observed in the field. Therefore, adding more physical
constraints to the purlins is preferred, such as by constructing more temporary columns
on the vertical plane and struts on the horizontal plane. For further application, a theoret-
ical or numerical simulation model is recommended, which assists in initially assessing
the effects of servo forces on wall deformation when scheming the loading procedures.
Considering the complexity of geotechnical design, it will be beneficial to engineers if an
artificial intelligence (Al)-based training program can be investigated [21,22], which pref-
erably links the system performance with critical design parameters such as soil physical
properties, excavation depth, and bracing structure parameters.

Finally, when implementing servo concrete struts in braced excavation projects,
timely monitoring work is critical for ensuring the safety and stability of the whole bracing
system. The monitoring work has to cover important parameters ranging from wall lateral
displacements, the detachment clearance of the wall-purlin contact face, axial forces of
structs, and nearby ground deformations. Notably, this monitoring work not only helps
learn about the bracing structure behaviors, but also contributes to optimizing the soil
excavation scheming for ground disturbance mitigation. Last but not least, this study is
primarily confined to evaluating the performance of servo struts through field measure-
ments, and it does not address other important issues relevant to its future engineering
applications, such as developing a numerical model and proposing technical manuals or
guidelines, which will become the meaningful parts of future research.

5. Conclusions

This study demonstrates the world’s first development case of a servo concrete brac-
ing system for foundation pit excavation in geotechnical engineering. The system config-
uration and design philosophy are described, and its technical performance is investi-
gated through field monitoring studies, where the servo concrete strut system is imple-
mented successfully in an actual deep foundation pit project in Shanghai, China. The pro-
ject background information is first introduced, followed by detailing the servo concrete
bracing system. Subsequently, extensive field monitoring results are presented and ana-
lyzed to specifically evaluate the technical performance of this servo bracing system,
which serves as a valuable reference to the geotechnical engineering community.

The following conclusions can be drawn from this study:

(1) The servo concrete bracing system, which is successfully applied in this study, is
composed of reinforcement concrete struts, revised purlins, hydraulic jacks, and hy-
draulic pumping parts. The field implementation demonstrates that this novel servo
bracing system is effective in mitigating the wall displacement in foundation pit ex-
cavation.

(2) The servo hydraulic forces alter the retaining wall’s flexural behavior, by triggering
several local inflection points at the depths of servo jacks. Furthermore, the servo
forces can reduce the overall scale of the wall deformation and help mitigate the dis-
turbance of excavation. Under a quantitative evaluation, the servo forces can reduce
the maximum wall displacement by as much as 31% in the case study. Additionally,
the servo forces also alter the wall’s deflection mode by driving the location of the
peak displacement upward.

(3) The performance of the servo struts shows variations in different jack configurations.
Specifically, the servo jacks configured to multiple layers of struts have a higher ef-
fectiveness in mitigating wall displacement than to a single layer. Moreover, the servo
forces not only impact the corresponding strut but also affect the adjacent struts’ be-
havior. This implies that the monitoring scope should be expanded when applying
the servo strut system in actual foundation pit engineering.
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