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The shield tunneling method is widely used in urban subway construction. However, as the layer stress state changes during shield
tunnel construction, layer displacement and surface deformation occur accordingly. This study tries to investigate the settlement
and deformation of the masonry structure in shield cutting the composite foundation of group piles in a shield tunnel project at
Zhengzhou Metro Line 5. To understand the distribution characteristics and changing rules of building settlement during the
process of shield cutting group piles composite foundation passing through the masonry structure, a thorough analysis of the
ground surface settlement and building settlement, including on-site measured, was conducted. The results show that piles go
down through a composite foundation during shield cutting. The cumulative maximum settlement and maximum differential
settlement of the masonry structure were concentrated at the intersection of the tunnel axis and the building. The longitudinal
distribution of the cumulative settlement of the south and north wall of the masonry structure changes continuously with the
change of the position of the shield excavation surface. That behavior may cause the building to be tilted and deformed and cause
the structure to undergo rigid rotation and twisting deformation. Based on the composite pile foundation project of the Shield
Tunnel Cutting Group in a specific section of Zhengzhou Metro Line 5, this paper analyzes the surface settlement and foundation
settlement data of the building caused by the construction of the shield. It obtains the changes of the surface settlement and the
settlement of the foundation of the building. No other changes have been made to the existing cracks in the external walls of the
building. At the same time, because of the low angle between the longitudinal axis of the masonry structure and the tunnel axis
(22°) and the positive effect of the ring beam and column of the structure in the building, it is clear that the construction of this
project has little effect on the upper building, thus showing improved control.

1. Introduction

With the rapid development of the urban subway system, an
increasing number of tunnels are being built in China.
However, tunneling deforms the surrounding soil and ad-
jacent structures, such as buildings, existing tunnels, and
buried pipelines. Therefore, minimizing the interference of
the tunnel construction process on nearby structures has
been the focus of engineers and researchers in the field of
geotechnical engineering. Usually, this kind of displacement

and deformation can be completed in a short time, and this
kind of rapid deformation is very destructive to the su-
perstructure. Many scholars have investigated the damage to
the upper structures caused by shield tunnel construction. In
terms of theory, Burland and Wroth [1] and Burland et al.
[2] proposed a classification standard of damage level of
masonry structure based on the concept of ultimate tensile
strain. They applied it to the influence of tunnel excavation
on upper buildings. Boscardin and Cording [3] and Boone
[4] treat buildings as elastic beams and then propose a
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method to define the failure level by angular distortion and
horizontal strain. Burland [5] and Clarke and Laefer [6]
proposed a method to define the failure level by the hori-
zontal strain and deflection ratio. In terms of field mea-
surement, Dimmock and Mair [7] compared and analyzed
the bending deformation and strain of the building caused
by shield construction and the deformation and strain of the
surface based on the measured data and concluded that the
stiffness of the upper building has a corrective effect on the
settlement caused by the tunnel. Camos et al. [8] observed
buildings’ settlement, deformation, and damage through
shield tunnel construction. They found that the vertical and
horizontal displacement of the ground is often reduced
because of the existence of buildings.

Underground pile foundations are dense in cities with
crowded buildings. If the distance between the pile foun-
dation and the shield is too close, tunneling may cause
uneven settlement, deformation of the structure, and cracks
in the building [9]. Zhang et al. [10] studied the impact of the
shield tunnel crossing underneath a river on bridge piles
under the working conditions without rainfalls and con-
cluded that the scheme of erecting up temporary inverted
arches and grouting under-the-bridge piles for water
plugging was feasible and that the grouting effect was critical
to the construction of under-the-bridge undercutting piles.

With the development of the urban underground space,
the cases of shield tunnel digging under or adjacent to the
existing pile foundations of buildings are increasing. Tunnel
construction inevitably redistributes the initial soil stress and
causes surface settlement, tilting, curvature change, hori-
zontal displacement, and discontinuous deformation that
may affect the adjacent pile foundations, resulting in po-
tential safety hazards for the structure to bring construc-
tions. Breth and Chambosse [11] and Frischmann et al. [12]
studied and analyzed the ground subsidence caused by
tunnel excavation. Forth and Thorley [13] believed that the
main reason for the reduction of pile side friction resistance
caused by shield construction was the vertical displacement
of the stratum towards the tunnel. Miliziano et al. [14] used
two-dimensional numerical simulation methods to study the
impact of tunnel construction on adjacent buildings in terms
of numerical analysis. Giardina et al. [15], Giardina et al.
[16], and Giardina et al. [17] established two-dimensional
and three-dimensional finite element models to evaluate the
damage degree of adjacent masonry structures caused by
surface settlement caused by tunnel construction under
different working conditions. Burd et al. [18] established a
three-dimensional finite element model of tunnel-soil-
building integration considering the weight and stiffness of
the building. The results of their study showed that the
interaction between the soil and the structure would reduce
the damage degree to the building. Underground structures,
especially tunnels, are very common, especially in urban
areas [19]. Nevertheless, studies that investigate the influence
of the underground structures on the dwelling structures are
very sporadic. Furthermore, to the best of our knowledge,
there is no study that analyzes the settlement and defor-
mation of the masonry structure in shield cutting the
composite foundation of group piles in a shield tunnel.
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Furthermore, we propose cost-effective methods for
real-time tracking and control of building settlement.
Therefore, the main goal of this study is to better understand
the interaction between underground and surface masonry
structures, i.e., the investment effect of a tunnel in masonry
construction meetings. Also, the paper suggests some cost-
effective monitoring and mitigation measures. The rest of the
paper is organized as follows: Section 2 provides a brief
description of the stud case, Section 3 describes the most
common methods for monitoring settlements, Section 4
details the monitoring and analysis of construction settle-
ments for the case this study took into consideration, Section
5 describes surface settlements and the most critical areas,
and Section 6 discusses the consequences of settlements on
building stability. Finally, the main conclusions and rec-
ommendations from this study are presented in Section 7.

2. Engineering Situation

Shield cutting soil-cement group piles composite foundation in
Zhengzhou Metro Line 5 passes through the building project.
The mileage of the left line of the pile cutting construction
section is DK13+662.558~DK13 +711.322 (685 rings~ 715
rings, the length is about 48.764 m), and the tunnel forms an
angle of 22° with the plane of the existing house, as shown in
Figure 1.

There are about 224 agitating piles intruded by the shield.
The length of the shield cutting pile is about 2.6~3.7 m. The
outer diameter of the segment is 6.2 m, the inner diameter is
5.5 m, the wall thickness is 0.35 m, and the width of the lining
ring is 1.5 m. The segment material is C50 concrete, and the
segment assembly method adopts staggered seam assembly.
The building is a 7-story masonry structure with a semi-
basement, and the foundation form is a strip foundation. The
foundation is treated with a cement-soil pile composite
foundation. The pile length is 11.5m, the pile diameter is
0.5m, and the spacing between the piles is 0.95m. The
exterior of the building is shown in Figure 2.

3. Settlement Control Measures

As shown in Figure 3, two “gaps” need to be mainly con-
trolled during shield construction, namely clearance be-
tween shield and shield tail and clearance between cutter and
shield, to reduce the adverse impact on the masonry
structure and foundation during the construction process of
the shield machine cutting piles.

This paper uses three “Clay shock” grouting methods,
synchronized grouting, and secondary reinforcement
grouting to control the surface settlement and building
settlement.

3.1. Clay Shock Method. Eight radial grouting holes with a
diameter of 12 mm are arranged along the circumference of
the shield body at the middle shield position in the shield
machine (Figure 4). Grouting is carried out synchronously
to the outside of the shield machine shell, which is the gap
between the shield body and the outer soil body. Grouting
can form a reliable sealing water-blocking clay grouting layer
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FIGURE 3: Schematic diagram of formation subsidence control principle.



Shield machine shell

Advances in Civil Engineering

Grouting hole

"Clay shock"
grouting layer '\

FiGUre 4: The layout of grouting holes in the shield machine shell.

around the shield machine, filling the gap between the shield
and the stratum and effectively controlling the amount of
soil subsidence during excavation. The injection process of
“Clay shock” grouting is controlled as follows: the “Clay
shock” grouting starts at the first ten rings of passing the
building. Before the shield machine starts to advance, inject
A liquid first and then B liquid. Prevent pipe blockage caused
by the mixing of water glass with clay slurry.

The grouting pressure is 0.2~0.4 MPa. “Clay shock”
grouting is synchronized with propulsion, and the grouting
speed should be adjusted according to the propulsion speed.
Inject 1.26m> of mixed solution (140% of the theoretical
value) into each ring. The ratio of “Clay shock” grouting is
shown in Table 1.

3.2. Synchronized Grouting. When the lining structure is
separated from the shield tail, fill the building gap between
the shield machine shell and the lining structure on time and
prevent the composite foundation from sinking rapidly in a
short period. The synchronous grouting measures at the
shield machine’s shield tail are taken. The theoretical
building gap caused by advancing the single-ring segment is
15X % (6.442-6.22)/4=3.57 (m?), and the initial setting
time of the slurry was about 4 hours. The actual grouting
volume is 150%~200% of the theoretical building space of
each ring segment, i.e., the synchronous grouting volume for
each advancing ring is 8 m’, and the pressure at the pumping
outlet is generally controlled at 0.3~0.4 MPa. The slurry
pressure should also be adjusted and controlled according to
ground and building settlement. The slurry ratio is shown in
Table 2.

3.3. Secondary Reinforcement Grouting. To reduce the late
settlement of the soil after the shield machine and reduce the
waterproof pressure of the tunnel, secondary reinforcement
grouting is carried out after the segment is separated from
the 6™ to 8™ rings of the shield tail. Moreover, a double
slurry composed of cement slurry and water glass is selected
to quickly fill the gap between the grouting layer remaining
in the synchronous grouting and form a certain strength.
The ratio of the double slurry is shown in Table 3.

The grouting sequence is injected according to the
method of “first dome, then two waists, and two waists are
symmetrical.” After filling one ring, the grouting of the next
ring is carried out. The standard of filling is that no water
flows out after the lifting hole of the ring is opened. The
secondary grouting pressure is controlled at #0.5 Mpa.

4. Settlement Measurement

According to the requirements of “Technical Specifications
for Urban Rail Transit Engineering Monitoring” [20, 21] and
“Urban Rail Transit Engineering Measurement Specifica-
tions” [22, 23], combined with the actual project site
overview and building characteristics, three surface subsi-
dence monitoring sections, namely DB1, DB2, and DB3,
were set up. The measuring points of the building foun-
dation settlement are arranged clockwise along the corner of
the building, numbered JG1~JG19. There are 19 measuring
points in total. See Figure 5-7 for the relative positional
relationship between the building and the tunnel and the
layout method of monitoring points.

5. Surface Settlements

The surface subsidence process caused by shield construc-
tion is divided into five stages: stage I is before the shield
reaches the monitoring section. In stage II, the shield passes
through the monitoring section. Stage III is the shield tail
prolapse monitoring section. In stage IV, shield cut pile
group composite foundation passed. Stage V is the subse-
quent subsidence stage. The DB1 monitoring section is
located at the cross-section of the 685 rings of the left-line
tunnel. The shield cutter head of the left-line tunnel cuts into
the composite foundation and starts to cut piles. It can be
seen from Figure 8 that, in stage I, each monitoring point of
the DB1 monitoring section showed slight uplift, and the
maximum uplift value appeared on the right line tunnel
outline. In stage II (III), the measuring point DB1-1 on the
center of the left tunnel and the measuring point DB1-2 on
the outline of the left tunnel appeared to sink because of
shield excavation and pile cutting. In contrast, the centerline
of the right tunnel and the corresponding measuring points
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TaBLE 1: The ratio of “Clay shock” grouting.

Material name Proportion Dosage (m?) VOI?I?; 7HV:’3€;1ght Coagulation time (s)  Viscosity (dPa-s)
Liquid .A: s.pec.lal “Clay shock” powder 400kg, 40 Baumé
bentonite liquid 4.5 s start to cement, 20's

L 20:1 degree, water glass dosage 70 kg, water 2600 L . 300~500
Liquid B: water glass 346 k initial setting.
mixture 8

TaBLE 2: Synchronous grouting slurry ratio table.
Cement (kg) Fly ash (kg) Bentonite (kg) Sand (kg) Water (kg)
170 400 800 750 450
TaBLE 3: Secondary grouting slurry ratio table.
Material Material parameters Proportion Coagulation time 28 days strength (Mpa)
name (s)
Cement . PO 42.5 Water : Water glass: Cement slurry =3:1:1
Baumé degree: 30~35, modulus: ] 30 2.6

Water glass 2831 (volume ratio)
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FIGURE 5: The relative position between building and tunnel and the plan of monitoring instruments.

DB1-4 and DB1-5 on the outline of the tunnel on the right
line is uplifted. It is because of synchronous grouting and the
“Clay shock” method when the shield cuts piles. The ex-
truded soil effect caused the pile body that was not damaged
by the shield to bulge slightly upwards, which triggered the
ground surface to bulge. In stage IV, all measuring points of
this monitoring section subside. The settlement law and
settlement amount of the measuring points on the centerline
and outline of the left tunnel are generally consistent, and the
settlement value is greater than that of the measuring points
on the right tunnel. In stage V, the monitoring points of the
DB1 monitoring section first subsided and then gradually

rose. Finally, the subsidence was stable until the shield tail
protruded for 15 days. The maximum occurred at the
centerline of the left tunnel, and the subsidence value was
=9.0 mm.

As shown in Figure 9, before the shield reaches the
DB2 monitoring section, i.e., stage I, each measuring
point of this monitoring section is slightly uplifted.
Nevertheless, the maximum uplift point appears at the
two monitoring points, DB2-1 and DB2-2, closest to the
building, which is different from the maximum uplift
position of the DB1 monitoring section. In stage II (III),
affected by the existing cement-soil group pile composite
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Date
~ ~ ~ A~ ~ =~ ~ =~ =~ =~ ~ =~ ~ ~ ~ ~ ~ -~ ~
o« o [} < o el D~ <t (=] ey o)) <t — N D~ [ce) 0 o« o«
[=] — =] (=} N — — — — (=} — — — — — (=} =] =} =)
g g 2 8 Cczc .z 2 D e 2 e <2
D~ — N o o < L O o~ [ 0 [} (=3 — N [Xa) foN) o O
— N N o N N o N N N o N o o (=} (=] (=] — —
T &g &£ g g g g g g 48 oo 2 2 o
o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ < J 0 0 3
N N N N N
D~ D~ D~ D~ o~ o~ D~ D~ D~ D~ o~ o~ D~ D~ D~ D~ o~ o~ D~
- 0 0 40 4 9 0 4 9 49 9 & 4 = 94 49 424 = =
(=3 (=3 (=] (=} =3 =3 (=3 (=3 (=] (=} f=3 =3 (=3 (=3 (=] (=} =3 =3 (=3
[\l N N N N N N N N N N N [\l N N N N N N
5 T T T T T T T T T T T T T T T T T
=
5] 0Fr b
=
S
g=t
E
54 -5F B
g g 11 (I11)
O = stage
28
3 ;“ -10 - DBI1 monitoring section position IV stage 7
(]
U
b £ 5L V stage |
5
3 g1
2 1# building
? 2l e e ”I””“I””I””””””I”””I”I |
_25 1 1 1 1 1 1
669 675 685 715 721 751
Number of left - line tunnel loop
—+— DBI-1 —— DBl1-4
—— DBI1-2 —v— DBI-5

FIGURE 8: Monitoring time-history curve of surface subsidence of section 1.

foundation, the changes of each measuring point of the  addition, all other measuring points have uplifted, and
DB2 monitoring section at this stage are small, except for  the uplift value is not large. In stage IV, the shield tail was
the DB2-2 measuring point that is closer to the centerline  separated from the monitoring section and continued to
of the left line of the tunnel, which sinks slightly. In  cut piles. All monitoring points were affected by the
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FIGURE 9: Monitoring time-history curve of surface subsidence of section 2.

construction disturbance of shield cutting and pile cut-
ting, and they sank. The maximum settlement occurs near
the intersection point of the left-line tunnel cutting into
the building. The settlement value is —6.5mm. In the
stage, each measuring point of the surface settlement
presents a “W” shape, closely related to the secondary
grouting amount of the shield and the grouting amount of
“Clay shock” grouting. The position of the maximum
settlement value at this stage is the DB2-2 measuring
point, the settlement value is —=9.0 mm, and the settlement
value of this measuring point after stabilization is
—0.89 mm.

As shown in Figure 10, the monitoring points DB3-1,
DB3-2, and DB3-3 subsided in stage I. The maximum
subsidence occurred at the monitoring point DB3-1, with a
value of —3.5 mm. The monitoring points of DB3-4, DB3-5,
and DB3-6 are slightly uplifted, the maximum uplift value is
+2.4mm, and the maximum uplift point is the DB3-4
measurement point. It is caused by the uneven settlement of
the building caused by the construction of the left shield line
cutting piles. In stage II, as the shield cutting piles are ex-
cavated through the DB3 monitoring section, the moni-
toring points closer to the left line of the tunnel have the
largest settlement.

In contrast, the measuring points arranged on the south
side of the right line of the tunnel are slightly uplifted. In
stage III, apart from the gradual sinking of the DB3-3
measuring point, the DB3-1 and DB3-2 measuring points
were affected by the simultaneous grouting and secondary
grouting and presented an uplift. In contrast, the DB3-4 and
DB3-5 on the south side of the building were uplifted. DB3-6

monitoring point side changes gently, indicating that
grouting effectively controls the surface settlement
and building inclination caused by tunnel pile cutting. Stage
IV includes stages I, II, and III, and hence, no analysis is
done.

6. Effects on Building

6.1. Building Response. As shown in Figures 11 and 12, the
settlement time-history curves of the north and the south
wall of the building show that the settlement value of each
settlement measurement point of the south wall is slightly
larger than that of the north wall. However, the variation
range of each settlement measurement point of the south
wall is smaller than that of the north wall. Before the left
line of the shield reaches the building, each measuring
point on the north wall presents a bulge, and the max-
imum bulge value is +5.59 mm, which is located at the
JG5 measuring point. The measuring point of the south
wall is slightly sunk, and the maximum settlement is
—2.21 mm. It is located at the JG1 measuring point (i.e.,
the southwest corner of Building 1). The left-line cutter
head of the shield cuts into the pile group composite
foundation until the shield tail escapes away from the
composite foundation. Cutting the pile group composite
foundation on the left line, measuring the building’s
settlement above the left line of the tunnel outline, and
measuring the south wall’s JG17 and JG16 points are all
parts of the process. The most dangerous locations
are JG10 and JG11 measuring points on the North
Wall, whereas JG17 and JG16 measuring points on the
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Figure 13 shows the characteristic curves of the settle-
ment distribution at the critical moment of the north and
south walls of the building. It can be seen from the figures
that the influence range of the shield tunnel construction on
the ground settlement and the building settlement is

different. The former is the tunnel axis 1.5 D. The latter
involves the entire building. When the shield construction
causes the settlement of one side of the building, the rigid
building will rotate, resulting in the overall tilt of the
building. Comparing Figures 13 and 14(a), it can be seen that
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FiGURE 14: Cracks (a) between the wall and outside apron slope and (b) on the basement floor.

F1GURE 15: Cracks on the first floor of the masonry structure.

the excavation construction of shield cutting piles causes the
building as a whole to incline to the south, because the
maximum settlement value position occurs at the oblique
intersection of the tunnel and the building space.

6.2. Building Damage Assessment. As shown in Figures 14
and 15, when the shield construction of the left line is far
away from 1# building for 15 days, the crack survey of the
building structure shall be carried out above the building.
The technical construction measures for sediment settle-
ment are effective.

A crack with a length of 1.2 m and a width of 1.0~1.5 cm
appeared between the wall at the northwest corner of the
masonry structure and the scattered concrete water. A
uniform crack with a length of 1.6 m and a width of 0.6 cm
appeared on the ground in the northeast corner of the
basement. A vertical crack with a length of 0.8 m and a width
of 0.15 cm appeared on the first-floor wall at the southwest
corner of the masonry structure.

According to “Code for Design of Building Founda-
tion” (GB50007) [21] and “Standard for Appraisal of
Dangerous Buildings” (JG J125) [22] and Limiting Tensile
Strain Method (Limiting Tensile Strain Method), struc-
tural damage was analyzed. For measuring points JG1-1
and JG1-3, the differential settlement is 4.6 mm, and the
slope is i=0.2%o. For measuring points JG1-11 and JG1-
13, the differential settlement is 5.8 mm, and the slope is
i=0.3%o. For measuring points JG1 -16 and JG1-07, the
differential settlement is 10.7mm, and the slope is
i=0.6%o. The ultimate tensile strain of the masonry
structure is 7%.

7. Conclusions

Based on the theory of ultimate tensile strain to control
building deformation, crack investigation and building
damage assessment are carried out after construction, which
confirms the effectiveness of building settlement control
technology and innovative measures proposed in this re-
search. The maximum value of surface settlement caused by
shield construction occurs near the tunnel’s axis on the left
line. Because of the existence of the existing buildings, the
surface settlement is relatively gentle for some time after
shield construction. With the completion of the shield
cutting group pile composite foundation, the surface set-
tlement is larger than the building settlement. In the shield-
cutting pile group composite foundation, the cumulative
maximum settlement and the maximum differential set-
tlement of masonry structure are concentrated at the in-
tersection of the tunnel axis and building. The masonry
structure is subjected to complex forces. In addition to the
inclined deformation caused by differential settlement, the
structure also has rigid rotation and distortion.
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When the shield cutting piles construction, it is more
beneficial to control the settlement and deformation of the
house by stabilizing the pressure of the soil bin, increasing
the amount of synchronous grouting and increasing the
rotational speed of the cutter head. After the shield tail is
separated from the house, the construction parameters
should not be greatly adjusted, the cutter head pressure and
Jack thrust should be appropriately increased, and the cutter
head torque, cutter head speed, synchronous grouting
amount, and tunneling speed should be kept unchanged,
which is more conducive to controlling the settlement of the
house. The settlement of ground surface and buildings can
be effectively controlled using the “Clay shock” method and
synchronous grouting during shield cutting piles con-
struction. Secondary reinforcement grouting is carried out
after the segment is separated from the 6™ to 8th rings of the
shield tail. The grouting sequence of each ring is injected
according to the method of “first arch, then two waists, and
two waists are symmetrical,” which can effectively control
the settlement after construction.

The subsequent settlement after construction is mainly
affected by secondary grouting and the amount of “Clay shock”
grouting. The maximum settlement monitoring point is the
DB3-3 monitoring point, and the maximum settlement value
after stabilization is —14.97 mm. The strength characteristics of
the north wall and the south wall of the building are different.
From the settlement curve formed after the shield was removed
from the building for 15 days, it can be seen that the south wall
approximately exhibits the force characteristic of the cantilever
beam, while the north wall approximately exhibits the me-
chanical characteristics of the beam support. The whole process
of building the shield tunnel causes the uneven settlement of the
building, tilting of the building, and twisting deformation of the
building.
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