MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 2 » 2022

(16

DOI: https://doi.org/10.31073/mivg202202-335
Available at (PDF): http://mivg.iwpim.com.ua/index.php/mivg/article/view/335

UDC 519.6:551.577:621.337.1

FIVE-DIMENSIONAL ASSESSMENT MODEL FOR OPERATION
AND MAINTENANCE OF STORMWATER CONTROL MEASURES -
TOOL FOR STRATEGIC PLANNING AND CRISIS MANAGEMENT

M. Askar!, Ph.D., assoc. prof., and M. Islam?, Ph.D., assoc. prof.
'Southern Utah Univ., Eng. & Tech. Dept., USA e-mail: mohamedaskar@suu.edu;
2 Colorado State Univ.-Pueblo, C.Eng. Dept., USA, e-mail: md.islam@csupueblo.edu

Abstract. Most stormwater infrastructures are aging and deteriorating in the United States. The
American Society of Civil Engineers (ASCE) announced in its 2021 Report Card for America s Infrastructure
that stormwater infrastructure has received a ‘D’ grade. The primary study objective is to help decision-
makers deal effectively with the control measures of the limited-budgeted, ambiguous and inconsistently
applied operation and maintenance of stormwater infrastructures. A five-dimensional assessment model for
operation and maintenance of stormwater control measures (5D-SAM) was developed, including location,
quality, time/quantity, cost, and environmental aspects. The model is very effective in helping decision-
makers identify the current stormwater infrastructure conditions, predict the future state, manage the
quantity and improve the quality of stormwater runoff in the most cost-effective manner. It helps determine
whether a distressed stormwater system is beneficial to be demolished or it would be cost-effective to either
repair, rehabilitate or retrofit. Moreover, the model can be utilized for fast and accurate assessment and

better resource allocation for strategic planning of stormwater infrastructures.
Key words: assessment model, operation and maintenance, stormwater control measures, stormwater

infrastructures

Introduction and Problem Statement.
United States’ stormwater infrastructure is rated
the lowest grade by the 2021 Report Card for
America’s Infrastructure (ASCE, 2021). This
grade considered different aspects, such as
capacity, condition, operations/maintenance,
public safety, funding and resilience. The country
has over 3.5 million miles of storm sewers with
an overall age that exceeded or reached the
end of their useful lives. Numerous of these
systems have not been maintained to extend their
lifespan. The paper also found that the majority
of the stormwater lines in the U.S. are currently
undersized to control the stormwater flow.

In urban areas, impervious surfaces such as
roadways and roofs stop precipitation and melted
snow from naturally running into the ground.
Rather than water soaking rapidly into storm
and sewer systems and drainage ditches, it can
cause infrastructure damage, flooding, erosion,
turbidity, combined storm and sewage overflow,
and contaminated streams (U.S. EPA, 2022).

Flooding is the natural hazard with the most
significant social and economic impact in the
U.S. These impacts are becoming more critical
over time. Catastrophic flooding caused billions
of dollars in infrastructure damage, harmfully
affected millions of people, and damaged economic
welfare. Prominent urban flood cases between 2004

and 2014 cost an average of $9 billion in direct
damage and contributed to 71 deaths annually.
These figures do not contain the cumulative
costs of common small floods, similar to those of
infrequent severe floods (NASEM, 2019).

Stormwater infrastructure capacity can impact
the hydrologic cycle by detaining or retaining
stormwater runoff. Detention reduces peak
discharge that increases runoff travel time or rate-
controlled storage facilities. Increasing residence
time may improve water quality by providing time
forothertreatmentprocesses,suchassedimentation.
The permanent capture of stormwater runoff by
infiltration or evapotranspiration reduces the total
runoff volume (The WE&REF, 2017).

The Municipal Water Infrastructure Council
(MWIC), Green Infrastructure (GI) task committee
of the Environmental and Water Resources
Institute of the American Society of Civil
Engineers (EWRI-ASCE) recognized a necessity
for better tracking of operation and maintenance
activities for stormwater infrastructures. To meet
this requirement, the MWIC GI task committee
developed a preliminary suggested list of
the operation and maintenance parameters in
2018. These parameters form the foundation of
a recommended database to store collected data.
The main benefits are to provide recommendations
for standardized operation and maintenance
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activity by local governments and a framework
to develop a national cost database (WRF, 2018).

ASCE (2021) recommends specific ways
federal funding can help create a stormwater-
managementnetwork thataccommodates changing
weather patterns and increased flooding. Among
other solutions, the report card authors suggest:

* developing a new federal-level stormwater
funding program along with the existing ones,

* establishing a grant program to support
training in the stormwater sector,

» extending eligibility for existing water-
infrastructure grants to stormwater infrastructure
» promoting new stormwater utilities, and

» updating  standards for  stormwater
infrastructure in response to climate change.

Unfortunately, there is not enough study
in the literature on stormwater infrastructure
sustainability and improvements considering multi-
factors. Semanedi-Davies et al. (2008) studied the
potential impacts of climate change and continued
urbanization on stormwater flows to a suburban
stream. They concluded that city growth and
projected increases in heavy rainfalls, both together
and alone, are set to raise peak flow volumes and
increase flood risk. Conversely, the installation of
a sustainable urban drainage system has a positive
effect on the urban environment and can largely
allay the adverse impacts of changing roads. Cherqui
et al. (2013) conducted a survey on performance
indicators related to urban drainage systems
such as economic aspects, other environmental
and sanitary, social aspects, lifespan and long-
term effectiveness. Indeed, the performance of
sustainable drainage systems should not be limited
to pollution and hydrology. Petrucci and Tassin
(2011) proposed an empirical approach to quantify
the hydrographs’ attenuation in sewers to evaluate
attenuation’s consequences for the scale transfer
between the parcel and the catchment in urban
settings. A sensitivity analysis on different pipes’
and hydrographs’ characteristics concluded that the
peak attenuation’s driving factors differ consistent
with the distance from the outlet. The above studies
are not comprehensive and do not discuss the multi-
dimensions of stormwater assessment.

Research Objectives. A study is thus needed
to evaluate the different aspects of stormwater
infrastructure conditions. The research objective is to
develop a theoretical Five-Dimensional Stormwater
Assessment Model (5D-SAM) to analyze and
help hydrologic engineers and planners choose
the best feasible option with the limited-budgeted,
ambiguous and inconsistently applied operation
and maintenance of stormwater infrastructures. The
paper imparts the rehabilitation of a stormwater
system as a feasibility study for applying the

(7]

proposed 5D-SAM. It presents the outline of the
design system for the stormwater system retrofitting
based on the performance-based design to satisfy
an adequate required level concerning all required
performance items, including structural safety and
serviceability. The model helps decision-makers
identify the current stormwater infrastructure
conditions, predict the future state, manage the
quantity and raise the quality of stormwater runoff
in the most cost-effective manner. It helps determine
whether a distressed stormwater system should be
demolished or whether it will be cost-effective to
either repair, rehabilitate or retrofit it. Moreover, the
model can be used in a crisis for fast and accurate
assessment and better resource allocation for
strategic planning.

Research Scope and Limitations. The
research focuses on developing the SD-SAM model
theoretical framework. A model testing and an
ArcGIS database of the stormwater infrastructures
will be implemented later in several cities in Utah,
USA, to validate the proposed model’s success.

Methodology. An appropriate rehabilitation
method was selected among various alternatives
and the performances of the retrofitted stormwater
system by the selected method are verified with
required performances after retrofitting until the
end of service life. The concept is to convert any
criteria in measurable values to the same scale.
Steps in numerical analysis techniques and the
evolution of precise simulation methods are
considered. The Five-Dimensional Stormwater
Assessment Model (5D-SAM) consists of ten
modules to help the operation and maintenance
assessment process (Askar, M. et al., 2022).

Stormwater Five-Dimensions:

The stormwater’s five dimensions consist of
location (X, Y, Z), quality/functionality, time,
cost, and environmental/social aspects, as shown
in Figure 1.

I 1D=(X,Y,2) | I

[ 2D=(X,Y,Z + Quality) | |

l 3D=(X,Y,Z + Quality + Time) | l

l 4D=(X,Y,Z + Quality + Time + Cost) | '

l 5D=(X,Y,Z + Quality + Time + Cost + Environmental) I

Fig. 1. Stormwater Five Dimension Model

Conceptual Design of the Five-Dimensional
Stormwater Assessment Model

Any asset consists of several components with
the same conditions at the design stage. However,
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afteryearsofusage, theconditionsofthecomponents
change and are not the same anymore. The primary
idea of the stormwater assessment model is that
the assessment is a result of a combination of
different aspects, such as condition, functionality,
time, cost, and environment. Furthermore, the
stormwater infrastructure’s repair cost depends on
its components’ condition. Two approaches were
taken into consideration to achieve the research
objectives (Figure 2):

1. The condition approach results from the
stormwater’s physical condition and structure
load/capacity relations, and

2. The cost approach includes the Current
Replacement Value (CRV) and Total Repair Cost
(TRC).

Model Design and Analysis. Stormwater
control measures (SCM) serve various purposes.
From maintaining or improving a property’s
pre-development water quality and quantity
conditions to promoting groundwater recharge
and reducing downstream flooding and erosion
to purely aesthetic considerations, every system
is individually engineered to provide optimal
performance for the watersheds.

The maintenance review includes the
assessment of current maintenance tasks for
several infrastructure types and aspects, which
include the following:

 Drainage pump station maintenance (pumps
and generators),

» Conveyance system cleaning and condition
assessment,

* Maintenance hole cleaning, repair, and
replacement,

* Drainage inlet and siphon cleaning,

e Channel maintenance,

 Basin and pond maintenance, and

» Access road and grounds maintenance.

Recommended modifications andadditionsto the
current procedures are made to meet best practices

and recommended regulatory guidelines. Detailed
assessments and recommendations are proposed in
the 5SD-SAM below for each infrastructure type or
aspect. Figure 3 shows the proposed performance-
based operation and maintenance management
model that considers the required corroboration of
the whole stormwater infrastructure. This model
consists of 10 modules; as follows:

1. Stormwater Condition
Module,
Measurement Module,
Comparison Module,
Analysis Module,
Options Module,
Optimization Module,
Design Module,
Rehabilitation Module,
Re-measure Module, and

10. Final Assessment Module.

Module (1): Stormwater Condition
Assessment. The condition assessment ofan existing
stormwater infrastructure determines whether the
asset will function safely over a specified residual
service life. Guidelines for the assessment of existing
assets have been developed in many countries. They
are commonly separated into phases, starting with
a preliminary evaluation, followed by a detailed
investigation, expert investigation, and finally, an
advanced assessment, depending on the structural
condition of the investigated stormwater facility.
Based on the different applications of the selected
articles, the relevant techniques are classified into
five categories, as shown in Figure 4:

1. Visual Inspection (VI),

2. Testing Response (TR),

3. Finite Element Modeling (FEM),

4. Nondestructive Evaluation (NDE), and

5. Structure Health Monitoring (SHM).

Module 2): Measurement. Both
performances of stormwater facilities and
requirements should be expressed quantitatively.

Assessment

A S A

Building Assessment

Condition
Assessment

Components
Structural
Assessment

Components
Testing
Assessment

Cost

Assessment

TRC CRV

Fig. 2. Main Structure for Stormwater Facility Assessment
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5D-SAM COMPUTATIONAL & ANALYSIS MODULES

(3)
Comparison

5D-5AM SELECTION & DESIGN MODULES

5D-5AM REHABILITATION & ASSESSMENT MODULES

Rehabilitation

Fig. 3. Proposed stormwater assessment modules

Condition Assessment
Mechanisms

Visual
Inspection
(VI)

l

Non-destructive
Evaluation (NDE)

Fig. 4. Condition assessment mechanisms of a stormwater system

Hence, each performance item listed in Table 1
should be symbolized by a corresponding physical
variable which can be evaluated through available
computational methods. This variable is called
a performance index. Table 1 (A-E) shows an
example of performance indices for the selected

performance items in this proposed operation and
maintenance model of the stormwater control
measure. The Overall Stormwater Asset Condition
(OSAC) equation measures the stormwater
infrastructure’s general condition ratings (CAS) or
performance/health index.
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Module (3): Comparison. 5D-SAM Module (5): Feasible Rehabilitation
calculates the general condition ratings (GCRs)  Strategies. This model establishes existing asset
to describe the existing, in-place stormwater conditions, preservation, rehabilitation, and

infrastructure compared to the as-built condition.
The physical, structural condition, functionality/
quality, time, cost, and environmental/social
aspects are considered. This information is used
to determine the GCRs on a numerical scale
of 0-9. 0 refers to (failed condition) while 9 is
(excellent condition), as described in the Coding
Guide (Table 2) and the Equation: 1 < GCR <9

Module (4): Analysis. After almost four
decades of use, the general condition ratings are
well established in assessing the current condition
of the major components of the stormwater
infrastructure being inventoried and inspected.
The same GCR is true of the appraisal ratings for
assessing functional capacities. Changes in these
ratings over time reflect the general performance of
the stormwater infrastructures. The ratings are used
to classify the assets as deficient or not deficient.

Stormwater infrastructures with low GCR
condition or appraisal ratings are flagged and
classified as follows:

e SD: A stormwater asset is classified
as structurally deficient if the item Overall
Stormwater Asset Condition (OSAC) is rated
«poor» condition or worse (coded 4 or lower on
the SD-SAM rating scale).

* FO: A stormwater asset classified as
functionally obsolete is not SD, but its Hydraulic
Performance (HP), Hydrological Performance
(DP), and Environmental/Social Aspects are
outdated. Classification as FO is triggered by
a code of 4 or lower for the three items.

replacement inventory database guidelines. The
determination of the most appropriate intervention
for existing stormwater infrastructure is primarily
based on the following factors:

e QOperation and maintenance conditions

» Stormwater infrastructure conditions

* The extent of corrosion in existing asset

* The extent and widths of cracks

* Functionality conditions

 Strength of materials

The cost analysis of preserving the existing
asset should consider the following, as applicable:

* Preserving or replacing the stormwater
items

 Effects associated with the elimination of
cracks

* Repairing stormwater components

* Impact strengthening on stormwater
components with a history

» Mitigating effects of functionality deficient

* Replacing severely corroded or non-
functional items

* Adding possible redundancy to system
components

e Seismic retrofit, if needed

Module (6): Optimization by Value
Engineering. The stormwater asset health index
concept is based on a ratio of the current element
to the total element values. The health index
formulated ranges between 0% and 100%. The
5D-SAM rating of 6.9 may be comparable to
a health index of 77 %.

2. Common Actions Based on the General Condition Ratings

Code Description Common actions
EXCELLENT CONDITION Preservation /
VERY GOOD CONDITION — No problems noted Cyclic
GOOD CONDITION — Some minor problems maintenance

minor deterioration

SATISFACTORY CONDITION — Structural elements show some

Preservation /

FAIR CONDITION — All primary structural elements are sound but
may have some minor section loss, cracking, spalling, or scour

Condition-based
maintenance

or scour

POOR CONDITION — Advanced section loss, deterioration, spalling,

failures are possible

SERIOUS CONDITION — Loss of section, deterioratuion, spalling
or scour have seriously affected primary structural components. Local

Rehabilitation

present in critical structural components

CRITIAL CONDITION — Advanced deterioration or section loss

or Replacement

IMMINENT FAILURE CONDITION — Major deterioration or
section loss present in critical components

FAILED CONDITION — Out of service, but beyond corrective action

LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2022
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Module (7): Design. A new structural and/or
hydraulic design of the stormwater infrastructures
should be considered for cases of health indices
less than 40 %.

Module (08): Stormwater Asset
Rehabilitation. Rehabilitation involves major
work required to repair the structural integrity
of a stormwater asset and work necessary to
correct major safety and functionality defects.
Stormwater asset rehabilitation projects provide
complete or nearly complete restoration of
elements or components. Rehabilitation work can
be done on multiple elements and components
of a structure. Agencies may choose to combine
preservation activities on several elements while
rehabilitating a component. These projects
require significant engineering resources for
design, a lengthy completion schedule, and
considerable costs. Total replacement of an
existing stormwater system with a new facility
constructed in the same system requirements
must meet the facility’s current design aspects
and needs over its design life.

Module (09): Re-measure. Inventory
items pertain to stormwater infrastructure’s
characteristics. These items are permanent
characteristics for the most part, which only
change when the asset is altered in some way,
such as rehabilitation. So, inventory items should
be replaced after rehabilitation and include the
following items:

* Identification — Identifies the structure using
location codes and descriptions.

* Structure Type and Material — Categorizes
the structure based on the material, design and
construction, and wearing surface.

e Age and Service — Information showing
when the structure was constructed or
reconstructed features the structure information.

e Geometric Data — Includes pertinent
structural dimensions.

* Design Aspects — Includes the structural
and hydraulic design.

* Navigation Data — Identifies the existence
of navigation control, protection, and waterway
clearance measurements.

* Classification — Identifies the classification
of the structure.

» Required Inspections — Includes designated
inspection frequency and critical features
requiring special inspections or special emphasis
during the inspection.

Module (10): Final Assessment and
Solutions to Green Stormwater Infrastructure.
The final rehabilitation assessment will be
completed and recommendations for green
stormwater infrastructure will be proposed
involving media filtration, infiltration, ponds,
facility  design  requirements,  detention
structures, distribution pipes, pumps, basins, and
permeable pavements. These items tend to be
widely implemented and often unsatisfactorily
maintained (Erickson et al., 2013). Guidelines
and examples for green stormwater infrastructure
solutions will be based on recent scientific
research and practitioner experience. Inspection
and maintenance examples will be provided in the
next research and drawn from practical examples
and maintenance suggestions depending on
regional characteristics.

Conclusion. The maintenance of stormwater
control measures is essential for efficient water
management. Very often, some parameters are
missing or are expensive to measure. Because
of many influential factors, it is challenging to
precisely predict the operation and maintenance.
Some of which can be changed easily and quickly,
but also because of the consequences due to
incorrect predictions. The 5SD-SAM is beneficial
for this purpose to support the final decision that
can be made based on a probability distribution.
Further, in the 5D-SAM model, the parameters
are conditionally independent; thus, it is easy to
manipulate the data (add, delete, change) within
the ten modules. Finally, the model in this work
accurately predicts the optimal solutions and
gives correct results when some data are missing.

Recommendations. As a recommendation for
future studies, a more rigorous analysis with more
variable parameters for minute-level accuracy
could be performed. Real-world validation is
another scope.
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Anomayia. Y Cnonyuenux LlImamax 6invuicms cucmem 311680801 KaHaAnizayii cmapitoms i pyuHyIOmbCA.
Amepuxancoke mosapucmeo inxcenepis-6ydisenvruxie (ASCE) y ceoemy 36imi npo amepuxancovKy ingpa-
cmpykmypy 3a 2021 pix oconocuno, wo dowoea ingpacmpyxmypa ompumana oyinky «D». Ochosna
Mema 00CHiONCeHHsL NOA2AE 8 MOMY, Wob 00NoMo2mu 0codaM, SKI RPULUMAIOMb PIUEHHS, epEeKmusHO
BNOPAMUCS 13 3AX00AMU KOHMPOTIO 0OMENHCEH020 DI00NCENY, HEOOHOZHAUHO2O MAd HENOCIO08HO20 3ACHO-
Cy8amHa excnayamayii ma oociye08yeants 0owosoi ingpacmpykmypu. byno pospobreno n’amusumipry
MoOenb oyinKu ekcniyamayii ma obcuy208y8anis 3acobie KOHMpouo 31ueosux cmokis (5D-SAM), exnio-
QYU acneKkmu po3mauLy8aHHs, AKOCMI, 4acy/KitbKocmi, apmocmi ma exono2iunux acnexmis. Mooenw
oydice eqpekmugHO 00noMazac 0codam, AKi NPULMaloOms pilieHHs, GU3HAYUMU NOMOYHULL CIAH 31UB0601
iHhpacmpykmypu, cnpocHo3yeamu Maubymuiil Cmau, Kepyeamu KiIbKiCmio ma NOKpAwumu SKiCmb
BMUBOBUX CMOKIB Y HAUOLIbUWL eKOHOMIYHO eghexmusHuil cnocio. Lle oonomaeac susnauumu, 4u OOYLILHO
3HeCmU NOWKOOACEHY O0W08Y CUCTeMY YUl il peMOHM, PeKOHCMPYKYIS YU MOOepHiz3ayis 6y0e eKOHOMIYHO
ecpexmugnum. Kpim moeo, mooens mooice 6ymu guxopucmana 07 WeUOKoi ma mouHoi OYiHKy ma Kpaujozo
PO3N00INY pecypcie 01 cmpame2iyHo20 NIAHYB8AHHA IHYPACMPYKIYDP 31UB0801 KAHANI3AYiT.

Knrwowuoei cnoea: modenv oyinxu, excniyamayis ma mexuiyHe 00CTY208Y8AHHS, 3aX00U 3 KOHMPOIIO
3MUBOBUX CHOKIB, 3TUBOBI IHpAcmpyKmypu
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