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Abstract: Proactive management of wastewater pipes requires the development of deterioration models
that support maintenance and inspection prioritization. The complexity and the lack of understanding
of the deterioration process make this task difficult. A semiparametric Bayesian geoadditive quantile
regression approach is applied to estimate the deterioration of wastewater pipe from a set of covariates
that are allowed to affect linearly and nonlinearly the response variable. Categorical covariates only
affect linearly the response variable. In addition, geospatial information embedding the unknown
and unobserved influential covariates is introduced as a surrogate covariate that capture global
autocorrelations and local heterogeneities. Boosting optimization algorithm is formulated for variable
selection and parameter estimation in the model. Three geoadditive quantile regression models
(5%, 50% and 95%) are developed to evaluate the band of uncertainty in the prediction of the pipes
scores. The proposed model is applied to the wastewater system of the city of Calgary. The results
show that an optimal selection of covariates coupled with appropriate representation of the dependence
between the covariates and the response increases the accuracy in the estimation of the uncertainty band
of the response variable. The proposed modeling approach is useful for the prioritization of inspections
and provides knowledge for future installations. In addition, decision makers will be informed of the
probability of occurrence of extreme deterioration events when the identified causal factors, in the 5%
and 95% quantiles, are observed on the field.

Keywords: Bayesian; geoadditive; quantile; P-splines; boosting optimization

1. Introduction

Wastewater systems collect and transport household, commercial and industrial used water through
a complex underground sewer pipe network to treatment plant facilities [1,2]. The need to maintain the
required level of service and protect the environment led municipalities to actively monitor and improve
their systems based on actual and future performance indicators. Budget restrictions and large size of
modern wastewater systems, however, limit the ability of municipalities to inspect and assess the condition
of all pipes in their networks [3–6]. For example, in Canada, only 23% of large collection pipes have
complete inspection data and the condition of the remaining proportion is estimated based on proxy
information, such as age, soil types and expert opinion [7]. Existing deterioration models focus on relating
the mean of the response variable to a given (linear, nonlinear) combination of the covariate effects [8,9].
The use of such models implies that the estimated effects describe the average condition of pipes. However,
it is of interest to analyze the quantiles of the response, such as 5% and 95% quantiles, which provide
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information about the occurrence of extreme deterioration events (e.g., new pipes in worst structural
condition or old pipes in excellent condition). Structured additive quantile regression coupled with the
boosting algorithm (i.e., an optimization algorithm that aims at minimizing an expected loss criterion
by stepwise updating of an estimator according to steepest gradient descent of the loss criterion) will
simultaneously address the selection of relevant factors in the model and estimate model parameters in
a single procedure [10].

Various mathematical models (physical, statistical, machine learning) have been proposed to model
sewer pipes deterioration [11]. Lack of understanding of the complex physical process of pipe failure
coupled with the limited data availabilities hinders use of physical models [12,13]. Artificial intelligence
constitute an alternative approach that allow nonlinear modeling and fits well while the inherent
bias and sparseness of sewer inspection data may prohibit the application of conventional statistical
models [14]. The necessity of specification of internal model architecture, the need of large training sets
and the sensitivity to imbalanced datasets limits their usage [15]. Furthermore, the causal relationship is
not explicitly expressed. Statistical models are the most used techniques [16,17]. Regression models,
a subcategory of statistical models, allow the identification of the causal relationship between the
individual sewer attributes and its internal condition state [18]. Different regression approaches have
been developed including linear regression [19,20] and nonlinear regression [9,21]. Despite efforts made
by municipalities to collect information and build extensive and accurate databases of their wastewater
systems, only physical characteristics of sewer pipes (e.g., length, diameter), are the most used attributes
in statistical deterioration models for wastewater pipes [17,22–27]. However, various environmental and
operational variables impact the structural safety of pipes [28–30]. Accuracy and reliability of existing
regression based sewer deterioration models can be enhanced if the following shortfalls are addressed:
(1) an oversimplification of the physical process (e.g., linear relationship between the covariates and
the condition of pipes), (2) not all the required covariates are available nor included in deterioration
models [30–33], (3) the spatial location of pipes that can inform about unknown and unobserved covariates
is not considered [6,34,35].

Recent development of Gaussian structured additive regression models allows not only the inclusion
of nonlinear effects of the covariates on the response variables but also the consideration of possible spatial
autocorrelation to enhance predictive capabilities of wastewater deterioration models [9,13]. The geospatial
location of pipes is introduced in the model to capture the information about unobserved covariates in the
form of single surrogate covariate representing the district where the pipe is buried. A Gaussian Markov
Random field (GMRF) approach allows pipes in neighborhood districts to have similar deterioration
pattern, while a random effect parameter is applied to represent heterogeneities in pipes deterioration [34].

Davies et al. [30] listed 33 potential factors that might affect the deterioration of sewer pipes.
However, all these factors are not always available in municipality databases to support the analysis
of deterioration of sewer pipes. A parsimonious and interpretable model consisting of relevant factors
represented at appropriate complexity is required. Statistically significant variables, in regression models,
are identified based on heuristic techniques such as stepwise selection that are not efficient. In addition,
in frequentist-based statistical models, the heuristic approach has a risk of overconfident estimation of
the output variable [36,37]. Kabir et al. [38] applied Bayesian Model Averaging to identify significant
covariates in a sewer system before applying a Bayesian logistic regression to predict the structural
condition of pipes. Mohammadi et al. [39] considered thirteen variables including environmental factors
to classify sanitary sewers. They proposed a gradient decision boosting algorithm to classify the pipes
into two groups (good and critical pipes). The binary output of their these models limits its their use in
the decision making. Laakso et al. [31] applied the Boruta algorithm to assess the importance of variable
in a binary random forest sewer pipe deterioration model. Quantile regression aims at determining the
influence of regressors on the conditional quantiles of the dependent variable which do not have necessarily
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a Gaussian distribution [40]. The advantage of the analysis of quantiles in sewer pipe deterioration is
the assessment of the tails of the distribution of the response. For instance, the 5% quantile contains
old pipes in good condition and the 95% quantile contains new pipes that have the high likelihood of
failure. Both extreme cases influence the expected mean models. Furthermore, the pipes attributes that are
responsible of the appearance of outliers may differ is each quantile. The identification of these factors
through appropriate modeling of the deterioration process will allow decision makers to capture extreme
deterioration patterns and reduce the uncertainty in the pipes useful life calculations. Boosting algorithm
has been successfully applied for variable selection and model choice to estimate the time to failure
of water pipes [41] and the classification of sanitary sewers [39]. Application of quantile regression
coupled to boosting algorithm to simultaneously minimize an empirical risk defined as a loss function
while estimating model parameters and iteratively select informative regressors are found in [10,42,43].
Balekelayi and Tesfamariam [42] applied quantile regression to capture the frequency of water pipes’
failure in the city of Calgary. The boosting optimization algorithm has the advantage over other machine
learning, such as random forests, artificial neural networks, that result in black-box predictions and do not
allow quantification of partial influence of covariates on the response variable [37].

In this paper, a Structured Quantile Additive Regression (SQRM) using a boosting optimization
algorithm for the selection of covariates is proposed. The approach presented in [9,42] is extended with
the integration of linear components for continuous covariates, i.e., the continuous covariates are allowed
to have two components including the linear and the nonlinear effects modeled following the ordinary
least square and the penalized splines nonlinear smooth functions respectively. Only linear effect is
considered for categorical variables. A Bayesian inference based on Markov Chain Monte Carlo simulation
is used to capture uncertainty propagation in the definition of base learners’ models. The response data,
defined as a continuous variable (pipe scores obtained after grading observed defects following a given
protocol as described in [44]), is iteratively estimated through an optimized process of learners selection.
The Bayesian-based evaluation of the effect of individual factors coupled with the optimization-based
selection of the most informative factors increases the accuracy in the quantile prediction and allows the
decision makers to confidently quantify the uncertainty in the deterioration model.

This paper is organized as follow: the next section gives the mathematical formulation of the proposed
methodology. The description of the case study, the available data and the proposed model follow. Results
and discussions are presented before a conclusion is presented in the last section.

2. Mathematical Formulation

The proposed framework is presented in Figure 1. After the selection of the wastewater system,
the steps to compute SQRM are:

• First, collection of the available data including inspection data (e.g., observed defects, their severity,
their orientation and their location), pipe characteristics (e.g., length, diameter, material type,
buried depth and slope) and maintenance data (e.g., number of previous flushes, number of previous
reported backups). If available, the operational data (e.g., dry weather flow, wet weather flow,
inflow infiltration) are also collected.

• Second, data processing where variables are classified into categorical (e.g., material) and continuous
(e.g., diameter). The response variable is the internal condition of the pipe that is expressed in terms
of score obtained after rating the observed defects following a grading protocol (e.g., Water Resource
Center: WRc). The model equation is developed, and the base learners’ priors are selected.

• Third, the last step is simulation and model performance evaluation. The number of iterations and
step-length are set to the same values in both quantiles. The validated models are used for predictions
and the effect of the selected covariates are examined.
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Sewer network infrastructure

Pipes characteristics:
e.g.: Diameter, Length, Material

Maintenance data:
e.g.: Number of previous flushes, root cuts

Data collection

Geospatial information
e.g. : Pipe coordinates (x, y, z), districts

Pipe inspection data
e.g.: Observed defects,  pipe scores

Independent variables : 
e.g.: Pipe characteristics, maintenance data 

Dependent variable : 
Pipe score 

Data processing and model 
development

Covariates classification : 
Continuous: e.g., pipe length, diameter
Categorical: e.g.:, pipe location 

Model equation :
 e.g.: Dependence type, geospatial covariate

Pipe scores distribution

Quantile selection (5%, 50%, 95%) and model setup 
(number of iterations for the boosting algorithm)

Simulation using SQRM coupled with the boosting algorithm

Model validation using 25-folds cross-validation technique 

Selection of the best model per quantile for prediction
 (Stopping criteria mstop)

Geoadditive quantile regression model

Figure 1. Proposed framework for geoadditive quantile regression model.

2.1. Geoadditive Quantile Regression

Flexible models better represent the complex nonlinear relationships between the regressors and the
response variables in natural processes. These models allow the addition of noise that account for over
dispersion caused by unobserved heterogeneities and possible autocorrelation. Assume the observations
(Yi, xi, zi), i = 1, . . . , n are elements of the inspection database where Yi represents the pipe segment
score (continuous), xi = (xi1, · · · , xiq) and zi = (zi1, · · · , zip) are vectors of categorical (e.g., material) and
continuous covariates (e.g., age), respectively. The relation between the observations Yi and the predictions
ηi is defined as:

Yi = ηi + εi, εi ∼ F(εi|θ), i ∈ I (1)

where i is a subset of {1, . . . , n}; that is, not necessary all latent ηi are observed through the data Yi. F is
an unknown distribution function of error terms εi and may depend on some additional parameter θ.
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Given a fixed and known quantile τ ∈ (0,100%) and assuming the τth quantile of the error in Equation (1)
is zero, i.e., (F−1(τ|θ) = 0), the general additive quantile regression model is expressed as [45].

Q(Yi |xi ,zi)
(τ|xi, zi) = ητi = xT

i βτi +
p

∑
j=1

fτj(zji) + bτi (2)

where Q(Yi |xi ,zi)
(τ|xi, zi) is a conditional quantile response, ητi is the semi-parametric predictor, βτi is the

vector coefficient of the parametric component, f is the vector of smoothing functions for the nonparametric
component and bτi is an unstructured random effect accounting for overdispersion caused by unobserved
heterogeneity or for correlation in longitudinal data [40].

In Bayesian framework, appropriate prior distributions (e.g., diffuse priors are considered for the
linear effects (here applied to both discrete (categorical) and continuous covariates), first and second
order random walk priors are used for continuous covariates and the structured spatial effect is modeled
through GMRF specified as an intrinsic conditional autoregressive model) are defined and applied [9,42].
The parametric component in Equation (2) is estimated using the ordinary least squared algorithm.
The nonlinear smooth functions fτj (Equation (3)) are approximated through penalized polynomial splines
(P-splines) of degree lj represented as a linear combination of mj = hj + lj − 1 B-splines basis functions Bj,k
evaluated at prespecified knots zj,min = ξ j1 < ξ j2 < · · · < ξ j,hj

= zj,max.

fτj(zij) =

mj

∑
k=1

γτjk Bjkzij i = 1 · · · n; j = 1 · · · p (3)

where the coefficients γτjk are the amplitude that scale the B-spline basis functions Bjk to fit the observed
data. Smoothness of the functions and accurate fit to observed data are obtained through the definition of
high number of knots as well as the imposition of penalties to adjacent B-splines [9,46]. The interactions
between the covariates are defined as bivariate functions as explained in [47]. The conditional mean
obtained for τ = 50% in Equation (2) is the Structured Additive Regression model [43,48]. Information
about the geospatial location of the wastewater pipes is added to Equation (2) to build the geoadditive
SQRM as:

Q(Yi |xi ,zi)
(τ|xi, zi) = ητi = xT

i βτi +
p

∑
j=1

fτj(zji) + fgeo,τ(Si) (4)

where fgeo is spatial effect and has two components: the structured correlated effect fstruct and the
unstructured effect funstruct, specific to the place where the pipe is buried (local heterogeneities),
i.e., fgeo = fstruct + funstruct. For each district s ∈ 1, · · · , S in the area of interest (e.g., in a city, different
communities may represent districts), a separate regression coefficient is estimated to represent the
correlated spatial effect fstruct = ( fstruct(S1) · · · fstruct(Sn))′ = Zstructγstruct. The design matrix Zstruct is
an incidence matrix whose entry in the ith row and kth column is equal to one if the observation i has been
observed at location k and zero otherwise. Spatially adjacent regions are assumed to share similar effects
on the deterioration of pipes. This is achieved by defining the adjacency matrix K as follows:

K[r, s] =


−1 if districts s and r are neighbors (i.e., s 6= r, s ∼ r)

|N(s)| if s = r

0 otherwise (i.e., s 6= r, s � r)

(5)

where s ∼ r denotes that the two regions s and r are neighbors and N(s) is the total number of neighbors for
region s. For example, in Figure 2, the selected district (Marlborough in the city of Calgary) has 8 neighbors



Sustainability 2020, 12, 8733 6 of 24

(N(s) = 8). Further details about Markov Random Fields can be found in [49]. Information about the
factors affecting the deterioration of sewer (e.g., sewerage type, load transfer, surface use, surface type,
water main burst and leakage, ground disturbance, groundwater level, ground conditions, soil backfill
type) are not systematically collected during inspection campaigns [9]. The addition of the geospatial
location information allows to account for these factors [9,42]. The SQRM in Equation (4) is the final form
of the equation used to represent the deterioration of sewer pipes in this research.

Legend
Selected district

neighbourhood

Figure 2. Example of neighborhood definition in Gaussian Markov Random field (GMRF).

For classic linear quantile, the regression coefficients are estimated by minimizing the asymmetrically
weighted sum of absolute deviations [50]. The SQRM (Equation (4)) can alternatively be expressed as
a minimization problem as [10]:

argmin
ητ

n

∑
i=1

ρτ(Yi − ητi) (6)

where

ρτ(yi − ητi) =

{
τ|yi − ητi| if (yi − ητi) ≥ 0

(τ − 1)|yi − ητi| if (yi − ητi) < 0
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is the “check function”, i.e., a loss function for quantile regression problem that is appropriate for decision
making perspectives [50]. The parametric component of the model is solved using the ordinary least
square method.

2.2. Boosting Algorithm

The high number of covariates in the model (Equation (4)) led to the choice of boosting algorithm for
variable and model selection [37,47]. The gradient descent (boosting) algorithm iteratively applies simple
base learner procedures to residuals u obtained by differentiating the optimization criterion of interest
(e.g., the loss function defined in Equation (6)) [47]. The stepwise increment of f̂ [m]

j (Algorithm 1) are small
and the overall minimum is slowly approximated. At the same time, the additive structure of the resulting
model fit is conserved since the final aggregation of the additive predictor and its single component
are strictly additive. The algorithm selects the most informative base learners (model components) that
minimize the empirical risk function. Since each base learner is composed of a single covariate, the variable
selection is a very efficient process because the non-informative covariates will not be updated (i.e., they will
never be the best fitting base learner in the optimization part of the algorithm) until the stopping criteria
is reached. Thus, only influential base learners will appear in the final model. The step length factor ν

is of minor effect on the accuracy of the estimators if a sufficiently small number is selected [10]. In the
developed approach, K-cross-validation technique is applied. The data are split into K subsets where
a single subset is kept for the validation and the other (K-1) subsets are used for the training. The goal
of boosting algorithm in structured additive quantile regression is to find a solution to the expected loss
optimization problem given by the following equation [51]:

η∗ = argmin
η

E[L(Y, η)] (7)

where Y is the response and η is the predictor of a regression model. L(Y, η) corresponds to the loss
function defined in Equation (6). From the observations (Yi, xi, zi), with i = 1, · · · , n the number of
observations; the expected loss in Equation (6) can be replaced by the following empirical risk:

1
n
[L(Yi, ηi(xi, zi))] (8)

where xi, zi are the complete covariate vectors of observations.
Boosting algorithm advantage is able to combine the model fitting with the intrinsic variable selection

and model choice through a functional gradient descent minimization framework [10,47,52,53]. In addition,
in the presence of many predictors, the boosting algorithm shows high efficiency in the selection of
variables compared to classical selection schemes [53]. The reduced number of parameters to be set by the
user, including the number of iterations and the step-length factor (Algorithm 1), makes it a good tool
to propose to municipalities for the modeling of the deterioration of wastewater pipes. Friedman [51]
demonstrated that a small step-length is beneficial and never yields worse predictions using boosting
algorithm. Thus, the step-length is set once. As explained in [51] and represented in Algorithm 1,
the number of iterations will be changed after different runs until a better convergence is obtained.
The optimal stopping criteria is determined using cross-validation and represents the optimal number
of iterations needed to reach the minimum risk defined in Equation (8). The K-cross validation assists in
avoiding the overfitting. The value of the stopping criteria (mstop) should be between 1 and the selected
number of iterations.
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Algorithm 1: Component-wise functional gradient descent boosting algorithm for structured
additive quantile regression.

Initialization;
After selection the stopping criteria mstop, the definition and initialization of the predictor are the

next steps to consider.;
From Equation (4), the type of interaction of each covariate is defined and the model built.;
Set the iterator m = 0 and the initialization of the response is done from suitable starting values
such as the median of the response values Y1 · · ·Yn as offset, i.e., η

[0]
i = argminc ∑n

i=1 ρ0.5(Yi − c),

and f̂ [0]j = 0 for j = 1 · · · p;

Iteration;
while m < mstop do

Negative gradient;
m = m + 1 (increment the iterator);
Compute the negative gradient residuals of the loss function evaluated at the predictor values

η̂
[m−1]
i (previous iteration estimated value);

u[m]
i = − ∂

∂η
L (Yi, η) |

η=η̂
[m−1]
i

i = 1 · · · n

For quantile regression boosting;

u[m]
i = −ρ

′
τ

(
Yi − η̂

[m−1]
i

)
=

{
τ Yi − η̂

[m−1]
i ≥ 0

τ − 1 Yi − η̂
[m−1]
i < 0

Estimation;
Fit all the base learners separately to negative gradient residuals and obtain for each base
learner, the ĝ[m]

j estimators of f̂ [m]
j .;

Run an optimization process to estimate the best fitting base learner gj∗ that minimizes the loss
function below:

j∗ = argminj

[(
u[m] − ĝ[m]

j

)T (
u[m] − ĝ[m]

j

)]
where u[m] = (u[m]

1 , · · · , u[m]
n )T is the vector of gradient residuals in the current iteration

Update;
Compute the update for the nest fitting base learner

f̂ [m]
j∗ = f̂ [m−1]

j∗ + νĝ[m]
j∗

where ν ∈ [0, 1] is a given step length. Keep all the other effects constant, i.e., set f̂ [m]
j = f̂ [m−1]

j

for d 6= d∗ Compute the η̂
[m]
i for i = 1 · · · n

end
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3. Case Study

The city of Calgary is situated in Southern Alberta, Canada and has a population of 1.2 million people.
Its wastewater system is composed of 76,380 sewer pipes representing a total length of 5545.9 km (Figure 3).
These pipes connect three wastewater treatment plants (Fish Creek, Pine Creek and Bonnybrook) to
residential homes, commercial, industrial and public buildings. The database of the city indicates 5.24%
(299.5 km) of pipes have their age above 65 years with 3.4% (188.6 km) above 100 years old. Different pipe
material has been used to build the system: asbestos cement (AC), concrete (CON), brick (BR), vitrified
clay (VCT), steel (ST), cast iron (CI), corrugated metal pipes (CMP); polyvinyl chloride (PVC), polyethylene
(PE) sewer pipes. Before 1945, most of the pipes were clay or metallic. From 1945 to date, a predominance
of plastic and cementitious pipes is observed in the data. In this study, pipe materials are grouped into:
(1) Cementitious: CON, AC; (2) clay: BRICK, VCT; (3) metallic pipes: ST, CI, CMP; and (4) plastic: PE, PVC.
The plastic and cementitious pipes represent 89.4% of the total pipes length in the system

Figure 3. Calgary sewer pipe network.

3.1. Inspection Data Collection and Processing

Since early 1990, an inspection program using closed circuit television (CCTV) technique has been
implemented in order to prioritize further inspection, maintenance and replacement of pipes. The selection
of pipes for inspection is based on their age, material and the expert knowledge (e.g., out of 76,380 pipes
in the city, 12,662 (1188.2 km i.e., 16.6%) have been inspected among which 68.2% are cementitious,
17.2% are clay, 10.1% are metallic and 4.5% are plastic pipes. Starting in 1940, the replacement of Ac and
metallic pipes with concrete and plastic has been intensified in 1960. Figure 4 shows the age distribution of
cementitious pipes that is varying between 0 and 55 and for plastic between 0 and 45 years. The installation
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period has been reported as important parameter that affect the sewer condition. It integrates the age,
the quality of the material used and the workmanship [54,55].

The observed defects data, for the city of Calgary in Canada, have been graded following the WRc
protocol [44]. In this protocol, defects are categorized and assigned a score describing their severity and
orientation. The pipe segment grade is given based on its highest defect score that is converted into a crisp
number varying from 1 (best) to 5 (likely to fail) representing the Internal Condition Grading (ICG).
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3.2. Factors Selection and Model Development

Table 1 gives a brief description of the factors used in this study and assumed to influence the
sewer pipe condition deterioration in the city of Calgary. These factors have been selected based on
their availability from the database. Maintenance operations increase the pipes service life. However,
some maintenance techniques (e.g., flushing, cleaning) may initiate erosion in the sewer material that will
evolve with time. Maintenance factors are considered in the presented model.

Table 1. Covariates’ description.

Covariates (Physical) Description

Material Designed material of pipes (categorical: 1 = cementitious, 2 = clay, 3 = metallic,
4 = plastic)

Age The difference between the inspection date and the installation date (continuous)
Length The manhole to manhole distance inspected (continuous)
Diameter size of the pipes (continuous)
Depth mean distance from the crown of the pipe to the ground surface (continuous)
Slope Angle between the pipes axis with the horizontal (continuous)
rservs Number of residential connections to the pipe (continuous)
cservs Number of commercial buildings connected to the pipe (continuous)

Covariates (Maintenance)

Flushes Number of flushes done previously on the sewer pipe (continuous)
repairs Number of previous repairs on the sewer pipe (continuous)
Rcuts Number of times, the roots have been cut from inside the pipe (continuous)
Backups Number of times, there have been water backups in the sewers (continuous)
Degrease Number of time, the maintenance team have degreased the sewer pipe (continuous)
Cleaning Number of time, the sewer pipes have been cleaned (continuous)

Covariates (Environmental)

Geospatial location The geographic location of the sewer pipe. While it is widely accepted that
pipes having the same characteristics deteriorates at the same pace, there is
a variation in the deterioration across pipes in the same cohort but affected by
different environmental covariates such as the nature of the soil they are buried in,
the groundwater fluctuation, soil compaction, traffic on the ground, activities in the
vicinity. These unobserved and unknown data have correlated and uncorrelated
effects on the structural response

Penalized splines with second order difference penalty was assumed as prior distribution for the
continuous variables (e.g., [10,47]) and ordinary least squares approach is applied for the linear effects
(e.g., [10,47,56]). Only the material covariate is considered as a categorical variable in the modeling and its
fixed effect is assessed for each material type. The number of knots is set to 40 for the following covariates:
diameter, age, spatial effect, flushes, cleaning, repairs, degrease and 20 for the others.

The geospatial information is captured through the location of pipes in districts. All the pipes
of a district are assigned the same identification number, which means they are affected by the same
unobserved covariates. The city of Calgary has 301 communities representing the districts (id) (Figure 2).
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3.3. Response Variable

The response variable (score of pipes) is a continuous variable (following WRc protocol) that has been
observed on the pipe segment during inspection. The geoadditive SQRM (Equation (4)) is represented in
the following form:

ητ = a1 × (Age) + f (Age) + a2 × (rservs) + f (rservs) + a3 × (cservs)+

f (cservs) + a4 × (Length) + f (Length) + a5 × (Diameter) + f (Diameter)+

a6 × (Material) + a7 × (Flushes) + f (Flushes) + a8 × (Cleaning)+

f (Cleaning) + a9 × (Degrease) + f (Degrease) + a10 × (Backups)+

f (Backups) + a11 × (Roots) + f (Roots) + a12 × (repairs) + f (repairs)+

a13 × (Replaced) + f (Replaced) + a14 × (Slope) + f (Slope)+

a15 × (Depth) + f (Depth) + map(id, bnd = clgr) + rd(id, bnd = clgr)

(9)

where ai is a fixed parameter coefficient estimated for linear effect, f is smooth nonlinear function
expressing nonlinearity in the relationships, map is the structured effect of the geospatial information,
rd is the unstructured geospatial effect. The boosting algorithm iteratively builds each quantile model
by selecting and updating the more informative covariates. Model parameters are selected as follow:
initial number of iterations mstop = 30,000 and the step length = 0.25. The cross-validation of the models is
done using 25-folds cross-validation technique. The optimal model used for prediction correspond to the
one obtained at the optimal stopping criteria. The selected covariates at this point are the most influential
parameters for the quantile under analysis. The effect of the interaction between factors is included in the
model as a smooth function f .

4. Results and Discussion

4.1. Model Selected Covariates

Several reasons may explain the appearance of extreme values (e.g., human errors in the interpretation
of the inspection data, not updating the database after replacement, maintenance and repairs, other reasons
that need to be investigated on the field). In the presented results, human causes of errors are excluded,
and the assigned sewer pipes condition grades are assumed to reflect the real actual condition of pipes.

Three quantiles regression models (5%, 50% and 95%). are developed and evaluated in this study.
For each model, the score of pipes is predicted and the influential factors identified. The 5% and 95%
quantile models are important in the schedule of further inspections and maintenance planning.

The optimal number of iterations obtained after the cross validation is 3675 for the 5% quantile,
18,656 for the 50% quantile and 20,000 for the 95% quantile. At this value (e.g., 3675 iterations as shown in
Figure 5), the variables that have been incorporated in the deterioration model are the most influential,
i.e., the most informative (Table 2). Both types of relationships are iteratively included in the model.
Thus, the final optimal model may have linear, nonlinear and geospatial effects of the covariates on the
output ICG response as presented in Table 2.

Interactions between the covariates have been considered in the developed model (Equation (9)).
However, no interaction has been found informative by the applied boosting algorithm.
Different covariates have been found to have mixed (linear and a nonlinear) effect to the pipe score.
Table 2 shows the identified types of effects for all the included covariates in the model. Several studies,
where the relationship between the pipe condition and the diameter is expressed in a linear form, found the
diameter as an influential factor that affects the deterioration of sewer pipes [25,26,54,57–60]. However,
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none of these studies gave details on how this covariate acts upon the sewer pipe scores. It is shown here
that the diameter of the pipe influences linearly the observation of extreme high score values (95% quantile)
of sewer pipes deterioration only (Figure 6a). The diameter does not influence the 5% quantile and 50%
quantile. The length covariate is the only characteristic of sewer pipe segments that influences nonlinearly
the 5% quantile (Figure 6b) and does not affect the 50% and 95% quantiles. It has been reported in previous
studies that this covariate has an influence on the ICG. However, the dependence type and the affected
quantile are not described [15,57].

Iterations

R
is

k 
fa

ct
or

1 389 886 1437 2043 2649 3255

2

3

4

5

6

Figure 5. Optimal number of function evaluation to avoid overfitting in the 5% quantile.

Table 2. Influential covariates for each selected percentile.

Covariates
5th Percentile 50th Percentile 95th Percentile

Linear Nonlinear Linear Nonlinear Linear Nonlinear

Age - - x x x x
rservs - x x x x
cservs - x x - x -
Length - x - - - -
Diameter - - - - x -
Material x - x - x -
Flushes - x x x - x
Cleaning - x - x - -
Degrease - x - x - -
Backups - x - x - -
Roots - x - x - -
repairs x x x x x x
Replaced - - X - x -
Slope - x - x - -
Depth - x - x - -
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Figure 6. (a) Linear effect of the diameter on the 95% quantile; (b) nonlinear effects of the length covariate
on the 5% quantile.

The age covariate only affects the 50% and 95% quantiles. Municipalities mostly use age covariate to
support their decision making for inspections and budget planning. The following studies highlighted the
influence of the age variable on the condition of sewer pipes [25,26,57,58,61,62]. When analyzing sewer
pipes in the 5% quantile, the age covariate may be misleading as decision variable because it does not
affect the 5% quantile. However, the 50% and 95% quantiles are both affected linearly and nonlinearly by
the age covariate. Figure 7a,b shows both effect of the age covariates on the 95% quantile.

0 20 40 60 80 100

0

10

20

30

40

Age(years)

Ef
fe

ct
 o

n 
50

%
  q

ua
nt

ile

(a)

0 20 40 60 80 100

−2.0

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

Age(years)

(b)

Ef
fe

ct
 o

n 
50

%
  q

ua
nt

ile

Figure 7. (a) Linear and (b) nonlinear effect of the age covariate on the 95% quantile.
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The 5% quantile is affected by most of the independent variables except the following: Age, diameter
and number of previous replacements. However, the 50% quantile (expected mean regression) is not
affected by the diameter and length variables. Finally, only three maintenance covariates influence the 95%
quantile predicted ICG response including the number of previous flushes flushes that have a nonlinear
effect, the number of previous repairs with both types (linear and nonlinear) of relationships and the linear
effect of the number of previous replacements.

The values of the covariate’s effect in the 5% quantile are less than one. Both covariates have either
negative influence (meaning the pipes are in the resistance period, i.e., a newly correctly installed pipe is
in the flat part of the bath-tube shape deterioration pattern [63] or positive but below one demonstrating
a low influence of the covariate to the deterioration process. In the 50% and 95% quantiles, however,
the effect of some covariates goes above 250 (e.g., effect of number of previous repairs in the 95% quantile).

The response variable is an additive combination of simple estimators (constant and varying
parameters) representing the partial effect of the selected covariates to the deterioration process. In the
case, both types of effects are identified as influential for a covariate, the resulting effect is a mixture
of the individual effects that are not easy to be captured with a single type of relationship between the
predictor and the output ICG variable. An example is given in Figure 8a,b, where both relationships
(linear and nonlinear) for the age and repairs covariates have been selected by the boosting algorithm as
influential factors. The resulting mixed effect (“combined effect”) shows that the age effect (Figure 8a) in
the 50% quantile is mostly controlled by the linear part. However, the nonlinear part should be included
to get a precise representation of the overall covariate effect. The repairs covariate effect Figure 8b is also
a mixture of both linear and nonlinear effects when the number of previous repairs is below 4. However,
after 4 repairs of a pipe, the repairs’ effect is led by the nonlinear component.
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Linear(left axis)
Nonlinear(right axis)

(a)
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th
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50

%
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20

40
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Combined(left axis)
Linear(left axis)
Nonlinear(right axis)

(b)

Figure 8. Combined effects of (a) age and (b) repairs covariates on the 50% quantile.

The inclusion in the model of either linear or nonlinear effect is in some cases the source of errors in
the predictions of the output ICG.
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4.2. Covariates’ Effects on the Response Variable

Both quantile responses are influenced linearly and nonlinearly (Figures 6–8). The 5% quantile has
the highest number of nonlinear factors’ effects compared to the 50% and 95% quantiles. The type of
dependence (linear and nonlinear) between the response variable and the predictors added to their effect‘s
ranges describe the complexity of the wastewater deterioration process. Only the repairs covariate has
both types of relationships (linear and nonlinear) with the pipes scores within all the selected quantile.
Figure 8b shows both effects for the 50% quantile model. The 50% quantile, i.e., the normal (usual)
expected mean regression model, gives a balance between the linear and the nonlinear relationships.
Finally, the extremes observed high scores (95% quantile) are caused by only 8 factors (age, the number of
residential connections, the number of commercial connections, diameter, material, the number of previous
flushes, repairs and replacement) that influence linearly and/or nonlinearly the 95% quantile (Table 2).

Material, flushes and repairs covariates are the only factors that influence all the three selected
quantile regression models (Table 2). The partial effects of the material (Figure 9) agree with the age of the
pipes in different types of material as represented in Figure 4. Metallic and clay pipes are the oldest types
of material in the network and show the highest partial effects compared to the newly installed types
(cementitious and plastic pipes). In the 50% quantile, plastic pipes show a high partial effect compared to
cementitious pipes while the revers is observed in the 95 % quantile. In additive models, each covariate is
fitted individually to the response score (Figures 10 and 11). The model minimizes the differences between
the output score and its predicted value from each single covariate (see Equation (6)). Once a good fit is
obtained for each covariate, the global output is a weighted sum of the fit of the covariates.
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Figure 9. Material linear effect for (a) 50% quantile and (b) 95% quantile.

It can be seen from Figures 10 and 11 that the 5% quantile is not supported by much data.
Thus, the decision maker should, in accordance with the map effect provided in the next section, investigate
the delineated high effects areas to get more evidence (investigate new factors) that can support his
decision-making process. However, for the 50% and 95% quantiles, Figures 10 and 11 show a good fit of
the predictions over the observations. The developed quantile regression tool allow to capture a wide
range of dependent variable.
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The identified range is the band of uncertainty that the decision maker should consider when taking
decisions about replacement, repairs or maintenance. The uncertainty range is skewed to the left with
a long tail to the right (95% quantile). Thus, the decision maker can focus only on the 5% and 95% quantiles.
In addition, the 95% quantile is the subset that has the highly risky pipes that should be prioritized for
inspection and maintenance.
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Figure 10. Physical characteristics covariates fitting to the response variables (a) age, (b) length, (c) diameter,
(d) material.
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Figure 11. Example of maintenance covariates fitting to the output response (a) number of previous
backups, (b) number of previous repairs.

4.3. Spatial Effects

Maps in Figure 12 are an important source of information to support early decision making for
inspection needs and search of more explanatory variables that could better explain the undergoing
deterioration of sewer pipes in each district of the city of Calgary. Furthermore, the geospatial effect
represents the range of the rate of deterioration in each area of the city. The area around the airport
shows the highest effect on the observed pipes condition scores (in the 50% quantile and 95% quantiles).
Pipes in this area are cementitious. The causes of high deterioration rates in the airport area can be:
(1) rigid pipes subject to intermittent surface loading due to frequent take-offs and landings of airplanes
will have higher failure rate than plastic or other material types in the outer areas of the city, (2) the
soil chemistry composition may have compound (e.g., H2S) that reacts with the cementitious pipes and
reduces their thickness. An in-depth investigation will likely reveal the main causes of the obtained
high deterioration rate in the airport area. However, on the decision-making side, early decision making
recommends an increase of inspection frequency in this area. The south west districts, where there are a mix
of cementitious and plastic pipes, present also high deterioration rates for both 50% and 95% quantiles
(Figure 12b,c).

The high deterioration rates in the north-east and south-west explain why city managers prioritized
the replacement of metallic and clay pipes in the outer part of the city. The remaining metallic and clay pipes
are buried in the center of the city of Calgary where the deterioration rate is not high. They are the oldest
material type in the network (See Figure 4). The 50% quantile regression model (Figure 12b) highlights the
same area of high influence (with a focus on the center of the network where more metallic and clay pipes
are installed). The critical area (near the airport) is captured in the 95% quantile model. The analysis of
quantiles allows to discover other causes (human activities) that may influence the deterioration pattern
of sewer pipes in the system and delineate critical areas. Furthermore, the spatial effect maps show the
existence of autocorrelation between the districts. The range values of the geospatial effects indicate that
high geospatial effects are in the 95% quantile.
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Figure 12. Spatial effects for (a) 5% quantile model, (b) 50% quantile and (c) 95% quantile.

4.4. Discussion

Quantile regression modeling is an effective way of addressing deterioration of sewer pipes.
The proposed model is robust against outliers which are a frequent issue in the management of wastewater
systems. It allows to elucidate factors that make extreme values to be observed. Moreover, it gives a credible
interval in which the observed values are identified. This interval quantifies the band of uncertainty in
the output variable for each independent variable (Figures 10 and 11). The band of uncertainty is key
component of the decision-making process. Accuracy in the predictions is gained not only through
acquisition of unknown information about contributing factors but also through a realistic representation
of the complex dependence (linear, nonlinear) of the response (internal condition score) to the covariates.
The obtained results agree with results obtained in previous studies [9]. For instance, the selected influential
factors (see Table 2) have been found significant in many previous studies [62,64].

Kabir et al. [38] found in their application on the same case study that the age, the length and the
rim elevation are the most significant factors for the cementitious pipes. For the clay pipes, their results
show the importance of the age and the length. Finally, the plastic and metallic pipe deteriorations are
influenced by the age and diameter. The analysis of the results in Table 1 show that the selected factors
influence the deterioration of pipes but at different quantiles. For instance, the age is significant both
(linearly and nonlinearly) for the 50% and 95% quantiles, not for the 5% quantile for both types of material.
However, the diameter only influences the 95% quantile. The length is significant in the 5% quantile.
The quantile approach highlights the effects of factors on different quantiles for both material types in
the system. In addition, Balekelayi and Tesfamariam [42] applied nonlinear P-splines smooth functions
to all the continuous factors and the only parametric factor was the material covariate. Their model
found a root mean squared error (RMSE) equal to 17.33 while the RMSE for the 50% quantile in this
study is equal to 17.46. In this study, the optimal 50% quantile model has a reduced number of covariates
compared to the model developed in [9]. This study shows that it is efficient to consider only the most
informative covariates in the quantile of interest. These covariates may differ from one quantile to another.
Furthermore, the output maps highlight areas where further search of causing factors and pipes inspection
should be prioritized. For inspection prioritization, the areas where no information have been recorded
(district where only local heterogeneities are found) and districts with high geospatial effects are the
priority areas for future inspection campaigns. The new information will be integrated in the developed
model and the model will be updated. Regarding the quantiles, the 95% quantile is more informative
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on pipes having a high deterioration rate and gives a better representation of critical zones than the 5%
and 50% quantiles. From the analysis of the predicted ICG (Figures 10 and 11), it is observed that the
distribution of the predicted response is skewed to the left and considering only the 50% and the 95%
quantiles will be sufficient to give insights on the range of possible output responses.

5. Conclusions

In this paper, an individual deterioration model is developed using a Bayesian quantile inference
with boosting algorithm for variable and model selection. The model considered the effects of physical,
maintenance and environmental factors on the structural condition of sewer pipes using linear, nonlinear
and geospatial effects on different quantiles (5%, 50% and 95%). The operator does not decide on the type of
relationships between the model factors and the response. All possible combinations are incorporated in the
model and an unsupervised selection of factors and model complexity is performed during the simulation
by the model. Modeling quantiles allows the analysis and the identification of pipes in the tails of the
condition distributions. Thus, different decisions should be made for pipes located in the same district and
having the same characteristics. On the contrary, single decision (as suggested by several deterioration
models) for both pipes (on the entire distribution) lead to premature replacement or the existence of
high-risk pipes in the network. At a practical point of view, this research presents a powerful tool to
orient and guide the prioritization of inspections in the network area. A map is a universal language tool,
accessible to people from different personal and professional backgrounds. The geospatial effect maps on
the deterioration of sewer pipes provide a sense of scale and distance of critical areas. The decision makers
will have to decide on different priorities focusing on the 5% quantile and 95% quantiles for inspections.
The rehabilitation plan may be based on the 50% quantile. Finally, this research showed that the pipe
characteristic data representing the physical data (e.g., length, material, age, depth, slope), the maintenance
data and the geospatial location of the pipes can efficiently represent a realistic deterioration model for
all (inspected and uninspected) the pipes in the network. The proposed modeling approach allows the
identification of factors that explain the difference occurring in the deterioration of pipes having the
same characteristics and exposed to the same environmental factors. The defined uncertainty band is
an important tool that should be efficiently used in maintenance planning and inspection prioritization.
The presented methodology provides an accurate and effective tool that is based on reduced number of
factors and through a proper representation of their effects to the response variable allows decision makers
to analyze the entire distribution of the condition of pipes. Future research direction should include fine
resolution in the geospatial location information. This information will allow to differentiate the effect of
the environment on the pipes buried in the same district.

6. Future Research Needs

To support the proactive management of water utilities, there is a need of accurate deterioration
models at reduced cost of data acquisition. The use of complex mathematical modeling to explain the
deterioration process with available data is more than needed. Future research directions will use the
proposed methodology in this study and reduced granularity for the geospatial location of the pipes
(sub-district, roads). The objective is to have the geospatial location of pipes expressed in terms of its
geographical coordinates.

Author Contributions: Conceptualization, methodology, writing—Original draft preparation and formal analysis,
N.B.; review and editing, S.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors acknowledge the financial support through the Natural Sciences an Engineering
Research Council of Canada (RGPIN-2019-05584) under the Discovery Grant programs.



Sustainability 2020, 12, 8733 21 of 24

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

SQRM Structured Quantile Regression model
GMRF Gaussian Markov Random Filed
ICG Internal Condition Grading
EPA Environmental Protection Agency
AC Asbestos Cement
CON Concrete
BR Brick
VCT Vitrified clay
ST Steel
CI Cast iron
CMP Corrugated metal pipes
PVC Polyvinyl chloride
PE Polyethylene

References

1. US-EPA. Rehabilitation of Wastewater Collection and Water Distribution Systems, State of the Technology Review Report;
US Environmental Protection Agency: Edison, NJ, USA, 2009.

2. Vahidi, E.; Jin, E.; Das, M.; Singh, M.; Zhao, F. Environmental life cycle analysis of pipe materials for sewer
systems. Sustain. Cities Soc. 2016, 27, 167–174. [CrossRef]

3. Fenner, R.A. Approaches to sewer maintenance: A review. Urban Water 2000, 2, 343–356. [CrossRef]
4. Korving, H.; Van Noortwijk, J.M.; Van Gelder, P.H.; Clemens, F.H. Risk-based design of sewer system

rehabilitation. Struct. Infrastruct. Eng. 2009, 5, 215–227. [CrossRef]
5. Mancuso, A.; Compare, M.; Salo, A.; Zio, E.; Laakso, T. Risk-based optimization of pipe inspections in large

underground networks with imprecise information. Reliab. Eng. Syst. Saf. 2016, 152, 228–238. [CrossRef]
6. Syachrani, S.; Jeong, H.S.; Chung, C.S. Dynamic deterioration models for sewer pipe network. J. Pipeline Syst.

Eng. Pract. 2011, 2, 123–131. [CrossRef]
7. Infrastructure Canada. Canadian Infrastructure Report Card-Informing the Future. 2016. Available online :

http://canadianinfrastructure.ca/en/index.html (accessed on 20 October 2020).
8. Malek Mohammadi, M.; Najafi, M.; Kaushal, V.; Serajiantehrani, R.; Salehabadi, N.; Ashoori, T. Sewer Pipes

Condition Prediction Models: A State-of-the-Art Review. Infrastructures 2019, 4, 64. [CrossRef]
9. Balekelayi, N.; Tesfamariam, S. Statistical inference of sewer pipe deterioration using Bayesian geoadditive

regression model. J. Infrastruct. Syst. 2019, 25, 04019021. [CrossRef]
10. Fenske, N.; Kneib, T.; Hothorn, T. Identifying risk factors for severe childhood malnutrition by boosting additive

quantile regression. J. Am. Stat. Assoc. 2011, 106, 494–510. [CrossRef]
11. Ana, E.; Bauwens, W. Modeling the structural deterioration of urban drainage pipes: The state-of-the-art in

statistical methods. Urban Water J. 2010, 7, 47–59. [CrossRef]
12. Rajani, B.; Tesfamariam, S. Uncoupled axial, flexural, and circumferential pipe soil interaction analyses of

partially supported jointed water mains. Can. Geotech. J. 2004, 41, 997–1010. [CrossRef]
13. Kleiner, Y.; Rajani, B. Comprehensive review of structural deterioration of water mains: Statistical models.

Urban Water 2001, 3, 131–150. [CrossRef]
14. Mashford, J.; Marlow, D.; Tran, D.; May, R. Prediction of sewer condition grade using support vector machines.

J. Comput. Civ. Eng. 2010, 25, 283–290. [CrossRef]
15. Kabir, E.; Guikema, S.; Kane, B. Statistical modeling of tree failures during storms. Reliab. Eng. Syst. Saf. 2018,

177, 68–79. [CrossRef]

http://dx.doi.org/10.1016/j.scs.2016.06.028
http://dx.doi.org/10.1016/S1462-0758(00)00065-0
http://dx.doi.org/10.1080/15732470601114299
http://dx.doi.org/10.1016/j.ress.2016.03.011
http://dx.doi.org/10.1061/(ASCE)PS.1949-1204.0000085
http://canadianinfrastructure.ca/en/index.html
http://dx.doi.org/10.3390/infrastructures4040064
http://dx.doi.org/10.1061/(ASCE)IS.1943-555X.0000500
http://dx.doi.org/10.1198/jasa.2011.ap09272
http://dx.doi.org/10.1080/15730620903447597
http://dx.doi.org/10.1139/t04-048
http://dx.doi.org/10.1016/S1462-0758(01)00033-4
http://dx.doi.org/10.1061/(ASCE)CP.1943-5487.0000089
http://dx.doi.org/10.1016/j.ress.2018.04.026


Sustainability 2020, 12, 8733 22 of 24

16. Balekelayi, N. Advanced Deterioration Models for Wastewater Inspection Prioritization. Ph.D. Thesis, University
of British Columbia, Vancouver, BC, Canada, 2019.

17. Duchesne, S.; Beardsell, G.; Villeneuve, J.P.; Toumbou, B.; Bouchard, K. A survival analysis model for sewer pipe
structural deterioration. Comput. Aided Civ. Infrastruct. Eng. 2013, 28, 146–160. [CrossRef]

18. Baah, K.; Dubey, B.; Harvey, R.; McBean, E. A risk-based approach to sanitary sewer pipe asset management.
Sci. Total Environ. 2015, 505, 1011–1017. [CrossRef]

19. Gedam, A.; Mangulkar, S.; Gandhi, B. Prediction of sewer pipe main condition using the linear regression
approach. J. Geosci. Environ. Prot. 2016, 4, 100–105. [CrossRef]

20. Coppi, R. Management of uncertainty in statistical reasoning: The case of regression analysis. Int. J. Approx. Reason.
2008, 47, 284–305. [CrossRef]

21. Su, Z.G.; Wang, Y.F.; Wang, P.H. Parametric regression analysis of imprecise and uncertain data in the fuzzy
belief function framework. Int. J. Approx. Reason. 2013, 54, 1217–1242. [CrossRef]

22. Caradot, N.; Riechel, M.; Fesneau, M.; Hernandez, N.; Torres, A.; Sonnenberg, H.; Eckert, E.; Lengemann, N.;
Waschnewski, J.; Rouault, P. Practical benchmarking of statistical and machine learning models for predicting
the condition of sewer pipes in Berlin, Germany. J. Hydroinform. 2018, 20, 1131–1147. [CrossRef]

23. Kaddoura, K.; Zayed, T. An integrated assessment approach to prevent risk of sewer exfiltration.
Sustain. Cities Soc. 2018, 41, 576–586. [CrossRef]

24. Salman, B. Infrastructure Management and Deterioration Risk Assessment of Wastewater Collection Systems.
Ph.D. Thesis, University of Cincinnati, Cincinnati, OH, USA, 2010.

25. Baik, H.S.; Jeong, H.S.; Abraham, D.M. Estimating transition probabilities in Markov chain-based deterioration
models for management of wastewater systems. J. Water Resour. Plan. Manag. 2006, 132, 15–24. [CrossRef]

26. Ariaratnam, S.T.; El-Assaly, A.; Yang, Y. Assessment of infrastructure inspection needs using logistic models.
J. Infrastruct. Syst. 2001, 7, 160–165. [CrossRef]

27. Wirahadikusumah, R.; Abraham, D.; Iseley, T. Challenging issues in modeling deterioration of combined sewers.
J. Infrastruct. Syst. 2001, 7, 77–84. [CrossRef]

28. Wang, C.; Zhang, H.; Li, Q. Reliability assessment of aging structures subjected to gradual and shock
deteriorations. Reliab. Eng. Syst. Saf. 2017, 161, 78–86. [CrossRef]

29. Dirksen, J.; Clemens, F.; Korving, H.; Cherqui, F.; Le Gauffre, P.; Ertl, T.; Plihal, H.; Müller, K.; Snaterse, C.
The consistency of visual sewer inspection data. Struct. Infrastruct. Eng. 2013, 9, 214–228. [CrossRef]

30. Davies, J.; Clarke, B.; Whiter, J.; Cunningham, R. Factors influencing the structural deterioration and collapse of
rigid sewer pipes. Urban Water 2001, 3, 73–89. [CrossRef]

31. Laakso, T.; Kokkonen, T.; Mellin, I.; Vahala, R. Sewer condition prediction and analysis of explanatory factors.
Water 2018, 10, 1239. [CrossRef]

32. Syachrani, S.; Jeong, H.S.D.; Chung, C.S. Decision tree–based deterioration model for buried wastewater pipelines.
J. Perform. Constr. Facil. 2013, 27, 633–645. [CrossRef]

33. Kneib, T.; Fahrmeir, L. A mixed model approach for geoadditive hazard regression. Scand. J. Stat. 2007,
34, 207–228. [CrossRef]

34. Balekelayi, N.; Tesfamariam, S. Geoadditive Bayesian regression models for water mains failure rate prediction.
In Proceedings of the 13th International Conference on Applications of Statistics and Probability in Civil
Engineering, ICASP13, Seoul, Korea, 26–30 May 2019; Volume 1, pp. 1–8.

35. Post, J.; Langeveld, J.; Clemens, F. Analysing spatial patterns in lateral house connection blockages to support
management strategies. Struct. Infrastruct. Eng. 2017, 13, 1146–1156. [CrossRef]

36. Fragoso, T.M.; Bertoli, W.; Louzada, F. Bayesian model averaging: A systematic review and conceptual
classification. Int. Stat. Rev. 2018, 86, 1–28. [CrossRef]

37. Hofner, B.; Mayr, A.; Robinzonov, N.; Schmid, M. Model-based boosting in R: A hands-on tutorial using the R
package mboost. Comput. Stat. 2014, 29, 3–35. [CrossRef]

38. Kabir, G.; Balekelayi, N.C.; Tesfamariam, S. Sewer structural condition prediction integrating Bayesian model
averaging with logistic regression. J. Perform. Constr. Facil. 2018, 32, 04018019. [CrossRef]

http://dx.doi.org/10.1111/j.1467-8667.2012.00773.x
http://dx.doi.org/10.1016/j.scitotenv.2014.10.040
http://dx.doi.org/10.4236/gep.2016.45010
http://dx.doi.org/10.1016/j.ijar.2007.05.011
http://dx.doi.org/10.1016/j.ijar.2013.02.008
http://dx.doi.org/10.2166/hydro.2018.217
http://dx.doi.org/10.1016/j.scs.2018.05.032
http://dx.doi.org/10.1061/(ASCE)0733-9496(2006)132:1(15)
http://dx.doi.org/10.1061/(ASCE)1076-0342(2001)7:4(160)
http://dx.doi.org/10.1061/(ASCE)1076-0342(2001)7:2(77)
http://dx.doi.org/10.1016/j.ress.2017.01.014
http://dx.doi.org/10.1080/15732479.2010.541265
http://dx.doi.org/10.1016/S1462-0758(01)00017-6
http://dx.doi.org/10.3390/w10091239
http://dx.doi.org/10.1061/(ASCE)CF.1943-5509.0000349
http://dx.doi.org/10.1111/j.1467-9469.2006.00524.x
http://dx.doi.org/10.1080/15732479.2016.1245761
http://dx.doi.org/10.1111/insr.12243
http://dx.doi.org/10.1007/s00180-012-0382-5
http://dx.doi.org/10.1061/(ASCE)CF.1943-5509.0001162


Sustainability 2020, 12, 8733 23 of 24

39. Malek Mohammadi, M.; Najafi, M.; Salehabadi, N.; Serajiantehrani, R.; Kaushal, V. Predicting Condition of
Sanitary Sewer Pipes with Gradient Boosting Tree. In Pipelines 2020; American Society of Civil Engineers Reston:
Reston, VA, USA, 2020; pp. 80–89.

40. Yue, Y.R.; Rue, H. Bayesian inference for additive mixed quantile regression models. Comput. Stat. Data Anal.
2011, 55, 84–96. [CrossRef]

41. Snider, B.; McBean, E.A. Improving time to failure predictions for water distribution systems using extreme
gradient boosting algorithm. In Proceedings of the WDSA/CCWI Joint Conference, Kingston, ON, Canada,
23–25 July 2018; Volume 1.

42. Balekelayi, N.; Tesfamariam, S. Advanced Water Main Deterioration Model Using Bayesian Geoadditive
Quantile Regression. In Encyclopedia of Water: Science, Technology, and Society; John Wiley & Sons Ltd.: Hoboken,
NJ, USA, 2019; pp. 1–14. Available online: https://onlinelibrary.wiley.com/doi/book/10.1002/9781119300762
(accessed on 19 October 2020).

43. März, A.; Klein, N.; Kneib, T.; Musshoff, O. Analysing farmland rental rates using Bayesian geoadditive quantile
regression. Eur. Rev. Agric. Econ. 2016, 43, 663–698. [CrossRef]

44. Marlow, D.; Heart, S.; Burn, S.; Urquhart, A.; Gould, S.; Anderson, M.; Cook, S.; Ambrose, M.; Madin, B.;
Fitzgerald, A. Condition Assessment Strategies and Protocols for Water and Wastewater Utility Assets; Project Ref.
03-CTS-20CO; Water Environment Research Foundation: Alexandria, VA, USA, 2007.

45. Waldmann, E.; Kneib, T.; Yue, Y.R.; Lang, S.; Flexeder, C. Bayesian semiparametric additive quantile regression.
Stat. Model. 2013, 13, 223–252. [CrossRef]

46. Scheipl, F.; Kneib, T.; Fahrmeir, L. Penalized likelihood and Bayesian function selection in regression models.
AStA Adv. Stat. Anal. 2013, 97, 349–385. [CrossRef]

47. Sobotka, F.; Kneib, T. Geoadditive expectile regression. Comput. Stat. Data Anal. 2012, 56, 755–767. [CrossRef]
48. Kneib, T.; Hothorn, T.; Tutz, G. Variable selection and model choice in geoadditive regression models. Biometrics

2009, 65, 626–634. [CrossRef]
49. Rue, H.; Held, L. Gaussian Markov Random Fields: Theory and Applications; CRC Press: Boca Raton, FL, USA, 2005.
50. Koenker, R.; Bassett, G., Jr. Regression quantiles. Econom. J. Econom. Soc. 1978, 46, 33–50. [CrossRef]
51. Friedman, J.H. Greedy function approximation: A gradient boosting machine. Ann. Stat. 2001, 29, 1189–1232.

[CrossRef]
52. Winkler, D.; Haltmeier, M.; Kleidorfer, M.; Rauch, W.; Tscheikner-Gratl, F. Pipe failure modelling for water

distribution networks using boosted decision trees. Struct. Infrastruct. Eng. 2018, 14, 1402–1411. [CrossRef]
53. Bühlmann, P.; Hothorn, T. Boosting algorithms: Regularization, prediction and model fitting. Stat. Sci. 2007,

22, 477–505. [CrossRef]
54. Baur, R.; Herz, R. Selective inspection planning with ageing forecast for sewer types. Water Sci. Technol. 2002,

46, 389–396. [CrossRef]
55. Davies, J.; Clarke, B.; Whiter, J.; Cunningham, R.; Leidi, A. The structural condition of rigid sewer pipes:

A statistical investigation. Urban Water 2001, 3, 277–286. [CrossRef]
56. Langrock, R.; Kneib, T.; Sohn, A.; DeRuiter, S.L. Nonparametric inference in hidden Markov models using

P-splines. Biometrics 2015, 71, 520–528. [CrossRef]
57. Salman, B.; Salem, O. Risk assessment of wastewater collection lines using failure models and criticality ratings.

J. Pipeline Syst. Eng. Pract. 2012, 3, 68–76. [CrossRef]
58. Chughtai, F.; Zayed, T. Infrastructure condition prediction models for sustainable sewer pipelines. J. Perform.

Constr. Facil. 2008, 22, 333–341. [CrossRef]
59. Tran, D.; Ng, A.; Perera, B.; Burn, S.; Davis, P. Application of probabilistic neural networks in modelling structural

deterioration of stormwater pipes. Urban Water J. 2006, 3, 175–184. [CrossRef]
60. Micevski, T.; Kuczera, G.; Coombes, P. Markov model for storm water pipe deterioration. J. Infrastruct. Syst. 2002,

8, 49–56. [CrossRef]
61. Younis, R.; Knight, M.A. A probability model for investigating the trend of structural deterioration of wastewater

pipelines. Tunn. Undergr. Space Technol. 2010, 25, 670–680. [CrossRef]

http://dx.doi.org/10.1016/j.csda.2010.05.006
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119300762
http://dx.doi.org/10.1093/erae/jbv028
http://dx.doi.org/10.1177/1471082X13480650
http://dx.doi.org/10.1007/s10182-013-0211-3
http://dx.doi.org/10.1016/j.csda.2010.11.015
http://dx.doi.org/10.1111/j.1541-0420.2008.01112.x
http://dx.doi.org/10.2307/1913643
http://dx.doi.org/10.1214/aos/1013203451
http://dx.doi.org/10.1080/15732479.2018.1443145
http://dx.doi.org/10.1214/07-STS242
http://dx.doi.org/10.2166/wst.2002.0704
http://dx.doi.org/10.1016/S1462-0758(01)00036-X
http://dx.doi.org/10.1111/biom.12282
http://dx.doi.org/10.1061/(ASCE)PS.1949-1204.0000100
http://dx.doi.org/10.1061/(ASCE)0887-3828(2008)22:5(333)
http://dx.doi.org/10.1080/15730620600961684
http://dx.doi.org/10.1061/(ASCE)1076-0342(2002)8:2(49)
http://dx.doi.org/10.1016/j.tust.2010.05.007


Sustainability 2020, 12, 8733 24 of 24

62. Ana, E.; Bauwens, W.; Pessemier, M.; Thoeye, C.; Smolders, S.; Boonen, I.; De Gueldre, G. An investigation of the
factors influencing sewer structural deterioration. Urban Water J. 2009, 6, 303–312. [CrossRef]

63. Røstum, J. Statistical Modelling of Pipe Failures in Water Networks. Ph.D. Thesis, Norwegian University of
Science and Technology NTNU, Trondheim, Norway, 2000.

64. Kley, G.; Caradot, N. Review of Sewer Deterioration Models; KWB Project SEMA, Report 1; Cicerostr: Berlin,
Germany, 2013.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/15730620902810902
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Mathematical Formulation
	Geoadditive Quantile Regression
	Boosting Algorithm

	Case Study
	Inspection Data Collection and Processing
	Factors Selection and Model Development
	Response Variable

	Results and Discussion
	Model Selected Covariates
	Covariates' Effects on the Response Variable
	Spatial Effects
	Discussion

	Conclusions
	Future Research Needs
	References

