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Abstract 

Two field studies of surface displacements during pipe bursting were conducted.  The first field 

study consisted of a controlled experiment in clay soil.  Three vitrified clay pipelines, each at a 

different burial depth, were up-sized to high density polyethylene (HDPE) pipes using static pipe 

bursting techniques.  Surface displacements during the pipe bursting process were monitored 

using digital imaging techniques as well as surveying.  It was found that ground displacements 

were largest in the vertical direction, such that the maximum vertical displacements measured 

during pipe bursting ranged from 71.8 ± 7.5 mm at a depth of cover of 0.6 m and 11.2 ± 1.2 mm 

at a depth of cover of 1.5 m.  Transverse displacements generated during pipe bursting were 

found to correspond to tension cracking of the ground surface above the pipe.  The second field 

study examined pipe bursting installations which took place at the Royal Canadian Mounted 

Police College campus in Ottawa, Ontario.  During this study, five pipe bursting installations 

were monitored.  Each installation varied in terms of the surface and subsurface conditions, host 

pipe size and material, replacement pipe size, and depth of cover.  The pattern of displacements 

distributed in all three directions was consistent with the results from the controlled study.  

However, greater variability in results was found during the Ottawa project.  Vertical 

displacements were found to range from 0.6 ± 0.1 mm to 11.3 ± 0.2 mm for pipe bursts carried 

out to the same up-size dimension, at approximately the same depth of cover, surrounded by 

similar surface and subsurface conditions.  In general, pipe bursting in clayey soils with an 

unpaved surface resulted in larger displacements having a narrower distribution over the ground 

surface than the paved installations.  Additionally, increased variability in results occurred under 

real construction conditions due to inherent variability in subsurface and host pipe conditions. 
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Chapter 1 

Introduction 

1.1 Pipe Bursting 

1.1.1 General Description 

Trenchless technologies cover a wide range of construction methods for installing new pipes in 

the ground as well as replacement of existing pipes without the need for open excavation.  The 

use of trenchless technologies as opposed to traditional cut-and-cover methods are often 

advantageous as surface disruption is minimized, traffic congestion in urban areas is reduced, and 

short and long term damage to existing pavement is prevented.  Additionally, trenchless 

construction methods allow for increased public safety, improved public relations and efficient 

installation/replacement of the pipe (Simicevic and Sterling, 2001).   

Pipe bursting is an established trenchless construction method for the replacement of deteriorated 

and/or undersized pipes (Milligan and Rogers, 2001). Pipe bursting generally involves the 

insertion of a tool (or bursthead) into the existing (or host) pipe (see Figure 1.1).  Typically, the 

bursthead is a conical shaped tool where its widest point is larger than the diameter of original 

pipe as well as the replacement pipe.  The bursthead is launched from the insertion (or launch pit) 

and is pulled by a cable or pulling rods towards the receiving pit.  During pipe bursting, the 

bursthead shatters the old pipe and forces its fragments into the surrounding soil.  Additionally, 

the soil cavity around the pipe is expanded so the new pipe can be pulled into place (Milligan and 

Rogers, 2001). 

Pipe bursting can be applied to a wide range of pipe sizes and types, in a variety of soil and site 

conditions.  Pipe bursting is generally performed on pipe sizes ranging from 100 to 500 mm in 

diameter although larger pipes can be burst (Milligan and Rogers, 2001).  Typically pipe bursting 
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is most commonly performed on pipes between 230 and 305 mm and is generally carried out on 

pipes composed of brittle materials such as vitrified clay or concrete (Simicevic and Sterling, 

2001).  Replacement pipe are generally composed of polyethylene because of the continuity, 

flexibility and versatility that they offer.     

1.1.2 Methods of Pipe Bursting 

A variety of bursting methods exist including pneumatic bursting, hydraulic expansion, or static 

pulling techniques.  In pneumatic pipe bursting, the bursthead is a cone-shaped displacement 

hammer, which is driven by compressed air.  The percussive action of the bursting head 

continuously cracks the existing pipe.  In combination with tension from the winch cable, the 

bursthead moves forward and the replacement pipe is pulled in behind (Simicevic and Sterling, 

2001).  In the hydraulic expansion system, the bursthead is connected to hydraulic supply lines.  

During pipe bursting lateral expansion and contraction of the bursthead occurs.  The bursthead is 

pulled forward by the winch and the new pipe follows behind (Simicevic and Sterling, 2001).  In 

the static pull system, the force of breaking the existing pipe comes purely from pulling the 

bursthead forward.  Static pipe bursting alone was used for the studies presented in this thesis. 

1.1.3 Surface Displacements 

Pipe bursting operations create outward surface displacements due to the cavity expansion 

process that takes place.  These outward displacements can be hazardous to neighbouring 

infrastructure, foundation elements, and overlying pavement structure. 

The surface displacements generated during pipe bursting are generally a function of both time 

and space such that displacements are greatest during bursting then diminish over time.  

Displacements tend to be localized and dissipate rapidly with distance from the source (Leach and 

Reed, 1989).  The magnitude of surface displacements experienced depends primarily on the 



 3

degree of upsizing; type and compaction level of the existing soil around the pipe; and the depth 

of bursting (Atalah, 1998). 

1.2 Current State of Practice 

The response of adjacent infrastructure depends on the position of the pipe relative to the 

direction of bursting as well as the type of soil surrounding the pipe being burst (Simicevic and 

Sterling, 2001).  To date, only rules of thumb and guidelines exist to facilitate pipe bursting. 

Transco and UK Water Industry Research Limited (1997) issued guidelines for the protection of 

cast iron mains during bursting after studies conducted by Leach and Reed (1989).  The 

guidelines identify mains at unacceptable risk of disturbance and suggest measures for their 

temporary protection.  An acceptable distance to adjacent pipes is determined from a series of 

typical proximity charts, depending on alignment of adjacent pipe relative to the pipe to be burst, 

type of soil, diameter of bursting head, and depth of cover over pipe to be burst.  These charts are 

applicable for pipe sizes ranging from 76 to 305 mm and depths of cover up to 2.0 m.  

Based on the field research conducted by Atalah (1998), a “rule of thumb” was developed which 

states that both the horizontal and vertical distance between the pipe to be burst and the existing 

adjacent pipe should be at least two diameters of the replacement pipe. 

1.3 Literature Review 

1.3.1 Field Studies 

Leach and Reed (1989) conducted carefully controlled field trials to monitor ground movements 

during pipe bursting and their effects on adjacent pipelines.  For this study, host pipes of differing 

material and diameters located at varying depths below ground surface were burst.  The ground 

conditions remained essentially uniform between each test.  Cast iron pipes ranging from 100 to 

225 mm in diameter were replaced with 280 to 355 mm diameter polyethylene pipes.  Clay pipes 
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ranging in diameter from 150 to 300 mm were replaced with polyethylene pipes 280 to 400 mm 

in diameter.  Strain induced in adjacent pipelines was monitored during bursting.  Displacements 

at and below ground surface were also monitored.  The results from this study led to the 

development of safe proximity charts for pipe bursting near buried infrastructure. 

A study of ground deformations during pipe bursting was undertaken by Atalah (1998).  In this 

study a series of carefully controlled field experiments were carried out as well as a monitoring 

program of real pipe bursting construction cases.  Various pipe bursting methods were used for 

this study.  The depth of cover and size of host and replacement pipes varied.  Additionally, pipe 

bursting under asphalt covered and unpaved surfaces were examined.  From this study, it was 

found that the measured ground displacements varied from a symmetrical pattern (as expected 

from theoretical results) to asymmetrical displacements and significant settlements.  Ground 

displacements were found to be significantly dependent on the degree of upsizing, the type and 

compaction level of the existing soil around the pipe, and the nature of confinement of the soil 

around the pipe.  The study concluded that the most critical development of ground displacement 

due to pipe bursting occurs when the host pipe is at a shallow burial depth and is to be upsized 

significantly in close proximity to deteriorated existing utilities present within 2 to 3 diameters of 

the host pipe. 

1.3.2 Laboratory Studies 

Laboratory tests were conducted by Swee and Milligan (1990) inside a glass-sided soil tank using 

a small diameter pipe and an initial diameter of 25 mm.  Ratios of cavity expansion (the final 

diameter of the pipe divided by the initial diameter) ranged form 1.2 to 2.2 and depth of cover 

ratios (depth of cover divided by initial diameter) of 1.2, 5, 8 and 10 were studied.  Three 

dimensional ground displacements were measured using complementary tests in which 

displacement along two perpendicular planes were measured.  The tests were carried out in sand, 
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compressible fill and clay.  The largest ground movements were observed in the sand and the 

smallest displacements were observed in the compressible fill.  It was also found that the 

horizontal spread of the heave was a function of the cover depth, where shallow tests exhibit 

greater vertical movements with less lateral ground heave.  Displacements were noted to be 

concentrated in a wedge-shaped zone. 

Rogers and Chapman (1995) conducted laboratory tests on pipe bursting in dry sand having either 

loose or dense compaction.  Tests were conducted in a 1.5 m high by 1.5 m long by 1.0 m wide 

steel tank.  Differing burial depths and bursting ratios (the external diameter of the expander 

divided by the internal diameter of the host pipe) were used.  Pipe bursting in the dense sand 

achieved larger ground displacements than in the loose sand.  This was believed to be due to the 

highly dilative behaviour of the dense sand.  It was also observed that as the depth to cover ratio 

doubled for dense sand, the magnitude of surface heave reduced by half and the lateral extent of 

the surface heave increased by a factor of two.    

Laboratory testing of pipe bursting operations was also conducted by Lapos (2004).  Six tests 

were conducted in a 2 m wide by 2 m long by 1.6 m deep test cell developed by Brachman et al. 

(2001).  Sand backfill was used.  Both up-size and replacement operations were evaluated at two 

different burial depths.  In general, it was found that the maximum displacements occur as the 

largest diameter of the bursthead passes beneath the ground surface (Lapos, 2004).  After the 

bursthead passes, residual ground displacements were observed.  

Most recently, a large scale laboratory test was conducted by Cholewa et al. (2008) in which a 

static pipe burst was carried out in compacted sand and gravel within an 8 m long by 8 m wide by 

3 m deep test cell.  An unreinforced concrete pipe was buried 1.4 m below ground surface and 

was replaced with a high density polyethylene (HDPE) pipe with an equal internal diameter.  

Three dimensional ground displacements were monitored using particle imaging velocimmetry 
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techniques developed after White et al. (2003) as well as traditional surveying using a digital total 

station.  It was found that maximum displacements at any point occurred when the expander had 

progressed beyond that point.  As the expander approached a given section, a point on the ground 

surface moved vertical upwards, transversely outwards (away from the centerline of the pipe) and 

forwards in the direction of pulling.  Permanent displacements were vertically upwards, 

transversely outwards and axially backwards from its original position.            

1.3.3 Theoretical Studies 

Theoretical analyses of ground displacements caused during pipe bursting have also been carried 

out.  O’Rourke (1985) utilized the cavity expansion theory outlined by Vesic (1972) which 

looked at an expanding cylinder surrounded by undrained clay.  From this analysis, O’Rouke 

(1985) concluded that expansion pressures vary linearly with undrained shear strength.  A 

theoretical model was created by Chapman et al. (1996) based on the modified fluid flow theory.  

This model was used to predict ground displacements for hydraulic and dynamic pipe bursting 

operations.   

Fernando (2002) examined the axisymmetric semi-analytical solution of Yu and Houlsby (1991, 

1995) to predicted earth pressure and ground displacements during pipe bursting, as well as finite 

element analysis.  Nkemitag and Moore (2006) also used finite element analysis techniques to 

calculate levels of ground displacement in comparison with test measurements conducted in sand.  

This procedure was used to undertake a parametric study considering different burial depths, 

trench widths and various levels of cavity expansion.  A finite difference numerical model was 

created by Saber et al. (2003) to simulate the cavity expansion within soil caused by pipe 

bursting.    
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1.4 Objectives 

This thesis examines the surface displacements that occur during pipe replacement carried out 

using static pipe bursting techniques.  The specific objectives of this research are to: 

• Examine the magnitude and distribution of three dimensional displacements which occur 

at ground surface during a carefully controlled field experiment replacing a 200 mm clay 

pipe with a 300 mm HDPE pipe in clayey soil. 

• Examine how the magnitude and distribution of these three dimensional displacements 

are effected by the depth of cover of the pipe by looking at three pipe bursting tests, each 

conducted at a different depth of cover, 1.5 m, 0.6 m and 1.0 m, respectively. 

• Quantify three dimensional ground displacements which occur during up-size and 

replacement operations of existing pipelines in a real construction environment.  As well 

as, determine factors affecting variability in the displacement measurements that occur.   

• Examine the variability experienced between controlled field experimentation of static 

pipe bursting as opposed to “real world” pipe upgrades carried out using static pipe 

bursting techniques. 

1.5 Methods 

These objectives were achieved by planning and conducting a series of controlled field 

experiments and instrumentation to measure and quantify surface displacements.   

The first series of field tests was conducted in a carefully designed and constructed setting.  

Construction practices for installation the host pipes were strictly monitored to ensure minimal 

variability between each test.  Additionally, pipe bursting was conducted in a continuous and 

controlled manner. 
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For the second series of field tests, selected pipelines were monitored at the Royal Canadian 

Mounted Police (RCMP) College campus.  The surface and subsurface conditions were variable 

due to the construction history and near surface geology of the area.  This is believed to be typical 

of pipe bursting field and construction practices.     

1.6 Organization of Thesis 

This thesis is presented in manuscript format as outlined by the School of Graduate Studies at 

Queen’s University.  An abstract is located at the beginning followed by a general introduction.  

Chapter 2 and 3 consist of the manuscripts.  A general discussion is presented in Chapter 4 

followed by general conclusions located at the end of the thesis. 

Chapter 2 of this thesis presents the effects of burial depth on ground displacements during static 

pipe bursting in clayey soil.  Three static pipe burst tests were conducted in the field during 

August 2008.  Measurement of surface displacements during these tests included traditional 

surveying techniques, as well as digital imaging photogrammetry with particle imaging 

velocimetry techniques. 

Chapter 3 investigates surface displacements that occur during static pipe bursting under “real” 

construction conditions.  Five pipe bursting installations were monitored using traditional 

surveying techniques during the replacement buried infrastructure at the Royal Military Police 

College in Ottawa, Ontario.  

Chapter 4 presents a general discussion of the findings from the work undertaken.  Finally, 

Chapter 5 gives a summary of the work undertaken and conclusions drawn from the research.   
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Figure 1.1:  Cross section of a typical pipe burst operation (after Simicevic and Sterling, 2001) 
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Chapter 2 

Measured Surface Displacements from Static Pipe Bursting Field Tests 

in Clay 

2.1 Introduction 

Static pipe bursting is a trenchless technology used primarily to replace under-sized and/or 

deteriorated pipes.  The pipe bursting process involves pulling a bursthead (or expander) through 

the existing (host) pipe.  The bursthead fractures the host pipe and expands the fragments of the 

host pipe and surrounding soil outwards to allow for the replacement pipe to be pulled into place.   

This technique results in minimal disturbance in comparison to traditional cut-and-cover methods 

of pipe replacement.  However, due to the cavity expansion process, displacements of the soil 

surrounding the pipe are generated.  These displacements, if large enough, can damage adjacent 

buried utilities and foundation elements, as well as overlying pavement and structural elements.         

A number of field and laboratory studies have been conducted to quantify the magnitude and 

pattern of development for static pipe bursting.  Field testing conducted by Leach and Reed 

(1989) examined ground movements during bursting and the effect on adjacent utilities in 

cohesive and non-cohesive soils to develop safe proximity charts for pipe bursting near buried 

infrastructure.  Through field studies in clay backfill, Atalah (1998) found ground displacements 

to be dependent on the degree of up-sizing, properties of surrounding soil, and the confinement of 

the soil.  From these tests, guidelines for the minimum horizontal and vertical distances between 

the pipe to be burst and neighbouring utilities were proposed. 

Laboratory tests were conducted by Swee and Milligan (1990) inside a glass-sided soil tank using 

a small diameter pipe.  Ground displacements were examined in sand, clay and compressible fill.  

The largest displacements were observed in the sand and the smallest occurred in the 
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compressible fill.  It was also concluded that the horizontal spread of vertical displacement was a 

function of cover depth, where shallower tests exhibited greater vertical movements.  Rogers and 

Chapman (1995) conducted laboratory pipe bursting tests in a 1.5 m high by 1.5 m long by 1.0 m 

wide steel tank.  Tests were conducted in dry sand at either a loose or dense state of compaction.  

A variety of burial depths and bursting ratios were examined.  Larger ground displacements were 

achieved in the dense sand due to the highly dilative nature of the material.  Additionally, it was 

found that by doubling the depth of cover, the magnitude of surface displacement reduced by half 

and the lateral extent of the surface displacement profile doubled for the dense sand conditions.  

Laboratory tests were also conducted by Lapos (2004).  This testing consisted of both up-sized 

and replacement operations at two burial depths.  Tests were conducted in a 1.6 m high by 2 m 

long by 2 m wide test cell.  From these tests, it was concluded that maximum displacements occur 

as the largest diameter of the bursthead passes the section of interest.  Additionally, after the 

bursthead passes, residual ground displacements may remain.  Most recently, a large scale 

laboratory test was conducted by Cholewa et al. (2008).  A static pipe bursting test was conducted 

in a 3 m high by 8 m long by 8 m wide test pit with well-graded sand and gravel backfill.  During 

this test, an unreinforced concrete pipe with a depth of cover of 1.4 m was replaced with a high-

density polyethylene (HDPE) pipe.  From this test, it was concluded that the maximum 

displacement occurred when the bursthead progressed beyond the point of interest.  Additionally, 

it was found that as the bursthead approached a given section, displacement occurred vertical 

upwards, transversely outwards and longitudinally forwards.  Once the bursthead passed this 

section, displacements were vertically upwards, transversely outwards and longitudinally 

backwards from its original position.        

The objective of this work is to quantify ground displacements associated with pipe bursting in a 

stiff clay soil and to determine how the magnitude and development of these ground deformations 

is affected by the depth of cover.  To achieve this, three pipe bursting tests were conducted in the 



 14

field.  For each test, a 20 m length of clay pipe (having an inner diameter of 198 mm and an outer 

diameter of 249 mm) was fractured using a conical bursthead having a maximum diameter of 330 

mm.  An HDPE pipe having an outer diameter of 269 mm was then pulled into place.  Presented 

here are the ground deformations associated with these pipe bursting tests. 

2.2 Experimental Details 

2.2.1 Site Description 

Field testing was conducted at TT Technologies Inc.’s head office and equipment manufacturing 

facility located in Aurora, IL.  These facilities consist of an office building with attached 

workshop and a vacant yard located to the west of the building.  The yard was observed to be 

relatively flat with no history of previous construction works.  The pipe bursting tests were 

conducted in this field.  

From the surficial geological information presented by the Illinois Geological Survey it is 

understood that the area is generally overlain by silty clay, silty clay loam and clay with layers 

and lenses of sand and gravel or silt (Curry, 2001).   

2.2.2 Pipe Installation 

From December 12, 2007 to December 15, 2007, the host pipes were buried in the field. Each 

pipeline was 20 m in length.  Clay pipe with an inner diameter of 198.6 ± 2.2 mm and an outer 

diameter of 248.8 ± 2.3 mm (as measured in the field) was used. The depth of cover varied 

between each installation. 

To install each line, a trench was excavated in the native soil using a tracked excavator.  The 

width of the trench was about 1 bucket width of the excavator (approximately 770 mm).  Near 

vertical side walls were used during construction for trenches up to 1.8 m in depth.  Deeper 
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trenches were stepped at a ratio of 1 horizontal to 1 vertical for every 1.0 m of excavation.  

Trench width was measured at specific depths for each line using a metal tape measure.   

Prior to placing the clay pipe, a minimum 50 mm thick bedding layer of crushed gravel was 

placed.  The clay pipe was then centred within the trench.  The crushed gravel was then backfilled 

to the crown of the pipe.  The bedding material was sliced under the haunches of the pipe using a 

shovel.  Native spoil material was used to backfill the trench.  The material was placed in 0.3 m 

lifts and was compacted using the bucket of the excavator. Figure 2.1 through Figure 2.3, 

inclusive, present section drawings of the host pipe installations tested for this study. 

2.2.3 Site Characterization 

During the installation of the host pipes, disturbed samples of the native soils were taken from the 

trench walls.  Soil samples were retrieved at 5 m, 10 m and 15 m along the length of each trench 

(i.e. the z-axis) as shown in Figure 2.4.  At these sections, grab samples were taken at depth 

intervals of 0.3 m starting at 0.3 m below ground surface.  Figure 2.1 through Figure 2.3 shows 

the locations of soil sampling.  The natural (in situ) gravimetric water content, wN, liquid limit, 

wL and plastic limits, wP obtained following ASTM D4318-05 for the samples collected in 

December 2007 are also presented in Figure 2.1 and Figure 2.3, as well as in Figure 2.5.  

Hand shear vane tests were conducted in the field to measure the undrained shear strength (Su) of 

the soil.  A Pilcon hand vane tester with 19 mm diameter vane assembly was used.  A maximum 

of 140 kPa could be read from this shear vane.  Measurements were taken during the installation 

of the host pipes (in December 2007) along the trench sidewalls within the native soil.  

Additionally, shear vane measurements were taken in the native and backfill material following 

testing in August 2008.  Shear strength measurements were conducted at regular depth intervals 

at the locations shown on Figure 2.4.  The results of the shear vane tests conducted during 

installation and following pipe bursting are presented in Figure 2.6 through Figure 2.8. 
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Time Domain Reflectometry (TDR) probes were used to measure volumetric water content in the 

field following each pipe bursting test in August 2008.  Measurements were taken within the 

native and backfill soils at regular depth intervals.  The locations at which measurements were 

taken are presented in Figure 2.4.  The TDR1000 system measured the apparent dielectric 

constant (Ka).  Volumetric water content (θv) was then calculated using (Ledieu et al., 1986) (see 

Equation 2.1): 

176.0115.0 −= av Kθ              (2.1) 

The volumetric water content measurements are presented in Figure 2.9.  From these results, it is 

clear that during pipe bursting a drier crust exists near ground surface in both the native and 

backfill material. 

Cone penetration testing was conducted by Stratigraphics, Geotechnical Data Acquisition 

Corporation.  Piezometric cone penetration tests with soil electric conductivity measurement 

(CPTU-EC) were taken within the native soils and trench backfill to further characterize the soil.  

Testing locations are presented on Figure 2.4. Data interpreted from the CPTU-EC system 

includes:  cone resistance (qc) which is defined as the total force acting on the cone divided by the 

projected area of the cone; friction ratio (FR), the ratio (expressed as a percent) of the sleeve 

friction to the cone resistance; as well as in situ undrained shear strength (Su).  Undrained shear 

strength was calculated based on the following formula (see Equation 2.2): 

k
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where, σv is the estimated total vertical stress and Nk is equivalent to Nc (a dimensionless bearing 

capacity factor after Douglas et al., 1985) (Stratigraphics, 2008).  A summary of the Nc values 

used for the undrained shear strength calculations is presented in Table 2.1.   Figure 2.10 through 

Figure 2.13 present these results of the CPT-EC soundings with the inferred soil stratigraphy.   
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Additionally, undisturbed Shelby tube samples were taken at selected depth intervals within the 

native and backfill soils.  Figure 2.4 and Figure 2.14 presents the plan and section locations from 

which the soil samples were taken and have been stored for future testing that is not part of this 

thesis. 

2.2.4 Subsurface Conditions 

In general, the site was found to be overlain by a 0.3 m thick layer of stiff organic soils consisting 

of clayey silt to silty clay with variable sand and gravel content.  Following the organic layer a 

hard clay deposit was encountered.  From the grab samples taken in December 2007, the average 

natural moisture content was found to be 18.8 ± 3.6 %.  Additionally, the liquid limit and plastic 

limit were found to be 35.2 ± 5.3 % and 22.8 ± 2.7 %, respectively.  The undrained shear strength 

of this material ranged between 50 and 128 kPa at depths between 0.3 to 0.6 m below ground 

surface.  Shear strength values of greater than 140 kPa were achieved at depths greater than 0.6 m 

below the existing ground surface.  The volumetric moisture content in the native soil varied with 

depth such that a drier crust occurred within the first 0.3 m below the ground surface.  Within this 

zone, the average volumetric moisture content was 14.7 ± 13.3 %.  Below 0.3 m, the volumetric 

moisture content leveled off to an average value of 30.0 ± 4.6 %. 

The trench backfill soil consisted of the native clay re-compacted.  This material was found to 

have shear strength values ranging from 62 to 124 kPa within the first 0.6 m below the existing 

ground surface.  The shear strength of the material then decreased with depth to 20 and 30 kPa 

just above the crown of the host pipe.  Within the backfill soils, a drier crust was also observed 

from the volumetric moisture content measurement taken in August, 2008.  This crust extended to 

0.3 m below ground surface.  The average volumetric moisture content of this zone was 23.3 ± 

3.6 %.  Below 0.3 m the volumetric moisture content leveled of at 32.5 ± 6.7 %. The crushed 

gravel layer surrounding the pipe was found to have an average density of 1584 ± 53 kg/m3. 
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Groundwater seepage was observed at approximately 1.5 m below the existing ground surface 

during the installation of the host pipes. 

2.2.5 Pipe Bursting Procedure 

The pipe bursting tests were conducted on August 22 through to August 26, 2008. The clay host 

pipe was replaced with an HDPE pipe having an inner diameter of 234 mm and an outer diameter 

of 269 mm using the hydraulically powered Grundoburst 800G system for each test. 

Static pipe bursting was conducted by initially pushing the bursting rods through the host pipe.  

When the receiving pit was reached, the conical bursthead and HDPE pipe were attached.  The 

bursthead had a maximum diameter of 330 mm and was 500 mm in length (where the length of 

the cone was 300 mm) (see Figure 2.15).  The entire configuration was then pulled through the 

host pipe.  During bursting, the bursthead fractures the host pipe and pushes the fragmented pipe 

into the surrounding soil while the new HDPE pipe is pulled into place. 

The Grundoburst 800G has a maximum machine pressure of 25 MPa.  The pressure required to 

pipe burst for each test was 4.8 to 5.0 MPa for Test 1, 4.7 to 5.3 MPa for Test 2, and 6.9 to 7.3 

MPa for Test 3.   

2.2.6 Instrumentation 

2.2.6.1 Particle Image Velocimetry (PIV) 

The three dimensional ground displacement profile was measured using particle image 

velocimetry (PIV) and close range photogrametry techniques that have been modified for 

geotechnical testing by White et al. (2003). 

For this field study, a series of 6 cameras were set up.  Figure 2.16 presents a plan view of the 

camera set-up.  Four cameras were positioned looking along the z-axis of the pipe to capture 

displacements in the vertical direction.  These cameras were located 13 m from the centreline of 
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the pipe (outside of the zone of influence).  The fifth was placed beside the receiving pit looking 

along the length of the pipe (in the z-direction) to capture vertical and transverse displacements.  

Transverse displacement data from this camera is not presented in this thesis.  The sixth camera 

was positioned facing the launch pit to track the movement of the pipe.  

Cameras were positioned at a height of approximately 1 ± 0.03 m above ground surface and were 

leveled along the vertical and longitudinal axis.  Table 2.1 summarizes the camera settings used 

during this study. 

Targets were placed on the ground surface within an area extending 4 m on either side of the 

centreline of the pipe.  Targets were placed between 2 m and 18 m along the length of the pipe.  

These targets consisted of 38 mm x 38 mm x 38 mm wooden block, where each vertical face had 

been painted white with a 25 mm black character placed roughly in the centre.  Key block 

sections were placed every 1 m along the length of the pipe.  These blocks were spaced 1 m apart 

along the transverse axis and extended to 4 m on either side of the centreline of the pipe.  Key 

blocks were denoted using black circles.  Infill blocks were strategically placed between key 

block sections, extending 2 m on either side of the centreline of the pipe.  Each infill area was 

designated with a specific letter to denote position along the length of the pipe.  Figure 2.16 

presents the target layout used.  Additionally, Figure 2.17 presents the field of view for cameras 1 

through 5. 

To reduce the effects of potential error associated with changes in lighting, reference boards 

placed in line with the camera outside of the zone of influence were used to correct for potential 

error.  The referenced board consisted of a 0.6 m by 0.9 m rigid board with a white background 

and black dots printed on it.  Experimental studies conducted prior to this field work indicated the 

potential error associated with this measurement system was approximately ±0.1 mm (see 

Appendix A for further details).   
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To quantify displacements, 20 images were taken prior to pipe bursting.  These images 

represented the target locations at zero displacement.  During pipe bursting, approximately 10 

images were taken after each pull rod was removed.  This process was repeated until bursting was 

completed.  Once bursting was completed, another series of 20 images was taken to capture the 

residual movement.  By taking multiple images at each bursthead location, the calculated 

displacements were averaged to reduce apparent noise.   

2.2.6.2 Surveying 

Three dimensional ground displacements were also measured using a Leica Geosystems 

TAC2003 precision total station sighting to reflective prisms placed on the ground surface above 

the installations.  Reflective prisms were placed perpendicular to the centreline of the pipe at 18.2 

m.  Prisms were spaced at 0.5 m intervals, as shown in Figure 2.16. 

To ensure the prisms did not fall over during testing (and were able to move along with the 

ground surface) stabilizing bases were affixed to all prisms using the procedure of Lapos (2004).  

These bases consisted of a 27 mm wide by 30 mm long by 10 mm high block back bolted to a 30 

mm wide by 42 mm long by 3 mm thick plate overlain by a 3 mm thick aluminum plate inclined 

at 30 degrees measured from the horizontal (see Figure 2.18).   

The section was surveyed before pipe bursting commenced, during pipe bursting, and after pipe 

bursting was completed.  

The error associated with the total station results was ±0.3 mm (see Appendix B for further 

details). 
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2.3 Results 

2.3.1 Vertical Surface Displacements (v) 

The vertical surface displacement results are first presented in detail for Test 3 (1 m cover depth).  

Figure 2.19 presents contour plots of v relative to the location of the maximum diameter of the 

bursthead (zB).  These plots show selected bursthead locations as the test progressed.  Plots for all 

other bursthead locations as well as the total station data are presented in Appendix C.  The 1 mm 

contour was defined as the smallest detectable ground displacement for these plots.  Contours 

were interpolated using MATLAB R2007a (The MathWorks Inc., 2007) computer software.  

From these plots, it was found that vertical displacements occurred in advance of the widest part 

of the bursthead over the duration of the test.  For example, when zB was at 3.0 m, the 1 mm 

contour extended to 4.5 m along the z-axis or 1.5 m in advance of zB (as shown in Figure 2.19a).  

As the bursthead advanced through the clay pipe, this zone of influence in front of the bursthead 

remained relatively consistent at 1.5 m. The maximum vertical displacement was found to occur 

between 0.5 m and 1.0 m behind the position of the bursthead as shown in Figure 2.19c and d.  

Additionally, it was observed that vertical displacements decrease with distance away from the 

centreline.  The zone of influence (as defined by the 1 mm contour) was relatively consistent 

extending between 1.5 ± 0.3 m on either side of the z-axis.  

The magnitude of vertical displacement varied over the length of the pipe (between 2 and 18 m) 

as shown in Figure 2.20 which presents the contours of the maximum vertical displacement 

captured over the length of the pipe.  This trend is also presented in Figure 2.21 which shows the 

maximum vertical displacement (vmax) at each value of z during the test.  Vertical displacement 

was found to range from 18.7 mm to 42.4 mm between 2 and 18 m along the length of the pipe.  

Past 2 m, the results showed no visible effect from the launch pit as vmax remained relatively 

consistent between 2 and 15 m.  Variability within this region was likely due to pipe cracking and 
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variation in the soil.  Past 17 m, a noticeable decrease in vertical displacement was observed, such 

that vmax decreased from 34.3 mm to 18.7 mm.  It is believed that vertical displacements will be 

reduced as the proximity to the pit increases due to the low confining pressure at the receiving pit.  

Also as a result of this low confining pressure, a 1 m segment of the clay host pipe dislodged 

during bursting.   As such, collapse of the soil cavity within this zone may have occurred, further 

reducing the maximum vertical displacements achieved between 17 and 18 m.  Therefore, 

displacement data collected between 17 to 18 m is believed to be subject to boundary effects 

associated with the receiving pit.   

Figure 2.22 presents the maximum vertical displacement profile for Test 3.  This was calculated 

using the maximum vertical displacement measurements at every target between 8 and 15 m.  The 

average (and standard deviation) of vertical displacement was then calculated for every target 

location.  It was found that the distribution of vertical displacement in the transverse direction 

followed a bell-shape trend with the maximum displacement above (or very near to) the 

centreline of the pipe.  Vertical displacements generally remained within a total width of 3 m.   

The maximum residual vertical displacement (vr max) along the length of the pipe is shown in 

Figure 2.21.  Residual displacements were measured once the bursthead was extracted in the 

recovery trench.  The maximum residual displacement (as averaged from the maximum residual 

vertical displacement measurements taken between 8 and 15 m along the length of the pipe) was 

29.7 ± 3.4 mm.  The average negative displacement (i.e. the maximum measurement minus the 

residual measurement) was 6.8 ± 1.3 mm.  Negative vertical displacement appeared to take place 

uniformly along the length of the pipe (as shown by the consistent difference between the two 

sets of results in Figure 2.21).  Figure 2.23 presents contours of the maximum displacement 

minus the residual displacement (where 1 mm was the smallest detectable measurement).  From 
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this contour plot, it appears that the magnitude of negative vertical displacement decreased with 

distance away from the centreline.  

Vertical ground displacements during Test 1 (having a depth of cover of 1.5 m) and Test 2 

(having a depth of cover of 0.6 m) were found to have a number of similarities and differences to 

Test 3.  Selected vertical displacement contour plots are presented in Figure 2.24 and Figure 2.25 

for Tests 1 and 2, respectively.  The remaining PIV and survey data collected during Tests 1 and 

2 are presented in Appendix C.     

Similar to Test 3, vertical displacements were found to occur in advance of the bursthead for 

Tests 1 and 2, however the extent by which these displacements advanced varied between the 

tests.  When zB was at 2.9 m, the 1 mm vertical displacements contour was first observed for Test 

1.  The 1 mm contour was first observed when zB was at 0.5 m for Test 2.  Throughout the tests, 

the zone of influence was approximately 1.0 m in advance of zB for Test 1 and ranged from 2.0 to 

2.5 m during Test 2.  It was expected that the zone of influence would be smaller for Test 1 than 

Test 3 due to its increased burial depth.  As displacements generated during cavity expansion 

have a larger distance to dissipate over when burial depth increases, smaller magnitudes of 

displacement reach the ground surface resulting in displacements not propagating as far in 

advance of the bursthead. 

Also similarly to Test 3, in Test 1, the maximum vertical displacement at a given section along 

the pipe was generally observed at the centreline and was located approximately 0.5 to 1.0 m 

behind zB.  However, in Test 2 the maximum vertical displacements for Test 2 were also located 

along the centreline of the pipe, however this was observed to occur at the widest part of the 

expander or slightly in advance of the expander (see Figure 2.25a).  

Figure 2.26 presents the maximum vertical displacement (vmax) and maximum residual vertical 

displacement (vr max) profiles along the length of the pipe for Tests 1 and 2.  As in Test 3, the 
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vertical displacement measurements were variable along the length of the pipe.  For Test 1, 

vertical displacement ranged from 2.3 to 16.3 mm (with an average of 11.2 mm).  A steady 

increase in vmax was observed until 9.6 m along the length of the pipe where maximum vertical 

displacement of 16.3 mm was reached.  Maximum vertical displacement remains relatively 

constant until 17 m when vmax begins to decline steadily.  From this pattern of increased vertical 

displacement with distance away from the launch and receiving pits, it appears that there was an 

effect from the entry and receiving pit.  Variation between 9.6 m and 17 m is likely due to pipe 

fracturing and variation in soil conditions.  In Test 2, vmax was found to be variable along the 

length of the pull as well.  Maximum vertical displacement fluctuated between 57.6 and 85.8 mm.  

No effect from the launch or receiving pits was observed during this test.  In a comparison of all 

of these three tests, it was found that as burial depth increased, scatter in the results was found to 

decrease.  This is believed to occur because as burial depth increases, the effects of pipe cracking 

and variation in the soil are reduced.  

Figure 2.27 and Figure 2.28 present the average vertical displacement profile measured for Tests 

1 and 2, respectively.  Targets between 14 and 17 m were used for Test 1 and targets between 5 

and 8 m were used for Test 2.  These regions of targets were selected because they best represent 

conditions with negligible boundary effects.  Similarly to Test 3, vertical displacements were 

found to be distributed in a bell-shaped pattern symmetric about the z axis.  Vertical displacement 

was generally confined within 1.5 m on either side of the centreline for both tests.   

The maximum residual displacements observed in Tests 1 and 2 are presented in Figure 2.26.  As 

in Test 3, residual displacements were found to vary over the duration of both tests.  Average 

residual displacements of 6.8 ± 0.7 mm and 58.2 ± 6.9 mm were measured for Test 1 and 2, 

respectively.  The average difference between the maximum vertical displacement and residual 

displacement was 6.4 ± 0.8 mm and 13.6 ± 3.3 mm, respectively.  The pattern of the difference in 
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maximum displacements and residual displacements along the length of the pipe was similar for 

all three tests, such that the greatest difference was observed around the centreline of the pipe and 

the magnitude of settlement then decreased with distance.  

In summary, the vertical displacement profiles along the transverse axis is presented in Figure 

2.29 for all three tests, as well as the vertical displacement profiles normalized using the 

maximum vertical displacement in Figure 2.30.  It was found that Test 2 achieved the greatest 

magnitude of vertical displacements, followed by Test 3 and Test 1, respectively.  Additionally, 

the normalized curves show a consistent profile for all three tests.  This was expected since the 

distribution of displacement is mainly influenced by the soil and trenching conditions.  These 

conditions were maintained constant between each test.     

Figure 2.31 shows a comparison of the maximum and maximum residual vertical displacements 

against depth of cover. As burial depth increases, the magnitude of vertical displacement 

decreases.  Additionally, it was found that as vertical displacement increases, the variability in 

vertical displacement also increases.  These trends were also observed with respect to maximum 

residual displacement.  From this figure it is also apparent that as displacement increases, the 

difference between maximum and residual maximum displacement increases. 

A comparison between vertical displacement measurements taken using PIV and the total station 

has been compared for Tests 1 and 2 (see Appendix C).  The PIV results were found to be in good 

agreement with the total station results in the cases of Test 1 and 2.  Test 3 was not included in 

this comparison due to the boundary effects discussed above.   

2.3.2 Transverse (u) and Longitudinal (w) Surface Displacements 

Transverse and longitudinal displacements (refer to Figure 2.16) for each test were measured 

using the total station sighting to reflective prisms located on the ground surface at 18.1 m along 

the length of the pipe. Measurements were taken at various bursthead locations throughout each 
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test.  The results of Test 3 will be discussed in detail followed by a summary of the results from 

Tests 1 and 2. 

The transverse displacement measurements from the total station for Test 3 are presented in 

Figure 2.32.  Transverse displacements were measured in advance of the bursthead (i.e. when zB 

was at 16.4 m).  Minimal displacements were observed around x = 0.2 m.  Maximum 

displacements were noted at x = 0 m and x = 0.5 m.  These displacements were directed away 

from the centreline of the pipe.  The maximum displacement profile was achieved when the 

bursthead was at 18.7 m.  Maximum transverse displacements were -5.8 mm and 4.6 mm at x = 0 

and x = 0.5, respectively.  

Longitudinal displacement profiles for Test 3 are presented in Figure 2.33.  Longitudinal 

displacements were found to initiate in advance of the bursthead.  The maximum displacement 

occurred 0.2 m south of the centreline.  Displacements then diminished with distance away from 

this point such that less than 1 mm of movement was observed at 1.0 m on either side of the 

centreline of the pipe.  The maximum displacement profile occurred before the bursthead reached 

the section of interest (i.e. zB = 17.9 m).  Once the bursthead passed this section, negative 

longitudinal displacements of 2.0 mm resulted.  The net result was positive movement in the z 

direction indicating the ground moves forward during pipe bursting. 

The distributions of transverse and longitudinal displacements were found to be consistent 

between Tests 1 and 2 and the results from Test 3.  During Test 1, maximum transverse 

displacements occurred when zB = 18.1 m such that u = -3.2 mm when x = -0.5 m and u = 3.8 mm 

when x = 0.5 m.  Negligible transverse displacements were noted at the centreline of the pipe.  

Maximum transverse displacement for Test 2 occurred when zB = 17.5 m.  Maximum 

displacement of -23.4 mm was observed at x = -0.5 m.  In Test 1, the maximum longitudinal 

displacement was found to be 4.9 mm and this occurred when zB = 18.1 m.  The maximum 
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residual longitudinal displacement was 2.8 mm.  In Test 2, the maximum longitudinal 

displacement observed at z = -0.5 m occurred when zB = 16.7 m.  Longitudinal displacements 

were reduced by 10 mm when zB = 17.5 m and remained constant over the duration of the test.   

2.3.3 Post Test Observations 

Following each test, a visual survey of the ground surface above the pipe was carried out.  

Cracking in the transverse direction was noted.  A tension crack was observed on the ground 

surface following Test 3 at approximately 0.2 m south of the pipe (see Figure 2.34 and Figure 

2.35).  The location of this tension crack was approximately centred between the locations of 

maximum transverse displacement.  Figure 2.36 shows a tension crack observed following Test 2.  

This crack was wider than the one observed from Test 3.  This can be attributed to the larger 

transverse displacements which occurred during Test 2. 

2.4 Discussion 

2.4.1 Influence of Cover 

Burial depth was found to greatly influence the magnitude of the three dimensional deformations 

measured during the field tests such that vertical displacements were found to increase as depth of 

cover decreased (see Figure 2.37).  Additionally, scatter in the measurements increased when 

burial depth was reduced.  Transverse and longitudinal displacements were also found to vary 

with burial depth in the same manner.  The maximum residual vertical displacement followed the 

same trend.  It was also observed that as burial depth decreased, the difference between the 

maximum vertical displacement and the residual vertical displacement increases. 

The increase in displacements in all three directions occurs because the effect of the free 

boundary increases as the pipe approaches the ground surface.  This causes displacements to 

travel in predominantly the vertical direction, as opposed to uniformly away from the pipe (as 
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seen in Leach and Reed, 1989).  Additionally, as a greater magnitude of displacements is at the 

crown of the pipe, a larger amount of settlement is likely to occur.  The variations observed in 

displacement measurements were likely due to variations in the geometry of pipe cracking and 

changes in soil conditions.  As burial depth decreases, variability becomes more apparent since 

there is less soil above the pipe to spread out these effects.   

2.4.2 Practical Applications (Simplified use of Gaussian Distributions) 

The vertical displacement profile produced during pipe bursting can be approximated using a 

Gaussian distribution, adapting the work of Peck (1969) on tunneling, as presented in Figure 2.3: 

2
2
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i
x

evv
−

=                                                                                         (2.3) 

where vmax is the maximum vertical surface displacement, x is the horizontal distance from the 

centreline of the existing pipe, and i is the trough width parameter.   

The Gaussian distribution has been applied to the average vertical displacement profile for Tests 

1 through 3, as presented in Figure 2.29.  A trough width parameter of 0.5 m was used for all 

tests.  In fitting the distribution to each test, good agreement was generally found.  On average, 

the measured data in Test 1 was found to be off from the curve fit by 0.6 mm (such that the best 

fitting point was within 0.2 mm and the worst fit was within 2.0 mm).  Test 2 was to be off on 

average by 2.3 mm (with a minimum of 0 mm and a maximum of 8.7 mm) and Test 3 was found 

to be off by an average of 1.2 mm (where values ranged from 0 to 4.6 mm). 

2.4.3 Comparison with Previous Work 

Vertical displacement results were compared to laboratory findings presented by Lapos (2004) 

and Cholewa (2008).  Laboratory testing conducted by Lapos (2004) was carried out in poorly 

graded (uniform) sand at two different cover depths 0.7 m and 0.9 m.  Additionally, up-sized and 
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replacement installations were studied.  Clay host pipes were used for each test, as well as HDPE 

replacement pipes.  The large scale laboratory test conducted by Cholewa (2008) was carried out 

in a well-graded sand and gravel.  An unreinforced concrete pipe was replaced with an HDPE 

pipe.  A summary of the testing parameters for these tests is presented in Table 2.3. 

Figure 2.37 presents a comparison of the maximum vertical displacements achieved for each test 

with respect to burial depth.  From this plot it is apparent that the largest vertical displacements 

were achieved during the field test conducted in stiff clay backfill.  There are a number of factors 

that caused these results.  It is believed that the main factor resulting in larger displacement was 

the high degree of cavity expansion experienced during the field tests.  The stiff nature of the clay 

soils may have also been more conducive to attenuating displacements caused by pipe bursting to 

the ground surface.  Additionally, it is believed that burial within a trench have a significant 

impact as the majority of displacements are likely to take place the weaker backfill material (after 

Leach and Reed, 1989). 

Figure 2.38 presents the vertical displacement results normalized using the magnitude of cavity 

expansion, ΔD (which is the difference between the diameter of the expander and the internal 

diameter of the host pipe).  These normalized displacements have been compared to the depth of 

cover normalized to the internal diameter of the pipe.  This plot shows the normalized 

displacements from Lapos (2004) were larger than the field test results.  From this plot it can be 

inferred that the large displacements experienced in the field are mainly the result of the high 

degree of cavity expansion and in situ soil conditions played a minor role. 

2.4.4 Three-Dimensional Surface Response 

Displacements were observed in three directions during pipe bursting.  It was found that during 

pipe bursting, vertical displacements occurred in advance of the widest part of the bursthead (zB).  

Vertical displacements were almost symmetrical about the centreline of the pipe such that 
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maximum displacement occurred at the centreline and then decreased with distance.  Vertical 

displacements were generally confined to 1.5 m on either side of the centreline. The location of 

maximum vertical displacement was found to occur at or just behind the maximum width of the 

expander.  This response is believed to be due to an incremental effect caused by the expander 

being pulled through the existing pipe (Cholewa et al., 2008).  

Transverse displacements were also found to initiate in advance of the bursthead.  The maximum 

transverse displacement profile occurred prior to zB passing the location of interest.  Negative 

displacements then resulted once the bursthead passed the section of interest.  Transverse 

displacements were developed in a symmetrical fashion where maximum points of displacement 

were located an equal distance from the centre and were directed away from the pipe.  Beyond 

these maximum points, displacement then decreased.   

The pattern of longitudinal displacement which occurred during pipe bursting was found to be 

consistent between all three tests such that a net displacement in the direction of pipe bursting 

was observed.  Figure 2.39 and Figure 2.40 present displacement trajectories for longitudinal 

displacement with respect to vertical displacement and transverse displacement.  These figures 

show that the soil moves axially forward when the bursthead is approaching the section of interest 

and then retracts backwards once it passes.  A small net displacement in the forward direction 

then remains. 

2.5 Issues with the Field Monitoring Design 

During Test 2, high concentrations of displacements were noted in the study zone.  As magnitude 

of ground displacements was larger than anticipated, issues with the layout of monitoring 

equipment resulted.  

The layout of targets used in the PIV analysis was designed to accommodate 32 to 42 mm of 

viewing space between near field targets and 16 to 17 mm of viewing space between far field 
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targets.  Cavity expansion resulting from the expander was expected to be 131.4 mm and 72.2 

mm going from the clay pipe to the HDPE pipe.  Using the assumption that displacements will 

distribute around the pipe and decrease with distance away from the cavity, it was anticipated that 

ground displacements would be no more than 30 mm.  In Test 2, the maximum vertical 

displacements more then doubled this amount.  This resulted in some targets being blocked either 

by other targets or by the displaced ground surface.  Figure 2.41 and Figure 2.42 show the field of 

view from Camera 2 and 3, respectively, highlighting shadowed targets.  These shadowed targets 

relate to areas of noise within the contour plots (as shown in Figure 2.43). 

Additionally, the prisms sighted using the total station were fixed to stabilizing bases.  However 

because of the magnitude of displacement and the rotation that subsequently resulted (see Figure 

2.44), not all prisms could be read using the total station.  As such, only the near field portion of 

prisms were sighted and reported.    

2.6 Conclusions 

Experimental results from three static pipe bursting field tests conducted in stiff clayey soils at 

different burial depths were presented.  For these tests, a clay pipe was replaced with a high-

density polyethylene pipe over a 20 m length.  Three dimensional ground deformations along the 

length of the pull were measured.  From these results the following conclusions were drawn: 

• Three dimensional ground displacements were found to occur in advance of the 

bursthead.  The distance which displacements occurred in advance of the bursthead 

increased as burial depth decreased. 

• Vertical displacements were found to be approximately distributed in a normal 

distribution about the centreline of the pipe. Maximum displacements were generally 

found to occur when the widest section of the bursthead passed the section of interest. 
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• Vertical displacements were generally confined within 1.5 m of either side of the 

centreline of the pipe indicating that the stiff trench walls influenced the pattern of 

displacement that developed. 

• Maximum vertical displacements were found to vary along the length of the pipe.  The 

maximum displacement was generally found to occur between 10 m and 15 m along the 

length of the pipe.  Maximum displacements generated along the length of the pipe was 

found to be influence by:  1) boundary effects from the launch and receiving pits; 2) 

incremental response of the expander during to the bursting process; 3) depth of cover; 

and 4) cracking/fragmenting of the host pipe. 

• Vertical settlement was found to be larger as depth of burial decreased as a result of uplift 

of the bursthead. 

• Transverse displacements were found to develop such that maximum locations of 

displacement occurred symmetrically on either side of the centreline (or near the 

centreline).  Maximum displacements occurred in opposite directions at these points, 

which resulted in a zone of tension over the pipe.  Where zero displacement occurred, a 

tension crack was noted following pipe bursting.  The width of the tension crack 

decreased as burial depth increased.  Maximum transverse displacements were noted 

prior to the widest section of the bursthead passing the section of interest.  

• Longitudinal displacements were such that the soil surface was displaced forward as the 

busrthead approached and then it retracted backward when the bursthead was passing the 

section of interest.  A net forward result was noted for all tests at the section monitored.  

• Ground deformations in all three dimensions were found to decrease as the depth of cover 

of the host pipe increased. 
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Table 2.1:  Summary of Nc values used for calculating Su from CPT data 

Nc CPT Testhole 

Average Minimum Maximum 

1 16.5 10 25 

2 26.1 25 30 

3 22.3 20 25 

4 19.8 12 30 
 

Table 2.2:  Camera settings used during field testing 

Property Value 

Exposure Program Aperture Priority 

Lens Aperture F/22 

Focal Length 55 mm 

ISO Speed 200 

Image Size Large 

(3888 pixels by 2592 pixels) 

Image Quality Normal 
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Table 2.3:  Comparison of laboratory and field study 

Host Pipe Replacement Pipe Backfill Conditions 

I.D. 

(mm) 

O.D. 

(mm) 

I.D. 

(mm) 

O.D. 

(mm) 

Expander 

O.D. 

(mm) 

Depth  

of Cover 

(m) 

vmax 

(mm) 

ΔD 

(mm) 

 ΔD/     

I.D.Host 

vmax/ 

ΔD 

Depth  

of Cover/ 

I.D.Host 

Lapos (2004) 

Poorly graded sand (ID = 42 - 59%) 

 

146 

 

184 

 

145 

 

165 

 

202 

 

0.7 

 

31.0 

 

56.0 

 

0.4 

 

0.55 

 

4.7 

Poorly graded sand (ID = 59%) 100 128 145 165 202 0.7 41.0 102.0 1.0 0.40 6.9 

Poorly graded sand (ID unknown) 100 128 145 165 202 0.9 33.0 102.0 1.0 0.32 8.9 

Poorly graded sand (ID = 53%) 146 184 145 165 202 0.9 19.0 56.0 0.4 0.34 6.1 

Cholewa (2008) 

Well graded sand and gravel (ID = 
45%) 

 

153 

 

229 

 

146 

 

168 

 

202 

 

1.4 

 

6.0 

 

49.0 

 

0.3 

 

0.12 

 

7.6 

McLeod (2008) 

Clay 

 

199 

 

249 

 

234 

 

269 

 

330 

 

1.5 

 

11.2 ± 1.2 

 

131.4 

 

0.7 

 

0.09 

 

7.6 

Clay 199 249 234 269 330 0.6 71.8 ± 7.5 131.4 0.7 0.55 3.0 

Clay 199 249 234 269 330 1.0 36.5 ± 2.9 131.4 0.7 0.28 5.0 
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Figure 2.1:  Typical section, Test 1 
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Figure 2.2:  Typical Section, Test 2 
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Figure 2.3:  Typical Section, Test 3 
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Figure 2.4:  Plan view of soil sampling and testing locations 
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Figure 2.5:  Liquid limit, plastic limit and natural water content from December 2007 soil samples:  a) Test 1; b) Test 2; and c) Test 3
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Figure 2.6:  Undrained shear strength of native and backfill soil for Test 1 
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Figure 2.7:  Undrained shear strength of native and backfill soil for Test 2 
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Figure 2.8:  Undrained shear strength of native and backfill soil for Test 3 
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Figure 2.9:  Volumetric water content measurements of native and backfill soil measured 

using Time Domain Reflectometry probes  
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Figure 2.10:  CPT data for trench backfill (testhole 1) 
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Figure 2.11:  CPT data of native material (testhole 2) 
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Figure 2.12:  CPT data of native material (testhole 3) 
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Figure 2.13:  CPT data for trench backfill after pipe bursting (testhole 4)
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Figure 2.14:  Section view of piston sampling locations 
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Figure 2.15:  Dimensions of expander and HDPE pipe 
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Figure 2.16:  Site plan of ground deformation monitoring equipment 
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a) 

 
b) 

 
c) 

 
Figure 2.17:  Typical field of view:  a) Camera 1; b) Camera 2; c) Camera 3; d) Camera 4; e) 

Camera 5 
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Figure 2.17:  Continued 



 51

27 mm

10 mm

42 m
m

30 o

 

Figure 2.18:  Typical survey prism 
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Figure 2.19:  Contours of vertical surface displacement (in mm) as the bursthead  (indicated 

by the triangle) advanced for Test 3 



 53

 

  

 

 

Figure 2.19:  Continued 
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Figure 2.20:  Maximum vertical displacement contours throughout duration of Test 3.  

Displacement measured in mm. 

 

Figure 2.21:  Maximum and maximum residual vertical displacement measured for Test 3 
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Figure 2.22:  Average vertical surface displacement profile for Test 3 calculated from targets 

located within 8 and 15 m along the z axis 

 

Figure 2.23:  Contours presenting the difference between maximum vertical displacement and 

residual vertical displacement for Test 3 
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Figure 2.24:  Vertical displacement contours for selected instances during Test 1 (mm) 
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Figure 2.25:  Vertical displacement contours for selected instances during Test 2 (mm) 
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Figure 2.26:  Maximum and maximum residual vertical displacements for Test 1 and 2 
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Figure 2.27:  Average vertical surface displacement profile for Test 1 calculated from targets 

located within 14 to 17 m along the z axis   
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Figure 2.28:  Average vertical surface displacement profile for Test 2 calculated from targets 

located within 5 to 8 m along the z axis   
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Figure 2.29:  Vertical displacement profile for Tests 1, 2 and 3 with Gaussian distributions. 
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Figure 2.30:  Average vertical displacement profile normalized using the maximum vertical 

displacement for Tests 1, 2 and 3 
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Figure 2.31:  Maximum and maximum residual vertical displacements compared to depth of 

cover for Tests 1, 2 and 3 
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Figure 2.32:  Transverse displacements measured using the total station for Test 3 
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Figure 2.33:  Longitudinal displacements measured using the total station for Test 3 
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Figure 2.34:  Photograph of tension cracking observed at survey section following Test 3.  Photo is 

looking in the positive z direction between approximately 17.5 m and 20.0 m 

See Figure 2.20 
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Figure 2.35:  Close-up photograph of tension crack observed at survey section following Test 3.  

Photo is looking in the positive z direction between approximately 17.7 m and 19.0 m 
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Figure 2.36:  Photograph of tension crack observed at survey section following Test 2.  Photo is 

looking in the negative x direction between approximately -1.0 m and 0.5 m 
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Figure 2.37:  Comparison vertical displacement data from laboratory studies of Lapos (2004) and 

Cholewa (2008) with field study results 
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Figure 2.38:  Comparison of normalized vertical displacement data from laboratory studies of 

Lapos (2004) and Cholewa (2008) with field study results 
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Figure 2.39:  Displacement trajectory in the vertical and longitudinal direction for prism located at 

x = 0 m. 

u (mm)

-8 -6 -4 -2 0 2 4 6 8

w
 (m

m
)

-1

0

1

2

3

4

5
zB = 17.2 m
zB = 17.9 m
zB = 18.7 m
zB = 19.4 m

White - xprism = 0.0 m
Black - xprism = 0.5 m

zS = 18.1 m

 

Figure 2.40:  Displacement trajectory in the longitudinal and transverse direction for prisms 

located at x = 0 m and x = 0.5 m   



 68

 

Figure 2.41:  Field of view from Camera 2 after pipe bursting 

 

Figure 2.42:  Field of view from Camera 3 after pipe bursting 

 

Figure 2.43:  Vertical displacement contour plot for Test 2 showing zones of target shadowing 
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Figure 2.44:  Issues with prisms that occurred during Test 2 
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Chapter 3 

Field Study of Three Dimensional Ground Displacements during Pipe 

Bursting at the Royal Canadian Mounted Police College in Ottawa, 

Ontario 

3.1 Introduction 

The use of trenchless technologies allows for construction, rehabilitation or replacement of 

underground infrastructure to take place in urban areas with minimal disturbance compared with 

open trenching techniques.  Pipe bursting is a trenchless technology used primarily to replace 

under-sized and/or deteriorated pipes.  This technique involves pulling an expander (or bursthead) 

through the existing (or host) pipe, as shown on Figure 3.1.  The bursting unit fragments the host 

pipe and expands the fragmented pipe and surrounding soil outwards to allow for the replacement 

pipe to be easily pulled into place. 

Due to the cavity expansion process that occurs during pipe bursting, three dimensional 

displacements of the surrounding soil results.  These ground displacements, if excessive, can 

cause damage to adjacent buried infrastructure or overlying structures (Milligan and Rogers, 

2001).  As such, there is a need to understand how the pipe bursting process affects the 

surrounding environment.  

Ground displacements have been quantified for controlled experimental conditions.  Swee and 

Milligan (1990) conducted laboratory experiments of pipe bursting in sand, clay as well as 

compressible fill.  Laboratory tests of pipe bursting in poorly graded sand have been conducted 

by Rogers and Chapman (1995), and Lapos (2004), while Cholewa et al. (2008) conducted a test 

in well graded sand and gravel.  Additionally, carefully controlled field experiments were 

conducted in clay with mixed fill surrounding the host pipes by Atalah (1998).  These studies 
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have served to increase understanding of the formation and distribution of ground displacements 

during pipe bursting.  However, the ground response for real pipe bursting installations is also of 

interest.  Under real conditions, factors such as settlement of the backfill, the addition of a 

pavement surface course, and increased variability in backfill conditions and pipe alignment can 

exist.    

Field studies of pipe bursting installations at various construction sites were carried out by Atalah 

(1998).  In this study, ground deformations during pipe bursting were monitored using traditional 

surveying techniques for seven construction cases.  Various pipe bursting methods were used for 

this study.  The depth of cover and size of host and replacement pipes also differed.  Additionally, 

pipe bursting under asphalt covered surfaces were examined.  From this study, it was found that 

the measured ground displacements varied from a symmetrical pattern (as expected from 

theoretical results) to asymmetrical displacements and significant settlements.  Ground 

displacements were found to be significantly dependent on the degree of upsizing, the type and 

compaction level of the existing soil around the pipe, and the nature of confinement of the soil 

around the pipe.  

The objective of this chapter is to measure ground displacements which occur during real pipe 

bursting operations so that additional field measurements can be added to the existing database of 

ground displacements observed during real pipe bursting installations.  Pipe bursting was 

monitored at the Royal Canadian Mounted Police (RCMP) College campus in Ottawa, Ontario.  

This site had additional complexities in comparison to laboratory and carefully designed field 

studies including the addition of a pavement surface course, variable depths of cover, differing 

host pipe and replacement pipe characteristic, as well as varying backfill and trench conditions.  

This chapter presents surface displacements measured during five static pipe bursting (or 

splitting) installations carried out at the RCMP College campus.    
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3.2 Site Description 

3.2.1 General Overview 

Five pipe bursting installations were monitored for gravity flow storm sewer lines located within 

the Royal Canadian Mounted Police College campus in Ottawa, Ontario.  Each pipeline differed 

in length, burial depth, host pipe material and size, as well as replacement pipe size.  

Additionally, variable surface and subsurface conditions were encountered.  The following 

describes the site in terms of the installation details, as well as the observed surface and 

subsurface conditions.  

3.2.2 Installation Details   

Prior to pipe bursting, a detailed survey of each installation was carried out.  Table 3.1 

summarizes these details.  Additionally, section drawings are presented in Figure 3.2 through 

Figure 3.6.  Each installation was carried out using the HammerHead Mole HydroBurst® HB80 

system.  The existing host pipes were upgraded to a high density polyethylene (HDPE) pipe of 

equal or greater internal diameter size.  The host pipe material and size, the size of the 

replacement pipe, as well as the splitter and expander sizes varied between installations.  This 

information is summarized in Table 3.2. 

3.2.3 Surface and Subsurface Conditions 

The surface conditions above each pipeline were visually examined before and after the pipe 

bursting processes were completed.   Additionally, the subsurface conditions were evaluated by 

examining the side walls of the launch and receiving pits.  Grab samples of the in situ soils were 

taken off the side walls of the pits at selected depth intervals.  These samples were visually 

examined and classified in the field, and grain size analysis (ASTM D6913-04e2) and Atterberg 

Limits (ASTM D4318-05) were measured for index testing.  Figure 3.2 through Figure 3.6 
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present cross sections with the inferred soil stratigraphy, as well as the results of the Atterberg 

Limit tests.  The grain size analysis results are presented in Figure 3.7.   

Installation 1, Figure 3.2, was generally overlain by a top surface layer of interlocking brick 

pavement.  Visual examination of the surface found no initial notable defects of the surface 

structure.  This area was underlain by a layer of compact fill consisting of sandy gravel with trace 

silt having a thickness of approximately 0.3 m.  The granular fill was followed by a layer of 

compact fill consisting of sand mixed with pockets of stiff clay and compact sandy gravel.  Root 

and debris were occasionally observed within this fill zone, which extended beyond the depth of 

the launch and receiving pits. 

Installations 2 and 3 (refer to Figure 3.3 and Figure 3.4, respectively) were overlain by a surface 

course of asphalt pavement having a thickness of approximately 0.1 m.  The asphalt above 

Installation 2 was found to be in good overall condition with no visible defects, such as cracking 

or deformation of the pavement.  The asphalt layer overlying Installation 3 was observed to 

generally be in good condition with some cracking.  A 20 mm wide crack was found to extend the 

width of roadway, oriented perpendicular to the pipeline.  Additionally, a 15 mm wide crack was 

observed within the centre of the roadway, oriented perpendicular to the pipeline, and extending 

approximately 2 m in length.  Some cracking of the pavement structure was also observed parallel 

to the pipeline and within 0.3 m of the curb.   These cracks were found to be approximately 20 

mm in width.   The asphalt layer overlying Installations 2 and 3 was found to be underlain by a 

0.4 to 0.6 m layer of compact sandy gravel fill with trace silt.  A layer of compact silty sand with 

trace gravel was then encountered.  Additionally, pockets of fill consisting of granular material 

mixed with stiff clay were observed.  A deposit of stiff to very stiff silt and clay was encountered 

at depths of 1.1 to 1.3 m below the existing ground surface. 
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Installations 4 and 5 (see to Figure 3.5 and Figure 3.6, respectively) were also overlain by asphalt 

pavement with a thickness of approximately 0.1 m.  The asphalt overlying Installation 4 was 

generally found to be in good conditions, however it was observed that a trench had been 

previously excavated along the roadway when placing the original pipeline; as such the original 

pavement was cut, removed, and replaced.  As a result, two cracks were observed parallel to the 

pipeline where the old and new asphalt met.  These cracks were located approximately 0.7 m on 

either side of the assumed centreline of the pipe and were approximately 10 mm in width.   Two 

additional cracks were observed perpendicular to the pipeline having an approximate thickness of 

5 to 10 mm.   The asphalt overlying Installation 5 was in good condition with no apparent defects.   

This area was underlain by a 0.4 m thick layer of sand and gravel fill with trace silt, followed by a 

deposit of compact sand with trace silt and gravel extending beyond the depth of the launch pits 

and receiving pits. 

3.3 Measurement of Ground Displacements 

Ground displacements were measured using a Leica Geosystems TAC2003 precision total station 

sighting to reflective prisms placed on the ground surface above the installations.  The techniques 

for the use of the reflective prisms used were based on laboratory findings performed by Lapos 

(2004).  A 27 mm wide by 30 mm long by 10 mm high block at the back, bolted to a 30 mm wide 

by 42 mm long by 3 mm thick plate, overlain by a 3 mm thick aluminum plate inclined at 30 

degrees measured from the horizontal was required (see Figure 3.8).  This configuration acts to 

provide stability to withstand rotation that can occur due to ground displacements caused by the 

expansion of the soil cavity during pipe bursting.  This set-up was found to be precise to ±0.3 mm 

based on the study outlined in Appendix C.   

Three sections of prisms were placed on the ground surface at selected distances along the 

assumed centreline of the pipe.  Each section consisted of prisms placed at equally spaced 
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intervals perpendicular to the centreline of the pipe.  Figure 3.9 through Figure 3.11 show the 

placement of prisms for each installation.  For reference, the z-axis is defined along the length of 

the pipe, the x-axis is perpendicular to the pipe, and the y-axis is in the vertical direction.   

The location of the expander was estimated by counting the number of pull rods removed through 

the bursting process.  Each rod was 0.9 m in length.  Additionally, the length of the tip of the 

splitter to the widest part of the expander was estimated to be 1.5 m. 

The centreline of the pipe was determined by running a string along the ground surface between 

the observed centreline of the pipe within the launch and receiving pits.  Sections perpendicular to 

the string were established using the total station as well as with a tape measure.     

The sections were surveyed before pipe bursting commenced, during pipe bursting, and after pipe 

bursting was completed.  Residual ground displacement data was collected at all installations.  

Due to challenges in determining the location of the expander, displacement measurements 

during bursting could only be successfully referenced to the location of the expander for 

Installations 1 and 3.       

3.4 Results 

A summary of the maximum residual displacements observed in the transverse (x), vertical (y) 

and longitudinal (z) directions are denoted as u, v and w, respectively, are presented in Table 3.3, 

Table 3.4, and Table 3.5.  Residual measurements refer to measurements taken directly after pipe 

bursting was completed.  The term maximum in this study refers to the largest measured value.  

This may not be the maximum displacement achieved during pipe bursting; instead it was the 

largest displacement measured.  Additionally, a summary of the surface response width measured 

from the centreline of the pipe is presented in Table 3.6. 
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Vertical ground displacements were captured during pipe bursting of Installation 1.  Figure 3.12 

which shows the progression of vertical displacement along a 1 m segment of the pipe as the 

bursthead is approaching.  Figure 3.13 through Figure 3.15 present the vertical displacement 

profile Section 1 through 3, respectively during pipe bursting.  When the bursthead was at 4.8 ± 

0.5 m (approximately 2.2 m behind Section 1), vertical displacements of 1.4 mm, 0.5 mm, and 0.2 

mm were measured for Section 1, 2, and 3, respectively.  When the bursthead advanced to 5.7 ± 

0.5 m vertical displacements increased to 3.5 mm, 1.2 mm, and 0.4 mm, respectively and at zB = 

6.6 ± 0.5 m, displacements again increased to 5.8 mm, 2.6 mm, and 1.2 mm.  Residual ground 

displacements of 6.8 mm, 5.0 mm and 3.7 mm were measured following pipe bursting.  The 

residual ground displacement profiles observed during Installation 1 are presented in Figure 3.16 

through Figure 3.18.  The width of the surface response (the distribution of vertical displacements 

along the transverse axis as measured from the centreline of the pipe) was found to be 

approximately 2.4 m from maximum observed displacement to zero displacement.  Maximum 

residual ground displacements observed in the transverse direction were 0.8, 1.1, and 1.2 mm, 

respectively.  These values were observed approximately 0.3 m on either side of the centreline of 

the pipe.  The points of maximum transverse displacements were directed away from the 

centreline of the pipe.  The maximum residual values for ground displacements in the 

longitudinal direction were 3.1, 2.2, and 1.5 mm, respectively.  As the existing cavity was 

expanded by 94 percent of its initial diameter and the depth of cover of the pipe was 1.5 m below 

the ground surface, displacements of this nature were expected.  It was anticipated that vertical 

displacements would increase as the bursthead approached the section of interest and that the 

maximum vertical displacements would occur after the bursthead past this section.  It was not 

anticipated that the ground displacements in the vertical direction would vary to such a degree 

with distance along the installation (towards the receiving pit).  Additionally, asymmetry was not 
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anticipated in the transverse direction.  This may have been due to error when laying out the 

centreline or due to unexpected curvature of the pipe. 

Residual ground displacements were measured during Installation 2 and the results are presented 

in Figure 3.19.  Maximum residual vertical ground movements of 0.7, 0.6, and 0.5 mm were 

observed for Sections 1, 2 and 3 respectively.  Due to the minimal ground disturbance, the width 

of the surface response could not be accurately determined.  Maximum residual ground 

displacements in the transverse direction and longitudinal directions were measured to be less 

than 0.5 mm in both directions.  The measured values at each section are presented in Table 3.4 

and Table 3.5, respectively.  During this installation, the cavity was expanded by 94 percent by 

the expander and had a depth of cover of 1.7 m.  The existing ground surface was paved with 

asphalt and underlain by firm to stiff clay and mixed fill.  It was expected that some ground 

displacements would occur.  It was anticipated that these ground displacements would be less 

those observed in Installation 1 due to the increased burial depth, as well as the differing surface 

and subsurface conditions. 

The vertical ground displacements were captured during pipe bursting of Installation 3.  These 

measurements are presented in Figure 3.20 which shows the progression of vertical displacements 

along the transverse axis.  Figure 3.21 through Figure 3.23 show the progression of vertical 

displacement for each section.  Vertical displacements of around 1 mm were observed at z = 11 m 

when the expander (zB) was located at 9.3 ± 0.5 m.  At this time, displacements less then 0.4 mm 

were observed at 11.5 m and 11.0 m.  As bursting advanced, displacement increased to reach a 

maximum of 16.8 mm at z = 11.0 m when zB = 11.1 ± 0.5 m.  Maximum displacements at this 

time were 10.7 mm and 5.1 mm at Sections 2 and 3, respectively.  Residual ground displacements 

observed during Installation 3 are presented in Figure 3.24 through Figure 3.26.  Maximum 

residual vertical displacements of 13.5, 11.6, and 9.2 mm were observed for Sections 1, 2, and 3, 
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respectively.  The width of the surface response was found extend approximately 1.8 m from the 

centreline of the pipe.  Maximum residual ground displacements of 2.1, 0.8, and 1.1 mm, 

respectively were observed in the transverse direction.  These ground movements were located 

approximately 0.7 m on either side of the centreline of the pipe, and were found to dissipate with 

distance away from the centreline of the pipe.  Maximum residual ground displacements of 1.0, 

1.4, and 0.9 mm, respectively were observed in the longitudinal direction towards the receiving 

pit.  Ground movements were expected as cavity expansion was in the order of 91 percent.  The 

depth of cover of the pipe was 1.5 m.  The site was overlain by asphalt pavement followed by a 

granular substructure underlain by firm to stiff clay.  It was anticipated that ground displacements 

would occur during pipe bursting and residual ground heave would remain.  It was expected that 

vertical displacements as the expander past the section of interest would be larger than residual 

vertical displacements.  It was also anticipated that residual ground displacements would be of 

similar magnitude as those measured during Installation 1, since the depth of cover was the same.  

Additionally, it was expected that displacements would decrease with distance along the pipe, 

since this trend was observed during Installation 1.  This variation may be due to a slight change 

in burial depth between each section (such that Section 1 was located 0.05 m above Section 2 at 

1.45 m and Section 3 was located 0.05 m below at 1.55 m). 

Figure 3.27 through Figure 3.29 present the measured residual ground displacements that 

occurred during Installation 4.  Residual vertical displacements of 10.9, 10.9 and 9.8 mm were 

observed for Sections 1, 2 and 3, respectively.  The width of the surface response was found to 

extend beyond 1.6 m to either side of the centerline of the pipe.  Maximum residual ground 

displacements of 0.2, 0.9, and 1.0 mm, respectively, were observed in the transverse direction.  

These ground movements were located around 1.0 m on either side of the centreline of the pipe 

and were directed away from the pipe.  Maximum residual ground displacements of 1.5, 3.5, and 

0.8 mm, respectively, were observed in the longitudinal direction in the pull direction.  Cavity 



 79

expansion for this installation was in the order of 22 percent.  The pipe had a depth of cover of 

1.0 m.  The ground surface is overlain with an asphalt pavement layer and subsequent granular 

layer followed by loose to compact sand.  Due to the depth of burial, it was anticipated that 

ground displacements would be observed.  It was also anticipated that these displacements would 

decrease slightly along the pipe as this trend was consistent with Installation 1 and 3.  This trend 

may have also been influenced by the burial conditions. 

Residual ground displacements measured during Installation 5 showed no significant ground 

displacements in the vertical, transverse or longitudinal directions.  This was anticipated as the 

depth of cover for this pipe was 2.7 m.  Additionally, cavity expansion due was approximately 25 

percent and the outer diameter of the replacement pipe was 2.5 percent smaller than the 

unreinforced concrete host pipe. 

3.5 Discussion  

3.5.1 Introduction 

For this field study, five pipe bursting installations were examined.  The depth of cover differed 

for each installation, ranging from 1.0 to 2.7 m.  Both up-size and replacement installations were 

monitored.  Installations 1 through 3 consisted of upsized installations (where the host pipe 

diameter was smaller than the replacement pipe) and Installations 4 and 5 were replacement 

installations (where the host pipe diameter and replacement pipe diameter were approximately 

equal).  Each installation was overlain by a stiff pavement structure.  Installation 1 was overlain 

by interlocking brick pavers and Installations 2 through 5 were overlain by asphalt pavement.  

The subsurface soil conditions observed for Installation 1 included stiff clay fill mixed with 

pockets of sand and gravel.  Installations 2 and 3 were surrounded by stiff clay.   Installations 4 

and 5 were surrounded by loose to compact sand.  The location of the monitored sections varied 

between each installation.  
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The following discusses the results presented in Section 3.4.  The formation and distribution of 

vertical, transverse and longitudinal displacements will be addressed followed by comparison of 

the up-sized installations, as well as the replacement installations.   

3.5.2 Vertical Displacements 

From the studies conducted, vertical displacements were found to occur during pipe bursting.   

Vertical displacements occurred in advance of the splitter and expander; however it is anticipated 

that displacements were greatest when the expander was just past the section of interest.  Vertical 

displacements remained after pipe bursting was completed. 

Vertical displacements were found to occur in a bell-shaped distribution, generally symmetric 

about the centreline of the pipe.  The width of the distribution varied between installations as well 

as the magnitude of vertical displacements.   

The width of the vertical displacement distribution was measured from the centreline to the point 

where displacements could no longer be observed.  These results are presented in Table 3.6.  

Additionally, Figure 3.30 presents the residual vertical displacement profile for Section 2 for each 

installation.  Installation 1 was observed to have the widest surface response, measuring 2.4 m 

from centreline to the outer most zone of influence.  Installation 3 was found to have the second 

largest width followed by Installation 4, measuring 1.8 m and 1.6 m, respectively. 

Additionally, the magnitude of vertical displacements varied considerably between installations 

as well as over the span of each installation.  Figure 3.31 presents the residual displacement 

profile for Section 2 normalized by magnitude of cavity expansion (where cavity expansion is the 

difference between the diameter of the expander and the inner diameter of the host pipe).  From 

this figure it is apparent that the vertical displacements are greatly affected by depth of cover as 

well as the in situ soil properties.  Figure 3.32 presents the maximum residual vertical 

displacements that occurred at each prism section for all installations against the depth of cover. 
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Variation along the length or the pipe was believed to be due to variation in soil conditions as 

well as variation in the cracking pattern of the host pipe.    

3.5.3 Transverse Displacements 

In general, transverse displacements were observed to be small at the centreline of the pipe and 

became larger with distance away from the centreline.  Displacements were directed away from 

the centreline.  Once maximum displacement was reached on either side of the centreline, 

displacements then began to dissipate.  Due to the pattern of transverse displacements that 

resulted from pipe bursting, a zone of tension was created.  This tension zone can result in 

cracking of the pavement surface.  Due to the magnitude of transverse displacements experienced 

and the strength of the overlying surface layer, cracking did not result from these installations.  

However, cracks in place prior to bursting were found to become more pronounced.  Figure 3.33 

presents the maximum transverse displacements measured for each prism section during all 

installation against depth of cover.     

3.5.4 Longitudinal Displacements 

Residual longitudinal displacements were generally maximized over the centreline of the pipe.  

Longitudinal displacements then dissipated with distance away from the centreline.  Forward 

movement of the ground surface in the direction of pipe bursting occurred during each 

installation.  Figure 3.34 presents the maximum longitudinal displacement results for each 

installation versus its depth of cover. 

3.5.5 Residual Ground Displacements Observed During Up-sized Installations 

From the results presented in Figure 3.32 through Figure 3.34, variability between installations 

was observed.  This variability was particularly apparent in the up-sized installations most notable 

in the vertical direction. 
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Installations 1 though 3 were carried out in similar soil conditions with slightly differing burial 

depths.  The host pipes for Installations 1 and 2 consisted of PVC pipe with an inner diameter of 

196 mm.  The host pipe for Installation 3 consisted of un-reinforced concrete having an inner 

diameter of 200 mm.  An expander having a 381 mm diameter was used for all installations and 

each host pipe was replaced with a HDPE pipe having an outer diameter of 320 mm.   

Maximum vertical displacement of 13.5 mm was observed during Installation 3 (which has a 

burial depth of 1.5 m), 6.7 mm for Installation 1 (which had a burial depth of 1.5 m); and less 

than 1 mm of ground displacements for Installation 2 (with burial depth of 1.7 m).  The following 

examines these installations more closely and attempts to explain the observed results.   

Looking at Installations 1 and 3 more closely, it is apparent that the main differences between 

them consisted of the material of the host pipe, the surface pavement course, and variability 

observed in the soil conditions. 

The host pipe in Installation 1 consisted of a PVC pipe with an inner diameter of 196 mm and an 

outer diameter of 209 mm.  An unreinforced concrete pipe with an inner diameter of 200 mm and 

an outer diameter of 267 mm was used in Installation 3.  Installation 1 was buried under a brick 

pavement, whereas Installation 3 was located under asphalt.  The subsurface conditions for 

Installation 1 were found to be variable, consisting of pockets of sand and gravel as well as 

debris.  Installation 3 was found to be surrounded by a stiff to very stiff clay. 

Variability of results could be attributed to the material of the host pipe.  As concrete is a more 

brittle material than PVC, it is believed that the unreinforced concrete pipe is likely to fragment 

during bursting, whereas the PVC pipe, which is more ductile in nature, is more likely to be split 

longitudinally.  The behaviour believed to be experienced by the PVC pipe is more typical of pipe 

splitting.   
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Pipe splitting follows the same principles of pipe bursting; however in pipe splitting the bursting 

unit has a single sharp ended fin resulting in the existing pipe being split longitudinally.  This 

technique is primarily used in replacement of ductile iron and other less brittle materials.  Rogers 

et al. (2002) conducted a laboratory study on the pattern and magnitude of ground displacements 

during pipe splitting.  In this study, a series of 10 tests were conducted (8 in sand and 2 in clay).  

The depth of cover, orientation of the splitting blades and the diameter of the host pipe varied.  

Experiments were undertaken in a large steel tank which was 3.0 m long by 2.3 m wide by 2.0 m 

high.  Surface and subsurface ground displacements were measured using linearly variable 

differential transformers.  From these studies, it was found that ground displacements were highly 

asymmetrical and the blade angle had a significant effect on distribution and magnitude of ground 

displacements.  Maximum displacement was achieved when the blade angle is 270 degrees 

measured clockwise from the vertical axis.         

Additionally, displacements generated during pipe splitting operations are likely to by 

asymmetrical (as opposed to bursting which is consistently symmetrical about the centreline of 

the pipe).  This behaviour was noted in Installation 1 which was approximately 0.9 m off centred 

from the anticipated centerline of the pipe, whereas Installation 3 was centred directly over the 

pipe.   

Secondly, it is believed that differing surface courses may have affected the magnitude and 

distribution of vertical displacements.  As asphalt is a more ductile material then brick, it is 

believed that larger ground deformations would have been accommodated under an asphalt 

surface layer. 

Finally, it is believed that variability of subsurface conditions could have been a factor.  The 

results from Swee and Milligan (1990) indicate that stiffer materials result in larger ground 
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displacements as observed in Installation 3 (in comparison to Installation 1 which observed to be 

less compact and more variable in composition). 

Therefore, from this comparison, the variability observed between Installation 1 and 3 is likely 

attributed to the mechanism in which the pipes fragment, as well as differences in subsurface and 

surface conditions. 

For Installations 1 and 2, the burial depth was approximately the same, as well as the dimensions 

of the replacement pipe, splitter, expander and host pipe material.  However the in situ soil 

conditions as well as the surface course varied between the two installations. 

The in situ soil conditions in Installation 1 were observed to be more variable than Installation 2.  

In Installation 1, the trench material was found to consist mainly of fill (comprised of stiff clay 

with pockets of sand and gravel as well as deleterious material including roots and debris).  

Within Installation 2, the material mainly consisted of stiff to very stiff clay.  Installation 1 was 

overlain by interlocking brick pavers and Installation 2 was overlain by asphalt pavement. 

From Swee and Milligan (1990), it is understood that the more heterogeneous nature of the soil 

surrounding Installation 1 would generally result in lower magnitudes of ground displacements.  

It is also believed that the interlocking brick pavers are less ductile than asphalt, which would 

indicate smaller magnitudes of heave should have resulted from Installation 1 as opposed to 2. 

It is suspected that this variation in the magnitude of vertical displacement observed between the 

two installations occurred due to the manner in which the host pipe fragmented.  Since the host 

pipes for both installations were PVC, behaviour similar to pipe splitting was likely to occur.     

The magnitude of displacements generated in this case is heavily dependent on the orientation of 

the splitter and can vary greatly as a result (see Rogers et al., 2002).   
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During Installations 1 through 3, the magnitude of vertical displacements varied along the length 

of the pipe, such that maximum displacements were observed at prism section 1 and smaller 

displacements were observed at prism section 3.  This is believed to be due to variability in the 

soil conditions surrounding the host pipe as well as the variability of the pattern of cracking 

which was generated during the bursting process.   

3.5.6 Residual Ground Displacements Observed During Replacement Installations 

Installations 4 and 5 consisted of replacement installations conducted in loose to compact sand at 

differing burial depths.  The host pipes consisted of PVC with an outer diameter of 267 mm and 

un-reinforced concrete with an outer diameter of 280 mm, respectively.  These pipes were 

replaced with HDPE pipes having an outer diameter of 275 mm and 270 mm, respectively.  An 

expander having a diameter of 305 mm was used for both installations. 

It was found that Installation 4 achieved significant ground displacements in all directions and 

ground displacements were not observed for Installation 5.  Therefore, this data supports the 

observation that as burial depth increases, displacement of the soil decreases. 

The pattern of vertical displacements developed during Installation 4 was found to differ from 

those generated during Installations 1 and 3.  Vertical displacements of between 9 and 11 mm 

were maintained between -0.6 m and 0.6 m and then were suddenly reduced.  This was believed 

to occur due to the shallow depth of cover as stresses concentrated in the vertical direction 

directly over the pipe.  Another possible factor contributing to this distribution of vertical 

displacement was the effect of the trench.  As previously noted, cracking symmetrical to the z 

axis was observed at 0.7 m on either side of the centreline of the pipe (likely due to the 

construction of the host pipe).  As a result, it is likely that the infilled material was looser than the 

material outside of the trench. 
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3.5.7 Using Gaussian Distributions to Determine the Vertical Displacement Profile 

It is possible to predict the distribution of vertical displacements using the Gaussian distributions 

after Peck (1969).  Peck (1969) stated that as “the settlements above a tunnel…are more or less 

symmetrical about the vertical axis of the tunnel.  They form a trough-like depression with a 

shape roughly resembling the error function or [normal] probability curve.”  The Gaussian 

distribution, denoted in Figure 3.1, can be similarly used to calculate the vertical displacement 

profile for pipe bursting: 

2
2

2
max

i
x

evv
−

=                (3.1) 

where v is the vertical displacement (in mm); vmax is the maximum vertical displacement (in mm); 

x is the distance from the centreline of the pipe in the transverse direction (in m); and i is the 

trough width parameter (in m).  

The Gaussian distribution has been applied to the measured residual vertical displacement 

profiles for Installations 1, 3 and 4 (see Figure 3.30).  The trough width parameter was different 

for each installation and section.  For Installation 1, the trough width parameter varied from 0.84 

m to 0.95 m.  Installation 3 varied from 0.85 m to 0.96 m and Installation 4 varied from 0.88 m to 

1.05 m.  This information has been summarized in Table 3.7 

3.5.8 Comparison with Field Study Results 

Field studies of static pipe bursting under carefully controlled field conditions as well as under 

real construction works was conducted by Atalah (1998).  The following compares the results 

presented by Atalah (1998) for a controlled field study and three real construction studies to the 

vertical displacement measurements collected this study. 

The controlled field study performed by Atalah (1998) consisted of a 203 mm internal diameter 

clay pipe replaced with a 305 mm internal diameter HDPE pipe with a 394 mm wide expander.  
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The depth of cover was 1.6 m.  The subsurface conditions were such that half of the length of 

pipe was surrounded by mixed clay and gravel fill to the crown of the pipe.  The remainder of the 

trench was then backfilled with native clay.  The other half of the pipe was surrounded by sand up 

to the crown and then backfilled with native clay.  For the construction studies, each pipe was 

surrounded by clay and the ground surface was overlain by asphalt pavement.  The size of the 

host pipe, replacement pipe, and expander varied for each study, as well as depth of cover.  Table 

3.8 presents a summary of the test results compared along with the details of the pipe bursting 

conditions. 

In Figure 3.35, vertical displacements are compared for each test against depth of cover.  It was 

found that ground displacements were significantly larger for pipe bursting in clay without a rigid 

pavement course on the ground surface, as expected.  Also, large variability in the vertical 

displacement results were observed for the tests conducted in clay with a pavement cover at 

burial depths around 1.5 m.  For these cases, vertical displacements ranged from 2.5 mm to 11.3 

mm.  Large variability was also noted in the results presented by Atalah (1998) for the tests 

conducted at burial depths of 2.0 m and 4.9 m.  Atalah (1998) measured between 0.3 mm and 

32.0 mm of vertical displacement for the pipe bursting test conducted at a burial depth of 2.0 m, 

and an average displacement of 5.1 mm reported with a maximum of 25.4 mm was reported for 

the test conducted under 4.9 m of cover. 

Figure 3.36 presents a normalized comparison of the vertical displacement results.  Herein, 

vertical displacements were normalized by the magnitude of cavity expansion undergone during 

each test, where cavity expansion is the difference between the internal diameter of the host pipe 

and the diameter of the expander.  The depth of cover was normalized by the internal diameter of 

the host pipe.  From these results, it was found that pipe bursting in sand underlying asphalt 

pavement produced the largest relative amount of vertical displacements.  This is believed to be 
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primarily due to the minimal depth of cover.  Pipe bursting under non-rigid surface conditions in 

clay soil produced a larger normalized vertical displacement when compared to pipe bursting 

under rigid surface conditions in clay, as expected.  Additionally, variability in the vertical 

displacement results was noted for pipe bursting in clay under a pavement structure in the 

normalizing data.         

3.6 Conclusions 

Three dimensional ground displacements were measured during the replacement and up-sizing of 

real pipelines located at the RCMP College in Ottawa, Ontario.  For this study, the installation of 

five pipelines was monitored to determine the magnitude and distribution of displacements 

following pipe bursting under varying conditions.  The following summarizes the main 

observations from this study. 

• Vertical surface displacements occurred in a bell-shaped distribution which was generally 

symmetrical about the centreline of the pipe.  The magnitude and extent of the 

distribution varied between 3.2 and 4.8 m along the transverse axis.  A narrower 

distribution of vertical displacements was observed for instances involving larger 

displacements.  The profile was slightly wider for bursting in clayey soils in comparison 

with sand at a shallower burial depth. 

• Transverse displacements monitored indicated that a zone of tensile strain over the 

centreline of the pipe resulted from bursting.  However because of the limited magnitude 

of the displacements, cracking of the pavement surface did not occur. 

• Longitudinal displacements were found to occur during bursting and indicated that above 

the centreline of the pipe, the ground surface was displaced in the direction of the pipe 

burst. 
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• A large degree of variability occurred between upsized installations having similar field 

conditions.  This was believed to be due to the pattern in which the host pipe was 

fragmented, as a result of the splitter and/or expander.  Where the response of the more 

ductile PVC pipe behaves like that expected during pipe splitting and the brittle pipe 

behaviour is closer to traditional pipe bursting.  Additionally, variations in subsurface 

conditions also likely resulted in a range of displacement measurements. 

• Variability was also observed along the length of the pipe (between survey sections).  

This is also believed to be due to cracking of the host pipe and variation in subsurface 

conditions. 

• Vertical displacement profile can be generated using the Gaussian distribution after Peck 

(1969).  A trough width parameter of 0.9 to 1.0 m was found to be in good agreement 

with the field measurements. 

• Comparison with field results from Atalah (1998) showed large variability in vertical 

ground displacements occurs during pipe bursting in real construction conditions.  In 

general, an unconfined ground surface will result in larger vertical displacements then a 

surface confined by a rigid pavement layer when pipe bursting in similar soil conditions.  

It was found that pipe bursting in sand under an asphalt surface produced larger vertical 

normalized displacements in comparison to tests conducted in clay.  However, this can 

mostly likely be attributed to the effect of cover depth.                      
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Table 3.1:  Layout of pipe bursting installations and monitoring set-up 

Details Installation 1 Installation 2 Installation 3 Installation 4 Installation 5 

Length (m) 30 35 16 78 38 

Average Surface Slope (%)* 0.6 2.8 -7.8 0.3 0.8 

Average Slope of Pipe (%)* 0.2 3.4 -2.4 0.7 0.5 

Distance from Launch Pit to Section 1 (m) 7.0 11.6 11.0 13.5 34.6 

Depth from Surface 

   To Invert of Pipe (m) 

   To Crown of Pipe (m) 

 

1.7 

1.5 

 

1.9 

1.7 

 

1.8 

1.5 

 

1.3 

1.0 

 

3.0 

2.7 

Surface Conditions Interlocking Brick Pavers Asphalt Asphalt Asphalt Asphalt 

Dominant Subsurface Soil Conditions Firm to stiff clay fill 
mixed with sand and 

gravel 

Stiff clay Stiff clay Compact sand Compact sand 

*Positive value means slope is downward towards launch pit 
Note:  It was assumed that the pipe followed a straight path
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Table 3.2:  Pipe installation details 

Installation  

Details 1 2 3 4 5 

Host Pipe 

   Material 

   Inner Dia. (mm) 

   Outer Dia. (mm) 

 

PVC 

196 

209 

 

PVC 

196 

209 

 

UC 

200 

267 

 

PVC 

251 

267 

 

UC 

245 

280 

Replacement Pipe 

   Material 

   Inner Dia. (mm) 

   Outer Dia. (mm) 

 

HDPE 

278 

320 

 

HDPE 

278 

320 

 

HDPE 

278 

320 

 

HDPE 

236 

273 

 

HDPE 

236 

273 

Width of Splitter (mm) 381 381 406 354 406 

Expander Dia. (mm) 381 381 381 305 305 

Cavity Expansion (mm) 

   Outer Dia. of Expander - Inner Dia. of Host Pipe 

   Outer Dia. of Replacement Pipe - Inner Dia. of Host Pipe 

 

185 

124 

 

185 

124 

 

181 

120 

 

54 

22 

 

60 

28 
Dia. = Diameter (as measured in the field) 
PVC = Polyvinyl Chloride 
UC = Unreinforced Concrete 
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Table 3.3:  Maximum residual vertical displacements (vr max) 

Maximum Residual Ground Displacement (mm)  
Section Installation 1 Installation 2 Installation 3 Installation 4 Installation 5 

1 7 <1 14 11 <±0.3 

2 5 <1 12 11 <±0.3 

3 4 <1 9 10 <±0.3 
 

 

Table 3.4:  Maximum residual transverse ground displacement (ur max) 

Maximum Residual Ground Displacement (mm)  
Section Installation 1 Installation 2 Installation 3 Installation 4 Installation 5 

1 3.1 0.5 1.0 1.5 <±0.3 

2 2.2 0.5 1.4 3.5 <±0.3 

3 1.5 0.4 0.9 0.8 <±0.3 
 

 

Table 3.5:  Maximum residual longitudinal ground displacements (wr max) 

Maximum Residual Ground Displacement (mm)  
Section Installation 1 Installation 2 Installation 3 Installation 4 Installation 5 

1 0.8 0.2 2.1 0.2 <±0.3 

2 1.1 0.5 0.8 0.9 <±0.3 

3 1.2 0.3 1.1 1.0 <±0.3 
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Table 3.6:  Residual width of surface response produced from vertical displacement 

(measured from the centreline to the point of zero measured displacements) 

Installation Width of Surface Response (m) 

1 2.4 

2 N/A 

3 1.8 

4 1.6 

5 N/A 
N/A – Unable to accurately determine the width due to minimal ground disturbance caused 
during pipe bursting. 

 

Table 3.7:  Summary of trough width parameters used in Gaussian Distributions 

Trough Width Parameter, i (m)  

Installation Section 1 Section 2 Section 3 Average 

1 0.9 1.0 0.8 0.9 

3 1.0 0.9 0.9 0.9 

4 1.1 0.9 1.1 1.0 
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Table 3.8:  Comparison results presented by Atalah (1998) and results from this field study 

Backfill 

Conditions 

Surface 

Conditions 

Host Pipe 

I.D. (mm) 

Replacement 

Pipe O.D. (mm) 

Expander  

O.D. (mm) 

Depth of 

Cover (m) 

vmax 

(mm) 

ΔD 

(mm) 

ΔD/ 

I.D.Host 

vmax/ 

ΔD 

Depth of 
Cover/ΔD 

Atalah (1998) 

Clay 

 

Uncovered 

 

203 

 

324 

 

394 

 

1.6 

 

22.5 ± 11.5 

 

190.5 

 

0.94 

 

0.12 

 

8.0 

Clay Uncovered 203 324 394 1.6 30.2 ± 17.5 190.5 0.94 0.16 8.0 

Clay Asphalt 152 216 279 2.0 20.1 127.0 0.83 0.16 13.0 

Clay Asphalt 381 508 559 4.9 5.1 178.0 0.47 0.03 12.8 

Clay Asphalt 203 219 279 1.5 2.5 76.2 0.38 0.03 7.5 

McLeod (2008) 

Clay fill 

 

Brick pavement 

 

196 

 

320 

 

381 

 

1.5 

 

5.1 ± 1.6 

 

185.0 

 

0.94 

 

0.03 

 

7.7 

Clay Asphalt 196 320 381 1.7 0.6 ± 0.1 185.0 0.94 0.003 8.7 

Clay Asphalt 200 320 381 1.5 11.3 ± 2.4 181.0 0.91 0.06 7.5 

Sand Asphalt 251 273 305 1.0 10.5 ± 0.7 54.0 0.22 0.20 4.0 

Sand Asphalt 245 273 305 2.7 0 60.0 0.25 0 11.0 
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Figure 3.1:  Schematic of typical pipe bursting section 



 98

PVC Pipe
O.D. = 209 mm

Interlocking Brick Pavers

Compact sandy 
gravel fill

Compact mixed 
sand, clay and 

sandy gravel fill

Topsoil

Compact sand fill

Stiff clay fill

Direction of Bursting

Survey Sections

Scale: 1 Horizontal:10 Vertical

1 2 3

Elev. 
(m)

61.5

61.0

60.5

60.0

59.5

20.0 30.010.0
Distance 

(m) 0

 

Figure 3.2:  Layout of Installation 1 



 99

Sandy Gravel Fill

Mixed Sand, Sandy Gravel 
and Clay Fill

Interlocking Brick Pavers

Asphalt

Topsoil

Sandy Gravel Fill

Silty Sand with 
Trace Gravel

Clay

X

X

w  = 43.5 %
w  = 98.2 %
w  = 52.6%

P

L

N

w  = 37.7 %
w  = 68.1 %
w  = 42.0%

p

L

N

PVC Pipe 
 O.D. = 209 mm

Direction of Bursing

Scale: 1 Horizontal:10 Vertical
X = sample

Survey Sections

1 2 3

Elev. 
(m)

61.5

61.0

60.5

60.0

59.5

59.0

58.5

Distance
(m) 0 10.0 20.0 30.0

 

Figure 3.3:  Layout of Installation 2 
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Figure 3.4:  Layout of Installation 3 
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Figure 3.5:  Layout of Installation 4 



102 

Concrete Pipe 
O.D. = 280 mm

Direction of Bursting

Asphalt
Sand and Gravel 

with Trace Silt (Fill)
Sand and Gravel
 with Trace Silt (Fill)

Sand

Sand

xSample 3
(SP)

Survey Sections

1 2 3

Scale: 1 Horizontal:10 Vertical
X = sample

Elev.
 (m)

61.0

60.5

60.0

59.5

59.0

58.5

58.0

57.5

Distance
(m) 0 10 20 30 40

 

Figure 3.6:  Layout of Installation 5 
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Figure 3.7:  Grain size analysis results 
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Figure 3.8:  Typical prism 
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Figure 3.9:  Layout of prisms used for Installation 1 
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Figure 3.10:  Layout of prisms used for Installations 2, 3, and 4 
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Figure 3.11:  Layout of prisms used for Installation 5 
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Figure 3.12:  Vertical displacement profile of each measurement section over the duration of  

pipe bursting for Installation 1 
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Figure 3.13:  Vertical displacements over the duration of pipe bursting for Installation 1, Section 1 
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Figure 3.14:  Vertical displacements over the duration of pipe bursting for Installation 1, Section 2 
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Figure 3.15:  Vertical displacements over the duration of pipe bursting for Installation 1, Section 3 
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Figure 3.16:  Residual vertical ground displacements from Installation 1 
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Figure 3.17:  Residual transverse ground displacements from Installation 1 
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Figure 3.18:  Residual longitudinal ground displacements from Installation 1 
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Figure 3.19:  Residual vertical ground displacements from Installation 2 
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Figure 3.20:  Vertical displacement profile of each measurement section over the duration  

of pipe bursting for Installation 3 
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Figure 3.21:  Vertical displacements over the duration of pipe bursting for Installation 3, Section 1 
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Figure 3.22:  Vertical displacements over the duration of pipe bursting for Installation 3, Section 2 
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Figure 3.23:  Vertical displacements over the duration of pipe bursting for Installation 3, Section 3 
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Figure 3.24:  Residual vertical ground displacements from Installation 3 
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Figure 3.25:  Residual transverse ground displacements from Installation 3 
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Figure 3.26:  Residual longitudinal ground displacements from Installation 3 
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Figure 3.27:  Residual vertical ground displacements from Installation 4 
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Figure 3.28:  Residual transverse ground displacements from Installation 4 
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Figure 3.29:  Residual longitudinal ground displacements from Installation 4 
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Figure 3.30:  Residual vertical displacement profiles for all installations 
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Figure 3.31:  Vertical displacement profile normalized by cavity expansion 
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Figure 3.32:  Maximum vertical displacements for Installations 1 through 5 
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Figure 3.33:  Maximum transverse displacements for Installations 1 through 5 
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Figure 3.34:  Maximum longitudinal displacements for Installations 1 through 5 
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Figure 3.35:  Comparison of maximum vertical displacement field data collected by Atalah (1998) 
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Figure 3.36:  Comparison of normalized vertical displacement field data collected by Atalah (1998) 
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Chapter 4 

General Discussion 

Detailed discussions of results were presented within Chapter 2 and 3.  An overall discussion is 

presented in this chapter. 

Chapter 2 presented a study of surface displacements for a series of three carefully controlled 

field pipe bursting experiments conducted in clayey soils.  Chapter 3 presented the results of a 

field monitoring program of real pipe bursting installations in clay and sand backfill conditions 

carried out at the RCMP College campus in Ottawa, Ontario.  From these two studies, similar 

trends of three dimension ground displacements were observed.  However, the magnitude of these 

displacements and the variability of the results differed between the two test sites.  The following 

general discussion compares the displacement results between these two studies, as well as 

compares these studies to data from previous field and laboratory studies.   

Displacements in the vertical direction were found to be the largest in magnitude, compared to 

those measured in the transverse and longitudinal directions.  From controlled field experiments 

presented in Chapter 2, maximum displacements of 11.2 ± 1.2 mm, 36.5 ± 2.9 mm, and 71.8 ± 

7.5 mm, and were measured over the length of the pipe during bursting for cover depths of 1.5 m, 

1.0 m, and 0.6 m, respectively.  The maximum residual vertical displacements measured from the 

field monitoring program conducted at the RCMP site ranged from 0.6 ± 0.1 mm to 11.3 ± 2.4 

mm for the three up-sized installations conducted at burial depths between 1.5 and 1.7 m in 

clayey soil overlain by a stiff pavement layer.  Residual vertical displacements of 10.5 ± 0.7 mm 

were measured for the replacement installation with a 1 m depth of cover, conducted in sand 

overlain by asphalt.  Displacements less then the tolerance of total station were measured for pipe 

bursting under the same conditions at a burial depth of 2.7 m.  The results from the controlled 
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field experiments indicate that vertical displacements are maximized when burial depth is 

minimized.  This was also seen when comparing the replacement installations conducted in sand 

for the RCMP study.  This trend was expected since displacements generated from the cavity 

expansion process during pipe bursting travel in the direction of least resistance, which is 

influenced by the distance to the free boundary (or ground surface).  Therefore, when this 

distance (the depth of cover) is reduced, the magnitude of surface displacements will increase.  

Comparing the controlled field experiment conducted at 1.5 m cover depth with the up-sized 

installations having similar burial depths conducted in clayey soils at the RCMP field site, it was 

found that the magnitude of vertical displacements was reduced.  This is believed to be due to the 

presence of the asphalt surface layer.      

The profile of vertical displacement along the transverse axis was generally symmetric about the 

centreline of the pipe in a bell-shaped distribution.  The vertical displacement profile extended to 

no more than 3.0 m on either side of the centerline during the controlled experiments.  The width 

of the vertical displacement profile ranged from 3.2 to 4.8 m for the installations monitored at the 

RCMP site.  The narrow profile observed from the controlled field experiments is believed to be 

greatly influenced by the stiff trench walls, as the trench walls act to confine vertical 

displacements within the backfill.  At the RCMP site, the narrowest profile was associated with 

the shallow replacement installation conducted in sand.  A narrower distribution of displacement 

in sand is believed to be typically when comparing of the ground response with clay based on the 

ground response data provided by Peck (1969).  Additionally, comparing the controlled profile 

with the response of the up-sized installations, it is suspected that the stiff pavement surface acts 

to broaden the surface response of displacements.     

The magnitude of vertical displacements was also found to vary over the length of the pipe during 

bursting for all tests studied.  This variation can be attributed to changes in subsurface conditions, 
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as well as the cracking pattern of the host pipe.  The results from the controlled field experiments 

indicate that these effects were minimized as burial depth increased.  Greater variation between 

was observed between the results of the up-sized installations at the RCMP field site.  This was 

believed to be due to the pattern in which the host pipe fractured based on the material it was 

comprised of.   

Examining the transverse displacements measured during both studies, it was found that these 

displacements developed symmetrically such that maximum transverse displacements were 

located at an equal distance on either side of the centreline and were directed away from the pipe.  

These transverse displacements resulted in a zone of tension above the centreline of the pipe 

being replaced, which resulted in surface cracking during the controlled field experiments.  

Cracking was not observed during the field study at the RCMP site due to the magnitude of 

transverse displacements.  Additionally, the longitudinal direction, displacements were such that 

forward movement in the direction of pipe bursting was observed at both field sites. 

The results for vertical displacement for both field studies were compared to laboratory results 

presented by Lapos (2004), Cholewa (2008), and field results presented by Atalah (1998), see 

Figure 4.1.  From this comparison, maximum vertical displacements generally occurred at the 

controlled field site.  Vertical displacement results from the data presented by Atalah (1998) were 

greater than the controlled field study results around burial depths of 1.5 m to 2.0 m.  However, 

Atalah’s (1998) data is believed to be suspect, as no indication of sources of error was given or 

the method of surveying used.  Data presented by Lapos (2004) and Cholewa (2008) appeared to 

form a lower bound.  

Figure 4.2 presents a comparison of the field and laboratory data normalized such that the vertical 

displacement was normalized to the magnitude of cavity expansion that took place, and depth of 
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cover was normalized to the inner diameter of the host pipe.  From this plot, it is apparent that the 

data collected by Lapos (2004) for pipe bursting in a poorly graded sand gives an upper bound.  

The data collected from the RMCP College site for pipe bursting in variable soil conditions 

overlain by a stiff pavement layer provides a lower bound.  Finally, the normalized data collected 

from the carefully controlled field site in clayey soil was between these two boundaries.  From 

this, it can be concluded that larger magnitudes of vertical displacement are likely to occur in 

sand, followed by clay and followed by soil bounded by a stiff pavement layer. 

The data collected from the two field studies provides new results to add to the existing database 

of surface displacement measurements, thereby allowing for greater confidence in the use of pipe 

bursting as a viable option for pipe replacement in many situations.  From the displacement 

measurements presented, pipe bursting appears to be appropriate for replacement of many 

municipal sewers and watermains where they are located in the municipal right-of-way. However, 

caution is advised if neighbouring buried pipes are too close to the pipe being burst as they may 

be damaged from the ground displacements induced by pipe bursting (e.g, excessive strain, pipe 

rupture, opening of joints). Additional investigation of this aspect of pipe bursting is required to 

assess how close is too close; however, the data from Transco and UK Water Industry Research 

Ltd. (1997), Atalah et al. (1998) and Cholewa, Brachman, and Moore (2008) may be a useful 

starting point in the assessment of pipe bursting on adjacent utilities.  Another approach to 

assessing the impact on adjacent utilities is to do so numerically.  In this case, the new field tests 

undertaken without adjacent infrastructure provides evidence to evaluate numerical models and 

calibrate them prior to examining the influence of adjacent buried structures. Without detailed 

investigation, on-site applications of pipe bursting should always proceed with caution if the pipe 

to be burst is close to structural elements that may be sensitive to differential movement.       
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Figure 4.1:  Comparison of vertical displacement data collected during the field studies 

presented, as well as after Lapos (2004), Cholewa (2008), and Atalah (1998) 
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Figure 4.2:  Comparison of normalized vertical displacement data collected during field 

studies presented, as well as after Lapos (2004), Cholewa (2008), and Atalah (1998) 
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Chapter 5 

Summary and Conclusions 

5.1 Summary of Research  

A study of the three dimensional ground displacements induced during pipe bursting was 

undertaken.  The objective of this research was to examine the magnitude, distribution and 

variability of ground displacements under both carefully controlled field conditions as well as 

during real pipe bursting installations at a construction site.    

For the first field study, which was undertaken under carefully controlled conditions, three pipe 

bursting tests were conducted in clayey soil.  The depth of cover varied between each test, such 

that 1.5 m, 0.6 m and 1.0 m of cover were used for Tests 1, 2 and 3, respectively.  For all tests, a 

clay pipe with an inner diameter of 199 mm was upsized to an HDPE pipe with an inner diameter 

of 234 mm.  The length of each test was 20 m.   Maximum vertical displacement of 11.2 ± 1.2 

mm, 71.8 ± 7.5 mm, and 36.5 ± 2.9 mm were achieved along the length of the pipe during Tests 

1, 2 and 3, respectively (where the ± value represents the range of displacement along the length 

of the pipe, here and throughout this chapter).  Maximum vertical displacements were found to 

occur when the bursthead was at or just past the section of interest.  Maximum residual vertical 

displacements of 6.8 ± 0.7 mm, 58.2 ± 6.9 mm, and 29.7 ± 3.3 mm, respectively, were measured 

following pipe bursting.  Maximum transverse displacements were measured to be 4.9 mm, 23.4 

mm, and 5.8 mm, respectively.  Points of maximum transverse displacement were observed on 

either side of the centerline and were directed away from the pipe.  Minimal transverse 

displacement was noted at the centerline.  This distribution of transverse displacements resulted 

in a zone of tensile surface strain above the pipe.  This resulted in cracking of the ground surface 

along the longitudinal axis.  The width of the crack increased as depth of cover was minimized.  



 

 124

Maximum longitudinal displacements of 4.9 mm, 33.5 mm, and 4.1 mm were measured for Tests 

1 through 3, respectively.  Maximum displacements occurred at approximately the centerline of 

the pipe and were in the direction of pipe bursting.  Once the bursthead past the section of interest 

negative longitudinal displacements were measured, however the net result for each test was 

displacement in the direction of pipe bursting.         

The second field study was conducted at the Royal Mounted Police College campus in Ottawa, 

Ontario.  At this site, five pipe bursting installations were monitored.  Each installation differed in 

terms of its length, burial depth, host pipe material and size, as well as replacement pipe size.  

Additionally, variable surface and subsurface conditions were encountered.  From the series of 

installations monitored, Installations 1 through 3 consisted of upsized installations where the host 

pipe had an inner diameter of approximately 200 mm and the replacement pipe had an inner 

diameter of 278 mm.  The depth of cover for these installations ranged from 1.5 m to 1.7 m.  The 

material of the host pipe was PVC for Installation 1 and 2 and was unreinforced concrete for the 

Installation 3.  The surface and subsurface conditions varied from clay fill (as noted in Installation 

1) to clay (as noted for Installation 2 and 3).  Additionally, the surface conditions consisted of a 

stiff pavement course of interlocking brick pavers for Instillation 1 and asphalt for Installations 2 

and 3.  Installation 4 and 5 were replacement instillations where the host pipe had an inner 

diameter of approximately 250 mm for both cases and was replaced with an approximately equal 

sized HDPE pipe.  These installations were conducted in sand backfill overlain by an asphalt 

pavement course.  The host pipe material was PVC for Installation 4 and unreinforced concrete 

for Installation 5.  The depth of cover was 1.0 m and 2.7 m for Installations 4 and 5, respectively.  

The maximum residual vertical displacements for the up-sized installations were 7 mm, less than 

1 mm, 14 mm for Installations 1, 2 and 3, respectively.  Maximum residual vertical displacement 

of 11 mm and less than 0.3 mm were recorded for the replacement installations (Installation 4 and 
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5, respectively).  Residual transverse displacements of 3.1 mm, 0.5 mm, 1.4 mm, 3.5 mm, and 

less than 0.3 mm were observed for the respective installations.  Formation of new cracks in the 

pavement was not noted following pipe bursting; however existing pavement cracks were slightly 

widened.  Minimal longitudinal displacements were observed for each installation; however a 

trend of slight forward movement in the direction of pipe bursting was noted. 

Although surface displacements were measured during pipe bursting at each field site, these 

results should not be used to preclude pipe bursting as a viable option for pipe replacement for the 

specific conditions examined. On the contrary, it is hoped that increased knowledge of the 

expected magnitude and distribution of three dimensional surface displacements will reduce 

uncertainty in this area and promote extended use of this construction technique.         

5.2 Conclusions 

From the study conducted, the following general conclusions were made regarding three 

dimensional ground displacements which developed during pipe bursting. 

In general, three dimensional ground displacements were found to occur in advance of the 

bursthead.  The distance which displacements were first recognizable in front of the bursthead 

increased as burial depth decreased, as shown in the controlled study.  Additionally, as burial 

depth decreased, the magnitude of displacements in all three directions increased when pipe 

bursting under the same conditions. 

Vertical surface displacements were found to occur in a bell-shaped distribution which was 

generally symmetrical about the centreline of the pipe.  The magnitude and extent of the 

distribution varied such that it was approximately 3 m along the transverse axis for the tests under 

carefully controlled field conditions, and ranged between 3.2 and 4.8 m for the tests conducted in 

the real construction environment.  The narrower distribution of vertical displacements was 
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observed for instances involving larger displacements.  Additionally, it is believed that the stiff 

pavement course broadened the displacement profile. 

Maximum vertical displacements were found to vary along the length of the pipe during bursting.  

From the controlled field study, it was found that the magnitude of this variation increased as 

burial depth decreased in clayey soil.  This is believed to be due to cracking of the host pipe and 

variation in subsurface conditions.   

Additionally, it was observed that maximum vertical displacement varied considerably between 

similar installations in the field (as noted from the up-sized installations at the RCMP site).  This 

was believed to be due to the pattern in which the host pipe was fragmented, as a result of the 

splitter and/or expander.  Where the response of the more ductile PVC pipe behaves like that 

expected during pipe splitting and the brittle pipe behaviour is closer to traditional pipe bursting.  

Additionally, variations in subsurface conditions also likely resulted in a range of displacement 

measurements. 

Transverse displacements monitored indicated that a zone of tensile strain over the centreline of 

the pipe resulted from bursting.  The magnitude of these displacements were much larger for the 

carefully controlled tests (which did not have a pavement course) compared to the Installations 

monitored at the RCMP site.  Cracking of the ground surface did result for the controlled field 

tests, however cracking of the pavement surface did not occur at the RCMP site. 

Longitudinal displacements were found to occur during bursting above the centreline of the pipe.  

Generally, a net forward movement of the ground surface in the direction of pipe bursting was 

noted. 

The high resolution data collected from the controlled studies provides new insight into the 

formation of vertical displacements in clayey soils during pipe bursting.  This experimental data 
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is offered to permit others to conduct detailed numerical analysis to assess the predictive 

capabilities of numerical models for the particular ground conditions studied.  From the real 

construction study, insight into variability affecting surface displacements was examined.  

Overall, these results are believed to provide a step in the development of more rational design 

procedures for pipe bursting.  
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Appendix A 

Study of Measurement Error Associated with Particle Imaging 

Velocimetry (PIV) Techniques in the Field 

A.1 Introduction 

Deformation measurement based on the particle image velocimetry (PIV) and digital imaging 

photogrammetry as developed by White et al. (2003) was used to monitor ground movement 

occurring during pipe bursting field studies.   

PIV operates by processing images which have been captured directly from a digital camera or 

from an analogue video signal.  For the analysis, test patches of a pre-determined pixel size are 

placed over selected areas of interest (i.e. targets).  The displacement vector of each patch during 

the interval between the flashes is found by locating the peak of the auto-correction function of 

each patch.  The peak in the auto-correction function indicates that the two images of each 

textured patch captured during the flashes are overlying each other.  The correction is offset is 

equal to the displacement vector.  The correction plane is evaluated at single pixel intervals.  By 

fitting a bicubic interpolation to the region close to the integer peak, the displacement vector is 

established to a sub-pixel resolution.  The analysis is repeated for subsequent images comparing 

to the first picture.   

PIV has been successfully used in the laboratory environment to quantify soil displacements for 

geotechnical problems by White et al (2003) and Take (2003).  However, this technique has yet to 

be applied in the field.  Prior to conducting the field work, studies into the factors affecting the 

precision and accuracy of data collected using PIV was carried out for the anticipated field 

conditions.  The following appendix summarizes the results of these studies, recommends an 

optimum field set-up conditions and parameters, and the expected measurement error.  
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Measurement error provided throughout the appendix is presented in image space coordinates 

(i.e. pixels).  Ultimately, it is converted in object space coordinates (i.e. mm).  

A.2 Precision Error  

Precision is defined as the random difference between multiple measurements of the same 

quantity.  White et al (2003) states that PIV precision is affected by target appearance and test 

patch size.  When using digital imaging photogrammetry and PIV in an outdoor environment, 

target appearance is influenced by variation in light intensity, as well as the camera settings used 

and camera focus.  A series of 3 verification experiments were conducted to examine these 

factors as well as target texture and test patch size.  

A.2.1 Verification Experiments  

Verification Experiment 1 was set up such that one Canon EOS Digital Rebel XTI camera was 

positioned looking south along a relatively flat gravel driveway.  Targets approximately 38 mm x 

38 mm x 38 mm in size with white and black painted texture were positioned strategically within 

a zone 9.1 m to 16.9 m away from the camera (see Figure A.1). Photographs were taken 

approximately every 5 minutes over a 70 minute period.  The aperture priority camera setting was 

used for this trial.  Further summary of the camera settings used is presented in Table A.1. 

Verification Experiments 2 and 3 were set-up identically such that five Canon EOS Digital Rebel 

XTI cameras were positioned approximately 0.5 m apart facing north.  Different settings were 

used on each camera.  These settings are summarized in Table A.2 and Table A.3 for experiments 

2 and 3, respectively.   

The experiments were conducted on a relatively flat lying sand and gravel surface.  Three rows of 

targets were laid out parallel to the cameras at distances of 9 m, 13 m, and 17 m.  Targets were 

spaced 0.2 m apart and three different types of targets were used.  The types of targets included:  
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big blocks (approximately 89 mm cubes with white painted face and a 76 mm black number 

centred on it); small blocks (38 mm cubes with white painted face and a 25 mm black number 

centred on it); and 38 mm cubes with black texture painted on the pine face.  Targets were set-up 

in alternating order.  A white reference board approximately 0.91 m x 1.22 m in size with black 

dots (42 mm in diameter) was placed parallel to the cameras at a distance 26 m away.  

Photographs were taken on a 1 minute interval for over 3 hours.  Figure A.2 presents a plan view 

of this set-up and Figure A.3 shows a typical view from the camera. 

A.2.2 Lighting 

As previously mentioned, changes in lighting intensity can impact the precision of deformations 

captured using PIV.  This occurs because lighting intensity affects the formation of an image.  An 

image taken under sunny conditions may vary slightly from the same image taken under cloudy 

conditions.  Therefore, when comparing the image taken under sunny conditions to the identical 

image taken under cloudy conditions, the target of interest will have appeared to translate slightly.  

These apparent translations (or movements) are important as the duration of a pipe burst test was 

anticipated to take 1 to 2 hours and significant changes in solar intensity can occur over this 

length of time. 

The three validation experiments discussed above were undertaken to examine the effect of 

changes in lighting in the outdoor environment.  Lighting intensity data for these verification 

experiments was collected from the Faculty of Applied Science weather station location on 

Walter Light Hall (http://livebuilding.queensu.ca/access_data). 

A.2.2.1 Verification Experiment 1 

Ten near field targets were analyzed.  The change in position in the x and y directions were 

calculated for the duration of the trial for each target.  Figure A.4 presents the solar intensity 
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measurements recorded throughout the duration of the verification experiment.  Figure A.5 and 

Figure A.6 present the change in x and y displacements, respectively. 

Verification Experiment 1 showed that images taken under partially sunny conditions (where 

lighting intensity varied from approximately 250 to 1000 W/m2) resulted in apparent movement 

ranging from 0.7 to 3.4 pixels in the x direction and -3.9 to 3.8 pixels in the y direction over the 

duration of the trial. 

A.2.2.2 Verification Experiment 2 

For Verification Experiment 2, 6 near field targets with black painted texture were analyzed.  

Figure A.7 presents the solar intensity measured throughout the duration of the experiment.  

Figure A.8 and Figure A.9 present the mean x and y displacements measured throughout the 

experiment for all cameras. 

Experiment 2 showed that images taken under sunny conditions (where solar radiation ranged 

from 700 to 800 W/m2) resulted in apparent movement.  The pattern of apparent movement 

throughout the trial varies depending on the camera settings used.  The automatic settings used in 

Camera 1 produced the least variation with apparent movement ranging from -0.5 to 0.5 pixels in 

the x direction and -1.5 to 0 pixels in the y direction.  The aperture priority setting used by 

Camera 2 resulted in apparent movements of -1.0 to 0 pixels in the x direction and -0.5 to 0.5 

pixels in the y direction.  The manual settings (as used by Cameras 3, 4 and 5) were found to vary 

to the most depending on the shutter speed selected. 

A.2.2.3 Verification Experiment 3 

As in Verification Experiment 2, 6 near field targets were examined to determine the affect of 

changes in lighting.  Figure A.10 presents the solar intensity measured throughout the duration of 

the experiment.  Figure A.11and Figure A.12 present the x and y displacements measured 



 132

throughout the experiment.  These plots present that average displacement of the small pine 

targets with painted black texture. 

Verification Experiment 3 showed consistent results with Validation Experiment 2.  Greater 

variation in apparent movement was observed for all cameras as a result of the larger range of 

lighting intensity changes. 

A.2.2.4 Adjusting for Apparent Movement due to Changes in Lighting Intensity 

Adjusting for apparent movement can be done by using a reference target or series of targets 

placed in the far field.  The reference target(s) should undergo the same apparent movement as 

the other targets.   

A rigid board with a series of black dots (each having a diameter of 42 mm) on a white 

background was used in Verification Experiments 2 and 3 to correct for apparent movement.   

Figure A.13 and Figure A.14 present displacement of the targets and reference board in the x 

direction and y direction, respectively for Verification Experiment 2.  Figure A.15 and Figure 

A.16 present the same displacement results for Verification Experiment 3.  Both experiments 

showed that the apparent movement of the reference board in the x and y directions followed 

closely the apparent movement of the targets. 

Figure A.17 and Figure A.18 present the adjusted x and y displacement values for each target 

analyzed from Camera 2 for Verification Experiment 2.  Figure A.19 and Figure A.20 present the 

standard deviation of the adjusted x and y displacement for each time test.  Figure A.21 and 

Figure A.22 presents a histogram of the entire population of adjusted x and y displacement data. 

From Validation Experiment 2 precision of ± 0.14 pixels in the x and y directions was calculated 

from the adjusted target displacements.  Validation Experiment 3 resulted in precision of ±0.17 

pixels in the x direction and ±0.14 pixels in the y direction. 
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A.2.3 Camera Settings 

To determine the best camera setting to use for the anticipated field conditions, the large targets 

in the near field row (9 m from the camera) were analyzed for experiment 2 and 3.   

The corrected displacements in the x and y directions were calculated for selected targets for both 

experiments.  Table A.4 presents the mean corrected displacement observed as well as the 

standard deviation in the x and y directions for each camera. 

Aperture priority proved to be the best setting under both sunny conditions and partially sunny.  

Manual settings tended to diverge with large changes in lighting.  These became difficult to 

correct as the texture was impacted.  Aperture priority adjusts the shutter speed depending on the 

lighting conditions; therefore even in darker conditions target texture is clearer. 

A.2.4 Image Texture 

Target texture is important to ensure that the target is successfully tracked using PIV.  White et al 

(2003) found that high measurement precision can be obtained if a sharp correlation peak can be 

generated from the texture depicted.  The verification experiments were conducted to determine 

the optimum texture for the given outdoor set-up. 

In Verification Experiment 1 random black patches on pine targets were used.  A close up of near 

and far field targets under sunny and cloudy conditions is presented in Figure A.23.  From these 

images it is clear that the texture was too fine for the proposed set-up.  Additionally, it was found 

that lighting conditions affected the contrast of the texture making targets difficult to track.  As a 

result, precision was reduced in the far field targets (where the standard deviation of target 

displacement was found to be ±0.14 pixels for near field targets and ±0.43 pixels for far field 

targets in the x direction and ±0.16 pixels for near field targets and ±0.36 pixels for far field 

targets in the y direction). 
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In Verification Experiments 2 and 3, modified texture including white background with large 

black character in the same size blocks was looked at.  Figure A.24 presents a close up of near 

field and far field targets under low and high light intensity.  From these images, it is easier to 

distinguish this texture pattern under low and high light in comparison with the random black 

painted texture.   

Verification Experiment 2 showed that large black character on a white background produces a 

higher level of contrast and tracks near and far field targets at a higher degree of precision then 

the original black painted texture on pine.  The modified texture showed measurement error of 

±0.14 pixels in the x and y direction for near field targets and ±0.17 pixels in the x direction and 

±0.20 pixels in the y direction for far field targets.  The original pine targets with painted texture 

showed measurement error of ±0.25 in the x direction for near field targets and ±0.14 pixels in 

the y direction; ±1.10 pixels in the x direction and ±0.32 pixels in the y direction. 

Verification Experiment 3 showed that new texture improves under dark and light.  Measurement 

error of ±0.16 pixels in the x and y direction for near field targets and ±0.19 pixels in the x 

direction and ±0.21 pixels in the y direction for far field targets was calculated for the modified 

texture.  The original pine targets resulted in error on the order of ±0.20 in the x direction for near 

field targets and ±0.17 pixels in the y direction; ±0.22 pixels in the x direction and ±0.21 pixels in 

the y direction. 

A summary of results from Verification Experiments 2 and 3 is presented in Table A.5.  In 

general, it was found that the modified texture (a black character on a white background) 

provided a higher level of contrast than the original black painted texture.  Therefore, precision 

error under sunny and partially sunny conditions was reduced by modifying target texture.   
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A.2.5 Image Focus 

Automatic image focus can not be used during the study as it modifies the formation of the 

image.  Therefore, the camera must be in focus before testing begins.  Images out of focus are 

less sharp resulting in blurry texture and greater precision error.  This variable was difficult to 

quantify through experimentation. 

A.2.6 Patch Size 

Precision of the system is a strong function of patch size (White 2003).  As such, Verification 

Experiments 2 and 3 examined the influence of patch size under sunny and partially sunny 

conditions.  Identical target texture was used for the large and small targets.  Table A.5 present 

the results of large targets versus small targets with the same texture. 

Verification Experiment 2 showed that under sunny conditions the larger targets achieved error 

on the order of ±0.14 pixels and ±0.18 pixels for near field and far field, respectively, where as 

the smaller targets achieved near field error of ±0.14 pixels and ±0.20 pixels in the far field. 

Verification Experiment 3 showed that under partially sunny conditions the larger targets 

achieved error on the order of ±0.17 pixels and ±0.19 pixels (for near field and far field, 

respectively), where as the smaller targets achieved a near field error of ±0.16 pixels and ±0.21 

pixels in the far field. 

A.3 Accuracy Error 

Accuracy is defined as the systematic difference between a measured quantity and the true value.  

White (2003) states that non-coplanarity of the CCD [camera’s charge coupled device] and object 

planes can cause a distorted view of the object plane projected onto the CCD resulting in a loss of 

accuracy. 
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To determine how sensitive the set up to non-coplanarity (or parallax) Validation Experiment 4 

was conducted.  The experiment was conducted indoors so that variation in lighting intensity 

would not be a factor.  Targets approximately 38 mm x 38 mm x 38 mm with black and white 

painted texture were placed on the ground at 1 m intervals from the Canon EOS Digital Rebel 

XTI camera (see Figure A.25).  The camera was mounted on a tripod at a height of 0.5 m above 

the ground surface and the lens was leveled using a digital level.  The camera settings used during 

this sturdy are summarized in Table A.4.   

An initial photo was taken to get the position of the targets.   A load was the applied to the top of 

the camera lens.  A photo was taken with the load applied.  The load was released and the process 

was repeated.  Thirteen trials were conducted.   

Figure A.26 presents the y displacement calculated from the target located 12 m from the camera.  

Figure A.27 presents the change in y displacement of target 10 measured relative to the y 

displacement of target 12.  Figure A.28 presents the average change in y displacement measured 

from target 12 for targets located between 6 and 11 m from the camera for all trials.  Additionally, 

the standard deviation is presented.  

Verification Experiment 4 showed that targets located 6 m from the camera appeared to move -

0.08 pixels, where as targets located 11 m from the camera appeared to move -0.03 pixels.  The 

trend was such that the error associated with parallaxes decreased with distance from the camera, 

as expected.  Therefore, it can be concluded that accuracy error due to parallaxes at this distances 

exists, however because the area of interest for the study is located between 11 m and 15 m from 

the camera, these effects are negligible. 

A.4 Optimum Camera Set-Up 

From the results of the aforementioned Verification Experiments, confidence in the performance 

of PIV for the purpose of measuring ground displacements due to pipe bursting was gained.  As 
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such an additional study was conducted to determine the optimum camera set-up for viewing the 

maximum number of targets, as well as to evaluate time averaging techniques to gain further 

precision in measurements.   

A.4.1 Verification Experiment 5 

Five Canon EOS Digital Rebel XTi cameras were set-up outdoors on a generally flat-lying sand 

and gravel surface.  Each camera was positioned at a different height from the ground surface and 

lens angle (see summary in Table A.7).  The height of the camera was measured from the ground 

surface to the base of the camera using a tape measure.  Camera angle was measured using a 

digital level placed in line with the lens.  The camera settings used during the verification 

experiment are summarized in Table A.8. 

A series of targets were set-up parallel to the cameras at a distance of 9 m from the cameras (see 

Figure A.29).  Numbered blocks were placed at 0.5 m, 0.7 m and 0.9 m on either side of the 

centerline.  Key blocks marked with black dots were placed at 1.5 m on either side of the 

centerline.  At the centerline of field of view, a target fixed to an apparatus which allowed it to be 

moved along the vertical axis specific distances.  A digital read out of the vertical displacement 

was produced from a set of calipers affixed to the apparatus.  Figure A.30 presents the view from 

each camera. 

Photographs were taken at 5 second intervals over a time span of approximately 3 minutes while 

the target height remained constant.  This process was repeated for a variety of target heights.  

This range of vertical movement was determined based on laboratory test results and previous 

field monitoring experience.   

Table A.9 presents the vertical heights at which the caliper was set.  
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A.4.2 Results 

The series of photographs produced from each camera were analyzed using PIV (White, 2003).  

The caliper block and 12 individual dots on the reference board were tracked.  A patch size of 32 

pixels by 32 pixels was used for the block and a patch size 20 pixels by 20 pixels was used for the 

dots.  The targets were tracked during the entire range of photos.  All photos were referenced to 

the initial photo to calculate the displacement.  Vertical displacement alone was examined in this 

validation experiment. 

The apparent vertical movement of the reference dots was averaged for each photo; this value 

was subtracted from the vertical movement observed by the block.   This correction reduces error 

that may result from lighting changes that occur during the experiment. 

The average vertical displacement and standard deviation were taken from the corrected vertical 

movement data at each increment of vertical displacement.  Displacement values were converted 

from image space coordinates to object space (i.e. from pixels to mm) using a scale factor 

determined from the key blocks. 

The average values were plotted against the actual vertical displacement of the block (as 

measured by the caliper).  A linear regression of this data was then calculated for each camera.  

These plots are presented in Figure A.31 through Figure A.34, inclusive.  Please note that the 

geometry of Camera 3 was such that the targets were not captured within the field of view.  As 

such, no data from this camera has been presented. 

Additionally, a sensitivity analysis was conducted on how the number of photos per time step 

affects the anticipated error (see Table A.10).  It was found that the error on the order of ±0.10 

mm is expected for time step of 10 photos or greater.  The precision of the results was not found 

to improve substantially with an increased number of photos beyond 10. 
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A.5 Conclusions 

The factors affecting the precision and accuracy of data collected using PIV in the field was 

studied through the aforementioned experiments.  The results of these studies; recommendations 

for an optimum field set-up conditions and parameters; as well as the expected measurement error 

was provided.  The following provides concluding statements from this work.   

• Changes in lighting intensity result in apparent movement of targets in the x and y 

directions.  The magnitude of these apparent movements can vary depending on the 

camera settings used. 

• Apparent movement can be adjusted using a stable reference target placed in the far field 

to achieve greater precision. 

• Aperture priority was found to be the best camera setting to use given the duration of the 

study and anticipated changes in lighting intensity. 

• Random black texture painted on small blocks did not produce a high enough contrast 

under the anticipated lighting conditions.  A modified texture including a white painted 

background with black character centred on the block provided better contrast resulting 

in a higher measurement precision. 

• Larger targets produced the same level of accuracy as small targets using the same 

texture.  Since smaller targets allow for a greater number of visible targets on the ground 

surface and are easier to handle, small targets were determined to be the best for the field 

study. 

• Accuracy error due to parallaxes was found to be negligible. 

• A level camera at a height of 1.0 m from ground surface resulted in clearer sight lines 

then a level camera 0.5 m above the ground.  With this height and angle combination, 
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the calculated values matched the measured displacements of a moving target such that 

an r squared value of 0.9995 was achieved. 

• Using time averaging as well as adjusting using a reference board for small targets with 

modified texture resulted in precision error of ±0.1 mm for targets at a distance of 9 m 

from the camera. 
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Table A.1:  Summary of camera settings used for Verification Experiment 1 

Setting Proof Test 1 

Exposure Program Aperture Priority 

Shutter Speed Variable 

Lens Aperture 8.0 

Focal Length 55 mm 

ISO Speed 100 

Metering Mode Pattern 
 

 

Table A.2:  Summary of camera settings used for Verification Experiment 2 

 Camera 1 Camera2 Camera 3 Camera 4 Camera 5 

Setting Auto Aperture Priority Manual Manual Manual 

Aperture - 8.0 8.0 8.0 8.0 

ISO - 100 100 200 100 

Shutter 

Speed 

- - 1/400 1/1250 1/640 
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Table A.3:  Summary of camera settings used for Verification Experiment 3 

 Camera 1 Camera2 Camera 3 Camera 4 Camera 5 

Setting Auto Aperture Priority Manual Manual Manual 

Aperture - 8.0 8.0 8.0 8.0 

ISO - 100 100 200 100 

Shutter 

Speed 

- - 1/400 1/800 1/640 

 

 

Table A.4:  Adjusted x and y displacements for Verification Experiment 2 and 3 

Adjusted 

Displacement (pixels) 

C1 C2 C3 C4 C5 

Verification Experiment 2    

  dx  

   dy 

 

0.15 ± 0.16 

-0.01 ± 0.19 

 

0.12 ± 0.14 

-0.09 ± 0.13

 

0.16 ± 0.15 

0.02 ± 0.13 

 

0.21 ± 0.21 

0.07 ± 0.13 

 

0.18 ± 0.15 

0.12 ± 0.13 

Verification Experiment 3 

   dx 

   dy 

 

0.16 ± 0.16 

0.01 ± 0.17 

 

0.14 ± 0.17 

-0.13 ± 0.14

 

0.27 ± 0.22 

-0.19 ± 0.17 

 

0.18 ± 0.33 

-0.21 ± 0.20 

 

0 ± 0.13 

0 ± 0.12 
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Table A.5:  Summary of results for different types of target texture and size under sunny 

and partially cloudy conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Corrected 

Displacement (pixels) 

Original 

Texture 

Modified 

Texture 

Large Modified 

Texture 

Near Field 

   dx 

   dy 

 

-0.03 ± 0.25 

-0.12 ± 0. 14 

 

0.03 ± 0.14 

-0.11 ± 0.14 

 

0.12 ± 0.14 

-0.09 ± 0.13 

V
er

ifi
ca

tio
n 

E
xp

er
im

en
t 2

 

Far Field 

   dx 

   dy  

 

0.10 ± 1.10 

-0.14 ± 0.32 

 

-0.04 ± 0.17 

-0.05 ± 0.20 

 

0.07 ± 0.16 

-0.06 ± 0.18 

Near Field 

   dx 

   dy 

 

0.12 ± 0.20 

-0.17 ± 0.17 

 

0.11 ± 0.16 

-0.18 ± 0.16 

 

0.14 ± 0.17 

-0.13 ± 0.14 

V
er

ifi
ca

tio
n 

E
xp

er
im

en
t 3

 

Far Field 

   dx 

   dy 

 

0.13 ± 0.22 

-0.10 ± 0.21 

 

0.03 ± 0.19 

-0.14 ± 0.21 

 

0.07 ± 0.19 

-0.15 ± 0.17 
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Table A.6:  Camera settings used in Verification Experiment 4 

Setting Proof Test 3 

Exposure Program Flash Mode 

Shutter Speed 1/40 

Lens Aperture 5.6 

Focal Length 54 mm 

ISO Speed 400 

Metering Mode Pattern 

 

 

Table A.7:  Summary of camera height and angle combinations for Verification Experiment 

5 

Camera Height, m Angle, degrees 

1 0.5 0.1 

2 1.0 0 

3 1.5 0.2 

4 1.5 3.9 

5 1.5 8.0 
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Table A.8:  Camera settings used for Verification Experiment 5 

Property Value 

Exposure Program Aperture Priority 

Lens Aperture F/8 

Focal Length 55 mm 

ISO Speed 100 

Metering Mode Partial 

Image Size Large (3888 pixels by 2592 pixels) 

Image Quality Normal 

 

Table A.9:  Caliper height used for each step of Verification Experiment 5 

Step Caliper Height, mm 

1 0 

2 1.93 

3 4.95 

4 9.99 

5 15.03 

6 24.86 
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Table A.10:  Sensitivity of Error with respect to number of photos per time step 

# of Photos per Step Standard Deviation (mm) 

5 0.108 

10 0.104 

20 0.103 

30 0.105 
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Figure A.1:  Field of view for Verification Experiment 1 
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Figure A.2:  Field set-up for Verification Experiments 2 and 3 
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Figure A.3:  Typical field of view for Verification Experiments 2 and 3 
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Figure A.4:  Solar radiation intensity measured during Verification Experiment 1 

 

Figure A.5:  Displacement observed in the x-direction for Verification Experiment 1   

 

Figure A.6:  Displacement observed in the y-direction for Verification Experiment 1   
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Figure A.7:  Solar radiation intensity measured during Verification Experiment 2 

 

Figure A.8:  Displacement observed in the x-direction for Verification Experiment 2   

 

Figure A.9:  Displacement observed in the y-direction for Verification Experiment 2   
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Figure A.10:  Solar radiation intensity measured during Verification Experiment 3 

 

Figure A.11:  Displacement observed in the x-direction for Verification Experiment 3   

 

Figure A.12: Displacement observed in the y-direction for Verification Experiment 3    
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Figure A.13:  Displacement in the x-direction for Verification Experiment 2, Camera 2 

 

Figure A.14:  Displacement in the y-direction for Verification Experiment 2, Camera 2 
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Figure A.15:  Displacement in the x-direction for Verification Experiment 3, Camera 2 

 

Figure A.16:  Displacement in the y-direction for Verification Experiment 3, Camera 2 
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Figure A.17:  Adjusted displacement in the x-direction for Verification Experiment 2, 

Camera 2 

 

Figure A.18:  Adjusted displacement in the y-direction for Verification Experiment 2, 

Camera 2 
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Figure A.19:  Standard Deviation of Adjusted x displacements for Verification Experiment 

2, Camera 2 

 

Figure A.20:  Standard Deviation of Adjusted y displacements for Verification Experiment 

2, Camera 2 
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Figure A.21:  Histogram of adjusted x displacement for entire population of target, 

Verification Experiment 2, Camera 2 

 

Figure A.22:  Histogram of adjusted y displacement for entire population of target, 

Verification Experiment 2, Camera 2 
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a) 

 

b) 

 
c) 

 

d) 

 

Figure A.23:  Close up of targets used in Verification Experiment 1:  a:  near field target 

under sunny conditions; b)  far field target under sunny conditions; c)  near field target 

under cloudy conditions; d)  far field target under cloudy conditions
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a) 

 

b) 

 
c) 

 

d) 

 

Figure A.24:  Close up of small black and white targets used in Verification Experiment 3:  

a)  near field target under sunny conditions; b)  far field target under sunny conditions; c)  

near field target under cloudy conditions; d)  far field target under cloudy conditions 
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Figure A.25:  Field of view from camera for Verification Experiment 4 
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Figure A.26:  Measured displacements for Verification Experiment 4 
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Figure A.27:  Change in displacement measured at target 10 
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Figure A.28:  Average change in y displacement for Verification Experiment 4 
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Figure A.29:  Field set-up of Verification Experiment 5 
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a) b) 

 
c) d) 

 
e)  

 

Figure A.30:  Field of view for Verification Experiment 5:  a) View from Camera 1; b)  

View from Camera 2; c)  View from Camera 3; d)  View from Camera 4; e)  View from 

Camera 5 
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Figure A.31:  Linear regression analysis of Camera 1, Verification Experiment 5 
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Figure A.32:  Linear regression analysis of Camera 2, Verification Experiment 5 
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Figure A.33:  Linear regression analysis of Camera 4, Verification Experiment 5 
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Figure A.34:  Linear regression analysis of Camera 5, Verification Experiment 5 
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Appendix B 

Measurement Error Associated with Total Station Data 

B.1 Introduction 

Three dimensional deformations during pipe bursting were captured using the Lecia Geosystems 

TAC2003 precision total station sighting to reflective prisms.  Prior conducting the field work, a 

study of the accuracy and precision of this system was carried out.  The following appendix 

summaries the results of this study and provides the calculated measurement error associated with 

the total station. 

B.2 Experiment Set-Up 

For this experiment, the Lecia Geosystems TAC2003 precision total station was used to sight 

reflective prisms mounted on stabilizing bases after Lapos (2004). 

The total station was set up at a height of approximately 1.2 m above ground surface and leveled.  

Distances of 7, 9, 11 and 13 m in front of the total station were measured using a cloth tape.   

A reflective prism was placed on a smooth surface at a distance of 7 m from the total station.  

Five baseline readings were then taken.  Once complete, a metal plate having a thickness of 3.21 

± 0.05 mm was placed under the target and 5 readings were taken.  Following this, another plate 

was added underneath the prism and 5 measurements were taken.  This process was repeated for 

five height intervals.  Therefore, 5 measurements of the reflective prism were taken at the 

following height intervals:  initial baseline readings (0 mm), 3.21 mm, 6.42 mm, 9.63 mm, 12.84 

mm, 16.05 mm, and 19.27 mm.  This process was repeated at distances of 9, 11 and 13 m from 

the total station. 
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B.3 Results 

B.3.1 Accuracy 

Accuracy is defined as the systematic difference between measured quantity and the true value.  

In order to get a sense of how accurately the total station is able to measure change in height, the 

change in height calculated from the elevation measurements from the total station (dy) were 

plotted against the actual height (y) (see Figure B.1).  Data captured at each distance was used.  

Linear regression analysis of this data was preformed. 

It was found that the change in height calculated from the total station (dy) matched the actual 

change in height of the prism (y).  From the linear regression, an R2 value of 0.998 was achieved 

indicating very good agreement. 

B.3.2 Precision 

Precision is defined as the random difference between multiple measurements of the same 

quantity.  To determine how precise the total station measurements are, the actual change in 

height (y) was subtracted from the calculated change in height (dy).  The data at each distance 

was compared (see Figure B.2). 

From this data, a standard deviation of ±0.23 mm was calculated for measurements taken 7 m 

from the total station.  Standard deviation results for 9 m, 11 m, and 13 m distances were ±0.15 

mm, ±0.07 mm, and ±0.09 mm respectively. 
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Figure B.1:  Elevation change as calculated using the total station at various height intervals 
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Figure B.2:  Difference between actual and measured change in height for each distance 
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Appendix C 

Results 

The following appendix presents ground displacement data captured using digital 

photogrammetry and particle imaging velocimetry techniques (PIV) as well as using electronic 

surveying techniques for Test 1 and Test 2.  Additionally, the remaining contour plots not 

presented in the body of the text for Test 3 are included herein.   

Vertical ground displacement contours are presented over the duration of the pipe burst for each 

test, well as maximum displacement contours and settlement contours.  A comparison plot of 

maximum and residual displacement is also presented. 

Displacement profiles of vertical, transverse and longitudinal displacement are provided for a 

section located at 18.1 m along the length of the pipe.  These profiles were captured at various 

bursthead locations. 
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Figure C.1:  Contours of vertical displacement (in mm) as the bursthead (indicated by the  

triangle) advances for Test 1.  
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Figure C.1:  Continued 
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Figure C.1:  Continued 
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Figure C.1:  Continued 
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Figure C.1:  Continued 
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Figure C.1:  Continued 
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Figure C.1:  Continued 
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Figure C.1:  Continued 
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Figure C.2:  Maximum vertical displacement contours measured over the duration of Test 1 (in mm) 

 

Figure C.3:  Maximum and maximum residual vertical displacement measured for Test 1 
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Figure C.4:  Contours presenting magnitude of vertical settlement for Test 1 (in mm) 
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Figure C.5:  Vertical displacements measured using total station during Test  1 
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Figure C.6:  Transverse displacements measured using total station for Test 1 
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Figure C.7:  Longitudinal displacements measured using total station for Test 1 
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Figure C.8:  Contours of vertical displacement (in mm) as the bursthead (indicated by the  

triangle) advances for Test 2.    
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Figure C.8:  Continued 



 185

 

 

 

Figure C.8:  Continued 



 186

 

 

 

Figure C.8:  Continued 
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Figure C.8:  Continued 
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Figure C.8:  Continued 
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Figure C.8:  Continued 

Obstructed View 

Obstructed View 
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Figure C.8:  Continued 
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Figure C.8:  Continued 

 



 192

 

Figure C.9:  Maximum vertical displacement contours measured over the duration of Test 2 (in mm) 

 

Figure C.10:  Maximum and maximum residual vertical displacement measured for Test 2 



 193

 

Figure C.11:  Contours presenting magnitude of vertical settlement for Test 2 (in mm) 
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Figure C.12:  Vertical displacements measured using total station during Test  2 

x (m)

-4 -3 -2 -1 0

u 
(m

m
)

-30

-20

-10

0

10

20

30

zB = 15.2 m
zB = 16.7 m
zB = 17.5 m
zB = 18.2 m
zB = 18.9 m
zB = 19.7 m
Residual

zS = 18.1 m

 

Figure C.13:  Transverse displacements measured using total station during Test  2 
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Figure C.14:  Longitudinal displacements measured using total station during Test  2 
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Figure C.15:  Contours of vertical displacement (in mm) as the bursthead (indicated by the  

triangle) advances for Test 3.    
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Figure C.15:  Continued 
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Figure C.15:  Continued 
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Figure C.15:  Continued 
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Figure C.15:  Continued 
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Figure C.15:  Continued 
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Figure C.15:  Continued 
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Figure C.16:  Vertical displacements measured using total station for Test 3 
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Figure C.17a:  Comparison of PIV and survey results for Test 1 
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Figure C.17b:  Comparison of PIV and survey result for Test 2 
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