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ABSTRACT 
 
 

Five manhole models, three composed of brick and two composed of concrete, were 

created in the laboratory with the goal of simulating existing manholes in the field that 

have been deteriorated by stress and corrosion.  The samples were rehabilitated using 

three different liners: a plastic polyurea spray-on liner applied to a brick manhole, an 

HDPE slip liner (grouted in place) applied to a brick and concrete specimen, and a 

calcium aluminate grout applied to a brick and concrete specimen.  Each sample was 

tested under axisymmetric pressure in the hoop compression cell, simulating horizontal 

effective stresses that act on a manhole in a radially symmetric manner.  At 500 kPa, 

minimal radial deflections were observed with no notable damage to any specimen.  Each 

specimen was then tested in a diametrically opposed 2-point loading setup to test the 

manhole in bending which may be induced to on a structure in the field by surface 

activity or adjacent excavation.  The sample rehabilitated with the plastic spray-on liner 

behaved in a ductile manner, yielding at the lowest strength.  The samples rehabilitated 

with the calcium aluminate grout exhibited high peak strengths, but yielded in 

catastrophic failure at small deformations.  The samples repaired with the HDPE slip 

liner also produced high peak strengths with the grout component yielding in brittle 

failure, but residual strengths mobilized in the HDPE liner prevented total collapse of the 

samples.  Although all of the liners tested present viable rehabilitation solutions within 

the prescribed deformation limits, the HDPE slip liner is the preferred method of 

treatment solely based on considerations of strength and ductility; practical 

considerations of cost and constructability also need consideration. 
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1 GENERAL 
 
 
Vertically installed shaft pipes date back to the beginning of modern civilization, where 

the development of subsurface infrastructure to transport potable water to, and waste 

water from populated centers took shape.  These vertical shafts, commonly known today 

as manholes or maintenance holes are currently employed to retain earth and ground 

water while ultimately providing safe access to underground utility vaults that house 

sewer, telephone, electricity, storm, and gas conduits.    

 

Pipe design, which essentially can be applied to manhole design, involves the marriage of 

strength and stiffness characteristics to the anticipated burial conditions (loads and 

pressures) expected over its service timeline.  Pipe deflections, wall stresses, wall strains, 

and global buckling are all performance limits in which current design practice is 

constrained (Moore, 2000).   

 

The structural response of a pipe system is a function of the soil-structure interaction 

problem which is influenced by both the pipe’s geometry, strength, and stiffness; and the 

type, strength, and stiffness of the soil in which the pipe is housed.  The deflection of the 

structure depends on the earth pressures which act on it, but the earth pressures imparted 

on the structure partially depend on the amount of deflection incurred within it.  This 
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phenomenon is referred to as arching, and it is the reason why both the soil and the 

structure’s properties must be considered in the design.  The loads subjected to 

subsurface infrastructure, in this case manholes, are redistributed between the manhole 

and the soil.  Of the total loads that exist within the soil, only a certain proportion of the 

load reaches the manhole, while the remaining load is carried by the soil.  As a general 

rule of arching, the more flexible the buried member, the lower the load fraction it will 

attract.  For a manhole-soil system, arching would promote a sharing of loads between 

the soil and the pipe depending on the relative stiffness of each component.  Depending 

on the resulting load redistribution, arching can be classified as neutral, positive, or 

negative.  Neutral arching occurs in a scenario where the manhole exhibits the same 

compressive stiffness as the soil it replaces.  In this case, the stresses passed onto the pipe 

at the pipe/soil boundary, often referred to as the effective contact pressure, are equal to 

the ambient stresses in the soil surrounding the pipe.  Neutral arching however does not 

commonly occur, as the majority of the time structures beneath the earth are more or less 

stiff than the mass of soil they replace.  For a manhole that is stiffer than the soil it 

replaces, the effective contact pressure is higher than the pressure applied to the soil 

surrounding the pipe.  This condition of the pipe attracting loads from the soil is known 

as negative arching.  Conversely, if the stiffness of the pipe is lower than the mass of soil 

surrounding the pipe, then the effective contact pressure will be less than the pressure 

applied to the surrounding soil, and the pipe sheds load to the soil creating positive 

arching.  Positive arching normally occurs in high-density polyethylene (HDPE) pipes 

because they are typically thin and the HDPE modulus low.  In the late sixties, Hoeg 

(1968) developed an elastic arching solution that considers the relative soil stiffness to 

that of the pipe. 
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Earth stresses which may cause buckling are critically important to take into 

consideration when designing these structures.  A flexible structure fails when 

compressive membrane forces act to reduce the flexural stiffness so that lateral 

movement is no longer resisted.  Many studies have been conducted, as listed in 

subsequent sections, which confirm that soil support in general significantly increases the 

buckling strength of buried flexible structures.  

 

1.2  MANHOLES 
 
 
Traditionally, the early manholes were made of clay and concrete, and more recently 

bricks and mortar and reinforced concrete.  Technological advances have allowed the 

design of manholes to deviate greatly from these common materials, and today, plastic 

pipes, polyethylene pipes, corrugated high density polyethylene (HDPE) pipes, and steel / 

HDPE hybrid pipes have been used in the place of their more brittle brick and concrete 

counterparts.  Polyethylene pipes are also very effective in reducing the permeability of 

the manhole, and are far more resistant to the chemical attack that these retaining 

structures are often subjected to. 

 

Although new technologies and ideas have emerged to create a less expensive and more 

durable manhole product, the overwhelming majority of maintenance holes that remain 

in-situ in North American cities are of the brick and concrete type, and are severely aged.  

Aged manholes that have lost their impermeability due to stress and corrosion are a major 

source of groundwater inflow into a treatment system, as well as a source of 

environmental degradation through infiltration into the surrounding soil.  Deteriorated 

manholes that have become structurally compromised also present a hazard to activity 
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and construction on the surface.  In the event of catastrophic failure in a manhole, large 

holes in roads can develop suddenly, and the foundations of nearby structures can be 

affected.  It is for these reasons that upkeep of these earth retaining structures is essential. 

 

1.2.1 Manhole Deterioration 
 
Manholes deteriorate for a number of reasons. The most common are age, ground water 

intrusion, corrosion from liquids and gases, dynamic traffic loads, and the freeze/thaw 

cycles in cold weather climates (ConShield, 2001).  The use of monolithic cementitious 

liners is fast becoming the preferred method of achieving long-term manhole infiltration 

and inflow (I/I) control (Perez, 1996).  This is due, in part, to recent technological 

advances in both materials and application techniques for cementitious mortars.  

 
 
Infiltration and inflow causes environmental pollution, increased treatment costs, 

surcharged lines, and overloaded treatment plants.  Manholes and other underground 

structures may account for 30 to 50 percent of a system’s infiltration (Perez,1996).  The 

leakages typically occur at manhole rings, through loose mortar and pre-cast joints, and 

around mainline and stub-out connections.  Figure 1 illustrates the average amounts of 

quantifiable inflow (I/I) occurring in the various components of a sewer collection 

network, as well as the average cost of rehabilitating each of these components.  It is thus 

possible that manhole rehabilitation represents the most cost effective solution to the 

problem.   

 

Settling and expanding soils, temperature fluctuation, cyclic ground water loading, and 

live traffic loads may cause a loss of ground support, causing stresses to build within the 
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manhole.  Over time, ground water may find its way through spalling cracks and 

weakened joints leading to further deterioration of the structure.  Fallen bricks and mortar 

can block the sewer flow and may eventually lead to collapse, which may seriously 

endanger surface activity and structures.  Sulphide-rich effluents combined with a warm, 

humid environment and long retention times create the conditions for microbiologically 

induced corrosion (MIC).  MIC is the result of an acid producing bacteria knows as 

Thiobacillus, and is the principal cause of corrosion in municipal sewer systems (Strong, 

2006).  Hydrogen sulphide enters the sewer atmosphere by volatilization and dissolves in 

the condensate on the sewer crown.  Sulfur-oxidizing bacteria then oxidize the dissolved 

H2S and other sulfur compounds to sulfuric acid, which corrodes the concrete (Okabi et 

al., 2007).  

 

1.2.2 Rehabilitation Techniques 
 
There are a wide range of rehabilitation solutions that may be effective in reinstating the 

structural integrity and impermeability of the manhole (Simicevic, 2005).  Poured-in-

place concrete liners, prefabricated fiberglass, cemetitious coatings/grouts, polymer 

coatings/grouts, sprayed on liners, cured-in-place liners, and mechanical seals/inserts are 

all currently being used to rehabilitate manholes across the United States (Odill, 1991), 

and, but more seldomly, in Canada.  The poured-in-place concrete liner is often combined 

with epoxy coating or a PVC liner for corrosion protection.  The thickness of the concrete 

liner is based on the external hydrostatic and active soil pressure around the manhole, as 

well as the traffic loading (Black & Veatch Corp., 2004). 
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A number of case studies have been reported to measure the effectiveness of these 

techniques in the field.  Trenchless technology is a coin term generally given to 

construction works that require little or no excavation in order to perform rehabilitation.  

Using ‘no-dig’ techniques, two construction crews in Massachusetts rehabilitated 83 

manholes of different sizes and construction in 140 days by grouting a gap between the 

manhole wall and PVC ribbed liner sheets, temporarily held together by steel forms 

(Struzziery and Spruch, 1997).  In Arlington Ohio, a spray-applied, fiber-reinforced 

cementitious liner material was chosen as the best combination of cost-effectiveness, ease 

of application, and long service life (Anon, 2003).  In McCandless Township, 

Pennsylvania a quick-curing substrate resurfacer was mechanically applied to the walls of 

the manhole, after which a corrosion-resistant epoxy was employed to prevent 

microbiologically induced corrosion (American City and County, 2001). 

 

The radially symmetric earth pressures that act on an existing manhole will depend on the 

burial depth, type of soil, type of structure, and the interaction between the soil and 

structure.  These pressures can best be calculated using the procedure of Hoeg (1968).  

Forst and Pitt (1997) suggest using the lateral earth pressure coefficient of the backfill 

soil to calculate the earth pressures acting on the manhole, but this neglects the soil-

structure interaction between the backfill and manhole and will underestimate the earth 

pressures acting on concrete manholes that develop from negative arching (i.e. the stiff 

structure attracts load).  The question remains as to whether the liner of a repaired 

manhole experiences any loading from the earth pressures.  In cases where additional 

loading on the structure takes place, possibly due to adjacent excavation, disturbance, 

further deterioration, or surcharge loading on the surface, which may cause further 

deformations of the existing manhole, the liner may feel the earth loading. 
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The portion of the manhole near the ground surface may also experience radially non-

symmetric earth pressures resulting from vehicle loading.  Forst and Pitt (1997) suggest 

that the capacity of the manhole under vehicle loading can be assessed by analyzing the 

manhole as an unsupported 60 degree arc with fixed ends subjected to a uniformly 

distributed radial pressure.  The approximation of a 60 degree arc was based on 

experiments on cementitious liners and has not been validated for use with other liner 

systems.  An alternate approach would be to assess the thrusts and moments experienced 

by the manhole by explicitly modeling the soil-structure interaction (e.g. non-linear 

finite-element analysis); however, there appears to be no reported allowable values of 

thrust and moment for repaired manholes.  Consequently, there is a need to identify the 

ultimate limits of a repaired manhole under bending conditions. 

 

The liner of a repaired manhole must be able to withstand the radially symmetric fluid 

pressures.  Forst and Pitt (1997) suggest that the capacity of a manhole liner to inward 

fluid pressures be estimated as a “free-standing” shell, based on the premise that the new 

liner shrinks away from the host structure after it cures.  However, this approach neglects 

the support provided by the host manhole.  An alternative is to use the solution of Glock 

(1977) that considered buckling of a liner when encased in a rigid host, but the fluid 

pressures still radially compress the liner. 

 

Customarily, deteriorated manholes have always been dug out of the ground, and 

replaced with a completely new structure.  This solution however is very time 

consuming, disruptive to the general public by means of road closures, and costly.  The 

term ‘no-dig solution’ has been coined to represent a category of sub-surface 
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infrastructure rehabilitation solutions that involve very minimal, if any, surface upheaval.  

‘No-dig’ solutions have been developed in the manhole maintenance world, and the result 

is to rehabilitate the manhole in-place.   

 

Techniques have been developed to repair manholes with new polymer liners such as: 

HDPE pipe slip liners, spiral wound steel liners, cast-in-place concrete liners, and spray-

on plastic liners.  The performance limits for these rehabilitation techniques are not well 

established however, therefore there is a need to study the structural performance of 

rehabilitated manholes. 

 

In this thesis, tests are conducted to attempt to quantify the ultimate limit state capacity of 

five rehabilitated manhole models.  Testing of this nature has not been performed to-date.  

The results are presented in this thesis with a focus on a limit state capacity for the 

samples.   

 

1.3 OBJECTIVES 
 
In general, the focus of this study is on the ultimate capacity of repaired manholes rather 

than quantifying the loads that may be anticipated under working conditions.  The 

specific objectives of the work on the rehabilitated manhole models reported in this thesis 

are to:  

• Investigate the physical response, and if possible the ultimate limit state capacity 

of different rehabilitation methods on different types of manhole models; 

• Examine local and global deformations of the sample under axisymmetric and 

non-axisymmetric loading conditions; 
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• Investigate the effect of local bending which has been found to be critical to lining 

material strength regarding tensile fractures, and local buckling; and 

• Provide insight into the feasibility of such rehabilitation practices, and the burial 

depths of the manholes in which they may be employed. 

 

1.4 METHODOLY 
 
Detailed methods and experimental procedures are outlined in Chapter 2.  The following 

describes the broad procedure followed in attaining this research objective: 

• A literature review relevant to the subject matter was conducted to summarize 

previous works, and to delineate the relevance of the results reported in this 

thesis; 

• Full scale laboratory tests were conducted employing the apparatus developed by 

Laidlaw (1999) to conduct axisymmetric tests, and an actuator and frame 

configuration to conduct non-axisymmetric two point load tests; 

• As axisymmetric pressures were applied in each test, the response of the pipe was 

measured through the use of linear potentiometers which measured diametrical 

deflections in two dimensions, and high resolution digital photography to track 

local and global deflections at specific sections throughout the pipe; 

• Parallel plate loading tests were then conducted using a test frame and actuator to 

load each manhole specimen to failure in a diametrically opposed 2-point loading 

setup.  High resolution digital photography and a linear potentiometer built into 

the actuator tracked local and global deformations while a load cell measured 

applied force; and 
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• Recommendations are given as to which are the most effective rehabilitation 

methods based on the combined results of each test. 

 

1.5 ORGANIAZATION OF THESIS 
 
This thesis is written using the manuscript format.  It begins with an abstract, followed by 

a general introductory chapter.  Manuscript Chapter 2 follows, which outlines in detail 

the methods, procedures, and results of each test.  A general concluding chapter is located 

at the end of the thesis. 

 

Chapter 2 of the thesis presents the limit states of rehabilitated manhole models.  Five full 

scale laboratory tests were first conducted within an experimental apparatus that creates 

axisymmetric stresses which simulate the stresses imparted on manhole structures under 

deep burial conditions.  Next, the ultimate bending capacity test was conducted on each 

manhole specimen using a modified two point bearing load setup.   Each specimen was 

laid on its side and compressed in a two-point loading apparatus which simulates non 

axisymmetric stresses which may be caused by point loads at the surface. Two different 

types of manholes were tested on 3 different types of rehabilitation techniques.  Test 

instrumentation included measurement of applied pressure on the soil skeleton, soil 

density measurements, applied actuator force, and pipe deflection recordings.  The results 

obtained from each test were analyzed for local and global deformation which is a critical 

performance limit for these types of structures. 
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Finally, Chapter 3 presents a summary of the experimental work undertaken.  

Conclusions are drawn from the results and recommendations are made on purposeful 

future experiments. 
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Figure 1:  Percentage of sewer network Inflow and Infiltration (Strong, 2006). 
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CHAPTER 2 
 

THE STRUCTURAL CAPACITY OF REHABILITATED 
MANHOLES 

 
 

2.1  INTRODUCTION 
 
Manholes are vertical shafts installed beneath the ground surface to provide access to 

underground sanitary and storm sewers, and valve chambers for water mains.  They 

permit entry of personnel and equipment to conduct maintenance work on underground 

services (e.g. cleaning of debris, flushing pipes, repair of pipes and valves).  Older 

manholes made of either brick and mortar or pre-cast concrete often require repair to 

suppress further deterioration, reduce groundwater infiltration, or increase the structural 

capacity.  One option is to excavate the old manhole and replace the deteriorated manhole 

with a new structure; however this may be disruptive, time consuming, and costly.  

Another option is to rehabilitate the manhole in-place.  Techniques have been developed 

to repair manholes with new polymer liners such as: slip-line, spiral wound, cast-in-place, 

and spray-on.  Successful coating of the manhole to suppress further deterioration or to 

seal leaks can normally be assessed by visual inspection.  However, current guidelines for 

manhole rehabilitation provide no guidance on ensuring the structural capacity of a 

relined manhole.  The focus of this portion of the thesis is to study the behaviour of 

repaired brick and concrete manholes when subject to static radially symmetric and non-

symmetric earth pressures. 
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Local and global deformations as well as bending capacity of rehabilitated brick and 

concrete manhole models have been investigated in this project using full-scale pipe tests 

in a hoop compression cell and a parallel plate apparatus.  The hoop cell allows for the 

examination of the behaviour of manholes under axisymmetric compression while the 

parallel plate setup allows for the examination of the behaviour of the manholes in 

bending.  Tests were conducted using five rehabilitated manhole samples that were 

designed to simulate deteriorated manholes that have undergone rehabilitation using 

different techniques. 

 

Brick and concrete manholes were chosen for study due to their abundance in the field.  

After consulting with an authority from the City of Kingston who is responsible for 

monitoring the condition of manholes in the area, simulated damage to the samples was 

chosen.  Manholes of the brick variety aimed to simulate such structures in the field that 

had undergone heavy mortar loss.   Dry bricks were stacked on top of one another and 

rehabilitated creating a situation where all of the stiffness within the structure relied on 

the liner, and the interaction of adjacent bricks.  In one sample, an intentional gap was 

created in the brick simulating real gaps that are created when mortar falls our from 

between the bricks, as seen in Figure 1.  Manholes of the concrete variety aimed to 

simulate concrete manholes in the field that exhibit longitudinal cracks (Figure 2), 

corroded areas, and pipe joint sections (Figure 3), all simulated by saw cutting, grinding 

thin, and using two different pipe sections, respectively.  It should be noted that aged 

brick and concrete manholes that have been subjected to chemical attack are in reality not 

only thinner, but may also be weakened internally due to ingress of the corrosive agent 

through cracks.  Such affects were not included in this research.   The pipe joint sections 
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were simulated by using two sections of un-reinforced concrete pipe that fit together to 

create the entire specimen. 

 

The laboratory tests conducted have some inherent differences between how the process 

occurs in the field, and how the process took place in the laboratory.  In reality, new 

manholes are installed in the ground, subjected to chemical and/or physical stresses that 

cause deterioration, and then rehabilitated in situ, all the while under stress from burial 

(Figure 4 (a)).  In the laboratory, brick and concrete manholes were first constructed to 

simulate aged structures.  Lining materials were then installed on the inner surface of 

each specimen to rehabilitate it.  The sample was then placed in the hoop compression 

cell, backfilled and subjected to axisymmetric radial stress caused by earth pressure.  

After each sample was tested in radially symmetric compression, a parallel plate bending 

test was conducted without soil to test the bending capacity of each specimen (Figure 4 

(b)). 

 

The objective of these tests is to quantify the structural response of repaired manholes 

under two idealized loading conditions: uniform radial pressure when backfilled with 

soil, and two point loading.  Radial symmetric loads simulate the loading conditions that 

commonly act at depth, while the non-symmetric loads simulate the loading conditions 

that are commonly caused by point loading due to surface activity.  
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2.2 EXPERIMENTAL DETAILS 

2.2.1  Test Apparatus 
 
Each manhole specimen was placed vertically into the steel hoop compression cell.  The 

hoop compression cell, consists of three major structural components as shown in Figure 

5:  a 19.5-mm-thick circular steel top plate, 1675mm in diameter with a 397mm diameter 

access hole; a 12.5mm thick steel cylinder, 1500mm ID with a 75mm continuous steel 

flange top and bottom; and a 19.5mm thick circular steel bottom plate, 1675mm in 

diameter.  

 

Bolted at the top and bottom of the inner wall of the main cylinder section is a gum-

rubber bladder (Figure 6 (a)).  The design and development of the hoop compression cell 

has been reported by Laidlaw (1999).  Modifications were made to the bladder for this 

work.  In order to achieve an effective seal at high pressures and to minimize the area at 

the top and bottom of the cell where the bladder did not apply radial pressure, a longer 

sheet of rubber was used to fold the bladder back against the cell wall (Figure 6 (b)).  

This greatly reduced the end effects that plagued the old design which lacked roughly 

8cm of bladder area at the immediate top and bottom of the cell.  The bladder is confined 

vertically by the steel lid and base to resist rupture from the vertical component of the 

applied air pressure, and horizontally by the soil surrounding the pipe specimen.  As air is 

pumped into the bladder, the confining soil becomes stressed, simulating axisymmetric 

horizontal effective stresses that act on a vertical pipe specimen at depth.  Friction 

between the backfill soil, and the lid and base was minimized by placing polyethylene 
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sheets lubricated with high-temperature bearing grease along the base and lid.  This 

arrangement reduces the boundary friction to less than 5° (Tognon et al., 1999).  

 

Two tests were conducted to a maximum applied bladder pressure of 700 kPa.  Following 

these tests, the maximum test pressure was restricted to 500 kPa which was limited by the 

stresses in the top plate. 

 

2.2.2 Boundary Conditions 
 
Several boundary effects were inherent in the hoop cell test apparatus.  The radial 

boundary condition entailed uniform radial pressure applied to the outer perimeter of the 

backfill soil, which in turn transfers load to the repaired manhole.  Each manhole, with 

the exception of the sample A was grouted to rigid bases, restraining radial deflections.  

This realistically simulates the bottom invert of a real manhole.  Since it is only possible 

to test a finite length in the test cell, the top boundary condition was chosen to provide no 

radial restraint (i.e. the manhole was free to deform radially inward).  This has the benefit 

of providing a known top boundary condition as it prevents the manhole from possibly 

jamming up against the lid.  This was achieved by designing each specimen such that a 4 

cm gap was left between the top of the manhole and the test cell lid.  This gap was filled 

with a 4 cm thick compressible foam ring.  The purpose of the foam ring was to enable 

the specimen to deform radial, and axially, while preventing sand from falling over and 

into the manhole.  Since axial deflections due to radial loads are small for materials like 

masonry and concrete, with small Poisson’s ratios, negligible axial deflections were 

expected.  The axial deflections of the backfill are limited by the lid.  
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2.2.3 Sample preparation 

2.2.3.1 Axisymmetric loading 
 
Five samples were created in the laboratory with the aim of simulating the bottom portion 

of manholes exhibiting different types of degradation and then repaired with different 

types of rehabilitation methods.  Three rehabilitation methods were examined: a plastic 

spray-on liner, an HDPE slip liner, and a patented high-performance concrete grout 

applied to the inner walls of the samples; the third of which are currently being used in 

real practice to rehabilitate manholes.  In choosing each rehabilitation method, an attempt 

was made to select a repair method that has not yet been used in the pipe industry, a 

repair method that has been used in the pipe industry, but not manholes, and a liner that 

has and is currently seeing widespread use.  The plastic spray-on liner was chosen 

because it has not seen any use as of yet in the pipe industry, and due to its ability to seal 

and strengthen rough surfaces, such as the interior of a damaged manhole, as well as span 

and strengthen gaps.  The HDPE slip liner was chosen because of its broad use in 

horizontal pipe liner applications, suggesting that it could also be applied as a manhole 

liner.  The calcium aluminate grout was chosen as the third repair method because it is 

currently being used in the United States as a spray applied cured-in-place grout.  

Contractors are currently using a wide variety of repair methods that include ductile 

plastic liners, as well as stiff concrete liners.  As such, the selection of liners in this thesis 

encompasses both types of liner stiffness characteristics.  The plastic spray-on liner 

consisted of a patented plastic polyurea which is currently used in the mining industry to 

contain rock-bursting, but has yet to see any application in the manhole industry.  Both 



 21

the HDPE slip liner and the high-performance concrete grout were tested on brick and 

concrete manholes, while the spray-on plastic liner was tested on a brick model only, due 

to time constraints. 

 
Each manhole model in essence represents only a portion of its true length.  The aim is to 

simulate the bottom section of a manhole with a certain diameter.  The majority of 

manholes in the field exhibit slightly larger diameters, but this dimension was limited by 

the size of the testing apparatus.  Table 1 displays key details pertaining to each sample.     

 

The first sample (A) created was a brick manhole designed to simulate extreme mortar 

loss to the point where essentially no mortar remained within the unit.  In order to 

achieve this goal, new dry bricks of the standard Ontario size (60 mm height, 102 mm 

width, 213 mm length) were stacked on top of one another in a circular manner creating a 

ring with a OD of 78 cm and an ID of 59 cm (Figure 7).  A helical gap filled by foam 

strips was created at roughly the mid-section in the specimen by using smaller bricks.  

The intent of the gap was to simulate a real gap in an existing manhole which the liner 

material would have to span and strengthen.  The rehabilitation method used on sample 

(A) was the patent pending spray-on plastic polyurea liner Rock-Web, designed by the 

company Spray on Plastics.  The liner material was applied to the sample at the 

company’s site in Guelph, Ontario.  Prior to the plastic material being applied to the 

sample, a primer fluid was sprayed on all surfaces that received the Rock-Web.   A highly 

pressurized hose carries the Rock-Web material to a gun which rapidly emits the plastic in 

fluid form.  The material was applied to a thickness of 5 mm (see Table 2 for detailed 

measurement) (Appendix B - Figures B1 and B2).  Upon contact with the primer the 

Rock-Web solidifies onto the walls creating a stiff cover (Figure 8) (See Appendix A for 
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physical properties).  It should be noted that due to the porous nature of this material, it is 

not able to seal against fluids. 

 
 
The second sample created (B) aimed to simulate a deteriorated brick manhole exhibiting 

extreme mortar loss as well.  As such, this model was used to test for static structural 

capacity.  Dry bricks of the Ontario standard were again stacked to create the model 

which had an OD of 71.5 cm and an ID of 51 cm.  The rehabilitation method for sample 

(B) employed an HDPE pipe slip liner (Figure 9) which exhibited an average ID of 50 cm 

and wall thickness of 2.6 cm (DR 21).  A concrete well tile lid was used as the foundation 

for the manhole model.   The sample was created again by stacking dry bricks one level 

at a time (Figure 10) surrounding the slip liner, while the gap between the liner and the 

bricks was filled with Sika Grout 212 (See Appendix A for physical properties).  The 

grout, which was mixed to the desired consistency of non-viscous enough to pour into a 

10 mm gap, but viscous enough not to run out through 5 mm gaps, was poured into the 

gap between the liner and bricks.  The average thickness of the grouted gap was 27 mm.  

Table 2 outlines the thickness details.  There was no intentional gap left in this bricks of 

this sample because the grout would have filled in the gap.  The same applies to sample 

E.  

 
 
The goal of the third sample (C) was again to test the structural integrity of a manhole 

rehabilitated using an HDPE slip liner of the same dimensions as sample B, but in a new 

concrete sample.  In an attempt to simulate a deteriorated concrete manhole, two sections 

un-reinforced concrete pipe used for well tile were stacked on top of one another (Figure 

11).  Each well tile, had an OD of 76 cm and an ID of 62 cm.  Use of an un-reinforced 

concrete pipe simulates extreme reinforcement corrosion.  Three vertical spalling cracks, 
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10 mm wide, were cut with a concrete saw, simulating the spalling cracks experienced by 

manholes in the field.  Also, two areas where the walls have been ground thinner by 20 

mm, simulate chemical attack (Appendix B Figures B3 and B4).  The concrete host was 

then assembled around the HDPE slip liner, after which the gap between the slip liner and 

the concrete was filled with Sika Grout 212 (Figure 12).  The grout was again poured into 

the gap, with a similar consistency as in sample B.  The average thickness of the gap 

between the liner and the concrete was 35 mm.  Table 2 outlines the thickness details.   

 

The fourth sample (D) utilized a calcium aluminate cement grout liner supplied by 

Kerneos Inc. (See Appendix A for chemical and physical properties), and was composed 

of the same manhole host material as sample (C), un-reinforced concrete (Figure 11).  

Figure 13 shows a section view of the specimen.  Simulated damage to the manhole was 

similar to the damage induced to sample (C); spalling cracks and corroded areas. The 

parging was applied to the walls up to a thickness of 11.2 mm.  Table 2 outlines the 

thickness details.  The grout was mixed using the specified ratios, and applied by hand as 

recommended by the manufacturer.   

 

The fifth sample (E) tested reverted back to the brick manhole model.  The specimen was 

created in a similar manner to the previous brick samples; by stacking dry bricks of the 

same dimensions in a circular geometry on top of a circular foundation, aiming to imitate 

a brick manhole in the field that has undergone heavy mortar loss (Figure 9).  The 

specimen had an OD of 71.5 cm and and ID of 51 cm.   This specimen was prepared to 

test earth pressures on the lining material.  The rehabilitation material employed on 

sample (E) was the patented high-performance calcium aluminate cement mix (Figure 

14) (See Appendix A for chemical and physical properties) supplied by Kerneos Inc.  
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This material was applied by hand with a trowel to the inner walls of the manhole and 

across the top of the concrete foundation disc, upon which the bricks sit.  The average 

thickness of the parging was 16.8 mm.  Table 2 outlines the thickness details. 

 

2.2.3.2 Parallel Plate Loading 
 
After each sample was tested in the hoop cell under axisymmetric loading simulating 

deep burial conditions in the field, parallel-plate testing imparting two-point loading was 

conducted.   

 

A second procedure was used to establish strength parameters within each sample.  A test 

frame was assembled, upon which a 100 kN actuator was installed (Figure 15).  The 

three-edge-bearing method of loading as prescribed the ASTM Standard C 497 was 

modified slightly.  Instead of being cradled at the base by two parallel longitudinal strips 

of wood, a leveled concrete bed was grouted to the base of the manhole, which sat 

directly on top of the 15x15 cm hard-wood block that spanned the length of the specimen.  

A second modification from the ASTM Standard C 497 was made at the top of the 

sample.  Due to spacing issues, and the fact that negligible deflection was expected in a 

15x15 cm hard-wood block under compression at these forces, the second hard-wood 

block at the top of the sample was only separated from the actuator by a 1 cm thick steel 

plate, as opposed to an I-beam.  Again, the wood block sat on top of a second concrete 

bed that was grouted to the top of the manhole as well as the base.  The concrete beds 

served to provide level surfaces to apply force to the irregular outer surface of the 

manhole.  The 100 kN actuator applied a load to the centre of the steel plate, which 
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transferred load to a hard-wood block, which in turn transferred load throughout the 

length of the specimen.  An identical hard-wood block supported each sample at the base.  

 

In order to make each manhole more manageable, and to attempt to preserve half the 

sample for testing in the future, each manhole model was laid on its side and cut in half 

with a concrete saw.  Although the ASTM C 497 standard did not require it, the aim was 

to cut each sample such that they all had length to diameter ratios close to 1.  Success was 

achieved for all samples with the exception of sample E.  During the cutting process it 

cracked off into several small pieces, of which the largest one was tested.  Table 3 

outlines the geometric details of each sample. 

 

In order to ensure that an even force was distributed along the uneven outer surface of 

each manhole, a smooth, leveled concrete bed was grouted to the outer wall of each 

specimen where the upper and lower bearings made contact (Appendix B - Figure B5).  

In order to ensure that the grout did not fill the crevices between the bricks, which in turn 

would strengthen the manhole, insulating foam was used to fill the crevices (Appendix B 

- Figure B6). 

 

2.2.4 Backfill 
 
The backfill material placed around each manhole specimen was synthetic olivine sand; a 

poorly graded material (Unified soil classification – SP) with a mean grain size of 0.5 

mm, a uniformity co-efficient Cu of 1.46, a curvature co-efficient Cc of 0.94, and an angle 

of internal friction of 44°, (Lapos and Moore 2002).  Minimum and maximum dry 

densities of the sand, as measured in the laboratory are 1.27 g/cm3, and 1.61 g/cm3, 
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respectively.  The olivine was backfilled into the cell using 15 cm lifts, each compacted 

to an average density of 1.45 g/cm3 and water content of 2%. 

2.2.5 Instrumentation 
 
High powered digital photography was used to capture images which were analyzed to 

quantify the radial and circumferential displacements of each sample.  Targets spanning 

the inner circumference of each sample at multiple sections were used as points of 

reference for the digital camera.  The targets consisted of strips of foam cut into 1-2 cm 

long pieces and glued to the inner circumference of the specimen at different sections.  

Photographs captured several times a minute during load increment changes were later 

compared against each other using the software program Matlab, and the image based 

deformation software program, geoPIV (White et al., 2003) to locate and quantify very 

small deformations in the pipe wall.  With the distances between the camera and the 

manhole targets in each test, the maximum error of displacement attained using this 

method ranged from 0.02-0.04 mm.  In conjunction with the camera targets, two linear 

potentiometers (LP) (Model TRS-100) were installed perpendicular to each other to 

physically quantify diameter changes in every sample with the exception of model (A) 

because high deformation were expected in this sample relative to the other samples.   

The error observed in the LPs was +/- 0.03 mm.   

 

Sample (A) was rehabilitated through the application of a plastic spray-on liner and was 

equipped with three circumferential ring targets, equally spaced through the length of the 

specimen as shown in Figure (7).  Sample (B) utilized two linear potentiometers, as well 

as camera targets to measure deformations.  The LPs were installed perpendicularly at 

mid-height within the manhole, while two rings of camera targets spanning the 
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circumference of the manhole were installed above the LPs as shown in Figure 9.  

Sample (C) was also equipped with two target rings and two LPs.  The target rings again 

tracked circumferential deformations in two planes while the LPs measured radial 

deflections in two locations at 90° to each other, as shown in Figure (11).  Displacements 

in sample (D) were again measured using camera targets spanning two circumferential 

planes and two perpendicularly installed LPs as shown in Figure 11.  Sample (E) was also 

equipped with circumferential camera target rings and two perpendicular LPs (Figure 9).   

 

2.2.6 Test Conditions 
 
Each manhole sample was loaded in a stepped axis-symmetric compression load 

increment of 50 kPa every 30 minutes up to a maximum load of 500 kPa, except sample 

A which was loaded up to 700 kPa.  In two-point loading, each sample was loaded up to 

failure at a rate of 1 mm/minute.    

 
 

2.3  RESULTS  

3.1  Radially Symmetric Earth Pressures 
 
The results from five laboratory experiments conducted to measure the physical response 

of rehabilitated manholes under radially symmetric earth pressures are presented in this 

section.  Images of the interior wall of the manhole at the initial and maximum applied 

pressure are given, the progression of deformation is displayed, and the maximum 

diameter changes are reported for each test.  Table 4 outlines the maximum diameter 

changes in each specimen. 

 



 28

2.3.1.1 Sample A 
 
The results from the test with the spray-on plastic liner are reported in the following 

statement.  Figure 16 shows the camera images at: (a) the initial pressure and (b) the 

maximum pressure (700 kPa).  The sample did not deform consistently along its length, 

possibly attributed the slightly differing placement and orientation of the bricks.  The 

maximum deformation occurred at the bottom ring of targets by a factor of 2 and 1.5 

compared to the top ring and centre ring respectively (Figure 17).  Figure 18 shows the 

progression of the deformation in the bottom ring as pressure increases.  These 

deformations are magnified by a factor of 10 to highlight the movement.  This figure 

shows that the original manhole was not perfectly circular (slightly elliptical) and that the 

maximum diameter changes occurred in the small axis of the ellipse.  This highlights the 

importance of initial geometry, as it can lead to non-symmetric deflections.  This trend 

was observed in all three target rings.  A southward translation relative to the coordinate 

system in Figure 18 of the entire manhole itself occurred with a magnitude of 2-3 mm. 

 

The maximum diameter change was recorded in the bottom ring to be 18 mm at the peak 

radial pressure of 700 kPa.  Figure 19 shows the slope of the diameter change with 

pressure to be relatively constant throughout the entire loading scheme indicating that 

yielding did not occur.  Figure 20 shows a polar plot of the diameter changes around the 

specimen in the plane of maximum diameter change (bottom ring).  Positive values in the 

graph represent diameter decreases.  The location of the helical gap created in the sample 

to simulate a gap that the liner material would have to span and strengthen showed no 

discernable correlation to the magnitude of deformation. 
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With the magnitude of the deformations observed, it is likely that the structure behaved in 

a stable manner with no notable damage occurring.  Two distinct audio sounds however 

did emanate from the apparatus.  The noise sounded like steel under stress, and was likely 

related to the small deformations that occurred in the hoop cell at 400 kPa and higher.  

The second noise heard during the test, around 300 kPa, sounded like bricks interacting 

with each other.  This sound is attributed to the movement of adjacent bricks as the stress 

increased, and may explain the slight undulation in the slope of Figure 19 at 400 kPa. 

 
The initial geometry of sample A affected the characteristics of the deformation.  The 

initial shape of the specimen was not perfectly circular, and since the bricks represent 

rigid objects rotating at points that produce local strains, distortions were related to the 

placement of the bricks.  Axisymmetric loading caused the oval to become more 

accentuated and the non-circular progression of deformation caused flexure in the system.  

This flexure caused localized areas where maximum tensile stresses were built up in the 

liner, causing tensile strains.  The maximum tensile strains were formed at the boundary 

between the bricks and the liner at the Northwest and Southeast quadrants of the interior 

wall as seen in Figure 16 (North represents the top of the image). 

 

2.3.1.2 Sample B 
 
The second specimen was a brick manhole rehabilitated using the HDPE liner.  Figure 21 

shows the camera images at: (a) the initial pressure and (b) the maximum pressure.   

Deformations were tracked in the form of radial circumferential deformation in two 

planes, and radial point deformation in two perpendicular locations. 
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The progression of the manhole deformation with pressure is shown in Figure 22.  The 

orientation of the LPs seen in Figure 21 is the same as shown in Figure 22.  Translation 

of 0.7 mm to the East side in the image, relative to the coordinate system in the figure, 

occurred on the entire pipe at the maximum pressure of 500 kPa, overshadowing actual 

diameter changes.  The manhole model behaved as a stiff concrete pipe.  However, it is 

interesting to note that the original shape of the HDPE liner was not circular and from 

150 kPa to 200 kPa, under close examination it may be possible to see that the sample’s 

circumferential imperfections were being accentuated, although on a scale of one fifth of 

a millimeter or less. 

 

LP measurements against pressure show that, other than the initial data, a constant rate of 

deformation took place throughout the loading scheme (Figure 23).  Maximum and 

minimum radial deformations of 0.5 mm and 0.4 mm were recorded on the Lower and 

Upper LPs respectively.  Figure 24 shows a polar plot of the diameter changes around the 

specimen.  The diameter changes in this figure differ by up to 0.3mm with the 

measurements made with the LPs, suggesting that deformation variations exist 

throughout the length of the specimen.  This variation may be attributed to lengthwise 

imperfections in the sample such as grout thickness between the bricks and the HDPE 

liner, and brick placement. 

 

Since negligible deformations took place under the maximum load of 500 kPa, the 

structure behaved in a stable manner with very small deflection.  One distinct audio 

sound emanated from the apparatus.  The noise sounded like steel under stress, and was 

likely related to the small deformations that occurred in the hoop cell at 400 kPa and 

higher.  
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2.3.1.3 Sample C 
 
The third sample consisted of a concrete manhole rehabilitated using the HDPE liner.   

Figure 25 shows the camera images at: (a) the initial pressure and (b) the maximum 

pressure.  The concrete specimen behaved in a stiff manner under the subjected loads.  

Translation was the governing motion tracked by the camera at pressures above 250 kPa.  

Total translation to the North-East in the image was 2-3 mm at the maximum pressure.  

Maximum and minimum radial contractions of 0.32 mm and 0.03 mm were recorded by 

the LPs.   

 

Figure 26 magnified by a factor of 50 and Figure 27 highlights the deformation and data 

respectively.  The orientation of the LPs seen in Figure 25 is identical to their orientation 

in Figure 26.  Figure 28 shows a polar plot of the diameter changes around the specimen.  

The circumferential deformations show no correlation to the artificial spalling cracks 

created in the existing manhole.  The diameter changes in this figure differ from the 

measurements made with the LPs up to 0.4mm, indicating that deformation variations 

exist throughout the length of the specimen.  This was expected given that the LPs were 

installed in the lower half of the manhole, separating them by the connection joint of the 

two manhole sections from the camera targets which were installed in the upper half of 

the manhole.  The maximum diameter change in this specimen was 0.7mm 

 

Under this magnitude of radial deformation, the sample remained stable with no notable 

damage.  The sounds of stressing steel caused by deformations of the hoop compression 

cell were heard again.  
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2.3.1.4 Sample D 
 
The fourth sample tested consisted of a concrete host structure, rehabilitated using the 

calcium aluminate grout.  Figure 29 shows the camera images at: (a) the initial pressure 

and (b) the maximum pressure. The progression of the deformation and the translation is 

shown in Figure 30 magnified by a factor of 50.  Translations moved the sample a total of 

1-2 mm to the North relative to the coordinate system in the figure.  The orientation of 

the LPs seen in Figure 29 is the same as their orientation in Figure 30.  It is clear that 

again, translations are much greater than any diameter changes, and as such, mask any 

obvious shape changes.  However, Figure 31 displays a polar plot of the diameter 

changes around the specimen subtracting the translating motion.  The circumferential 

deformations show no correlation to the artificial spalling cracks created in existing the 

manhole.  The diameter changes in this figure differ from the LPs because the polar plot 

displays the deformations up to 300 kPa only.  However, variations at 500 kPa were 

expected nonetheless given that the LPs were installed in the lower half of the manhole, 

and separated by the connection joint of the two manhole sections from the camera 

targets which were installed in the upper half of the manhole. 

 

The concrete sample demonstrated very stiff characteristics with small radial 

deformations throughout the test.  However, upon initial stressing of the sample, up to 2.5 

mm of deflections were recorded, possibly due to the decreasing apertures of the spalling 

cracks in the concrete.  After roughly the fourth load step of 200 kPa, the deformations 

leveled off, and subsequent radial contractions were much smaller, on the order of 0.1 to 

0.5 mm.  Maximum total radial deformations of 2.5-3 mm were recorded with this 
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sample.  Small hairline cracks were visible on the outer surface of the grout liner, 

possibly caused by shrinkage of the grout as the moisture levels dropped during the 

curing process.  Please refer to Figure 32 for a plot of pressure against deformation. 

 
 
With diameter changes of this magnitude, the structure remained intact exhibiting no 

notable damage.  The sound of stressing steel caused by deformations of the hoop 

compression cell was heard. 

 
 

2.3.1.5 Sample E 
 
The final sample to be tested was a brick manhole model, rehabilitated using the calcium 

aluminate grout.  Figure 33 shows the camera images at: (a) the initial pressure and (b) 

the maximum pressure.  Figure 34 shows the motion magnified by a factor of 50.  The 

orientation of the LPs seen in Figure 33 is the same as their orientation in Figure 34.  The 

nature of the deformation and the translation of the sample indicate that again, translation 

is the governing motion.  The translation moved the specimen to the West by 2-3 mm 

relative to the coordinate system in the figure.  The brick sample demonstrated very stiff 

characteristics with small radial deformations throughout the test.  Averaged LP data to 

accommodate temporary noise recorded a maximum radial deformation of 0.34 mm 

measured by the upper LP at the ultimate pressure of 500 kPa.  Figure 35 displays a polar 

plot of the diameter changes around the specimen.  The diameter changes in this figure 

differ from the measurements made with the LPs by roughly 0.7mm, indicating that 

deformation variations exist throughout the length of the specimen.  These variations may 

be attributed to brick placement, and thickness undulations in the grout liner along the 

length of the specimen. 
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Small hairline cracks were visible on the outer wall of the liner at the crown and invert, 

although it is unclear whether or not they were attributed to the shrinkage cracks caused 

by the contraction of the grout as it cured, or radial earth stress.  Figure 36 details the 

pressure level against radial deformation.  After the initial load increment, the rate and 

magnitude at which the sample deforms remains constant throughout the entire test.  

 
 
Subjected to the applied load of 500 kPa the structure did not show any signs of weakness 

or damage.  The sound of stressing steel caused by deformations of the hoop compression 

cell was heard, as well as the sound of bricks sliding past one another as radial stresses 

increased.   

 
 

3.2 Parallel Plate (2-point loading) 
 
The results from six laboratory experiments conducted to measure the diametrically 

opposed point load bending capacity of the five rehabilitated manhole models and one 

un-reinforced concrete pipe specimen are presented in this section.  The applied actuator 

pressure, the analysis of vertical and horizontal diameter change, and the pertinent 

correlating images of the interior wall of the manhole are reported and displayed in each 

test with the exception of the plane concrete pipe; only actuator load and vertical 

deformation were recorded.  The reported actuator pressure in each case has been 

normalized by relating it to specimen length (Load P divided by Specimen length L).  
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2.3.2.1 Sample A 
 
Sample A was loaded in a diametrically opposed 2-point bending manner at the pre-

designated rate of 1 mm/minute.  Under these loading conditions, the specimen behaved 

in a ductile manner.  The load increased at a diminishing rate up to a peak strength of 9.4 

kN/m, at which point ductile yielding took place (Figure 37).  From the peak strength, the 

load decreased roughly 0.2 kN/m, producing a temporary residual strength of 9.2 kN/m, 

after which a sudden but small drop of 0.5 kN/m took place with a residual strength of 

8.7 kN/m setting in.   

 

As the actuator continued its downward compression of the specimen, sharp, temporary 

increases and decreases in the load continued, with an overall load decreasing trend up to 

the maximum actuator stroke of 90.6 mm.  The sharp anomalies in the residual strength 

are most likely due to bricks repeatedly interacting with one another in a slip/fail and 

stick process, while the tensile and bonding strength of the plastic liner continued to hold 

the bricks together.   

 

Figure 38 shows a progression of images from the actuator stroke of 0 mm, through to 

full actuator stroke, highlighting several stages of interest.  The maximum stoke image in 

Figure 38 is a photograph of the specimen at full actuator stroke.  By closely observing 

the left side of the image, it is seen that the bricks slid past one another exerting localized 

tension in the liner.  Table 5 lists the estimated stiffness of the pipe up to the peak 

strength and up to a stroke of 2mm, as well as the maximum bending moment in the 

brick/liner system.  
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It must be noted that at large actuator displacement, rotation occurred causing in-

congruency between the vertical deformation measured using the camera analysis, and 

the actual stroke measured by the LVDT of the actuator.   However, it is the relative 

horizontal vs. vertical displacement that is important, and the time in which it occurred. 

Figure 39 displays the horizontal and vertical diameter changes with force.  Observing 

this plot it appears as though vertical and horizontal displacements occurred at similar 

rates, corresponding to similar loads, but to different magnitudes.  The horizontal 

diameter change exceeded the vertical diameter change by a factor of 1.2.  This is 

possibly due to the bricks sliding past one another on the left side of the specimen in 

Figure 38 pushing the outer bricks on the horizontal flanks further to the outside.  

 

2.3.2.2 Sample B 
 
Compressed in 2 point-loading, the initial loading curve resembled that of a brittle 

structure (Figure 40).  The load increased rapidly at a fairly consistent rate, up to the peak 

strength.  Primary yielding occurred at a maximum load of 13.1 kN/m.  This peak 

coincided with the sound of loud cracking, and the appearance of two small diametrically 

opposite hairline cracks in the mortar spanning the gap between the bricks and the 

polyethylene at the crown and invert.  Further actuator stroke downward at the designated 

rate of 1mm per minute caused the sample to continue to deform, however, very minimal 

load decreases occurred for a length of 3 mm.  At roughly 420 seconds into the test, a 

second series of cracking sounds were heard accompanied by a sharp drop in the load.  

Further physical damage to the specimen was visible in the form of cracking in the grout, 

separation of bricks from the grout, and separation of grout from the polyethylene.  From 

this point forward, a residual strength of roughly 9.5 kN/m ensued as a result of the 
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polyethylene pipe providing a relatively constant resistant force as it deformed in a 

ductile manner.    The test was manually stopped at the point when the sample had 

deformed horizontally so that the bricks were coming into contact with the steel I-beams 

of the frame.  Table 5 lists the estimated pipe stiffness up to the peak strength and up to 

the stroke of 2 mm, as well as the maximum bending moment in the brick/liner system.  

 

Figure 41 shows the progression of the actuator stroke at pertinent phases of the test.  

Although hairline cracking in the grout spanning the gap between the bricks and the 

polyethylene was seen immediately after the peak strength was reached, it is not visible 

in the image (peak strength image) of Figure 41.  However in the image representing 20 

mm of deformation, the cracks have expanded, and are now more easily visible at the 

crown and invert.  The images at 20 mm stroke and at the max stroke also show the areas 

where the bricks have separated from the mortar, and where the mortar has separated 

from the polyethylene pipe at the shoulder and haunch of the right side, and at the haunch 

on the left side.   

 

Since smaller deformations occurred in this more brittle structure, rotation under axial 

compression did not significantly affect the results.  The relative horizontal versus 

vertical displacement is displayed in Figure 42.  Observing this plot it appears as though 

vertical and horizontal displacements occurred at similar rates, corresponding to similar 

loads.   
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2.3.2.3 Sample C 
 
Next to be tested in point load bending was the concrete manhole specimen, reinforced 

by a high-density polyethylene pipe slip liner.  Under diametrically opposed axial point-

loading, the sample reached its peak strength at 48.9 kN/m (Figure 43).  Since there was 

no saw cut located at the invert, where the sample failed, a high strength magnitude was 

reached.  Subsequent to the yielding of the concrete and the grout, the load dropped 

immediately to a residual strength of 8.6 kN/m.  This magnitude of residual strength 

remained due to the bending stiffness of the polyethylene slip liner.  From this point 

forward in the test, the specimen behaved in a ductile manner as the plastic pipe simply 

deformed under the load of the actuator, reaching a peak residual strength of 10.1 kN/m.  

Table 5 lists the estimated pipe stiffness up to the peak strength and up to the stroke of 2 

mm, as well as the maximum bending moment in the manhole/liner system.  

 

Large displacements took place in this specimen, however since the nature of the 

deformation did not involve components of the host liner sliding past one another, 

rotation occurred, but on a much smaller scale.  Figure 45 shows the relative vertical and 

horizontal diameter changes in sample C.  It appears as though vertical and horizontal 

displacements occurred at similar rates, corresponding to similar loads, however the 

magnitude at which these occurred corresponded to a larger vertical diameter change by a 

factor of 1.33.  This is most likely caused by the polyethylene pipe reaching it maximum 

horizontal elongation, ceasing to deform, while the vertical deformations continue.    
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2.3.2.4 Sample D 
 
Under diametrically opposed axial point-loading the sample largely behaved as a brittle 

specimen, yielding at a peak strength of 15.5 kN/m, then quickly dropping to a brief 

residual strength of 11.5 kN/m, and then finally catastrophic failure (Figure 46).  

However, more detailed inspection of the loading data reveals that three undulations in 

the load path occurred on the way to the peak strength.  At roughly 12 seconds and 50 

seconds, a temporary load decrease of 0.1 - 0.25kN was recorded, and at roughly 100 

seconds, a 1.0 kN/m drop in the load was recorded.  These temporary drops in the load 

corresponded to cracking noises.   

 

Inspection of the sample during the test showed hairline cracks (not visible in the photos) 

in the grout liner that are roughly diametrically opposed at the crown and invert.  It is 

likely that the first two load drops were caused by the formation of hairline cracks in the 

grout liner, and the third drop in the load represented yielding of the liner.  Since there 

was a saw cut located at the invert, which was also the location at which failure occurred, 

the liner withstood a peak strength of 15.5 kN/m.  Figure 47 shows four phases of the 

test.  Table 5 lists the estimated pipe stiffness up to the peak strength and up to the stroke 

of 2 mm, as well as the maximum bending moment in the manhole/liner system.  

 

Stroke displacements of such a small magnitude did not cause any notable rotation in the 

specimen.  Figure 48 shows the relative vertical and horizontal diameter changes in 

sample D.  It is clear that vertical and horizontal displacements occurred at similar rates, 

corresponding to similar loads.   
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2.3.2.5 Sample E 
 
Under load, the specimen behaved in a brittle manner as the load increased quickly up to 

a sharp peak, after which a sharp drop in the load ensued.  A small residual strength in the 

brick/liner system prevailed for a period after the peak yield preventing catastrophic 

failure.   

 

The system yielded at a maximum load of 50.1 kN/m, immediately dropping to a residual 

strength of 6.4 kN/m.  As the actuator continued to descend at the specified deformation 

rate of 1 mm per minute, the load continually dropped, as the sample deformed under its 

own weight.  The sample refused to collapse, holding a load of 2 – 5.9 kN/m through 22 

mm of stroke (Figure 49).  Table 5 lists the estimated pipe stiffness up to the peak 

strength and up to the stroke of 2 mm, as well as the maximum bending moment in the 

manhole/liner system. 

 

The sample experienced an initial brittle failure at 50.1 kN/m, but went on to hold a small 

residual load for a significant actuator stroke length, resisting total collapse.  This 

behaviour could have been caused for different reasons.  Firstly, there may have been 

tensile forces at play in the liner.  At the sample’s peak strength, failure occurred in the 

form of diametrically opposed longitudinal cracks within the calcium aluminate grout 

seen at the crown and invert in Figure 50.  However, due to the fibrous strands in the 

grout, tensile forces may have been sufficiently mobilized to prevent catastrophic failure.  

Another possibility stems from the bonding strength of the mortar to the bricks.  Due to 

the nature and the orientation of the cracks in the grout, the SewperCoat’s bonding 

strength to the bricks alone may have been sufficient to provide the residual strength 
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observed.  Finally, total collapse may have been delayed due to brick/liner interaction.  A 

combination of friction acting between bricks, bonding forces between the bricks and the 

grout, and tensile forces mobilized within the grout may have led to the long residual 

strength observed after the initial brittle failure.  

 

Figure 51 shows relative diameter changes between the horizontal expansion and the 

vertical contraction. It is clear that there was a gross over-all difference in the magnitude 

of the horizontal expansion versus the vertical contraction of the manhole due to 

deformation under its own weight.  The sample essentially cracked in half down the 

center vertical axis, and spread apart laterally without collapsing.  Horizontal changes 

were thus larger than the vertical changes by a factor of 3.8.   
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2.3.2.6 New Concrete Pipe 
 
In order to provide some baseline results from which to compare the strength of the 

rehabilitated manholes in bending, an un-reinforced concrete pipe was tested in the 

parallel plate apparatus.  The load increased up to a peak of 18.7 kN/m, after which a 

sudden drop occurred as shown in Figure 52.  A brief residual strength up to 15.8 kN/m 

ensued before total collapse at a stroke of 6.1 mm.  The overall behaviour resembles that 

of sample D’s.  The peak strengths of the two samples were similar, their residual 

strengths were similar, and the stroke at which they both collapsed was within 2mm.   

 
 

2.4  DISCUSSION 
 
When stressed under radial axisymmetric pressures in the hoop compression cell, every 

sample exhibited small deformations at 500 kPa, with the exception of sample A which 

exhibited a maximum deformation of 18 mm at 700 kPa.  However, all of the samples 

remained structurally intact with no notable damage.  All three of the liner materials 

therefore present a viable rehabilitation method under the conditions of radially 

symmetric pressures, at depths which do not impart horizontal effective stresses greater 

than 500 kPa.  The HDPE liner and the concrete grout liner may also be used to create 

fluid seals.  The specific type of plastic spray-on liner used in this study cannot act as a 

fluid seal; however, small changes can be made to the composition of the material 

transforming it into a very effective seal.  

 

If non-axisymmetric loading conditions are anticipated in-situ, the magnitude of the 

loading, and amount of deformation expected in the manhole play an important role in 



 43

deciding which rehabilitation method to select.  The plastic spray on liner (sample A) 

behaved in a ductile manner but produced the lowest peak strength, making the other two 

methods of rehabilitation stand out as more viable solutions.  The HDPE slip-liners 

(samples B and C) yielded at high peak strengths, and then went on to deform at 

relatively consistent but lower residual strengths up to high deformations.  This option 

presents the most viable rehabilitation method as it creates a stiff manhole with a high 

peak strength, but in the event of yielding and large deformation, total collapse of the 

manhole is prevented due to the relatively constant residual strengths created by the 

polyethylene liner.  The samples rehabilitated with the calcium aliminate grout (samples 

D and E) also produced high peak strengths, but yielding in the liner was soon followed 

by a sharp drop in the strength, and catastrophic failure at small displacement.  As such, 

this method presents a suitable option, only if the designer expects small manhole 

deformations.  However, if greater than 5 mm of deformation is expected, the HDPE liner 

should be used.   

 

Variability in the results is inherent for both tests, but is more sensitive in the parallel 

plate test.  Factors affecting variability include: the thickness of liner materials, the 

orientation of the bricks, the simulated damage, and initial non-uniformity.  Although 

only one of each specimen was tested, the repeatability of the results obtained for the 

HDPE liner tested under axisymmetric loading is expected to be high due to the small 

magnitude of deformations in both of the samples that were slip-lined, however further 

studies should be conducted to confirm this.  More testing should be conducted to 

confirm the repeatability of the results obtained for the spray-on liner and the grout liner 

as well. 
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The scale of the vector plots showing translations in the hoop compression cell portray an 

image of large movements, but in fact they ranged from 1-3mm, and as such did not 

adversely affect the deformation results.  The cause of translation of the samples in the 

axisymmetric hoop cell test is not easy to explain.  A possible theory may be that the non-

uniform (non-circular) shape of the specimens, combined with the finite ring of soil and 

bladder, caused slightly different contact pressures at the soil/manhole boundary, which 

in turn caused each specimen to correct for this imbalance by shifting laterally.  This 

translation behaviour is not expected to occur to real manholes in the field due to the 

‘infinite’ ring of soil condition that apply.    

 
 
The thickness of the grout in each sample appears to vary in a two-dimensional manner, 

but in fact the geometry is a more complex three-dimensional configuration, varying 

along the axis of the manhole as well.  Since each layer in the brick samples repaired with 

the HDPE liner is staggered relative to adjacent layers, the thickness of the grout is also 

staggered relative to adjacent layers.  This complex geometry may lead to cracking in the 

grout, making it necessary to consider the effects of a fractured grout layer surrounding 

the HDPE slip liner on the manhole/liner system.  
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Table 1:  Specimen details 
Specimen Existing Manhole 

Material 
Details Liner 

A Brick Bricks stacked without mortar.  Gap 
intentionally created to test liner’s ability 

to span and strengthen cracks. 

Plastic polyurea spray-
on liner 

B Brick Brick stacked without mortar, built on 
top of circular concrete disc base. 

HDPE pipe slip liner 

C Concrete Un-reinforced concrete pipe with axial 
saw cuts and areas ground thin, built on 

top of circular concrete disc base. 

HDPE pipe slip liner 

D Concrete Un-reinforced concrete pipe with axial 
saw cuts and areas ground thin, built on 

top of circular concrete disc base. 
Calcium Aluminate 

grout liner 

E Brick Brick stacked without mortar, built on 
top of circular concrete disc base. 

Calcium Aluminate 
grout liner 

 
 
 
 

Table 2:  Liner thicknesses 

θ(° clockwise from 
crown) 

Spray-on liner 
thickness (mm) 

Thickness 
of grout 
between 
brick and 
slip-liner 

(mm) 

Thickness of 
grout between 
concrete and 
slip-liner (mm) 

Thickness of 
grout-liner on 

concrete 
manhole(mm) 

Thickness 
of grout-
liner on 

brick 
manhole 

(mm) 
0 5 48 49 12 25 

22.5 4 25 47 12 9 
45 6 44 41 12 25 

67.5 4 8 41 13 8 
90 5 26 41 11 27 

112.5 5 45 40 13 7 
135 4 46 36 1 23 

157.5 6 50 38 12 9 
180 4 24 42 12 24 

202.5 5 20 41 12 5 
225 5 23 38 12 28 

247.5 4 16 30 12 11 
270 5 24 22 12 24 

292.5 4 25 18 11 13 
315 6 11 26 11 24 

337.5 5 17 29 12 15 
Mean 4.8 26.93 35.33 11.20 16.80 

Standard Deviation 0.77 13.18 8.36 2.88 8.35 
Confidence Level(95.0%) 0.43 7.30 4.63 1.60 4.62 
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Table 3:  Specimen dimensions 

  
Outside 

Diameter (cm) 

Inside 
Diameter 

(cm) 

Average 
Thickness

(cm) 
Length for Parallel 

Plate test (cm) 
Plastic spray-on liner  78 59 19 72 

Brick slip liner 80 52 28 73 
Concrete slip liner 76.2 61 15.2 67 

Concrete grout liner 76.2 61 
 

15.2 75 
Brick grout liner 71.5 51 20.5 42.5 

 New concrete pipe 76.2 61 15.2 33 
 

 
 
 
 

Table 4:  Maximum diameter changes under axisymmetric loading 

Specimen
Δ Dmax @ 500kPa 

(TopRing) (mm) 
A 18 
B 0.5 
C 0.7 
D 2.8 
E 1.1 

     
 
 
 
 

Table 5:  Two-point loading test results and calculated strength parameters 

  
Spray-on 

liner (brick) 
Slip liner 

(brick) 
Slip liner 

(concrete)
Grout liner 
(concrete) 

Grout 
liner 

(brick) 
New pipe 
(concrete) 

P/Lmax (kN/m) 9.4 13.1 48.9 15.5 50.2 18.8 
Stroke at max P/L(mm) 20.4 5.2 6.0 3.9 5.1 5.2 

Max Stroke (mm) 91 21** 99 5* 27* 6.2* 
EI 0-2mm (kN*m) 9.0 16.00 18.11 15.10 46.57 1.05 
EI 0-Peak (kN*m) 3.4 24.48 68.20 33.61 66.87 2.42 

Max Moment (0.3183Pr/L) 
(kN) 1 1.4 5.3 1.7 4.8 2 

*  collapse 
** limited by width of test frame 
 
 
 
 
 



 

 

Figure 1:  Missing mortar observed during City of Kingston manhole inspection. 
 

 

Figure 2:  Spalling cracks observed during City of Kingston manhole inspection. 
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Figure 3:  Pipe joint sections in City of Kingston manhole. 
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(a)

1. New manhole is inserted into trench.
2. Backfill is placed around the manhole causing
earth and fluid stresses to build.

3. Over time, stresses and chemical attack 
cause deterioration in the structure.

4. The structure’s inner walls are reinforced
using one of various rehabilitation method.

 
 

Figure 4 (a):  Manhole construction / rehabilitation process in the field. 
 

(b)

1. Manhole specimen is constructed,
designed to simulate a deteriorated 
structure.

2. Specimen is rehabilitated using
one of three methods studied.  

3. Hoop cell test imparts axisymmetric stresses
4. Parallel plate
test imparts bending stresses  

 
Figure 4 (b):  Manhole construction / rehabilitation process in the laboratory. 
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Figure 5:  Geometry of the hoop compression cell through section A-A modified from 
Laidlaw (1999). 
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Figure 6:  (a) Bladder configuration in hoop cell; (b) new bladder design. 
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Figure 7:  Sample A, (j) plan view; (k) open span view of showing location of camera 
targets. 
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Figure 8:  Plan view image sample A exhibiting the spray-on plastic liner. 
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Figure 9:  (1) sample B plan view; (2) sample E Plan view; (3) open span view of 
showing location of camera targets for both samples B and E. 
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Figure 10:  Plan view Image of sample B exhibiting the HDPE slip liner. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 56



 
 

a bc c

z

Cut well-tile pieces

Intentional gaps

Camera targets

Linear potentiometers

z=450mm

z=1315mm

z=0mm

z=550mm
z=650mm
z=700mm

a

bc

r
θ

Cement grout

Polyethylene slip-liner

a

bc

r
θ

Grout liner

Concrete Pipe

(1) (2)

(3)

Concrete pipe

Cut representing 
spalling crack

Cut representing
spalling crack

 
 

Figure 11:  (1) sample C plan view ; (2) sample D Plan view; (3) open span view of 
showing location of camera targets for both samples C and D. 
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Figure 12:  Plan view image of sample C exhibiting the HDPE slip Liner. 
 

 

 
 

Figure 13:  Plan view image of sample D exhibiting the calcium aluminate cement.  
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Figure 14:  Plan view image of sample E exhibiting the calcium aluminate grout. 
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Figure 15:  Parallel plate apparatus setup. 
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Photograph (i) 

 
 
 
 
 

Photograph (ii) 

 
 

Figure 16:  Photographs showing (i) initial and (ii) maximum pressure for the spray-on 
liner test (Sample A). 
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Figure 17:  Original (shaded) and final (clear) deformation images at 0 kPa and 700 kPa, 

all magnified by a factor of 10. 
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(a) 100 kPa 

 
(b) 300 kPa 

 
(c) 500 kPa 

 
(d) 700 kPa 

 
● Original Position 
○ Final Position 

 
Figure 18:  Progression of deformed shape in hoop cell compression of the plastic spray-

on liner at Z = 1000mm.  Deformations magnified by 10. 
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Figure 19:  Maximum and minimum diameter change in the plastic spray-on liner 

specimen. 
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Figure 20:  Diameter changes at various angles around the circumference of sample A at 

700 kPa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 64



Photograph (i) 

 
 
 

Photograph (ii) 

 
 

Figure 21:  Photographs showing (i) initial and (ii) maximum pressure for the brick slip 
liner test (Sample B).  N/S = upper LP, E/W  = lower LP; as seen if North is at the top of 

each image.  
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(a) 100 kPa 

 
 

(b) 200 kPa 

 
 

(c) 300 kPa 
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(d) 400 kPa 

 
 

(e) 500 kPa 

 
 

Figure 22:  Progression of deformed shape in hoop cell compression of the brick slip liner 
at Z = 450mm.  Deformations magnified by 50. Scale in pixels, 5.8pix/mm. 
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Figure 23:  Maximum diameter change (lower LP) in the brick slip-liner specimen. 
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Figure 23:  Diameter changes at various angles around the circumference of sample B at 
500 kPa. 
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Photograph (i) 

 
 
 
 
 

Photograph (ii) 

 
 

Figure 25:  Photographs showing (i) initial and (ii) maximum pressure for the concrete 
slip liner test (Sample C).  NE/SW = upper LP, NW/SE = lower LP; as seen if North is at 

the top of each image.  
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(a) 100 kPa 

 
 

(b) 200 kPa 

 
 

(c) 300 kPa 
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(d) 400 kPa 
 

 
 
 
 
 

(e) 500 kPa 

 
 

ure 26:  Progression of deformed shape in hoop cell compression of the concrete slFig ip 
liner at Z = 450mm.  Deformations magnified by 50.  Scale in pixels, 3.5pix/mm. 
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Figure 27:  Maximum diameter change (upper LP) in the concrete slip-liner specimen. 

 

 
 
 
 
 
 



 
 

Figure 28:  Diameter changes at various angles around the circumference of sample C at 
500 kPa. 
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Photograph (i) 

 
 
 

Photograph (ii) 

 
 

Figure 29:  Photographs showing (i) initial and (ii) 300 kPa pressure for the concrete 
grout liner test (Sample D).  N/S = upper LP, E/W = lower LP; as seen if North is at the 

top of each image.  
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(a) 100 kPa 

 
 

(b) 200 kPa 

 
 

(c) 300 kPa 

 
Figure 30:  Progression of deformed shape in hoop cell compression of the concrete grout 

liner at Z = 450mm.  Deformations magnified by 50.  Scale in pixels, 3.4pix/mm. 
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Figure 31:  Diameter changes at various angles around the circumference of sample D at 

300 kPa.  
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Figure 32:  Maximum diameter change (upper LP) in the concrete grout liner specimen. 
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Photograph (i) 

 
 
 

Photograph (ii) 

 
 

Figure 33:  Photographs showing (i) initial and (ii) maximum pressure for the brick grout 
liner test (Sample E).  NW/SE = upper LP, NE/SW = lower LP; as seen if North is at the 

top of each image.  
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(a) 100 kPa 

 
 

(a) 200 kPa 

 
 

(b) 300 kPa 
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(c) 400 kPa 

 
 
 
 
 
 

(d) 500 kPa 

 
Figure 34:  Progression of deformed shape in hoop cell compression of the brick grout 

liner at Z = 450mm.  Deformations magnified by 50.  Scale in pixels, 4.2pix/mm. 
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Figure 35:  Diameter changes at various angles around the circumference E at 500 kPa. 
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Figure 36:  Maximum diameter change (upper LP) in the brick grout liner specimen. 
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Figure 37:  Sample A loading curve. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 84



Sample A 

               
Initial                         
 

              
Stroke = 2 mm       No Magnification 
 

              
Peak strength (stroke = 18 mm)                   No Magnification 
 

              
Max stroke = 90 m                           No Magnification 
 

Figure 38:  Sample A deformation progression.  Scale in pixels, 2.1pix/mm. 
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Figure 39:  Sample A horizontal and vertical diameter changes.   

 
 
 
 

Stroke k (mm)

0 5 10 15 20 25

Lo
ad

 P
 / 

Le
ng

th
 L

 (k
N

/m
)

0

20

40

60

 
Figure 40:  Sample B loading curve. 
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Sample B 

                
Initial         
 

                
Stroke = 2 mm       0 Magnification 
 

               
Peak strength (stroke = 4.9 mm)                  x10 Magnification 
 

               
Stroke = 15 mm                x10 Magnification 
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Max stroke = 20.9 mm     x5 Magnification 
 
 

Figure 41:  Sample B deformation progression.  Scale in pixels, 2.1pix/mm. 
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Figure 42:  Sample B horizontal and vertical diameter changes. 
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Figure 43:  Loading curve pertaining to sample C. 
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Sample C 

                
Initial 
 

                    
Max stroke = 2 mm                  x10 Magnification 
 

               
Peak strength (stroke =6 mm)         x10 Magnification 
 

               
Stroke = 20mm                x10 Magnification 
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Max Stroke = 98 mm       x3 Magnification 
 

Figure 44:  Sample C deformation progression.  Scale in pixels, 2.0pix/mm. 
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Figure 45:  Sample C horizontal and vertical diameter changes. 
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Figure 46:  Sample D loading curve. 
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Sample D 

               
Initial 
 

               
Stroke = 2 mm            x50 Magnification 
 

               
Peak strength (stroke =  3.8 mm)          x50 Magnification 
 

             Camera cannot track sudden failure. 
Max stroke (stroke = 4.7 mm) 
 

Figure 47:  Sample D deformation progression.  Scale in pixels, 1.8pix/mm. 
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Figure 48:  Sample D horizontal and vertical diameter changes. 
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Figure 49:  Sample E loading curve. 
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Sample E 

                 
Initial 
 

                 
Stroke = 2 mm              x20 Magnification 
 

                 
Peak strength (stroke = 5.1 mm)         x20 Magnification 
 

                 
Stroke = 20mm              x5 Magnification 
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                  Camera cannot track sudden failure.          
Max stroke = 27 mm 
 

Figure 50:  Sample E deformation progression.  Scale in pixels, 1.8pix/mm. 
 

 
 
 

Load P / Length L (kN/m)
0 10 20 30 40 50 60

D
ia

m
et

er
 c

ha
ng

e 
ΔD

 (m
m

)

-40

-20

0

20

40

60

80

100

120

Horizontal diameter change
Vertical diameter change

 
Figure 51: Sample E horizontal and vertical diameter changes. 
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Figure 52:  Loading curve of the new un-reinforced, un-rehabilitated concrete pipe. 
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CHAPTER 3 
 

SUMMARY AND CONCLUSIONS 
 

 

3.1 INTRODUCTION 
 

We are reaching a time in history when the core construction of our cities in North 

America took place over 100 years ago.  Infrastructure in these areas of every-sort is 

ageing, making its rehabilitation imperative for the safety of the public, and the economic 

functioning of our urban areas.  Subsurface infrastructure is not excluded from the 

problem and as such, the rehabilitation of it has become a growing topic of study.  

Rehabilitation of the existing structures beneath the surface is becoming an option 

because it is less disruptive to surface activity and more cost effective. 

 
Manholes are part of the subsurface infrastructure network underlying our cities.  They 

play a key role in providing access to other infrastructure below ground as well as a wide 

variety of utilities.  While manholes are often the forgotten part of the system, keeping 

them in good repair may be the most cost effective way to keep waste water from being 

released into the environment through infiltration, and preventing overloading in sewage 

lines and treatments plants from inflow.   

 

The rehabilitation of existing manholes is becoming more popular in municipalities 

across the United States, and is emerging in Canada.  Contractors are using poured-in-

place concrete liners, prefabricated fiberglass, cementitious coatings/grouts, polymer 

coatings/grouts, slip-liners, sprayed on liners, cured-in-place liners, and mechanical 
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seals/inserts to reinforce the inner walls of existing manholes and to seal water leaks.  

Although the physical and chemical performance characteristics of these liner materials 

may be well documented, it is the performance of the existing manhole/liner system that 

is important to understand.  Very little is known about the structural and fluid capacity of 

rehabilitated manholes.   

 

The following section summarizes the research conducted and the findings reported in the 

laboratory investigation of the structural capacity of rehabilitated manholes in 

axisymmetric loading and non-axis symmetric two-point bending. Recommendations for 

further work are also given. 

 
 

3.2 LABORATORY INVESTIGATION 
 
Laboratory tests have been conducted on five full scale manhole models built to simulate 

the bottom portion of the existing structures in the field.  Three rehabilitation techniques 

were tested:  a plastic polyurea spray-on liner on an existing brick manhole (Sample A), a 

high density polyethylene slip liner on existing brick and concrete manholes (Samples B 

and C) with grout inter-layering, and a calcium-aluminate grout liner on existing concrete 

and brick manholes (Samples D and E).   

 

Each specimen was first tested under axisymmetric pressure in the hoop compression cell 

via a pressurized air bladder capable of applying loads to the soil surrounding the 

manhole up to 700 kPa for sample A and 500 kPa on samples B through E.  This permits 

evaluation of each specimen under simulated deep burial conditions in which the 
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horizontal effective stresses due to overburden loading act on the manhole in a radially 

symmetric manner.   

 

The second series of tests consisted of a two-point loading setup in which a portion of 

each sample was laid on its side and loaded vertically through diametrically opposite 

parallel plates.  This permits the evaluation of the rehabilitated manhole’s behavior to 

bending moments caused by non axisymmetric earth stresses that may arise in the field 

due to loading on the surface, or adjacent excavation.   

 

3.3 AXISYMMETRIC CAPACITY 
 
Under axisymmetric loading conditions non of the samples showed signs of yielding, 

keeping them all structurally intact.  Very small elastic deformations were measured at 

the maximum stresses of 700 kPa on sample A, and 500 kPa on Sample’s B through E.  

The maximum diameter change in sample A reached 18 mm, while diameter changes in 

samples B through E ranged from 0.5 mm to 1.1 mm.  The disparity between sample A 

and samples B though E can be attributed to two factors.  Firstly, sample A was loaded 

up to 700 kPa, while the other samples were loaded up to 500 kPa.  Secondly, the liner 

material in sample A was a ductile liner, which acted alone in strengthening the manhole, 

while the liner.  In samples B and C, the ductile HDPE liner was coupled with a stiff 

grout, and in sample D and E, the liner itself was composed of a stiff material.  In general 

all of the deformation amounts were found to be much smaller than anticipated.  Upon 

unloading, each sample with the exception of sample D which exhibited a permanent 

deformation of 1-2mm, behaved in an elastic manner.  As such, no evidence of yielding 

existed after each test.  With the exception of creaking and cracking sounds emanating 
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from the test cell during the test, and a few hairline cracks in the grout of sample D, 

which were likely caused by shrinkage during curing, no evidence of damage could be 

seen at the conclusion of each test. 

 

As such, each rehabilitation method presents a viable structural enhancement solution for 

the particular manholes tested, in the particular soil tested (synthetic olivine), up to 

pressures of 500kPa in axisymmetric loading conditions.  This represents an average 

burial depth of 93 meters in conditions where fluid pressures are not present, based on a 

soil bulk density of 18 kN/m3 (for the particular manholes tested in the synthetic olivine), 

and co-efficient of lateral earth stress of 0.3. 

 

3.4 BENDING CAPACITY 
 
It was decided to conduct a second series of tests designed to impart a much higher stress 

on each specimen without the confining benefit of soil support, and to attempt to quantify 

the ultimate capacity in bending under non-axisymmetric loading conditions. A 

diametrically opposed axial point-loading test was selected and conducted on each 

sample. 

 

Under two-point loading, the relative stiffness of the manhole/liner system in each 

sample became apparent.  The plastic spray-on liner, used to rehabilitate the existing 

brick specimen (sample A) behaved in a ductile manner.  The load gradually decreased as 

the sample was loaded up to its peak strength of 9.4 kN/m, after which a residual strength 

of 8.7 kN/m remained as very considerable (>90 mm) plastic deformation ensued.  The 

brick and concrete host manholes rehabilitated using the polyethylene slip liner behaved 
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like stiff, brittle members until primary yielding occurred at 13.1 kN/m and 48.9 kN/m 

respectively.  After peak yield, each sample retained a residual strength of 9.5 kN/m and 

8.7 kN/m respectively.  The residual strength in these samples is similar because it was 

attributed to the ductile resistance provided by the identical HDPE slip liners used in both 

specimens.  The concrete and brick host manholes (Samples D and E) rehabilitated using 

the calcium-aluminate grout behaved like brittle members with peak strengths of 15.5 

kN/m and 50.1 kN/m respectively.  Brief residual strength ensued at 11.5 kN/m in the 

concrete specimen before catastrophic failure occurred.  In the brick sample, a temporary 

residual strength of 6.4 kN/m was measured before dropping to roughly 2 kN/m.  At this 

point, it is thought that the sample was being held together by the interaction between the 

bricks and liner, and by the small tensile strength exhibited by the grout. 

 

3.5 ADVANTAGES AND DISADVANTAGES  
 
Although sample C was the second strongest specimen, it is the most favorable 

rehabilitation method in deep burial conditions.  The peak strength of sample E exceeded 

that of sample C’s, however, the peak strengths of samples E and D, both rehabilitated 

using the calcium aluminate grout, were vastly different raising questions about its 

reliability.  It is possible that the lower thickness of the liner in sample D played a part in 

this result. It is also possible that the liner material interacts more effectively with each 

brick creating a stronger manhole liner interaction system, compared with the concrete 

manhole where the grout effectively acts at the three specified crack locations only.  

Further studies must be done to test the repeatability to see if this theory is true.   
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A disadvantage of the plastic spray-on liner was the point at which it yielded, and the 

magnitude of its peak strength.  The plastic spray-on liner behaved in a ductile manner 

yielding at roughly 7 kN/m, and produced the smallest peak strength.  However, 

throughout the loading scheme, there was no sudden and substantial drop from the peak 

strength to the residual strength (due to its ductility), which was typically associated with 

either large and sudden deformations, or total collapse in the other specimens.   

 

An advantage associated with the HDPE slip liner revolves around the fact that the 

existing manhole and the grout filling the gap between the liner and the manhole combine 

to form a stiff structure with a high peak strength.   Another advantage is that even if 

large deformations occur, and the existing manhole/grout liner yields in brittle failure, 

residual strengths will be mobilized in the polyethylene pipe, resisting total collapse.  

This makes the HDPE slip liner the most favourable method of rehabilitation. 

 

The obvious advantage of the grout liner is that it produced the highest peak strength in 

the brick sample (sample E) however, only small deformations are tolerated before total 

catastrophic collapse of the manhole occurs. 

 

Samples A, D, and E, were repaired with liners that can be spray-applied, making them 

easier to apply, compared with an HDPE slip liner that can only be fit into manholes 

which have experienced a finite amount of deformation. 
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3.6 RECOMMENDATIONS AND FUTURE WORK 
 
Based on the scope of this research, the suitability of these methods in rehabilitating a 

manhole in need of repair depends on the extent of the damage.  In cases where moderate 

damage has been incurred in the manhole (less than that simulated in the tests), simply 

repairing the manhole using any one of the three methods would be sufficient.  For cases 

where the damage in the field is similar to the damage in the test samples, the HDPE slip-

liner method is recommended due to its high peak strength and its resilient residual 

strength capable of preventing sudden collapse.  In the event that damage to the structure 

in-situ is more severe than the damage simulated in the test specimens, a thorough 

assessment is needed, accompanied by more laboratory testing.  If it is chosen to repair 

the manhole, close and detailed monitoring of the structure is imperative.   

 

Purposeful future research in this area would investigate the structural capacity of other 

types of rehabilitation techniques such as prefabricated fiberglass liners and mechanical 

inserts, along with other types of polymer liners and cured in place grouts.  Another set of 

tests that would contribute greatly to this area of research is that of fluid loading.  Fluid 

loading itself, as well as pressurized saturated soil tests on each liner is as equally 

important as the structural capacity.  

 

Another study that would complement the work undertaken in this research would be to 

perform numerical analysis to try and delineate the working stress non-axisymmetric 

horizontal earth loads that get imparted on manholes due to point loading on the surface 
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and to estimate the bending moments induced in the structure due to these non-

axisymmetric stresses. 
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 APPENDIX A 

PHYSICAL PROPERTIES 
 
 
 

Spray On Plastics Ltd. 
TECHNICAL DATA SHEET 

 

"RockWeb SYSTEM" 
 
Spray-On Plastics’ two component, one to one ratio spray coating is a 100% solids, solvent free 
pure Polyurea for ground stabilization in hard rock mining. The unique webbing feature of 
RockWeb enables bridging of large cracks in the rock surface. 

 
PHYSICAL PROPERTIES: 
 
HARDNESS (ASTM 2240): 50 Shore D  
 
TENSILE STRENGTH (ASTM 412): 1898 psi 
 
ELONGATION (ASTM 412): 85.3% 
 
TEAR STRENGTH: (die C (ASTM D 624)) 240.3 pli / (pant leg(ASTM D 470)) 29.9 pli 
 
SERVICE TEMP RANGE: -30C TO 200C (dry )/80C (wet) 
 
CHEMICAL RESISTANCE: (ACIDS) Good, (BASES) Good 
 
 
NOTE: Rock surfaces will require application of RockWeb primer prior to application of RockWeb, 
using the same machinery. Plural component heated spray equipment providing minimum 
pressures of 2000 psi will permit applications in conditions ranging from 0 to 150 deg. F. This 
information is offered in good faith and should only be used as a guide for design requirements. 
Results may vary due to different equipment and conditions. Spray On Plastics makes no 
warranty expressed or implied of its products and shall not be liable for indirect or consequential 
damages in any event. 
 
 
 

8657 20 Side Road, RR#4 Rockwood, Ontario, Canada, N0B 2K0 
Phone: 519-856-0800 Fax: 519-856-0155 Web: www.sprayonplastics.com 
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APPENDIX B 
 

 

 
Figure B1:  Application of the plastic polyurea spray-on liner. 

 
 

 
Figure B2:  Plastic liner shortly after application to a thickness of 5mm. 
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Figure B3:  Vertical spalling cracks in the existing concrete manhole. 

 
 
 

 
Figure B4:  Area ground thin to simulate chemical attack. 

 

 111



 
 

 
Figure B5:  Concrete bed grouted to side of manhole. 

 
 
 
 

 
Figure B6:  Insulating foam fills crevices between bricks, keeping out the cement bed 

prior to grouting. 
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