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ABSTRACT: Adjacent excavation can have significant impacttioa stress and deformation of existing tunnelse@é construction
techniques have been proposed to reduce the moverhanmetro tunnel due to two adjacent excavationShanghai. To evaluate the
effectiveness of these different methods, the amtitre impact of the two adjacent excavations @nctfossing tunnel is studied numerically
in this paper. The 2D FEM numerical analysis ubesGam-clay model to simulate the behaviour of slafy and considers the nonlinear
performance of the soil-wall interface and the eati@an sequences. The analysis investigates theemfe of various factors, including the
excavation procedure, installation of resistandespiand relationship between the tunnel and ttaniag wall of excavation. The results
show that the crossing tunnel heaves during eximmsbecause the distance between the two adjageatations is very small and the
diaphragm walls for the original tunnel are usedh&sretaining structure of the new excavationss Thedicted trend is verified by field
measurements. The parametric study shows thatidgvitie whole dividing the whole excavation inteves@l pit excavations and installing
resistance piles tied to the tunnel can decreasedttical displacement of the tunnel effectively.

1 INTRODUCTION

Many cities in China have built the metro systenreéonent years,
which is a life line of city transportation. Thefetgy of metro tunnels
is extremely important and the conflict between newderground
structures and existing tunnels has become a majaern with the
development of underground spaces in central urdr@a. The
construction adjacent to the existing tunnels mayehsignificant
influence on the stress and deformation of the eélsaAs shown in
Figure 1la, the deep excavation will cause movemeaftshe
surrounding soil and the adjacent tunnels. Thelaligpment of a
running tunnel depends on its location relativetite excavation.
The underlying tunnel heaves while the side tusedles.

Many deep excavations have been carried out adjaimen
running tunnels in different cities. Burford (1988ported the long-
term heave of tunnels due to overlying excavatiohdndon which
reaches 50 mm 27 years after the excavation. Chiaa €001)
reported that a section of tunnel in Taipei was aged by an
adjacent excavation, and gave some advices forvatioas near
existing tunnels. Sharma et al. (2001) studied se caf large
excavation close to two MRT tunnels in Singaporecihs partly
above the crown of the tunnels. In recent yearsyymexcavation
projects in Shanghai and Nanjing have been reptrteésearchers,
such as Ji and Chen (2001), Chen and Zhang (20ia4),(2006),
and Liu et al. (2011). These researchers perforfieéti monitoring
to investigate the impact of excavation on adjad¢enhels. Based
on field measurements in Shanghai, some efficieethods have
been developed and applied in practice to redueeeffect of
excavation on existing Metro tunnels (Hu 2003; 2086), such as
pumping inside the pit, ground improvement, anddgist and zoned
excavation. Researchers have also simulated theradtiten
behaviour between tunnel and excavation by numeneghods.
Dolezalova (2001) analysed the effect of a deem @xeavation for
an office block on the underlying tunnel using 2EME. Sharma et
al. (2001) presented a modelling of the excavatiose to the MRT
tunnel using a finite element program.

All aforementioned researchers only studied théuémfce of
single excavation on the adjacent tunnels based fietd
measurements and numerical studies. Very few relsea have
studied the interactive impact of two adjacent gatans on a
crossing tunnel, such as that shown in Figure lbeHal. (2003)
presented the design and construction of deep akoag located
above and beside a Metro tunnel in Shanghai, ardigied the
displacement of the tunnels induced by the deepvations using
2D FEM.

In this paper, the movement of an existing tunmebksing two
deep excavations in Shanghai is predicted numbricabnsidering

the interaction between the tunnel and the exaanvstithe impact of
the adjacent deep excavations on the shallow al#zarer tunnel is
studied by simulating the construction procedure.pd@rametric
study is conducted to investigate the influenceasfous factors on
the tunnel’s displacement.
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Figure 1. Interaction between excavation and tunnel

2. BACKGROUND
21

The project is located in Lujiazui financial distriof Shanghai,
where there are many skyscrapers and metro lirtes.afea of the
triangle field is about 37,900%miThe project includes one 90 m tall
tower and its podium buildings. The total constiarctarea of the
building is about 276,900 fnwhile the area of the underground part
is about 115, 480 tnThe basement of the building is a four-floor
underground garage so that the excavation of tojegt is about 23
m in depth.

The subsoil in the field is mainly soft soils corsprg
Quaternary alluvial and marine deposits. The growater level is
about 0.8 m below the ground surface. The enginggmioperties of
the soil layers in-site are given in Table 1.

Introduction of the Project
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Table 1. Properties of soils.

Period "Y®"  soil Layer name H W / e C 9 o CPT CPT-2 PMT
No. (m) (%) (KN/m°) (kPa) (°) ¢ ps(MPa) g.(MPa) fs(kPa) E,(MPa) C,(kPa)
QA 1 Filled soil 1.5-6.5
2 Silty clay 0.5-20 274 180 094 1 30.30.168 0.78 / 4.9 45
Q42 3 soft Silty clay 2569 347 172 118 5 3350.241 0.84 0.99 13.3 3.1 37.8
4 Very soft silty clay 8.4-10.0 48.6 17.0 143 5 253 0.383 0.55 0.51 14.9 6.5 45
Q! 5 Clay 5.0-81 342 182 103 2 31.80.244 1.01 0.99 26.6 10.5 72
Qs 6 Hard clay 24-48 225199 071 5 33.00.131 234 2.22 72.5 17.7 123
7-1 Sandy clay 9.4-13.1 299189 084 0 3450.101 11.44 12.44 91.4 22 /
7-2 Fine sand 235-27.27.1 191 0.76 0 35.00.125 23.75 24.01 139.4 27.8 /
Q31 9-1 sand 18.1-22.8259 19.7 0.68 0.112 23.92 24.05 156.2 / /
9-2 coarse sand 2.7-10.0 23.219.9 0.61 0.096 24.71 26.26 120.7 / /

Note: H= average thickness of soil laygs unit weight;w= water contente= void ratio;c'= effective cohesion of CU tesf'= friction
angle of CU testC.= compressive indexp= specific penetration resistance of single bri@dT; g. = cone resistance of double bridge
CPT;fs = sleeve friction of double bridge CPH,= elastic module of DMTC = shear strength of DMT.
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As shown in Figure 2, the field is adjacent to ampadrtant
interchange station, the Century Avenue Stationth®oe are four
metro lines close to the excavation. Moreover, bléine 6 crosses
the whole excavation area and divides it in twadt needs to be
noted that the excavation project was planned befthe
construction of Metro Line 6 but was not startediluhree years
after the metro line started running. So the craggart of Line 6
was constructed using the cut-and-cover methodderao reduce
the impact of the planned adjacent excavation. Séation of the
cut-and-cover tunnel is also sketched in Figur&@®use the space
efficiently, both the diaphragm walls of the cudatover tunnel and
the metro station will be used as the retainingcstre of the new
excavation. Therefore, both the tunnel and theicstawill be
impacted by the excavation directly. The depthhefitine 6 tunnel
is only 8 to 10 m which is much smaller than thetteof the new
excavation. Other 6 shield tunnels are also veogeclto the new
excavation, with the smallest clearance only ali@uin. Therefore,
it is very important to control the movement of amjnt metro
tunnels within the allowable limit of 20 mm.

2.2  Procedurefor Excavation

To reduce the movement of the adjacent metro tenwithin the
allowable value, some construction techniques appgsed based
on the experience in Shanghai, especially for tlessing part of
Line 6.

(1) The excavation is divided into two large pit&ld5 small
pits between the metro structures (tunnels anés)aand
the large pits, as shown in Figure 2. The areabetwo
large pits are respectively 9,246 end 8,679 M and the
depth is the same at 23 m. The width of the smigdl p
neighbouring to Line 6 is about 20 m, while the thidf
the small pits near the Metro station is about 15The
depth of small pits A5-A8 and B5-B8 is 14.75 m, ahd t
depth of all other small pits is 19.75 m. So thethito
depth ratio is about 1 for all small pits.

(2) The soft soil surrounding the metro tunnelsriproved
using the deep mixing method, as shown in Figurehg.
bottom of improved soil is 5 m deeper than the drotbf
excavation. The soil mixing wall (SMW) method is
adopted to construct the protecting walls at badless of
the cut-and-cover tunnel, and the depth of ground
improvement between the protecting walls and timmel
is increased from 25 m to 36 m.

Diaphragm walls are adopted as the retainingcture of
all excavation pits. The thickness of the outepdiagm is
1.2 m, and the dividing wall between the large ansll
pits is 1.0 m thick. The depth of these diaphragatisais
50 m. The dividing wall between small pits is 0.8&hitk
and 36 m deep. The existing walls of the metrasiaind
Line 6, which are 1.0 m thick and 40 m deep, ase aked
as the retaining structure of the new excavation.

Drilled shafts of diameter 800 mm, 62 — 66 ond, and
socketed into soil layer No.9 are installed asstasice
piles and tied with the diaphragm wall of Line 6ctntrol
its vertical displacement.

To reduce the horizontal movement of Line 6, a
symmetrical excavation plan is adopted, which mehas
pits on both sides of the tunnel should be excavate
symmetrically at same time.

The reinforcement concrete struts with a csesgion of
1200 x 900 mm are installed at five depths of #igd pits
(see Figures 3 and 4) so that the excavation idetivinto

6 layers with a thickness respectively of 1.2, B, 4.5,
4.3, and 3m. The diagonal braces in the largehzte a
cross-section of 600 x 600 mm. The zoned procetiure
adopted in the excavation of each layer, and thrale
zones would be excavated prior to the edge zores, a
shown in Figure 4.

After the excavation and structure constructid the two
large pits is completed, the small pits will be axated in
two groups to reduce both construction duration toed
displacement of the Metro structures. The smak pit
even numbers are excavated prior to those at onfbers.
One level of RC struts with a cross-section of 60908
mm and four levels of 609 mm diameter steel pipetst
are used in each pit.
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Figure 5. Meshes of the FEM model.

3. NUMERICAL ANALYSISOF EXCAVATION PLAN
3.1 FE Mode and Parameters

The influence of excavation on the metro tunnelsnigestigated
numerically in order to optimize the constructiolarp before the
construction starts. Because Metro Line 6 is closestthe

excavation area and will be impacted the moss #elected for the
numerical analysis. To simplify the problem, theotdimensional

FEM model is adopted. The section for numericalysis (Section

I-1) is shown in Figure 2, which is almost symmetri

The Cam-clay model is adopted to simulate the neafin
behaviour of soils. The parameters of soils araiobt empirically
from the soil investigation report, such as thdsews in Table 2.
The mixed soil is assumed to be an elastic matevidi a unit
weight of 18 kN/m and an elastic modulus of 200MPa. All the
structure materials are assumed to be elasticelestic modulus of
the reinforced concrete (RC) struts and the stea ptputs are 30
GPa and 210 GPa respectively, and their unit weighe 25 kN/rh
and 78 kN/m respectively. Considering the joints between dfer
panels of the diaphragm wall, the elastic moduluthe diaphragm

Considering the symmetric section and the symmetri¢allis assumed to be 18 GPa. A Poisson’s ratid.2fs used for all

excavation plan as aforementioned, only a halfhef section is
analyzed and the FEM meshing is shown in FigufEhg.size of the
half section is 250 m in width and 90 m in deptiick is much
larger than that of the excavation. Symmetric baupdonditions
are imposed on the symmetric surface of the motle¢ lateral
displacement is restricted on the side surface #ad vertical
displacement is restricted on the bottom surface.

The columns supporting the RC struts are simplifiedb@ams,
and the beams below the floor are considered irettimation of
the stiffness of the floor slabs. The piles in #éxeavation area are
simplified as beams coupled with soil to simuldteitt influence on
soil movement. The resistance pile of Line 6, thiatjbetween the
resistance pile and the diaphragm wall of Line &d ahe
surrounding soil improvement are all simulated fie todel (see
Figure 6). The resistance piles are simplified edlsvand the
stiffness of the equivalent wall is reduced by édesng both the
piles and the soils between them.

Joint

Soil layer3

Soil layer4 |

Soil layer5

Soil layer6

Soil layer7-1

$01l layer7-2 Diaphragm

Figure 6. Relationship between Line 6 tunnel andveaton.

elastic structure materials.

The surface-to-surface contact model in Abaquspiglied to
model the soil-wall interface so that the slippagel separation
could be considered if there is enough relativepldement.
Experiences show that the friction coefficient begdw soil and
concrete is aboufan[(1/2~2/3)¢'] . Where ¢’ is the effective

friction angle of soil. Using the soil propertidsosvn in Table 1, the
friction coefficient of the interface is determinedcordingly. The
shaft resistance of the resistance piles is detenbased on the
value ofps from CPT by using the methods recommended in the
Shanghai Foundation Design codes (DGJ08-37-2002Aad08-
11-2010, Eq.1) and considering the difference betwdriven piles
and drilled shafts. The friction coefficient, and the critical shear
stress of interfacd,, used in the numerical analyses are shown in
Table 2. The critical shear stress is reducedHerequivalent wall

of resistance piles to consider the spaces bettepiles, which is
given adg, in Table 2.

p, /20(kPa) for clay,andp, <100kPa
fo =4 P 140+ 25(kPa) for clay,andp, >100kPa 1)
p, /50(kPa) for sand

Table 3 shows the schedule of the constructionvities in
simulated in the numerical analyses based on thestection
procedure of this project.

3.2 Numerical Results

Figure 7 shows the distribution of the horizont@pthcements of
the retaining structure and the soil. The largestrizbntal

displacement of the outer diaphragm wall is 25.8 atrthe end of
the large pit excavation, and it increases to 3@m when all

excavations are finished. The horizontal displacgmef the

dividing wall between the large pit and the smaié s 5.7 mm at
the end of the large pit excavation, and it is oedito 3.2 mm when
the small pit excavations are finished.
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Table 2. Parameters adopted in FEM analysis.

Soll Interface
Layer H friction coefficient critical shear stress
No. (m) A K M ' s fo fi Limits fs f
(qi) Rangeoft (MpPa) (kPa) (kPa) (kPa) (kPa) (kPa)
1 2.6 0.073 0.0061 0.24 0.3 20 7
2 0.8 0.073 0.0061 0.24 30.3 0.27~0.37 0.3 078 9 3 29 15~30 20 7
3 46 0.105 0.0087 1.38 335 0.30~0.41 0.25 0.84 42 32 15~25 20 7
4 10 0.166 0.0139 0.69 253 0.22~0.30 0.25 055 8 2 21 15~30 20 7
5 6.9 0.106 0.0088 1.29 318 0.28~0.39 0.35 1.01 50 38 40~55 40 13
6 3.9 0.057 0.0047 1.20 33 0.30~0.40 0.3 2.34 84 63 50~80 65 22
7-1 11.9 0.044 0.0037 1.20 34.5 0.31~0.42 0.4 441, 229 172 55~75 75 25
7-2 253 0.054 0.0045 1.20 35 0.32~0.43 0.4 23.7%475 356 55~80 75 25
9-1 20.0 0.049 0.0041 1.10 0.4 23.92 478 359 ~100 100 33
9-2 40 0.042 0.0035 1.10 24.71 494 371 70~100

Note: The range qf is calculated with, = tan[(1/2~2/3)¢']; fo is calculated by equations (1) of driven piligs0.75f, considering the
difference between driven piles and drilled shdfts;limits for the drilled shaft’s side frictiomearecommended by DGJ08-11-2010.

Table 3. Excavation sequence.

Step No. Construction activities
Initial 1 Geotress condition, and Construct diaphragall and pile foundation
Large 2 Construct the®llevel of strut, excavate to depth of 6.2 m in eembne
pit 3 Excavate to depth of 6.2 m at surrounding zone
4 Construct the'® level of strut, excavate to depth of 11 m in centine
5 Excavate to depth of 11 m at surrounding zone
6 Construct the'3level of strut, excavate to depth of 15.5 m inteemone
7 Excavate to depth of 15.5 m at surrounding zone
8 Construct the®Zlevel of strut, excavate to depth of 19.8 m inteemone
9 Excavate to depth of 19.8 m at surrounding zone
10 Construct thelevel of strut, excavate to depth of 22.8 m inteemone
11 Excavate to depth of 22.8 m at surrounding zone
12 Construction the bottom slab of basement
13 Construct the substructure of floor B4, B3, angd@thove struts respectively
Small 14 Construct the®llevel of strut, excavate to depth of 5.65 m
pit 15 Construct the™ level of strut, excavate to depth of 9.85 m
16 Construct the'3level of strut, excavate to depth of 13.85 m
17 Construct the®level of strut, excavate to depth of 16.59 m
18 Construct the™5level of strut, excavate to depth of 19.75 m
19 Construction the bottom slab of basement
20 Construct the substructure of floor B3, and B&aee struts respectively
Final 21 Construct the substructure of floor B1; esgmup part of dividing wall

a. At the end of large excavation.

b. At the end of small excavation.

Figure 7. Horizontal displacement of retaining stowe and soil (unit: m).
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The horizontal displacement of the existing diaghmawall of 0 :
Line 6 is shown in Figure 8. The upper part of di@phragm wall [ — After large excavation
only has very small displacement because of thie $iiffness of the 5 [ - - - After small excavation

tunnel structure and the symmetric excavation. Hewethe lower 101
part of the wall below the tunnel moves inward lie pit, with a | -
maximum displacement of 1.6 mm after large pit @atian and 5.5 15 -7

mm after small pit excavations. Most of the horizabisplacement T | 7

is caused by the small pit excavations. Thereforiglidg the whole Z20F T v--_

excavation into several pit excavations reducesntiowement of a T Tteall
tunnel’s retaining structure. 8 25¢- T~

Figure 9 shows the distributions of the verticapdticements of
the retaining structure and the soil. The maximettiesment of the 30
ground surface is 11.0 mm during the large excamatiThe

maximum heave of the excavation surface is 95.3aften the large |

excavation is completed, and there is almost nlneénte from the sl o

small pit excavations on the soil in the large pite heave of the -6 -5 -4 -3 -2 1
soil in the small pits is 44.7 mm after the pit @xations are Horizontal displacement (mm)

finished. Figure 8. Horizontal displacement of diaphragm wélLine 6.

a. At the end of large excavation.

b. At the end of small excavation.

Figure 9. Vertical displacement of retaining stawetand soil (unit: m).

The final vertical displacement of the Line 6 tuhise21.4 mm, the tunnel is caused mostly by the small pit extama, and the
which is much larger than the horizontal displacet{almost zero heave of the tunnel during the small pit excavatignalmost same
under symmetric excavation). Therefore, it is momportant to as that of the dividing wall.
study the vertical displacement of the tunnel. ag the influence

of excavation on the cut-and-cover tunnel of Linetl&e vertical Small
displacements on four typical points as shown igufé 10 are _ Large excavation —— i gXCﬂVﬂUOIE)
recorded. Point A is about 11.3 m, or half of tikeawation depth, widmg wal

P 1.~ Outer diaphragm wall T Tunnel

from the outer diaphragm wall; point B is at the tmipthe outer
diaphragm wall; point C is at the top of the divigliwall; and point
D is at the surface above the tunnel of Line 6ufgégll shows the
variation of the vertical displacements at the f@aints during

excavation. The vertical displacement at Point Asé¢tlement as e e H i
expected for normal excavation. The settlementerhy the large '
pit excavation is about 9.6 mm, and it is increasedi3.0 mm after :
the small pit excavations. Both the outer diaphragatl and the i
dividing wall heave during excavation, with the es respectively
of 16.6 mm and 19.2 mm after the large pit excavati he heave of
the dividing wall is increased to 38.7 mm after tbmall pit

excavations, but there is essentially no increas¢he heave of the
outer diaphragm wall. Since the cut-and-cover tummie.ine 6 is

connected to the retaining wall of the small githeaves during the
whole excavation. The heaves of the tunnel caugeithd large pit
excavation and the small pit excavations are resd 5.2 mm

and 16.2 mm vy, leading to a total heave of 21.4 @mthe heave of

“"of Line 6

Figure 10. Location of four typical points intigated.
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Figure 11. Vertical displacements of four typicalrgs for the
Original Plan.

4.
41

PARAMETRIC STUDY
Influence of Excavation Procedure

The excavation project is divided into two largespand several
small pits in order to reduce the impact on thetég Metro tunnel.
Considering the possible horizontal displacemeritioé 6 and the
excavation duration, the excavation procedure asriteed earlier is
proposed based on the past experience. The pitsotinsides of
Line 6 are constructed symmetrically and the laes are
excavated before the small pits. This procedumalied the “Large
First Plan (Original Plan)”.

If the small pits are constructed before the lguds, which is
called the “Small First Plan T2Plan)”, the influence of excavation
on the tunnel of Line 6 would be different. Forstlionstruction
plan, the variation of the vertical displacemenisr excavation at
the same four points, A, B, C and D, is obtainedhasva in Figure
12. The small pit excavations have essentially nfluénce of the
displacement at Points A and B; but the large xieation causes
settlement at Point A and heave at Point B. Pdlht@and D have
about the same heave during the small pit excavatomt Point C
has much large heave than Point D during the lpitgexcavation.
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E40- . -
E Point A et
= - — -Point B .
@ 30r----PointC L .
£ —-= Point D na
Q .
S 20+ .t e—m e -
o c——
%) L™ L e e e -
.-5 /“, - | - - -
S 10+ __A ‘ P - - 1
5 1 7 -
/
> oz 4
_10 " 1 " 1 " 1 1 " 1 " 1 " 1 " 1 T T
0O 2 4 6 8 10 12 14 16 18 20 22

Step

Figure 12. Vertical displacements of four typicalrgs
for the 29 plan.

Comparing Figures 11 and 12, it can be seen thaffitia
heaves at Points B and C are respectively 16.0 nth8& mm for
the “Small First Plan”, which are about the sanetlie “Large First
Plan”. So the excavation procedure has essentiallgffect on the

movement of the retaining structures of the large The vertical

displacements at Point D caused by the small giheations and the
large pit excavation are respectively 15.2 mm arfidrbm for the

“Small First Plan”, both of which are smaller th#rose for the

“Large First Plan”. So the “Small First Plan” caeduce the heave
of the running tunnel by about 6%.

To investigate the influence of excavation procedir more
detail, another two asymmetrical excavation plaal$® simulated.
The four simulated pits, Left Large Pit (LL), Le®tmall Pit (LS),
Right Large Pit (RL), and Right Small Pit (RS), aswshan Figure
13. The parameters and boundary conditions in taEl Rnalysis
are similar to those used in the original modele Téxcavation
procedure of the two asymmetrical excavation plamiich are
named as theBand 4" plan, is described in Table 4.

The vertical displacements at seven typical poagtshown in
Figure 13 are recorded and shown in Figure 14hdtns that the
settlement of ground surface and the heave of titeravall are
caused mainly by the nearest large pit excavatidre vertical
displacement of the dividing wall is impacted byttbadjacent pit
excavations. Results of these six points, Points & ind E to G as
shown in Figure 13, are similar to the original rplavhile the
movement of Line 6 (Point D) changes. Table 5 coepahe
vertical displacements of Line 6 caused by the sgtrioal and
asymmetrical excavations. The heave of the Linenfal from the
asymmetrical excavation is about 6-10% smaller.

In the original plan, the pits on both sides of thenel are
constructed in a symmetrical way. So there is almoshorizontal
movement for Line 6 tunnel. The asymmetrical extawa
however, can cause horizontal displacement of Binehich is 6.4
mm for the &' Plan, and 4.9 mm for thé"#lan. The result of the
3 Plan is larger than that of thd" #£lan because its unloading is
much more asymmetrical. The vertical and horizomtavements
together may cause much more hazards for the rgriaimel.

Table 4. Excavation procedure for different plans.

Excavation Plan Excavation procedure

Symmetrical  Original Plan  Large first:
excavation LL+RL—LS+RS
2" Plan Small first:
LS+RS—LL+RL
Asymmetrical 37 Plan LL-LS—»RL—RS
excavation 4" Plan LL->RL—LS—RS

Table 5. Comparison of tunnel’s heave for
different excavation plans.

. Heave during divided Total
Excavation Plan .
excavations (mm) (mm)
Original LL+RL LS+RS 2141
Symmetrical Plan 5.22 16.19 )
excavation nd LS+RS LL+RL
2" Plan 1522 194 20.16
rd LL LS RL RS
Asymmetrical 8" Plan 226 740 258 7.17 19.41
excavation th LL RL LS RS
ATPlan — s 206 766 7.7 2010
4.2 Influence of Resistance Piles

The resistance piles are designed to reduce thiealettisplacement
of the running tunnel. If the resistance piles eemoved in the
original plan, the vertical displacements at thgidgl points would
develop as shown in Figure 15. The location oftgipécal points is
the same as defined in Figure 10. The vertical laégments at
Points A, B, and C are similar to those in FigureTHe final heave
at Point D, however, is 32.3 mm, which is much darthan that
when the resistance piles are included. The hetaPeiat D during
the small pit excavations increases from 16.2 m@25t@ mm, more
than 50%, when the resistance piles are removecreldre,
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installation of the resistance piles is an effitiend effective
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Figure 13. Location of seven typical points in asyetrical excavation.

b. Results of 4th plan

Figure 14. Vertical displacements of seven typpmihts for the asymmetrical excavation.
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Figure 15. Vertical displacements of four typicalrgs without
resistance piles.

4.3 Influence of the RetainingWall of Cut-and-Cover Tunnel

The crossing part of Line 6 was constructed bydheand-cover
method by considering the influence of the futuxeagation. The
existing diaphragm wall of Line 6 is used as th@ining structure
of the new excavation. Therefore, the deep exaavathpacts Line
6 directly, and the heave of the tunnel is samethas of the
diaphragm wall. If the crossing part of Line 6 wamstructed as
shield tunnels, this project would become an extianaadjacent to
running shield tunnels, which has been reportedhan literature
(see, e.g., Hu 2003). But for this project, ther@dose excavations
on both sides of the tunnel, and the distance lestwlee excavations
is less than 10 m.

Changing the cut-and-cover tunnel into a shield élnn
separating the tunnel and the retaining structdirdn@ excavation,
and simulating the same excavation procedure asrigmal plan,
the vertical displacements at four typical poiras de obtained as
shown in Figure 16, where Point D is the crownhaf shield tunnel.
Comparing Figures 16 and 11, it can be seen thavahation of
displacements at Points A, B, and C is similar fa& two types of
tunnels. The vertical displacement at Point D fa@ shield tunnel,
however, is very different from that for the cugarover tunnel.
The shield tunnel settles at the beginning of #ngd pit excavation,
and then heaves when the excavation is deep enduighe end of
the large pit excavation, the heave of the shiefthel is about 2.5
mm. The heave of the shield tunnel during the sewathvations is
about 9.1 mm. So the final heave of the shield ¢l 11.6 mm
which is about half of the heave for the cut-andecdunnel. Based
on past experience (Chang et al. 2001), excavatidh cause
settlement of an adjacent shield tunnel as showsgare 1a. When
there are excavations on both sides of a shieldelufFigure 1b),
the tunnel will also settle if the distance betwéles excavations is
large enough, say about twice the excavation dgfthet al. 2003).
In our case, the shield tunnel does settle at ¢génbing of the large
pit excavation. Since the clearance between theeliend the pits is
very small (about half of the excavation depth) hoth sides of the
tunnel are unloaded, the shield tunnel would hestvéhe end of
excavation. As shown in Figure 17, the verticaptiisement of the

50 T T T T T T N T T T T
3 Large excavation: Small excavation
’g 40__ Point A AR |
£ - - -PointB : - ]
530'----Pointc S i
g | —-— PointD L.
@ 20 . .
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f_:) 0 ]
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>
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_20 1 1 1 1 1 1 : 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22
Step
Figure 16. Vertical displacements of four typicalrgs for a shield
tunnel.
Uy
uS]
k.
S U,
Diaphragm U
@ e
Soil

Figure 17. Sketch for the vertical displacemerdiaphragm and
adjacent shield tunnel.

5. DISCUSSIONS AND FIELD MEASUREMENTS

The numerical studies show that the tunnel of l6rieeaves during
excavations because the clearance between the tiaceat
excavations is very small and the tunnel’s diaphragll is used as
the retaining structure of the new excavations. nAsetrical
excavation can reduce the tunnel’ heave becaudeciteases the
unloading magnitude during the excavation, butaduses larger
horizontal movement of the tunnel which may impé running
tunnel. Therefore, symmetrical excavation shouldadepted in the
project.

Figure 18 compares the heave of the tunnel at ¢ounditions.
The Small First Plan can reduce the tunnel's hebye 6%.
Considering the total construction duration, howettes Large First
Plan (Original Plan) was adopted. The small pitsréase the
distance between the large pit and the runningeuso that the
influence of the large pit excavation is reduceashbf the tunnel’s
heave is caused by the small pit excavations, whamts about
75% of the total heave. The resistance pile tiethtotunnel can
control the vertical displacement of the tunnetefifvely. The heave
of the tunnel would increase from 21.4 mm to 32.61 ifi the
resistance piles are not used. As stated eatierdéep excavation
impacts the tunnel directly because the existirapldiagm walls of
the cut-and-cover tunnel are used as the retaistingture of the

soil adjacent to the diaphragmn,, is smaller than the heave of thenew excavations. That's why the heave of a shiefhél would be
diaphragm, us, because of the slippage on the interface. Thenly half of the cut-and-cover tunnel.

displacement of the soil decreases with the inereéslistance from
the diaphragm. So the vertical movement of theldhiennel,u,, is

It needs to be noted that the influence of somerofictors is
not considered in this numerical analysis, suchdewatering,

smaller tharug. The vertical movement of the cut-and-cover tupneldisturbance of soil, the creep deformation of sanild the later loads

W, however, would be the same as the displacementhef
diaphragm because they tightly connected toge8wthe influence
of the excavation on the adjacent shield tunnemisch smaller
because the soil between the tunnel and the digphmaall can
deform.

on the substructures in large pits. For examplejatiering in deep
soil layers and surcharge on the running tunnel imayadopted
during excavation if the heave of tunnel is togéar
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Figure 18. Comparison of tunnel’s heave during eatiau for 4
different conditions.

the pits is applied. After dewatering, the heavéheftunnel is stable
and then decreases significantly.

In general, the numerical predictions are in gogi@ment with
the field measurements, especially consideringtedicted trend of
heave as opposed to the conventional trend ofswttit as shown
in Figure 1. The predicted heave values are smahlan the
measurements mainly because the 2D numerical mambel may
have enlarged the restraint effect of the resigtgiles although the
stiffness of pile has been reduced consideringr ttsgaces.
Moreover, treating the piles in the 2D model aatiauous wall
divides the excavation into two parts and only plaet between the
diaphragm wall and the resistance piles can affeetdiaphragm
wall directly.

6. CONCLUSIONS

2D FEM modelling is used to study the effect of aadjnt
excavations on crossing tunnels and the numerieallts are
compared with the field measurements. Based on timy,sthe
following conclusions can be drawn.

(1) The crossing tunnel is impacted by excavationsboth
The excavation of this project was started in Demenn2010. sides. The cut-and-cover tunnel heaves during exitms
As of June 15, 2011, it has finished thd"Xdep as shown in Table because the distance betwee,n the two adjacentatimay
3. Two monitoring systems have been installed tmsuee the is very small and the tunnel’'s diaphragm wall isdigs
vertical displacements of the tunnel during theagation. The field the retaining structure of the new excavations. The
measurement results obtained so far are showngaoré&il9 and predicted trend is verified by field measurements.
compared with the numerical results of the origipén. The (2)  The small pits close to the tunnel can redbeeinfluence
locations of the measurement points are shownguargi2. The field of the large pit excavations because the smallipitease
measurements show that the crossing cut-and-covert heaves the distance between large pit excavation anduhaing
during the excavation. Since the heave of the tunmzreases tunnel. Most of the tunnel’s heaveo is caused bysthell
rapidly even during the early stage of excavatitewatering inside pit excavations, counting about 75% of the totaivee
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Figure 19. Field measurements

of tunnel's heaving@xcavation.
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(3) Asymmetrical excavation can reduce the tunhebive
because it decreases the unloading during excavatio
but it causes much larger horizontal displacemiean t
the symmetrical excavation. The resistance pits tio
the tunnel can decrease the vertical displacenfehto
tunnel effectively.
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