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Abstract

Due to co-location and spatial proximity, deteriorating water infrastructure
(WI) and transportation infrastructure (TI) have complex interdependencies,
including both physical dependency from road to pipe, and operational depen-
dency from pipe to road. On one hand, traffic load is not only a dominant factor
for the physical degradation of road but may also be an important contributing
factor to the sudden failure of the pipe underneath the co-located road due to
the extreme propagated stress. On the other hand, the water pipe breaks and
repairs will also cause traffic blockage, lane closure, and repaving of road sur-
face, which influence both road user costs and road maintenance costs. Most of
the existing maintenance work mainly considered WI and TT separately but ne-
glected their complex interdependencies. This study proposes a joint proactive
maintenance planning framework for the co-located road and pipe under their
degradation uncertainties by explicitly taking into account both their physi-
cal and operational dependencies. In particular, the competing failure modes of
both the traffic-induced sudden failure and the corrosion-induced gradual failure
are simultaneously considered for the pipe to capture the physical dependency.
Road maintenance costs and road user costs in the presence of pipe mainte-
nance disruption are also formulated for the road to capture the operational
dependency. A case study is further provided to comprehensively evaluate the
performance of the proposed joint maintenance planning strategy over several
existing benchmark strategies and demonstrate the cost-saving benefit of the
proposed work. The impacts of interdependencies on the proposed maintenance
planning decisions are also thoroughly investigated.
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1. Introduction

Serving as the backbone of the nation’s economy, a large number of deteri-
orating critical infrastructures, such as transportation infrastructure (TT) and
water infrastructure (WI), are underperforming, structurally deficient and must
be repaired or replaced. According to the Department of Transportation (DOT)
2019 report, there are 240,324 miles of highway (~66%)in the United States
(U.S.) in fair, poor, and very poor condition [1]. In addition, 43% of installed
pipes in the U.S. in 2018 are in the range of 20 to 50 years old, and 28% are over
50 years old, which are consistent with a significant 27% increase in break rate
from 2012 [2]. The underperformance and deficiency of roads and pipes have
tremendous impacts on economic growth, social development, and public safety
of modern society. Poor road conditions can contribute to the decrease of ride
quality and increase of crash rate, fuel consumption and, vehicle emission ex-
haust, as well as transportation agencies’ maintenance costs and vehicle repair
and operating costs; in extreme events of natural hazards, poor road infrastruc-
ture can also impede emergency response to ensure safety and shelter for the
impacted communities [3]. Meanwhile, pipe breaks and leaks will increase water
loss and unmet water demand, decrease water quality, and increase maintenance
and rehabilitation costs. Facing the poor conditions of infrastructures and lim-
ited federal financing or public investment for infrastructure maintenance, there
is a pressing need to develop a proactive and cost-effective maintenance planning
model to ensure high-quality performance and long-term reliability of existing
TT and WL

Field degradation of TI and WI are highly uncertain and stochastic due to
the influence of many unknown/unobserved factors at different phases of lifecy-
cle, including material structure and design, construction conditions, and envi-
ronmental conditions. Due to co-location and spatial proximity, TT and WI are
physically and operationally interdependent [4], providing additional complexity
for proactive maintenance planning. From a physical degradation perspective,
the traffic load from roads will not only affect the degradation of roads but may
also create sudden structure failures of water mains underneath the road due to
the damage from external heavy loading [5]. From an operational maintenance
perspective, the pipe repairs due to water breaks will also cause lane closures,
lead to traffic blockage, and significantly affect the mobility and efficiency of the
roads [6]. In addition, interdependent TT and WI may offer opportunities to save
maintenance and rehabilitation costs if the maintenance planning decisions from
roads and pipes can be jointly determined. Instead of maintaining co-located
road and pipe separately at different time periods, which often increases traffic
blockage and duplicates the repaving of co-located surface, the joint mainte-
nance of them in the same time period can potentially avoid repaving twice and
reduce the number of crew members, machines, and materials used for main-
tenance activities. In the existing maintenance literature and practice for WI
[7, 8] and TI [9-11], their maintenance decisions are determined or optimized
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separately without taking into account the aforementioned interdependencies
and the joint maintenance strategy. There are also several existing studies that
investigated the risk assessment [12, 13], resilience analysis [12-14], and system
restoration [15, 16]. These studies either focused on a single infrastructure [14]
or a network of interdependent infrastructures [12, 13, 15, 16]. To investigate
the impact of the interdependencies between infrastructures, [12, 15, 16] consid-
ered the topology of the network, while [13] studied the operational dependency
from the building damage to traffic blockage, and [14] focused on the physical
dependency between systems in the energy infrastructure. In addition, these
studies mainly focused on improving the system resilience/restoration process
at the post-extreme event phase, such as post-earthquake phase [12, 13, 16], or
during both pre- and post-disruption periods [14, 15]. Lastly, the time duration
of the above studies may range from days to months, depending on the total
time needed for system recovery /restoration. There are still research needs for
(i) investigating the maintenance planning for interdependent co-located infras-
tructures during their normal operating conditions (e.g., such as the deterio-
rating and co-located road and pipe in the field); (ii) accounting for multiple
types of dependencies between infrastructures (e.g., physical and operational
dependencies); and (iii) providing a long-term maintenance plan (over years)
for system improvement.

In the existing maintenance literature for proactive maintenance planning,
different maintenance approaches, such as time-based maintenance and condition-
based maintenance, have been developed (and for a comprehensive review,
please refer to [17] and references therein). Among them, many studies have
focused on studying independent components/systems [18, 19] and there is lim-
ited work for capturing the detailed dependencies/interdependencies among dif-
ferent components/systems. Dekker et al. [20] categorized such dependen-
cies/interdependencies into three categories, namely stochastic dependence [20—
23], economic dependence [20, 24, 25], and structural dependence [26], and most
of the existing maintenance planning models mainly focused on addressing one
of these dependencies. Due to the highly complex interdependences between WI
and TI, all three dependencies exist. Specifically, stochastic dependence exists
when the deteriorating state of a component affects the condition state of other
components. For the co-located road and pipe, the road condition and traffic-
load effect will potentially influence the underneath pipe with increased risk of
pipe breaks. Economic dependence exists when maintaining several components
jointly instead of separately can either reduce or increase the cost. For the co-
located road and pipe, joint maintaining them in the same time period may
potentially reduce the overall maintenance cost by avoiding multiple times of
re-paving the co-located areas. Structural dependence exists when maintaining
one component initiates/influences the maintenance activities for other compo-
nents. For the co-located road and pipe, repairing pipe may disrupt the service
operations of the road due to lane closes or traffic blockage, and the mainte-
nance plans of the road need to be adjusted accordingly to reduce the overall
negative impacts of maintenance activities on road users. Thus, there is the
need to develop a maintenance planning framework that could simultaneously
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take into account all the above three dependencies.

To fill the aforementioned research gaps, this paper proposes a joint long-
term maintenance planning framework for the co-located and deteriorating road
and pipe under field degradation uncertainties by explicitly capturing their inter-
dependent complexities, including both physical dependency from road to pipe
as well as operational dependency from pipe to road. A stochastic degradation
model for the co-located road and pipe is first established to capture field degra-
dation uncertainties as well as integrate physical dependency captured by the
finite element models. The competing failure modes of pipes, including both the
corrosion-induced gradual failure mode and traffic-load-induced sudden failure
mode (due to the influence of traffic load from road side), are explicitly consid-
ered in the developed degradation model. Then a joint maintenance planning
model is established by taking into account the operational dependency between
pipe and road under different co-located scenarios to minimize the overall cost,
including both short-term maintenance costs and long-term user costs. The
proposed work advances the reliability engineering literature by developing a
long-term joint maintenance planning framework for interdependent and co-
located road and pipe infrastructures to account for their multiple dependency
structures (e.g., both physical and operational dependencies).

The remainder of this paper is organized as follows: Section 2.1 introduces
the modeling of field degradation of road and pipe with physical dependencys;
Section 2.2 provides the formulation for the joint maintenance optimization of
co-located road and pipe with operational dependency; Section 3.1 shows the
real case study setup; Section 3.2 provides the performance comparison between
the proposed maintenance strategy and traditional ones; Section 3.3 provides
the details on the influence of road and pipe interdependencies on maintenance
decisions and cost values; and Section 4 draws the conclusions.

2. Methodology

In this study, a joint maintenance decision-making framework is proposed
for the co-located road and pipe by taking into account their physical and op-
erational dependencies. Fig. 1 gives an overview of the proposed framework,
which consists of four major steps. The first step is to model both the road and
pipe degradation performance, in particular, finite element analysis (FEA) will
be utilized to capture the physical dependency from road to pipe. The second
and third steps are to formulate the joint maintenance optimization model by
incorporating the operational dependency from pipe to road and then to solve
the optimization model using the backward induction method. The last step is
to compare the proposed work with several existing maintenance strategies as
benchmarks and to further perform sensitivity analysis of the proposed work.
The details of each step will be elaborated in the following subsections.

2.1. Degradation performance modeling of road and pipe with physical depen-
dency
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Figure 1: The overview of the proposed framework.

2.1.1. Road degradation performance modeling

The degradation performance of a deteriorating road segment is often mea-
sured by its service performance indicators. The values of these indicators are
collected through the annual field inspection activities to evaluate road surface
deteriorating performance and damage conditions. For instance, IRI is a field
degradation performance measure often adopted and reported by transporta-
tion agencies to quantify the smoothness of roads. It is calculated based on
the road’s longitudinal profiles collected by a profiler attached to the inspecting
vehicle. IRI is reported in units of inches per mile and has values ranging from 0
to 0o [27]. The lower IRI value represents better road condition and vice versus.
Due to the influence of various uncertain or unobserved factors, such as un-
certain field environment and unobserved intrinsic material structure, the field
degradation performance of a road evolves stochastically over time. To capture
such degradation uncertainty, we consider the discrete-time Markov chains due
to its practical convenience for maintenance decision making in discrete time
points as well as its validity (i.e., Markov properties) justified in the existing
field data analysis of road degradation data [28].

We begin with modeling the degradation performance of the road in the
absence of maintenance activities. Denoting degradation state variable, s, ¢t =
1,..., T, to represent the discretized states of the continuous service perfor-
mance indicator (i.e., IRI) at time ¢, sP can take different discrete values that
reflect the condition of a road, ie., st € S® = {1, 2,...,NR}. “1” represents
the perfect condition, and the larger value of s& indicates a deteriorating road
with poorer road condition, such as larger road roughness. “NR” represents the
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failure condition. We further denote the degradation transition matrix in the

absence of maintenance activities as P(F){ = [pORij], where its element on the

i*? row and the j* column can be written as poRi,- =Pr(sf, =j|sf=1i) and

PoRij = 0 when ¢ > j. For non-zero elements in the transition matrix, they can
be learned from the actual inspection data collected in the field. Specifically, for
the road inspection and data collection purposes, the road network is divided
into road sections where a road section is defined to be a road segment having
uniform characteristics. Given the historical observed degradation data of the
road network, we further denote n;; as the number of road sections that move
from state ¢ to state j. Then the log-likelihood function l(pOR) can be written
as

N& NE
l(pOR) = logPr(slf = 1) + Z Z nijlogp&j (1)
i=1 j=1
where n;; = S I(sR = i,s5.1 = j), and I(*) is the indicator function that

has the value of 1 if sf* = 4,s;; = j, and 0 otherwise. Based on the maxi-
mum likelihood estimation, the closed-form estimate for pg;j, ie., ﬁ&j , can be
described as

nij

(2)

Bo,, = Pr(styy = jlsit =) = —=
ng
where n; = Z;\fl n;; is the number of road sections in state ¢, Vi € Sk,

To further associate the performance degradation with different maintenance
activities, we define road maintenance action at time t as aft € A%, where AR
is a set of possible repair actions. In this paper, we consider the typical re-
pair actions of “do nothing (DN)”, “minor maintenance (MM)”, and “perfect
maintenance (PM)”. For “MM”, the road condition (i.e., state ¢) will be mini-
mally restored to the previous degradation state (i.e., state ¢ — 1). For “PM”,
the road condition (i.e., state i) will be restored to the perfect condition, i.e.,
state “17. We further define a set of conditional probability matrix P® (aft) =
[p%— (af”)],atp‘ = DN, MM, PM, where p% (a}}) = Pr(s?_,_l =jlsR = i,atp‘). If
the repair action is “DN” (i.e., a} = DN), or the road is in perfect condition at
time ¢ (s = 1), there is no maintenance needed, therefore, the transition prob-
ability pf} (aft) = Pr(sfy = jlsf =1i,ay =DN) = pORij. When repair action is
“MM” or “PM”, i.e., aft = MM or PM, pj¥(aft) = Pr(sit; = jlsi* = i,a}") can
be explicitly written as

pf; (a') = Z Q5 (ai') x POR,/, ) (3)
vj' €St
and
lifa® =MMand j' = i—1
gy (af) =4 1ifa® =PMandj =1 . (4)
0 otherwise
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2.1.2. Corrosion-induced pipe degradation performance modeling

Corrosion is one of the major failure causes for pipe breaks. Due to the in-
fluence of uncertain environmental conditions, such as soil salinity /pH/porosity,
humidity, temperature, the corrosion process of the pipe is highly uncertain. To
capture such corrosion-induced degradation uncertainty and characterize the
evolution of corroded depth over time, we consider the Gamma process (GP),
which is often applied in the existing literature as a good surrogate model to
capture the stochastic corrosion process of in-service water pipes [29, 30]. It is
noticed that, for illustration purposes, we use the widely accepted GP to cap-
ture corrosion-induced degradation of the pipe. For practical usage, if actual
degradation data is available for the practitioners, different stochastic processes
can be considered and the one with the best goodness-of-fit of actual data can
be selected. Specifically, denoting D(t) as the corrosion depth of the pipe at
time ¢ > 0, D(t) can be characterized by a GP with the mean function of a(t)
and scale parameter ¢ > 0. «(t) describes the average evolution trend of the
corrosion process. Meanwhile, ¢ controls the dispersion of the stochastic cor-
rosion path around its mean function «(¢). The expected corrosion depth of
the pipe has been proven by many studies to follow the power law [31]. There-
fore, the mean function a(t)can be represented as a(t) = ct?, where ¢ > 0 and
v > 0 are constants. Based on the existing engineering knowledge, the power
constant v is normally assumed to be known, while the constant ¢ and scale
parameter ¢ can be estimated using common statistical methods, such as maxi-
mum likelihood estimation [31]. The corrosion depth increment between time ¢
and t + 7, with its realization denoted as d, follows a Gamma distribution, i.e.,
AD(t) = D(t+71)— D(t) ~ Ga(a(t + 7) — a(t), ¢) with the probability density
function (PDF) given by,

¢a(t+‘r)fa(t)
Fla(t+71) —a(t))

Based on the corrosion process model characterized by the GP, to facilitate
the maintenance-decision making, we further discretize the continuous state
space of corrosion depth into several discrete states based on a series of cutting
points, i.e., 0 < by < by < --- < byr. We further let s¥ € S* = {1,2,...,NP}be
the degradation state of pipe at time t with state “1” representing the perfect
functioning state. The higher state value indicates a worsened degradation state.
When the corroded depth exceeds pipe’s wall thickness, the pipe break will occur
and “NP” is used to represent the failure state. Based on such discretization,

fap(dialt), ¢) = d*FI =W lexp(—pd)  (5)

denote the transition probability matrix as POP = [popij}, where its element

pOPZ-j =y (sthr1 =jlst = i);i,j e sP. pgij represents the probability of pipe
condition transferring from state i at the beginning of year t to state j at the
beginning of year t+ 1. Due to the non-decreasing increment of corrosion depth
in continuous scale (i.e., j > 4 in the discrete case), pgij =0if j <i. To
calculate such transition probability, we consider the Monte Carlo simulation to
simulate a large number of realizations of the specified GP on the continuous
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scale. Then the transition probability can be calculated from the simulated data
by discretizing them into ranges representing different discrete states [32].

We further incorporate the maintenance actions into the corrosion-induced
degradation probability. At each time point ¢t = 1,2,...,T, a variable af € AF
represents the available maintenance action for the pipe in state s¥'. Similar to
Egs. (3) and (4), three maintenance actions, namely, “DN”, “MM”, and “PM”,
are considered. “MM” will restore the corrosion-induced degradation state to its
previous degradation state via repair actions, such as various corrosion control
and protection activities (e.g., physical protection, cathodic protection) [33] to
mitigate the corrosion damage, while “PM” will replace the pipe with a new

pipe in the perfect condition. We further denote PV (af ) = [pfj (af)L where

pf} (af) = Plr(sf+1 =jlst = i,atp) is a conditional probability quantity given

different maintenance actions af, which can be explicitly written as

P e P i
p, py ) Po,ifag =DNori=1
Dij (at ) - { Zvjlesp 4y (af) X pOPj,j if al’ # DN - (6)

and )
lifal =MMand j =i—1
g (ay) =19 lifaf =PMandj =1 . (7)
0 otherwise

For illustration purposes without losing generality, three maintenance ac-
tions are considered in the above formulation. In practice, based on the actual
need of local stakeholders, more detailed fidelity of maintenance actions can be
considered by increasing the dimension of action space. For instance, for pipe
repair, it is possible to consider both minor repair (e.g., pipe cleaning) and ma-
jor repair (e.g., pipe lining) actions. Then the total number of actions for the

pipe becomes 4, i.e., ‘SP‘ =4 q;; (af) in Eq. (7) can be updated by modeling

the effects of minor and major pipe repairs. Eq. (6) is generic and will remain
the same by using the updated g, (af).

2.1.3. Adjusted pipe failure probability modeling under the traffic-load effect

In addition to the corrosion-induced gradual failure mode described in Sec-
tion 2.1.2, another important failure mode for pipe break is the sudden failure
resulting from the traffic loading exerted from the co-located road. When the
applied stress (resulting from the traffic load of the road) on the underneath
pipe exceeds the pipe tensile strength, sudden failure of pipe break will occur.
Thus, the overall failure probability of the pipe needs to take into account the
above two competing failure models. Denoting ! € {0,1} as a binary variable
to represent the sudden failure state of a pipe resulting from traffic-load effect at
time ¢, state “1” represents “failure” and state “0” represents “no failure”. Let-

ting pg, = Pr (I£+1 =1|sf =4, af, OR) ,i € S¥ represent the traffic-load-induced
(TLI) sudden failure probability, it captures the physical dependence existing
between the co-located road and pipe. Several factors may potentially influence
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pa,. First, the current degradation states of pipe will affect pq,. The pipe at
a worsened corrosion-induced degradation state has a significantly thinner wall
thickness. Since drinking water pipe is considered in this study, the thinner wall
thickness will not affect the flow capacity of the pipe, however, it will lower the
sustained capacity of pipe from stress. Second, there are also other TLI influ-
encing factors (represented by GR)7 such as traffic load and the design parameter
between road and pipe. Traffic load may vary considerably due to the influence
of different types of vehicles (ranging from passenger cars to heavy trucks), and
thus may affect pq, differently. The design of pipe installation can also affect
pa;. Particularly, the installation process will affect the depth of cover defined
as the distance from the top of the pipe to the road surface. The closer the
pipe is installed to the road surface (i.e., less depth of cover), the higher risk
of pipe break may exist due to the heavy traffic above. Beside the installation
process, the road degradation condition may also affect the depth of cover from
the pipe to the surface of the road. However, the road has different layers,
and the top layer which reflects the condition of the road is much thinner than
others. Therefore, the effect from the installation process on the pipe depth of
cover can be much more significant than that from the condition state of the
road. For this reason, the effect of road condition state on pg4, can be neglected.

To quantify pq, by taking into account the impact of these aforementioned
factors, there are several challenges. First, buried water pipe generally traverses
through different types of soil conditions, and geological conditions. Second, wa-
ter pipes are made with a variety of different materials, which have different re-
sponse behavior under stress. Lastly, when the pipe is subjected to compression
due to outside load, fault motion and material deformation can happen within
the pipe itself. Hence, using an analytical modeling approach for evaluating the
effect of traffic load on pipe can be very challenging, and make the model too
complex for practical applications. Besides, because of too many inputs (i.e.,
soil conditions, pipe materials), the approach using empirical experiments can
be expensive to test the effect of traffic load on pipe under different scenarios.
Thus, by utilizing the computational advancement in numerical modeling, FEA
is considered in this paper to evaluate the maximum stress on the pipe under
the load of different types of vehicles. A pipe is considered to be broken if its
stress state exceeds the strength value of the material used to make the pipe.
The details of modeling parameters (e.g., soil layers, material) can be found in
the recently developed FEA model using ANSYS software [34]. We utilize this
model to evaluate the influence of traffic load on pipe failure under different
loading scenarios (see Table 4 for details of loading scenarios).

After evaluating p4, based on FEA, we will model the adjusted pipe failure
probability under the traffic-load effect by taking into account the two compet-
ing failure modes, namely the corrosion-induced gradual failure mode and TLI
sudden failure mode. Fig. 2 describes the relationship between the overall fail-
ure probability of pipe with these two competing failure modes. Assuming the
two competing failure modes are independent, the adjusted failure probability
can be generically expressed as
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Figure 2: Illustrative diagram of pipe failure probability with multiple competing failure
causes.

Pr(sf:r1 =Nloral  =1[s) = i,xﬁ,@R)
= 1 — Pr(No corrosion failure and no sudden failure between ¢ and ¢ + 1)

=1 — Pr(No corrosion failure from ¢ to t + 1)
x Pr(No sudden failure from ¢ to ¢ + 1)
—1—[1—Pr(shy, = NP|sF =i)] x [1 - Pr(z§+1 — 1zt 5P = i,ORﬂ
(8)
Based on Eq. (8), the adjusted pipe failure probability can be more explic-
itly evaluated under different scenarios of sudden failure states. When zf = 0
and xiH =1, there is Pr(:):ﬁ+1 =1|sf =i,2f = O,HR) =pg,,t € S* and we will
have Plr(sthr1 =NPorzf , =1|sf =i,af = O,OR) =1- (1 _pOPin)(l —pd,)-
When zf = 1 and xgﬂ = 0, there are PI"(.TLFI =0|sf =d,2f = 1,0R) =0,
and Pr(s};l =NPorzl , =0|sf =i,af = 1,0R> = pngP. When zf = 1 and
! 41 = 1, which indicates the sudden failure occurs at time ¢ and the pipe re-
mains broken till time ¢t4-1, there is Pr (x£+1 =1sf =i, 2l =1, 0R> =1 and we
will have Pr(stPH =NPoral , =1|sf =i,af = 1,9R) =1.When of =z}, =
0, the pipe degradation process is only affected by the corrosion. The pipe
state transition probability Pr (sfJrl =j#NP 2l =0|sf =i,2f =0, BR) is
pOPij and the adjusted failure probability can be directly obtained from state
transition probability matrix POP. For all the scenarios, we can observe that
P _ NP £ _11P —; f gR p : :
Pr(st_s_1 =N"orw , =1|s; =i,2,0 ) 2 Py, p- Therefore, without consid-
ering the physical dependence from road to pipe, the overall pipe failure prob-

ability will be underestimated.

Given the results from Eq. (8), we further explore the state transition prob-

ability of pipe under traffic-load effect and the effect of maintenance actions al,

denoted as pgj (af) =Pr (sfﬂ =gt |s =i, 2l af, HR). When no failure oc-

curs, i.e., sp,q € SP\{NP} and 2} = x§+1 = 0, there is pzfj (ap) = pfj (af)7 where

10
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pf} (af) can be calculated from Eq. (6). When failure occurs, pﬁNp (atp)can be

expressed as

png (af) = Pr(sfH = NP or ;vﬁﬂ = 1|stP = i,xi,BR)
1= (196, )1 = pa) if af = DN

: . b ,iest
ZVj'eSR 45 (at) X {1 - (1 _poijp> (1 —pdj,>} if a; # DN

(9)
where g, (af) has been defined in Eq. (7).

2.2. Maintenance optimization modeling for co-located road and pipe with oper-
ational dependency

In this section, we will formulate the joint proactive maintenance planning
model for the co-located road and pipe by taking into account the operational
dependency. Such dependency can be reflected in two aspects, (1) repaving
and its influence on operational costs of maintenance; (2) disruption of pipe
maintenance and its influence on road user costs. Let s; and a; be the joint
condition states and the associated maintenance actions at time ¢ of the co-
located road and pipe, respectively. s; and a; can be specifically defined as

s, €S =8%xs" = {(s?,sf) s e SR sP e SP},t:L...,T
(10)
a; € A=ARXA" = {(a?,af) calt e AR af EAP},t:L...,T

where, |e| represents the cardinality of a set. The state space S contains
‘SR’ X ’SP’ joint condition states and the action space A has ’AR‘ X ‘AP’

joint maintenance actions. We will discuss the cost components of maintenance
costs and traffic control costs in Section 2.2.1, and user costs in Section 2.2.2
for the joint states due to the operational dependency between road and pipe.

2.2.1. Maintenance costs and traffic control costs modeling

Denoting C\, as the total maintenance costs for the co-located road and pipe
section, it includes cost components, such as labor, tools, and materials costs
for repairing road and pipe. Due to the co-location, there are opportunities for
cost saving if the road and pipe can be jointly maintained during the same time
period. Particularly, repaving costs can be avoided if road and pipe mainte-
nance actions are jointly determined. Repaving costs refers to the amount of
surface material, machine, and labor used to return the surface to its original
condition when the activities on the pipe are done. Besides, the pavement cov-
ering the pipe is normally a smaller area inside the main road. Therefore, in the
conventional road and pipe repairs scheduled at two different non-overlapping
time periods separately, additional machine and labor costs need to be spent

11
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for road repaving. When jointly repairing road and pipe during the same time
period, the repaving can be taken care of by road maintenance crew as part of
road maintenance activity. For this reason, the total maintenance costs can be
written as

C(st,ay) = Chy (sf,a?) + Ch (sf,af) - I{a%&DN & a¥#DN} x Cr (11)

where, Cy,(sf,at) and Cn(si,ay) are maintenance costs for the road and
pipe, respectively. CTt is the repaving costs. | {aR#DN &aP#DN} is an indicator
function, which implies that when both road and pipe have higher maintenance
activities than “DN”, they can be arranged in the same time period and the
extra repaving costs can be avoided.

The second cost saving opportunity for jointly maintaining co-located road
and pipe is the total traffic control costs. Denoting Ci. (af{) and Ci. (af) as the
traffic control costs for road and pipe, respectively, they include all costs related
to the signs, tools, vehicles, and people to control the traffic passing by the
maintenance area. It is observed that the traffic control task only depends on
the maintenance level and thus is action dependent. Further denoting T® and
T as the amount of time needed for maintaining road and pipe, respectively, in
the traditional maintenance planning when both road and pipe are repaired in
two different time periods separately, the total traffic control costs Ci.(a;)will
cover the whole length of two maintenance time periods, i.e., TR + T%, and
become Cic(a) = Cic (af‘) + Cic (af). However, since road and pipe are co-
located, they share the same traffic area. If repairing them in the same time
period, the one (e.g., pipe) that has shorter maintenance time can use the same
traffic control as the other one (e.g., road) that has a longer maintenance time.
Then the total traffic control costs can be reduced as

Cie(ar) = max(CtC (a?), Cie (af)). (12)

2.2.2. User costs modeling

Another cost saving opportunity due to the operational dependency between
road and pipe is related to the user costs, denoted as Cy (s, ay). Cy(st, ay) can
be further decomposed into two cost components, namely the short-term user
costs Cyg(St, ar), and the long-term user costs Cyy (8¢, at). Cugi(St, @) involves
the traffic delay costs caused by traffic blockage due to the maintenance activ-
ities (e.g., road and pipe maintenance). Cy¢(S¢, at) represents the cumulative
user costs caused by the condition of the road and pipe from the last main-
tenance to the next one, including both the road and water users’ costs due
to various negative consequences (e.g., traffic delay, water unmet demand) of
the deteriorating road and pipe. They will be modeled explicitly later in this
subsection.

Considering the traditional maintenance approach when road and pipe are
maintained separately during different times, there will be a total of T® + TP
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traffic blockage time on the co-located road and pipe section. By jointly repair-
ing co-located road and pipe during the same time period, the traffic blockage
time will be reduced and equal to the time of the longer maintenance activ-
ity (i.e., max(T®,TF)), and therefore reduce the overall short-term user costs.
However, when maintained jointly, the maintenance of the pipe will potentially
affect the users of surrounding road sections depending on the actual placement
position of the pipe. Fig. 3 gives several examples of typical intersections. In
addition to the selected road under repair (marked in gray areas), there may
exist neighboring road sections (marked in white areas). We let § represent the
total number of road sections, including both the road under repair as well as
its neighboring road sections connected through the intersections. Although the
road maintenance (in gray area) will not affect these neighboring road sections,
depending on the position where the pipe is buried, the maintenance activity
of pipe will affect these neighboring road sections. 8 can be also viewed as the
propagated effect, which quantifies the influence of pipe maintenance activities
on the total number of road sections (i.e., § > 1) in the co-located neighbor-
ing area. To clearly explain the impact of propagated effect 5 on Cyg(st, ar),
different scenarios, i.e., TR > TP and TR < TP, will be considered.

When T® > TP, the total traffic blockage time period can be divided into
two parts, namely the TF and T® — TF. The short-term user costs can be
explicitly written as

Cust(st7at) = CR (5?70‘?) X TP + (ﬁ - 1) X OP (Sfaaf) X TP

Umaint Uprop

+CR (s?,af) X (TR - TP)

Umaint

(13)

R R R p P _P . o .
where CF (s, af') and Clinron (st a}) are the road user costs per day caused

by road maintenance and pipe maintenance activities, respectively. They can
be calculated as

Ot e (585 08Y) = Dl (1 af') X TF x ) (14)
Olll)prop (Stp’ af) = Drli’laint (sthaf) x TF x C1 (15)

maint maint
delay time of a vehicle caused by one day of maintenance activity on road and
pipe, respectively. TF (in vehicles/day) is the average total traffic flow operating
through the co-located road and pipe section per day. ¢y (in dollars/hour) is the
monetary amount equivalent to the cost per hour for the delay of vehicles passing
through the section under maintenance [35]. As shown in Eq. (13), the first
and second terms represent the short-term user costs for the first time period
with a duration T%. During this time period, both the co-located pipe and road
are repaired. Since the area of the pipe is significantly smaller than the road,
the impact of the pipe maintenance to road users of the co-located road section
will be neglected during the road maintenance time. Thus, C} (5?, af“) X

Umaint

where D (s, a}) and DY ;. (st af’) (in hours/vehicle/day) are the total
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TP represents the short-term user costs of the co-located road under repair.
Meanwhile, (8 —1) x Cfpmp (si,ay) x T" represents the total short-term user
costs in the neighboring road sections due to pipe maintenance. After pipe
repair is completed, the third term C}}maim (sf”,atp“) X (TR — TP) represent the
short-term user costs in the remaining time period with a duration TH — TF
due to road maintenance.

Similarly, when the road maintenance is shorter than the pipe maintenance,
i.e., T® < TP the corresponding short-term user costs can be explicitly written

as

Cust(8t>at) = CR (8115:{704115:{) X TR + (6 - 1) X CP (8115370'}53) X TR

Umaint Uprop

+BxCE  (sf,ar) x (T" —T%).

Uprop

(16)

As shown in Eq. (16), one of the key differences from Eq. (13) is that after
the road maintenance is completed, the remaining pipe maintenance will cause
traffic blockage for both co-located and surrounding road sections, which is
represented by 3 x C’Emop (st,ar) x (TP = TR).

After road and pipe maintenance is completed at the beginning of this year,
both road and pipe will continue to degrade and cause additional long-term user
costs before the maintenance actions are performed in the next year. As defined
earlier in this section, Cy (8¢, at) represents the expected annual long-term
users costs, which can be explicitly calculated as

Cue (8t, 28, ar)

= Z Pr <3t+17 ac£+1|st, zt ay, GR) (Cff(sfﬁrl) +CP (sfﬂ)) (17)

St+1 ES7w§+1 6{071}

where Pr (St+1, x£+1 |s¢, 2t ay, OR) is the joint transition probability which char-
acterizes the performance degradation of the co-located road and pipe (and will
be calculated in the next section, e.g., Eq. (20)). CE(sR) represents the an-
nual cost that vehicle owners/drivers must pay when operating on the road
with condition sf*. This user cost includes the cost due to the delay time of
the road user when driving through the road section and the depreciation cost
that the drivers must pay for their vehicle due to the road condition such as

maintaining/repairing and fuel costs. CX(sR) can be explicitly written as
CR(s8) = Dopt(st) x TF x T X ¢ + Dopt(s¢) x TF x Ty X ¢3 (18)

where Doy (s¢) (in hours/vehicle/day) the total delayed time per day of a vehicle

when operating through the road section and T, (in days) is the length of a

decision epoch (e.g., T = 365). co (dollars/hour) is the monetary amount
equivalent to the cost per hour for the delay of vehicles [35]. ¢ (dollars/hour) is
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the cost that vehicle users must pay for fuel/maintaining/repairing the vehicles
to run on the road section. For calculation purposes, this cost has been estimated
to the monetary amount of the cost per hour for the delay of vehicles [35].

-0 =D
118 OD

adig

Co-located road section

|
(]
D Co-located pipe —

Figure 3: Different scenarios of propagated effect.

CP (sR) represents the long-term water user costs, such as inconvenience
caused by water unmet demand, water loss due to pipe condition, and possible
water contamination during pipe break. To convert them into the equivalent
monetary quantities, we consider the empirical formula proposed by Walski
and Pelliccia [36], where the user costs can be equivalently written as a weight
coefficient p multiplying the pipe maintenance cost Cy, (sf) . The higher the
value of p, the more significant the water user costs will be. For instance, if the
pipe is new and has minimal impact to water users, then p can be as low as
0. Meanwhile, the annual user costs for a pipe in a worsened condition can be
more than 50% of its maintenance cost (i.e., p > 0.5).

2.2.3. Joint maintenance optimization

After modeling the specific cost components by taking into account the op-
erational dependency from pipe to road, the overall joint maintenance planning
model can be specifically formulated using Markov decision process (MDP) as
follows. Considering a T-year planning horizon, the stakeholders will periodi-
cally evaluate the degradation performance of the co-located road and pipe at
discrete times to+(t — 1) x At,t =1,..., T (e.g., beginning of year t) and deter-
mine the maintenance decision for year ¢, where tg is the beginning of the entire
planning horizon and At is a fixed time duration (e.g., year). Both the state
vector s; and action vector a; are defined in Eq. (10). The joint maintenance
planning model can be formulated to minimize the total expected long-run cost
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as

VT: (5t7 .%'i) = ;nei%{cinsp + Cm(st; a't) + th(at) + Cu(st7 at)

+ Z Pr(siy1 = 7, x§+1|st = i,xﬁ,at, HR)7V7:‘ (St+1, x1;+1)}7 (19)
St+1€S¢I£+1€{0’1}

t=1,...,T—1

where V* (st, xi) is the minimum total expected long-run costs given states s;, z
and the maintenance policy 7 from year ¢ to the end of the planning horizon. It
consists of five additive terms in Eq. (19). The first term Ciy,gp is the inspection
costs of road and pipe of each decision epoch. It is noted that the costs for in-
specting road and pipe condition (i.e., C&Sp and Ci]isp respectively) are assumed
to be fixed quantities regardless of the road and pipe condition. The second and
third terms, i.e., Ciy(s¢, a¢) and Cic(a), can be explicitly calculated based on
Egs. (11) and (12), respectively. The calculation of the fourth term C\(s¢, at)
can be found in Section 2.2.2. The fifth summation term quantifies the mini-
mum expected long-run cost from year ¢t + 1 to the end of the planning horizon
given all possible state scenarios at year ¢ + 1, where  is the discount factor
(0 <~y <1), and V7 (S¢41, 25 ,1) quantifies the expected long-run cost from year

t+1 to the end given states s¢41, and xﬁH. Pr (3t+1 =7, x£+1|st =i,2f ay, 0"
is the joint state transition probability characterizing the performance degrada-

tion of the co-located road and pipe by incorporating the impact of the traffic
load effect to the pipe’s deterioration, which can be written as

Pr(stﬂ =7, J,{H ‘ S = i,xi,at,BR) = pf%jR (af{) X pgpjp (af)

Vst € S;ay € A;x£ e {0, 1};iR,jR € SR;iP,jP € SP;af‘ € AR;af e AF: (20)

t=1,...,T—1.
where pij (af‘) and pgpjp (af) can be calculated from Egs. (3) and (9), re-
spectively. To solve the proposed optimization model of finite-horizon MDP, we
consider the popular method of backward induction algorithm.

3. Real case study

3.1. Problem setup

3.1.1. Models and costs specification for the co-located road and pipe

To illustrate the proposed methodology and evaluate its performance in a
realistic context, we consider the typical application scenario of the co-located
road and pipe with flexible asphalt pavement for the road and the ductile iron
for the pipe. To characterize the degradation of the road, the real field degrada-
tion performance data collected by the Florida Department of Transportation
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(FDOT) are utilized. IRI is selected as the field degradation performance in
this study since it is often adopted in practice for road maintenance and man-
agement. Perfect maintenance (i.e., reconstruction) will be considered when IRI
exceeds a certain threshold. In this study, we will use 180 in./mile as the failure
threshold. To characterize the corrosion-induced degradation of the pipe, we
adopt the pipe corrosion prediction model introduced by Li et al. [30]. In [30],
a Gamma process was employed to characterize the stochastic corrosion process
of the ductile iron pipe with the shape parameter function of a(t) = 0.2t%® and
the scale parameter of ¢ = 2. Based on the industrial standard [37], the chosen
pipe’s diameter is set as 54” and the pipe’s nominal wall thickness is set as
0.79”, respectively, in this study. When the corroded depth exceeds pipe’s wall
thickness, a water break will be triggered due to the corrosion-induced failure
mode. For illustration purposes without losing generality, we further assume
the length of the co-located section as 200 feet with a standard lane width of
road as 12 feet. Table 1 below summarizes all the aforementioned setting for
the case study.

Table 1: Numerical settings of model parameters

Descriptions of model parameters and variables Specified values
Shape function «a(t) = ct” of the Gamma process fji %2

Scale parameter ¢ of the Gamma process ¢ =2

Failure threshold for road degradation 180 in./mile
Pipe diameter 547

Pipe nominal wall thickness 0.79”
Co-located section length 200°

Road standard lane width 12

The degradation performance of both road and pipe are further discretized
into a finite number of condition states. For illustration purposes, five condition
states are also considered for both road and pipe, ie., s} € SR,sf e sb,
and S® = S = {1,2,3,4,5}. Table 2 summarizes the discretized states as
well as the associated cutting points for both road and pipe. For the road,
the discretization is based on the typical IRI thresholds suggested in industrial
practice for road maintenance and rehabilitation [1]. For the pipe, the thresholds
are often considered differently in practice by water utilities based on their
domain knowledge of expertise [38]. For illustration purposes without losing
generality, we evenly divide the wall thickness of pipe into five categories. For
the co-located road and pipe pair, there are 25 combinations of these states.
As described in Eq. (10), the joint state will be denoted as a two-dimensional
vector, i.e., s; = (sft,s;). For example, a joint state s; = (3, 4) indicates
that at current time ¢, the road is at condition state sf* = 3 and the pipe is at
condition state s¥ = 4, respectively. Three maintenance actions, namely “DN?”,
“MM”, “PM”, are considered for both the road and pipe. For the co-located

road and pipe pair, there are 9 combinations of maintenance actions, and thus,
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a joint maintenance action vector a; is further introduced, i.e., a; = (a?,af).
For example, a joint action a; =(MM, PM) indicates that the road and pipe
maintenance actions at current time ¢ are aft = MM and al’ = PM, respectively.
Realistic cost information, such as road maintenance costs, pipe maintenance
costs as well as user costs are further specified to the cost parameters in Section
2.2, based on the existing literature [35, 39, 40], are summarized in Table 3.
The overall planning horizon is specified as 5 years.

Table 2: Discretized states and the cutting points for road (left) and pipe (right).

st | IRI value (in./mile) | s¥' [ Corroded depth (in.)
1 IRI < 60 1 0 < D(t) <0.158
2 60 < IRI <95 2 | 0.158 < D(t) <0.316
3 95 < IRI <120 3 ] 0.316 < D(t) <0474
4 120 < IRI < 180 4 | 0.474 < D(t) < 0.632
5 180 < IRI 5 0.632 < D(t) <0.79
Table 3: Cost information summary of the case study.
Type of cost Condition states
State 1 [ State 2 | State 3 | State 4 | State 5
Cost structure of road
C’iﬁsp (%) 500
Ch for af = MM ($) 8,000
Cp for al = PM ($) \ 38,196 \ 58,374 \ 81,458 \ 109,977
Ci for af = MM $1,200/day
Cic for al* = PM ($) 10% of Cp(sF, alt = PM)
Cu (9) 40,528 | 57,160 [ 81,655 | 122,483 | 204,138
C’l};mm for a} = MM $2,946/day
n fora =PM $5,158/day
Cost structure of pipe
Chep (9) 500
Cy, for af = MM (8) 7,273
Cp for af = PM (§) 47,346
Cr (%) 3,546
Cy (%) 0 | 3,637 [ 7,273 [ 14,547 [ 236,730
Cloros $2,946 /day

3.1.2. Traffic load effect evaluation

In addition to the corrosion-induced pipe failure, there is also a competing
failure mode of TLI failure for the pipe due to the influence of traffic load
exerted on the co-locate road. Based on the current condition of the pipe, the
traffic load may affect the underneath pipe differently. An old pipe with poorer
condition tends to be more vulnerable to the traffic load propagated from the
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road than a brand-new pipe. In addition, the different depths of cover (the
distance from the surface to the top of the buried pipe) may also lead to the
different effects of traffic load on the risk of pipe break. Under a good design
scenario, the depth of cover will be designed to satisfy some minimum regulation
parameters. However, in a bad design scenario when the pipe is placed closer
to the surface of road than the designed regulations, or when defects (resulting
from the road installation) or sinkholes exist in the soil, the depth of cover will
be concisely smaller, making the pipe more vulnerable to the traffic load and
the overall failure risk will increase. To explicitly evaluate the traffic-load effect
from the road to its underneath pipe under different depth of cover scenarios,
FEA is considered. Specifically, in this study, the diameter of the pipe is set
as 54”7 and the regulation for the minimum depth of cover is set as 48" [41].
The depth of cover is then discretized into three conditions, namely good design
(with “depth of cover” > 48”), bad design (with 48” > “depth of cover” > 38”)
and very bad design (with 38” > “depth of cover” > 0”).

To further represent random traffic environment, we consider the traffic load
distribution in [42] with vehicle classes I, II, IIT and IV and their associated
probabilities 0.883, 0.037, 0.074, and 0.006, respectively. For each class, its total
weight from the regulation is used as the input for the FEA. The vehicle class
settings are summarized in Table 4. Each pipe material has its yield strength
measured in psi unit. If the stress on the material exceeds its yield strength
value, it indicates a structural failure in the material. Ductile iron is used as
the pipe material in this study and the designed yield strength of ductile iron
pipe is set as 40,000 psi. As abovementioned, FEA implementation is carried by
using software ANSYS [34]. Based on the FEA results, the traffic load has no
effect on the pipe when the pipe is in good to fair condition (i.e., s¥ = 1,2,3).
However, the impact of traffic load on pipe can be clearly seen when the pipe is
in worsened condition (i.e., s¥ = 4). Table 4 also summarizes the FEA results
representing the impact of different vehicle classes on the pipe at state “4”. The
“1” (or “0”) status indicates whether TLI failure has been triggered (or not).
The TLI failure probabilities of pipe under different corrosion states and depth
scenarios are summarized in Table 5. The TLI failure mode is further integrated
with the corrosion-induced failure mode, as discussed in Section 2.1.3, to capture
the degradation of the pipe with physical dependence from the co-located road.

8.2. Performance comparison

To demonstrate the effectiveness of the proposed maintenance strategy and
emphasize the benefits of considering interdependency as well as performing
joint maintenance decision-making, we will compare it with several existing
maintenance strategies as benchmarks, namely S1 and S2. These alternative
maintenance strategies mainly maintain the road or pipe separately without
considering their interdependencies [38, 43, 44]. In the first maintenance strat-
egy (S1), road maintenance decisions, i.e., WF'* (5?), will be determined in a
proactive manner by minimizing the long-term cost of road as follows:
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Table 4: Vehicle class settings and FEA results when sf =4.

Vehicle | Numbers Axle load (Ib) Good | Bad Very bad
class of axles design | design | design
Class I | 2 axles 4000-4000 0 0 0

(steering-single)

Class IT | 2 axles 22000-22000 0 1 1
(steering-single)

10000-40000-22000

Class IIT) 4 axles (steering-tandem-single)

10000-30000-40000
Class IV | 6 axles (steering-tandem-tridem) ! ! '

Table 5: TLI failure probabilities of pipe under different scenarios.

Type of design | pa, | Pdy, | Pds | Pd,
Good 0 0 0 | 0.08
Bad 0 0 0 | 0.12
Very bad 0 0 0 | 0.12

R (sit) = arg miRn{C’i%Sp + C (835, at) + Che(art) + Cu (s, art)
at€A
‘ B E . (21)
+ Z Pr(si s, ap) x v x Vir(s5)}
sf‘_HESR
On the other hand, the pipe maintenance decisions, i.e., wf*(sf), will be
determined in a reactive manner based on the following rule-based strategies:
P e P p P
P*/ P\ __ at:DlestES\{N}
E (st)_{ af = PM if 5P = NP (22)

As shown in Eq. (22), pipe will be only repaired perfectly once there is a

complete failure of the pipe (i.e., pipe breaks) observed. In the second main-

s0s tenance strategy (S2), both the road and pipe will be repaired in a proactive

manner. The road maintenance decision, i.e., ﬂﬁ* (sf“), will be determined based

on Eq. (21). Similarly, the pipe maintenance decision, i.e., 5 *(sf), will be
determined by minimizing the long-term cost written as follows.

7TIPI/*(5tP) = arpg mi}:n{cilixsp + Cm(sfvatp) + th(a}:) +Cu (Sf’a‘l‘?)
a; EA

(23)

+ E Pr(sfyqlst ap ) x v x Ve (spey) }

P P
si11€8

20



610

615

620

625

630

635

640

645

650

To compare the proposed and alternative maintenance strategies (i.e., S1
and S2), they are evaluated on the same road and pipe characteristics as well
as cost information described in Section 3.1.1. In addition, since the proposed
maintenance strategy considers the interdependencies between road and pipe,
the propagated effect from pipe to road is set as § = 2 and the traffic-load effect
from road to pipe is determined with pg, = 0.08 The influence of these depen-
dence parameters on maintenance decisions will be comprehensively investigated
in the next section.

Fig. 4(a) shows the comparison between the expected total cost of the
proposed strategy and alternative strategies over the 5-year planning period.
As shown in the figure, the proposed work considered both joint and proactive
maintenance of the co-located road and pipe with interdependencies exhibits the
same or lower cost than alternative strategies under different conditions of the
road and pipe. In particular, when the pipe is in a worse condition (e.g., state 4),
more cost saving can be achieved. In addition, the figure shows that proactive
maintenance in both the proposed strategy and S2 will be beneficial in terms
of reducing the total cost as compared to the rule-based reactive maintenance
strategy in S1 when there exists certain degradation of the pipe (e.g., states
2—4). The total cost consists of both the costs of maintenance related activities
(i-e., maintenance, traffic control, and inspection) and the user costs (i.e., long-
term and short-term costs).

To further explain why the proposed work can achieve the overall cost reduc-
tion, Figs. 4(b) and 4(c) show the corresponding expected maintenance costs
and user costs of the proposed work over existing maintenance strategies under
different conditions of the co-located road and pipe. As shown in these figures,
when the pipe is deteriorating with certain degradation conditions (e.g., states
2 — 4), both the proposed and S2 maintenance strategies tend to initiate more
proactive maintenance for pipe as compared to S1 when maintenance strategy
is only triggered if the pipe is completely failed. Such additional maintenance
costs for proactive maintenance will be translated to significant cost reduction
from the user costs perspective, as shown in Fig. 4(c). In addition, when the
pipe becomes more deteriorated (e.g., state 4), the proposed work tends to al-
locate more maintenance efforts for the pipe due to its anticipation of negative
consequences of pipe breaks on its co-located road. Such maintenance efforts
further translate to user costs reduction as well as the overall cost reduction as
compared to S2.

After comparing the performance between the proposed maintenance strat-
egy and alternative strategies, we further investigate and compare the difference
of optimal maintenance actions obtained under different strategies and Fig. 5
graphically summarizes the comparison results. Since the maintenance plan-
ning period is assumed as five years, five action pairs of each joint state pair
during this five-year period are shown horizontally. The coded colors for the
maintenance actions are black for “PM”, gray for “MM”, and light gray for
“DN”. Ideally, there are 25 joint states in total. For illustration simplicity,
we only demonstrate the states associated with different maintenance actions
obtained under different strategies in Fig. 5. For the condition states which
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Figure 4: Performance comparison between the proposed and alternative maintenance strate-
gies.

have the same maintenance actions among different strategies throughout the
five-year time period, they are omitted. The complete proposed maintenance
policy for all the combinations of states can be found in Appendix B. For those
condition states which have the same maintenance actions on specific years,
the corresponding maintenance actions are donated as “-”. Fig. 5 results can
serve as a lookup table to inform the maintenance policies for the road and pipe
maintenance stakeholders. Specifically, based on the joint condition states of a
co-located road and pipe at the beginning of each year, the corresponding main-
tenance actions (suggested under different strategies) can be obtained. Take a
co-located road and pipe with condition states of (4, 4) at the beginning of
year 1 (i.e., current planning time) as an example, the proposed work suggests
considering “PM” at the beginning of year 1. After restoring them into perfect
conditions, the co-located pair will experience a whole year (e.g., from year 1 to
year 2) of degradation and may end up at any combination of joint condition
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states with varied probabilities. At the beginning of year 2, based on the ac-
tual condition states, the stakeholders can refer to the corresponding suggested
maintenance actions. But since “PM” is adopted at year 1, the co-located pair
with have a close-to-one probability of having good conditions at the beginning
of year 2. The stakeholders will more likely to adopt decisions suggested at
the top rows of the lookup table in practice. But the lookup table essentially
enumerates all the possible scenarios although some of them may be in very low
probabilities) and provides the corresponding suggested decisions.

As shown in Figs. 5(a) and 5(b), the proposed strategy has a darker color of
maintenance actions in general than strategies S1 and S2. This indicates that
the proposed strategy tends to recommend a higher level of pipe maintenance
activities for the same joint condition state than alternative strategies, even
when the co-located road and pipe exhibit conflicting degradation states. For
example, in the first year, the joint state (1,4) is recommended to have action
pair (DN, PM) in the proposed strategy, but (DN, DN) in S1 and (DN, MM)
in S2. The proposed strategy recommends higher-level maintenance action of
performing “perfect maintenance” for the pipe than “do nothing” in S1 and
“minor maintenance” in S2. There are multiple reasons to explain this finding.
First, by taking into account the dependency from road to pipe (i.e., traffic-
load effect) in the proposed work, the long-term user costs for the pipe will be
increased since pipe is more likely to fail. To anticipate such increased failure
risk from the pipe, more proactive maintenance actions tend to be initiated.
Second, since the joint road and pipe maintenance will avoid the repaving costs
of co-located areas as well as reduce the traffic control costs, the maintenance
costs under the same level of maintenance activities will be reduced. Therefore,
given the same maintenance budget, it becomes more affordable for the proposed
strategy to consider a higher-level maintenance action.

To further clarify why the proposed maintenance strategy has better cost
performance while proposing a higher level maintenance activities, take state
s+ = (2,2) which is recommended to have action a; =(MM, MM) on the first
year as another example. First, while doing joint maintenance, the maintenance
costs of road and pipe based on the proposed approach becomes Ci%sp + C’ilr)lsp +
Cm(5$ =2,a3 = MM)JrOm(SF =2,a; = MM) *I{aftzMM;éDN & aP=MM#DN} %
Cr + max(CtC (af{ = MM%C}C (a%D = MM)) = $13,927. However, if the road
and pipe maintenance activities are performed separately in alternative strate-
gies (i.e., S1 and S2), the total maintenance cost will be calculated as C’i%sp +
Chep + O (st =2,aff = MM) + Ci (st = 2,a; = MM) + Cic(aff = MM) +
th(af = MM) = $18,473. This shows that for the same type of mainte-
nance actions, the proposed strategy tends to be more affordable than alter-
native ones. In other words, if maintenance budget is allowed, maintenance
actions with higher-level of repair efforts will be more likely to be considered
in the proposed strategy. Further, under this scenario of s; = (2,2) with ac-
tion a; =(MM, MM), the joint maintenance based on the proposed strategy
will finish the maintenance activity more efficiently with road blockage reduced
one day, which will be further translated to the reduction of short-term user
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Specifically, the actual short-term user costs by
CY (st =2af =MM) x TR +

costs for the road as well.
the proposed approach can be calculated as C
(B-1) x Cy . (st =2,af = MM) x T¥ = $5,892. Meanwhile, by using the
alternative strategies of separate maintenance (i.e., S1 and S2), the total traf-
fic blockage for two maintenance activities are two days, and the actual cost is
CR (st =2,aff = MM) xTR+3x C’fpmp (s§ =2,af = MM) xT" = $8,838.
This explains the potential user costs reduction achieved by the proposed joint
maintenance strategy over alternative strategies.

Another general pattern displayed in Fig. 5 is that when the condition state
of pipe becomes worsened, the proposed strategy tends to consider higher-level of
maintenance activities more frequently over existing strategies of S1 and S2. For
instance, as shown in Fig. 5(b), when pipe is at condition state “2”, the proposed
strategy only plans a higher-level of maintenance activity on year 3 as compared
to S2. When the condition state of the pipe deteriorates, e.g., state “4”, the
proposed strategy plans to consider higher-level of maintenance activities from
years 1 to 4. Such more frequent adjustment of the maintenance activities in
a more proactive manner essentially aims to reduce the negative influence of
complete failure (i.e., state “5”) of the pipe, such as the increase of pipe and
road user costs due to pipe breaks. It further confirms the results shown in Fig.
4 that when the pipe is at worsened condition state, the maintenance costs of
the proposed strategy tend to be higher than the conventional strategies (i.e.,
S1 and S2). However, such maintenance efforts are beneficial to the reduction
of users costs and the total cost.
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3.8. The impact from road and pipe interdependencies to maintenance decisions

In section 3.2, the propagated effect of pipe activities on road users, and the
traffic-load effect from road to TLI failure mode of the pipe are both specified
at medium levels, i.e., 8 = 2,pq, = 0.08 It is still unclear how each factor
will influence the cost performance as well as the maintenance actions under
different maintenance strategies. This section will provide sensitivity analysis
by investigating the marginal effect of each factor on maintenance decisions
under different maintenance strategies.

8.8.1. Influence of propagated effect

The propagated effect parameter 3, as shown described in section 2.2 and
Fig. 3, represents the impact of pipe maintenance activity on the co-located
roads and such impact may vary depending on the number of co-located road
sections affected. In this section, a sensitivity analysis will be performed by
considering three scenarios of 3, namely § = 1, 2, and 4. They represent
scenarios of pipe maintenance activity affecting one, two, and four road sections
(including the co-located road section under repair as well as its neighboring
road sections), respectively. The traffic-load effect parameter, denoted by pq;,
is assumed to be fixed as 0.08 when pipe condition state is “4”, i.e., pg, = 0.08
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Figure 6: The comparison of optimal maintenance actions under different propagated effect
scenarios.
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We first investigate how the propagated effect parameter will influence the
maintenance decisions under the proposed maintenance strategy. Fig. 6 shows
the comparison results of optimal maintenance actions obtained under different
B values. As shown in the figure, when the propagated effect increases, the
proposed maintenance strategy tends to consider a lower-level maintenance ac-
tivity. Taking the joint state of (1,2) as an example, the optimal maintenance
actions for the pipe in the first 2 years are (MM, MM), (MM, DN) and (DN,
DN), under 8 = 1,2,4, respectively. It can be explained as follows. Based on
Egs. (13) and (16), the value of g directly affects the short-term user costs.
The higher value of propagated effect means that more traffic blockage will be
involved when the maintenance is performed on the pipe. To minimize the over-
all maintenance costs, including both the short-term and long-term user costs,
good maintenance actions need to balance well between triggering high-level
maintenance activities (to minimize the long-term user coasts in a proactive
manner) and adopting lower-level ones (to reduce the disruption of pipe main-
tenance on road sections due to traffic blockage). Fig. 7 shows the short-term
and long-term user costs increment under scenarios of 8 = 2 and 4 by using
B =1 as the baseline scenario. As shown in the figure, when /3 value increases,
it is associated with larger short-term user costs increment (in blue) over long-
term user costs increment (in orange). Thus, since the increment of short-term
user costs dominates when J increases, the proposed maintenance strategy tends
to recommend less aggressive maintenance activities to mitigate the short-term
user costs increment and ensure the overall cost reduction. It is noticed that
when the pipe is at failure state, i.e., s} = 5, its failure not only impacts water
users, but also the co-located road and its neighboring roads. The failure cost of
the failed pipe and potential cascading costs due to road failure can be tremen-
dous if the pipe is not replaced. Thus, the following rule-based constraint is
embedded in the proposed optimization model. That is, the pipe will be always
repaired when it is in a failure state (i.e., s} = 5) regardless of how many road
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sections will be negatively affected. This can be reflected in the results of joint
states scenarios with sf = 5 in Appendix B. Noticed that for visualization
simplicity, Fig. 6 only shows the results of states when there are differences
among maintenance actions under different 5 values. For those omitted state
pairs, the maintenance actions under different 5 values are the same, which can
be found in the complete maintenance results in Appendix B.
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Figure 8: The influence of propagated effect on total cost reduction achieved by the proposed
strategy over (a) S1 and (b) S2.
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Figure 9: The influence of propagated effect on user costs reduction achieved by the proposed
strategy over (a) S1 and (b) S2.

We further investigate the cost reduction achieved by the propped strategy
over existing strategies of S1 and S2 under different scenarios of propagated
effect. Figs. 8 and 9 compare the overall cost reduction as well as the user costs
reduction between the proposed and alternative strategies under g = 1,2, and 4.
As shown in Figs. 8 and 9, the proposed maintenance strategy will exhibit more
significant cost reduction when the pipe is at worsened condition states. As dis-
cussed in Section 3.2, such overall cost reduction is essential due to the reduction
of user costs since more proactive maintenance activities are recommended in the
proposed strategy. In addition, as § increases, both the overall cost reduction
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and user costs reduction will increase as well. It is due to the fact that a higher
value of 8 is associated with a higher impact of pipe failure to its co-located
road sections. By considering such operational dependency and providing more
proactive maintenance to avoid complete failure of the pipe, the proposed work
is able to mitigate the short-term user costs increase resulting from the increased
traffic blockage and ultimately achieve the overall cost reduction.

8.8.2. Influence of traffic-load effect

After investigating the marginal effect of propagated effect on pipe to road,
we further investigate the influence of traffic-load effect from road to pipe, cap-
tured by the induced probability pq,. Based on the results from the FEA model
shown in Section 3.1.2, the traffic-load effect has the highest impact on the pipe
when pipe is in corrosion state “4”, i.e., p4, = pa, = pa; = 0. Therefore, by
fixing 8 = 2, we perform the sensitivity analysis of traffic-load effect under three
scenarios, namely 0,0.08, and 0.12, when the state of the pipe is “4”. They rep-
resent scenarios of traffic having negligible, minor, and moderated acceleration
on pipe degradation and TLI failure risk.
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Similar to Section 3.3.1, we begin with investigating the influence of traffic-
load effect on optimal maintenance decision of the proposed strategy. Fig. 10
shows the comparison results of optimal maintenance actions obtained under dif-
ferent traffic-load effect. The full maintenance policy can be found in Appendix
B. As shown in Fig. 10, compared to the scenario of negligible traffic-load effect,
the proposed strategy tends to suggest a higher level of maintenance activities
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Figure 11: The influence of traffic-load effect on user costs increment.

when there is significant traffic-load effect. Take joint state (5,3) as an example,
when pq, = 0, the proposed strategy recommends “DN” for the pipe. When pq,
increases to 0.08 or 0.12, the pipe is recommended to have “MM?”. It is because
when traffic-load effect becomes more significant, the pipe has more tendency
to fail, which leads to an increase in long-term user costs if more conservative
maintenance activities are considered. To further demonstrate this, Fig. 11
shows the long-term and short-term user costs increment under scenarios of
pd, = 0.08 and 0.12 by using pgq, = 0 as the baseline scenario. It shows that
when traffic-load effect becomes significant, the larger increment of long-term
user cost increment (in orange) is involved than that of the short-term user
costs (in blue). Thus, to minimize the overall user costs as well as total cost,
the proposed strategy tends to suggest higher-level maintenance activities.
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Figure 12: The influence of traffic-load effect on total cost reduction achieved by the proposed
strategy over (a) S1 and (b) S2.

We further investigated the overall cost reduction (in Fig. 12) and user
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Figure 13: The influence of traffic-load effect on user costs reduction achieved by the proposed
strategy over (a) S1 and (b) S2.

costs reduction (in Fig. 13) of the proposed maintenance strategy over S1 and
S2 under different scenarios of traffic-load effect. As shown in both figures,
the proposed exhibit more significant cost reduction at worsened conditions of
the pipe. In addition, as the traffic-load effect becomes more significant, the
associate cost reduction of the proposed strategy over alternative strategies will
increase as well. This is due to the fact that by taking into account such failure
dependence from road to pipe, the proposed work is able to provide a more
proactive maintenance strategy to mitigate the long-term user costs increase
resulting from an increased pipe failure risk and ultimately achieve the overall
cost reduction.

4. Conclusion

In this paper, a joint long-term proactive maintenance planning framework
has been proposed for the co-located road and pipe by explicitly accounting for
their complex interdependencies, including both the physical dependency from
road to pipe and the operational dependency from pipe to road. To capture
the influence of traffic load effect on the pipe failure probability, finite element
modeling is first established to comprehensively evaluate the TLI sudden failure
mode of the pipe under varied traffic conditions and road design scenarios, and
a probabilistic model is further formulated to simultaneously take into account
the competing risk of both the TLI sudden failure mode as well as corrosion-
induced gradual failure mode of the pipe. Then a joint maintenance planning
model is established by taking into account the operational dependency from
pipe to road under different co-located scenarios to minimize the overall costs,
including the maintenance costs, short-term user costs and long-term user costs
of both the co-located road and pipe.

As demonstrated in the case study, the proposed proactive maintenance
strategy exhibits more cost-saving benefits as compared to several existing main-
tenance planning strategies which consider road and pipe maintenance sepa-
rately, such as S1 of proactive maintenance of road and reactive maintenance
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of pipe, and S2 of proactive maintenance of both the road and pipe. Such cost
reduction is realized by jointly repairing the co-located road and pipe in the
same time period to avoid the repaving costs due to pipe repair and decrease
the overall maintenance costs by shortening traffic control time period. In ad-
dition, such cost reduction is further ensured by accurately anticipating both
sudden failure mode and gradual failure mode of the pipe to initialize more
aggressive maintenance activities of the pipe and avoid its negative impact on
the co-located road and pipe. After demonstrating the cost-saving benefits, the
influence of interdependencies on the proposed maintenance planning decisions
has been also comprehensively investigated under different co-location scenarios
as well as traffic load conditions. When more road sections in the neighbor-
ing area are affected by the pipe (i.e., an increase of ) and the short-term
user costs become a dominant factor, the proposed method tends to generate
less aggressive maintenance actions to reduce the short-term user costs due to
maintenance actions. When the traffic load effect increases (e.g., an increase
of pg,) and the long-term user costs become a dominant factor, the proposed
method tends to generate more aggressive maintenance actions to reduce future
risk of pipe breaks and reduce long-term user costs. Such marginal insights will
allow stakeholders to adjust the maintenance decision of a co-located road and
pipe based on their varied characteristics and traffic conditions.

For future work, we will incorporate additional physical dependency from
pipe to road (e.g., leakage of the pipe potentially increasing road failure). In-
stead of optimizing maintenance decisions alone with a pre-determined inspec-
tion policy and assuming the ductile iron pipe, we will relax these assumptions
by jointly optimizing the inspection decisions and maintenance decisions and
further considering other types of pipe materials, such as polyvinyl chloride.
In addition, we will extend the current work of component-level maintenance
decision-making towards the next step of investigating the system-level mainte-
nance decision-making of the co-located road and water network composed of
multiple co-located pairs (i.e., components) with varied individual characteris-
tics (e.g., degradation states, pipe length and diameter, number of traffic lanes,
traffic volume, etc.). Regarding practical implementation, we will convert the
developed analytical models and algorithms into a user-friendly decision-support
platform and demonstrate the benefits of the proposed work to local stakehold-
ers using showcase examples.
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Sets and indices

AR AT A

st sP's
{1,...,T}

State variables
bl, ceey bNP
NR NP

M5 Nij

R P
Stastyst
f

Ty

Sets of road, pipe and joint maintenance actions, respectively,
where superscripts "R” and ”P” represent "Road” and ”Pipe”.
Set of road, pipe, and joint condition states, respectively.

Set of decision epochs where T is the last year of the maintenance
planning horizon.

Cutting points of pipe discretized condition states.

Failure states of road and pipe, respectively.

The number of road sections in state 7, and the number of road
sections from state 7 to j, respectively.

Road, pipe, and joint condition states at time ¢, respectively.
Pipe sudden failure state resulting from traffic-load effect at time
t, where superscript “f” represents “sudden failure”.

Maintenance actions

R P
at 7at , At

Road, pipe, and joint maintenance actions at time ¢, respectively.

Transition probabilities

Py, o,
P (aft), pij (af)
Py, b,
PY(af), pf;(a})

Pd;

Pﬁj (ar)

Road degradation transition matrix, and its composing elements,
respectively.

Road state transition matrix under the maintenance effect, and
its composing elements, respectively.

Pipe corrosion-induced transition matrix, and its composing el-
ements, respectively.

Pipe state transition matrix under maintenance effect, and its
composing elements, respectively.

Probability of a pipe at condition state i € S¥ suddenly fails
under traffic-load effect, where subscript “d” represents traffic-
load effect.

Transition probability from state 7 to j for a pipe given mainte-
nance action al at time ¢ under corrosion-induced and TLI.

Costs and value functions

C1,C2

C3

Cinsp7 CR CP

insp?’ ~insp

Crrn thv Cr

Cy
Cust7 C'ult

R CP

Umaint > ~ Uprop

Unit cost for delay time caused by maintenance, road condition,
respectively.

Unit cost for fuel/maintaining/repairing vehicle.

Joint, road, and pipe inspection costs, respectively, where sub-
script “insp” represents “inspection”.

Maintenance, traffic control, and repaving costs, respectively,
where subscripts “m”, “tc”, and “r” represent “maintenance”,
“traffic control”, and “repaving”.

Total user costs, where subscript “’u’ represents “user”.
Short-term, and long-term user costs, respectively, where sub-
scripts “st” and “lt” represent “short-term” and “long-term”.
Road user cost caused by road, and pipe maintenance activi-
ties, respectively, where subscripts “maint” and “prop” represent
“maintenance activity” and “propagated effect”.
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cr ct

Vehicle owners annual costs, and water users inconvenience costs,
respectively.

DR . ., DY .. Delay time of a vehicle caused by road maintenance, pipe main-
tenance, respectively.

Dyt Delay time of a vehicle caused by road condition, where subscript
“opt” represents “operating”.

TR, TP Repair time of road and pipe.

TF Traffic flow quantified by the number of vehicles per day.

T, Length of a decision epoch.

V() Value function.

T Maintenance policy.

~ Discount factor.

Other parameters

D(t),d Corrosion depth of pipe at time ¢, and its realization, respec-
tively.

K, u, F Stiffness matrix, field variable vector, force vector, respectively.

I6] Propagated effect.

ot Traffic-load-induced influencing factors.

a(t),c,v Shape function and its parameters of the Gamma process.

10) Scale parameter of the Gamma process.

Appendix B. Complete maintenance actions based on the proposed
strategy under the baseline settings of 3 = 2 and pq, =
0.08.

Figs 5, 6, 10 only display the results of states when there are differences
among maintenance actions under different scenarios. For those omitted state
pairs, the maintenance actions under different scenarios are the same. The
following table includes the omitted state pairs and shows the complete results
of the proposed maintenance strategy under 8 = 2 and pq, = 0.08.
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