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Abstract

Most cities are facing an aging sewer infrastructure in extensive and emerging need
of repair, rehabilitation or renewal. Deterioration modelling can be a valued data mining
tool to tackle this issue by supporting utilities in defining strategic investment planning.
This study aims to demonstrate the benefits of deterioration modelling using sewer CCTV
inspection data and GIS characteristics (material, age, depth, width, traffic load, etc.) of
two different cities: Braunschweig in Germany and Bogota in Colombia. A probabilistic
Markov-based model has been applied to identify and exploit relationships between
sewer condition and characteristics in the extensive datasets of the two cities. The quality
of prediction of the model has been evaluated by analyzing the deviation between model
observations and model predictions. Results show relatively low deviations (< 15%)
indicating a satisfying model performance in both cities and underlining the relevance of
deterioration models to simulate the condition of sewer networks and to support strategic
asset management.

1 Introduction

The wastewater infrastructures including collection pipes and treatment facilities represent an
enormous investment in physical assets. The replacement value of these assets amounts to millions of
euros for every major city but also small municipalities [1]. During the last 30 years, most municipalities
have invested in sewer system expansion to meet growth and treatment plant upgrade but a relatively
small proportion of the budget has been allocated to sewer rehabilitation [2]. As a result, most cities
face an aging infrastructure in extensive and emerging need of repair, rehabilitation or renewal.
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The ASCE estimated the required capital investment to maintain and upgrade water infrastructure
in the USA as $91 billion. However, only $36 billion of this $91 billion needed was funded, leaving a
capital funding gap of nearly $55 billion. In Germany, a national study estimates that about 17% of the
sewers have severe defects and should be rehabilitated immediately or in the short term [3]. Over the
last years, the annual investment for sewer rehabilitation was about 4 billion € whereas capital need is
estimated to more than 7 billion €, indicating a capital deficit of at least 3 billion € [4].

Deterioration models have been developed to forecast the evolution of the system according to its
current and past condition. They can be used (i) for the scheduling of inspection programs (i.e. the
detection of sewers in critical condition) and the planning of rehabilitation budgets (i.e. comparison of
different sewer rehabilitation scenarios and the evaluation of necessary investment rates). Several
modelling approaches are now available [5, 6, 7] but not commonly used by sewer operators to support
strategies. Indeed, most of these models still fail to show that they can adequately forecast the evolution
of the network condition [8].

This paper aims at demonstrating the performance of deterioration modelling to predict the future
deterioration of the network, i.e. the evolution of the condition distribution over time, using the
extensive CCTV datasets of two cities in very different contexts: Braunschweig in Germany and Bogota
in Colombia.

2 Material and methods

The statistical Markov chain model GompitZ [9] has been calibrated and validated using CCTV and
GIS data of both case studies. For each sewer, the inspected sewer condition has been compared with
the predicted condition at the year of inspection. Model performance has been assessed by analysing
the deviation between model predictions and observations.

For the city of Braunschweig (250.000 inhabitants), all pipes have been inspected at least once.
After data clean-up, 37.506 consistent CCTV inspections (representing 1.476 km) were linked to 23.958
sewer pipes. The structural condition of the inspected pipes has been evaluated using the French
classification methodology RERAU [10]. A structural condition class is assigned to each sewer segment
(from manhole to manhole) on a four-grade scale (1 to 4, 4 being the worst condition meaning that
immediate rehabilitation is needed). The influence of sewer characteristics on sewer condition is
represented in Figure 1. It shows that the variables "construction year", "material", "type of effluent
(sewerage)" and "depth" have a clear influence on sewer condition.

The database of Bogota (6,7 billion inhabitants) contains after data clean-up 5.076 consistent CCTV
inspections (representing 245 km) linked to 5.031 sewer pipes. The structural condition of the inspected
pipes has been evaluated using the local sewer assessment methodology NS — 058 [11]. It attributes a
score from 1 to 5 to each inspected pipe, 5 being the being the worst condition. Figure 2 shows the
influence of sewer characteristics on sewer condition: "construction year", "material", "type of effluent
(sewerage)", "depth", "diameter" and "length" seem to be the variables that influence most sewer
condition. Note that the original scores 3 and 4 have been grouped in order to have only 4 condition
classes and allow comparison with Braunschweig.

3 Results and conclusion

Figure 3 shows model results for both case studies. Figure 3 [top] shows the inspected condition of
the entire dataset (5.076 pipes in Bogota and 37.506 pipes in Braunschweig). Figure 3 [middle] shows
the predicted condition of the same dataset. Figure 3 [bottom] shows the deviation between the predicted
and inspected proportions of sewers in bad condition 4 (red bars).

352



From CCTV Data to Strategic Planning: Deterioration Modelling for ... N. Caradot et al.

ConstructionYear_cat (categorical) Material_cat (categorical) Sewerage_cat (categorical) Depth_cat (categorical)

100% 100% 100% 100%
90% 90% 90% 90%
80% 80% 80% 80%
70% 70% 70% 70%
60% 60% 60% 60%
50% 50% 50% 50%
40% 40% 40% 40%
30% 30% 30% 30%
20% 20% 20% 20%
10% 10% 10% 10%

0% 0% 0% 0%

cooo0oco0o0Q > o) ° ] s 5
T IO ON DO O ) % o) 5 2 2 € € € €
200002000 o 4 c 2 T © v W v v
- - +- - +-+-q 8 53 = 3 2 < < a4 &
A AAANANANA 5 € (¢} g€ o M A A A
v o o 5 7} v

o S g

(2

Diameter_cat (categorical) Length_cat (categorical) Slope_cat (categorical) Location_cat (categorical)

100% 100% 100% 100%

90% 90% 90% 90%

80% 80% 80% 80%

70% 70% 70% 70%

60% 60% 60% 60%

50% 50% 50% 50%

40% 40% 40% 40%

30% 30% 30% 30%

20% 20% 20% 20%

10% 10% 10% 10%

0% 0% 0% 0%
€ € € € E E E E B S 5 2 3% S ¢
€ € € € o o o o © © 0 0 % 9 § % g
e 2o 9o Q9 N & = o NN g K 5 & T E ¢
& & & o I A A A s o L, o E E E © £
§ & & B© v I A A s & 8 ¢ 5
I A A A v E F F

<

Figure 1 Sewer characteristics in Braunschweig used as variables in the statistical model. The condition ranges
from 1 (green) to 4 (red), with 4 being the worst condition. Please note that this graph shows the condition
distribution of the set of inspected sewers but not of the sewer system itself: some sewers have been inspected
several times
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Figure 2 Sewer characteristics in Bogota used as variables in the statistical model. The condition ranges from
1 (green) to 4 (red), with 4 being the worst condition. Please note that this graph shows the condition distribution
of the set of inspected sewers but not of the sewer system itself: some sewers have been inspected several times
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For each age period, the deviations are relatively low (< 15%) indicating a satisfying model
performance and underlining the relevance of deterioration models to simulate the condition of sewer
networks. Deviations are slightly positive for the last age period (70-80 years) due to left truncated
inspection data: already replaced pipes have not necessarily been inspected. This leads to a selective
survival bias and to an over representation of sewer in good condition (survivors).

Ongoing works are focusing on the assessment of model performance at the pipe level for
investment prioritization and pipe rehabilitation programs as well as the assessment of uncertainties in
model outputs [12]. Aim is to evaluate the required investment confidence interval to achieve a desired
network condition.
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Figure 3 Inspected [top] and predicted [middle] condition distributions of the inspected sewers in the cities of
Bogota (left) and Braunschweig (right). Bottom graphs show the deviations between the predicted and inspected
proportions of sewers in bad condition 4
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