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ABSTRACT 
 
Geotechnical design of bedrock excavations for the Centre Block Rehabilitation Project was based on a combination of 
historical data for Parliament Hill and a targeted geotechnical investigation program. These data were used in numerical 
modeling to assess excavation methodologies, sequencing and rock support installations, to evaluate ground response, 
and to establish a geotechnical instrumentation network. Monitoring data collected to date were used to back-analyze, re-
calibrate initial modeling results and improve model performance for design optimization. An improved method to capture 
dynamic blasting forces in modelling is also described.   
 
RÉSUMÉ 
 
La conception géotechnique de l’excavation du socle rocheux dans le cadre du projet de réhabilitation du Bloc Centre s’est 
appuyée sur une combinaison de données historiques sur la Colline Parlementaire et d’un programme d’investigation 
géotechnique ciblée. Les données ont été utilisées dans la modélisation numérique, permettant d’évaluer les méthodes 
d’excavation, de séquence et de support rocheux, d’identifier la réaction du substrat et d’établir un réseau d’instrumentation 
géotechnique. Les données d’instrumentation enregistrées jusqu’à présent ont été utilisées pour effectuer une analyse à 
rebours, pour calibrer les résultats initiaux de modélisation et pour optimiser la conception en améliorant la performance 
du modèle. Une méthode améliorée permettant d’entrer des forces dynamiques de dynamitage dans le modèle est aussi 
décrite.  
 
 
1 INTRODUCTION  
 

1.1 GENERAL 
 
Finite Element Modeling (FEM) is a powerful analytical tool 
widely used in geotechnical design of civil engineering 
projects (Moussaei et al. 2019) and is being employed in 
the design of bedrock excavations for the Centre Block 
Rehabilitation (CBR) Project, at Parliament Hill in Ottawa, 
Ontario.  

The CBR Project is a federal legacy and high heritage 
project to revitalize and upgrade Canada’s Parliament to 
current building codes and standards and meet the 
government’s administrative and cultural requirements for 
the next century (Figure 1). A new 3-story, subterranean 
Parliament Welcome Centre (PWC) is to be constructed to 
the south of and beneath Centre Block. To accommodate 
this new structure and associated connections and 
servicing, the Centre Block and Peace Tower foundations 
will be underpinned. Also, a new seismic base isolation 
system will be installed to satisfy NBCC design criteria 
(Public Services and Procurement Canada (PSPC) 2022; 
Senate of Canada 2021).  

The CBR Project has multiple stakeholders, including 
the House of Commons, Senate of Canada, and the Library 
of Parliament. CENTRUS (a Joint Venture with WSP 
Canada and HoK Architects) is the Architecture and 
Engineering designer under contract to PSPC, and PCL-
ED is the Construction Manager. The project commenced 

in 2017 with early works packages and is scheduled for 
completion in approximately 2030.  

Excavations for the project will be up to 24 m deep, 
including more than 20 m of bedrock excavation adjacent 
to and below the existing buildings. Owing to the high 
heritage value of the site, ground movement and vibration 
tolerances are strict. For example, maximum horizontal 
ground displacement below sensitive foundation areas is 
limited to 5mm, and low frequency vibrations are limited to 
less than 3mm/s peak particle velocity (CENTRUS 2020a).  
 
 

 
Figure 1: Centre Block Rehabilitation Project (Senate of 
Canada 2021) 
 



 

Construction of the PWC began in early 2020, with site 
preparation work including overburden removal, services 
disconnection and realignment, and a bedrock excavation 
of over 220,000 m3 in volume. Rock excavation techniques 
include line drilling, wire sawing, hydraulic ramming, 
grinding, as well as blasting excavation (Figure 2). Rock is 
being removed in designated lifts with progressive support 
added according to design specifications (CENTRUS 
2020b).  

 
 

 
Figure 2: CBR blast excavation (modified from: The 
Canadian Press 2021) 
 
 

The PWC excavation has been analyzed and designed 
using various FEM software, including Rocscience RS2, 
RS3 and Plaxis-3D, as well as kinematic analysis software 
such as Rocscience DIPS, SWedge and Rocplane. 
Modeling results have been used to prepare specifications 
for rock excavation, rock support (including rock bolts, 
dowels, anchors, welded wire mesh, shotcrete, etc.), and 
instrumentation requirements to monitor the excavation 
perimeter and adjacent building health.  

The monitoring data, and specifically rock movement 
data, that has been collected so far (~65% of PWC 
excavation complete as of April 2022) has been used to 
back-analyze and re-calibrate initial modeling results 
completed at the Schematic Design stage. Monitoring 
information from the PWC excavation is considered 
essential for assessing more complex excavations to be 
undertaken adjacent to the Peace Tower and below Centre 
Block, which are scheduled to commence later in 2023. 
Analyses have not only considered rock relaxation effects 
due to relief of in-situ field stresses, but also rock 
disturbance and damage from hoe-ramming and blasting 
forces. A methodology to model the effects of blasting has 
been developed, and this and other aspects of the study 
are presented in this paper.  
 
1.2 SITE LOCATION AND GEOLOGY 
 
Parliament Hill is in downtown Ottawa on an approximate 
45 m high bedrock promontory along the south side of the 
Ottawa River (Figure 3).  

The natural escarpment along the northern boundary of 
the site is steep (approaching near vertical in places) and 
comprises vegetated overburden slopes and locally 
exposed bedrock. The bedrock is middle Ordovician age 

limestone with interbedded shale (CENTRUS 2021a). The 
Lindsay Formation forms the upper bedrock unit at site and 
is approximately 10 m thick; the Lindsay is underlain by the 
Verulam Formation which generally contains higher shale 
content and has lower weathering resistance. Engineering 
properties of the two formations are generally similar and 
the geologic contact between them is gradational. Table 1 
summarizes some of the important engineering properties 
of the intact rock material as considered in the analyses 
and determined from extensive in-situ testing and 
laboratory geo-mechanical tests (Feghali et al. 2022). 

 
 

 
Figure 3: Site location - downtown Ottawa 

 
 

Table 1. Engineering properties of intact rock in the PWC 
excavation 

Characteristics  Value 

Primary Rock Type Limestone 

Unit Weight 26.5 kN/m3 

Intact UCS 100 MPa 

Peak GSI* 60 

Residual GSI 40 

Intact Rock Constant (mi) 10 

Intact Rock Modulus (Ei)  55000 MPa 

Poisson’s Ratio 0.22 

Rock Mass Modulus (Er) 28600 MPa 

Principal Effective Stress Ratio 2 

Principal Locked-in Horizontal Stress 0.9 MPa 

Minor Effective Stress Ratio 1 

Minor Locked-in Horizontal Stress 0.5 MPa 

*GSI: Geological Strength Index 

 
 
The Lindsay and Verulam Formations both exhibit sub-

horizontal bedding, and at Parliament Hill two prominent, 
steeply dipping joint sets are present having variable 
spacing. Table 2 summarizes bedding and joint 
orientations and selected typical properties used in 
modeling, as determined from the field investigation 
program. 

Groundwater (from infiltration of precipitation and 
surface water) is locally perched within bedrock fractured 
zones between approximate elevations ~65 masl and 
~75 masl, and above the elevation of the Ottawa River at 
~42 masl (CENTRUS 2020a). 



 

2 BLASTING EXCAVATION  
 
Drilling and blasting is an inevitable, widely used, and  cost-
effective method for rock excavation in mining and civil 
construction projects, especially in strong to very strong  
bedrock formations found in the Ottawa valley and 
surrounding areas (Al-Umar 2018; Foderà et al. 2020; 
Salum and Murthy 2019). Blasting methods have inherent 
rock damage consequences affecting stability of 
excavations and underground openings. Perimeter control 
blasting techniques, such as line drilling and pre-splitting 
for example, are widely used in civil construction projects 
to control overbreak and reduce blasting-induced damage 
(Verma et al. 2018; Yilmaz and Unlu 2014).  
 
 
Table 2. Typical joint set properties in the PWC excavation 

Characteristics Set # 1* Set # 2 Set # 3 Set # 4** 

Tensile cohesion 
(MPa) 

0 0 0 0 

Peak cohesion 
(MPa) 

0.2 0.005 0.005 0.005 

Peak friction angle 
(deg) 

38 38 38 38 

Residual cohesion 
(MPa) 

0.05 0.001 0.001 0.001 

Residual friction 
angle (deg) 

25 25 25 25 

Normal stiffness 
(MPa/m) 

200000 12000 12000 12000 

Shear stiffness 
(MPa/m) 

80000 5000 5000 5000 

Average Dip (deg) 3 87 87 36 

Average. Dip 
direction (deg) 

141 318 211 56 

Typical Spacing 
(m) 

0.4 3 3 5 

Joint ends Open Open Open Open 

* Bedding joints 

** Found on south side of PWC only 

 
 

The original bedrock surface elevation in the PWC area 
of the CBR Project is ~83 masl and the proposed bottom 
elevation is ~61 masl. Vertical benching in the excavation 
bottom was permitted, to accommodate mechanical 
sublevels and access ways. The total height of each 
excavation lift was designed as 2.4 m with rock support 
added progressively in every lift (CENTRUS 2020a). The 
proposed excavation area was divided in several sub-
areas, and blasting holes were distributed using a typical 
pattern (e.g., 15 to 30 drill holes spaced at 1.5 m to 1.8 m 
grid centres). The diameter of each blasting hole was 
75 mm and the average depth was 2.4 m. PowerfracTM 
(ammonia gelatin dynamite) and water-resistant 
detonators were used, with charge weights 
varying from approximately 3.5 kg/delay to 6.5 kg/delay 
(CENTRUS 2020c, 2021b).  
 
 

3 DESIGN CHALLENGES  
 

In addition to excavation depth considerations and low 
ground movement tolerances previously described, the 
formation of a perimeter excavation damage zone (EDZ) 
owing to blasting forces was anticipated. The width and 
severity of an EDZ significantly affects rock stability 
because of micro-fracturing, redistribution of in-situ 
stresses, and rearrangement of rock structures within the 
EDZ (Zhu and Bruhns 2008; Zhu et al. 2014). Typically in 
geotechnical modeling and rock mechanics design, an 
empirical  disturbance factor between 0 and 1.0 can be 
assigned for rock damage (Hoek et al. 2002). However, 
empirical values may not be sufficient when more accurate 
predictions and lower ground movement tolerances are 
expected.   

Since both short-term and long-term stability of the 
excavation were concerns for the CBR project, it was 
important to improve assessments of blasting-induced rock 
behavior. Assessments were conducted by implementing 
precision monitoring data and re-calibrating the initial FEM 
models. Figure 4 presents some of the initial modeling 
sections and locations of key instrumentation. 
 
 
4 MONITORING NETWORK 

 
A comprehensive instrumentation plan is being 
implemented on the CBR Project, including monitoring of 
ground response to excavation and other construction 
activities. Multiple technologies are being used to ensure 
redundancy, excavation safety and to alert designers of 
any unexpected ground behavior. Seismographs with 
triaxial geophones are installed surrounding the excavation 
and on nearby structures to monitor vibrations induced by 
blasting. Surface settlement points (SSPs) grouted into the 
bedrock along the perimeter of Centre Block and the Peace 
Tower are monitored frequently by geodetic leveling (Total 
Station), and precise survey prisms (PSPs) are installed on 
the south-facing façade of Centre Block and the Peace 
Tower, on select rock anchors, and on the heads of in-
ground instruments. PSPs, are surveyed regularly with 
Automated Total Stations (AMTS) to detect horizontal and 
vertical movements. LiDAR scanning is being used 
intermittently to obtain the shape of select excavation 
faces. Automated vertical shape-array inclinometers are 
installed in 20 m deep casings at the excavation perimeter 
to measure horizontal movement at one-hour intervals. 
Five-point borehole extensometers with anchor points 
ranging from 0.75 m to 20 m depth were installed at 
15 to 30 degrees decline from horizontal, at various 
locations below the crest of the excavation, to measure 
horizontal displacements.  

 
 

5 METHODOLOGY  
 
A series of 2D and 3D geotechnical Finite Element Models 
(FEMs) were constructed mainly using Rocscience RS2 
and RS3 software, to predict excavation rock behavior.  
 
 



 

Figure 4: Site layout showing the location FEM design sections and select geotechnical monitoring instruments  
 
 

A Generalized Hoek-Brown constitutive model was 
used for modeling based on the following failure criterion 
(Rocscience 2021) and the parameters previously shown 
in Table 1:  

 
 

𝜎1
′ = 𝜎3

′ + 𝜎𝑐𝑖 (𝑚𝑏
𝜎3

′

𝜎𝑐𝑖
+ 𝑠)

𝛼

    (1) 

 
 
Where, 
𝜎1

′ 𝑎𝑛𝑑 𝜎3
′= effective principal stresses, 

𝜎𝑐𝑖= UCS of intact rock material,  

𝑚𝑏= reduced value (for the rock mass) of the material 

constant 𝑚𝑖 (for the intact rock), and  

𝑠 𝑎𝑛𝑑 𝑎 = constants which depend upon the characteristics 
of the rock mass. 

In addition, for a joint network was assigned to FEMs 
based on information previously provided in Table 2. 
Staged excavation analysis was considered using 2.4 m 
blasting lifts and progressive rock support installations.    

Owing to blasting-induced stress redistribution that will 
cause the initiation and growth of cracks and fractures, and 
thus the reduction in the mechanical properties of the rock 
within the EDZ (Hajiabdolmajid 2017; Zhu et al. 2014), the 
effects of the blasting operation were simulated in the initial 
set of RS2 models by reducing rock strength properties 
(e.g., UCS and GSI). Results were then compared with 
monitoring data obtained over several months. To better 
simulate the effect of blasting operations, dynamic forces 

on the blast-induced rock face were applied.  Moreover, 
separate analyses were performed to predict rock behavior 
under the same blasting conditions but using modified rock 
support elements. 
 
5.1 Blasting Power and Magnitude 
 
Blasting power and magnitude were simulated in the FEMs 
based on real blasting inputs (i.e., number of blasting 
holes, hole spacing, distance from rock face, charge weight 
and delay, etc.) obtained from construction inspection 
reports (e.g. CENTRUS 2020c, 2021b). Technical 
properties of the explosive material, such as denotation 
velocity for example, were extracted from product data 
sheets (i.e. Ultra 2020) and charge weighting values were 
used to calculate blast pressures, arrival times, pressure 
time-history plots, and other associated parameters. 
Calculations were performed using Blast Parameter 
Calculator software developed by Jacques (2014).  
 
5.2 Attenuation Properties of Rock 
 
Dynamic vibration energy generated during blasting, 
seismic or other sources is attenuated by material 
damping, which is governed by the transmission media 
type (e.g., soil, rock) and physical properties of the 
vibration wave. Accordingly, a rock damping coefficient 
was determined using Equation 2 below (Kim and Lee 
2000): 



 

𝛼 =
𝜋𝜂𝑓

𝐶
      (2) 

 
 
Where, 
𝛼 = Material damping coefficient,  

𝜂 = Loss factor due or geometric damping coefficient,  

𝑓 = Frequency of dynamic wave, and  

𝐶 = Propagation velocity of wave. 
As the physical source of the vibrations on this project 

are from shallow buried explosions, the loss factor in the 
analysis was assigned as 1.0 (Gaviglio 1989). Blasting 
wave frequencies were varied between 40 Hz and 85 Hz 
based on information from inspection reports and 
seismograph monitoring data (CENTRUS 2020c, 2021b). 

The longitudinal shear wave propagation velocity was 
measured in different locations within the project area 
using both Vertical Seismic Profiling (VSP) and Multi-
Channel Analysis of Shear Waves (MASW). Based on the 
current and historical measurements, an average 
longitudinal shear wave propagation velocity of 2263 m/s 
was used in this analysis (CENTRUS 2020a), which falls 
within the typical range for bedded limestones (2200 m/s  
to 6030 m/s)  as suggested by Gaviglio (1989). 
 
5.3 Measurement of Rock Face Movement 
 
After performing the FEM analysis using the described 
inputs, material query sections were assigned at the same 
location, elevation, and inclination of select monitoring 
instruments. The query sections were used to record 
horizontal displacements of rock face as predicted by the 
FEMs, which was then correlated with actual measured 
displacements.  
 

6 RESULTS AND DISCUSSION  
 
For the purposes of this paper, the 2D analysis of the 
westerly PWC Cross-Section A located on Figure 4 is 
presented. Initial FEM results of RS2 model built for this 
section are described, followed by a discussion on model 
re-calibration using dynamic blasting forces and 
instrumentation data. Finally, results are discussed in the 
context of mitigative approaches and design optimization 
to be considered in subsequent phases of the project.  
 
6.1 Initial Modeling Results – Cross Section A 
 
The RS2 setup for Cross Section A is shown on Figure 5, 
assigning bedrock and joint properties listed in 
Tables 1 and 2. Based on software recommendations, an 
empirical blasting disturbance factor of 0.7 was used in the 
initial model (Rocscience 2021). Results for the 65% 
excavation stage (~14 m depth) are presented on Figure 6 
and indicate a total displacement of approximately 4 mm 
near ground surface, decreasing with depth. Figure 7 
presents displacement results for model “query lines” in 
comparison to instrumentation data for the same location. 
The latter is a combined analysis of inclinometer, 
extensometer and precision survey readings. As observed, 
measured ground movement was approximately two times 
larger than predicted by the initial model. This presented 
several concerns to the project team with respect to 
increasing ground movement as the excavation advanced 
to depth. 
 
 
 
 
 

Figure 5: Cross Section A - initial RS2 jointed bedrock model setup with rock support, showing location of vertical and 
inclined query sections. 
 
 

 
 



 

 
Figure 6: Cross Section A - initial results (65% excavation stage): 4mm maximal displacement at crest decreasing with 
depth (exaggerated deformation scale). 
 
 
6.2 Re-Calibration considering Blasting Forces 
 
Based on geotechnical inspections of the excavation, the 
disparity in the Figure 7 results was attributed mainly to 
inadequate simulation of the rock damage zone in the initial 
models, owing to blasting effects. Accordingly, RS2 models 
were re-analyzed by applying dynamic forces to the rock 
face at each excavation stage. Results are presented in 
Figure 8 and demonstrate an improved correlation with the 
measured depth-displacement curve. Figure 9 presents 
the average dynamic time-history waveform used in the 
modeling, based on the blasting analysis described. 
 
6.3 Mitigation and Design Optimization 
 
Using results re-calibrated for blasting effects, it was 
possible to consider enhanced construction methods and 
rock support to better control ground response from the 
excavation.  

The 2.4 m long pattern rock bolting and wire mesh 
system considered in the initial model was found to have 
limited blasting mitigation effect. The re-calibrated model 
was subsequently enhanced with additional rows of tie-
back anchors as shown in Figure 10. The design with 4 
rows of 15 m long, 200 kN pretensioned tie-back anchors, 
spaced at 2.4 m intervals from the excavation crest, 
reduced rock displacement by ~25%. Minimal effect was 
noted with only two rows of anchors, but this may vary with 
location and rock conditions.  

An optimized attenuation trench width of approximately 
3.0 m was suggested to reduce peak particle velocities and 
blasting-induced rock displacement. This mitigation 
approach is still under modeling studies and will not be 
discussed in this paper.  

The re-calibrated model is useful to evaluate and 
optimize blasting designs, since input forces can be 
adjusted to predict variable effects. Modifications to blast 
charge weights, delay timing and overall blast size, in 
consideration of attenuation distance from the final rock 
face, are seen as the best opportunities to mitigate ground 
disturbance. Trial blasting and monitoring are strongly 
recommended to determine site-specific correlations. 

 
Figure 7: Comparison of measured ground movement to 
initial Cross Section A model results. (Note: measured 
movement for excavation wall at approximately 65% of 
planned final depth).   
 
 

 
Figure 8: Re-calibrated Cross Section A model accounting 
for dynamic blasting forces. (Note: measured movement 
for excavation wall at approximately 65% of planned final 
depth).  
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Figure 9: Dynamic blasting forces applied to RS2 models 
 
 

 
Figure 10: Effect of 15m long Tie-back (TB) support on  
re-calibrated model (Note: measured movement for 
excavation wall at approximately 65% of planned final 
depth).   

 
 
Low explosive blasting and hybrid mechanical-blasting 

methods are also being considered for future excavations 
beneath Centre Block, and information from the PWC study 
and trials is expected to provide useful guidance in that 
regard. 
 
 
7 CONCLUSIONS  
 
FEM analysis is a useful tool for the staged design of large 
excavations in jointed rock, when appropriate input 
properties are provided. The CBR Project engaged FEM 
methods in conjunction with kinematic analyses, 
instrumentation data, and engineering judgement to design 
and optimize rock support for the PWC excavation.  

In using FEM it is critical to understand material 
properties (intact rock and joints), in-situ stress, excavation 
sequencing, loadings, and construction methodology.  
A comprehensive site investigation is therefore required to 
provide model inputs, including borehole core sampling, 

geophysical logging, and various geo-mechanical 
laboratory tests.  

Where blasting techniques are used, dynamic forces 
should be considered in modeling based on a good 
understanding of blasting design parameters (such as blast 
layouts and depths, charge weight, timing, distance from 
features, etc.). This paper described a method to estimate 
the time-history of distributed forces using blasting power 
and damping (attenuation) properties of rock which can be 
input directly into FEMs.  

Rock damage effects can be better simulated, as 
compared to empirical ratios, using correlations to 
precision-measured movements. In this regard it is 
recommended to have a robust monitoring program with 
data obtained from multiple locations and from a variety of 
instruments. Redundancy in the monitoring system should 
be provided to make comparative and/or statistical 
analyses and eliminate skewed readings and potential 
device malfunction errors. 

With calibrated FEMs on the CBR Project, 
improvements in rock movement predictions have been 
made, advancing our understanding of rock behavior, and 
optimizing construction sequencing and rock support 
designs. FEM analysis and back-analysis on the CBR 
Project has facilitated timely adjustments in the rock 
support system to account for modifications in the 
excavation depth and construction procedures (including 
blasting effects), without compromising safety nor 
expected performance.  

Results from 2D modeling are being extended to 3D 
modeling studies for more complex areas of the project, 
including the forthcoming PWC linkage area designs 
extending beneath Centre Block.  
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