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Abstract: Comsima is a mechanical model that calculates stresses and joint rotations in drinking
water distribution pipes based upon several loadings on the pipe (soil, traffic, water pressure,
differential settlements). Pipe degradation mechanisms (slow crack growth resistance for PVC and
calcium leaching for AC) were added to the model. A comparison with failure registration for an
area in the Netherlands using satellite data to determine differential settlements shows that pipes
with higher stresses or higher joint rotations in general have a higher failure rate.
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1. Introduction

Pipe failure in drinking water distribution networks occurs as a result of high loadings on the
pipe. Especially, pipes that deteriorate over time have an increasing probability of failure. Prediction
models that estimate when a particular pipe will fail are therefore valuable tools in pipe replacement
strategies.

Comsima (COMputation of Stresses In MAins) is a numerical model that predicts the pipe
stresses and joint rotations as a result of different loadings on the pipe [1,2]. The model follows as
much as possible physical principles to predict pipe failure. Failure occurs when the stresses or
rotations exceed the maximum allowable values.

In this paper, the basics of Comsima are explained including pipe degradation mechanism for
AC and PVC pipes. By adding degradation mechanisms to Comsima, the evolution of pipe stresses
and joint rotations over time can be approximated, as well as the progressive changes in allowable
pipe stresses, allowing for prediction of the life expectancy of pipes. Furthermore, a more detailed
approximation of soil differential settlements was added by means of high resolution satellite data
(PS-InSAR). The satellites measure the soil deformation in time (mm/year) at a large number of spatial
positions. These positions are transformed to the individual pipes in the network to obtain the
differential settlement rate along the pipe (in mm/year). Model validation was conducted by
comparing predicted pipe failures with pipe failure registrations for an area in the Netherlands (30 x
50 km).
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2. Materials and Methods

2.1. Comsima

Comsima uses a numerical model to calculate stresses and joint rotation in a pipe. The following
loadings are incorporated: differential soil settlement, internal water pressure, soil loading and traffic
loading. The different loading result in stresses in different directions. From these stresses, the Von
Mises stress is calculated, which are compared to the maximum allowable stress. Differential soil
settlements result in bending stresses but also in joint rotation. Joint rotation depends on the stiffness
of the soil, bending stiffness of the pipe and soil settlement curve. Hereby it is assumed that the joints
have zero stiffness. More details are explained in Wols et al. [1-3].

Both the stresses and rotations are compared to the allowable stresses (gr) and rotations (6y),
which result in a failure parameter:

o 0
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If the failure parameter exceeds 1, pipe failure will occur.

2.2. Pipe Degradation Mechanisms

Reduction of wall thickness by leaching of calcium (asbestos-cement) and slow crack growth
resistance (PVC) were considered as pipe degradation mechanisms. For the reduction of wall
thickness in AC pipes, knowledge rules that were previous developed for AC pipes in the
Netherlands were used [4]. In these knowledge rules, both internal and external leaching were
considered. For internal leaching, the saturation index of the water is used [4]:

e SI>0, wall thickness reduction = 0 mm/year;

¢ —0.2<SI<0, wall thickness reduction = 0.05 mm/year;

e -0.8<SI<-0.2, wall thickness reduction = 0.1 mm/year;
e  SI<-0.8, wall thickness reduction = 0.2 mm/year.

External leaching may occur for pipes without external coating. The external leaching depends
on the concentration of calcium carbonate in the soil [4]:

e CaCOs> 1%, wall thickness reduction = 0.0 mm/year;
e 0.5% < CaCOs <1%, wall thickness reduction = 0.05 mm/year;
e CaCOs<0.5%, wall thickness reduction = 0.1 mm/year.

For PVC pipes, the stress over time as a result of slow crack growth resistance can be written as
derived from [5]:

0 = Opp + 0pglog(t) ()

where of represents the allowable stress over a time ¢, op is the initial allowable stress and o the
reduction in allowable stress. In the knowledge rules, the value of o, = -3.5 MPa/log(s) is used
corresponding to the design guidelines for PVC (allowable stress of 42 MPa at 1 h and 35 MPa at 100
h [5]). The initial allowable stress is determined as follows using an artifical lifetime (LT) [4]:

orp = 54.45 + (log(LTay) — log(LT)) oy, 3)

LT = score * (LT oy — LTimin) + LTin 4)

where LTmx = 300 years and LTwin = 35 years. The score depends on the year of installation, as the
quality of the installed pipes has been different over the years: the score is 0.9 for years of installation
<1970, 0.5 for years of installations between 1970 and 1980, and 1.0 for years of installation >1980.
The soil (differential) settlements can also change over time. Using the satellite data, the soil
settlement is measured over time on fixed scatter points at the earth surface to obtain the soil
settlement rate (mm/year) [6]. These points are translated to the pipes: each pipe is divided into
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segments of 5 m, and for each segment the scatter points that are within a buffer of 10 m are taken,
from which an average soil settlement rate is obtained (weighted by the distance to the center of the

pipe).
2.3. Case Study in the Netherlands

In a case study, Comsima calculations were made for a water distribution network in an area in
the Netherlands (30 x 50 km) and compared to pipe failure registrations. The following data is used
for the Comsima calculation:

¢ pipe data (shapefile format used in a geographical information system (GIS)), consisting of:
material (including PVC pressure class), diameter, original wall thickness, year of installation,
internal pressure (maximum pressure on an average day calculated from a hydraulic model
Synergee), internal and external coating, status (in operation or not in operation), date of latest
change in status;

e satellite data, obtained from SkyGeo for the considered area in the Netherlands;

*  drinking water quality data: saturation index and corrosion index;

* data of surroundings: soil types (using soil type map 2006 [7]) lime content in soil (using Alterra
soil map [8]), ground water levels (using Alterra soil map [8]) location of roads and road classes
(using TOP10NL [9]).

Failure data over the period 2009-2017 was gathered from USTORE (a Dutch failure registration
database [10]). Both failures in pipes and joints were considered. Failures caused by third parties or
by installation errors were removed. This results in 983 failures in AC pipes on a total length of 2150
km and 198 failures in PVC pipes on a total length of 922 km.

3. Results of Case Study

3.1. Results of Comisma

Comsima calculated the normalized stresses and normalized joint rotations in each pipe (Figure 1).
The maximum value of the normalized stress and normalized joint rotation of each pipe is described
by the failure parameter. The failure parameter is largely defined by the stresses, as the normalized
stresses are usually higher than the normalized joint rotations. In general the stresses are low: for AC
pipes, the stresses are mostly below 30-40% of the allowable material stress with a peak at around
10%. In PVC pipes the stresses are a little higher with a peak of around 20-30% of the allowable
material stress.
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Figure 1. (a) Distribution of stresses (sigma) and (b) joint rotations (theta) (both normalized with the
allowable stress and joint rotation) calculated by Comsima for the distribution network considered in
the case study.
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Figure 2 shows the percentage decrease in wall thickness as a result of ageing. Most of the AC
pipes have a reduced wall thickness between 20 and 50% of the original wall thickness. A pipe with
reduced wall thickness results in an increase in stress, shown by the failure parameter in Figure 2
with and without ageing. Although the stress may increase with a factor of 2 (depending on the wall
thickness reduction), the increase in terms of allowable stress is small (around 5% of the allowable
stress).
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Figure 2. (a) Reduction in wall thickness as a percentage of the original wall thickness. (b) Distribution
of failure parameter (combination of stress and joint rotation) with (blue) and without wall thickness
reduction (orange) for AC pipes.

3.2. Comparison with Failure Data

The calculated failure parameter from Comsima is compared to the failure rate from failures
registrations (Figure 3). Each point in the figure represents a pipe material cohort with a certain
failure parameter range. The failure rate is determined by counting the number of failures in each
cohort divided by the period of the failure registration and the total length valid for each cohort
(determined from the pipes with the considered pipe material and within the Comsima calculated
failure parameter range). The AC pipes show a clear relation (Figure 3): a higher value of the failure
parameter results in a higher failure rate. The PVC pipes do not show a clear relation with the failure
parameter. When only joint rotations are considered (Figure 3c), although the joint rotation in terms
of allowable rotation is small, the failure rate does increase with a higher joint rotation.

In addition, cohorts were constructed upon pipe material and pipe age (with installation year
categories of 10 years, and 25 years for pipes constructed before 1950). Failure rates from failure
registrations as well as the Comsima failure parameter were plotted against the year of installation
(Figure 4). Both Comsima and the failure registration show an increase in pipe failure with increasing

pipe age.
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Figure 3. Comparison of Comsima results with failure data: (a) Failure parameter in Comsima versus
the failure rate for PVC pipes; (b) failure parameter in Comsima versus the failure rate for AC pipes;
(c) normalized joint rotation in Comsima versus the failure rate for PVC pipes; (d) normalized joint
rotation in Comsima versus the failure rate for AC pipes.
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Figure 4. Comparison of Comsima results with failure data as a function of pipe age. Failure rate from
failure registrations are shown in the upper panels and the failure parameter calculated by Comsima
in the lower panels for PVC (a) and AC (b).

4. Discussion

Despite of some deviations, the Comsima results in general show similar trends as the failure
registration. One of these deviations is the relation between pipe stresses and failures in PVC. This
may be caused by the variations in allowable stresses that are found in samples of PVC pipes [11]
and the complexity of the PVC ageing process. In the current model, the reduction in allowable stress
is an exponential function of time, resulting in an allowable stress after 100 years that varies between
20 and 21 MPa (depending on the year of installation). However, in reality the loadings are not
constant in time (e.g., traffic loads, increasing differential settlement) and ageing is a complex process
often depending on local stresses around impurities in the material, so that much more variation in
allowable stresses can be expected.

In addition, the effect of (differential) settlement may partly be underestimated. The differential
settlement from the satellite data is plotted against the calculated pipe stresses and joint rotations
(Figure 5). For AC, a distinct relation between both Comsima results and the settlement can be found.
However, for PVC there is no increase in pipe stresses and a small increase in joint rotation at higher
settlements. The calculated joint rotation remains small compared to the allowable joint rotation. As
PVC pipes are more flexible, a part of the settlement is taken up by bending of the pipe and another
part by joint rotation. But due to the low elasticity modulus the bending of the pipe does not result
in much higher stresses. So, according to the model, PVC is not sensitive to differential settlements.
Nevertheless, from the failure registration, it can be observed that both AC and PVC show a
significant higher failure rate in pipes with larger differential settlements (Table 1). Possibly other
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failure mechanisms, and the complex interaction between joint and failure may explain these
deviations. Finite element modelling (FEM) is therefore conducted [12], which results in allowable
joint rotations that could be included in Comsima.
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Figure 5. Maximum differential settlement obtained from satellite data compared to the calculated
joint rotation (a) and pipe stresses (b). Each point represents a pipe in the distribution network
considered in the analysis.

Table 1. Effect of settlements (obtained by satellite data) on failure rates. The brackets show the 95%
uncertainty boundaries of the failure rates.

Large Settlement (>1 mm/jr) Small Settlement (0-1 mm/jr)
Failure Rate (#/km/yr) # Failures Failure Rate (#/km/yr) # Failures
AC 0.071 (0.064; 0.078) 405 0.058 (0.053; 0.063) 578
PVC 0.042 (0.034; 0.052) 92 0.023 (0.028; 0.019) 106

5. Conclusions

Comsima is a mechanical model that calculates stresses and joint rotations in drinking water
distribution pipes based upon several loadings on the pipe (soil, traffic, water pressure, differential
settlements). Pipe degradation mechanisms (slow crack growth resistance for PVC and calcium
leaching for AC) were added to the model. A comparison with failure registration for an area in the
Netherlands using satellite data to determine differential settlements show that pipes with higher
stresses or higher joint rotations in general have a higher failure rate.

Several improvements are being developed to further increase the accuracy of the predictions of
Comsima. Amongst them are improvements of pipe degradation mechanism and the inclusion of
more advanced modelling techniques, such as FEM (finite-element models) to determine allowable
PVC joint rotations [12]. Data from inspection techniques could also help to improve degradation
models. In addition, also a Monte Carlo method could be applied in Comsima to allow for variations
in input parameters. However, the variations in terms of probability density functions needs to be
carefully chosen and justified, preferably on actual data. Results from the Monte Carlo analysis could
then be used for a better translation of the Comsima results with failure rates, for example using the
concept of hazard rate as a function of pipe age.
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