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In the construction of the metro, the development and operation of large-scale underground space in the city cause the
construction of metro tunnels near the original underground structures, and the complex environment for passing structures at
close range has increased significantly. Comparing the actual load data of the actual project with the data obtained with the
proposed new method, it is proved that the predicted load range corresponds essentially to the measured average curve of the
project, which is commonly used with the experimental load formula. Subsequently, the load calculation method is used to guide
the construction of the composite base of the protective cutting pile of one of the Zhengzhou metro lines under the existing
masonry structure. Based on the existing building damage grade evaluation standards, the professional house inspection agency
checked the intersection of the tunnel and the building space and realized that the main structure of the house during the tunnel
construction process would be still safe; thereby, Zhenghe Community Building 1# can be used normally after partial repairs.

1. Introduction

The pile-soil composite foundation is considered as a
composite soil and provides an efficient approach to shield
loading when the composite foundation of the shield shear
pile group penetrates the existing masonry structure.
Compared with the past, recent projects are large-scale and
more adjacent to underground systems, even touching
underground piles. It can cause severe environmental
problems of rock and soil such as tilting, cracking, and even
collapse of the building. This not only affects the routine use
of buildings and causes significant economic losses but also
poses a serious threat to the lives and property of nearby
residents. When there are buildings at the top of the tunnel,
subsidence and soil deformation are different from buildings
without buildings. Hence, internal and external researchers
have conducted extensive research on the impact of un-
derground tunnel construction on adjacent structures.
Finno et al. in connection with theoretical/analytical ex-
plorations of the problem [1] created a new building model
under reasonable and simple conditions. They used this

model to study surface displacement due to shield drilling.
Han et al. [2] revised the pack formula [3] and proposed a
method for predicting the building sitting curve by con-
sidering the structural rigidity of the building—the stiffness
correction method, but this method is only suitable for
building seats with a Gaussian distribution curve. Match
Ouyang et al. [4] considered the effect of building stiffness
but did not consider the stiffness of the foundation. Using
the principle of equivalent stiffness, the building was
equivalent to a layer of soil with similar properties to the
subsoil using the Verruijt and Booker solution. The calcu-
lation formula is derived for the settlement of buildings on
the surface resulting from the construction of the shield. The
performance of the shield device is mainly reflected by its
operating parameters such as forward speed, thrust, torque,
and rotation speed of the cutter head [5].

According to the measured analysis method, Shen [6]
analyzed the subsidence and slope characteristics of the
buildings resulting from the construction of the shield based
on an engineering example of the shield section passing
through a subset of buildings on Line 1 of the Chengdu
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Metro. Sun and Guan [7] monitored the installation of the
floor and ceiling of the building resulting from the con-
struction of a two-lane bumper, along with the case of
Hangzhou Metro Line 1 from the underpass of 13 residential
complexes. It was found that the next meeting of the ma-
sonry structure, which is considered to be the ratio of the
accumulated meeting, is obviously more than the natural
surface meeting. Xu et al. [8] analyzed the measured data of
the shield tunneling stage and studied the characteristics and
rules of building deformation due to the shield tunneling.
Based on typical engineering examples of six subway tunnels
that pass under buildings in the Beijing city, as mentioned by
Sun et al. [9], they show that the bending point of the
significant impact zone of the base depression is about 0.3 to
0.6 H from the tunnel axis, and the depression law almost
follows Peck’s correction formula.

Given the development of a finite element method for
such a problem, Milliziano et al. [10] used a 2D numerical
method to analyze the impact of tunnel construction on a
particular masonry structure and obtain the building sub-
sidence curve. Peng et al. [11] used a three-dimensional
numerical analysis method to calculate the building struc-
ture subsidence resulting from the construction of a two-line
parallel shield tunnel. Giardina et al. [12] studied the in-
teractions between sand-tunnel-ground structures through
3D numerical simulation and concluded that the impact of
tunnel drilling on buildings is not just relative stiffness
between soils and soil it depends, but it also depends on the
weight of the building. Ding et al. [13] simulated the effect of
shield drilling on the building stress distribution through the
finite element method and proposed reinforcement mea-
sures to improve the rigidity and integrity of the building
based on the finite element simulation results. Most of the
above research focuses on ground subsidence resulting from
the construction of shield tunnels and uneven subsidence of
buildings. Quantitative analysis and research have been done
on the selection of construction parameters when the shield
penetrates into the masonry structure.

Here, based on the underlying structure of the composite
base structure of the Zhengzhou Metro Line 5 bumper pile-
cutting group, theoretical calculations are used to obtain the
recommended values of construction parameters such as
total thrust, total torque, and injection pressure length.
Making a shield candle: along with the actual on-site
measurements, the settling rules and the deformation of the
masonry structure are analyzed during the construction
process of shield pile-cutting piles. Finally, the theoretical
results obtained with the observed data for the shield
construction parameters are successfully confirmed. Suc-
cessful completion of a project can certainly be a reliable
source for similar works in the future.

2. Materials and Methods

2.1. Engineering Background. Currently, research on pro-
tective structures in such layers mainly focused on con-
struction technology innovation, excavation surface stability
and configuration, and cutter and cutting headwear. [14] For
the shield section of Zhengzhou Metro Line 5 with staggered
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assembly construction, the geometrical data are as follows:
the length of the left tunnel is 1214.457 m, the maximum
longitudinal slope of the line is 26.78%, the minimum slope
is 2%, and the minimum radius of curvature of the shield
tunnel is 400 m, and the buried depth of the interval tunnel is
in the range of 15.7 to 28.5 m. The inner and outer diameters
of the segment, thickness, and width in order are 5.5, 6.2,
0.35, and 1.5 m. The concrete strength is categorized into the
group C50, and the impermeability grade is P12.

The mileage of the left line of the interval section is
DK13 +662.558~DK13 + 711.322 (685~715 ring, length is
about 48.764m) obliquely crosses the 7-story masonry
structure in the northwest-southeast direction, and the height
is 18.8 m. The foundation adopts reinforced concrete strips,
the foundation concrete is C30, there is no basement, and it
was constructed in 2007. The foundation is cement deep
mixing pile composite foundation @500@950, the pile length
is 11.5m, and the pile end extends into the bearing layer not
less than 750 mm. The shield machine will cut off the cement-
soil mixing pile of the original building by 2.6~3.7 m. The
number of left-line shields that invaded the mixing piles was
about 175, accounting for about 16% of the total piles of the
masonry structure composite foundation. The thickness of
the top cover of the shield tunnel’s lining structure crossing
the masonry structure section is 12.1~13.5m. The geo-
graphical location of the project is shown in Figure 1.

2.2. Geological Conditions. The principle of operation of this
method is to cut the soil from the front cutter and transfer it
out of the cave by transport vehicles, while the next part is
done by jacks [15]. The site of the shield section belongs to
the alluvial plain of the Yellow River. The layer at a depth of
30 meters of the site is mainly the Holocene Quaternary layer
(Q4), and the initial layer is 0-20 meters of sand silt, clay silt,
and silt clay with silt and fine sand. This layer varies from
medium-dense to fine-grained sand. The tunnel structure is
mainly located in the fine sand layer and the silty clay layer.
The depth of cover above the tunnel is 12.1 to 13.5 meters,
and the water depth above the tunnel varies in the range of
4.4 to 6.4 meters. Figure 2 shows the shield tunneling in
different layers, and Table 1 shows the soil parameters.

3. Suggested Values for Construction
Parameters of Shield Cut Piles

During the tunneling process, the propulsive torque provided
by the multiple inverter motor is transmitted from the
planetary reducer and the pinions to the gears that are
permanently attached to the cutting head [16]. Under normal
conditions of construction, the impedance of drilling piles to
cut the shield to the ground and the composite foundation
should be reduced. The main construction parameters to be
determined are total thrust, total torque, injection pressure,
advance speed, and cutting head speed [16].

3.1. Prediction of the Total Thrust and Total Twist.
Regardless of the load transfer effect of the pile, the com-
posite gravity method is adopted, and the displacement
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FIGURE I: Relative position of the Zhenghe 1#: (a) schematic plane location of the tunnel and Zhenghe 1# building; (b) schematic elevation of

the tunnel and Zhenghe 1# building.

effect of the pile on the soil is considered. The composite
foundation reinforcement area is regarded as a composite
soil body, and the gravity of the composite soil body is
determined by the following equations:

2
T

m = i (Plane and squar layout of piles), (1)

where m is the replacement rate of composite foundations (a

dimensionless factor), d denotes the pile diameter in meter,

and [ is the pile spacing of unit meter. Further,

(2)

where §'/(kN/m’) is the weight of the composite soil;
Y,/ (kN/m?) is the weight of the pile material; and
y./(kN/m”) is the weight of the natural foundation soil. The
calculations performed and the results obtained are shown
in Table 2 [17].

Krause [18] evaluated the construction load data of 397
Japanese and 12 German shields and proposed the following

Y = my, + (1-m)y,,

empirical calculation formulas for total thrust force and total
shield torque:

F = pD?,

. 3)
T =aD’,
where F/kN is the total thrust of the shield, T/(kN-m) is the
total torque, D/m is the shield’s diameter, @ and B are
empirical coeflicients whose values chiefly rely on the for-
mation conditions, shield type, and shield structure. At
present, the commonly used value ranges of the earth
pressure balance shield in examining engineering problems
are @ = 8~23 and § = 500~1200 [19]. It is noteworthy that the
above experimental formula is strongly influenced by the
diameter of the bumper machine. When the diameter of the
bumper machine is small, the total thrust force and the total
torque obtained will be very small, which is reflected in the
insufficient thrust and cutting ability during the protective
tunneling. Conversely, in the case of a larger diameter
bumper machine, the bumper tunneling and drilling ability
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FIGURE 2: Shield crossing geological section.
TaBLE 1: Parameters of soils.
Numbering Layer C (kPa) 9 () 7 y (KN/m?) Thickness (m)
@, Fill soil 20 20 0.333 18 2.7
@1 Clay silt 20 221 0.296 18.9 2.6
@3, Clay silt 19.9 21.2 0.301 19.4 2.9
@ Silty clay 295 16.4 0.355 19.6 1.0
@33 Clay silt 19 20.4 0.324 19.9 1.5
®,, Silty clay 31.2 15.6 0.375 19.4 3.0
@34 Clay silt 19.3 20.7 0.333 20.2 2.5
TaBLE 2: Heaviness of the composite soil.

Soil layer number Name The natural weight of soil (kN/m?) Composite soil weight (kN/m?)
@, Fill soil 18.0 18.4340
@31 Clay silt 18.9 19.1387
@, Clay silt 19.4 19.5302
@, Silty clay 19.6 19.6868
@ Clay silt 19.9 19.9217
@2 Silty clay 19.4 19.5302
@4 Clay silt 202 20.1566

cannot be fully utilized. Based on the experimental formula,
the total thrust and total torque intervals of the shield are
relatively wide, and determining the best construction pa-
rameters while cutting the piles is somewhat difficult and
more accurate calculations are required [5].

As shown in Figure 3, when the shield machine ex-
cavates the composite foundation pile group under-
ground, the power system of the shield machine provides
the total thrust F and the full torque T to overcome the
resistance and the resistance torque during the excavation.
In Figure 3, the main factors affecting the total thrust of
the shield are explained in the following: F; is the

frictional resistance between the shield shell and the soil,
F, is the frontal resistance of the excavation surface, and F;
is the penetration resistance of the cutter head. The main
factors affecting the total torque of the shield are as fol-
lows: Tj is the friction torque generated by the front of the
cutter head and the composite soil, T, is the friction
torque generated by the side of the cutter head and the
composite soil, and T is the torque between the stirring
rod and the muck in the sealed chamber, resulting in
stirring torque [15]. The remaining impacts are fairly
small and will not be considered in this analysis.
According to the mechanical balance relationship:
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FIGURE 3: Force analysis of the shield tunneling.
F=F, +F,+F, (4) 2 P
F, - J 12 Koy (H 7 sin @)rdrdd
T=T,+T,+T,. (5 0Jo (10)

The normal stress o) acting on the shield shell is as
follows:

oy =0, sin 0+ 0,cos 0. (6)
0. = ) Vihi + Py, (7)
Oy = ay = KO(Z Vihl + PO)’ (8)

where y; and h; in order are the gravity and thickness of ith
layer of the composite soil, and p,/kPa is the building’s
additional load. The latter factor is estimated according to
the “Code for Loads of Building Structures” (GB50009-2012)
[20]: Py = 7 (number of floors) x 18 kPa (load on each floor of
residential buildings) + 20kPa (load on basement) + 10 kPa
(foundation load)=156kPa, and K, is the static lateral
pressure coefficient of the soil, which can be evaluated by the
semi-empirical formula K, = 1 — sin ¢. Through multiply-
ing equation (6) by the friction coeflicient g, and integrating
the resulting expression over the contact area, the friction
resistance F; between the shield shell and the composite soil
is obtained as follows:

L rm
F, =2 inf 0)u,rdodl
1 JO J()(Uy smvu + o, cos )[,{11’ (9)

= 4Kopyr( D yil; + Py L.

In (9), we assume y; = 0.3 [21], L/m is the length of the
shield shell, and r/m is the radius of the shield machine. The
frontal resistance F, of the excavation surface is calculated
according to the static earth pressure. The frontal strength is
equal to the sum of the ground pressure due to the gravity of
the composite body and the additional load on the building:

2
nD ,
+K,P, = e Koy H + K Py,

where H/m indicates the vertical distance between the
ground and the axis of the cutter head of the bumper device.
Cutter head penetration resistance, F;, is calculated as
follows:

F, = DnL' [tango(z Vih; + PO) + c], (11)

where L' is the length of the notched ring, and its value is
estimated to be the ratio of the shield’s tunneling speed to the
cutter head’s rotating speed. The frictional torque T; be-
tween the front of the cutter head and the composite soil is as
follows:

D 3
=" E(1— )Kopy' (H =7 sin6)r’drdd (1 - Y22 Koy H
=, T )Rok2¥ T sing)r dr ) 5 Rty Hs

0

(12)

where y, the coefficient of friction between the cutting head
and the soil. Normal tension on the cutter consists of two
parts: the vertical stress 0, and the lateral stress ¢ . Then, the
friction torque (i.e., T,) between the side of the cutter head
and the composite soil can be calculated as follows:

2
T, = J r*uyy't (H —r sinf)sin’ 0d0
0

T 2 (13)
+ J r°u,y tK, (H —r sinf)cos” 0d0
0

= r’ (1 + K, )u,y' Ht,

where t denotes the width of the cutter head’s outer edge,
and K|, is the active earth pressure coefficient. The stirring



torque (i.e., T5) generated between the stirring rod and the
residue in the sealed chamber is given as follows [21]:

T; = Z y,HmDmlmrm/’lS’ (14)

n

where H,,,/m is the vertical distance between the ground and
the stirring rod, D,,, and I,,, are the diameter and length of the
stirring rod, respectively, r,, is the distance between the
stirring rod and the central axis of the shield cutter head, y;
is the coeflicient of friction, and # is the number of stirring
rods. In summary, equations (5), (9)-(11) give the theo-
retical calculation formula for the total thrust during the
penetration of the shield cut pile group composite foun-
dation as follows:

) D’
F =2Kou,r( ) yihy + Po)L + — Ko'H )

+ K,P, + DrL' [tan(p(z Vih; + PO) + c].

Based on equations (5), (12), (13), and (14), the theo-
retical formula for the total torque would be derived as
follows:

3
T=>1-7) %Koyzy'H +7r’ (1 + K,y Ht
(16)
+ Z y'H, D, 7, 5.
n

3.2. Propulsion and Cutter Head Speed. During the entire
construction of the shield cut pile group composite foun-
dation traversing the existing masonry structure, the shield
advancement speed is maintained at a uniform speed,
controlled within the range of 10 to 20 mm/min. Progress
rates can be appropriately accelerated or reduced according
to ground speed and building monitoring conditions. The
speed setting range of the cutter head during pile cutting is
1.07 to 1.12 r/min.

4. Comparative Analysis of Shield Cutting Pile
Cutter Head Force Calculation

The total thrust (F) and the total torque (T) of the shield are
calculated using the suggested load calculation method for
shield cutting pile excavation, and then, these values are
compared with the actual measured values of the project.
The selected pile-cutting engineering section of Zhengzhou
Metro Line 5 has a total of 31 tunnels. Figures 4 and 5 show
the total thrust and total torque curves predicted by the
proposed calculation method and those measured by the
project. Besides, the empirical formula estimates are given as
load range. The comparison shows that the load range
obtained based on the calculation method proposed in this
study is basically the same as the measured average curve of
the project. Compared with the current commonly used load
empirical formula to estimate the range, the prediction
accuracy has been greatly improved. In addition, as shown in
Figure 6, this study calculated the proportion of each load
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component in the total load in the project. The penetration
resistance of the cutter head is 40.3% of the total drift. For
the front of the cutter head and the composite soil, the
friction torque makes up 81.2% of the total torque, which is
the load ratio with the highest ratio.

In summary, the calculation method of cutter head load
when shield cutting piles is proposed in this study can be
used as a supplement to the empirical formula, providing
more comprehensive and effective theoretical guidance for
the current shield cutting pile construction and design. Of
course, there is still a certain difference between the load
calculation and the actual load. The work of this study aims
to establish an effective method for determining the load
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range of shield cutting pile excavation that is convenient for
engineering applications. Therefore, the pile-soil composite
foundation is equivalently simplified in the calculation
model, and only several main load action forms and the most
critical influencing factors, in the follow-up research work,
will improve and refine the calculation model in this study,
to further provide prediction accuracy.

5. Building Deformation Monitoring during
Shield Cutting Pile Tunneling

5.1. Monitoring Data Analysis. Under the requirements of
“Urban Rail Transit Engineering Monitoring Technical
Specifications” [22] and “Urban Rail Transit Engineering
Measurement Specifications” [23], combined with the
geological conditions of the project and the characteristics of
the building, the building settlement monitoring points
along the outer wall of the building are separated about 10 to
15m. Concerning the outer wall, there should be a moni-
toring point control layout at the corners. The measuring
points are arranged clockwise at the corners of the building,
marked F1~F19 (i.e., 19 measuring points in total). The
layout of the deformation monitoring points of Zhenghe 1#
building is shown in Figure 7.

Prior to passing through the composite base of the cut
tunnels in the bumper tunnel, # 1 building was closely
monitored for deformation to fully understand the condi-
tion and safety level of # 1 building. As shown in Figure 8(a),
the monitoring results show that the maximum differential
subsidence between the south and north facades of the
Zhenghe 1# building and the maximum distortion are
0.55mm/m and 3.05 x 10-3 rad/m, respectively. Currently,
in the actual measurement and analysis of the impact of
shield tunnel intersection construction on existing buildings,
the greatest concern of buildings is whether the cumulative
assembly exceeds the control standard after the assembly has
been established. The more in-depth research is only about
the settlement along a particular facade of the building.
However, during the shield tunnel’s excavation process,
there is a considerable time difference in the cutter head
reaching the two facades of the building. This issue will cause

these facades’ settlement to be inconsistent, producing
permanent distortion of the building. This study mainly
analyzes the distortion and deformation characteristics of
the masonry structure caused by the underpass of the shield
pile group pile composite foundation. Figures 8(b)-8(d),
respectively, present the change in the settlement surface at
each critical moment during the bottom plane of Zhenghe 1#
building under the left-line tunnel cut pile composite
foundation. Based on the sequence of tunnel construction,
we select three critical moments for analysis. Figure 8(b)
shows the case when the left-line shield cutter cuts into the
composite foundation and starts to cut piles (indicated by
time B). Figure 8(c) corresponds to when the shield’s tail on
the left line breaks out of the composite foundation, and the
pile cutting is completed (indicated by time C). Finally,
Figure 8(d) is related to the case of stabilized settlement of
the building (don’t use time D to indicate).

It can be observed from Figures 8 and 9 that during the
whole process of the left-line cut pile composite foundation of
the shield tunnel, most of the measurement points on the
bottom plane of the building showed settlement. The north
facade’s maximum settlement was approximately the same as
that of the south front, and its value is twice the maximum
settlement at the intersection of the tunnel and the building
space. Nevertheless, the settlement of the measurement points
on the same plane is quite different, indicating the occurrence
of distortion in the bottom plane, and the magnitude of the
distortion is constantly changing with the shield construction
process. After stabilizing the settlement, the bottom plane of
the building was permanently twisted and deformed.
According to Table 3 and Figures 8 and 9, the locations where
the largest differential settlement and the largest distortion of
the building occur are close to the central axis of the left tunnel.
Among understudy critical times, the largest differential set-
tlement for the north-south fagade would be 8.42 mm/m,
detectable at time C, and the maximum distortion occurs at
time B, whose value is 3.376 x 10 % rad/m. When the settlement
is finally stabilized at time D, the maximum values of settle-
ment, differential settlement, and distortion of the building’s
measuring point would be -10.98 mm, 8.37 mm/m, and
3.12x 10~* rad/m, respectively.
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TaBLE 3: Maximum differential settlement and maximum distortion of the building at each critical moment in the construction of shield cut

group piles.

Monitoring items Time A Time B Time C Time D
Maximum differential settlement (mm/m) 7.43 8.18 8.42 8.37
Maximum distortion (rad/m) 1.65%x1072 3.376 1072 3.368 x1072 3.12x1072

TaBLE 4: Building damage grade evaluation standard.

Risk Maximum  Differential settlement*  Building distortion* Risk description

level slope (mm/m) (rad/m) b

1 <1/500 <2 <4x107° Ignorable: shallow damage is unlikely

) 1/500~1/200 95 4x10-3~1 %102 Minor: may be damaged in shallow parts, but has no effect
on the structure

3 1/200~1/50 520 1072~4 %10~ Moderate: shallow damage, possible structural damage,

possible related rigid pipe damage
4 > 1/50 >0 >4x10°2 Serious: building structure damage, rigid pipeline damage,

possible other pipeline damage

Note.* newly added evaluation annotations by Yang and Zhang [24].

5.2. Zhenghe 1# Safety Evaluation Based on Existing
Deformation. According to the judgment criteria of Yang
and Zhang [24] based on the scrutiny of Rankin [25], the
proposed damage grade correction evaluation standard
considering both differential settlement and distortion of the
building has been provided in Table 4. The damage degree of
Zhenghe 1# building before the shield tunnel is negligible, and
the risk level would be equal to 1. According to Table 3, the
maximum differential settlement of the north and south
facades of Zhenghe 1# building at each moment is less than
10 mm/m, and the maximum distortion value of the building
is less than 4 x 10~ rad/m. On the other hand, the maximum
values of distortion and differential settlement of the building
are also less than 5% of their maximum allowable values.

According to the building damage grade evaluation mark
given in Table 4, after the shield cutting pile group composite
foundation is penetrated, the damage degree of Zhenghe 1#
building is medium, and the risk grade would be 3. Since the
largest differential settlement and the largest distortion are
located at the diagonal intersection of the tunnel and the
building, the corresponding location of Zhenghe 1# building
should be tested to see whether necessary reinforcement and
repair measures are required. After examination by a pro-
fessional house inspection agency, it was found that the main
structure of the house is still safe during the tunnel con-
struction process. Further, the 1# building of Zhenghe
Community meets the normal standards of the building usage
and can be utilized normally after partial repair.
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6. Conclusions

From the engineering point of view, a comprehensive
analysis of the cutter head force during cutting the piles by
the shield machine is carried out. To this end, the pile-soil
composite foundation is equivalently simplified into a
composite soil body, and the calculation formula for the
cutter head load when the shield machine cuts the composite
foundation pile group is given. Based on the above method,
the comparison of the total load of the cut pile group under
the masonry structure of Zhengzhou Metro Line 5 with the
actual measured value is performed and it is observed that
the suggested method can effectively predict both total thrust
and torque during the excavation of the shield pile group.
The load calculation method in this study is used to guide the
construction of the shield-bored cut pile composite foun-
dation of Zhengzhou Metro Line 5 through the existing
masonry structure. By monitoring the deformation of
Zhenghe 1# building, the final maximum differential set-
tlement of the north and south facades of the building and
the maximum distortion are 8.42 mm and 3.376 x 10 > rad/
m. Analysis of monitoring data shows that the differential
assembly and the distortion of the masonry structure are in
the safe range.
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