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Effects of weather conditions on drinking water
distribution pipe failures in the Netherlands
B. A. Wols, A. Vogelaar, A. Moerman and B. Raterman

ABSTRACT

The influence of the weather parameters of temperature, wind and drought on pipe failure of
drinking water distribution pipes was studied for the Netherlands. Several data sources were used
relating weather effects to pipe failure: pipe failure data, regional weather data from different
weather stations in the Netherlands, soil settlement data obtained from satellites and (modelled)
pressure data. For asbestos-cement (AC) and cast iron (Cl) pipes, temperature was an important
factor. ClI pipes showed increased pipe failures at low temperatures, which confirms results from
previous studies, whereas AC pipes showed increased pipe failures at high temperatures. Pipe failure
rates were higher for pipes that on average received higher internal pressures. This study also
showed that wind resulted in additional pipe failures caused by uprooting of trees during a severe
storm. With respect to drought, in some regions in the Netherlands, increased pipe failures during
periods of drought were found. A small influence of soil settlement on pipe failure was found using
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INTRODUCTION

Failure of drinking water pipes is caused by various reasons
(Le Gat & Eisenbeis 2000; Kanakoudis 2004; Tsitsifli &
Kanakoudis 2010). Weather conditions can also influence
pipe failure (Newport 1981; Rajani et al. 2012; UKWIR 2012;
Laucelli ef al. 2014). As weather conditions are expected to
change due to climate change, the number of pipe failures
may also change. Temperature and drought are recognized
as the most important weather conditions that influence
pipe failure (Newport 1981; Rajani ef al. 1996; Kleiner &
Rajani 2002; Rajani & Tesfamariam 2004; Hu & Hubble
2007; Clayton et al. 2010; Gould et al. 20m; Rajani et al.
2012; UKWIR 2012; Wols et al. 2013; Wols & Van Thienen
2014a; Pietrucha-Urbanik 20158, 2015b; Kutylowska &
Orlowska-Szostak 2016). Increased numbers of pipe failures
are observed in winter periods (Newport 1981; Rajani et al.
1996; Rajani & Tesfamariam 2004; UKWIR 2012; Wols
et al. 2013; Laucelli et al. 2014; Kutylowska & Orlowska-
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Szostak 2016), in periods with large temperature differences
(Ahn et al. 2005; Rajani ef al. 2012; Pietrucha-Urbanik 2015a)
or in summer periods for asbestos-cement (AC) pipes (Wols
& Van Thienen 2014a). During periods of drought, higher
failure rates are observed, caused by soil shrinkage and/or
(differential) soil settlements (Newport 1981; Kleiner &
Rajani 2002; Hu & Hubble 2007; Clayton et al. 2010;
Gould ef al. 20m). No effect of wind on pipe failure was
studied.

In previous work for the Netherlands the influence of
temperature on pipe failure was observed (Wols & Van
Thienen 2014a): AC pipes showed an increase in pipe failure
at high temperatures, whereas cast iron (CI) pipes showed
an increase in pipe failure at low temperatures. No effect
of wind or drought was found. These results were also trans-
lated to predict future pipe failure under different climate-
change scenarios (Wols & Van Thienen 2016). This study
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revealed that the effect of climate change is relatively small,
compared with the effect of pipe ageing and pipe replace-
ments. In addition, AC pipes, which are most sensitive to
high temperature, are expected to be replaced in the near
future. Results were limited to the weather parameter of
temperature using data from a single weather station in
the Netherlands (De Bilt) for a smaller failure data set
(around 40% of the current data set).

Regional differences in weather conditions as well as
soil composition and ground water levels occur in the Neth-
erlands. In the current work, a more detailed study for the
Netherlands takes place using regional data and more
advanced data mining techniques. Also, a longer period of
historical failure data was used that included some major
storms to assess the effect of wind on pipe failure. Further-
more, explanations of the weather influence on pipe
failure are sought by studying the influence of internal
pressure and soil settlements

using remote-sensing

techniques.

MATERIALS AND METHODS

Data sources

The following data sources were used for the analysis: his-
torical pipe failure data and historical weather data.

For pipe failure, data from a Dutch national pipe fail-
ure database (USTORE 2009; Vloerbergh & Blokker
2010; Vloerbergh et al. 2012) was used. The data consisted
of 16,082 pipe and joint failures over a 5-year period (Jan
2009-Dec 2014) and a total pipe network length of
97,667 km (around 80% of all pipes in the Netherlands).
The coordinates of all pipes as well as pipe failures were
available in a geographical information system (GIS).
The following attributes of pipes and/or pipe failures
were used: date of failure, cause of failure, pipe material,
pipe installation year and pipe diameter. The latter three
were also identified by Savic ef al. (2009) as explanatory
variables for pipe failure. The pipes and pipe failures
were coupled to a soil type using a soil map of the Nether-
lands, available in a GIS (WUR 2006). The soil map
represents the surficial soil types, representative for pipes
typically buried 1 m deep in the ground. For simplicity,
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four soil types were used: peat, clay, sand and urban
land. Failures caused by third parties or failures occurring
during installation were removed from the data set. Also,
only failures in AC, GCI (grey cast iron), DI (ductile
iron), PVC (polyvinyl chloride), PE (polyethylene) and
steel (ST) pipes were used. The total number of failures
used in the analysis was 12,103.

Regional weather data of different weather stations in the
Netherlands was collected from KNMI (Royal Netherlands
Meteorological Institute, see Supporting Information). In
GIS, Thiessen polygons were created around each weather
station. The weather conditions in each of these polygons
were assumed to be spatially homogeneous.

The following weather parameters were used in this
study: mean daily air temperature (TG, °C), maximum
daily wind gust at ground level (FXX, m/s), daily precipi-
tation amount (P, mm) and potential evapotranspiration
(E, mm). The effect of wind storm is parameterized by the
maximum daily wind gust, as the maximum wind gusts
may be responsible for damage to surroundings (e.g. trees).
The precipitation and evapotranspiration were used to cal-
culate the rain deficit (RD, mm):

RD = En: (E™ — pim)y 1)
1

where an index of N =1 refers to 1 April, and N the day
of interest. From 1 October until 1 April, the RD was
set to zero (defined by the Royal Netherlands Meteorolo-
KNMI), as in the
Netherlands the evapotranspiration is small and no

gical Institute, in this period
rain deficit occurs.

The pipes (consisting of multiple pipe segments and
joints with the same properties) and pipe failures in each
weather station polygon were assigned to the particular
weather station. If a pipe crossed a polygon, the pipe was

cut and divided over the two crossing polygons.

Frequency analysis

The effect of weather conditions on pipe failure was studied
by plotting the failure rate against a weather parameter for
various cohorts. The weather parameter was therefore
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divided into ten classes. For each cohort, the failure rate per
weather parameter class (PF;) was calculated, according to:

PF; = ¥)

In these calculations, only the days (D;) and number of
pipe failures (NNF;) on the days that the weather parameter
was within its weather class (i) were considered. L is the
total pipe length. Note that a time gap may exist between
the date of failure occurrence and discovery (reported in
the failure database). Since the trend between weather par-
ameter and failure rate is studied over a number of
weather variable classes (Figure 1), it is expected that a fail-
ure that due to this time gap falls unfairly into an adjacent
weather variable class has a limited influence on the trend
between failure rate and weather variable. As the par-
ameters used in Equation (2) may differ per weather
station, the failure rate per weather parameter class is calcu-
lated for each station. The failure rate for a weather class is
then determined by taking the weighted average of all
weather stations (weighing over pipe length multiplied by
the number of days). An 80% uncertainty bound at the cal-
culated failure rates was determined using a Poisson
distribution (based upon the number of failures, see Wols
& Van Thienen 2014a).

First, cohorts were made based upon pipe material. In
addition, for AC and PVC pipes (that contain most of the
failures) cohorts based upon pipe diameter, pipe installation
year classes and soil composition were constructed.

Machine learning

Non-linear machine learning techniques were used to relate
failure rates with pipe and soil features as well as weather
conditions. Only pipe failures were considered, leaving out
the joint failures, as the behaviour and cause of joint failures
may differ from pipe failures (and less data is available on
joint failure, resulting in too small cohorts). Cohorts were
constructed based upon pipe material, pipe diameter, pipe
year of installation, soil composition and temperature.
Only temperature was included as a weather condition
(mean daily temperature), as temperature had the largest
influence on pipe failure and by adding other weather
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parameters the number of failures per cohort became too
small. The following classes were used for the cohorts:
pipe materials AC, PE, PVC, ST, GCI, DI; pipe diameter
classes of 0-40 mm, 40-80 mm, 80-150 mm, 150-200 mm,
200-300 mm, 300-600 mm, >600 mm; year-of-installation
classes of <1900, 1900-1940, 1940-1960, 1960-1970,
1970-1980, 1980-2000, >2000; soil type classes peat, clay,
sand and urban land; and six temperature classes (equally
divided between —3°C and 22°C). Only the cohorts with
more than 4 failures were considered, otherwise the uncer-
tainty of the calculated failure rate of a cohort becomes
too large. The choice of these classes is mainly based on
occurrence in the distribution network and availability of
pipe failure data, so that sufficient cohorts could be obtained
to perform the analysis. This resulted in 311 cohorts with a
total of 7,123 pipe failures.

For classes with numerical values (diameter, year of
installation and temperature), average values of the par-
ameter in each cohort were calculated and used as an
explanatory variable in the machine learning. The pipe
materials and soil type parameters were converted to categ-
orical variables (variables with a fixed value for each class).

Non-linear regression was used to correlate the explana-
tory variables to failure rates. This was implemented in the
programming language Python using the Scikit-learn toolbox
(Pedregosa et al. 20m). Different regression techniques were
used (gradient boosting regression, random forest, AdaBoost
regression, extra trees regression, linear regression), of which
the gradient boosting regression (gbr, see Friedman 200r1)
showed the most promising results and was therefore selected.
To reduce the probability of overfitting, the cohorts were
divided into a training set of 80% of the cohorts and validation
set of 20% of the cohorts. The splitting occurred randomly.
Due to the random splitting, results may depend upon the split-
ting. Therefore, the regression was repeated 100 times to
obtain a reliable result of the regression performance.

RESULTS
Influence of weather parameters

The failure rates are plotted against the three weather vari-
ables for the different pipe material cohorts (Figure 1).
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Figure 1 | Relation between weather variable and failure rate (freq) for temperature (left), rain deficit (middle) and wind (right). The error bars show the 80% uncertainty bounds. The r
shows the Spearman’s correlation coefficient between the failure rate and weather parameter.
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These cohorts comprise all the diameters, soil types and
years of installation. Smaller cohorts that differentiate
towards both pipe material and diameter, year of installation
or soil type are shown in the Supporting Information.

Temperature

The influence of temperature on pipe failure strongly
depends on pipe material (Figure 1). Similar results as pre-
sented in previous studies using national weather data
(Wols & Van Thienen 2014a) can be observed: failure rates
increase with temperature for AC pipes, whereas the oppo-
site occurs for CI, DI and PVC pipes. PE pipes show no
significant dependence on temperature. The temperature
effect seems to be larger than for AC pipes with smaller
diameters (see Supporting Information). This effect was
not observed for PVC pipes. The year of installation had
no effect on the relation of pipe failure to temperature,
both for AC and PVC pipes (see Supporting Information).

Drought

The effect of drought seems to be small: a small increase in
failure rate is observed for PVC during periods of high rain
deficits, however, the uncertainty is large here. The soil com-
position also had an effect: for AC pipes and to some extent
for PVC pipes in clay and peat soils, the failure rates
increase at high rain deficits (see Supporting Information).

Wind

Wind had an evident effect: all pipe materials show a large
increase in failure rate at high wind speeds. This was not
observed in a previous study in the Netherlands, because
no heavy storms occurred in the period of the previous
study (2008-2012).

Regional differences

The regional distribution of failure rates is shown in Figure 2,
visualized as the increase or decrease in failure rate com-
pared with the average failure rate. Temperature, rain
deficit and wind gust are divided into four classes. At high
and low temperatures, clear regional differences appear: at
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low temperatures higher failure rates occur in the north-
east and west of the country. The increase in failure rate at
high temperature is more pronounced in the east of the
country. At the highest rain deficit, some regional differ-
ences are also observed, possibly related to the soil
composition. For wind, the highest increases in failure
rates are observed in the north of the country.

The regional differences were also analyzed for each
pipe material (Figure 3). AC pipes in the west showed an
increase in failure rates at low temperatures, which was
not observed when the data was averaged over the Nether-
lands. The increase in failure rate for CI pipes at low
temperatures occurred over all the country. For PVC
pipes, at some locations an increase in failure rate occurred
at low temperatures (mainly in the east of the country).

Data mining

Linear correlations (Pearson’s r) between the parameters
and failure rates show that year of installation and pipe
material are correlated with failure rate, but also cross-corre-
lations occur between year of installation and pipe material
(Figure 4, left). Smaller years of installation (older pipes) are
correlated with higher failure rates. From the non-linear
regression, the importance of different parameters on the
predicted failure rate can be obtained, showing that pipe
material is most important, followed by temperature and
year of installation (Figure 4, right). The regression model
using failures in all pipes showed a good performance
(Table 1). Pipe diameter and soil composition seem to be
of little importance compared with temperature or pipe
material. For the four most important variables, the
regression model calculated the partial dependence on the
predicted failure rate (Figure 5). The partial dependence
plots show the average partial relationship between a
model variable and the predicted variable (failure rate),
see also Friedman (2001). In other words, it shows the aver-
age trend between a model variable (e.g. temperature, pipe
diameter, etc.) and failure rate. For years of installation
before the 1950s higher failure rates are observed as well
as for the period 1970-1980. Temperature shows a similar
relation as observed before in Figure 4: an increase at low
temperatures and at high temperatures. Pipe diameter had
a smaller influence on pipe failure, a small increase is
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Figure 2 | Regional distribution of the increase in failure rate (freq) for different temperatures (upper), rain deficit (middle) and wind speed (lower) for all pipe materials. Four classes of each
weather parameter are shown from left to right.

observed for the larger pipes. This may contradict some
findings in the literature, however, most pipes in the Nether-
lands are PVC pipes, which show higher failure rates at
larger pipe diameters (see Supporting Information).

In addition, the regression is conducted for only PVC
and only AC pipes. The performance of the prediction for
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the validation set is relatively low (Table 1), however,
some valuable insights into the explanatory variables can
be obtained. This is shown in 2D partial dependence plots
(see Supporting Information), where the combined effect
of temperature and another variable on the predicted failure
rate is plotted. For AC pipes, it can be observed that the



7  B.A. Wols et al. | Effects of weather conditions on water distribution pipes Water Science & Technology: Water Supply | in press | 2018

(-16.6, -5.3]

(6, 17.3] (17.3, 28.6]

l}“
If’

| | | - ]
0.5 1.0 15 2.0 0.5 1.0 1.5 2.0 0.5 1.0 15 2.0 0.5 1.0 15 2.0
Increase in freq Increase in freq Increase in freq Increase in freq
(-16.6, -5.3] (17.3, 28.6]

. | .
0.5 1.0 15 20 0.5 1.0 1.5 2.0 0.5 1.0 15 20 0.5 1.0 .5 2.0
Increase in freq Increase in freq Increase in freq Increase in freq
(-16.6, -5.3] (-5.3, 6] (6,17.3] (17.3, 28.6]

—

If’

| - .
0.5 1.0 1.5 2.0 0.5 1.0 15 2.0 0.5 1.0 15 2.0 0.5 1.0 1.5 2.0
Increase in freq Increase in freq Increase in freq Increase in freq

Figure 3 | Regional distribution of the increase in failure rate (freq) for different temperatures in AC pipes (upper), PVC pipes (middle) and GCI pipes (lower).

highest failure rates occur during high temperatures for = DISCUSSION

older pipes, pipes in peat soils or pipes with lower diameters.

For PVC pipes, so far little influence of temperature had  The results showed that temperature and severe winds may
been observed. From this analysis, some sensitivity of PVC  influence pipe failure, whereas the effect of drought is small.
pipes to the lower temperatures can be observed for pipes To explain these weather influences, four effects were
which are older, or with larger diameters or located in  further analyzed: effect of pressure, effect of freezing,
peat soils. effect of storms and effect of soil settlements.
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Table 1 | Performance of regression model: average goodness of fit after running the
statistical model 100 times (R?)

Training set Validation set
All pipes 0.85 0.65
PVC pipes 0.50 0.15
AC pipes 0.75 0.25

Effect of high temperature and relation with pressure
(differences)

The effect of temperature in the warmer seasons is less
reported in the literature. Ahn et al. (2005), Rajani et al.
(2012) and Pietrucha-Urbanik (2015a) observed pipe failure
increase in spring and autumn when large temperature
differences occur. In the current study we observe for AC
pipe an increase in pipe failure at high temperatures. A
possible explanation may be related to pressure. In Wols
& Van Thienen (2014a) it was shown that water demand
was higher during periods of high temperature. As a
result, larger differences in internal pressure over the day
and night may occur. A study was therefore performed to
relate pipe failures with pressure differences. However,
since no spatial distribution of measured pressure over
time was available at each pipe (only at some fixed
locations in the network), results of pipe network hydraulic
models (InfoWorks) were used to obtain a spatial distri-
differences. The

bution of pressure and pressure

maximum pressure as well as the maximum pressure
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difference for an average day demand were obtained from
the pipe network model. A direct relation between failure,
pressure and temperature could not be obtained, as no
pressure data at both the location and time was available,
but only the pressure for an average day demand at the
location of failure. Using these data failure rates for differ-
ent combined pressure and pressure difference, cohorts
could be obtained (Figure 6). The results of individual
pressure cohorts and pressure difference cohorts are
shown in the Supporting Information. The ranges of the
pressure (differences) cohorts were chosen so that the
number of failures was equally distributed over the cohorts.
In general, failure rates increase when higher internal
pressures (for an average day demand) and/or pressure
differences (over an average day demand) are applied.
Furthermore, the relations between pipe failure and
temperature were studied for the different pressure (differ-
ences) cohorts. However, the relation of pipe failure with
temperature was similar for each pressure cohort (results
not shown).

Effect of freezing

Pipe failures also increased at low temperature, especially
for DI and GCI pipes, and for some regions in the Nether-
lands this was also observed for PVC and AC pipes. Other
studies also showed increased pipe failures at low tempera-
tures (Newport 1981; Rajani & Tesfamariam 2004). Possible
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Figure 6 | Effect of maximum pressure and pressure differences for an average day demand on pipe failure (freq) for different pipe materials. Per pipe material, three cohorts of maximum
pressure and three cohorts of maximum pressure differences were defined resulting in nine pressure cohorts.

causes are related to soil movements caused by freezing and the west and north-east of the country, which can be related
thawing of soils, occurrence of ice lenses and leaking of  to the soil composition (more peat and clay soils in the west
joints for GCI pipes. The effect was most pronounced in and north of the country). This was also observed in the
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machine learning results, showing that PVC pipes in peat
soils have larger failure rates.

Effect of wind storms

In this study a clear effect of wind was observed related to
a severe storm that occurred in the autumn of 2013 (with
winds of Beaufort force 11 on 28 October and Beaufort
force 10 on 5 December). From the failure registrations, for
90% of the failures around these days trees were registered
as cause of failure, whereas in a normal registration for
around 20% of the failures trees are indicated as cause of fail-
ure. Uprooting of trees is therefore an important cause of
failure during severe storms. Figure 7 shows the time series
of failures and wind speed in the autumn of 2013. During
the storm of 28 October there is a strong increase in the
number of failures on the day of the storm and the day
after. However, in the storm of 5 December, which was a
little less severe, no significant increase in pipe failures was
observed. Clearly, a storm has to be sufficiently severe to
cause massive uprooting of trees, which is more likely to
occur in early autumn, as more leaves are present on the
trees. This is also confirmed by the spatial distribution of fail-
ures: most of the failures occurred in the north of the country,
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Figure 7 | Time series of pipe failure (upper) and maximum wind speed (lower).
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where the highest wind speeds occurred during the storm. In
addition, the most vulnerable and weakest trees were
removed in the first storm, so that the number of uprooted
trees was probably less in the second storm.

Effect of soil settlements using remote sensing

Soil settlements may occur during warm and dry periods.
For the Netherlands, it is expected that soil settlements
may increase with climate change up to an additional 10-
30 cm by 2050 in the north and west of the Netherlands
(Lange & Gunnik 2011). Soil settlements can be measured
at a high spatial resolution (3 m x 3 m) using remote-sensing
techniques, from which information on soil differential
settlements can be obtained. Particularly, PS-InSAR tech-
niques show promising results for ground deformation at a
high resolution (Hanssen 2001). Reliable soil deformation
data from satellites can be obtained for the so-called persist-
ent scatter points, points of which the scatter characteristics
remain consistent in time (across several satellite images).
Satellite images from the TerraSAR-X satellite (spatial resol-
ution of 3 m x 3 m) were used to obtain soil deformations for
a small region in the west of the Netherlands. Satellite data
was collected every 11 days over the period 2009-2014,
from which a deformation velocity (in mm/year) was deter-
mined by assuming a linear deformation in time. The
measured points above the ground (e.g. buildings) were
filtered using a digital terrain map (AHN2 2014). Furthermore,
the scatter points were interpolated using a nearest-neighbour
technique to a 1 m x 1 m map. From this settlement map, a
differential settlement map was constructed by taking
the maximum slope between the settlement of a cell and
its adjacent cells. The settlements were coupled to the
individual pipes. For each pipe, the mean soil settlement
as well as the mean slope of the soil settlement was deter-
mined. The mean soil settlement along the pipe should not
be confused with a uniform soil settlement: it shows the
mean settlement of the pipe in time, and spatial differences
along the pipe can still occur. The mean slope represents
the amount of differential settlement that has occurred
along the pipe. Soil type is also an important factor, as it
determines how large the stresses in the pipe induced by
differential soil settlements are (Wols & Van Thienen

2014b), however, the observed region was too small to
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differentiate between different soil types. The soil settlement
parameters were plotted against the failure rate (Figure 8),
calculated from 128 pipe failures in the region for which
the satellite data was available. There is a slight influence of
soil settlement on failure: at higher and lowest (ground
uplift) mean deformation failure rates are larger.

CONCLUSIONS

The influence of the weather parameters of temperature,
wind and drought on pipe failure was studied for the
Netherlands. For AC and CI pipes, temperature was an
important factor. CI pipes showed increased pipe failures
at low temperatures, which confirms results from previous
studies, whereas AC pipes showed increased pipe failures
at high temperatures. No direct relation with internal
pressure could be found, possibly due to a lack of available
pressure data, however, pipe failure rates were higher for
pipes that on average received higher internal pressures
or pressure differences.

This study also showed that wind resulted in additional
pipe failures caused by uprooting of trees. Also, in some

MEAN(128 storingen)

0.10 0.10

0.08 0.08

0.02 '
0.00

o
=
=)
(=
o
=

freq (#/km/yr)
freq (#km/yr)

o
o
&
2
o
5

‘ ‘ 0.02
0.00

@ %) = ) 15) ~
< o ST <2 g o
o~ o o B i e
o © o -
& AL, i) &

MEAN (mmfjr)

regions in the Netherlands increased pipe failures during
periods of drought were found. A small influence of soil
settlement on pipe failure was found using remote-sensing
techniques for a small area in the Netherlands.

In the Netherlands, it is expected that climate change
results in higher temperatures (both winter and summer)
as well as longer periods of drought (van den Hurk ef al.
2014), whereas no more severe storms are expected. In a pre-
vious study, it was shown for the Netherlands that the
expected increase in pipe failure by the higher temperature
is small, especially if AC pipes are being replaced by PVC.
The current study shows that pipe failure can be further
reduced by decreasing the pressure difference during the
day and night. The most important threat to the pipe distri-
bution network with respect to climate change may be the
expected soil settlements.

In this study, advanced data mining techniques were
used as well as satellite data for soil settlements. The
results give a first direction on the parameters that con-
tribute to pipe failure, but the uncertainty may still be
large and can be reduced when more failure data
becomes available. The same also applies to studying
the effect of soil settlements. By using a larger area, the
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Figure 8 | Failure rate (freq) as a function of soil settlement (left, a negative value is settlement, a positive value is uplift) and mean soil differential settlement (right).
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influence of pipe characteristics, such as pipe material,
age and diameter with respect to soil settlements could
be determined.

The knowledge of the causes of pipe failure can be used
to identify weak pipes and prioritize pipe replacements to
assist water utilities in support management of their distri-
bution network (Le Gat & Eisenbeis 2000; Kanakoudis &
Tolikas 2001; Kanakoudis & Tsitsifli 2o11; Pietrucha-Urbanik
2013; Pietrucha-Urbanik 2015b). Results of the statistical ana-
lyses could also be coupled with mechanical models that
predict mechanical stresses in pipes based upon actual
forces (internal pressure, soil, traffic, differential settlements,
e.g. Wols & Van Thienen 2014b).
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