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ABSTRACT

The development of building information modelling has facilitated the
improvement of cost and time management in panelized construction, one of the
most popular and efficient methods for constructing residential buildings.
However, in most cases, the drainage system is currently still installed on site in a
traditional manner and makes the design stage difficult and time-consuming due to
the high level of design detail required. This research proposes an automated
method to design and draft drainage systems in the BIM model, adapted for
panelized construction of residential buildings. This proposed method can improve
design efficiency, eliminate design errors, and reduce material waste. In order to
improve production efficiency at the panelized construction plant, the drainage pipe
network is separated into smaller components at the geometric boundaries of the
plumbing panel which is a floor or wall panel through which pipes pass.
Meanwhile, a bill of materials for each plumbing panel is generated for the purpose
of further optimization of cutting list. A prototyped BIM extension application, an
add-on to Autodesk Revit, is developed as a proof of concept. A case study of
residential drainage system design and optimization is presented to illustrate the
feasibility of the proposed framework. As the key contribution of this research, the
integration of the BIM model with the automated design system, rule-based pipe
route planning approach, and optimal cutting stock algorithm achieves the
automation in drainage system design in the context of panelized construction to

improve design and production efficiency.
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CHAPTER 1. INTRODUCTION

1.1 Background and Motivation

Building information modelling (BIM) can benefit almost all stages and processes
involved in a construction project, especially the design and planning stage. In
recent years, this information technology has been gradually implemented in the
architecture, engineering, and construction (AEC) industry. It has been proven that
BIM techniques can improve design efficiency and accuracy, and eventually
improve the performance of industrialization and prefabrication in construction.
Prefabrication can increase construction project performance (Li, Shen, & Xue,
2014), which has led to it being an increasingly popular construction method for
home builders because of time and cost savings, the high level of quality control,
and environmental friendly assembly process (Prefab Housing Canada, 2018).
More recent studies show that the applications of prefabrication doubled in 2000
(Haas, O’Connor, Tucker, Eickmann, & Fagerlund, 2000). Prefabrication methods
have been adopted worldwide and are well-developed in many countries, such as
Japan, Sweden, Germany and the Netherlands (Steinhardt & Manley, 2016). In
Sweden, in particular, around 80% of single-family homes were built using
prefabricated timber construction methods (Knaack, Chung-Klatte, & Hasselbach,

2012).

As one classic type of prefab construction, panelized homes are assembled on site
by installing the wall, floor and roof panels, which are designed and framed at a

prefabrication plant and then shipped to the site for installation. However, in most
1



cases, the mechanical, electrical and plumbing (MEP) components are installed on
site in the traditional manner. Thus, there is a need for MEP components to be
incorporated into the prefab panels in order to capitalize on the benefits of the
prefab construction approach. The MEP installation process can be carried out
while the framed panels are in queue at the plant for shipping to the construction
site, as shown in Figure 1-1, which offers the potential to reduce total project time,
the effect of weather outside and the garbage generated in on-site construction when
cutting pipes and drilling holes in the framing members (i.e., stud, plate, and joist).
Installing pipes in a framed wall in the context of industrialized panelized
construction begins with producing pipe fittings by cold-welding fitting
components at the material station of the plant. Then, the pipes that are cut to the
desired length are installed in the framed walls with the pipe fittings. Figure 1-1(a)
shows the drainage system prefabrication and installation process in the framed
wall panels. The pipes are installed in the wall panels by passing pipes through the
hole that is pre-drilled during the wall panel framing process. The pipes are cut and
joined with the required plumbing fittings according to design drawings. After the
pipe installation, the wall is separated into wall panels and prepared for shipping to
the construction site. The installation process for the drainage system in framed
floor panels is shown in Figure 1-1(b), and the process is the same as that of wall

panels.



| Components Production | | Installation | |Wa|| Separation and Shipping |

(a). Drainage system prefabrication on framed wall panels
il = 7\' - -

| compenents Production | | components Delivery | Installation [ Fioor lifting and shipping |

(b). Drainage system prefabrication on framed floor panels

Figure 1-1: Drainage system prefabrication in panelized construction

The innovative production process increases the complexity of the development of
the MEP design and the design stage requires more time and effort due to the higher
level of design detail required and the need to consider potential clashes between
the framed panels and MEP components. During the MEP preliminary design
period, the most challenging aspect is the drainage system design due to the
complexity of the pipe route design, which must take into account the respective
design rules and the required gravity flow in drainage pipes. The gravity-based
drainage system starts from the plumbing fixtures and ends at the connection to a
municipal sewage pipe. To accomplish gravity flow, drainage pipes are designed at
a slope which leads to a height difference when crossing floor panels. Furthermore,
the holes drilled to allow pipes to pass through the framing members are designed

to ensure the structural integrity of the framed panels according to the building
3



code. Meanwhile, the vent pipes are designed to balance air pressure in order to
ensure the proper draining of each plumbing fixture. All these designs are subject

to the building and plumbing codes in the given jurisdiction.

In addition, the pipe route is normally rendered as a series of lines on a traditional
floor plan drawing without specifying the pipe locations on the framing members,
without an accurate schedule of pipes and plumbing fittings, and without the precise
pipe height based on sloped pipe design. In most cases, these design details are
improved by plumbers using their experience when the drainage system is installed
on site. Fixing any details that were neglected in the production stage increases
production time and cost. Taking the situation shown in Figure 1-2 as an example,
the drainage pipe required a cut in the wall stud because of the lack of design details
for the drilling location. It not only takes extra time and cost to cut and then
reinforce the wall studs, but also generates construction wastes on site. However,
this kind of rework can be avoided by providing supplementary details during the
design stage, which will increase the level of design detail required and improve
the construction accuracy in panelized construction. Therefore, both the accuracy
and efficiency of panelized building design and drafting, especially for the drainage
system, need to be improved to achieve high production performance while

reducing material waste and cost.



Figure 1-2: Cutting and reinforcement of wall studs

This research thus proposes a rule-based system framework for automatically
designing residential drainage systems to improve the assembly efficiency at the
prefabrication plant. A planning algorithm and a rule-checking method are
incorporated into the framework in order to identify the optimal drainage system
design to minimize material waste. A prototyped BIM extension, an add-on to
Autodesk Revit, is developed as a proof of concept. The add-on is built in the C#
programming environment with the support of the application programming

interface (API).

1.2 Research objectives

This research is built upon the following hypothesis:

“A BIM-based and gravity-based automated plumbing design system will improve
the efficiency and accuracy of the drainage system design and manufacturing

process in the residential panelized construction manufacturing facility.”



This research aims to propose a framework that develops a rule-based BIM

extension application that will automatically design and draft drainage systems for

panelized buildings. To achieve this goal, the following objectives are pursued:

to understand current panelized construction processes and technology;

to develop a BIM-based automated design and drafting approach to improve
the accuracy and efficiency of the drainage system design process;

to separate the drainage system into smaller components adapted for
panelized construction manufacturing;

to automatically generate drainage system layouts and shop drawings that
include detailed information for panelized construction;

to generate cutting patterns for pipes based on the cutting stock algorithm
to minimize material waste; and

to develop a prototype system in a BIM environment to fulfill the above

functions and proposed framework.

1.3 Thesis organization

This thesis consists of five chapters. Chapter 1 (Introduction) introduces the

research background, objectives, and provides an overview of the thesis. Chapter 2

(Literature Review) presents a review of the literature pertaining to prefabrication

construction design, optimization pipe route design, and cutting stock problem.

Chapter 3 (Proposed Methodology) describes the proposed methodology

framework, and consists of six sections including drainage system design overview,

methodology overview, scenario-based vent pipe design, rule-based drainage pipe

6



design, a heuristic approach for panelized drainage system, and pipe cutting
optimization. Chapter 4 (Implementation and Case Study) is a validation of
methodologies using a case study. Chapter 5 summarizes the validation results, and
presents the discussion and conclusion of this research, as well as the challenges of

applying existing BIM extensions and recommendations for future research.



CHAPTER 2. LITERATURE REVIEW

This chapter presents an overall review of the existing research related to
prefabrication design, optimal pipe route design, and cutting stock problems to
clarify the departure point of this research. For prefabrication design, the first
section provides background information related to adapting mechanical, electrical
and plumbing (MEP) design to prefabricated construction projects. The second
section introduces the pipe routing design algorithms for identifying the shortest
and free-obstacle path between two terminals. The last section summarizes the
literature related to cutting stock problems and one-dimensional cutting stock

algorithms.

2.1 Construction prefabrication

In many countries, construction waste is an increasing problem for the environment.
In Australia, construction projects generate approximately 20-30% of total waste
annually (Craven, Okraglik, & Eilenberg, 1994). Over 50% of landfill waste comes
from construction sites in the UK (Ferguson, 1995). In the USA, 29% of solid waste
comes from construction sites (Rogoff & Williams, 2012). In Hong Kong,
construction waste is responsible for 40% of total waste, and is deposited in
landfills areas, which will be at capacity in 10—-15 years (Tam, Tam, Zeng, & Ng,
2007). Thus, prefabrication as one of the methods to reduce construction waste is
of increasing interest in many countries. It is a “cleaner” production strategy,
although many factors, including political, economic, social, and technological

factors, affect the prefabrication adoption (Lu, Chen, Xue, & Pan, 2018).
8



As a manufacturing process, prefabrication generates the components that are
joined together by various materials for final installation (CIRIA, 1999).
Prefabrication has also been identified as the first degree of industrialization,
followed by mechanization, automation, robotics and reproduction (Richard, 2005).
There are two kinds of prefabrication, factory prefabrication, which is undertaken
in a factory environment, and site-prefabrication, which is undertaken on site
(Testa, 1972). In most cases, off-site prefabrication is more prevalent than site-
prefabrication because of the lack of on-site space for producing components. Three
categories of off-site fabrication were defined according to Gibb’s research (1999),
who classified off-site fabrication into non-volumetric (items that do not enclose
usable space), volumetric (units that enclose useable space, but do not of
themselves constitute the whole building), and modular building (units that form a
complete building or part of a building, including the structure and envelope). Gibb

also indicated the flexible boundary between these categories (1999).

In terms of approaches to constructing prefabricated homes, there are two main
methods: panelized and modular construction. Modular construction is a
construction process that uses volumetric units that are prefabricated and fully
finished at the plant and then delivered to the construction site for final assembly
to complete whole buildings (Lawson, Ogden, & Goodier, 2014). Panelized
construction is a production process based on traditional framing construction that
frames panelized components, such as wall panels and floor panels, in a climate-
controlled and efficient manufacturing environment. The panelized building
components are then shipped to the construction site and installed on the prepared

9



project foundation (The Canadian Timber Company, 2007). The main difference
between the modular construction method and the panelized construction method
is that in the former the prefabricated unit is a box-like module including the
completed structure and exterior finishes, and in the latter the prefabricated unit is

a structural panel.

Prefabrication offers the potential for significant advantages, such as a stable
working environment in the factory, repetitive work planned with more certainty,
more efficient sequencing of the work by operators, working methods that can be
analyzed at a detailed level to improve techniques, more efficient use of cranes on

site, and less construction site waste (Neale, Price, & Sher, 1993).

2.1.1 Panelized construction

As one of the prefabrication methods, panelized construction produces pre-
fabricated panels, which may include a pre-installed portion of a house system
(such as an electrical system), pre-installed windows, doors, and skylights. In the
production line, single panels can be merged into multi-panels and then travel
through various workstations in the manufacturing facility (Altaf, Bouferguene,
Liu, Al-Hussein, & Yu, 2018). To decrease permitting time and inspection delays,
the panels are designed to meet the building code requirements of one or more

jurisdictions.

Panelized construction offers some advantages compared to the modular
construction approach. The first benefit presented by Lopez and Froese (2016) is

with respect to transportation. In their research, in comparison with the

10



transportation requirements for complete prefabricated modules, which require
larger trucks and more of them, panels can be stacked and fit onto smaller trucks
because of their flat rectangular structure. Lopez and Froese (2016) also mentioned
that panelized construction components can be protected during transportation and
there is a lower probability of damage as panels can be securely placed by strapping
that is tightened to the flatbed truck to reduce or eliminate movement of the panels
during transport; however, there is the potential risk of damage to modules during
placement and transportation because strapping and tightening the fully assembled
modules with walls and roof'is a tough task. Furthermore, Lopez and Froese (2016)
introduced another benefit of panelized construction, which is that the required
equipment and machinery for on-site installation of panels can be smaller, which
makes equipment transportation easier. In addition, the insulation technology for
connecting panels provides a higher R-value and an airtight envelope to reduce heat

losses in winter (Lopez & Froese, 2016).

Panelized construction also has some other notable features. This construction
method reduces the effect of weather on the construction schedule, improves the
uniformity of wall construction, improves the performance of components because
they are manufactured in a controlled environment, reduces storage and traffic
conflicts due to just-in-time delivery, reduces the staging area as panel materials
are not stored on site, and shortens the construction time required for interior
finishes since that process can start as soon as the building is enclosed due to the
excellent quality of framed interior walls (Lindow & Jasinski, 2003). Moreover,
panelized construction reduces the labour cost on site, requires a low skill set for

11



the on-site construction, and improves building quality control management
(Mousa, 2007). These advantages are important to the improvement of the

performance of panelized houses and preventing maintenance issues in the future.

Three classes of panel implementation are defined by Morse-Fortier (1995), namely
Class I, Class II, and Class III. In Class I, the whole building design is translated
into discrete panels, which is based on using traditional production methods in a
factory environment before shipping panels to the construction site for assembly.
This class of panel implementation is common among some manufacturers and
builders. For Class II, panels are used as secondary or even non-structural elements
to enclose or fill in a structural frame. In this class, for example, applying
standardized foam-core panels to the outside of the frame provides the building’s
insulation but does not form primary structural system of the finished building in
some timber-frame building industries. Class III is a panel system that consists of
whole building systems (building envelope and structural system) that are formed
by fully standardized and interchangeable panels supported by system flexibility of

house designs.

2.1.2 MEP prefabrication

The current practice of installing plumbing systems in the context of prefabrication
is fraught with challenges and barriers. The main contributing factors include the
lack of policies to encourage and promote plumbing prefabrication when following
the building codes related to prefabricated building and green building, the lack of

availability of plumbing fittings designed to be installed on site, the low level of

12



design standardization, and low-skilled workers (Li, Li, & Wu, 2017). Furthermore,
successful implementation requires the full cooperation from all stakeholders in a
project, such as the owners, the designers, the general contractor, the MEP sub-

contractors, and the fabricator (Lavikka, Chauhan, Peltokorpi, & Seppanen, 2018).

The numerous challenges involved in the successful application of plumbing in
prefabrication, specifically in panelized construction projects, cannot dampen the
research enthusiasm on this topic. Researchers from Taiwan and the US provided a
spatial planning algorithm, which separated complex facilities of an MEP room into
smaller fabricated components to improve the loading and shipping efficiency
(Tserng, Yin, Jaselskis, Hung, & Lin, 2011). An efficient modularization algorithm
was developed for reducing the cost of the assembly and handling of MEP modules
(Samarasinghea, Gunawardenaa, Mendisa, Sofia, & Aye, 2019). Moreover, to
shorten project duration, the project’s activities can be re-organized by adding
offsite coordination activities for prefabrication (Jang & Lee, 2018). In addition, a
simulation-based approach was developed to test and evaluate lean production
principles in order to improve the value stream in pipe spool fabrication (Wang,
Mohamed, Abourizk, & Rawa, 2009). In terms of identifying the challenges of
practicing prefabrication, preassembly, modularization, and off-site fabrication
(PPMOF) in MEP construction, a systematic method was developed by the

Construction Industry Institute (CII) (2004) during conceptual design phases.

13



2.2 Pipe route design optimization algorithms

The pipe route design (PRD) problem has become a popular research topic in the
past few decades in various industrial applications, such as chemical plant layout
design (Burdorf, Kampczyk, Lederhose, & Schmidt-Traub, 2004), ship pipe system
design (Park & Storch, 2002), and aero-engine pipe route design (Yin, Xu, Bi,
Chen, & Zhou, 2013). The PRD problem is generally defined as the problem of
planning the shortest path connecting the start point and the target point in a limited

workspace, to satisfy all the constraints that affect the pipe system.

Many researchers have put effort into creating algorithms and enabling a computer
to solve the PRD problem. In an early study, Lee (1961) proposed a search and
trace algorithm for path problem in a grid, a type of maze routing problem, to find
the shortest free-obstacle path between two points. This algorithm divided the
workspace into cells and labeled all adjoining cells continuously with positive
integers from the start cell until reaching the target cell or until no unlabeled cells
are left. After this search approach, a trace method was developed to find all
possible paths. From the target cell, a neighbor cell with the lower mark was added
to a cell list until reaching the start cell, and this list was reorganized from minimal
mark to maximal mark to comprise a path from start point to the target point. The
maze algorithm guarantees a solution, but it requires a long calculation time and a

significant amount of memory space (Kai-jian & Zhu, 1987).

A* (A Star) algorithm, proposed by Hart et al. (1968), extends Lee’s maze

algorithm and uses cell decomposition and connectivity graphs to find an optimal
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solution. This algorithm is widely used in pathfinding and graph traversal to find a
path between multiple points, which are also called nodes. In Hart’s research, there
was a formula to evaluate available nodes to determine which one was expanded
next from the start point. The evaluation function f(n) was the sum of two parts,
the cost g(n) from the start point to the node (n) and the cost h(n) from the node
(n) to the target point. The cost, g(n) and h(n), may be the length between two
points or the time traveled from one point to another, which is defined by the
objective of the pathfinding problem. The node with minimum f(n) was selected
and then f(n) ofits neighbor nodes was calculated and filtered, which was repeated
until the path reached the target node. The cost of an optimal path was equal to the

cost of the target node.

Dijkstra’s (1959) algorithm is a computer algorithm that is used in the pathfinding
problem. This method aims to produce the shortest path tree from the start node to
all other nodes in the graph, as well as to find the shortest path between two nodes.
In his research, the distance between the start node and its neighbors is calculated
and the closest node will be the new start node. This process is repeated until
reaching the goal node. As one of the most famous pathfinding methods, Dijkstra’s
algorithm always determines the best solution, but it takes a long calculation time,
occupies more memory space, and only considers the shortest solution (Nguyen,
Kim, & Gao, 2016). Dijkstra’s algorithm was improved by Nguyen et al. (2016) for
solving the ship pipe route design problem by finding the shortest path with a

minimum number of bends and elbows.
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Some other algorithms were also implemented in solving the PRD problem. The
escape algorithm (or linear expansion algorithm) generates a perpendicular line as
an escape line from the starting point to find an escape point avoiding obstacles,
then this process is repeated by setting the escape point as a new start point until
the line crosses the target point (Hightower, 1969). This algorithm is fast and uses
less memory space, but it cannot guarantee to find the shortest path (Kai-jian &
Hong-e, 1987). Furthermore, the robot-path planning algorithm is an approach that
regards the pipe as the trace left behind by a rigid object moving in the workspace
for pipe route design in ships (Zhu & Latombe, 1991). In their research,
backtracking happens if the “robot” fails to search a channel using an improved
chronological backtracking strategy that changes routes in the reverse
chronological order of their generation and finally considers all the possible

orderings on the pipes without looping.

A genetic algorithm (GA) was applied to find an appropriate pipe route (Ito, 1999).
This algorithm generated a route path through the evolution of genes, which stood
for pipe routes by using a crossover method to test possible free-obstacle paths. In
Ito’s research, the working space for pipe routing planning was divided into cells,
and a route was a combination of cells connecting a start cell and a destination cell.
A unit vector set presented the direction of a route path with a character string
corresponding to each vector or direction. Thus, each path can be coded as a
character set, which was the chromosome genotype in GA. To find a new route, a
crossover operation between parents (initially generated route paths) was
conducted to generate vector arrays. The child paths were set as parents and then
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continued to generate new genes until there was one route path that met the
objective function. This path is the optimal path, which may be the shortest path or

the path with the minimum number of turns.

In recent studies, an ant colony optimization algorithm (ACO) was improved with
a co-evolution mechanism for ship multi and branch pipe route design (Jiang, Lin,
Chen, & Yu, 2015). ACO is a method to find the shortest path, and this method
mimics ants of the artificial colony generating shorter feasible tours by using the
accumulated pheromone deposited on the paths (Dorigo & Gambardella, 1997).
Jiang et al. (2015) developed the conventional ACO based on the pheromone
direction information and pheromone extension process to enhance the calculation

performance.

As another approach discovered from artificial life, particle swarm optimization
(PSO) was initially used to mimic the movement of the organisms in bird flocking
and fish schooling, and then developed for continuous nonlinear function
optimization and neural network training (Kennedy & Eberhart, 1995). PSO was
implemented to find the optimal pipe route with minimal length and minimal turns
closely following around the obstacle contours in constrained aero-engine 3D

rotational space (Liu & Wang, 2010).

To summarize, the genetic algorithm, ant colony algorithm, and particle swarm
optimization algorithm are the methods using a stochastic process to find the

optimal path, but they may not guarantee the best solution even if it exists,
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especially in a complex environment with many obstacles (Nguyen, Kim, & Gao,

2016).

2.3 Cutting stock problem

The cutting stock problem (CSP) is a type of optimization problem that cuts
standard-sized stock material into pieces of specified sizes to meet the production
demand for these pieces. The main objective of solving cutting stock problems is
to minimize the total waste, minimize the costs of the used objects, or maximize

the profit.

Cutting stock problems can be classified according to the dimensions of the cutting
object, i.e., one-dimensional, two-dimensional, and three-dimensional problems.
One-dimensional problems usually occur when cutting pipes, cables, and steel bars.
Two-dimensional problems are generally applicable in the case of cutting paper,
clothing, furniture, and in glass production. Three-dimensional problems are
commonly related to 3D packing problems, such as packing objects into shipping
containers. In this research, cutting pipes belongs to a one-dimensional problem.
Therefore, this section gives a brief review of research studies focused on the one-

dimensional cutting stock problem.

The one-dimensional cutting stock problem addresses the issue of cutting the
standard-length stock to fit the required length in a project to minimize the total
cutting waste. It commonly assumes the standard-length stock as an unlimited
supply. In general, the methodology for solving a cutting stock problem can be

classified as being one of two types, analytical method or heuristic method, to
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generate the best cutting patterns with the least cutting waste (Zheng, Yi, & Lu,

2019).

2.3.1 Analytical approach

For the analytical approach, Gilmore and Gomory (1961) applied linear
programming (LP) to find the solution of the cutting stock problem. The objective
they considered was to minimize the cost and the total amount of required stock
with an assumption of a unique price for each object. They introduced a column
generation technique to generate the cutting patterns by using a constraint matrix.
In the typical LP approach, the LP relaxation model obtained by relaxing the
integrality constraints on variables is considered and solved. Then, a rounding
procedure is used to get an integer solution. However, the LP relaxation approach
generates massive cutting patterns that are rarely enumerated. Thus, Gilmore and
Gomory (1961) developed the column generation method to overcome this
difficulty. Their approach starts with a set of cutting patterns generated through an
auxiliary problem to form the initial basis, then the solution is improved by
removing a cutting pattern (as the leaving variable) and generating a new one (as
the entering variable). The new cutting pattern is generated as the new column of
the matrix in a manner that results in the most possible solutions based on the same
concept as choosing the entering variable to be the non-basic variable with the most
negative reduced cost in the simplex method. Gilmore and Gomory’s approach is
relatively efficient because it does not require the generation of all the possible

cutting patterns but it may not achieve the optimal solution (Salem, Shahin, &
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Khalifa, 2007). To improve their work, Dyckhoff (1981) proposed a dynamic
model to structure the cutting patterns in a more simple manner. This method has
been adapted to deal with a large number of stock lengths and order lengths (Zheng,

Yi, & Lu, 2019).

2.3.2 Heuristic approach

In terms of an heuristic approach, in earlier studies, Haessler (1975) and Roodman
(1986) developed a set of heuristic procedures to control cutting waste and generate
good solutions for one-dimensional CSP. A sequential heuristic procedure (SHP)
was proposed by GradiSar et al. (1999) to solve the one-dimensional CSP when all
stock lengths were different, and this solution was done in the context of rebar. In
GradiSar’s research, an item-oriented solution was raised through a combination of
approximations and heuristics in order to reduce the influence of rebar ending

conditions leading to near-optimal solutions.

In recent decades, some researchers still put efforts into solving CSP through a
heuristic approach, a faster and more efficient method. Salem et al. (2007)
developed a method based on genetic algorithm (GA) combining linear
programming (LP) and integer programming (IP) to solve the optimization problem
of minimizing the steel rebar trim losses in a steel workshop. The generated cutting
schedules by applying GA-based methodology were compared to the cutting
schedules in a real-world workshop, and the results showed a high potential of cost
savings that could be achieved using such techniques (Salem, Shahin, & Khalifa,

2007). Moreover, an improved heuristic approach was proposed to redesign the
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non-used material in the cutting patterns if the unused portions were large enough

to be used in the future (Cherri, Arenales, & Yanasse, 2009).
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CHAPTER 3. PROPOSED METHODOLOGY

3.1 Overview

3.1.1 Basic definitions

The basic definitions of terms used in the research are illustrated in Figure 3-1. The

detailed descriptions of the terms are as follows:

(1) Drainage system: a system to drain wastewater from a residential building to

the municipal sewage network, including plumbing fixtures, pipe fittings, and

pipes.

(2) Plumbing panel: a floor or wall panel installed drainage systems, like pipes and

pipe fittings.

(2) Element: the smallest and most basic item in the drainage system, such as

elbows, pipes, and valves.

(3) Combo fitting: the combination of three or more elements ending with a pipe
fitting that will be connected to a pipe segment. All the combo fittings are designed

before planning the drainage system and can be selected as a type of pipe fitting.

(4) Assembly: it involves the connection of two pipe fittings, or one pipe fitting and

a pipe segment, by cold-welding the connections.

(5) Connector: the joint connecting one element to another element, one combo

fitting to another combo fitting, or one element to one combo fitting.
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(6) Panelized package: a package including the pipes, pipe fittings, and related

plumbing fixtures required for a given plumbing panel.

AI:J» Assembly .
4 N | Element

( ; 7/

b 4
. A
/
4 /
| /
\' /
! Connector

Combo Fitting

‘ Plumbing Panel | ‘ Panelized Package ‘ Combo Fittings

Figure 3-1 Basic definitions of terms used in the research

3.1.2 Drainage system design

This section presents the basic knowledge of residential drainage system design to
assist in understanding what is included in the system. A drainage system (Sysg;)
typically consists of drainage pipes and vent pipes based on the pipe function. The
drainage pipe (Py;) is designed to discharge wastewater from a plumbing fixture to
the city sewer. The vent pipe (P,;) is designed to balance air pressure in the drainage
pipe to maintain smooth water flow by removing gas and odors and allowing fresh
air into the pipe. The number of drainage systems (Sys,,-) depends on the MEP
engineering design. In the context of a townhouse, for example, the number of
drainage systems is usually the same as the number of units, because drainage
system independence can improve the efficiency of checking and maintenance, as
well as avoid damaging other units because of a clog in one unit. In a residential
building, the pipe network of a drainage system (Sysg ;) is like a tree that comprises

the trunk pipes and many branch pipes, as shown in Figure 3-2. The trunk pipes
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include soil-or-waste stack (Stag,,) and main vent stack (Sta,.). The term soil-or-
waste stack (Stay,,) is referred to in the Canadian National Plumbing Code (NPC)
(2015) and represents a vertical waste pipe that passes through two or more
successive floors. The soil-or-waste stack (Stas,,) includes a drainage pipe (Py;)
that discharges wastewater to the city sewer and a vent pipe (P,;) that connects to
a vent header or outside fresh air. The main vent stack (Sta,, ), which is referred to
in the NPC (2015), is a vertical vent pipe (P,;) that is upward to the vent pipe of the
soil-or-waste stack (Stay,,) and downward to the lower end of the soil-or-waste
stack (Stas,,). As another indispensable part of the drainage system (Sysg,-), the
branch pipes include the drainage pipes (Pg4;) and vent pipes (P,;) from plumbing
fixtures to the trunk pipes. The relationship of components in one drainage system

(Sysgyr) 1s also shown in Eq. (3-1).

Sysar = Stag,, + Staye + X, Py,; + X Py; (3-1)

......................... Vant pipe (X P.y)

Soil-or-waste stack (Sta,,,)
'and main vent stack (Sta. )

|

|prainage pipe (£ £y)
|
F‘f

3
[

Figure 3-2: Drainage system (DS) 3D view
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One important attribute of a drainage system (DS) is the pipe slope (S;) which is
shown in Figure 3-3. There is an obvious height difference (h;) between one end of
the pipe and the other through corresponding floor panels in a light-frame building.
The slope (S;) is calculated in Eq. (3-2) by using pipe fall distance (h;), pipe
horizontal length (m;), and pipe gradient (;). Thus, in this research, the pipe length
(L;) can be calculated using Eq. (3-3) based on the pipe slope (S;) and pipe

horizontal length (m;).

Figure 3-3: Pipe slope (§;) calculation

Si = tanal- = hi/mi (3—2)

Li = hiz + miz = \/(ml X tanai)z + miz = \/(ml X Si)Z + miz

=m; X ’Slz+1

According to the integrated consideration of residential building code (IRC, 2006)

(3-3)

and plumbing code (NPC, 2015), the threshold value of slope (S;) depends on the
diameter (D;) of the pipe. For a pipe with a diameter (D;) equal to or less than 3 in

(76 mm), the slope (S;) must satisfy Eq. (3-4):

1/50 < S; < 1/24 (3-4)
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For a pipe with a diameter that is equal to or greater than 4 in (101 mm), the slope

(S;) must satisfy Eq. (3-5):

1/100 < S; < 1/24 (3-5)

Based on real cases at the panelized construction manufacturing facility, the
gravity-based pipe for a drainage system is normally less than 4 in (101 mm) in
diameter for residential use, since 3 in (76 mm) is usually sufficient for the
hydraulic loading from relatively small scale units in a residential building (such as
single-family house, townhouse, or condo). Thus, in this research, the calculation
of slope (S;) is based on Eq. (3-4), which is for pipes of 3 in (76 mm) in diameter
or less. Figure 3-4 shows the effect of pipe slope (S;) in a discharging process. A
drainage pipe slope (S;) of less than 1/50 or even no slope may cause an
accumulation of soil and wastewater and constant drain clogs. A slop (§;) of more
than 1/24 may allow the liquid waste to drain away and leave the soil waste behind

to stick to the pipe.

Figure 3-4: Effect of pipe slope on drainage
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The vent pipe design is also crucial for a proper drainage system. The vent pipe is
designed to balance the air pressure in a pipe when discharging the wastewater from
a plumbing fixture. The maximum and minimum total length of the pipe path from
fixture to vent stack is constrained by the plumbing code. All plumbing fixtures
should be protected by a vent pipe. There are various methods to vent a plumbing
fixture. The types of vent pipe considered in this research are individual vent and
continuous vent, as shown in Figures 3-5(a) and (b), respectively. The individual
method provides venting for an individual fixture. The continuous method is an
extension of an individual method, and it is designed for the case of one vent
connected by two or three fixtures in a room. In the continuous method, there is a
type of vent, named a wet vent, which acts both as a waste pipe for an upstream
fixture and a vent for a downstream fixture. The wet vent is designed to save cost
and space as reducing the number and length of vent pipes. The soil-or-waste pipe
between drainage branch pipes on different floors is also a wet vent, as illustrated

in Figure 3-5(c).

vent stack

individual vent continuous vent

_—
-—_._I I —_——

I
I lavatory sink
I

—I wet vent
lavatory sink] b%
e

W

wet vent

dd

soil-or-waste stack

(a) Individual vent (b) Continuous vent (c) Wet vent in soil-or-
method method waste stack

Figure 3-5: Methods of venting a plumbing fixture
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3.1.3 Plumbing fixtures and fittings

As the start point of a drainage system, a plumbing fixture is a type of device that
is connected to a plumbing system, including a water supply system and drainage
system, to deliver and drain water in a building. The plumbing fitting is the
connection of pipes in two directions or sizes. The plumbing fixtures listed in Table
3-1 are normally used in a residential building include sinks, showers, bathtubs,
water closets, clothes washers, and dishwashers. From a plumbing fixture, the
wastewater is drained through a fixture outlet pipe, trap, and trap arm in sequence

to a branch drainage pipe. An example of drainage pipes for a lavatory sink is

presented in Figure 3-6.

Table 3-1: Plumbing fixtures in a house

Lavatory sink

Kitchen sink with
single basin

Kitchen sink with
double basins

Shower stall

Bathtub and shower
combo

Clothes washer

Dishwasher
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Figure 3-6: An example of a lavatory sink drain

There are three types of sink normally used in residential buildings, including the
kitchen sink with a single basin, kitchen sink with double basins, and lavatory sink.
The sink needs a trap to hold a liquid seal that prevents the passage of sewer gas
but allows the liquid to flow. There are two traditional types of traps, S-shaped trap
(S-trap) and P-shaped trap (P-trap), which are shown in Figures 3-7(a) and (b),
respectively. The “S” and “P” are the shape of the fittings in the side elevation view.
The arrows shown in Figure 3-6 indicate the wastewater flow directions. In some
regions of North America, the S-trap is prohibited by the plumbing code since
liquid can be siphoned from the trap and returns sewer gas back to homes (NPC,
2015). Thus, the P-trap is most commonly applied for sinks. Furthermore, the bottle
trap which is shown in Figure 3-7(c) is an extension of the P-shaped trap and has

the same structure to seal water but saves room under the basin.
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1

(a) P-trap (b) S-trap (c) Bottle trap

Figure 3-7: P-trap, S-trap and bottle trap examples

The trap is also used for other plumbing fixtures, including bathtub, shower stall,
clothes washer, and dishwashing machine. The dishwasher and kitchen sink share
the same trap by directly connecting into the sink outlet pipe with a hose from the
dishwasher. The hose is not involved in this research since it comes with the
dishwasher. For clothes washers or a stacked combination of washer and dryer,
there is an outlet box recessed into the wall of the laundry room, shown in Figure
3-8(a). The outlet box provides shutoffs for both hot water and cold water supply
lines, and a wastewater drain connection to connect a hose to the clothes washer.
The hose is outside the scope of this research because it is a flexible pipe and

considered part of the washing machine.

(a) 3D view of clothes washer outlet (b) Elevation view of water closet’s
box integrated trap

Figure 3-8: Clothes washer outlet box and water closet
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All the plumbing fixtures should be protected by a trap except the water closet and
some customized fixtures with an inside trap. A water closet is a common type of
plumbing fixture that has a trap integrated within the structure, as shown in Figure
3-8(b). There is no need to apply an extra trap for drainage system design since the

water can be sealed at the bottom of the toilet bowl against sewer gas.

Another special plumbing fitting is cleanout. A cleanout is a type of pipe fitting that
provides access for cleaning and inspection services. It is commonly installed at the
drainage vertical pipe of a sink hidden in the wall and near the base of every vertical

soil-or-waste stack as shown in Figure 3-9.

1

(a) sink cleanout (b) system cleanout

Figure 3-9: 3D view of cleanouts in a house

According to the plumbing code, there are some special requirements for a 90-
degree connection for plumbing fittings. These requirements are listed in Table 3-
2. First, it should use a Sanitary Tee fitting or combination Wye with 1/8 bend
where a horizontal drainage pipe is connecting to a vertical drainage pipe. However,

it is only permitted to use combination Wye with 1/8 bend instead of a standard Tee
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fitting when the vertical drainage pipe is connecting to a horizontal drainage pipe.

Also, Sanitary Tee fitting and combination Wye with 1/8 bend are used for

connecting two horizontal drainage pipes on the floor plan. Moreover, it only

allows the use of a 90-degree elbow when changing the direction of fixture trap

arms or the direction of a vent, otherwise it is required to use a bend that has a larger

radius of curvature to create a smoother flow of wastewater. Lastly, the cross fitting

is only allowed when connecting four vents.

Table 3-2: 90-degree connection rule for drainage pipes and vent pipes

vent pipe drainage pipe vent pipe or drainage pipe
. dralnage pipe
drainage pipe drainage pipe %
w, w, Sanitary Tee
Sanitary Sanitary 1
permitted, also can use | not  permitted, use | permitted, also can use

combination Wye with
1/8 bend AN

combination Wye with
1/8 bend AN

combination Wye with
1/8 bend AN

vent pipe drainage pipe
drainage |
dralnage plpe -
: // drainage EiEe ' drainage pipe drainage EiEe ' drainage plpe
Y \d ouble Sanitary \double Sanitary
Sanitary Tee
drainage pipe drainage pipe
permitted, also can use | permitted, also can use | not  permitted,  use

combination Wye with

1/8 bend ';'; same to
connecting vent pipes

combination double Wye

with 1/8 bend "V ; the

cross fitting ‘ is only
allowed for connecting
vents

combination double Wye
with 1/8 bend "%
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3.1.4 Plumbing combo fitting design

This section introduces the combo fitting design in a drainage system. All the
combo fittings are designed before planning the drainage system. The design of this
type of component aims to improve installation efficiency and standardization since
plumbers can prepare a set of standard components before installing pipes in framed
panels. In this research, a combo fitting is defined as a combination of three or more
elements (i.e., pipes and pipe fittings) ending with a pipe fitting which will be

connected to a pipe segment.

The combo fitting design should consider the applicability for various fixtures and
installation feasibility in the space between framing members. Thus, there are two
types of combo fittings, as shown in Figure 3-10, which are designed in this
research, including the combo fitting for fixtures and combo fitting in framed
panels. For the first type, the fixture comb fitting (FCF) is designed for plumbing
fixtures discharging wastewater and being replaced for maintenance. The FCF can
be purchased and replaced directly if there is a leak or erosion at a pipe or pipe
fitting in one FCF. Therefore, the design of the FCF is based on readily available
products in the plumbing market. Three kinds of drain products are involved in this
type of combo fitting for plumbing fixtures: (1) the trap is an essential part of
plumbing fixtures, and typically it can be one of three types, a normal P trap, P trap
with cleanout, and bottle trap, and it is made from commonly available materials,
including plastic and chrome-plated brass; (2) the tub drain, which connects the tub
overflow opening and bottom drain opening; (3) for a kitchen sink with double

basins, the outlet combo fitting can be one of two types, the end-outlet type that
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connects two sink basins with the drain at one side and the centralized-outlet type
that connects two sink basins together with a drain in the middle. In this research,
the end-outlet type is defined in two directions, right end and left end, for further
calculation. Figure 3-10(b) shows the other type of combo fitting, which is designed
for pipe installation in framed panels. The combination comprises a Sanitary Tee
and a cleanout, and the fitting directions may be different. The Sanitary Tee can

also be replaced by a reducing Sanitary or a Wye fitting.

— sanitary tee |

1

n :

bottle trap ‘ right end sink outlet ‘ :: |
1

:: sanitary tee with cleanout :

11 | in two directions 1

1

normal P trap I — sanitary tee |
1

1

1

1

1

1

1

1

I

f

— cleanout

‘ left end sink outlet ‘ n

I
E*’ " —cleanout

P trap with cleanout ‘ ‘ centralized sink outlet ‘ n

sanitary tee with cleanout
in same directions

(a) Combo fittings for fixtures (b) Combo fittings in framed panels

e it

Figure 3-10: 3D view of combo fittings

The combo fittings are specified by the designers to implement in a project. The
above combinations are suitable for most residential panelized constructions, but
the customized combo fittings are also permitted. Figure 3-11 illustrates an example
of combo fitting selection for a kitchen sink with double basins. In this figure, three
combo fittings (i.e., sink outlet, trap, and Sanitary Tee with cleanout) are used to
drain wastewater. The outlet combo fitting is the first device connected to the sink

followed by the trap and Sanitary Tee combo fittings. For these three type of combo
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fittings, alternatives are provided for users and are involved in a prototype system

which will be validated by a case study in Chapter 4.

other options of
outlet combo fitting

’ =

outlet combo fitting LN
/ sanitary tee
trap combo fitting combo fitting
//

\ sanitary tee
combo fitting

other options of
trap combo fitting

Figure 3-11: Combo fitting design for a kitchen sink with double basins

3.1.5 Methodology overview

This section presents the overview of a framework for the automated design and
drafting of a drainage system in a BIM environment The framework includes

inputs, criteria, main process, and outputs, and is illustrated in Figure 3-12.

The main process of the research methodology comprises four sections, including
scenario-based vent pipe design, rule-based drainage pipe design, pipe network
separation into panels, as well as pipe cutting pattern generation. The automated
design system extracts from the BIM model the information that will be used in
these four steps. First, a scenario-based planning process for the vent pipes provides
three options typically used to place vent pipes. After that, the drainage pipe from

plumbing fixtures to the soil-or-waste stack is designed automatically using rule-
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based planning algorithms. Next, the whole drainage system is separated into
smaller pieces at the panel boundaries, and the shop drawing and bill of materials
(BOM) for each plumbing panel are produced. At last, the optimal cutting list is

generated using the pipe schedule and stock pipe length.

Main Process
Imputs » . . y Criteria
"SR © Automated Vesk Automated Denlungs Automated Paselised Outting Putiean
+ BIM model Pipe Drafting Pipe Drafting Design Generation + Plumb )
+ Routing T o=l ] cods
preference BIM F_ = | :ol:del uw £ lr. Drainage
information | modsl ‘—“L‘T gl ystem Pipo cutting « Building
g Tist code
* Components i
information E> @‘ Code A <:| « Engineering
. Framed Suenn_rin—bu_nd b gz + by =y Tnteger specification
pancls vent pipe design Intarapetion oaleulati programming open
3 Henrigtic pathfinding itho . Enings
* Flumbing algorithm m\m (e
Tixm.tes . . ‘ window
information . openings
+ Stock pipe = . and floor
size and . | = ‘ openings}
\__/lmgﬂ’ : -~/
Outputs
¢ BIM model of Drainage System « Bill of materials for each panel
« Drainage System layout drawings « Pipe cutting patterns

Figure 3-12 Overview of proposed framework

The inputs of the automated design system include a BIM-based 3D model, user-
defined routing preference, pre-designed combo fittings, framed panels, plumbing
fixtures, as well as stock pipe size and length. The detailed BIM model should, at
minimum, comprise wall panels, floor panels, windows, doors, and plumbing
fixtures to facilitate planning the drainage system. The wall and floor panels should
be framed by studs and plates within a clear panel boundary. The user-preferred
fixtures should be loaded into the BIM model and placed according to an
architectural design layout. The routing preferences set by the user define the

priority list of pipes and different types of pipe fittings, and the automated design
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system applies a pipe fitting according to the order in the priority list. The fitting
with lower priority will be used only if the fitting with higher priority cannot meet
the design rules. The combo fittings are designed by the engineer and applied either
in one project or to various different projects. The size and length of stock pipes are
needed for optimizing cutting patterns. To set up the constraints of the drainage
system generation process, criteria are used such as the plumbing and building
codes, engineering specifications, and opening (i.e., window opening and floor

opening) information.

The outputs of the proposed research methodology are BIM 3D drainage system
models, drainage piping layout, shop drawings, optimal cutting patterns of pipes,
and a bill of materials (BOM) of the panelized package, which includes the combo

fittings, pipes, and pipe fittings for each framed plumbing panel.

3.2 Scenario-based vent pipe design

Any residential drainage system includes one main soil-or-waste stack and one
main vent stack, which are located together in a wall or shaft and pass through
different floors of a building. The location of the wall or shaft containing the main
stacks is determined by engineers and is already located on the floor plan layout.
The various methods used to connect plumbing fixtures to the vent stack and soil-
or-waste stack, which determined based on the given scenario and architectural
design layout, are shown in Table 3-3. These design options must all be compliant
with the plumbing code. For instance, the plumbing code specifies that the diameter
of the soil-or-waste stack must be at least 3 in. However, the exterior wall insulation

37



is just 5 ' in thick in most residential buildings, and routing a large pipe such as
the soil-or-waste stack through the exterior wall thus reduces the insulating property
by reducing the effective R-value of the exterior wall, and increases the risk of
wastewater freezing in winter. As such, it is not advisable to locate the stack on an
exterior wall even if the plumbing fixtures are located there except that the soil-or-
waste stack acts as a vent stack with a small size pipe for the fixtures on top floor.
Taking all these constraints into consideration, the design options are applied to the

automated design system according to the project layout and user preferences.

Table 3-3: Scenario-based design options

Share sink vent

One fixture to one vent Only one vent

For each  plumbing
fixture, a separate branch
vent pipe is connected.
The vent height is
defined by the user.

All the plumbing fixtures
share a common vent
pipe. The soil-or-waste
stack is in a plumbing
wall which is at the back
of the water closet.

All plumbing fixtures
except the lavatory sink
share a common vent

pipe.

For the first design option, also named one fixture to one vent (1 to 1), each fixture
is protected by an individual vent, which is joined to one branch vent before
connecting to the soil-or-waste stack or main vent stack. Figure 3-13 shows a 3D

view of this design style. In this research, a fixture vent pipe is the vent pipe
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connecting branch vent and the trap arm of a plumbing fixture. There are three types
of user-defined parameters, including branch vent height (h;,,), fixture vent height
(hfv), and trap arm height (A, ;) of plumbing fixture i. In this research, the height
of a pipe is defined as the height from the top surface of a floor to the centerline of
a pipe. The parameter, h., ;, will be a negative number if the trap arm is below the
top surface of the floor. The soil-or-waste stack is placed at the centerline of a
plumbing wall and the location point is xyzy,,. By using programming within the
BIM environment, fixture vent and branch vent can be generated automatically
based on the user-defined pipe height, xyz,, and h, ;. The drainage pipe connects
to the soil-or-waste stack according to the plumbing code and the design of the

drainage pipe will be introduced in the next section.
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soil-or-waste stack ™= hbwi
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Figure 3-13: One fixture to one vent design option
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For the second vent design option, which is shown in Figure 3-14, all fixtures in a
bathroom share one vent that is located at the back of the water closet. This vent is
a standpipe that is the soil-or-waste stack at the same time. The height (hy, ;) of the
trap arm is defined by the user. The plumbing fixtures connect to the vent
respectively. In this scenario, there is no fixture from an upper floor discharging
wastewater to the soil-or-waste stack, which allows for fresh air to enter the soil-
or-waste stack that is playing the role of a vent pipe for the plumbing fixtures in
this bathroom. This means that this design method, all fixtures to one vent (all to

one), is only applicable for the fixtures on the top floor in a house.

Figure 3-14: All fixtures to one vent design option

The last design option for vent pipes is similar to the second one, but the soil-or-

waste stack is located in a plumbing wall that is not at the back of the plumbing
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fixtures. There is more freedom for the soil-or-waste stack. Figure 3-15 shows a 3D
view of an example of this design style. The sink has an individual vent that is a
branch vent connecting to the soil-or-waste stack. The other fixtures in the room
are protected by the sink vent, which means the drainage pipe from the sink also
acts as a wet vent, which was introduced in Section 3.1.2. There are two types of
parameters that are user-defined, i.e., sink branch vent height (hy,,), and trap arm
height (h¢, ;) of plumbing fixture i. In this design option, the branch vent can be
connected to the main vent stack instead of the soil-or-waste stack. Thus, this design

option is also applicable to fixtures on the main floor or basement.

trap arm of

plumbing s -

fixture i B
-~

soil-or-waste stack

Figure 3-15: Share sink vent design option

Furthermore, pipe location is affected by window openings. According to earlier

statement in this section that drainage pipe of large size (3 in and more than 3 in) is
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not advisable to be placed in an exterior wall, and windows are typically located on
exterior walls. So only a vent pipe or a soil-or-waste stack acting as a vent pipe in
an exterior wall can be affected by window openings. The pipe will turn along the
edge of the king studs if there is a window located in the wall. In order to reduce
the number of turns, the vent standpipe will be relocated at the edge of window
king studs, as shown in Figure 3-16. The shortest path is chosen by comparing the
horizontal distances (d; and d,) from the central point (xyz; g,,) of the sink trap
arm to the locations (xyzys ; and xyzs ,) of two king studs, as shown in Eq. 3-6.
Figure 3-17 illustrates the section view and top view of the plumbing panel with a

window opening, a kitchen sink, and drainage pipes.

4=l =) (3-6)
d, (dy > d,)

where:

d, is the horizontal distance from the center line of the trap arm to the edge of the
left king stud in the framed window panel when looking at the sink from inside the

house;

d, is the horizontal distance from the center line of the trap arm to the edge of the
right king stud in the framed window panel when looking at the sink from inside

the house.
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Figure 3-16: Vent pipe design for window opening in the wall
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(a) Sect.ion. view of kitchen sink  (b) Top view of kitchen sink drainage pipe
drainage pipe design design for window opening in a wall panel

Figure 3-17: Section view and top view of a wall panel with a window opening
3.3 Rule-based plumbing fixture drainage pipe design

This section introduces two kinds of checking rules based on the plumbing code
and the building code, respectively. The former defines how to design the drainage

pipe network from a fixture to a vent stack, such as the minimum pipe slope, the
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maximum trap arm length, the maximum fixture outlet pipe length, and the
maximal total degree change in direction of trap arm. The latter regulates the

drilling location for passing pipe through a framing member.
3.3.1 Pipe slope and length design

In this research, the parameter definitions for drainage pipe design are described in
Table 3-4, which also lists the parameters used in the equations for rule checking.
The parameters consist of four sets, including constant parameters, parameters
extracted from the BIM model, parameters defined by the user, and parameters for

pipe length and height calculation.

Table 3-4: Definitions of drainage pipe parameters

Type Notation Description
L Width of a 90-degree bend (between two connector
b center points)
L Distance between two connector center points of a U-
Constant “ shape bend
parameter L Length of a trap component (between two connector
P center points)
H Height of a trap component (between two connector
p center points)
#k plumbing fixture drainage connector height from
Hpq a
Parameter oor
from BIM D #k plumbing fixture drainage connector size (outside
model fa diameter)
H; Height of floor plan level L
User- Hy, Height of fixture outlet pipe
defined Hiq Height of fixture trap arm from floor plan level L
parameter Ssp Drainage pipe slope
Calculated L Fixture outlet pipe i length
parameter S; Fixture outlet pipe i slope
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Type Notation Description

h; Fixture outlet pipe i fall length

lyj Trap arm j length

S; Trap arm j slope

h; Trap arm j fall length

m; Trap arm j clear span
0. Change degree in the direction from trap arm (j-1) to
j=1 trap arm j

7 Outside diameter (or pipe size) of the trap arm

T, Inside diameter of the trap arm pipe

Maximal length of total fixture outlet pipes
Minimal length of total fixture outlet pipes

The maximum length of total fixture trap arms

a

b

c

d A minimum slope of trap arms
e Maximum slope of trap arms
f

Maximum cumulative change in direction of trap arms

The trap arm size is inherited from fixture outlet and fixture drain, which means the
pipe size always equals Dy from fixture to vent pipe or soil-or-waste pipe.
According to the liquid flow direction, the connector of trap arm connecting to
plumbing fixture is named as start connector (SC) and the other end of trap arm is
end connector (EC). Trap arm height is the height of the SC which is slightly higher
than the EC because the trap arm should have a slope to discharge sewage. The user
can define one of two parameters, outlet pipe height (Hy,) or trap arm height (H,p)
(shown in Figure 3-18), since the other one can be calculated according to the

relationship defined by Eq. 3-7 or Eq. 3-8.

Hyy = Hpq — Hop + Hy, (3-7)

45



Hop = Hpg — Hyq + Hy (3-8)

Floor plan level L

Figure 3-18: Fixture outlet and trap arm height relationship

The total drainage pipe length from the fixture drain connector to a vent stack or

soil-or-waste stack is defined in Eq. 3-9.
ZL:2l11+2l2]+Lp (3-9)

After the user inputs the parameters for the fixture drainage pipe design, the
automated design system checks the pipe length based on the plumbing code. The
drainage pipe design should be subjected to the constraints (Eq. 4-14) of total

fixture outlet pipe length (3 [1;), total trap arm length (. [;), trap arm j slope (S;),

trap arm total fall length (¥ h;), and the cumulative change in direction (211'_1 6,,)
of trap arms. Moreover, the maximum length of total fixture trap arms (c) depends
on the trap arm size (17) in Eq. 3-15. The threshold values of the fixture outlet and
trap arm lengths vary for different types of fixtures. Table 3-5 defines the threshold
values from Eq. 3-10 to Eq. 3-14 for each type of fixture according to the NPC
(2015). The parameter value will be equal to null if there is no limit or the checking
rule does not apply to one type of fixture. For instance, the checking rule of outlet

length is out of scope for the water closet, since there is no outlet in a water closet.
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Xlhi=lLi+ i+, Xk €[ab] (3-10)

Y=+ 1+, X1 €2r,c] (3-11)

hy
S] =—,S] € [d,e]

m; (3-12)

Zh] =h1+h2+"', Zh] € (O,rz] (3'13)

5 0 =01+ 0; + -, 1 0, € (0,f] (0, € {45°,90%)) (3-14)
(1500mm (r;, = 32mmor 1 % in)
1800mm (r; = 40mmor 1 % in)

c =1 (3-15)

2400mm (ry = 50mmor 2 in)
3600mm (r, = 80mm or 3 in)
\9800mm (r; = 100mm or 4 in)

Table 3-5: Threshold values definition in checking rules for plumbing fixtures

Plumbing fixture type

Threshold values definition

a =null,b = 1200mm (47in) in
Eq. 3-10

¢ = Eq.15 in Eq. 3-11
d =1/50,e = 1/24 in Eq. 3-12
f = 135°in Eq. 3-14
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Plumbing fixture type Threshold values definition

a =null,b = 1200mm (47in) in
Eq. 3-10

¢ = Eq.15 in Eq. 3-11
d =1/50,e = 1/24 in Eq. 3-12
f =135°in Eq. 3-14

a =null,b = 1200mm (47in) in
Eq. 3-10

¢ = Eq.15 in Eq. 3-11
d =1/50,e = 1/24 in Eq. 3-12
f =135°in Eq. 3-14

a = null,b = null in Eq. 3-10

¢ =3000mm (118in),l,; <
1000mm in Eq. 3-11

d =1/50,e = 1/24 in Eq. 3-12
f = 225°in Eq. 3-14

fixture
outlet pipe = [ = i

! t{'ﬂ \CDnnect a= 600mm (24Ln)' b - null m

trap arm folines Eq 3-10

¢ = Eq.15 in Eq. 3-11
d =1/50,e = 1/24 in Eq. 3-12
f =135°in Eq. 3-14

There are two types of plumbing fixtures (shown in Figure 3-19) that have the same

design rules as the sink and bathtub, respectively. The checking rule for a combo
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of bathtub and shower is the same as a bathtub, and the shower stall is the same as

sink with one basin.

(a) bathtub combo with shower (b) shower stall

Figure 3-19: Drainage pipe design for bathtub combo and shower stall

The automated design system checks the user inputs against variables mentioned in
the above equations in order to make sure that the user inputs meet the plumbing
code. Then, a pipe layout is generated and is tested to see whether it passes the
variable checks or not. If the checking fails, the automated design system will
require the user to re-input variables. All the location of connection points are
calculated based on user inputs and plumbing code, such as pipe slope and offset,

and the scenario-based connection method for vent pipes selected by the user.

3.3.2 Pipe location design in framed panel

Another instance of rule checking is when the designed pipe passes through a wall
stud or floor joist, which must be checked for building code compliance (Table 3-
6). The automated system calculates the distance between the pipe center point and
the closest edge of the framing member, and then subtracts the pipe exterior radius
when there is a clash between pipe and framing element. The difference is then
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compared with the threshold values specified in the building code, with a warning
prompting the user to modify the pipe route if the difference exceeds the threshold

value.

Table 3-6: Building code requirements when designing drainage systems

Pipe routing constraint in floor joists Pipe routing constraint in wall studs

= S0mm

Holes drilled in floor or ceiling framing
members should not exceed 1/4 of the
member depth and should be located

The undamaged portion should not be
less than 2/3 the depth of the stud for a
loadbearing stud, and should not be less

not less than 50 mm from the nearest
edge (NBC 9.23.5.1.(1)).

than 40 mm for a non-loadbearing stud;
otherwise the weakened studs should
be  suitably reinforced (NBC
9.23.5.3.(1)).

3.3.3 A heuristic approach for pipe route optimization

Three popular pathfinding algorithms, i.e., Dijkstra algorithm (DA), A-star
algorithm (AA), and genetic algorithm (GA), were tested and evaluated for optimal
path planning in a construction site (Soltani, Tawfik, Goulermas, & Fernando,
2002). In their research, DA can find the optimum solutions by testing all path
nodes against a goal node, but it is inefficient for large-scale problems. AA is made
more efficient by searching paths directly towards the goal through a heuristic

approach. DA and AA use a greedy search method, which makes a set of choices
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that find the best at each step. These two algorithms perform outstandingly well for
small and medium problems, while GA is better for large-scale problems. In the
research of Soltani et al. (2002), GA testing generates a sequence of feasible,
optimal, and near-optimal solutions for pathfinding problems; however, GA’s
performance is limited by the lack of accuracy on solutions and by the time-
consuming fine-tuning process due to the probabilistic optimization approach.
Therefore, in this research, a heuristic optimization algorithm is designed by
adopting a greedy search strategy based on the A-star algorithm and Dijkstra
algorithm that use design rules as constraints in order to search optimal drainage

pipe paths efficiently in the context of residential construction.

For the process of generating the drainage pipes, the pathfinding problem is to
investigate an optimal path from a plumbing fixture to the soil-or-waste stack with
the shortest pipe length and the least number of turns. Figure 3-20 illustrates the
start point (S) located a plumbing fixture, the terminal point (T') located at the soil-
or-waste stack, and four vertices points (FO,, FO,, FO,. and FO,) of an opening on

the floor.

51



SXs, Ys)@

FOu{Xro,:Yr0,) | FO, (X0, Yro,)

T(XTJ' YT)

FOd XFOd’YFOd) FOC(XFO{.J YFOC)

] S

Figure 3-20: Start and terminal points and vertices points of a floor opening

The objective is to minimize the total drainage pipe length and number of turns
from plumbing fixture to soil-or-waste stack. The pipe layout can be separated into
small cells, which is the minimum pipe length defined as a default unit value. The
pipe route is extended by a unit length ending with a point named path node. The

fitness function for each path node is represented as follows:

f() = gm) + h(n) + t(n) (3-16)

where:

f(n) is the fitness value for path node n,

g(n) is the pipe length from start point to path node n,

h(n) is the Manhattan distance from path node n to a terminal point,
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t(n) is the number of piping turns from a start point to path node n.

The Manhattan distance h(n) is calculated by the following equation:

h(n) = |Xt _an + |Yt - Ynl (3'17)

where:

X; is the x-coordinate of the terminal point,

X, is the x-coordinate of the path node n,

Y, is the y-coordinate of the terminal point,

Y, is the y-coordinate of the path node n.

At each node, the following constraints are also checked:

H oist — dtop - dbottom (3-18)
(n) <
g Sslope
D(n) = lpyin (3-19)

where:

Hjis¢ 1s the floor joist height,

d;op 1s the minimum safety drilling distance from the top edge of floor joist,
dpottom 18 the minimum safety drilling distance from the top edge of floor joist,
Ssiope 18 the pipe slope defined by the user,

D(n) is the distance from node n to the edge of the opening,
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linin 18 the minimum pipe length or unit length.

The detailed process of the pipe route planning heuristic algorithm is described as

follows:
Step 1: Mark fixture drainage location on the floor as the start point, S.
Step 2: Calculate the fitness value, f(n), for all possible neighbor path nodes.

Step 3: Check g(n) and D (n) for each node and store the node value if it passes

the checking.

Step 4: Compare node values and set the node with minimum f(n) as a new start

point, S.

Step 5: Repeat steps 2 to 4 until the pipe route reaches the terminal point (location

point of the soil-or-waste stack on floor plan).

3.4 Drainage system panelization

The objective of this section is to separate the drainage system into smaller
components to facilitate the shipping of an integrated package to the construction
site. In panelized construction, the integrated package is a panel package, so
drainage system decomposition is aimed at cutting the drainage system into panel
sizes in order to load and ship with panels. The main process of a planning method
for drainage system panelization is illustrated in the flowchart shown in Figure 3-
21. The process begins with establishing a database of plumbing panels whose

geometric information will be used for identifying the pipe break-point. This
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database also involves the information of the drainage system which passes through
the panels, and the establishment process is illustrated in Figure 3-22. Then, the
geometric information pertaining to a plumbing panel is extracted from the database
before calculating the intersection coordinates of a boundary segment and pipe
segments. Next, a separation in the drainage system is created at the intersection.
The connection element of two panelized pipe networks is a coupling which is a
type of pipe fitting used for connecting two pipes without changing directions. After
calculating all intersections and finishing all corresponding separations on the
boundary of a plumbing panel, the information of one remaining panel is extracted

from the database and analyzed by repeating the above steps until no leftover panel.

Establish plumbing panel End
database

b 4

Extract geometric
information of a plumbing [€—Yes
panel

h A

Remaining
boundary?

Start from a boundary |[%—Yes

b 4

Calculate intersection
coordinates of boundary
segments and pipe segments

Cut pipe at the intersection
using a plumbing coupling

Y

Figure 3-21: Flowchart of drainage system panelization planning algorithm
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Input Process Output

BIM model of plumbing 1. Number each panel and each element H|> [Plumbing panel database:
panels and drainage system Ef drainage system 1. panel number and element number

. Calculate panel boundary segment 2. panel boundary equations
equations 3. pipe centerline equation

. Calculate pipe centerline equation

Figure 3-22: Flowchart of establishing database of plumbing panels

This planning algorithm is developed to automatically panelize drainage systems
in a residential building. The algorithm is encoded and implemented in a BIM
environment. The design rules explained in the previous sections are also translated
into computer-processable codes. All the pipes and pipe fittings in a panelized
package are labelled with the panel name in order to be filtered and to generate the

bill of materials (BOM) for each panel.

3.5 An integer programming approach for pipe -cutting

optimization

The one-dimensional cutting stock problem (1D-CSP), in this research, is the
optimization problem that cuts standard-length pipe stock into pieces to satisfy the
required length in a project to minimize the total cutting waste. It commonly
assumes the pipe stock as an unlimited supply with one standard length for all sizes

of drainage pipes in residential projects.

The pipe segments are classified into two categories, wall panel pipe and floor panel
pipe, as the wall and floor panels are, in most cases, framed and produced in two
respective manufacturing facilities. The pipe cutting optimization algorithm is

applied to both of the two pipe categories. Thus, the dataset of one size pipe in one
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category is a small dataset because of the relatively few pipe stock lengths and a
small number of pipes with different lengths. Based on the small dataset, an integer
programming algorithm (Mogollon, 2009) can be used to solve the 1D-CSP. An
enumeration method is used to generate all possible cutting scenarios with
corresponding waste (w; ). Then, an objective function with constraints is
formulated and optimized to minimize waste. The constraints are for generating the
required number of pipes for the project. The main process is illustrated in Figure

3-23.

Collect data from
one pipe category

A 4

7,

. |Extract pipe lengths Yes
"|with same diameter

v

Generate cutting
scenarios

Yes

A 4

Optimize cutting plans
by integer programming

emaining
pipes of different
diameter?

Figure 3-23: Cutting optimization process

The generation of cutting scenarios is an exhaustive search using a tree structure,
as shown in Figure 3-24. L, is the stock length with size s, and [; is the required
pipe length in the project. The total number of different desired pipe lengths is k.

Thus, the largest number of pipe n that can be cut from one standard-length pipe is
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[Ls /an, The remaining length, L,,, after cutting pipe n in the tree structure is

calculated by satisfying Eq. 3-19.
Ln = LS — 2?=1 nili (3-19)
where n; represents the number of instances of length [;.

Thus, the corresponding waste, wy, in cutting scenario h is the same as the
remaining length, L, , after cutting the last type of pipe of size s, which is

formulated in Eq. 3-20.
Wp = Lk = LS — ﬁ;l Tlili (3_20)

Once all possible cutting scenarios (or patterns) has been generated along with
corresponding wastes (w;), an objective function is created in Eq. 3-21 to minimize
the total waste of cutting one size of pipe stocks. The optimal result is obtained by

searching for a global minimum.
min {2, Now; = XiLi[N; X (Ls — iy nily)] (3-21)
where N; represents the required number of each cutting scenario.

The cutting is subjected to the constraint that the sum of all instances generated at

each scenario should not exceed the length of stock pipe by satisfying Eq. 3-22.

kK onl, < L (3-22)
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Figure 3-24: Tree structure for generating possible cutting scenarios
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CHAPTER 4. IMPLEMENTATION AND CASE STUDY

This chapter introduces a prototype system aiming to test the feasibility of the
proposed methodology. Autodesk Revit is chosen as the main platform for this
implementation. One BIM model of a townhouse with five units is developed as a
case study. First, the model is prepared for extracting framed panel and plumbing
fixture information. Other inputs of the prototype system, such as combo fitting
model, pipe fittings and accessory information, and stock pipe information, are also
involved in the preparatory work. Then, the vent design and drainage pipe design
are created based on design rules and the pipe route optimization method. After
that, the drainage design layout and plumbing panel drawings are generated. Lastly,
the optimal cutting pattern for pipes is produced by an integer programming

approach.

4.1 BIM model preparation

To verify the proposed methodology, a case study is presented to demonstrate how
the drainage pipe network design is generated and optimized, how the pipe network
is panelized, and how the drawings and optimal cutting patterns are developed. The
3D BIM model that has been created to verify the proposed methodology is based
on the traditional 2D design drawings from a panelized construction manufacturing
facility. Figure 4-1 shows the 3D view of the BIM model, which is a two-story
townhouse with five identical units. As the floor plans in Figure 4-2 show, each
unit includes one garage and one flex room on the ground floor, one kitchen, one

bathroom, one laundry room and a living room on the first floor, as well as three
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bedrooms and two bathrooms on the second floor. The unit is framed in the 3D
model in Figure 4-3. The wall panels are framed using wood studs and plates, and
floor panels are framed using wood joists and plates. All the studs, plates and joists
have an attribute or property, such as host information, referring to the panel they
belong to. Moreover, the plumbing fixtures, windows, and doors are placed

according to the architectural drawings.

®
@@@@ @5@5@@@@@@

(a) Ground-floor layout (b) First-floor layout (c) Second-floor layout

Figure 4-2: Sample model of floor layouts in one unit building
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Figure 4-3: Sample model of one unit building

In addition to the 3D architecture and structure model, information regarding pipe
fittings is also loaded in the model. In Revit, this kind of information is saved in a
specified file, RVT. file, and named as a family. A family stores one type of pipe
fittings with a set of properties, called parameters, and a respective graphical
representation. The family can be loaded and reused in a project. Revit has a library
comprising all the families that may be applied in a normal construction project. In
this research, the plumbing-system related families are loaded to the case study
model from the Revit library. Apart from the normal pipe fittings, the designed
plumbing combo fittings are also loaded in the project. The models of combo
fittings are saved in an independent RVT. file that can be linked to the BIM model
in order to provide combo fitting options for users when running the automated

design system. Next, there is a preference setting to control the priority of fittings
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used in a project. In the case study, with respect to the priority list of elbows for
example, the first selection is standard PVC bend, the second is standard PVC
elbow. This means if the pipe changes direction, it will try to join a standard PVC
bend to the pipe segment first. It will try standard PVC elbow if the first choice
cannot meet demand. The design rules follow the Canadian National Plumbing
Code (NPC, 2015). The setting information includes the pipe fitting types, minimal

size, and maximal size.

4.2 Implementation

4.2.1 Overview

The prototype system for automatically design the residential drainage system is
developed using Revit API in C# programming language. It can achieve the
following functions: 1) automated vent pipe and drainage pipe generation, 2)
drainage system panelization, 3) plumbing panel drawings generation, and 4) pipe

cutting pattern generation.

As the main function of the prototype system, automated design implements the
method of vent pipe and drainage pipe design described in section 3.2 and 3.3 by
an application in a BIM environment using the information provided by the user.
Figure 4-4 illustrates the data flow between the user and the prototype system. The
name of the drainage system and the locations of main soil-or-waste stack and main
vent stack are defined at the beginning. Then, the connection style of a vent pipe
and the type of fixture trap are selected by the user. After that, the fixture drainage

and vent pipe generations follow the process shown in Figure 4-4. The fixture
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drainage pipe is created according to the fixture drain location and trap component
type. As a commonly used sink trap, the P-trap can change the drainage pipe
direction from vertical to horizontal. Thus, the drainage pipe from a sink is designed
to be installed in a wall panel after a trap and then goes to the floor panel connecting
to the main drainage pipe. However, for the water closet, which already has a trap,
the drainage pipe goes directly to the floor. The next step is to generate a vent pipe
from the fixture to the main vent stack. If there is any fixture on the upper floor
connecting to the soil-or-waste stack, the vent pipe will joint to the main vent stack.
If the current fixture is already on the top floor, the vent pipe can connect to the
soil-or-waste stack directly. Finally, the automated design system stops when the

drainage system is finished because there are no fixtures remaining.

User Automatic Design System

Open a floor plan

No
l to this system?
Select fixtures and

plumbing panels I I

Drainage Pipeline System Autom atic Generation

Process

-

Name the system

onnect to an existing
eil-or-waste stack?

|

Select existing
system name

Place soil-or-waste
stack and main vent 3
stack

Select Vent
connection type

l

Start from first
fixture

[Ye s:

Select a trap

No

Vent to the soil-or-
waste stack

L.

-Yes

ixture on uppe:
floor?
No
Any fixture left?

Generate pipe to
main vent stack

Go to next fixture

Generate pipe to
soil-or-waste stack

t

-Ye s—T

Generate pipe to
plumbing floor

Generate pipe to
plumbing wall

Figure 4-4: Cross-functional flowchart of automated design system




In this prototype system, panelization for drainage and vent pipe networks is also
realized. As was shown in Figure 4-4, there are two processes, including the
generation of drainage pipe to soil-or-waste stack and the generation of vent pipe
to the main vent stack. In the case of both these two generation processes, the pipe
is cut at the framed panel edge. Thus, checking for the cutting location is a step

included in the prototype system and is introduced in Section 4.2.4.

To build the prototype for the drainage automated design system, the algorithms
are encoded according to the functions shown in Figure 4-5. The design rules
explained in Sections 3.3 and 3.4 are translated into computer-processable codes
and implemented as an add-on to Autodesk Revit. The parameters and parameter
types are used for programming and are shown in Figure 4-5. The Revit API
provides functions to detect the framed wall and floor panels, as well as to create
and connect pipes, such as Pipe.Create (document, systemTypeld, pipeTypeld,
levelld, startPoint, endPoint), and Connector.ConnectTo (Connector). The former
function is for pipe generation using six related parameters, and the latter is for
connecting two elements that have connectors. Furthermore, there are two types of
parameters, the extracted parameter from the existing BIM model, and the
calculated parameter created for generating pipes and pipe fittings in the prototype
system. The extracted parameter indicates the geometric boundary of a plumbing
panel and the location of a plumbing fixture. The calculated parameter defines the
start-point and end-point of a pipe and fitting, as well as the location of a trap
component. Moreover, as shown in Figure 4-5, the classes, such as PlumbingWall,
PlumbingFloor, Pipe, and PlumbingFitting, are defined within Visual Studio,
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which is a powerful software that is used to program applications. The classes are

designed for modelling elements in Autodesk Revit using extracted parameters and

calculated parameters.

BuildingComponent
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Figure 4-5: Excerpt of BIM information for drainage system design using UML

4.2.2 Vent pipe design

The design style of the vent pipe is defined by the user and floor plan layout. The
three options that are proposed in Section 3.3 are listed in a Windows Form of the

prototype system, which is the interface shown in Figure 4-6. Before selecting the
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vent design scenario, a new drainage system is created with the user-defined name
and locations of the main vent pipe stacks after clicking plumbing fixtures and
plumbing panels in the BIM model. The vents can also join a previous drainage
system by selecting that system’s name. The function, Pipe.Create, in Revit APl is
applied to create the main vent stack Then, three options for vent design are
provided, as shown in Figure 4-6, including one vent for one fixture, only one vent
for all fixtures, and sink vent for all fixtures. The reason why these three options
are provided is based on real plumbing design cases and is explained in Section 3.3.
For each vent design, the various parameters are used for mapping the model in
Autodesk Revit. The pipe offset parameter is the height of the pipe centerline based
on the level of the current floor plan. The fixture connecting order is also defined
by the user, which typically begins at the plumbing fixture with the largest drainage
connector, and the connector information can be extracted from the BIM model. If
there are two fixtures with the same drainage size, the fixture that is farther from

the main drainage stack has a higher priority.
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Figure 4-6: Graphic user interface of vent pipe design

4.2.3 Optimal drainage pipe route design

To validate the algorithms presented in Section 3.4 for rule-based drainage pipe

design, the prototype system involves the Windows Form shown in Figure 4-7 to

collect and save the inputs. In the dialog box, four user-defined parameters are

entered for each fixture that is selected by its fixture name, and the corresponding

3D view is shown in the picture box. The parameters are saved and shown in the

corresponding table. The trap arm height is based on the floor plan level, and the

trap arm pipe size is inherited from the trap size and fixture drain’s connector size.
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Figure 4-7: Windows Form for fixture drainage pipe design

Furthermore, the parameters extracted from wall panels and floor panels are also
shown in the tables of Windows Form shown in Figure 4-7. For a wall panel, it
includes panel name, panel family type, base level, and wall height. For the floor
panel, it shows the panel name, panel family type, level, and floor core thickness.
The heuristic pathfinding algorithm for optimizing the drainage pipe route is

provided in Appendix A.

4.2.4 Drainage system panelization with shop drawings

This section introduces the implementation of the method that automatically
separates the drainage system into panels and generates the corresponding shop

drawings. For the panelization process, the boundary of the panel is defined as the
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centerline of the bordering stud and plate in the framed panels. The pipe ends at the
centerline with a coupling, which is a type of plumbing fitting connecting two pipes
without changing direction. In order to generate panel drawings, there is a shared
parameter attached to each element in the drainage system. This parameter is a
specific character presenting the name of the plumbing panel and is changed

accordingly after coupling at the separation boundary.

For drawings generation, the bill of materials (BOM) is shown in the shop drawings
for a framed panel. Compared to traditional 2D MEP design, the automated design
system improves design efficiency and reliability by checking rules, although the
2D design is developed based on framed panel drawings.
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Figure 4-8: Shop drawing samples for drainage system in Revit
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4.2.5 Optimal pipe cutting plan

A database is created with a list of pipes and pipe fittings for each plumbing panel.
Any change in the BIM drainage system model will be automatically reflected in
the bill of materials (BOM). In this research, the BOM for pipes in the panel is
exported from Revit as a Microsoft Excel file, which is then used as the main input
for pipe cutting plan optimization. The other input is stock pipe length. The

optimized cutting pattern is generated using VB language in Microsoft Excel.

The BOM for generating cutting patterns is classified according to the type of
plumbing panels, i.e., plumbing wall (PW) panel and plumbing floor (PF) panel,
and the number of working stations. According to the panelized construction
manufacturing facility, in most real cases, PW panels and PF panels are framed on
two separate production lines. Thus, the BOM is classified as either PW or PF, since
the drainage system are prepared for installation in wall panels and floor panels in
two separate production processes. Moreover, there are usually two working
stations for installing pipes in floors to increase the installation efficiency, because
of the large number of pipes in floor panels and the complexity of the drainage pipe
route. Compared to PF panels, PW panels have much smaller dimensions and are
prepared for pipe installation at one working station. In summary, the BOM for
cutting pattern generation and pipe installation is categorized for one PW panel and

two PF working stations.
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4.3 Case study

4.3.1 Vent pipe design

In this case study, the vent pipes for plumbing fixtures in one bathroom are shared
by one sink vent, which is the “Share Sink Vent” option in the Revit add-on, as
shown in Figure 4-9. The user-input parameters are branch vent offset, soil-or-
waste stack top and bottom offset, main vent stack top and bottom offset, and pipe
size for above pipes. In this case, the soil-or-waste stack top offset is lower than the

branch vent offset, so the branch vent connect to the main vent stack automatically.
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Figure 4-9: Vent pipe design example for a bathroom on the second floor

4.3.2 Drainage pipe design

The prototype system is tested by using the user-defined trap component, outlet
component and trap arm height for each plumbing fixture in the case study. The
location of ten plumbing fixtures, including four on the first floor and six on the

second floor, and the soil-or-waste stack are already defined and measured in the
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BIM model as input to the system. By running the system, the drainage pipe from

plumbing fixture to soil-or-waste stack is generated as shown in Figure 4-10.
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Figure 4-10: Drainage pipe generation

4.3.3 Panelized drainage system

The whole drainage system in one unit house is separated into seven panels as

shown in Figure 4-11, including three plumbing wall (PW) panels and four

plumbing floor (PF) panels.
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Figure 4-11: Panelized drainage system for one unit building

Once the shop drawings (presented in Appendix of this thesis) have been generated,
the information contained in the corresponding bill of materials (BOM) for pipes
(i.e., drainage pipes and vent pipes) is exported from Autodesk Revit to Microsoft

Excel Spreadsheet.

The total time spent on designing and drafting a drainage system by implementing
the prototype system in this case study is around 20 minutes which is much shorter
than the time spent in real case. For this project, it spent engineer approximately
one week to design the drainage system. Thus, the prototype system for designing

and drafting drainage system improves the design efficiency.

4.3.4 Optimal cutting pattern generation

In this case study, the bill of materials (BOM) for pipes is classified according to
the pipe size and corresponding panel type, since the pipe installation happens after
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the production of the framed panels in the wall and floor framing plants. All the
plumbing walls of the five units in the townhouses are framed together and prepared
for drainage system installation. For the floor framing process, all the floor panels
at the same level of the five units are produced continuously and are prepared for
pipe installation at one working station. Thus, the pipes are sorted into three groups
for generating cutting patterns, including wall pipe list, first-floor pipe list, and
second-floor pipe list. For each list, the pipe sizes and lengths are listed and sorted
by three nominal sizes, i.e., 1.5 in, 2 in and 3 in. The stock pipe length is 12 ft (144

in) for all sizes. The classified BOM is shown in Table 4-1, 4-2 and 4-3.

Table 4-1: BOM for pipes in wall panels of one townhouse unit

Size (in) Panel# Length (in) Length (mm)
1.5 PWO1 2.00 50.80
1.5 PWO1 31.63 803.28
1.5 PWO1 78.00 1981.20
1.5 PWO1 5.63 142.88
1.5 PWO02 82.75 2101.85
1.5 PWO02 5.63 142.88
1.5 PWO03 7.00 177.80
1.5 PWO03 15.00 381.00
1.5 PWO03 13.25 336.55
1.5 PWO03 1.75 4445
2 PWO1 1.88 47.63
2 PWO1 8.50 215.90
2 PWO1 2.88 73.03
2 PWO02 31.88 809.63
2 PWO02 8.00 203.20
2 PWO02 2.00 50.80
2 PWO02 6.00 152.40
2 PWO02 3.00 76.20
2 PWO03 2.88 73.03
2 PWO03 5.88 149.23
2 PWO03 7.50 190.50
2 PWO03 8.13 206.38
2 PWO03 24.38 619.13
2 PWO03 14.75 374.65
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Size (in) Panel# Length (in) Length (mm)
2 PWO03 49.25 1250.95
2 PWO03 4.38 111.13
2 PWO03 12.75 323.85
2 PWO03 12.50 317.50

Table 4-2: BOM for pipes in first-floor panels of one townhouse unit

Size (in) Panel# Length (in) Length (mm)
1.5 PFO1 22.00 558.80
1.5 PF02 40.00 1016.00
2 PF02 5.00 127.00
2 PF02 1.63 41.28
2 PF02 20.88 530.23
3 PFO1 94.13 2390.78
3 PF02 78.88 2003.43
3 PF02 3.00 76.20
3 PF02 26.75 679.45
3 PF02 2.63 66.68
3 PF02 7.63 193.68
3 PF02 18.63 473.08
3 PF02 71.25 1809.75
3 PF02 38.13 968.38

Table 4-3: BOM for pipes in second-floor panels of one townhouse unit

Size (in) Panel# Length (in) Length (mm)
1.5 PFO03 106.88 2714.63
1.5 PF03 23.13 587.38
1.5 PF04 3.00 76.20
1.5 PF04 2.88 73.03
1.5 PF04 105.88 2689.23
1.5 PF04 83.13 2111.38
2 PFO03 4.13 104.78
2 PFO03 1.75 44.45
2 PFO03 5.13 130.18
2 PFO03 13.50 342.90
2 PFO03 8.25 209.55
2 PFO03 59.00 1498.60
2 PFO03 8.00 203.20
2 PFO03 2.38 60.33
2 PFO03 9.25 234.95
2 PFO03 22.25 565.15
2 PF03 57.50 1460.50
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Size (in) Panel# Length (in) Length (mm)

2 PF03 3.50 88.90
2 PF04 5.13 130.18
2 PF04 13.50 342.90
2 PF04 8.00 203.20
2 PF04 9.25 234.95
2 PF04 6.00 152.40
2 PF04 6.50 165.10
2 PF04 13.88 352.43
2 PF04 1.63 41.28
2 PF04 12.63 320.68
3 PF03 4.63 117.48
3 PFO03 8.13 206.38
3 PF03 10.50 266.70
3 PFO03 80.38 2041.53
3 PF03 3.25 82.55
3 PFO03 13.00 330.20
3 PF04 2.13 53.98
3 PF04 47.13 1196.98
3 PF04 10.38 263.53
3 PF04 59.13 1501.78
3 PF04 30.75 781.05
3 PF04 4.13 104.78

In each BOM, pipes with the same length are combined and summed up as shown
in Figure 4-12(a). The cutting pattern is generated as a metric list. For instance, as
shown in Figure 4-12(b), the configuration [2,0,1,5,0,4,0,0,3] illustrates the
scenario in which a 12-ft pipe is cut into five types of lengths: 2 in (50.8 mm), 78
in (198.2 mm), 5.63 in (142.88 mm), 7 in (177.8 mm) and 1.75 in (44.45 mm) in

the quantities of 2, 1, 5, 4 and 3, respectively.
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Table a Table b
Size (in) Panel# Length (in) Length (mm) Quantity Size (in) Quantity Length (in)  Length (mm)

L5 PWO1 2.00 50.80 5 1.5 5 2.00 50.80
1.5 PWO1 31.63 803.28 5 1.5 5 31.63 803.28
1.5 PWO1 78.00 1981.20 5 1.5 5 78.00 1981.20
1.5 PWO1 L5.63 142.88 3| |:> 1.5 10 5.63 14288 |
1.5 PWO02 82.75 2101.85 5 1.5 5 82.75 2101.85
L5 PWO02 L3.63 142,88 3| 1.5 5 7.00 177.80
1.5 PWO03 7.00 177.80 5 1.5 5 15.00 381.00
1.5 PWO03 15.00 381.00 5 15 5 13.25 336.55
1.5 PWO03 13.25 336.55 5 15 5 1.75 44.45
1.5 PWO03 1.75 44.45 5

(a) Consolidation of pipes with the same length

Table b Table ¢
Size (in) Quantity Length(in)  Length (mm) Cutting Pattern Quantity

15 5 [2.00 50.80 I—‘ |?0|f| 0[0,083] 1
1.5 5 31.63 803.28

1.5 5 [78.00 1981.20

1.5 10 15.63 142 .88 |

1.5 5 82.75 2101.85

1.5 5 L7.00 177.80 |

1.5 5 15.00 381.00

1.5 5 13.25 336.55

15 5 175 4445 |

(b) Relationship of bill of materials and cutting pattern

Figure 4-12: Example of generating a cutting pattern

After applying an integer programming (IP) approach, which was introduced in
Section 3.6 for pipe cutting optimization, Table 4-4 shows the cutting patterns and
respective quantities and waste The total waste is calculated for each size of pipe

for each type of panel listed in Table 4-5.

Table 4-4: Optimized pipe cutting plan

1;2;1;66:1 Pip (eins)lze Cutting Pattern Quantity W?frtle)
[2,0,1,5,0,4,0,0,3] 1 0.625

15 [0,1,0,0,1,0,1,1,0] 5 1.375

' [3,0,1,5,0,1,0,0,2] 1 21.375

Wall [0,0,1,0,0,0,0,0,0] 3 66
Panel [1,0,5,0,0,1,0,0,0,0,1,0,1,2,1,0,0] 2 0
[1,0,0,0,0,0,5,0,0,0,0,1,0,1,0,3,0] 1 0.25

2 [0,1,0,1,2,3,0,1,0,0,0,2,2,0,0,0,0] 1 0.375
[0,1,0,0,0,0,4,1,2,4,0,0,1,0,3,0,5] 1 0.375
[0,0,0,3,2,0,0,0,0,1,0,1,0,0,0,0,0] 1 0.5
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Panel Pipe Size

Cutting Pattern

Quantity

Waste

Type (in) (in)
[2,3,0,1,1,0,0,0,0,0,3,1,0,0,0,2,0] 1 0.625
[0,0,0,0,0,0,0,3,3,0,0,0,0,0,0,0,0] 1 117.375

s [2,2] 2 20

' [1,1] 1 82

. 2 [5,5,5] 1 6.5
}fll(ff)"r [0,0,0,0,0,0,0,2,0] 2 1.5
Pane] [1,0,1,1,0,0,1,0,0] 5 1.5
3 [0,1,0,0,1,3,0,0,1] 1 1.5
[0,1,0,0,0,0,0,0,1] 3 27

[0,0,0,0,0,0,0,1,0] 1 72.75

[1,0,5,5,0,0] 1 7.75

s [0,1,0,0,1,0] 5 15

' [1,0,0,0,0,0] 4 37.125

[0,0,0,0,0,1] 5 60.875
[0,2,0,5,0,1,0,0,0,0,0,0,0,0,1,0,0] 2 0.125
[0,0,2,0,0,0,0,0,2,0,2,0,0,0,0,0,0] 2 0.25
[1,0,0,0,10,0,1,0,0,1,0,0,0,0,0,1,1] 1 0.25

ASecond ) [0,0,2,0,0,1,0,1,1,0,0,0,3,3,0,0,2] 1 0.375

Floor [0,0,4,0,0,0,0,0,3,4,0,0,1,0,0,0,0] 1 0.75

Panel [3,1,0,0,0,0,9,4,0,0,0,0,0,0,2,4,1] 1 1.5
[1,0,0,0,0,2,0,0,0,0,0,0,1,0,1,0,0] 1 2
[0,0,0,0,0,0,0,0,2,0,1,5,0,2,0,0,0] 1 375
[1,0,2,0,0,0,0,0,0,2,0,0] 2 0.125
[0,0,0,0,0,0,1,0,5,1,1,0] 1 0.125

3 [0,0,0,1,1,1,0,1,0,0,0,0] 5 0.25
[0,1,1,0,0,0,1,0,0,0,4,0] 1 0.25
[3,4,0,0,0,0,3,0,0,0,0,5] 1 70.625

Table 4-5: Total waste for cutting patterns in each type of pipe

: . Total Waste Total Waste

Pancl Type  Pipe Size () in) %)
wall panel 1.5 222.88 15.48%
2 119.50 10.37%

first floor 1.5 122.00 28.24%
panel 2 6.50 4.51%

3 167.00 8.92%

second floor 1.5 521.25 24.31%
panel 2 43.13 3.00%

3 72.50 5.03%

Total N/A 1274.76 13.02%

79



Table 4-6 shows the comparison of material wastes between cutting pipes using IP
algorithm (W;p%) and cutting pipes in production sequence (W,s%) which is
normally used in real cases. The production sequence for pipe installation is from
panel to panel, from bottom to top for wall panel and from one side to another for
floor panel (e.g., from north to south in this case study). In Table 4-6, the total
percentages of W;p% and W),;% for all panels are calculated by dividing total
length of waste of all panels by total length of used stock pipes. Overall, the total
waste calculated by IP algorithm is 13.02% which is smaller than the total waste of

cutting pipes by production sequence in this case study.

Table 4-6: Total waste comparison of cutting by IP algorithm and production

sequence

Panel Type Pipe Size Total Waste Total Waste Decrease
(in) (W;p%) (Wps%) (vas% — Wip%)
wall panel 1.5 15.48% 18.58% 3.10%
2 10.37% 10.37% 0
first floor 1.5 28.24% 28.24% 0
panel 2 4.51% 4.51% 0
3 8.92% 20.37% 11.45%
second floor 1.5 24.31% 24.80% 0.49%
panel 2 3.00% 14.23% 11.23%
3 5.03% 20.86% 15.83%
Total N/A 13.02% 19.43% 6.41%
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CHAPTER 5. CONCLUSION

5.1 Summary

Panelization has been made one of the more popular and efficient approaches to
constructing residential projects with the development of building information
modelling (BIM). However, in most cases, some components, such as mechanical,
electrical and plumbing components, are still installed on site in a traditional
manner without being incorporated into prefab panels in order to capitalize on the
benefits of the panelized construction approach. Due to the high level of design
detail required for these types of components, the design stage will be made more
difficult and time-consuming if the components are prefabricated and installed at
the prefabrication plant. In order to improve the accuracy and efficiency of current
drainage system design for panelized construction, this research explores a
framework of a rule-based automated design system and incorporates a heuristic
approach into BIM design to realize the automated planning of a panelized drainage

system.

First, this research automates the design and modelling of a drainage system,
including drainage pipes and vent pipes, in accordance with the plumbing code and
typical design styles used by construction trades. For vent pipe design, a scenario-
based method is developed to meet the requirements of the plumbing code and
architectural layout planning in most cases. For drainage pipe design, a heuristic
approach is implemented to integrate the consideration of framing members in a

panel and the path of gravity-based pipes, in order to optimize for total pipe length.
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The prototype design application provides more accurate details, i.e., gravity-based
pipe height and length, and saves time in drainage system design. The automated

approach can generate an optimized pipe route design that reduces material waste.

Also, this research proposes a planning algorithm to panelize the drainage system
in a BIM environment to improve the pipe installation efficiency for panelized
construction. In the proposed approach, the gravity-based pipes are separated into
smaller pieces at the boundary of plumbing panels, which is meant to facilitate the
shipping of an integrated package to the construction site. The geometric data
extracted from the BIM model are used for defining the panelization constraints.
This proposed method is applied when generating both vent pipes and drainage
pipes. Meanwhile, a parameter is designed and attached to each pipe and pipe fitting
to identify the corresponding plumbing panel. The identification of the
corresponding plumbing panel is critically necessary in the pipe cutting and

installation processes.

Furthermore, this research investigates one-dimensional cutting stock problems for
cutting pipes from a standard-length stock pipe. An analytical approach is applied
to minimize pipe cutting waste. First, the Bill of Materials (BOM) for pipes
generated form the prototype system is classified as either pipes in plumbing walls
or pipes in plumbing floors. Then, for each category, an enumeration method is
used to generate all possible cutting scenarios with the corresponding amount of
waste. The goal of this cutting stock problem is to minimize the waste of cutting
patterns. An integer programming approach, in this case, is used to calculate the

optimal cutting patterns.
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In conclusion, the proposed methodology and prototype system in this research are
capable of enhancing the design accuracy and design efficiency of the residential

drainage system in panelized construction.

5.2 Research contributions

The proposed automated design system can contribute in many respects to both
academic research and current industry practices in panelized construction. The

primary contributions of this research are summarized as follows:

(1) Automation of the process of drainage system design improves its accuracy and
efficiency by taking advantage of rich building information in the BIM model and
by integrating the plumbing code in the context of gravity-based pipes. The
framework incorporates an approach of scenario-based vent pipe design and rule-
based drainage pipe design to accomplish drainage system design, in most cases.
During the process of mapping a piping route, a heuristic approach is proposed to
optimize path design to reduce the total length of pipes and create an obstacle-free

route.

(2) Panelization of the drainage system improves the feasibility and efficiency of
pipe installation for panelized construction. Drainage system separation based on
plumbing panels facilitates the generation of the corresponding bill of materials
(BOM) and management of the cutting and installation processes. The shop
drawing with detailed annotations also increases the accuracy of drainage system

installation in framed panels.
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(3) Optimization of generating cutting patterns allows the pipes to be cut to the
desired length from standard stock pipe with waste minimization. An integer
programming algorithm is developed to solve the one-dimensional cutting stock

problem.

(4) Development of prototype system under Autodesk Revit platform realizes three
main functions, including automated design of drainage system (i.e., vent pipes and
drainage pipes), panelization of pipes, and generation of optimal cutting patterns.
The prototype system can produce the design in a reasonable amount of time and
in accordance with the plumbing code, which not only assists the user to improve
the efficiency of the design process but also increases the design accuracy for

further pipe installation.

5.3 Limitations and future research

In order to improve the performance of the proposed methodology and prototype

system, the following directions can be pursued in the future:

(1) The presented methodology and prototype system apply only to residential
buildings. To extend the applicability of the system, future studies should

investigate how to accommodate the plumbing code for commercial buildings.

(2) The scope of the prototype system is limited to panelized construction. Further
investigation will need to be conducted for other types of prefabrication

construction (e.g., modular construction).
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(3) The current prototype system is based on the Canadian Plumbing Code and
Canadian National Building Code and validated by a case study in Alberta, Canada.
Other codes and standards from multiple regions and countries should be involved

in the future.

(4) In this research, the locations of the soil-or-waste stack and main vent stack are
defined by the user. According to architectural layout design and plumbing code, a
suggestion of the pipe location can be provided to minimize the total length of pipes

based on the calculation of a hydraulic load of plumbing fixtures in future research.

(5) In this research, the optimal pipe route design finds only the shortest path. In
future work, cost estimation can be involved in the prototype system to search for
a least-cost path based on the optimal cutting plan in consideration of minimizing

cutting waste.

(6) In real cases, the cutting waste material can be recycled and reused by joining
two pipes with a pipe fitting (i.e., coupling). This consideration will be involved for

minimizing cutting waste in the future.

(7) This research focuses only on automated design for the drainage system. Other
plumbing systems (e.g., hot water and cold water supply system) will be

investigated in the future to enhance the integrity of the presented framework.
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APPENDIX A: PSEUDOCODE

Algorithm 1: Heuristic Pathfinding Algorithm

Input: S — start point, T — terminal point, H;— height of floor joist, d,—
minimum distance from top edge of joist to pipe top edge, d;,— minimum
distance from bottom edge of joist to pipe bottom edge, S — pipe slope, ,,i,

— pipe unit length, FO{} — floor opening
Output: Pipe path P{}
Begin

1 Setnode N=S

N

Set prepend point P(1) =N, i € [1, 2, 3, 4]
3 Create an empty curve list P{}
4 While Nisnot T do

5 P(1) =N+ (I, 0), P(2) =N = (I, 0),

P(3) =N+ (0, ljnin), P(4) =N = (0, lppin)

6 for each P(i) do

7 Calculate the minimum distance d(i) from N to FO{}

8 If g(i) < (H; — d; — dp)/S and d(i) = L5, and 1 < 4 then
9 Calculate the pipe length g(i) from S to P(i)

10 Calculate the Manhattan distance h(i) from P(i) to T

11 Calculate the number of turns t(i) from S to P(i)

12 Fitness value of P(i) is f(i) = g(i) + h(1) + t(1)
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13 else

14 i=i+1
15 end
16 end for

17  Select the P(i) with minimum £{i)
18  Add NP(i) to P{}

19 N=P(®)

20 End While

End
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APPENDIX B: DRAINAGE SYSTEM LAYOUT DRAWINGS
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APPENDIX C: PLUMBING WALL SHOP DRAWINGS
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APPENDIX D: PLUMBING FLOOR SHOP DRAWINGS
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