
1 INTRODUCTION  

Buried pipes and conduits provide us with water, 
gas, electricity, and communications, and remove 
storm and waste-water from our communities. 
Though out of sight and largely neglected for dec-
ades, the public is now becoming aware of the need 
for engineers to replace and upgrade our increas-
ingly inadequate pipe infrastructure, Figure 1. Re-
corded here are examples of the author’s research 
over the past ten years examining the mechanics of 
buried pipes to develop better understanding of: 
i.  The stability of deteriorated structures like 

a.  Rigid pipes influenced by erosion voids, and 
b. Metal culverts experiencing corrosion;  

ii.   Pipe repair using polymer liners considering 
a.  Buckling under external fluid pressure, and 
b.  Bending induced by earth loads; 

iii. Pipe replacement using bursting resulting in 
a.  Uplift at the ground surface, and 
b.  Pulling force and disturbance to adjacent pipes; 

iv. Pipe installation using directional drilling where  
a. Axial pipe stress distributions vary with time 
b. Mud pressures are limited to prevent mud loss. 

2 DETERIORATED PIPE STRUCTURES 

The mechanics of gravity flow sewers and culverts 
has been well explained in the twentieth century, 
with contributions on rigid (e.g Marston and Ander-
son, 1913) and flexible (e.g. Spangler, 1956) struc-

tures, and rational analyses developed since the 
1960’s that explain how pipe stiffness relative to the 
surrounding ground influences the stability limit 
states (e.g. Hoeg, 1968). While there might seem lit-
tle need for further research, the processes by which 
the stability of pipes change over time are only now 
being studied (e.g. Tan and Moore, 2007; El Taher 
and Moore, 2008), considering the roles of pipe de-
terioration (fractures in rigid structures, Figure 1a, 
and corrosion of flexible metal structures, Figure 
1b), as well as soil erosion. Figure 2a shows an ero-
sion void visible beside a metal culvert, developing 
after wall perforation. Similar voids develop besides 
rigid pipe structures (Spasojevic et al., 2006). 
 
Two recent studies are perhaps the first to explore 
the resulting effects on pipe stability. First, Tan and 
Moore (2007) used finite element analyses to exam-
ine the stresses within a rigid sewer pipe as voids 
grow at the springline. Figure 2b shows a typical 
mesh, with three different sized circular zones at the 
springline modeling the progress of void growth, 
Figure 2c. The geometrical feature found to domi-
nate tensile bending stresses and pipe fracture at the 
crown, invert and springlines (Figure 2b) is the angle 
of void contact α on the external pipe surface (not, 
for example, the void width).  Idealizing the frac-
tured pipe using four quadrants, Figure 3, the analy-
sis was then extended to calculate deformations (de-
creases in vertical diameter VD∆  and increases in 
horizontal diameter HD∆ ), Figure 4. 
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a. Fractured Clay Sewer in Toronto.           

 
b. Corroded metal culvert in Eastern Ontario 
Figure 1. Typical damaged structures  
 

   
a. Springline void. b. Mesh  with void contact angles 
Figure 2. Finite element analysis considering erosion voids (af-
ter Tan and Moore, 2007). 
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Figure 3. Four segment hinge mechanism for rigid pipe defor-
mation after fracturing (Moore, 2008).           
 
Following comparison with the kinematics of frac-
tured pipe deformation (Law and Moore, 2007), it 
was found that the fractured pipe responds much like 

a flexible pipe. Flexible pipe theory can therefore be 
used to estimate the fractured pipe deformations. For 
example, a pipe of internal diameter IDpipe and 
thickness tpipe has HD∆  given by 

)
2

1(6.1/
pipe

pipe

S

V
pipeH ID

t
M

IDD +≈∆
σ

               [1] 

where overburden stress σv, lateral earth pressure ra-
tio K, constrained modulus Ms and Poisson’s ratio of 
the soil νs all influence the response, and the expres-
sion 1.6 is based on K =0.45, and νs=0.3. Other 
combinations of K and νs result in values ranging 
from 1.4 to 1.7. The kinematics of pipe deformation 
can then be used to provide a relationship between 
changes in vertical and horizontal diameters: 
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for pipe with outer diameter ODpipe Finite element 
analyses of fractured pipe deformations have also 
been conducted examining the increase in pipe de-
formations as erosion voids like those seen in Figure 
2b develop at the springlines. These calculations are 
being used to interpret soil condition from pipe ge-
ometry visible in Closed Circuit Television images 
obtained during sewer inspections, Moore (2008).   
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Figure 4. Fractured pipe deformation versus overburden (finite 
element analysis and flexible pipe theory), Moore (2008). 

 
Finite element studies of corroded metal culvert sta-
bility have recently been reported by El Taher and 
Moore (2008). Corrugated metal culverts of three 
different diameters have been considered, each com-
posed of 152mm x 52mm corrugated steel plate, 
Figure 5a. Initial pipe thicknesses satisfy current 
North American design requirements defined by 
AASHTO. Reductions in wall thickness are mod-
elled with three different angles of uniform thickness 
steel loss across the invert, Figure 5b.  
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a. Geometry of the circular metal culverts  
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thickness reduction due to corrosion 

   original design thickness 

 
b. Extent of uniform wall loss across the invert 
Figure 5.   Deteriorated culvert problems considered by El Ta-
her and Moore (2008). 
 
Figure 6 presents changes in factor of safety against 
yield at the junction between the corroded and un-
corroded sections (where thrust in the corroded sec-
tion is greatest) as a function of the amount of plate 
thickness that remains. The governing factor of 
safety is the lesser of this and the factor of safety at 
the location of maximum thrust (the springline). For 
all cases considered, the factor of safety just below 
the junction decreases linearly with wall thickness. 
This reflects the fact that the hoop thrusts in the 
structure barely change as the wall corrodes (the 
culvert is already flexible in bending compared with 
the surrounding soil and wall loss has no significant 
effect on arching, i.e. the maximum compressive 
thrust). 
 
Figure 7 summarizes the effect of corrosion on cul-
vert buckling strength. These indicate that there is 
little change in resistance to buckling until less than 
half of the thickness remains. After that point, stabil-
ity reductions accelerate. As expected, reductions in 
buckling strength are greater for the case where wall 

thickness loss extends from springline to springline. 
However, for these culverts with good soil support, 
yield is the governing limit state.  
 
Unless the surrounding soil degrades, the increases 
in structural deformations or decreases in buckling 
strength that occur are not important. Work is there-
fore underway to study the effect of soil erosion be-
side metal culverts (like that in Figure 2a) on metal 
culvert stability and serviceability.  
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Figure 6.   Reduced factor of safety for yield at the top of cor-
roded zone, El Taher and Moore (2008). 
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Figure 7. Reduced factor of safety for buckling due to corro-
sion, El Taher and Moore (2008). 

3 SEWER PIPE REPAIRS 

3.1 Liners and their performance limits  
A variety of techniques have been developed to re-
pair buried gravity flow and pressure pipes using 
polymer liners. Two liner types are illustrated in Fig-
ure 8. 
 
Two performance limits need to be considered when 
designing polymer liners within gravity flow pipes, 
as illustrated in Figure 9. First, the liner needs to be 
able to support the external fluid pressures in the 
surrounding ground without buckling, Figure 9a 
(Moore and Law, 2006; El Sawy and Moore, 1997). 
Second, the liner needs to withstand tensile bending 
strains at crown and invert as the vertical diameter of 
the fractured sewer decreases under the influence of 
the earth loading, Figure 9b (Law and Moore, 2003). 
 



     
a. Clay sewer after repair  b. Slip-lining of corroded metal cul-
vert in Northern Ontario. 
Figure 8. Damaged pipe repair using liners 
 
 

 
a. External groundwater b. Earth loading 
Figure 9. Performance limits for liners within gravity flow 
sewers, Moore (2008). 

3.2 Measurements of buckling strength, linear, and 
nonlinear buckling analyses 

Almost at the outset of liner installation to repair 
damaged sewer pipes, it was understood that exter-
nal groundwater pressure could lead to buckling of a 
shell placed within a shell. Experiments by Aggar-
wal and Cooper (1984) summarized in Figure 10 
clearly showed that the critical external water pres-
sure Pcr was significantly higher than the value for 
an unsupported circular shell placed inside that fluid, 
Levy (1884), over a practical range of diameter to 
thickness ratios D/t. For the next two decades, an 
empirical ‘enhancement factor’ of 7 was used for 
design, given that this brings the calculated buckling 
pressures up to the base of the test data (e.g. ASTM 
F1216-93).  
 
Similar buckling tests performed in North America 
subsequently raised questions about the scatter in the 
test data. The buckling of a ring within a ring is a 
nonlinear phenomenon where the shell has to con-
tract circumferentially before it can buckle. Imper-
fections become key, and the tests of Aggarwal and 
Cooper (1984) were influenced by variable sized ini-
tial gaps between the two shells caused by shrinkage 
of the polymer liner, Moore (1998). The nonlinear 
buckling solution of Glock (1977) matches the trend 

of the data (at almost a slope of 2.2 on this log-log 
plot), and does not need artificial magnitude increase 
to be close to the measured pressures, though the 
tests were performed on liners clamped at the ends 
to external cylinders with length to diameter ratio 
L/D of 4, and end effects resulted in somewhat 
higher critical pressures despite the effect of imper-
fections, Moore (1998). 
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Figure 10. Test data of Aggarwal and Cooper (1984) versus 
calculations based on linear and nonlinear buckling theory. 

3.3 Finite element analyses of buckling strength 
and design considering imperfections 

An assessment of typical sewers requiring liners and 
the characteristics of the different liner processes 
lead El Sawy and Moore (1997) to consider system-
atic and characteristic imperfections of three differ-
ent kinds (Figure 11): 

a. oval shape (where DH≠DV due to the initial 
or fractured sewer geometry) 

b. initial gap d between the external surface of 
the inner polymer shell and the inner surface 
of the rigid sewer 

c. initial waviness in the liner of amplitude ∆ 
(e.g. where the liner passes over a fracture or 
other longitudinal feature).  

 
El Sawy and Moore (1997) used nonlinear finite 
element analyses of these three different geometrical 
issues to develop reduction factors Rq, R∆, and Rd to 
aid in calculating buckling pressures. For example, 
critical pressure for close fitting liners is 
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where the liner has effective modulus Eliner, thick-
ness tliner, diameter Dliner, and Rq and R∆ are correc-
tion factors used to account for pipe ovality q de-
fined as 
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and small wavy imperfections. 
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Figure 11. Oval, gap, and wavy liner imperfections. 
 
If the liner drapes over a fractured rigid sewer at the 
invert, wavy imperfection amplitude ∆ is given by 
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where IDpipe is the internal diameter of the uncracked 
sewer. The expressions for reduction factors quanti-
fied by El Sawy and Moore (1997) 
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can then be used to estimate the magnitude of reduc-
tion in resistance to external fluid pressure (see 
Moore, 2008 for further details).  

3.4 Explanation of earth load effects and design for 
local bending 

The last decade has seen much debate concerning 
the potential effect of earth loads on liners placed 
within damaged sewers (e.g. Law and Moore, 2003). 
Influenced by the importance of buckling under ex-
ternal fluid loading, the standards have considered 
buckling resistance of the polymer liner to earth 
loads as well (in the absence of any other perform-
ance limit established as being important), and have 
used buried pipe buckling theory as though the 
structure were buried directly in the surrounding soil 
(e.g. ASTM F1216-93).  
 
Law and Moore (2003) therefore conducted tests to 
examine interaction between the liner, the old sewer, 
and the surrounding soil, Figure 12. They demon-
strated that the compressive hoop thrusts associated 
with earth loads are carried by the segments of old 
sewer (provided these remain in contact), and that it 
is not buckling under thrust but tensile stresses 
caused by local bending that need to be considered 
during design, Figure 13. Since the liner has a negli-
gible effect on the stiffness of the repaired pipe sys-

tem (deformations are primarily resisted by the sur-
rounding ground), the strains in the liner can be 
effectively calculated using the solution for a ring 
under parallel plate loading subjected to diameter 
decrease ∆DV: 
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where the liner has mid-surface radius of Rliner, and c 
is the distance from the liner mid-surface to the ex-
treme fibre responding in tension (half the thickness 
for plain liners). Here, change in vertical pipe di-
ameter ∆Dv is assumed to take place in some sec-
tions of the sewer after the liner is inserted. The 
value of ∆Dv determined from a CCTV inspection of 
the deformed pipe prior to lining should be used if, 
at the time of liner construction, there is a possibility 
of similar amounts of soil deterioration behind seg-
ments of unfractured pipe, Moore (2008). Finite 
element analysis of the problem supports the effi-
cacy of this design approach, Law and Moore 
(2007), since strains calculated using [7] match both 
the finite element results and the measured strains, 
Figure 14. 
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Figure 12. Sample for liner-host pipe-soil test, Law and Moore 
(2003). 
 
 

 
Figure 13. Thrusts pass through segments of the old sewer; lo-
cal bending at liner crown and invert (Law and Moore, 2003). 
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Figure 14. Design and computer calculations of local bending 
strain versus measurements, Law and Moore (2007). 

4 PIPE REPLACEMENT USING BURSTING 

Pipe bursting is a 30 year old  technology where a 
conical expander is pulled through an old pipe to 
break it into fragments, push these aside, and pull a 
new (usually HDPE) pipe into place, Figure 15. 
 
Medium and large scale laboratory tests at Queen’s 
(e.g. Figure 16, Cholewa et al. 2008) have been used 
to develop data on the associated surface movements 
(e.g. Figure 17) and pulling forces (Lapos et al. 
2004), for evaluation of computer models and 
evaluation of the parametric solutions that have then 
followed (Nkemitag and Moore, 2006, 2007).  
 

 
a. Pipe bursting equipment in use in Ottawa, Ontario 
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b. The pipe bursting process, Nkemitag and Moore, (2007). 
Figure 15. Pipe replacement by static pipe bursting. 

 
a. Test pipes and their locations. 

 
b. Placement of foundation soil. 

  
c. Concrete sewer         d. Adjacent PVC water pipe 
Figure 16. Pipe bursting test, Cholewa et al. (2008). 
 

 

 

 

 
Figure 17. Surface uplift, Cholewa et al. (2008). 
 
While British Gas developed and used ‘proximity 
charts’ for protection of infrastructure in the vicinity 
of pipe bursting operations (see Chapman and 
Rogers, 1991), further design procedures are now 
being developed to allow geotechnical and other 
consultants to directly estimate the response of the 
adjacent pipeline, Cholewa et al. (2008).  
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Figure 18 reports on finite element calculations of 
surface uplift during static pipe bursting in dense 
sand, Nkemitag and Moore (2006). A key to the 
analysis is correct treatment of the internal bound-
ary, which needs to left free to move upwards and 
maintain vertical force equilibrium. Fernando and 
Moore (2002) proposed use of a high stiffness ring 
under internal pressure for this purpose, Figure 18a. 
Figure 18b shows four measured values of surface 
uplift reported by Lapos et al. (2004) as well as fi-
nite element calculations. Maximum surface uplift 
normalized by the increased diameter ∆D for the soil 
cavity resulting from the action of the conical ex-
pander is plotted against the magnitude of that cavity 
expansion relative to initial diameter D0. Results for 
three different burial depths h/D0 are presented. The 
experimental data implies the calculations are rea-
sonable estimates accounting for the effects of initial 
pipe geometry, expander geometry, and pipe burial 
depth. Further studies of static pipe bursting include 
the development of finite element procedures to cal-
culate the pulling forces required as an aid in equip-
ment selection, Nkemitag and Moore (2007). 

 
 
 
 
 
 
 
 
 
 
 
 

a. Treatment of internal boundary condition, Fernando and 
Moore (2002).  
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b. Uplift calculations for bursting in dense sand (Nkemitag and 
Moore, 2006) with the measurements of Lapos et al. (2004). 
Figure 18. Finite element calculations of uplift. 

5 INVESTIGATIONS OF HORIZONTAL 
DIRECTIONAL DRILLING 

The fourth approach to pipe burial that is under ex-
amination is that of horizontal directional drilling. 
This procedure, common in North America and 
growing in importance elsewhere, involves drilling a 
preliminary borehole under the river or other ob-
struction being tackled, enlarging that hole using a 
reamer and pulling a new HDPE, steel or other pipe 
into place, Figure 19. Typically the borehole is stabi-
lised with drilling mud, which is also used to lubri-
cate the pipe and return soil cuttings to the ground 
surface.  
 
Recent work includes the development of a soil-pipe 
interaction model to permit calculation of pulling 
forces on polymer or steel pipes being installed, 
Chehab and Moore (2008). Figure 20 shows calcula-
tions of axial force distribution at the end of installa-
tion, immediately thereafter, and over time as the 
ends are released, where the HDPE pipe is allowed a 
period of length (viscoelastic strain) recovery before 
it is tied to the objects it is connecting. This work 
first required extensions to the viscoelastic and vis-
coplastic models of Zhang and Moore (1997) for 
HDPE to permit successful calculation of strain re-
versal, then detailed consideration of the drag asso-
ciated with movement of the pipe along the ground 
surface, through straight and curved sections of the 
borehole, as well as the drag induced by the viscos-
ity of the drilling mud as it flows past the pipe. 
 
Another important issue during drilling projects is 
the potential loss of drilling mud if the soil fails by 
either blowout, Figure 21a, or hydrofracture, Figure 
21b. Computer modelling (Kennedy et al. 2007) and 
new closed form solutions (Xia and Moore 2006) 
have been developed to quantify the stress condi-
tions under which these two mechanisms govern, 
and to extend existing cavity expansion solutions 
(e.g. Arends et al. 2003) to include the effect of co-
efficient of lateral earth pressure and produce more 
accurate (less unconservative) calculations of maxi-
mum allowable mud pressure, Figure 22. 
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Figure 19. Dimensions of an example river crossing using di-
rectional drilling, Chehab and Moore (2008). 
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Figure 20. Axial force stress distributions calculated along the 
HDPE pipe at various times, Chehab and Moore (2008). 
  

  

            
a. Blowout (plastic flow)     b. Hydrofracture (tensile fracture) 
Figure 21. Mud loss mechanisms, Kennedy et al. (2007)  
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Figure 22. Maximum mud pressure as a function of K0, cohe-
sive soil with cu/σv=0.1, Xia and Moore (2006).  
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