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Abstract  

Groundwater extraction can cause soil to consolidate and land to subside. Land subsidence 
increases relative sea-level rise and exacerbates inundation hazard for coastal cities. The City of 
Richmond is a low lying floodplain, on average 1 m above mean sea level, with increasing 
development due to urbanization. This makes it imperative that Richmond maintain its high 
water table to prevent subsidence. CǳǊǘƘŜǊƳƻǊŜΣ wƛŎƘƳƻƴŘΩǎ ƘƛƎƘ ǿŀǘŜǊ ǘŀōƭŜ necessitates 
dewatering at excavation sites in order to proceed with construction processes. Subsidence 
occurs on the construction site itself, as well as off-site through differential settlement. This is 
determined by the depth of groundwater drawdown during dewatering. One particular 
dewatering case in Richmond had substantial off-site settlement. Examining the impacts of 
dewatering based subsidence in Richmond, on a neighbourhood scale, highlights why 
groundwater levels should be maintained on a city-wide scale. Richmond manages on and off-
site settlement appropriately through correspondence with private consultants by 
implementing engineering practices such as deep-soil mixing walls, settlement ponds and sheet 
piling. Globally, exploitation of potable groundwater is the major driver of subsidence. In 
wƛŎƘƳƻƴŘΩǎ unique case, groundwater is not suitable for irrigation/consumption due to its high 
iron content and instead is a hindrance for construction. Therefore, large scale dewatering to 
the extent seen in global cases is an unlikely scenario for Richmond. However, Richmond can 
evaluate management practices practised globally that contribute to of the maintenance of the 
groundwater table to further mitigate subsidence and to combat potential effects of climate 
change. Recommendations include balancing water inputs and outputs by decreasing 
impervious surfaces, incentivizing developers to install green infrastructure, monitoring 
elevation and groundwater levels, and implementing a combination of water drainage and 
storage systems to regulate established groundwater levels.  
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1. Introduction  

 Land subsidence due to excessive groundwater withdrawal is a well-documented 
concern for structural infrastructure throughout the world (Chai et al, 2004; Poland et 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, 2000). San Jaoquin 
Valley in the US experienced over $50 million in losses during 1945 to 1970 due to subsidence. 

Furthermore, subsidence degrades environmental productivity by eroding tidal marshes 
and disrupting drainage systems (Abidin et al, 2015). Land subsidence has the most significant 
economic and environmental impacts in 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 subsidence problems (USGS, 2000). Global cases of subsidence 
management will be reviewed to derive recommendations for the City of Richmond.  

The City of Richmond encompasses 12,927 ha of land and is a rapidly urbanizing coastal 
city located in British Columbia, at the mouth of the Fraser River. Within the context of 
Richmond, urban land subsidence will be discussed at three scales: 

i. Subsidence within the development/construction site; 

ii. Off-site settlement in the area surrounding the construction site; and; 

iii. Potential subsidence on a city-wide scale.  

It is important for Richmond to maintain its high groundwater levels. The groundwater 
acts as a subsurface support system, preventing the soil from consolidating. During excavation 
at construction sites, the high groundwater table necessitates dewatering to provide a dry 
workable environment. Subsidence within the construction site due to dewatering can be 
effectively mitigated using several engineering practices. Lowering of the watertable at the 
construction sites causes a water drawdown curve which can cause off-site settlement; 
however, this as well is attenuated by engineering protocols. A case in Richmond displaying off-
site settlement within a neighbourhood will be used to demonstrate the impacts of lowering 
the water table and why city-wide drainage should be prevented. Furthermore, construction 
sites in Richmond where subsidence is well managed will be highlighted.  

wƛŎƘƳƻƴŘΩǎ ŀƎǊƛŎǳltural land, consisting of 5,560 ha, faces a different issue regarding 
land subsidence (Figure 1) (City of Richmond, 2017). The high water table and annual 
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 soil 
(Agricultural Profile Report, 2012). However, excessive drainage can lower the water table 
resulting in subsidence. Furthermore, drainage of peat lands leads to shrinkage and oxidization 
due to increased microbial activity, causing a reduction of volume of the land. An optimal 
drainage system is required to regulate groundwater levels to decrease subsidence.      
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Figure 1. wƛŎƘƳƻƴŘΩǎ !ƎǊƛŎǳƭǘǳǊŀƭ Land Reserve (approximately 43% of total land). Agricultural land use is 
predominantly in the East (green). Source (City of Richmond, 2018). 

2. Global Issue of Subsidence and its Management  

The BC Ministry of Environment (2011) anticipates a global mean absolute sea-level rise 
of approximately 1m by 2100 (Figure 2). Furthermore, subsidence rates in coastal cities have 
been observed at 2-100 mm/year with similar rates projected until 2025, which will lead to 
increased flood vulnerability (Erkens et al, 2015) (Appendix B-1).  

While subsidence exacerbates sea-level rise, it also causes economic strain by damaging 
infrastructure, as seen in San Joaquin Valley U.S. (Poland et al, 1984):  

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

ii. Compressive rupture of casings caused by compaction of aquifer systems leading to 
failure of deep irrigation wells (200-900 m);  
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iii. Pre-consolidation of deposits susceptible to hydro-compaction increasing construction 
costs by approximately $25 million; and;  

iv. Additional 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.  

 

Figure 2 Projection of Global Sea Level Rise. Source (BC Ministry of Environment, 2011). 

2.1. Drivers of Subsidence  

In a majority of cases, over extraction of groundwater and its associated subsidence 
occurs for the use of bulk potable water. In Asia (Table 1), excessive groundwater extraction is a 
result of an increased demand for freshwater for industrial and domestic uses, caused by 
population growth and economic expansion. Also, groundwater extraction in the Netherlands is 
also used as a form of drainage to increase agricultural suitability/production, and buildable 
areas for houses (Appendix A-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 its bulk potable water from Metro Vancouver, sourced from the Capilano 
and Seymour reservoirs (Metro Vancouver, 2018). RichƳƻƴŘΩǎ ƎǊƻǳƴŘǿŀǘŜǊ ƛǎ ƴƻǘ ǎǳƛǘŀōƭŜ for 
drinking/irrigation water as it is rich in iron. Groundwater extraction primarily occurs to 
facilitate construction activities for development. Therefore, Richmond manages groundwater 
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 unwanted metals such as iron to suitable levels for 
discharge; 

iii. 5ƛǎŎƘŀǊƎŜ ǊŀǘŜǎ ƛƴǘƻ ǘƘŜ /ƛǘȅΩǎ ǎǘƻǊƳκǎŀƴƛǘŀǊȅ ǎȅǎǘŜƳΤ ŀƴŘΤ 

2.2. Subsidence in Coastal Regions and its Management  

 Subsidence rates differ among cities with varying underlying causes (Appendix B-2). 
Moreover, there is a lack of understanding of the extent to which these drivers affect 
subsidence. Thus, governmental policy formulation and management systems differ among 
cities (Erkens et al, 2014). The cities listed below have a long history of land subsidence with 
experience in research and policy development to mitigate subsidence impacts (Table 1) 
(Appendix A for details).  

Table 1. Summary of management practices seen in coastal regions globally.   

Location Management 

Shanghai (Appendix Aς1.1) ¶ Re-pressuring by recharging aquifers through wells, expensive but 
effective in stopping subsidence 

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

Suzhou (Appendix Aς1.2) ¶ Government restrictions and banning on deep dewatering  

¶ Monitoring network  

Bangkok (Phien-wej et al, 2006) ¶ Pricing policy for groundwater extraction 

¶ Total ban on groundwater extraction in certain areas 

¶ Monitoring of surface and subsurface subsidence, groundwater levels 
in aquifer layers and rate of pumping  

Malaysia (Appendix Aς2.0)  ¶ Maintain higher water table and wetter conditions to prevent peat 
oxidation which mainly takes place in the upper layers of the soil 

Netherlands (Appendix Aς3.0)  ¶ Monitor groundwater levels twice a month and use mean lowest 
groundwater levels to predict peat oxidation/subsidence  

¶ ¦ǎŜ ŀ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ŘǊŀƛƴǎ ŀƴŘ ǿŀǘŜǊ ƳŀƴŀƎŜƳŜƴǘΦ άwŜƎǳƭŀǊ ŀƴŘ 
ŦƭŜȄƛōƭŜέ ǎǘǊŀǘŜƎƛŜǎ ŀǊŜ ǳǎŜŘ ƛƴ ŘǊȅ ŀƴŘ ǿŜǘ ƳƻƴǘƘ ǊŜǎǇŜŎǘƛǾŜƭȅΣ 
allowing for storage of excess water in wet months and use of this 
water during drier periods to prevent oxidation  

Tokyo (Appendix Aς4.0) ¶ Restrictions on cross-sectional area of the outlet of pumps and 
strainer depths 

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

¶ Improve rainwater infiltration by creating guidelines for pumpers to 
counterbalance their extraction by installing infiltration facilities  

¶ Water permeable pavement projects  

¶ Incentivize public facilities to increase rain infiltration  
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3. Study Area 

wƛŎƘƳƻƴŘΩǎ ǘƻǇƻƎǊŀǇƘȅ has urban land in the west juxtaposed by agricultural land in the 
east. It is the fourth most populated municipality in Greater Vancouver, consisting of 8.1% of 
ǘƘŜ ǘƻǘŀƭ ǇƻǇǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ǊŜƎƛƻƴ ό/ƛǘȅ ƻŦ wƛŎƘƳƻƴŘΣ нлмуύΦ ¢ƘŜ /ƛǘȅΩǎ ŜǎǘƛƳŀǘŜŘ ǇƻǇǳƭŀǘƛƻƴ ŀǎ 
of 2017 was 219,270 with a population percent change of 18.0% from 2007-2017, compared to 
the provincial average of 12.3% (City of Richmond, 2018) (Statistic Canada, 2018). 

The City is a lowland coastal community susceptible to rising sea levels and natural 
subsidence, resulting in flood risk (Malik, 2016). In the context of potential climate change, the 
management and maintenance of ground water in Richmond is imperative for land subsidence 
mitigation and to protect its growing assets.   

3.1. Flooding  

 Given Richmond is located on a floodplain, land subsidence Ǉƭŀȅǎ ŀ ǊƻƭŜ ƛƴ ǘƘŜ /ƛǘȅΩǎ 
habitability, as seen in other similar deltaic regions (Erban et al, 2014). The CityΩǎ ƭŀƴŘǎŎŀǇŜ is 
generally flat with an average land elevation of 1 m above mean sea level, and a natural 
subsidence rate of 2 mm annually.  

wƛŎƘƳƻƴŘΩǎ Ŧƭŀǘ ƭŀƴŘ ŀƴŘ ƭƻǿ ŜƭŜǾŀǘƛƻƴΣ ŎƻƳōƛƴŜŘ ǿƛǘƘ ƛǘǎ ƘƛƎƘ ǿŀǘŜǊ ǘŀōƭŜ ŀƴŘ 
surrounding water bodies, necessitates the maintenance of the /ƛǘȅΩǎ Ǌƻōǳǎǘ ŦƭƻƻŘ ǇǊƻǘŜŎǘƛƻƴ 
system, which consists of 49 km of dikes, 622 km of drainage pipes, 178 km of ditches and 39 
drainage pumping stations (Flood Protection Report, 2013). In addition, 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 dollars in 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, 2014). Furthermore, the City has allocated resources 
to mitigate climate change projected sea level increases of 1 m by 2100 (BC Ministry of 
Environment, 2014). The City has a target dike crest elevation of 4.7 m with considerations of 
raising it to 5.5 m in response to sea level rise predictions (1 m) and land subsidence (0.2 m) by 
year 2100 (Parsons, 2016).  

3.2. General Soil Characteristics  

The soil profile is a major component that determines the magnitude of subsidence. The 
urban soil in Richmond consists primarily 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 sediments of the Fraser River Delta, and categorizes the soil into four 
main layers:  
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i. Surficial floodplain and peat bog deposits composed of sandy to clayey silts,  

ii. Interbedded silts and sands,  

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

iv. 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 Quaternary deposits in Richmond (Figure 
3). Most of the agricultural land in Richmond (Figure 1) is characterized by surface peats and 
moderately thick organic silts (O*). Within this major class there are slight variations, such as 
sand overlaying peat (sO*) or thin interbedded sands and silts overlaying 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 and silts, respectively. In 
general, the topset grades up from a lower sandy layer, to interbedded silt and sand layer and 
finally an upper organic silt layer.  
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Figure 3. Soil Map of Richmond showing different textures, primarily composed of sand and silt (Monahan et al, 
2010). 
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4. Objective  

The objective of this study was to assess construction case studies in Richmond to 
understand the importance of water table management in order to mitigate construction and 
peat based subsidence within the City. The first case study exhibits the impacts of subsidence at 
a local scale and highlights the importance of maintaining a high water table on a city-wide 
scale. The remaining four case studies present proper management used to mitigate 
subsidence within the construction site, as well as off-site differential subsidence. Lastly, 
drainage and irrigation practices in East Richmond are discussed. Recommendations derived 
from global case studies are suggested for consideration by the City of Richmond for subsidence 
management.  

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

In consultation with the City of Richmond Engineering Planning Department, the 
following five case studies were examined: 

Developer Building name Location (Richmond) 

i. ASAPC Ltd. Parcel 2  (River Green) 6031 River Road  

ii. ASPAC Ltd. Parcel 8  (River Green) 6968 Pearson Way 

iii. ASAPC Ltd Parcel 9  (River Green) 6633 Pearson Way  

iv. Phileo Development Corp  (Quintet Phase 2) 5900 Minoru Blvd.  

v. Cressey Development Group  (Cadence) 5640 HollyBridge Way  

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

The first case examined is ASPAC Ltd. parcels 1 and 2 (private developers for the River 
Green Complex) which is located near River Rd and No. 2 Rd Bridge (Figure 4). Groundwater 
extraction at this site caused substantial subsidence for nearby infrastructure (3vGeomatics, 
2013).  
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Figure 4. Map illustrating ASPAC parcels 1 and 2 along with the No.2 Road Bridge adjacent to it (Google Maps, 
2018). 

 

On May of 2013, the City of Richmond identified approximately 60 mm of vertical 
settlement via radar satellite monitoring (InSAR) on the south end of the No. 2 Road Bridge 
(Figure 5). The time frame for this settlement coincided with the dewatering operation on the 
ASPAC 2 site. 

In the De-water License Extension Agreement, Pottinger Gaherty Environmental 
/ƻƴǎǳƭǘŀƴǘǎ [ǘŘΦ όнлммύ ǎǘŀǘŜŘ ǘƘŀǘ άthe excavation work is anticipated to start in June 2010 and 
the dewatering will commence when thŜ ƎǊƻǳƴŘǿŀǘŜǊ ǘŀōƭŜ ƛǎ ŜƴŎƻǳƴǘŜǊŜŘέΦ 5ŜǿŀǘŜǊƛƴƎ ƻŦ 
parcel 2 began on approximately Sep 1, 2010 corresponding with a large decline in vertical 
motion (Figure 5). Dewatering rates decreased after July 2011, from a maximum of 250,000 
gallons/day to 1,000 to 30,000 gallons/day, reflected 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 at -3.47 m geodetic elevation. ASPAC utilized a well-point dewatering 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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Figure 5. Graph displaying vertical motion (mm) in a large radius around the ASPAC parcel 1 and 2 sites. Large 
settlement occurs around the time of parcel 2 dewatering, between 2010 and 2011 (3vGeomatics, 2013). The 
exact location of Point ID 17327 is not given but it is the point with the greatest settlment near the south end of 
the bridge (3vGeomatics, 2013).  

5.1.1. Factors Inducing Subsidence  

The area and extent of off-site settlement is influenced by the depth of the water table 
drawn down and the length of time it is maintained. Water drawdown forms a groundwater 
cone of depression around the pumping well (Figure 6). The area affected by subsidence, or 
horizontal radius of influence, is determined by the cone of depression and its associated angles 
of draw (Ren et al, 2015) (Figure 6). As drawdown depth increases, so does the cone of 
depression and horizontal radius of influence. Hydraulic conductivity of the soil also affects the 
cone of depression; more porous sands will have flatter drawdown curves.  

Effective stress is greatest closest to the well, where the water levels are lowest 
(greatest change in pore-water pressure), and diminishes outward (Ren et al, 2015). In addition, 
increased drawdown depth leads to a greater volume of air replacing the soil's water. Water in 
soil is not compressible however air is, making the soil more prone to consolidation under 
effective stress (Ren et al, 2015).   
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Figure 6.Land subsidence in relation to groundwater pumping (Ren et al, 2015).  

Dewatering rates are set to establish the depth of groundwater drawdown; the greater 
the depth of drawdown required the higher the dewatering rate. ASPAC parcel 2 likely drew the 
water table down substantially resulting in a large cone of depression. This explains the vast 0.5 
km radius of influence (Figure 5). In conjunction, it was an open dewatering system with no cut-
wall installed to confine the area of drawdown closer to the site (Matt 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 widespread off-site settlement. As 
expected, the greatest extent of subsidence was observed closest to parcel 2 with the well-
point systems. However, this graph does not show horizontal displacement. It would be useful 
to see the strain distribution because while compressive strain is predominant closest to the 
groundwater extraction site, tensile strain becomes dominant moving outward from the site 
(Ren et al, 2015). Thus, examining both types of strains would better describe the impacts on 
surrounding properties.  
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5.1.2. No.2 Road Bridge  

The City recognized the subsidence that took place between 2011 and 2013 on the 
southern abutments of the No.2 Road Bridge (3vGeomatics, 2013). In particular, monitoring 
points (MPs) 19 and 20 subsided by 177 mm and 205 mm respectively (Figure 8 and 9). 
Additionally, a large difference in the magnitude of subsidence between western and eastern 
MPs was detected (Figure 8 and 9). However, this is due to the location of the MPs themselves. 
Eastern MPs were located at grade beside the bridge on Parcel 1, whereas western MPs on the 
bridge itself. The difference in magnitude was due to the subsurface soil profile, explained in 
the next section. 

Survey settlement data was collected for the different MPs of the Bridge (Figure 8.). As 
aforementioned, MP-19 and MP-20 experienced the most settlement. 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 on structural components supported by friction 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 which the bridge is built (Figure 7).  

 

Figure 7 Geological profile of Bridge design (Smith, 1994) 

Importantly, two periods of settlement between 2010 and 2013 are observed (Figure 9). 
The first increase in settlement corresponds with dewatering from Parcel 2, after which 
dewatering stops and settlement plateaus. The second period of settlement could correlate to 
a subsequent instance of dewatering on Parcel 2 as an extension, for the dewatering licence 
agreement, was requested to July 31, 2013. In addition, the duration of settlement for the 
second period is similar ǘƻ ǘƘŜ ŦƛǊǎǘΣ ōƻǘƘ ƻŎŎǳǊǊƛƴƎ ŦƻǊ Ғ ф ƳƻƴǘƘǎ further advocating for a 
second occurrence of dewatering.  
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Based on observations, the second dip has a steeper slope relative to the first dip as 
ƳƻǊŜ ǎŜǘǘƭŜƳŜƴǘ όҒ млл ƳƳ ƻŦ ǎŜǘǘƭŜƳŜƴǘ ŎƻƳǇŀǊŜŘ ǘƻ Ғ тл ƳƳύ ƛǎ ƛdentified over the same 
ǇŜǊƛƻŘ ƻŦ ǘƛƳŜ όҒ ф ƳƻƴǘƘǎύΦ ¢Ƙƛǎ ƛǎ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ǘƘŜ ŎǳƳǳƭŀǘƛǾŜ ƛƳǇŀŎǘǎ ƻŦ ŘŜǿŀǘŜǊƛƴƎ ŀƴŘ 
tŀǊŎŜƭ мΩǎ ǇǊŜƭƻŀŘ ƻŎŎǳǊǊƛƴƎ ƛƳƳŜŘƛŀǘŜƭȅ ǇǊƛƻǊ ǘƻ ǘƘŜ ǎŜǘǘƭement (Figure 9). As Parcel 1 is closer 
to the Bridge and MPs than Parcel 2 (Figure 8), it is reasonable for Parcel 1 preload to cause a 
greater impact on the settlement data (Figure 9). 

In conjunction, observations made during the second settlement period (Figure 9) 
indicated that sheet piles that were initially present around the site were now absent (Google 
Maps, August 2011 ς July 2012). The potential removal and absence of these sheet piles, prior 
to the second dewatering, could further exacerbate groundwater drawdown and settlement 
resulting in the steeper observed dip (McGough, 2008) (Figure 9).  

 

Figure 8. Location of monitoring points (MPs) taken on the bridge and the adjacent grade. 


































































