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ABSTRACT: The problem of failures of asbestos cement (AC) water mains in expansive soils 
is widely recognized. A high breakage rate has been observed among aging AC pipes in the 
water distribution system of Regina, Canada and has been mainly attributed to the 
characteristics of expansive soils. A field monitoring programme was undertaken to observe the 
development of longitudinal and hoop strains in an AC water main section with expansive clay 
backfill. The development of strains, in response to changing environmental and operating 
conditions, was monitored for a period of about two years using fibre-optic sensors. The 
outcome from this field study, complemented by further research, will substantiate the 
understanding of failures of AC water mains in expansive soil conditions. This will contribute to 
the efforts of many cities around the world endeavouring to minimize the failures of their aging 
water mains in similar soil conditions. A two-dimensional non-linear plane strain finite element 
analysis is performed to simulate the observed response of the AC water main due to internal 
water pressure and temperature. 
 
 

1 INTRODUCTION 
Asbestos cement (AC) pipes were extensively used for the water distribution from 1920s to 
1980s until the identification of health concern and wide acceptance of polyvinyl-chloride 
(PVC) pipes. Many of these old pipes are still in service in water distribution systems in cities 
around the world. AC water mains make up 65% of the total water distribution system of 
Regina, Canada (Hu & Hubble, 2007). The annual breakage rate in these aging water mains is 
on the rise which has resulted in frequent structural failures in the form of leaks and breaks, 
causing interruption of water supply to public. Climate and soil conditions have been observed 
to be the most critical factors responsible for the increasing failures of these AC water mains. 
The soil in Regina is dark brown clay, highly consolidated, highly plastic and possesses high 
montmorillonite content which gives this soil a high swelling and shrinkage potential. The high 
volume change potential of the Regina clay, on seasonal changes in moisture, has been citied as 
the primary reason behind the failures in these ageing AC water mains. 
In order to further investigate the development of longitudinal and hoop strains in the AC pipes 
in expansive backfill soils, under common environmental and operating conditions, a field 
monitoring project was undertaken in co-operation with National Research Council, Centre for 
Sustainable Infrastructure Research (NRC-CSIR) at Regina. The measurements of longitudinal 
and hoop strains in the AC pipe were carried out using fibre Bragg grating (FBG) sensors. The 
advantages of fibre-optic sensors over the conventional electrical strain gauges such as 
immunity to electromagnetic interference, multiplexing capabilities, embeddability, resistance 
to corrosion, ease of installation, long-term reliability and signal stability makes them an ideal 
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choice for such projects. The observations from this study can be considered for a more detailed 
and advanced monitoring of water mains. The AC pipe instrumentation from NRC-CSIR 
included electrical strain gauges (ESGs) for measurement of longitudinal and hoop strains, 
thermocouples for temperature measurement and piezometer for measurement of internal water 
pressure. The measurements of soil pressure, soil displacement, soil suction and soil moisture 
content were also carried out at various levels in the trench. Some of these measurements have 
been published by Hu et al. (2008). 

2 FIELD MONITORING PROGRAM 

2.1 Installation 

A trench, 2.5 m wide, 5.9 m long and 2.6 m deep was excavated under the road at Cross Place, 
Regina, Saskatchewan, Canada (Figure 1). The existing AC pipe section, which was 2.19 m 
below the ground surface, was removed and replaced by an instrumented AC pipe with similar 
dimensions (Figure 2.a). This AC pipe was taken from the backyard of the construction 
company as AC pipes are no longer produced in Canada. The pipe was structurally sound and 
no structural defects were visible on the outer surface of the pipe. There is no history of the 
exposure of the pipe since its manufacture years ago. The AC pipe was connected to the existing 
AC water mains using couplers provided with rubber gaskets that permit circumferential and 
longitudinal expansion of the AC pipe at the joints. Sand was used as bedding material, from 
bottom of the trench up to the springline, throughout the trench. It was compacted with a hand 
tamper in two lifts with thickness not exceeding 170 mm thickness. A mixture consisting of 
recycled crushed concrete and gravel (referred to as mixed concrete) was used from the 
springline up to 150 mm above the top of the pipe. This mixture was also used as the subbase 
material for the pavement.  The native clay was used as a backfill from the mixed concrete up to 
the subbase. The compaction of the mixed concrete and native clay was carried out in layers not 
exceeding 150 mm in thickness. Compacted densities greater than 95% of standard Proctor 
density were achieved for the backfill soil.  

2.2 Instrumentation 

The monitoring was intended to be carried out for about two years to observe the effect of 
changing environmental and operating conditions on development of longitudinal (axial and 
flexural) and hoop strains in the AC water main. Four FBG sensors were placed in the 
longitudinal direction at the mid-span while four FBG sensors were placed in the hoop direction 
at the quarter-span. These sensors were bonded to the AC pipe using M-Bond AE-10 epoxy. It 
is assumed that the epoxy is capable of 100% transfer of strains at the interface between AC 
pipe and the FBG sensors.  

2.3 Data acquisition system 

The installation of AC pipe section was completed on September 15, 2006 and the first set of 
readings from the FBG sensors was acquired on January 23, 2007. No measurements were taken 
from the FBG sensors during backfilling of the trench. The acquisition of measurements from 
the FBG sensors was carried out using IDERS SHM 5100-A system. The wiring termination 
cabinet is located 1.2 m north of the trench. The data acquisition process entails taking readout 
unit to Regina and collecting data points for about 15 - 30 minutes (Figure 2.b). Measurements 
were taken with the frequency of once or twice a month for the first year and then with a gap of 
2 - 3 months in the second year of monitoring. 
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way up to the sides of the trench at the sides and bottom, and up to the clay - granular backfill 
soil interface (150 mm above the crown of the pipe) at the top. The sensitivity of the finite  

 
Figure 3. Longitudinal strains (January 2007 – November 2008) 

 
Figure 4. Hoop strains (January 2007 – November 2008) 
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element analysis results to the mesh size was investigated before the selection of current mesh 
was made. The mesh was gradually refined till the maximum strain difference from the 
successive meshes reduced down to less than 0.5%. A smooth frictionless surface is assumed at 
the interface between the trench backfill and the surrounding native clay. Horizontal 
displacement is restrained at the bottom, left and right boundaries of the trench. Vertical 
displacement of the soil is permitted at the left and right boundaries of the trench, thereby 
allowing the soil medium to deform vertically. The top boundary which represents the clay-
granular backfill interface is left free. 

4.2 Material properties 

The AC pipe is modelled as a linear, isotropic, elastic material. The soil is assumed to be 
homogenous, isotropic material and is modelled using the Drucker-Prager elastic-perfectly 
plastic model, with a non-associated flow rule for modelling the plastic flow in the soil. The 
material properties used for AC pipe and the granular backfill soil are summarized in Table 1. 
The strength and deformation properties correspond to those of granular soils with a relative 
compaction level of 85% - 95%, as given by Selig (1990). 

Table 1. Material properties for finite element analysis 

Material Elastic modulus 
(MPa) Poisson ratio Cohesion

(kPa) 
Friction angle  
(°) 

Dilation angle 
 (°) 

AC  21000 0.3    

Granular backfill 9 - 110 0.26 – 0.29 2 30 12.5 – 18.75 

4.3 Results and Discussion 

The hoop strains due to observed values of internal water pressure and temperature, at the crown 
of the AC pipe, computed from the finite element analysis are shown in Figure 6. The finite 
element analysis has been carried out without consideration of interface elements at the pipe-
soil interface. It can be seen that the computed hoop strains are in good agreement with the 
observed results in the first year of monitoring until the commencement of winter season. In the 
start of winter season (November), the exertion of pressure from backfill clay induces 
significant compressive strains which results in wide difference between the computed and 
observed hoop strains. It is evident that the finite element analysis results, in the second year of 
monitoring, are also not in good agreement with the observed values pointing to the fact that the 
decrease in soil pressure is less than that on the first day of monitoring.  
An estimate of the pressure, caused due to the expansion of clay backfill, can be made by 
simulating pressure at the clay-granular backfill interface till the computed hoop strains are in 
close agreement with the observed hoop strains. However, this approach for the computation of 
pressures, suffers from two limitations (a) the pressure transmitted to the pipe is significantly 
influenced by the modulus of backfill soil around the AC pipe due to arching phenomenon (b) a 
two-dimensional plain strain analysis, in lieu of a three dimensional problem. Despite these 
limitations, an attempt is made to back calculate the pressure at the clay-granular backfill from 
the observed hoop strains at the crown of the AC pipe and is shown in Figure 7. A zero pressure 
corresponds to the situation where the observed values of hoop strains are less than the 
computed values from the finite element analysis. It is evident that the AC pipes, placed in 
expansive clay backfills, are subjected to much higher pressures from the swelling of these clays 
as compared to normal soil overburden pressure at such depths. This factor can definitely 
contribute to failure of water mains and failures are highly likely among those water mains 
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whose integrity has been compromised due to various physical, environmental and operational 
factors over the years of service. 
. 

 
Figure 5. Finite element mesh  

5 CONCLUSIONS 
 

The longitudinal and hoop strains from a field monitoring programme, undertaken to understand 
response of AC water mains in expansive backfill clays under standard environmental & 
operating conditions, are presented. It is observed that the AC pipe is subjected to significant 
pressure from the expansion of the backfill clay at the commencement of the winter season 
which can be attributed to the decrease in matric potential of the clay backfill. A two-
dimensional non-linear plain strain finite element analysis was performed to validate the 
response of AC pipe using the observed values of internal water pressure and temperature of the 
AC pipe. The finite element analysis results showed that the soil pressures, in case of expansive 
backfills clays, can be much higher than the normal soil overburden pressure at such depths.  
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Figure 6.  Observed and computed hoop strains at the crown of AC pipe 
 

 
Figure 7.  Computation of pressure at clay-granular backfill interface 
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