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Abstract

Groundwater extraction can cause soil to consolidate and land to sublsatel subsidence
increases relative selavel rise and exacerbates inundatibazard for coastal citieIhe City of
Richmondis a low lying floodplainon average 1 m above mean sea lewvéth increasing
development due to urbanizatioriThis makes it imgrative that Richmond maintain its high
water tableto prevent subsidenceC dzNJi KSNIY 2 NE X wA OK Y shgcBsSitites K A 3 K
dewatering at excavation siteis order to proceed with constructioprocesses Subsidence
occurs on theconstruction siteitself, as well aoff-site throughdifferential settlement. This is
determined by the depth of groundwater drawdown during dewaterir@ne particular
dewatering case in Richmond had substantialsitéé settlement. Examining the impacts of
dewatering based dsidence in Richmond, on a neighbourhood scale, highlights why
groundwater levels should be maintained on a -sityle scale Richmond manages on and -off
site settlement appropriately through correspondence with private consultants by
implementing engineeng practices such as degpil mixing walls, settlement ponds and sheet
piling. Globally, exploitation of potable groundwater is the major driver of subsidence. In
w A OK Y anyfjie@sde groundwateris not suitablefor irrigation/consumptiondue to its hgh

iron contentand instead is a hindrance for constructiorherefore large scale dewaterintp

the extent seen irmglobal cases is an unlikely scenario for Richméfwvever, Richmond can
evaluatemanagement practicepractisedgloballythat contribute o of the maintenanceof the
groundwater table to further mitigate subsiden@and to combat potential effects ofclimate
change Recommendatios include balancing water inputs and outputs by decreasing
impervious surfaces,jncentivizing developers to instél green infrastructure monitoring
elevation and groundwater levelgnd implementinga combination of water drainage and
storage system® regulateestablishedyroundwater levels
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1. Introduction

Land subsidence due to excessive groundwater withdrawal is adaelimented
concern for structural infrastructure throughout the world (Chai et al, 2004;rfebé al 1984;
2013; Ren et al, 2014, Teatini et al; Xiaoqing et al, 2012). In the United States, 80% of identified
subsidence was due to anthropogenic impact on subsurface water (USGS, 280@aoquin
Valley in the US experienced over $50 million gs&s during 1945 to 1970 due to subsidence.

Furthermore, subsidence degrades environmental productivity by eroding tidal marshes
and disrupting drainagsystems(Abidin et al, 2015). Land subsidertta#sthe most significant
economic and environmental imptcin coastal regions by amplifying the effects of rising sea
levels and increasing susceptibility to floods (Pope, 2002). The development of land and water
resources exacerbates land subsidemmeblems (USGS, 2000Global cases of subsidence
managemenwill be reviewed to derive recommendations for the City of Richmond.

The @y of Richmondencompasses 12,927 ha of land aad rapidly urbanizing coastal
city located in British Columhiat the mouth of the Fraser RivekVithin the context of
Richmondurban land subsidence will be discussed at three scales:

i.  Subsidence within thdevelopment/construction site;
ii. Off-site settlement in the eea surrounding the construction site; and,;
iii. Potential subsidence on a cityide scale

It is important for Richmondo maintain its high groundwater levels. The groundwater
acts as a subsurface suppaststem,preventing the soil from consolidatin@uring excavation
at construction sites, the high groundwater table necessitates dewatering to provide a dry
workable envronment. Subsidencavithin the construction sitedue to dewatering can be
effectively mitigated usingeveralengineering practicesLowering of the watertable at the
construction sites causes a water drawdown curve which can caffssite settlement;
however, this as well is attenuated lepgineeringprotocols A case in Richmordisplayingoff-
site settlement within a neighbourhoodill be used to demonstrate the impacts of lowering
the water table and why citwide drainage should be prevesd. Furthernore, construction
sitesin Richmond where subsidence is well managed will be highlighted.

wA OK Y 2 y Ritral lahd3oddsiSlidg of 5,560a, faces a different issue regarding
land subsidence(Figure 1)(City of Richmond, 2017). The high water table aathual
precipitation of 1,126 mm requires adequate drainage allowing for; increased range of crops
suitable for different soils, trafficability, rooting depth, aeration and warming of the soll
(Agricultural Profile Report, 2012). However, excessive dgainzan lower the water table
resulting in subsidence. Furthermore, drainagepeat lands leads to shrinkage and oxidization
due to increased microbial activity, causing a reduction of volume of the. l[Andoptimal
drainage system is required to regulaeundwater levels to decrease subsidence.
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Figurel.wA OK Y 2 ¥ R Q & LahdRederedp pratidhhitdly%of total land). Agricultural land use is
predominantly in the East (greergource (City of Richmond, 2018)

2. Global Issue of Subsidence and its Management

TheBC Ministry of Environment (2014ajticipates a global mean absolutealevel rise
of approximately 1nby 2100 (Figure 2) Furthermore, subsidence rates in coastal citiesehav
been observed at -200 mm/yearwith similar rates projected until 202%yhich will lead to
increase flood vulnerability (Erkens et al, 2015) (Appendik)B

While subsidencexacerbates sekevel rise it also causes economic ain by damaging
infrastructure, as seen in San Joaquin&fall.S(Poland et al, 1984):

I. Deformation in the land surface due to differential changes in elevation, making it
difficult to construct and maintain wateransport structures including canals, irrigation
and drainage systems, and stream channels;

il. Compessive rupture of casings caused by compaction of aquifer systems leading to
failure of deep irrigation wells (26800 m);

5945981



iii. Preconsolidation of deposits susceptible to hyerompaction increasing construction
costs by approximately $25 million; and;

iv. Addtional costs associated with surveys made by government and private agencies to
determine elevations of benchmarks, revision of topographic maps, construction of
subsidence maps and compensation of subsidence through land leveling.

5
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Figure2 Projection of Global Sea Level RBeurce (BC Ministry of Environment, 2011).

2.1. Drivers of Subsidence

In a majority ofcases over extraction of groundwater and its associated subsidence
occurs for the use diulk potable water In Asia(Tabk 1), excessive groundwater extraction is a
result of an increased demanfr freshwater for industrial and domestic usesaused by
population growth and economic expansigkisq groundwater extraction ithe Netherlands is
also used as a form of draimado increase agricultural suitability/production, and buildable
areasfor houses (Appendix-3.0).

2.1.1. Groundwater in Richmond

Groundwater extraction as a potable water source or for irrigation is not the case in Richmond

as the City receives itsulk potele water from Metro Vancouver, sourced from the Capilano

and Seymour reservoirs (Metro Vancouver, 2018). R2hy RQa 3INR dzy Rg | SNJ A &
drinking/irrigation water as it is rich in iron. Bundwater extraction primarily occurs to
facilitate congruction activities for developmentTherefore, Richmond managgroundwater

levels to buffer against subsidence. Three management concerns derived from this are:

i. Potential structural damage to surrounding properties.
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ii. Purification standards to remove umnted metals such as irorto suitable levels for
discharge

ii. 5Aa0KIFNHS NIdSa Ayidz2 (GKS /AdeQa ad2N¥kal yA
2.2. Subsidence in Coastal Regions and its Management

Subsidence rates diffeamongcities with varying underlying causgSppendix B2).
Moreover, there is a lack of understanding of the extent to which these drivers affect
subsidence. Thus, governmental policy formulation and management systemsadiiterg
cities (Erkens et al, 2014he dies listed below havealonghistory ofland subsidencewith
experience irmesearch and policy developmetat mitigate subsidence impacts (Table 1)
(Appendix A for details)

Tablel. Summary of management practices seen in coastal regions globally.

Location Management

Shangha(Appendix A1.1) 1 Repressuring by recharging aquifers through wells, expensive bu
effective in stopping subsidence

1  Guideline based on geology of the area to determine specific
discharge capacity

Suzhou (Appendixc.2) Government restrictions and bamg on deep dewatering

Monitoring network

Bangkok (Phiemvej et al, 2006) Pricing policy for groundwater extraction
Total ban on groundwater extraction in certain areas
Monitoring of surface and subsurface subsidence, groundwater le

in aquifer layer@and rate of pumping

=A =4 =4 | =4 ="

Malaysia (Appendix@®.0) 1  Maintain higher water table and wetter conditions to prevent peat
oxidation which mainly takes place in the upper layers of the soil

Netherlands (Appendixd@3.0) 1  Monitor groundwater levels twice a montimd use mean lowest
groundwater levels to predict peat oxidation/subsidence

T 1asS I O2Yo0AylLdAz2y 2F RNIAya |
Tt SEAO0f S¢ &GNIGS3IASE | NB dzaSR
allowing for storage of excess water in wet montimslaise of this
water during drier periods to prevent oxidation

Tokyo (Appendix &t.0) 1 Restrictions on crossectional area of the outlet of pumps and
strainer depths

1  Mandate pumpage volume reports on pumps with output of over
300 watts

1  Improve rainwateiinfiltration by creating guidelines for pumpers to

counterbalance their extraction by installing infiltration facilities

Water permeable pavement projects

1 Incentivize public facilities to increase rain infiltration

=
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3.  Study Area

wA OKY 2 Y R Q& had @dailahdlih thikweest juxtaposed by agricultural land in the
east. It is the fourth most populated municipality in Greater Vancouver, consisting of 8.1% of
GKS 201Kt LR2LMzE FGA2y 2F GKS NB3IAZ2Y o6/ AbGe 2F w
of 2017 was 219,270 with a population percent change of 18.0% from-2007, compared to
the provincial average of 12.3% (City of Richmond, 2018) (Statistic Canada, 2018).

The Gty is a lowland coastal community susceptible to rising sea levels andahatur
subsidence, resulting iflood risk (Malik, 2016)n the context of potential climate change, the
management and maintenance of ground water in Richmond is imperative for land subsidence
mitigationand to protect its growing assets

3.1. Flooding
GivenRichmond is located on a floodplaiand subsidenceJt @ a | NRt S Ay
habitability, as seen iother similardeltaic regions (Erban et al, 2014). The@i&y f | ysR& O LJS

generally flat with an average land elevation of 1 m above mean sea Enela natural
subsidence ree of 2 mm annually.

WAOKY2YRQa FfF+G fFryR YR f2¢6 StS@LFriAz2ys
surrounding water bodies, necessitates theintenance of thed A 1 @ Qa4 NRodzald Fft 22
system which consists of 49 km ofilees, 622 km of drainageipes, 178 km of ditches and 39
drainage pumping stations (Flood Protection Report, 20ib3ddition, the City monitors water
levels electronically on a 24/7 basis and maintains its dikes at or above the 1:200 year provincial
standard (City of Richmond, 2018).

With $63 billion dollarsn private and public land value, the City emphasizes flood
protection to mitigate the impacts of climate change by advancing policies, practices and
infrastructure (Flood Protection Update, 2014jurthermore, the City has allocated resources
to mitigate climate change projected sea level increases oh by 2100 BC Ministry of
Environment, 2013 The City has a target dike credévationof 4.7 m with considerations of
raising it to 5.5 m in respse to sea level rise predictions (1 m) and land subsidence (0.2 m) by
year 2100 (Parsons, 2016).

3.2. General Soil Characteristics

The solil profile is a major component that determines the magnitude of subsidence. The
urban soil in Richmond consispsimarily of interbedded silt and sand layers. Groundwater
extraction induces an increase in effective stress, resulting in the silt layers becoming
susceptible to unrecoverable compaction (Pope, 2002). A study by Welch and Smith (2001)
discussed the Holocene sewnts of the Fraser River Delta, and categorizes the soilfguno
main layers:
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I Surficial floodplain and peat bog deposits composed of sandy to clayey silts,
. Interbedded silts and sands,

iii. An 8 to 20 m thick layer of fine to coarse grained homogeneousl ghat is
continuous across the delta and lastly

Y2 Fine grained delta slope deposits (Welch and Smith, 2001). However, soil
conditions vary with site specific properties.

The soil map shows geological variation in the Quaternaposiés in RichmondFigue
3). Most of the agricultural land in Richmoi(igure 1)s characterized by surface peats and
moderately thickorganic silts (O*)Within this major class there are slight variatipesch as
sand overlaying peat (sO*) or thin interbedded sands ansl @derlaying peat (szO%).

Urban land in Richmond, including some ALR land falls in the sF and szF categories which
represent shallow topsets of sands (<7m) and thick interbedded sands andesifiectively. In
general, the topset grades up from a lowsandy layer, tanterbeddedsilt and sand layer and
finally an upper organic silt layer.

5945981



sF: Shallow topset sands (<7 m),

This map unit is widespread in western Richmond and forms the “typical” topset sequence, in which the sand
facies is 8 to 25 m thick and occurs within 7 m of the surface. The sand facies is generally not shell-bearing in this
map unit. Many small areas where the combined interbedded sand and silt facies and organic silt facies exceeds
7 m (Unit szF) have been mapped within this map unit, and more should be anticipated. Foreset deposits under-
lie the sand facies in this map unit. The following subunits have the same characteristics as map unit sF except
where noted otherwise:

sk

. sF':Sand facies over Pleistocene deposits.
sF This map unit is assigned to areas where the topset sand facies directly overlies overconsolidated
Pleistocene deposits rather than deposits of the foreset. The thickness of the deltaic deposits is less than
20 m. This map unit accurs along the North Arm of the Fraser River, on the northern margin of the delta,
and locally over the southeast trending Pleistocene ridge that crosses central Richmond.

: sF% Sand facies over thin delta foresets.
sF This map unit is assigned to areas where the total thickness of the deltaic deposits is less than 25 m, and
a thin foreset sequence occurs between the topset and Pleistocene, This map unit occurs between map
units sF and sF' in northern and central Richmond.

sF%: Shell-bearing subfacies.

s This map unit is assigned to areas where the sand facies of the topset is dominanly shell-bearing and the
overlying interbedded sand and silt facies is bioturbated and shell-bearing. The sand facies is generally 10
10 15 metres thick. In Richmond, this map unit is restricted to the western part of the city. As in unit sF,
several small areas where the combined interbedded sand and silt facies and organic silt facies exceeds
7 m (Unit s2F) have been mapped within this map unit, and more should be anticipated.

sF" Young sand facies.

sF! This map unit is assigned to areas where the topset sands are inferred to be relatively young, due to their
association with historic sloughs This map unit occurs on the river side of sloughs bordering the North
Arm and the Main Channel, in an abandoned distributary complex that cuts through the peat bogs of
central Richmond, and on the concave side of a series of sloughs in the southwestern part of the city. In
the latter area, the sloughs display cross-cutting relationships that permit further subdivision of the map
unit into areas underlain by relatively younger and older sands, which are mapped as sFyy and sFyo,
respectively. The exact ages of these deposits are uncertain but, by comparison with dated deposits
throughout the delta, they are probably less than 4000 years old. The youngest deposits along the Main
Channel are associated with a channel that appears to have been still active during the 1827 Admiralty
Survey, and are therefore probably only a few hundred years old (Monahan et al,, 1995). Thick foreset
deposits generally underlie the topset channel sands. However, young sands directly overlie Pleistocene
deposits (unit sF”') or thin forest deposits (unit sF*) locally over the southeast trending Pleistocene
ridge that crosses central Richmond.

sF": Younger of the young sands along the Main Channel.

sF: Older of the young sands along the Main Channel.

sF"": Young sands directly overlying Pleistocene deposits.

sF”: Young sands, and thickness of deltaic deposits less than 25 m.

szF: Thick interbedded sands and silts.

5 In this map unit the interbedded sand and silt facies thickens downwards at the expense of the underlying sand

szf facies, so that the top of the sand facies occurs at depths greater than 7 m. The interbedded sand and silt facies
in this map unit is up to 20 metres thick. Mapped areas range in scale from those that are a few tens of metres
across and can be traced 100 to 200 m, to one along the Main Channel that is 700 m wide and can be traced
approximately 4 km. The smaller occurrences of this map unit are dominantly sand with some silt interbeds, but
in the larger and thicker ones, silt is more prominent. The western part of the large occurrence of this map unit
along the Main Channel is dominantly silt and has been designated szF'. Foreset deposits underlie the sand
facies in this map unit.

Figure3. Soil Map of Richmond showing different textures, primarily composed of sand and silt (Monahan et al,
2010).
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4.  Objective

The olective of this study was to assesenstruction case studies in Richmond to
understand the importance of water table management in order to mitigate construction and
peat based subsidenceithin the City The first case studgxhibitsthe impacts osubsdence at
a local scale andlighlights the importance of maintaining a higyater table on a citywide
scale The remaining four case studigsresent proper managementused to mitigate
subsidence within the construction sjtas well asoff-site differential subsidence Lastly,
drainage and irrigation practices East Richmond are discuss&kecommendationslerived
from globalcase studieare suggested for consideration by the CityRa¢hmond for subsidence
management

5. Richmond z Subsidence through Groun dwater Extraction (Urban)

In consultation with the City of Richmond Engineering Planning Department, the
following five case studiesere examined

Developer Building nhame Location (Richmond)
I ASAPC Ltd. Parcel (River Green) 6031River Road
il. ASPACtd. Parcel 8 (River Greeh 6968 Pearson Way
iii. ASAPC Ltd Parcel 9 (River Green) 6633Pearson Way

V. Phileo Development Corp | (Quintet Phase 2) | 5900 MinoruBlvd.

V. Cressey Development Grou| (Cadence) 5640 HollyBridge Way

5.1. ASPAC Parcels 1 and 2 (River Green)z No.2 Road Bridge Settlement

The firstcaseexamined is ASPAC Ltd. parcels 1 and 2 (private developers for the River
Green Complex) whicls located near River Rd and No. 2 Rd Bri(fggure 4) Groundwater
extraction at this site caused substantial sualence for nearby infrastructuré3vGeomatics,
2013)
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2018.

On May of 2013, the City of Richmoimkntified approximatey 60 mm of vertical
settlement via radar satellite monitoring (INSAB) the south ed of the No. 2 Road Bridge
(Figure 5. The time frame for this settlement coincided withet dewatering operation on the
ASPAC 2 site.

In the Dewater License Extension Agreement, Pottinger Gaherty Environmental
| 2y adzZ GF yia [ (Rte escavatiormwiork & anticip&er to start-iniJuné 2010 and
the dewatering will commence when$h INR dzy Rgl 6 SNJ GFofS Aa SyoO2d
parcel 2 begn on approximately Sep 1, 20t0rresponding with a largéeclinein vertical
motion (Figure h Dewatering rates decreased after July 2011, from a maximum of 250,000
gallons/day to 1,000 to BO00 gallons/dayreflected on the graph by a decrease in vertical
motion (Figure 5).

The River Green project has two levels of underground parking with the bottom of the
second level slab aB.47 m geodetic elevatiolASPAC utilized a wlbint dewateing system
to lower the water table below excavation depth, at above average dewatering rates, to enable
a workable platform for the waterproofing and formwork.
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Figureb. Graphdisplayingvertical motion (mm) in a large raditaround the ASPAC parcel 1 and 2 sites. Large
settlement occurs around the time of parcel 2 dewatering, between 2010 and @Y¥3deomatics, 2013The
exact location of Point ID 17327 is not given iig the point with the greatest settiment nedahe south end of
the bridge(3vGeomatics, 2013)

5.1.1. Factors Inducing Subsidence

The area and extent of offite settlement is influenced by the depti the water table
drawn downand the length of time it is maintaine®dater drawdown forms aroundwater
cone d depressionaround the pumping wel(Figure 6) The area affected by subsidenas
horizontal radius of influencés determined byhe cone of depressioand itsassociated angles
of draw (Ren et al, 2015fFigure 6) As drawdown depth increasesp does the cone of

depression and horizontal radius of influence. Hydraulic conductivity of the soil also affects the

cone ofdepressionmore porous sands will have flatter drawdown curves

Effective stress is greatest closest to the wethere the water leels are lowest
(greatest change in porater pressure), and diminishes outwaiden et al, 2015)n addition,
increased drawdown depth leads #gogreater volume of air replacing the soil's watéfater in
soil is not compressible however air is, makihg soilmore prone to consolidation under
effective stresgRen et al, 2015)
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Figure6.Land subsidence in relation to groundwater pumping (Ren et al, 2015).

Dewatering rates arsetto establish the depth of groundwatetrawdown;the greater
the depthof drawdownrequired the higher the dewatering ratASPAC parcel 2 likely drew the
water table down substantially resulting in a large cone of depres3ibis. explainshe vast 0.5
km radius of influence (Figure 5). In conjunction, it was an open dewatering systemongut
wall installed to confine tharea ofdrawdown closer to the sitéMatt Kokan, 2018)

The cumulated impacts of drawing the water table down to great depths and not using a
cut-off wall to manage the drawdown curve resulted in widespreadsdéf settlement As
expected, he greatest extent of subsidence was obsenabosest to parcel 2 with the well
point systemsHowever, this graplidoes not show horizontal displacemerit would be useful
to see the strain distribution because while compresssirain is predominant closest to the
groundwater extraction site, tensile strain becomes dominamving outward from the site
(Ren et al, 2016 Thus,examining both types of straingould better describethe impacts on
surrounding properties.

11
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5.1.2. No.2 Road Bridge

The @y recognized thesubsidence that took place between 2011 and 2013 on the
southern alutments of the No.2 Road Bridg8vGeomatics, 2013)n particular, monitoring
points (MPs) 19 and 20 subsided by 177 mnd 205 mm respectively (Figure éhd 9.
Additionally, alargedifference in the magnitude of subsidence between western and easter
MPs was detected (Figure 8 and Blowever, this is due to the location of the MRsmselves
Eastern MPs werkcatedat gradebeside the bridge on Parc#&, whereas westeriMPson the
bridge itself. The difference in magnitudeas due to the subsurface soil profile, explained in

the next section.

Survey sttlement data was collected for the diffent MPs of the Bdge (Figure 8. As
aforementioned, MPL9 and MR20 experiencd the most ®ttlement. This is because the
Bridge approach is located on fill containing surficial silt and deep silt, both of which were
compacted due to effective stress changes from groundwater extraction. The other MPs,
located onstructural componentsupported byfriction piles are shown to be far less affected
as only deep silt is compressed. This is further confirmed by the No.2 Road Bridge Foundation
Paper (1994) which shows the sandy soil profile upon whietbtidge is buil(Figure 7.
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Figure7 Geological profile of Bridge design (Smith, 1994)

Importantly, twoperiods ofsettlement between 2010 and 2013 are observed Fac).
The firstincreasein settlement corresponds with dewatering from al 2, after which
dewatering stops and settlement plateaus. The secpadod of settlementcould correlate to
a subsequent instance of dewatering on Parcel 2 as an exterfsiothe dewatering licence
agreement was requestedto July 31, 2013. In addun, the duration of settlement for the
secondperiodis similari 2 G KS TFANBRG I 0 2 (K furth® Qdimdedtihgyfada F 2 NJ

second occurrence afewatering.
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Based on observations, the second dip has a steeper slope relative to the first dip as
Y2NB aSGdtSYSyid oF wmnn YY 27F defifieddves h&same O2 Y LI
LISNA2R 2F GAYS O0F o Y2yluKaood ¢KAa Aa fA]Ste
t F NOSt mMQa LINBf 21 R 2 OO0 dzNawkry(Hgurk ¥ XsParael Lisscioser LINR 2
to the Bidge and MPs than Parcel 2 (Frgud), it is reasonable for Parcel 1 preload to cause a
greater impact on the settlement dat&igure 9.

In conjunction, observations made duringhe second settlement period (Figue 9)
indicated thatsheet pilesthat were initially presentaround the sie were now absen{Google
Maps, August 201¢ July 2012 The potential removal and absence of skasheet pilesprior
to the seconddewatering could further exacerbategroundwaterdrawdown and settlement
resulting in thesteeper observedip (McGough, 208)(Figure 9.

Figure8. Location of monitoring points (MPs) taken on the bridge thveladjacent grade
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