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ABSTRACT: This study presents the behavior of ground movenmeluced by the construction of diaphragm walldaaen the results of
full-scale field tests or panel tests in the camgion of the Taipei mass rapid transit system. Tiwmical test results are presented to
understand the general characteristics of groundement induced by the construction of one wall parel multiple wall panels.
Moreover, the panel test results from the othetremts are also summarized. Results show that thengrsettlements after the completion
of the whole diaphragm wall construction were miertger than those measured from panel tests becaosad movement during the
“normal” construction was heavily affected by couostion factors. Use of panel test results to eat@wround settlements might result in a
misleading conclusion. Use of the envelope, ashiskeed in this study, was a rational way to eveuground settlements at the present
stage. Besides, the maximum ground settlement oflpests occurred was about 0.05~0.07 times thehrelepth (D) percent and the
primary settlement influence zone fell within a mai distance of 0.6D from the panel. The maximurougd settlement after the
completion of the whole diaphragm wall constructivas about 0.13D(%). The ground settlement beyab® * 2D was found to be

insignificant.

1. INTRODUCTION

Wall deflection and ground movement normally ocasia result of
excavation. Excessive ground movement frequentiyadges
adjacent buildings in urban areas. To eliminateeduce the
possibility of such building damages, the groundzement must be
predicted prior to excavation to assess impacéifacent buildings
or public facilities. Moreover, most of analysegagling ground
movement focus on those due to main excavatiorexample,
excavation of soil, dewatering, strut installateord demolish.
Ground movement induced by the diaphragm wall cangon is
seldom taken into account. It is often assumedttietiaphragm
wall is wished in place.

Since diaphragm wall construction also goes thraugtage of
trench excavation, it should generate some groumgements.
According to the studies by Cowland and Thorley 8)%hd
Morton et al. (1980), the ground movement inducgthle
construction of diaphragm wall may account for 860% of the
total settlement for some cases. Unable to takeumtof this factor
may increase the possibility of damaging adjaceiitimgs during
excavation.

Though the problems of ground movement inducedby t
construction of diaphragm wall have gradually drattention from
engineers, there are just a few study resultsahailand most of
them are confined to that induced by the constiangbrocess of a
single diaphragm wall panel, for example, Dibiagia Myrvoll
(1972), Farmer and Attewell (1973), Poh and Wor98), Ng et
al. (1999). The main reason is due to the complexithe
construction process of diaphragm wall, even josafsingle panel
construction and not mention of multiple panel ¢nrgion.

There are a few studies on the behavior of grouodements
induced by the three wall panels and all of themevibiased on
theoretical analysis. Ng et al. (1995) and Gourgera Powrie
(1999) investigated the characteristics of lateadl displacement
induced by the construction of three panels udieghree
dimensional or its approximation method. Ng and {&899)
studied the accumulation of ground settlements fitoen
construction of the first panel and the two adjagamels by using
three dimensional simulation of the constructiothoée panels.
However, no comparison between the field measurenzerd
analysis results was made in the above-mentiongtiest because
field measurements of ground movements for thesthemel
construction are almost non-existent.

Besides, the final ground settlement should be tharaulation
of settlements from all of the panels nearby, ost jhree panels as
noted above. No solid conclusion regarding howtdeate the
final settlement induced by the diaphragm wall ¢argtion has yet
been made. Moreover, the roles of constructiorofadh the
evaluation of the ground settlement still remaisoheed.

Since ground movement induced by the diaphragm wall
construction involves many unknown factors, thetors in
some areas are then required to conduct so-cadleel pests, that is,
the ground movement is monitored during the contbm of
diaphragm wall panel, instead of performing nun@ramalysis.
However, whether the panel test is an appropriateta evaluate
the ground movement also remains resolved.

For this reason, this paper presents the behafgnoand
movement induced by the construction of diaphragth adopted
from the monitoring results of the constructiortttd Taipei
preliminary MRT (Mass Rapid Transit) network systé&hthem,
CN253B contract is first presented to understandétevior of
ground movement induced by the construction offmareel wall and
multiple panels. The ground movements from the pi@se results
in the CN255 contract and those after the constmaif the whole
diaphragm wall construction, i.e., before main e=t@n, are
compared to understand the characteristics of grommvement
before the commencement of main excavation. Simedasic
characteristics of ground movement in the othetremts were
similar to the above mentioned two contracts, ttodiles of
movement profiles are not discussed here. Onlyrtagnitude of
the final ground settlement are summarized and epeapwith
those in the literature. Figure 1 displays the @mts in the
construction of the Taipei preliminary MRT netwagstem where
the panel test results are adopted in this paper.

2. MECHANISM OF GROUND MOVEMENT INDUCED BY
DISPHRAGM WALL CONSTRUCITON

Ground movement induced by the diaphragm wall cangbn is
mainly from trench excavation and its behaviorasthe same as
that caused by main excavation. The reasons fadiffezences are
the differences in excavation geometric shapessamutting
methods. The ratio of the depth of a trench panistwidth and
that of the depth to length are both much largantthose in main
excavations. What's more, there is the influencBuid stabilizer,
employed to counteract the lateral earth presqwdté@mensure the
stability of trench walls. Nevertheless, in spifehe differences in
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geometric shapes and construction techniques xtte/ation of a
trench panel is also a type of excavation, prodyoiovements. The
shape of ground surface settlement is basicalljlainto that
induced by main excavation. Besides, because tHasxhke
combined whole of many connected diaphragm walkfsaand
trenches are excavated separately, also differemt fain
excavation.

The first stage of the constructing of diaphragnfisnia to divide
the whole length into several panels accordingp¢éoconstruction
conditions. The construction procedure of each piares follows:
the construction of guided walls, the excavatiotrefches, placing
steel cages and concrete casting, as shown inedFyukfter
excavating the trench, mud in the trench must bared from the
trench. Concrete casting, the last stage of digphnaall panel
construction, is to adopt the Tremie pipe to paurarete into the
trench and form a diaphragm wall panel.

The depth of a guided trench is generally aboutr®-8ometimes
5 m. Before concreting guided walls, guided trenchesstrutted,
are open ditches. The maximum settlement inducezkbgvation of
the guided trench occurs at the verge of the trefioh settlement
decreases with the distance from the trench. Comsglthat both
measurement of and literature on this field areoatmonexistent
and that no significant settlement occurs during stage (Woo,
1992), this paper will not delve into the subject.

As studied by Ng et al. (1995), Ng et al. (1999) &ourvenec
and Powrie (1999), the stress condition of sothm vicinity of
trenches during diaphragm wall construction iseattomplicated.
Take the construction of a single panel of a diaghr wall for
example. To keep the trench wall from falling sitniecessary to fill
the panel with fluid stabilizer during the excawatprocess of the
trench panel. Under normal construction conditi@xsavating a
trench panel filled with stabilizer will cause thigess states of the

soil around the trench panel to change from thgiral K0 to the

balanced state of the fluid pressure of stabilid@wever, the fluid
pressure of stabilizer is normally not equal todhiginal earth and
water pressures in the trench panel, but is ussailgller. The
trench excavation will decrease the total latetraiss of the soil
within a specific range around the trench, andeteiproduce
lateral movement of the sail in the vicinity of ttrench. Ground
settlement is thus produced. During concrete ogstire lateral
pressure in the panel during this stage should-&atgy than the
fluid pressure during the stage of excavation bsedlue unit weight
of the wet concrete is greater than that of stadiliTherefore, the
lateral movement caused at the previous stagéwitlushed back
and decreases while the amount of ground settlechamges
accordingly.

After completion of a single panel wall, the secqaahel or other
panels, adjacent to the first panel, would be canstd accordingly.
The construction will go through the same constomcprocedure as
the first one, which will cause the additional gndumovement on
that already induced by the first panel constructidVith the
continuation of the rest of the construction of glanthe ground
movement near the first panel should be accumuthtatetically.

3. GEOLOGICAL FORMATION AND THE TAIPEI MRT
CONTRACT

Generally, the Taipei basin is formed by a thidknaum formation,
i.e. Sungshan formation, which lies above the driorenation, so-
called Chingmei gravel formation. The Sungshan foionas
consisted of some soft clay layers and sand layérich appear
alternately. The thickness of the Sungshang foonaticreases
from south to north, up to more than 100 m. Nearcénter of the
basin is about 40 to 55 m in thickness. The lagéthe Sungshan
formation are designated as, from bottom to top 3bingshang |,
Sungshang Il, Sungshang Ill, Sungshang IV, Sungskaand the
Sungshang VI, which corresponds to silty sand dtdctay
alternately (Huang et al., 1987).

The Taipei preliminary MRT network comprises six, i.e.,
Muzha, Danshui, Xindian, Nangan, Bangiao and Zhotiiglks. Of
them, the last three lines were constructed undergt and the
diaphragm wall was used as the earth retainingtstrel in the
construction of train stations. To evaluate the@fbf diaphragm
wall construction on adjacent buildings, the cocttves were
required to carry out panel tests in each diaphnagihconstruction
contract, that is, at least, the ground settleraadtlateral solil
movement were monitored at each stage of construofiwall
panels.

The contracts where panel test results are adaptéis study are
as shown in Figure 1. The sites are certainlyogihted on the
deposit with alternating layers of silty sand aiity slay, but with
different thicknesses.

\— Boundary of Taipei Basin

(EL=20m)

e Preliminary MRT network
Figure 1 Location of the contracts adopted ingtessent study in
the Taipei preliminary MRT network construction

4. PERFORMANCE OF THE DIAPHRAGM WALL
CONSTRUCTION IN THE CN253B CONTRACT

Figure 3 shows the subsurface soil profile and thiperties at the
construction site of the CN253B contract. The dimemsiof the test
panel were 1.0 m thick, 3.4~5.5m long and 35.5 apd€&igure 4
displays the sequence of the construction of thigpg@nels and the
arrangement of the settlement marks for the tastlpaBesides, two
inclinometers adjacent to the diaphragm wall wastalled to
monitor the lateral soil displacement during th& feeriod.
Inclinometer SIS31, located in the north side eftist panels, was
1.5 m from the diaphragm wall while inclinometeSSe, in the
south side, was 1.8 m from the wall. Both inclinoengtwere
embedded to a depth of 50.5 m.

Figure 5 shows the lateral displacement of theastjdcent to the
first panel during the test period. As shown infigare, the lateral
displacements of the soil in the north side, aeSIS31, generally
had the same tendency as those in the south sEdetiSIS32. The
inclinometers in clay were of the larger laterapdacements than
those in sand. After the first bite, the soil movedard the trench.
However, due to unknown reasons, the soil displacedard away
from the trench after the second bite. After thedtbr central bite,
i.e., the completion of trench excavation, the g@h moved toward
the trench again and its magnitudes were greagerttiose after the
first bite. However, the soil displaced toward tfench again right
after concreting and moved outward away from thedh after 12
hours after concreting. The phenomenon is not sterdi with the
description as shown in Figure 2. The construdiémtors might
play a main role for the lateral displacement df, specially those
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near the trench. More elucidation will be providedhe last part of
this paper.

Figure 6 shows the corresponding ground settlemerite north
side and in south side during the constructioreffirst test wall
panel. Unlike the lateral displacements of the sedr the trench,
the ground settled a lot after the completion efsbcond bite but
settled little after the third bite or the compbetiof trench
excavation. The soil settled slightly right aftencreting. This may
be due to the fact that concreting inevitable poadivibration,
which in turns densified the soil nearby. Moreowminkage of

concrete due to hydration after 12 hours after cetimgy was unable

to induce further movement for the soil far awaynfrthe trench.
This figure also shows that the ground settlemientise south side
were larger than those in the north side. It isifjed that major
construction machines and vehicles for the excamattively
moved in the south side. The maximum ground segitgsnin the
north and south sides were equal to 5 mm and 13raspectively,
which were separately equal to 0.014D(%) and 0.@3w)Qvhere D
denotes the depth of the trench.

Figures 7 and 8 separately show the variationtefdh
displacement of the soil adjacent to the first pand settlement of
the soil perpendicular to the first panel with doastruction
sequence of the wall panels. As shown in Figured@astruction of
the second panel, 11.9 m to SIS31 or SIS32 (cémimznter) cause
a negligible change in lateral displacement forabié adjacent to

the first wall panel but it did induce a percepgibicrease in ground

settlement, for example, the 2.3 mm and 2.4 mmakiment at a
distance of 4 m and 8 mm from the trench in thetseide,
respectively. Construction of the third wall pareg m to SIS31 or
SIS32 (center to center), engendered more congjsdateral soil
displacements than those by the second wall p&imglre 8c). The
corresponding ground settlements appropriatelyelsxed, for
example, 2.1 mm and 0.8 mm of increment at a distafi4 m and
8 mm from the trench in the south side, respedti¢ieigure 8c).
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Figure 4 Layout of the panel test and monitorirggns for the
CN253B contract
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Figure 8 The ground movements induced by the oact&in sequence of multiple paneling in the CN2%8Btract

The reason why the lateral soil displacements disptionately
increased from the second panel to the third paisetompared with
the ground settlements, may be also attributebdaonstruction
factors. The movement of the soil very close tottbach was
especially sensitive to the operation of constacgquipment. The
shorter distance for the third panel to the inalieders than the
second wall panel, i.e., 7.6 m versus 11.9 m, neagrtother reason
to cause such disproportional increase in lat@ibbisplacement.

As shown in Figures 7d and 7e, construction offdluieth panel
did not cause significant changes in lateral sigppldcement.
Construction of the fifth panel even caused a sliftrease in
lateral soil displacement. Moreover, constructibbath the fourth
and fifth panels caused the soil perpendiculahédfirst panel a
minor increase in settlement. Theoretically, cangton of the
fourth and fifth wall panels, closer to the firshlwpanel than the
second and the third wall panels, should have greantribution in
lateral soil displacement and ground settlemeng. Mbnitoring
results did not exhibit the trend as we expect. @anton factors
may be responsible for such a phenomenon.

As shown in Figure 8e, the accumulated maximum mpiou
settlements in the north side and south side weparately equal to
8.2 mm and 19.1 mm, equivalent to 0.023D(%) an84D{%),
respectively. Amount of ground settlement due tdtipie panel
construction was not very different from that indddy the
construction of the first panel. Such an observatias quite
consistent with the numerical analysis results igyelNal. (1995),

which concluded that once an excavated panel hers dncreted,
the construction of adjacent panels has only a reénpr influence
on the final ground settlement at the center, lukttie first
constructed panel.

With panel tests, construction workers are oftemtioas in
operation of equipment during the test period. Hawe the
operation is not easily controlled as people coh@xperiments in
the laboratory. Construction factors like workmapshiiting rates
of excavators, vibrations due to construction, tilag of concrete
placement, weight of equipment etc. more or ledectdd test
results. Thus, the test result is not always ceersisvith it has to be
as shown in Figure 2.

5. PERFORMANCE OF THE DIAPHRAGM WALL
CONSTRUCTION IN THE CN255 CONTRACT

The layout of the paneling for the CN255 contraat|dafor
ventilation of the Nankang line, is shown in FigQreThe
dimensions of the test panel were 1.0 m thick, 4deep and
3.6~5.0 m long. The settlement marks, perpendical#re test
panel, are also shown in the figure. Figure 10 shithve subsurface
soil profile along with the basic soil properties €ach layer at the
test site. As shown in the figure, the soft claithvits water contents
ranging from 30% to 40%, is the predominant sofliclr affected
the performance of the diaphragm wall construction.
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Figure 10 Subsurface soil profile at the CN255 troiesion site

Since the characteristics of lateral displacemétii@soil

that the final ground settlements were much lafigen those from

adjacent to the test wall panel were basicallystirae as those noted the single panel test. This is because construetakers operated

in the CN253B contract, the behavior of lateral d@placement
was not discussed here. Figure 11 shows that thendrsettlement
induced by each stage of wall construction. As showthe figure,
the maximum ground settlement was 16.5 mm, equal040D(%),
which was close to that observed in the CN253B contra

The ground settlements at the different locatiansosinding the
site after the completion of the whole diaphragnfi @@nstruction
were also monitored, as shown in Figure 12. Tlgisré indicates

excavators, cranes, material handling or consbmatehicles in a
“normal” way rather than cautious or experimentttwde after the
completion of panel tests. Besides, various construequipment
or vehicles moved back and forth at the constracgite.
Construction factors should heavily affect the maniitg result.
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6. ENVELOPE

Figure 13 shows the normalized ground settlemexthsded by
single panels with respect to the depth of trehfiom the above-
mentioned contracts, i.e., CN253B and CN255, alonly thivse
from other contracts in the Taipei MRT constructashown in
Figure 1. The envelope of the ground settlemerith, ite
normalized maximum value equal to 0.05%, was aisplayed in
the figure. The primary influence zone of settleteénduced by the
construction of single panels fell within a distaraf 0.6D from the
panel. The amount of the normalized maximum grasattdement
were close to the results of the panel test inmeaglay (Poh and
Wong 1998), but greater than that computed by Ng¥am (1999),
who performed the three dimensional analysis fertélst panel in
stiff London clay.

Under the ideal condition, the settlement of thémarpendicular
to the first panel will be accumulated with the stoaction of the
wall panels nearby the first panel. To investigatinfluence of the
multiple panel construction on the ground settletnssveral
contracts were also conducted with the multiplegbéast in
addition to CN253B (Figures 7 and 8). As shown iruFégl4, the
ground settlement from the CP264, CP265A and CC27{famis
are also summarized. The envelope of the groutiésents, with
its normalized maximum value equal to 0.07%, wase aldicated in
the figure. The influence zone of settlement wasegaly the same
as that of a single panel, i.e., 0.6D from the partee amount of the
normalized maximum ground settlement was greaser that
obtained by Ng and Yan (1999), who simulated thypieace of

construction of the three test panels in stiff Londlay using the
three dimensional finite element method. Compariiggie 13 with
Figure 14 or the envelopes displayed in Figurenisean find that
the ground settlement induced by the constructfanudtiple panels
was just slightly greater than that induced bydbestruction of
single wall panel. As mentioned in the precedingisa, the result
were consistent with those presented in the liieeafNg et al. 1995,
Ng and Yan 1998).

In addition to the CN255 contract, the ground settlet after the
completion of the whole diaphragm wall constructionthe
CN258C contract was also monitored. The normalizedrd
settlement after the completion of the whole diaghr wall
construction based on the monitoring results ofGN255 and
CN258C contracts is displayed in Figure 16 andritetope is also
indicated in Figure 15. It is found from Figuresdi516 that the
envelope of ground settlements, with its maximume&qual to
0.13%, is much greater than those induced by desingll panel
construction and those induced by multiple wallgdaonstruction.
The ground settlement beyond 1.5D ~ 2D is founieto
insignificant.

Clough and O’Rourke (1990) found that the maximumugtb
settlement induced by the construction of diaphragmils is
0.15D(%), as shown in Figure 15, according to mamgitu
monitoring results. The present study, deduced fittanmonitoring
results in the Taipei MRT construction, was quitesel to that
established by Clough and O’'Rourke (1990). The reduiim the
present study as well as from Clough and O’Rourlggly all
exhibit that the ground settlement after the cotmubeof the whole
diaphragm wall construction is significant and astsimple as those
accumulated by the multiple wall panel constructiGowland and
Thorley (1985) also reported that the final growsdtlement after
the completion of the whole diaphragm wall conginrc can
achieve 40%~50% of the total ground settlement r aftee
completion of main excavation.

5D (%)
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0.08 < hxe CP265A project 1st panel completed
4 /A CN233B project Ist panel completed (North side)
0.10 - A CN233B project st panel completed (South side)
<&

CN255 project Ist panel completed

Figure 13 Normalized ground settlements due tatmstruction of
single panels
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Figure 14 Normalized ground settlement due tocthrestruction of
multiple panels
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Settlement/Trench depth (%)
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Induce by the construction of single panel
_— Induce by the construction of multiple panels
————— Induced by the completion of whole diaphragm wall
—————————————— Established by Clough and O'Rourke
Figure 15 Envelope of ground settlements indubgd the

construction of diaphragm wall
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Figure 16 Ground settlements after the completibrthe whole

diaphragm wall

7. CONCLUSIONS

Theoretically, the lateral soil displacement orugrd movement
during the panel test should increase with theeattan area such
as numbers of bites or panels. However, the mangaesults
indicated that the lateral displacement of the sedr the trench did
not necessarily increase with the number of bitgzaoels.
Construction factors should be responsible for suphenomenon
because construction operations were not so wettaited as
people conduct experiments in the laboratory. Troeirgd
settlement did increase with the numbers of pamei®nly to a
certain extent.

After the completion of the whole diaphragm walhstruction,
the ground settlements were much larger than ticlitcied by the
construction of a single wall panel or multiple pkn This is
because the construction workers operate excayatarses,
material handling or construction vehicles in artnal” way rather
than in a cautious or experimental attitude. Besidasous
construction equipment or vehicles moved back anith fat the
construction site. Construction factors should Hgaffect
monitored results. Therefore, use of single pagstiesults, or even
multiple panels test results, to estimate the piatleground
settlement induced by the diaphragm wall constoadtiut without
consideration of construction factors, may result misleading
conclusion.

On the other hand, the envelope of ground settlesrae the
synthesized results of excavation areas and catistnfactors
necessarily involved during construction. Use ef éimvelope, as
established in this study, was a rational way &leate the ground
settlement induced by the construction of diaphragth at the
present stage. Besides, the following conclusionsbeadrawn:

(1) With the single panel test, the maximum groundesagnt

induced by the construction of a single wall pama$ about
0.05D% (D is the depth of a trench). The main iefice

range of settlement was 0.6D from the trench panellittle
settlement occurred beyond 1.0D from the trenclepdine
concrete casting did not cause significant setttéme

With the multiple panel test, the maximum grountilement
was 0.07D% and its location and influence rangeswer
basically similar to those by single panel congtanc

With the “normal” construction, the final groundttsament after
the completion of the whole diaphragm wall was tmeshan that
induced by the construction of a single test pama that by the
construction of multiple panels. The maximum growssdtlement
was about 0.13D%, which was close to that of Clowgid
O’Rourke’s envelope (0.15D%). Settlement becamedéservable
beyond the distance of 1.5D~2D from the diaphragath. w

@
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