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ABSTRACT 
 
Toronto’s Union Station revitalization entails building a retail mall below the station’s viaduct structure and 
head-house. This 25,000m2 “Dig Down” is taking place while Canada’s busiest transportation hub continues to 
fully operate. A rigorous monitoring program was crucial to ensure that the structure supporting the tracks and 
platforms moves within acceptable tolerance while its 90 year old foundation is uprooted and rebuilt to make 
room for the new mall. Two goals were set for the structural monitoring; provide assurance to stakeholders that 
the structure is safe and compare movement with theoretical values to verify proper load transfer. Measurements 
are taken continuously through jacking the track slab, cutting of columns, shoring and casting new columns and 
foundation, re-jacking and performing load transfer to new columns. Several approaches were initially 
considered including strain gauges and transducers; however the need for absolute movement rather than 
localized relative movement dictated the monitoring regime. Leica TS30 robotic total stations were strategically 
located to pick movement of carefully placed prisms, to establish a baseline and then take programmed readings. 
EDM technology was tailored to obtain higher accuracy through fixing the horizontal distance measurement. 
Accuracy was validated initially through comparison with precise digital level equipment with 0.2 mm accuracy. 
Live reporting was assured through internet with instant alarms upon exceeding tolerances. Hundreds of 
thousands of readings were made. Track slab movement was predicted at the outset, confirmed and better 
understood as the project progressed. The analysis of data is included in this paper from structural and 
monitoring points of view. The Automatic Total Station approach has provided a fairly good method for 
validating the load transfer activities. The read values however without filtering the noise can be misleading. 
Even with the distortions, resulting likely from temperature, the movements remained within project set 
tolerances. 
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THE DIG-DOWN STRUCTURAL CONCEPT 
 
In 2008 the City of Toronto embarked on a major project to revitalize Union Station, the busiest transportation 
hub in Canada. Work involves a multitude of activities including restoration of the heritage designated site, 
expansion of the concourse and commercial space and refurbishment of parts of the concourse and office space. 
With the very limited space around the station and the impossibility of expanding upward the design was veered 
instead to building underneath Union Station in what was dubbed the Dig-Down Project. The 650 million dollar 
covered all components of the station, including the Head House building, completed in 1920 and recognized as 
one of Canada’s most treasured heritage sites. The massive expansion of commercial and concourse space was 
performed below the entire viaduct structure and part of the Head House. The former part of the building was 
completed seven years after the main station building and to act as an enormous 230 by 90 m railway bridge 
which elevates the tracks level to allow the road network to run below in the adjacency. 



 

While the structural activities in the Union Station Revitalization project far exceed the dig-down scope, 
discussions in this paper shall primarily focus on the typical column extension undertaking with the associated 
monitoring program. Structural design was performed by NORR Limited of Toronto and the Construction 
Manager on the job was Carillion Construction International. 
 

 
 
 

Figure 1. Track slab framing showing location of expansion joints 
 
The viaduct is primarily a one storey structure except in the middle third where a second storey is inserted to 
house the departure hall below the track slab and accommodate workshops in the lowest level. As a result the 
basement levels vary from one part to another within the station, being lowest in the VIA zone and highest in the 
York zone with roughly 1 m difference between each of the three levels, see Figure 1 for spatial definition. The 
viaduct structure is a Turner flat slab construction; 600 in depth with 2.5mx2.5m 250 drop panels. Columns in 
the Bay and York zones are 900 mm diameter, which are spaced on a roughly 8x8 m grid. They have flared 
column capitals and are founded on 1500 square pedestals that rest on shale bedrock.  The VIA zone structural 
system is more varied but will not be described here as its monitoring is not covered in this paper. 
 

 
 Figure 2. The Dig-Down concept to creat a new retail level 

 
The concept that was adopted for expanding downward is illustrated in Figure 2. This basically entails 
supporting the track slab on vertical props that are founded on bedrock and jacking the slab upward. The column 
is then cut and a new column is spliced and is founded on new footings on bedrock. Shores are next distressed 
and removed allowing load to transfer to the cured column. A number of other considerations were made to 
ensure the successful load transfer and minimum movement of the track slab. Different bearing concepts were 

York zone  VIA zone Bay zone 



 

employed for the shores including micropiles, ring beams and bearing plates. The use of one system or the other 
depended mainly on the elevation of rock which sloped downward from north to south. Casting of column was 
done in two stages with a main cast and a 50 mm non-shrink grout once initial shrinkage has taken place. In 
total 184 columns are to be extended by this procedure. About two third of these have already been completed at 
the time of writing this paper.  A snapshot of the construction activities is depicted in Figure 3, where the 
nearest column had been already cast to its lowered footing. The middle column in the photo is already cut and 
is awaiting the construction of a new footing and casting of the lower part. The image also shows the dowels 
projecting from the already cast column with mechanical couplers ready to receive the concourse slab 
reinforcement. 
 

 
Figure 3. Column replacement operations at the viaduct of Union Station 

 
EXPECTED MOVEMENT DURING LOAD TRANSFER 
 
The sequence of extending columns to the new lower level of footings is shown in Figure 4. The three 
milestones in this process occur at the time of a) jacking of track slab, b) cutting the column and c) destressing 
the shores, thus transferring load to the new column. These correspond to stages 5, 6 and post 10 in Figure 4. 
The parameters influencing these movements are: 
 
a. Jacking force: Jacking was carried out using four hydraulic jacks placed at the corners of the drop panel. The 
jacks were connected through a manifold to ensure equal force on each corner. The jacking force was specified 
as 1900 kN, which constituted 80% of the estimated dead load acting on the column. 
b. Concrete modulus of elasticity: CSA A23.3 formula was used to determine the modulus of elasticity of 
concrete as a function of concrete strength. For the purposes of estimating movement an average value is used 
with an understanding of the existing uncertainty. More conservative values were used for the purposes of 
design. Concrete strength for the existing pedestals was taken as 25 MPa, for the existing columns as 35 MPa 
and for the new columns as 50 MPa. It is worth noting that tested concrete was found to be significantly stronger 
than the 1920s specification shown on the historic drawings, apparently due to a long term hydration process. 
Significant variability in strength was also noted. 
c. Other parameters include height of bedrock, size of shoring members, geometry of columns and pedestals and 
dead weight of the platform structure supported by the column.  
 
Using these parameters the estimates of movements are calculated and are listed in Table 1. 
 

Table 1. Theoretical track slab movement at the York Group 2 columns in millimetres 

Column Jacking Cutting Destressing Total 

Theoretical 0.79 -0.8 -1.29 -1.30 



 

.  
 
 
 
 

Figure 4. Sequence of column extension 
 
EXPLORING MONITORING APPROACHES 
 
Project Specifications were written to reflect two objectives: global monitoring and local (load transfer) 
monitoring. The former is primarily intended to provide the assurance to stakeholders that no unexpected or 
excessive movement is experienced by the structure. The load transfer monitoring on the other hand offers the 
Engineer (NORR) the opportunity to verify successful load transfer and confirm that movements are well 
correlated with theoretical calculations. In reality the movement of the structure beyond the immediately 
adjacent bays to the affected column is insignificant. Or to be more precise, such a movement would not be 
detectable by any of the technologies described in this section. The movement of the drop panel and surrounding 
slab to the column undergoing the load transfer is of the same order of magnitude as the precision of the herein 
considered Structural Health Monitoring (SHM) technologies. A number of monitoring technologies were 
investigated. These are summarized here below. 
 
Digital Levels 
 
A digital level measures and saves the height and the distance to the staff at the press of a button, and calculates 
the height of the point. Accuracy standard deviation of a LEICA DNA03 height measurement per 1km with 
Invar staffs is 0.3mm and with standard staffs is 1.0mm. The use of such levels requires mobilization of 
surveyors on every event. Precision surveying is described by Hope and Chuaqui (2007) as providing accurate 
data that was verifiable against other instrumentation installed in a site involving the excavation of seven 
basements. 
 
Automated Total Station 
 
Automated (Robotic) Total Stations (ATS) have the advantages of providing accurate X, Y, and Z coordinates 
of fixed reflectors without the need for an operator in attendance. Data is automatically collected and may be 
transmitted through a phone line to be monitored in real time or to be stored and analyzed at a future time. The 
drawback is the need for a clear line of sight to all reflectors that are located at points of interest. Initially, it was 
suggested that the total stations would be placed at the platform level and that the reflectors would be placed on 
the sleepers above the column extension activities. This would provide a clear line of sight but the movement in 
the ballast would cause too much noise with train movement. Monitoring from below remained as the only 
option, but would entail several ATS setups. 
 
Liquid Level Settlement Cells 

1. Brace column  2. Break slab  3. Excavate  4. Erect shore   
5. Jack slab  6. Cut and demolish` 7. Cast plain concrete 8. Build column footing 
9. Cast column  10. Grout gap  11. Build new slab 



 

 
Liquid level settlement cells consist of a reference reservoir installed at a known elevation and a series of tubes 
which run to the monitoring points. The pressure or fluid level in each sensor is recorded and can be correlated 
to the elevation of the sensor. This measurement can be automated with a high degree of accuracy. It was 
proposed to use a sensor that provides a 30 mm sensing area which will be much more repeatable than a diffuse 
reflective solution. Specialized optical elements that utilize a wavelength that has the maximum absorption in 
water based liquids would be used. The standard resolution for this sensor and amplifier pair is 0.1mm change in 
liquid level which results in a 25mV change in signal. The above solution has the drawback of impracticality 
below the track slab due to the need to run tubing and cabling within the work zone.   
 
Electrolevels 
 
An electrolevel consists of a tiltmeter mounted to a beam.  The tiltmeter consists of an electrolytic tilt sensor 
housed in a compact, weather-proof enclosure and can resolve 1 arc second of rotation (or 1/3600). In the 
electrolevel the only moving parts are the conducting liquid and gas bubble. This has many advantages.  First, 
the liquid will flow after an infinitesimal change in tilt angle; there is no friction in a mechanical pivot to 
overcome and hence no hysteresis effect. The resolution of the sensor is high and is repeatable.  Secondly, there 
are no mechanical wearing-out mechanisms in the electrolevel either under normal measurement conditions or 
under shock and vibration conditions.  A series of tiltmeters could be mounted under the track slab to measure 
any deformation of the slab due to the column replacement. Output can be sent to a data logger, servo-controller 
or to an alarm device. More information on monitoring instrumentation can be found in (Dunnicliff 1988) 
 
Vibrating Wire Strain Gauges 
 
The use of vibrating wire strain gauges or transducers to measure movement would be quite accurate if the right 
configuration can be found for translating strain into displacement. In the case of the dig-down activities nothing 
is static. The floor would be demolished and the foundations uprooted. Measuring the movement of the track 
slab relative to fixed reference eluded the team. Strain gauges attached to the columns would only effectively 
measure the strains and thus the forces in the columns. This would only be useful to confirm jacking forces. 
Columns not undergoing replacement will show no strain change. This would therefore not be effective for 
measuring global movement. If the columns or shores settle or the slab rotates, no strain changes in the columns 
will be recorded. Placing strain gauges both on the old columns and the shores would go some way towards 
verifying load transfer, but even with significant calculations to relate this to overall movement, deformation in 
rock, micropiles and foundations would not possibly be captured, since the strain in the rock, micropiles and 
foundations is not measured. The use of strain gauges therefore was not deemed to be a valid option for the 
column extension activity. Such use is however specified in a more elaborate load transfer planned for the VIA 
zone; where columns are removed completely and are replaced by a new system of vertical load support which 
allows the widening of the mall’s main corridor. 
 
THE SELECTED MONITORING SCHEME 
 
The comparison between the options was presented to the various stakeholders including the owner, the train 
operator and the construction manager. The wiring and/or tubing to be suspended from the track slab for the 
liquid level cells and the electrolevel were deemed to be too imposing on construction activities. The last two 
options were therefor not selected. Optical surveying using digital levels and ATS were chosen and Monir 
Precision Monitoring were contracted to perform the service.  It was decided that the digital level would be most 
appropriate for the local monitoring and that the ATS was most effective for providing the assurance that no 
global movement is taking place. An Invar staff was suspended form the column’s drop panel for digital level 
readings, which were taken manually on the days of jacking, cutting and load transfer. Three prisms were placed 
on the drop panel of the column of interest and a few others were placed on the slab around the drop panel. The 
prisms movements were automatically monitored by the ATS. The readings were captured by a data logger, 
processed by the Monir server and transmitted through the internet to offices of identified stakeholders in 
predefined protocols.  
 
GeoMos, Leica’s automatic deformation monitoring system was used to control the TS30 total station, guiding it 
through a series of automatic shots, see Figure 5. The accuracy (precision) of measurement using the Robotic 
Total Station is specified at 1 mm while the digital level was deemed to produce a better precision of 0.3 mm. 
 



 

 
Figure 5. Robotic Total Station set up in place on the day of a prototype column cut 

 
Leica advised Monir that Robotic TS precision can be improved significantly if distance measurement is 
removed from the readings. As interest is mainly in vertical movement, this will be acceptable. Once the EDM 
(electronic distance measurement) is frozen and the distance to the prism is fixed, accuracy was markedly 
improved. This was done for a specific prism by holding constant a previously read value for the distance and 
deriving movement purely from the angular readings. Manufacturer’s specifications for angular measurements 
provide a finer precision, one which met the requirements of the project 
 
THE PROTOTYPE COLUMN 
 
A prototype for the replacement of one of the columns in the viaduct was executed in fall of 2010. Once prisms 
were located and the ATS was set up, baseline readings were made over a period of a few days. Readings were 
made every 15 minutes. During the baseline monitoring of the theoretically zero displacement, the static track 
slab appeared to move between +0.3 to -0.3 mm. It was established through this baseline that train presence does 
not impose a detectable deflection at the column. There was therefore no need to henceforth record and correlate 
train activities, as the initial strategy had called for. 
 
The jacking and cutting of the prototype column took place on October 13, 2010. Readings of the prisms 
attached to the drop panel of the column showed very stable results indicative of a precision of almost 0.1 mm, 
which is the resolution of the ATS. Readings on the day of the load transfer of prototype column appeared to be 
steady and compared very well with those of the precise level. 
 
Automated readings, however, exhibited significant sparse over the period following the load transfer. Readings 
over a span of 9 days were examined, see Figure 6. A scatter of +0.3 and -0.3 is noted with a standard deviation 
of 0.11. The standard deviation is fairly small and a few spikes beyond the +/- 0.3 were found. 
 
A closer look at base data used for Figure 6 reveals that during construction activities readings tended to 
fluctuate. During night hours, however, the fluctuation is only in the range of 0.1 mm, or the machine resolution. 
The dust and fumes were thought to engender the anomalies in the readings. This is further corroborated by the 
lack of spikes over the weekend days; see October 30th and 31st which are a Saturday and a Sunday. To 
mitigate these fluctuations, the daily readings were henceforth generated using an average of the 4 readings 
taken between 3:00 and 4:00 am. 
 



 

 
Figure 6. Prototype column movement after cut in on October 13, 2010 

 
The activities of the proptype column replacement were continued with the column extension to new 
foundations and the final destressing/load transfer taking place in January 2011. A plot of the monitored 
movement over this cycle is made in Figure 7. 
 
The milestone movements of jacking, cutting and shore removal compared fairly well with the theoretical 
values.. However, the readings in the intervals in between showed fluctuation and an overall drop of 0.5 mm. 
This last value was initially attributed to settlement resulting from rock creep. This explanation was revisited in 
view of other observations to be discussed in the next section, and was found not to be valid. 
 

 
Figure 7. The SHM of the complete column extension cycle for the prototype column 

 
ZONING FOR COLUMN REPLACEMENT AND MONITORING 
 
Work on the dig-down project was planned in three stages to allow for a swing of the concourse from the 
existing one in the east of the viaduct to the west before the final integration of the entire concourse space. 
Within Stage 1 the works were subdivided into a number of column groups. This was primarily in response to 
the project specification where the number of columns to be cut at the same time was defined. In addition, 
monitoring of column groups was constrained by clear lines of sight that would be needed between the ATS and 
the prisms. Columns that could be monitored by one ATS setup were grouped together. An example of such a 
group is shown in Figure 8. 
 



 

 
Figure 8. Layout of one ATS setting for the monitoring of seven column replacements 

 
The movement readings of the York Group 2 columns were recorded over a period of four months between 
October 2011 and February 2012. The results of one prism per column are plotted in Figure 9. On the same 
figure the milestones for each column are identified by a solid line for the jacking, a dashed line for the cutting 
and a dash-dot line for the destressing. It is noted that activities for columns are more or less clustered in short 
periods of time. Jacking took place for all columns between the 4th and 10th of November 2011; cutting took 
place one to four days after the jacking; and final load transfer was done in two clusters, one just before 
Christmas and one at end of January 2012. 
  

 
Figure 9. Raw data measurements of all York Group 2 columns 

 
Milestone movements of jacking, cutting and destressing are captured in Table 2 for each prism on the six 
columns in York Group 2. The first six columns of this table simply show the readings of the prisms. The last 
three columns give the movements, which constitute the difference between the readings at the start and end of 
the milestone. One will note the variability between the different targets’ movements for the same column.  
Such variability reflects measurement uncertainty, as these targets are fixed to the underside of the track slab for 
the same column. 
 
The bottom lines of Table 3 provide the averages and covariances of the results of movement for the various 
columns, which while theoretically are the same they do have several variables that may differ for different 
columns. Such variables include: concrete strength, jacking force, column height, rock elasticity, etc. The 
covariance values thus reflect the combination of measurement error and columns variability. Comparison with 
theoretical results falls within the covariance limits for the cutting and destressing milestones. Jacking 
movement slightly exceeds the covariance but remains within the same scale of absolute movement 
measurement error.  
 



 

In summary the measurements at the milestones appear to provide satisfactory confirmation of the load transfer 
conformance to design intent. They further confirm that movement at those milestones are well within the 
tolerance set for movement of the track slab. 

 
Table 2. Milestone movements of track slab at column replacement locations, York Group 2 

Start End Start End Start End Jacking Cutting Destressing

NW2 2.3 2.6 2.7 1.7 2.7 2.4 0.3 ‐1 ‐0.3

NW21 2.1 1.9 2.2 1.5 2.2 1.3 ‐0.2 ‐0.7 ‐0.9

NW22 2.1 2.3 2.3 1.8 1.8 1.3 0.2 ‐0.5 ‐0.5

NW3 1.8 2.1 2 1.3 0.4 ‐0.4 0.3 ‐0.7 ‐0.8

NW31 2.2 2.6 2.3 1.6 1 ‐0.2 0.4 ‐0.7 ‐1.2

NW32 2.1 2.5 2.4 2 0.1 ‐0.7 0.4 ‐0.4 ‐0.8

NW4 1.8 2.2 1.9 0.4 1 0.6 0.4 ‐1.5 ‐0.4

NW41 1.7 2.2 2.1 1.2 1.8 0.3 0.5 ‐0.9 ‐1.5

NW42 1.7 2.1 2.1 1.2 1.7 0.4 0.4 ‐0.9 ‐1.3

OW22 1.9 2.2 2.3 1.8 1.4 0.8 0.3 ‐0.5 ‐0.6

OW31 ‐0.2 ‐0.2 1.9 1.2 2 ‐0.1 0 ‐0.7 ‐2.1

OW32 ‐0.2 ‐0.1 1.6 1.1 1.9 0.1 0.1 ‐0.5 ‐1.8

OW4 2 2.4 2.1 1.1 ‐0.1 ‐0.7 0.4 ‐1 ‐0.6

OW41 1.1 1.9 1.6 1.1 0.9 0 0.8 ‐0.5 ‐0.9

OW42 1.2 1.8 1.6 1.1 0.9 0.1 0.6 ‐0.5 ‐0.8

Target
Measured Movement (mm)

1/30/2012

12/21/2011

1/31/2012

12/21/2011

1/30/2012

11/5/2011

11/8/2011

11/7/2011

11/10/2011

11/4/2011

11/10/2011

11/8/2011

11/9/2011

11/14/2011

11/7/2011

Col
Jacking Cutting Destressing

11/9/2011 11/10/2011 12/22/2011

NW2

NW3

NW4

OW4

OW3

OW2

 
 

Table 3. Average milestones movements for up to three prisms per column 

Column Jacking Cutting Destressing Total 

NW2 0.10 -0.73 -0.57 -1.20 

NW3 0.37 -0.60 -0.93 -1.17 

NW4 0.43 -1.10 -1.07 -1.73 

OW2 0.30 -0.50 -0.60 -0.80 

OW3 0.05 -0.60 -1.95 -2.50 

OW4 0.60 -0.67 -0.77 -0.83 

Avg 0.31 -0.70 -0.98 -1.37 

COV 0.67 0.30 0.52 0.47 

Theoretical 0.93 -0.8 -1.47 -1.34 

 
What remains to be explained and commented on is the significantly larger apparent movement in between the 
milestones and beyond them. Such measurements are clearly not true displacements in the structure and rather 
“apparent” movements that result from variability in the ATS readings. This can be seen from observing trends 
in Figure 9. One can see that movements occur in a similar pattern for all columns. Such columns cannot 
possibly move in synch without the application of any load. Settlement typically would vary from one column to 
another. But most importantly for these columns the in between movement seems on the whole to be an upward 
movement which is impossible, outside jacking periods. Remember that this movement was a downward 
movement for the prototype column and was mistaken to be a settlement in the absence of other data to compare 
with. 
 
Zogg et al. (2003) emphasize the need to correct raw angles by the following parameters: a) inclination of ATS 
measured by inclination sensor, b) vertical index, c) HZ-collimation error and d) tilting axis error. The latter can 
best be corrected by placing prisms symmetrically around the total station to allow an automatic compensation 
for tilt. In the case of Union Station dig-down, the line of sight constraints were such that mostly one sided 
placement of the ATS was done. It is expected that the drift in data has accordingly resulted. No one simple 
explanation for the ATS tilt is readily identifiable; however temperature certainly is a prime suspect. 



 

Temperature in the work site does drop significantly from October to February. If the measured movement is 
that of a shrinking structure, one would expect shortening of columns and thus a downward movement of the 
roof slab. This is not what is being recorded. On the other hand the column supporting the ATS would have 
shrunk and roughly compensated for the shrinkage in the monitored columns. The explanation thus lies with the 
impact of temperature on the equipment. The slightest distortion in the ATS mount or supporting structure 
would result in significant impact on the prism readings which are placed up to 25 meters away. The roughly 2 
mm “apparent” upward movements would result from less than 0.0001 radian distortion of the ATS mount. 
 
The use of the robotic total station lends itself to automating the reporting process. Alarms were set for 
movement tolerances. Such alarms would be sent to an identified group of decision makers, including the 
Engineer, the monitoring service provider and the constructor. While a number of alarms were triggered, none 
of them proved to be resulting from true movement, but rather as a result of construction activities interfering 
with the line of sight of a particular prism. With smart phones such alarms are instantly relayed to the concerned 
parties as the movement is occurring. Weekly reports are generated as well as reports for each milestone activity.  
 
CONCLUSIONS  
 
From the analysis of the SHM readings for the dig-down at Union Station, one can conclude that the Automatic 
Total Station approach has provided a fairly good method for verifying and validating the load transfer activities. 
It has further provided the mechanism for assuring the stakeholders of the integrity of the train track slab as this 
underwent the massive activities of the dig-down while the station continued to operate without interruption or 
disruption to train activities. 
 
It can be said that the accuracy of measurement is only sufficient once an additional level of analysis is 
conducted on the raw data. As the discussions have demonstrated in this paper reading the values without 
filtering the false movements out can be misleading. The fact that even with the distortions, resulting likely from 
temperature, the movements remained within project set tolerances. Interpreting the milestone movements of 
jacking, cutting and final load transfer is performed using much shorter intervals where temperature variation 
has significantly less impact on results. Such readings gave quite satisfactory insight into the column 
replacement movements of the track slab supporting these columns. 
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