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ABSTRACT

Modular construction is adopted to increase construction efficiency and curtail waste. The fortitude
of modular construction is high-capacity mobile cranes, of which hydraulic and crawler cranes are
the most widely used. With the surge in weight of modules, the mobile crane's ground bearing
pressure also escalated. The traditional primary status quo technique to avoid ground failure is to
estimate the ground bearing pressure employing the fundamentals of statics, considering uniform
ground bearing pressure under hydraulic crane mats and crawler crane tracks along the width of
the track, which contradicts the finite element analysis results.

Additionally, these cranes count on the stability of the ground for safe rigging and heavy lifting.
The conventional approach uses timber crane mats under the crane tracks/outriggers. The crane
rental industry's primary cost driver is crane mat crowding (2-3 layers of timber crane mats),
directly linked with crane mat selection, on-site optimization, and crane mat design. Moreover,
timber crane mats are not durable as they last for 2—3 years only and entail wood waste (crashed
timber) as a by-product. The proposed research aims to reassess the crane mat requirement on-site
by proposing a novel mobile crane ground bearing pressure calculation methodology to overcome
the limitations of the traditional method. In contrast to the traditional approach, the present study
proposes a new methodology to not only calculate the ground bearing pressure under mobile crane
tracks/crane mats employing a combined loading approach but also to calculate the ground bearing
pressure anywhere on the crawler crane track or hydraulic crane mat area, which can establish the
ground bearing pressure profile in detail. In the form of a computer application, the proposed
ground bearing pressure methodology for hydraulic cranes is linked with five crane mat selection

criteria for the practitioners to select the suitable crane mat for the job.
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This thesis proposes an agent-based greedy algorithm and Reinforcement Learning approach for
automated crane mat layout optimization as an innovative approach to developing sustainable
crane mat layouts. This approach takes into account the site constraints and can be applied to
mitigate crane mat crowding on construction sites. The crane mat optimization, using both
methods, is applied to achieve the maximum area covered with the minimum number of crane
mats used. The results demonstrate that the practitioner time spent preparing a crane mat layout
plan/drawing can be reduced considerably, in some cases by minutes, with more uniform and cost-
effective crane mat optimization outcomes.

The allowable soil bearing capacity is another substantial factor affecting the selection and
optimization of crane mats, exceeding the ground bearing pressure under the crane mat for safe
operation. Existing allowable soil bearing capacity equations, which are based on shallow
foundations, need to incorporate crawler and hydraulic crane ground footing area with variable
loading. Typically, crane rental companies rely on the client to provide the allowable soil bearing
capacity value based on which to estimate the requirements for remedial efforts to stabilize the
ground. In this regard, crane mats and soil compaction can be applied to overcome poor soil
bearing capacity and ensure a safe lift. The pragmatic approach adopted in this thesis is to develop
an algorithm, formalized in a computer application, that can estimate the allowable soil bearing
capacity (particularly in the context of crane work) based on a construction site's geotechnical

reports and crane ground footing.
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CHAPTER 1: INTRODUCTION:

The adoption of modularization in the heavy construction industry has primarily modified the
design and project delivery paradigm. Though many factors are involved, the main cost driver is
shifting major construction work to an indoor environment. In this approach, modules are
manufactured in a controlled indoor environment, converting the construction process to more
effective and productive manufacturing. As a result, many practitioners, over time, tried to front-
load these modules with maximum functionalities to minimize the related on-site construction
activities. This increase in functionalities also affected the module's weight to be transported and
installed at the final position, which has risen to tens, if not hundreds, of metric ton (Gamayunova
et al. 2019). This rise in weights tends to use heavy mobile cranes with high lifting capacity for
module installation, with increased structural complexity and heavier weights. As a result, the
resultant pressure of the crane and payload on the ground can be so high that gaining a better
understanding of ground bearing pressure (GBP) has resurfaced as an essential safety issue in the
heavy construction industry, modular construction in particular. About the ground stability under
mobile cranes, it is important to mention that soil stability (11%) is categorically linked to most
crane accidents from 1997 to 2003 in the US (Beavers et al. 2006). Not only that, in Malaysia,
from 2011 to 2015, overturning of mobile cranes due to tipping covers about 45% of all crane
accidents, which are directly or indirectly related to human error in (incorrectly) estimating GBP
and/or allowable soil bearing capacity (Milazzo et al. 2016). Many other studies also revealed
ground failure as the primary cause of crane accidents (Milazzo et al. 2016, Cho et al. 2017, Raviv
and Shapira 2018, Abdul Hamid et al. 2019, Aikhuele 2019, Dhalmahapatra et al. 2019). Cranes

lift heavy and oversized objects and move them to their required location.

Usually, there are two types of mobile cranes, crawler cranes and hydraulic cranes. Both types, in
general, are composed of two major parts, a moving part (superstructure) and a stationary part
(carrier) (see Section 2.1). For crawler cranes, the crane is supported by tracks, and in the case of
hydraulic cranes, the outriggers are used to support the crane. One of the advantages of using a
hydraulic crane over a crawler crane is the flexibility of speedy mobilization to the job site (Shapiro
and Shapiro 2010). Due to the self-extendable boom (hydraulic boom), the crane setup time is
shorter than the lattice boom crawler cranes. Not only that, but the hydraulic cranes are also used

for setting up heavy crawler cranes on construction sites. In multiscale construction projects,



crawler cranes are often preferred since crawlers can lift hefty human-made structures and, if
necessary, travel with the payload (Becker 2001, Shapiro and Shapiro 2010). In practice, the
ground support design for mobile crane stability presupposes the evaluation of the pressure under
the tracks of the crawler crane (or under the outriggers in the case of a hydraulic truck crane).
Traditionally, according to a status quo GBP calculation procedure, the weights of the crane-
payload system components are assumed to be static forces that generate pressure on the ground
through the support layer, usually in the form of crane mats. Practitioners use these crane mats
(wood or steel) to uphold an overall pressure less than the ground bearing capacity. The GBP
calculations' basis is that the GBP along the width of the crane track (crawler crane) and under the

hydraulic crane mat is uniform.

Ali (2018), meanwhile, in conducting finite element analysis (FEA) on the behaviour of crane mats
under crawler crane tracks, concluded that the GBP also varies along the width of the crane track,
contrary to the findings generated by traditional GBP calculations using various software programs
or GBP charts (American-Hoist 1979, Manitowoc 2019). The research conducted by Ali (2018)
found that the four edges (left-front and left-rear, right-front and right-rear) of one crawler track
exert different pressure values instead of only considering the front and rear for each of the two
tracks (see Figure 1.1). Ali (2018) also found that GBP under hydraulic crane outrigger crane mat
is non-uniform, which illustrates that the GBP under all four corners of a crane mat is not the same.
The GBP values show 4-point GBP under each outrigger crane mat, making 16-points (see Figure
1.2). The traditional GBP calculation methods can be misleading ignoring the non-uniform nature

of GBP under hydraulic crane and crawler crane.

Tradltlorjal Load Distribution FEA Load Distribution
Calculations under Tracks

calculations under Tracks

Figure 1.1: Traditional and FEA GBP under crawler crane tracks



As recently as a few years ago, these GBP variations could have been ignored, but now, when
every lift is categorized as a critical lift for the project and workers, ignoring these minor variations
can lead to severe consequences resulting from ground failure. Ali (2018) applied FEA and found
that the resulting GBP values along the track width were higher as compared to those generated
by traditional GBP values under the same boundary conditions. Moreover, it was observed that a
crane mat designed using traditional GBP values will not be sufficient to ensure safe lifting
operations, as the GBP values associated along crawler track width are higher than those associated
with a traditional GBP approach. This also creates serious concerns regarding the safety of the
workers operating in the vicinity of the crane, as failure of a crane mat can lead to crane tipping.
As stated above in this regard, many crane accidents are the direct result of ground failure under
mobile crane loading. As such, proper calculation of the GBP under the crane is essential for

ensuring the stability of mobile cranes.
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Figure 1.2: FEA GBP (Pa) variation under hydraulic crane mat along with crane superstructure
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Moreover, due to these shortcomings in the traditional approach to GBP calculations, practitioners
tend to over-design (safety factor of 3~5) crane mats or apply crane mat crowding (2-3 layers of
crane mats) to overcome these variations (i.e., the risk of “unknown unknowns”). This over-design
or crowding of crane mats, in turn, leads to wastage of timber resources. Targeting this research

gap with respect to GBP estimation, the research described in this thesis develops a novel algorithm



based on the basic concept of combined loading to compute GBP under crawler crane tracks
(further distributed using crane mats) and hydraulic crane mats (Hibbeler 2011). FEA is applied
for verification purposes. Furthermore, a computer application, 'CoLMA,' is developed in Visual
Basic (VB) that calculates the GBP profiles and displays them in graphical form for ease of use.
In addition to performing the GBP calculations and generating a graphical display, the developed
application incorporates crane mat strength analysis, based on five crane mat strength parameters,
as the basis for checking the suitability of a given crane mat for a particular job. In this regard, the
work published in Duerr (2010) and Duerr and Duerr (2019) involved the development of a
practical procedure for the selection of timber crane mats based on the allowable deflection of the
crane mat, of crane mat length based on allowable soil bearing capacity, of crane mat length based
on the bending and shear stress developed in the crane mat during loading, and of the compressive

strength limit.

The first task with respect to crane stability, it should be noted, is to ensure that the ground's soil
bearing capacity can accommodate the pressure due to the crane's compounded weights and its
payload to ensure cranes can operate safely on the construction site. The crane industry uses the
soil bearing capacity calculations derived from shallow foundation design. Crane rental companies
rely on clients' data regarding allowable soil bearing capacity value to plan the crane mats and soil
compaction. However, despite the importance of GBP for the safety of crane operations, several
relevant aspects need additional research that would bridge the gap between analyses and
practitioners' rules of thumb. The outcome of this endeavour is an algorithm in the form of a

computer application that can calculate allowable soil bearing capacity for crane work

On the construction site, there are two ways to overcome this soil bearing capacity issue, (i) using
compacted aggregate to increase the soil bearing capacity; and (ii) using layer(s) of crane mats to
distribute the ground bearing pressure to make it less as compared to the allowable soil bearing
capacity. Higher capacity crane operation increased crane mats utilization on the construction site
for every crane work, regardless of the ground condition. The surge also initiated crane mat layout
plans/drawings preparation for every crane work on the construction site. Figure 1.3 explains the
process of crane mat laying in detail. Usually, the crane mat layout plan/drawings' preparation

takes 20~30 minutes for a practitioner (field observation') to complete, based on the site

"' NCSG (Northern Crane Services Group, Edmonton, Alberta, Canada)



constraints. An algorithm can save the time consumed by the crane mat layout plan/drawing
preparation, implementing the same constraints for the automated crane mat layout plan/drawing
preparation. By integrating an algorithm, the crane mat layout can be optimized to minimize the
number of crane mats required. The algorithm proposed herein is based on an agent-based greedy
optimization and reinforcement learning (RL) approach in which a practitioner's preparation of the
crane mat layout plan/drawing is simulated. The proposed application will also assist practitioners
at the planning stage to estimate the total crane mat requirement for a project in a more accurate
and timely manner, thereby boosting efficiency and performance from the early project planning

stages to execution.

Crane mat optimization
during planning phase Crane
s 7 Mat
laying
: - Onsite crane
Transporting mat usage for
l:,\> required mats to heavy lifts
site.

Figure 1.3: Lifecycle of crane mat planning to utilization

The crane industry in Canada uses 23 layers of crane matting for crane work, as discussed earlier.
Moreover, timber crane mats are not durable as they only last for 2-3 years and entail wood waste
as a by-product (see Figure 1.4). With the espousal of the modular construction archetype, the
demand for crane mats has augmented. Market research conducted by Golden Environmental
Crane mat Services (2015) documented this surge. As per their report, Canada's total annual crane
mat demand was 450,000-750,000, although annual crane mat production in North America in
2014 was approximately 300,000-600,000, and the number of crane mats manufactured in Canada
alone in 2014 was approximately 20,000-25,000. The crane mat industry amplified 200% from
2009 to 2014 (Golden Environmental Mat Services 2015). This research aims to overcome this
gap in industry practice with respect to crane mat crowding by generating a GBP profile based on

actual crane mat requirements and optimizing the crane mat layout accordingly.



Environmental pollution, it should be noted in this regard, is a global issue of growing concern
that poses a significant threat to industries unless meaningful change can be brought to bear (Jituri
etal. 2018a, 2018b). Adverse environmental effects can be thought of as ‘green wastes’. As in lean
production, eight wastes are categorized under green waste: greenhouse gases (GHQG),
eutrophication, excessive resource usage, excessive water usage, excessive power usage, pollution,
rubbish, and poor health and safety (Garza-Reyes 2015). In 2015, Canada's total GHG emissions
was 722 mega tonnes (Mt) of CO2eq, as shown in Figure 1 (The Canadian Press 2014, Government
of Canada 2018). Residential, commercial, and industrial buildings in particular are responsible
for 17% of Canada's GHG emissions (Koskela et al. 2013). The International Energy Agency
(IEA) has highlighted the need for energy efficiency measures to reduce by two-thirds the energy
intensity of the global economy by 2050 (Apostolos et al. 2013). Canada in particular contributes
2% of global emissions and has the highest emissions per capita (Union of Concerned Scientists
2020). Apart from government initiatives to curb emissions, the construction industry is
increasingly seeking solutions to boost productivity and reduce its carbon footprint. Nevertheless,
the construction industry accounts for approximately 50% of natural resource use (including 70%
of wood resources), and this is an important contributing factor in this sector’s high levels of CO>

emissions (Bergman et al. 2014).

Crane Mat wastage after 2~3 years Crowding of crane mats

Figure 1.4: Examples of inefficiencies in current crane mat practice

The modular method uses lean principles to convert internal processes to external ones and

reducing project completion time and CO; emissions. Al-Hussein et al. (2009) conducted a
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comparative study of the construction of a residential building in which both construction
approaches (traditional and modular) were applied and analyzed. They found that on-site
construction produces 431 metric ton of CO2 emissions, whereas modular construction (off-site
construction) produces only 247.23 metric ton of CO> emissions, representing a 42.6% reduction.
Another indicator of carbon footprint is waste of energy resources. In this context, the timber crane
mat lifecycle (from embodied emissions to disposal) represents a significant source of CO»
emissions. A mind map of the CO> emissions associated with crane mat use is shown in Figure

L.5.
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Figure 1.5: CO; emissions linked with crane mats

To address the environmental and safety issues noted above, the present research develops a novel
approach to carrying out GBP calculations. The approach, in the form of a VB application, is then
integrated with industrial crane mat design criteria to ensure the suitability and adequacy of the
crane mat requirements on a construction site. This research also targets the as-yet unexplored area
of crane mat optimization by building a VB application that can generate crane mat layout
plans/drawings based on a novel agent-based greedy/RL approach. The developed approach can
be applied to minimize crane mat usage on a given construction site, resulting in a reduction in the
capital and operational costs, and CO> emissions associated with the crane mat lifecycle. The
developed application achieves this by generating allowable soil bearing capacity estimates,
particularly for crane work, based on the geotechnical data and crane ground footing. The

developed application for the soil bearing capacity can further reduce the usage of crane mats for



heavy cranes, further reducing the capital and operational costs and the CO; emissions linked with

crane mat lifecycle.

1.1. Motivation

The primary motivation of this research is to improve the environmental and safety performance
of crane operations on construction sites by streamlining crane mat planning/layouts. As a
construction worker while working around heavy mobile cranes, the first fear is the failure of lift
plan. A lift plan is composed of many sections, and one of them is the crane ground support, as
shown in Figure 1.6. The section of crane ground support in a lift plan consists of GBP calculations,
crane mat structural analysis, crane mat layout and allowable soil bearing capacity calculations. In
specific, the aim is to approach the crane track/outrigger by developing a novel approach to GBP
calculations integrated with intelligent crane mat selection criteria, crane mat optimization, and a
robust algorithm for calculating the allowable soil bearing capacity for safe high-capacity crane
operation. The two most significant contributions of this research are the development of the
aforementioned novel GBP calculation method (which promotes the safety of workers during
crane operations) and the use of an agent-based greedy/RL approach for the optimization of crane
mats on a construction site (reduction of the lifecycle CO2 emissions associated with crane mat

use).
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Figure 1.6: Sections of a lift plan



1.2.  Hypothesis

This research is built on the following hypothesis:

In the context of modularization, the use of combined loading calculations can
overcome the limitations associated with traditional GBP calculations, while
an approach combining RL and greedy algorithm can be used to optimize

crane mats on a given construction site.
1.3.  Objectives
Based on the motivation (mentioned above) and to test the above hypothesis, the research
described herein is structured around the following three primary objectives.
Objective 1: To overcome the limitation of traditional GBP methodology by applying combined
loading and developing a novel methodology to calculate the GBP under mobile cranes, including

crawler cranes and hydraulic cranes.

Objective 2: The objective is to develop an optimization methodology for the unexplored area of
crane mat layout planning on a construction site. Moreover, to compare greedy and RL algorithms

to optimize the crane mats layout on a construction site.

Objective 3: To develop an algorithm to estimate allowable soil bearing capacity for high-

capacity mobile crane work based on crane ground footing and soil geotechnical reports.

Based on the above three objectives, the following four milestones are pursued in sequence.

Milestone 1: Develop a novel methodology using combined loading to calculate the GBP under
crawler crane tracks and hydraulic crane mats to overcome the limitations of traditional GBP
procedures used in the crane industry. These traditional norms assumed GBP as uniform under

crawler track widthwise; similarly, the GBP under the hydraulic crane mat is considered uniform.

Milestone 2: Develop a computer application (design support system for crane support design)
that integrates GBP calculation under hydraulic crane mats with crane mat. The developed

application can check the suitability of the crane mat based on five design parameters, allowable
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soil bearing capacity, bending stress limit, shear stress limit, deflection limit, and compression

stress limit.

Milestone 3: Develop an algorithm to optimize crane mat layouts using greedy and RL. The idea
here is to develop a VB application that provides an efficient and accurate automated crane mat
optimization approach for preparing layout plans/drawings. One of the leading hypotheses is to
use RL for the optimization process, mimicking crane practitioners' behaviour to optimize crane

mats on a construction site, and comparing it with a greedy algorithm.

Milestone 4: Develop an algorithm for determining allowable soil bearing capacity for high-
capacity crane work based on the data available in geotechnical reports for a given construction
site. In specific, the aim here is to develop a computer application in VB by which to calculate
allowable soil bearing capacity for crane work, using the concept of crane ground footing in place

of the traditional shallow foundation approach.

Based on the research motives, and industrial and academic gap, the research road map is outlined

in Figure 1.7.
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1.4. Thesis Organization

The first chapter (Introduction) outlined the gaps in the literature and current practice, culminating
in the problem statement motivating the present research. This included briefly describing the
challenges associated with the conventional approach to crane mat use as a solution for soil
support. The objectives underlying the present research were also discussed in detail in this

chapter.

Chapter 2 (Literature Review) outlines the traditional method for calculating the ground bearing
pressure under crawler tracks and pad loads (PLs) under hydraulic crane outriggers, as well as the
general crane mat design criteria. This chapter also describes the optimization techniques currently
in use in the construction industry for crane work. A review of the literature on greedy algorithms
and RL is already provided in order to evaluate their practicability for crane mat optimization. This
chapter also discusses various soil bearing capacity theorems relevant to estimating the allowable

soil bearing capacity values for high-capacity crane work.

Chapter 3 (Ground Bearing Pressure Calculations under Mobile Cranes) presents a novel approach
to calculating GBP under mobile cranes. This chapter encompasses the application of combined
loading to calculate GBP under crawler crane tracks and hydraulic crane mats, as well as the use
of FEA to validate and verify the GBP values generated based on various case examples of crawler
cranes and hydraulic cranes. This chapter also introduces the developed VB application, CoLMA,

for hydraulic crane operations.

Chapter 4 (Structural Requirement of Crane Mats) discusses crane mat selection for mobile crane
operations based on GBP and allowable soil bearing capacity. The selection criteria are based on
five main parameters: bending strength, shear, GBP, deflection, and compression. This chapter
also discusses the use of the developed CoLMA application for the selection of a suitable crane

mat for hydraulic crane operations.

Chapter 5 (Optimized Layout Planning of Crane Mats) discusses the optimization of crane mat
layouts on construction sites using an agent-based approach with greedy and RL agents. An
algorithm is developed in which the greedy and RL agents generate crane mat layout

plans/drawings based on the constraints of the given construction site.
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Chapter 6 (Allowable Soil Bearing Capacity for Mobile Cranes) describes the method for
calculating the allowable soil bearing capacity for high-capacity mobile cranes, with the

development of a VB application, ASBC, based on GBP and crane track/crane mat ground footing.

Chapter 7 (Summary and Conclusion) outlines the contributions of this research to academia,
industry practice, and society, as well as the research limitations, and recommendations for future

research.
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CHAPTER 2: LITERATURE REVIEW

The primary aim of this chapter is to compile the previous research work conducted on mobile
crane ground support. The traditional approach to calculating ground bearing pressure (GBP)
assumes static forces and is considered uniform. This chapter outlines the traditional method of
calculating the GBP under crawler tracks and pad load (PL) under hydraulic crane outriggers.
These calculations, it should be noted, are different for crawler cranes than for hydraulic cranes.
For crawler cranes, the pressure under the crawler track is obtained through a combination of
statics and mathematical modelling calculations. On the other hand, the corresponding calculation
for a hydraulic crane is based on the PLs. These PLs are used to calculate the pressure under the

outrigger crane mat based on the surface area and material used to manufacture the crane mat.

In this context, there are primarily two ways to overcome poor ground stability: (i) using
compacted aggregate to increase the soil bearing capacity; or/and (ii) using one or more layers of
crane mats to redistribute the crane GBP to satisfy the allowable soil bearing capacity. The
selection of a suitable crane mat is crucial in this regard. Considering the case of timber mats made
of Coastal Douglas-Fir, the five main parameters used in crane mat selection (GBP, bending limit,

shear limit, deflection limit, and compression limit) are discussed in this chapter .

This chapter also summarizes previous research on crane planning optimization as it pertains to
this discussion. Optimization of crane operations and crane mat layout are crucial tasks, as crane
operations and crane mat use are significant drivers of the cost performance of any construction
project involving crane work. (According to field studies, a project involving cranes typically
utilizes 800~1100 crane mats.') With regard to optimization techniques, the greedy approach is
widely used in the industry, whereas reinforcement learning (RL) is relatively new but gaining
acceptance within industry as an optimization solution for complex problems. With respect to RL
in particular, two algorithms, Q-Learning and State—Action—Reward—State—Action (SARSA), are
discussed in this chapter. Both have been widely used by both researchers and practitioners, given
their relative ease of implementation. Moreover, both are agent-based and similar in nature to the

greedy approach (Wang et al. 2013).

"' NCSG (Northern Crane Services Group, Edmonton, Alberta, Canada)
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The last section of this chapter reviews the literature on the development of theorems for
calculating the allowable soil bearing capacity, which can be broadly categorized as either direct'
or indirect? (Eslami and Gholami 2005). As discussed below, in current practice the allowable soil
bearing capacity is typically obtained from a geotechnical reports of the site. The various equations

that have been developed for this purpose over the years are briefly outlined in this chapter.

2.1. Traditional method for calculating GBP under mobile cranes

Mobile cranes lift heavy and oversized objects and move them to their required location. The
history of cranes can be dated back to Greek architecture. The process of hoisting and lifting was
based on the compound pulley system (Coulton 1974). William Smith Otis invented the modern
era of mobile cranes. He invented a steam-powered device for excavation during railroad
construction in 1837 (Stueland 1994). Steam-powered excavator performed in the same pattern as

a man with the shovel. This invention gave birth to the concept of mobile cranes (Stueland 1994).

Usually, there are two types of mobile cranes, crawler cranes and hydraulic cranes. Both types, in
general, are composed of two major parts, a moving part (superstructure) and a stationary part
(carrier). Crawlers (tracks) for crawler cranes support the crane, and in the case of hydraulic cranes,

the outriggers support the crane (see Figure 2.1 and Figure 2.2).

o

Rotating Part Rotating Part
Stationary < Stationary
Part Part
Crawler Hydraulic
Crane Crane

Figure 2.1: Rotating and stationary parts of crawler crane and hydraulic crane

! Cone penetration test.
2 Friction angle and undrained shear strength calculations.
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Figure 2.2: Mobile crane parts

In major construction projects, crawler cranes are often preferential over hydraulic cranes since
crawler cranes can lift hefty manufactured structures and, if necessary, travel with the payload.
Furthermore, in contrast to crawler cranes, hydraulic cranes are built for flexibility and speedy
mobilization to a job site. Due to the self-extendable boom (hydraulic boom), the crane setup time

is shorter than the lattice boom crawler cranes.

In practice, the ground support design for mobile crane operations presupposes the evaluation of
the pressure under the tracks of the crawler crane. Traditionally, the ground support calculation is
performed by practitioners according to a procedure in which the respective weights of the crane
components and payload are assumed to be static forces that generate pressure on the ground that
is mediated through a ground support system (usually crane mats) to ensure that the overall
pressure exerted is less than the soil bearing capacity. The crane itself has a fixed center of gravity
(COG), but the COG of the superstructure changes based on the lifting radius, boom angle, and
boom rotation. Shapiro and Shapiro (2010) presented in-depth and detailed calculations covering

all crane weights and their COGs and developed equations to calculate GBP under crawler crane
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tracks and PL under hydraulic crane outriggers. Becker (2001) also formulated equations for GBP
calculations, which were slightly different from Shapiro and Shapiro (2010). Shapiro and Shapiro
(2010) considered moments to calculate the GBP and PL values, whereas Becker (2001) took the
distribution of forces to calculate the GBP and PL. First, the outrigger loads in reaction forces (i.e.,
PL) under the outriggers are calculated in hydraulic cranes. Later, these outrigger reaction forces
use the outrigger crane mat's surface area to calculate the GBP exerted by that outrigger (see Figure
2.3) (Becker 2001, Shapiro and Shapiro 2010). Many researchers later utilized these approaches
to build the selection criteria for mobile cranes based on crane and ground stability (Hasan et al.
2010, Di et al. 2011). The basis for these calculations is that the GBP along the width of the crane

track/crane mat is uniform in nature.
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Figure 2.3: Hydraulic crane load distribution

Contrary to this, Ali (2018), while researching the behaviour of crane mats under crane tracks,
concluded that the GBP also varies along the width of the crane tracks/crane mats. This finding
contradicted that of the traditional method of calculating the GBP using various software programs
or GBP charts (American-Hoist 1973, 1979, Grove 2019, Manitowoc 2019). The research
conducted by Ali (2018) found that the four edges (left-front and left-rear, right-front and right-
rear) of one crawler track exert different pressure values instead of only considering the front and
rear for each of the two tracks. The work done by Shapiro and Shapiro (2010) and Becker (2001)

considered the GBP along the width of the crawler crane track to be uniform. The crane industry
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continues to use 4-point calculations without considering the limitations of this method (Becker
2001, Shapiro and Shapiro 2010). The work done by Hibbeler (2011) stated that the axial forces
and the moments acting on a surface do not exert uniform pressure along any side until the axial
forces directly act on the centroid of the surface. This evidence leads to the hypothesis that there
are 8-points in the GBP profile based on the eight edges of two crawler tracks, instead of a 4-point
GBP distribution. Moreover, the equations presented by Shapiro and Shapiro (2010) and Becker
(2001) can only provide GBP values at the edges of the track, with the presumption of uniform
stress along crane track width. This means the GBP midway on the track cannot be calculated. The
output is often limited to pressure values that are calculated at specific points (edges of the crane

track) (Becker 2001, Shapiro and Shapiro 2010).

To calculate the GBP under crawler tracks and the PL under hydraulic crane outriggers, the first
step involves calculating the sum weight (kN) of the crane, including the payload and the location

of the center of gravity (COG) using Equations (1), (2) and (3), as shown below:

n m
W:ZWSl-i_ZWCJ-I_Wl (1)
i=1 j=1
R = /Ryz +R,* )
R
6 =tan~t = 3
an”™ & 3)

where

Ws; = weight (kN) of n parts in crane superstructure, i = n,

Rg; = distance (m) between respective part COG and the superstructure rotational axis,
0,; = angle (°) of respective part COG with the x-axis when 8; = 0°,

W, = weight (kN) of m parts in crane carrier, j = m,

R distance (m) between respective part COG and the superstructure rotational axis,
8.; = angle (°) of respective part COG with the x-axis,

W, = weight (kN) of the payload,

R; = crane radius (m), and
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0, = crane superstructure slew angle (°).
Figure 2.4 shows all these variables in detail.

The variables in Equation (2) and (3), R, and R, are calculated using Equations (4) and (5).

n m
1
Ry =77 (Z WsiRs; sin(8s; + 6;) + Z WejRcjsin6c; + WiR, sin 6,) )
i=1 j=1
1 < N
Ry = W (Z WsiRsi cos(85; + ;) + Z WCjRCj cos ch + WiR, cos 6,) )
i=1 j=1

(b)

Figure 2.4: Parameters used for (a) crawler crane GBP (Pa), and (b) hydraulic crane PL (kN)

calculations

Based on the above equations, the GBP under the crawler crane tracks and the PL under hydraulic
crane outriggers can be calculated using the Equations (6) and (7), respectively, in a unified crane

matrix:

P PRF] _i[ v
aL.B, L(1 —=v)A vA a-vyva-2
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ot Ul ][(ab)(a—l) (ac)(a—l)] ©)
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where P, /P, is the GBP under the left-front/-rear track of the crawler crane, Pgr/Pgg is the GBP
under the right-front/-rear track of the crawler crane, Frr/Fgr is the PL on the right-rear/-front
outrigger of the hydraulic crane and F;r/F;f is the PL on the hydraulic crane's left-rear/-front

outrigger. The factors in Equations (6) and (7) are defined by Equations (8)—(16):

1 /|cos (270 + 6)|
w=5( ) (8)
2\ cos (270 + 0)
1 |C059|+1 9
V_Z cos 6 ©)
r = R|sin 6| (10)
w
_v 11
€ 4s (ih
. |Le—6R|cost9||_|_1 12)
~ 2\ L, — 6R|cos 6|
_2 (L, — 2R|cos 8)) 13
a_ZLe e cos (13)
b=s—r+2ur (14)
c=s+r—2ur (15)
R|cos 8|
d=——— (16)
L,

where

s = the distance from the crane center to the center of crawler width/outrigger,
B, = the width of the track, and

L. = the effective track length/distance between two outriggers (lengthwise).

For hydraulic cranes, practitioners consider the PLs as the main criterion in crane mat selection,
whereas, for crawler cranes, the GBP under the track is considered the main criterion in crane mat
selection. Moreover, in the context of crawler cranes, the effective/bearing length and width of the
crane track (contact area) is smaller than the actual physical length and width of the crawler tracks,
as shown in Figure 2.5 (Al-Hussein et al. 2005, Hasan et al. 2010, Shapiro and Shapiro 2010).
Another method for calculating the GBP under mobile cranes is the use of FEA (Ali 2018, Ali et
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al. 2019). It is important to mention in this regard that the use of FEA is time consuming and

requires specialized computer applications for modelling the crane and payload.
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Figure 2.5: Pressure bearing length and width of crawler crane track

2.2. Crane mat selection criteria

Regarding crane mat strength analysis and crane mat suitability for a job, although practitioners in
the crane mats industry use different approaches to design and calculate the strength of a crane mat
(timber/steel), these approaches share a common starting point: the calculated maximum GBP
values. In this respect, Shapiro and Shapiro (2010) provided a guideline for selecting the crane
mats. If the maximum GBP exerted by the hydraulic crane outrigger is larger than the allowable
soil bearing capacity, the crane outrigger will sink into the ground, likely resulting in crane tipping.
As a result, crane rental companies use crane mats made of wood or steel under the outriggers to
distribute the crane's load and its components (including the lifted object) on the ground, thus
keeping it below the allowable soil bearing capacity. Duerr (2010), Duerr and Duerr (2019)

presented the industry practice for selecting timber crane mats based on the allowable soil bearing
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capacity, crane mat deflection, crane mat bending moment compressive strength limit, and shear
limit. Many researchers used these parameters to develop crane mat selection criteria (Hasan et al.
2010, Mahamid and Torra-Bilal 2019). The first crane mat selection method based on ground
bearing pressure and allowable soil bearing capacity is straightforward. The crane mat in question
is selected for further calculations if the maximum GBP under the crane mat is equal to or lower
than the allowable soil bearing capacity (Duerr 2010, Hasan et al. 2010, Ali 2018, Duerr and Duerr
2019).

This crane mat length of the crane mat selected is later used to calculate bending and shear stresses
in the crane mat. The crane mat is accepted if the bending and shear stresses are within the crane
material's prescribed limits. The design parameters for the crane mat selection also include
allowable deflection and allowable compression stress. The deflection of +1% is considered safe
for crane stability (ISO 2014). However, this research has taken a conservative approach of 0.75%
deflection of the total crane mat length (Ali 2018). The above exercise considers all the crane mat
strength parameters in a graphical presentation and plots them against the crane mat's length

(Liftinglogistics.com 2016).

It should be mentioned that there are many other crane mat design parameters available to
practitioners, such as extreme fibre stress bending limit, repetitive member design value, transverse
fracture properties, etc. (American Wood Council 2018, Truss Plate Institute of Canada 2019). The
research described herein integrates into the developed application only the five design parameters
used most widely within the crane industry in the design and planning of crane mat layouts for
crane operations (Duerr 2010, Shapiro and Shapiro 2010, Al-Hussein et al. 2011, Mahamid et al.
2017).

2.3.  Crane mat design factors
There are also external design factors associated with wood manufacturing that affect a crane mat’s
strength. The factors most widely referenced in the crane industry are listed below:

1. Load duration factor Kp, which depends on the duration of use of the crane mat
(American Wood Council 2018, Truss Plate Institute of Canada 2019). Crane mats

can withstand their design loads for short durations (load duration factor of 1.15 for
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short duration and 0.65 for permanent). However, the ability to withstand these
loads decreases with time (American Wood Council 2018).

2. Temperature factor C; governs the strength of the crane mat due to ambient
temperature (American Wood Council 2018).

3. Treatment factor K, incorporates the effects on the strength of the crane mat due
to the fire-retardant chemical treatment of wood used for crane mat manufacturing.
For Coastal Douglas-Fir treated timber, the treatment factor is about 1.0 (American
Wood Council 2018, Truss Plate Institute of Canada 2019).

4. System factor Ky accounts for the increase in the bending and shear strength of the
crane mat when three or more parallel wood members in the crane mat spaced no
more than 610 mm support the load mutually (Truss Plate Institute of Canada
2019).

5. Size factor K, the compression resistance perpendicular to the wood grain can be
multiplied by the size factor to compensate for bearing (American Wood Council
2018, Truss Plate Institute of Canada 2019).

6. Service condition factor for bending Kg;, and compression K., which depends upon
dry or wet service conditions (Truss Plate Institute of Canada 2019).

7. Resistance for bending @, and compression @, are factors applied to account for
the variability of dimensions and material properties, quality of work, type of

failure, and uncertainty in predicting resistance (CSA Group 2019).

2.4. Crane mat layout optimization

The increasing use of cranes in construction has also increased the use of crane mats. This, in turn,
has led to the use of crane mat layout plans/drawings as a default practice for every crane operation
on the construction site. Figure 1.3 shows the detailed sequence of crane mat laying. The crane
mat layout plan/drawing is typically prepared to accommodate a worst-case scenario in terms of
soil bearing capacity. Trailers transport the crane mats from the crane mat yard to the construction
site, and workers lay these crane mats on the construction site in accordance with the crane mat
layout plan/drawing. After the lift, these crane mats are transported back to the crane mat yard for
storage and future use. This cycle iterates every time a high-capacity crane lift is performed on the

construction site.
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Practitioners typically prepare the layout plans/diagrams using the commercial software,
AutoCAD. These plans/drawings are designed in consideration of various construction site
constraints. The primary constraint is to minimize the crane mats required to achieve coverage of
a given area. Another notable constraint is the laying sequence, starting from an edge of a required
crane mat coverage area, and continuing until the entire area is covered with crane mats. Typically,
it takes a practitioner about 20~30 minutes (field study) in current practice to prepare a crane mat

layout plan/drawing for an area comprising 15~20 crane mats.

Many researchers have developed various approaches to facilitate practitioners optimizing site
layout based on construction site restraints (Tam et al. 2001, Sivakumar et al. 2003, Lim et al.
2005). Some constraints such as safety, time, and costs are accounted for in these approaches to
determine the best possible locations. Reddy and Varghese (2002) developed a tool using
configuration space (C-space) to identify the crane lift paths and optimize paths within a
constrained search space. Deen et al. (2005) also proposed a genetic algorithm approach for
automated path planning of mobile cranes. Crane optimization has developed a lot in recent years
with the help of computer integration (Tam et al. 2001, Al-Hussein et al. 2005, 2011, Han et al.
2012, Lei et al. 2013, Lin et al. 2017, Taghaddos et al. 2018, Liu et al. 2019). However, any
germane work on crane mat optimization is not prominent in academic literature. Most of the time,
crane lift optimization is reviewed by researchers as the main cost driver, but when it comes to
cost optimization, crane mats can significantly reduce the capital cost (Ali 2018). Practitioners
usually determine the crane mat requirement based on mobile crane ground bearing pressure and
soil bearing capacity on the construction site but avoid the crane mat utilization and optimization
in bulk (Duerr 2010, Hasan et al. 2010). The research conducted by Taghaddos et al. (2018) also
provided crane optimization, including crane positioning, rigging gear optimization, lift
optimization, crane path optimization, and crane mat requirement, but lacks the crane mat

optimization requirement on site.

The research work presented in this thesis uses two approaches to address this requirement. The
first is based on an agent-based greedy approach to optimize the crane mat layout. The second uses
RL (specifically the SARSA algorithm) for the crane mat optimization. There are several methods
that have been employed by researchers for linear and non-linear optimization—greedy, brute-

force, and dynamic programming being a few of the notable ones and have potential to be used for
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crane mat optimization. The prospective use of RL for crane mat optimization is explored in this
research in the context of the broader canvas of modular construction. RL, it should be noted, is
already being used in healthcare (Yu et al. 2021), in Natural Language processing (NLP) (Paulus
et al. 2017), and in the automobile industry as part of the development of self-driving cars (Kiran

etal. 2021).

As the construction industry lags in productivity in comparison to other industries (Graham 2019),
construction enterprises are seeking innovative approaches to optimize construction work and
increase productivity. Time and cost, of course, are major considerations in this endeavor
(Zelentsov et al. 2021). In this respect, given its successful application in other industries, RL
constitutes a promising solution for optimizing the resources associated with construction work

and thereby minimizing cost and time.

2.4.1. Agent-based greedy algorithm

The greedy algorithm is a widely used meta-heuristic optimization methodology to achieve an
optimal solution for complex problems that are time-consuming when tackled with manual
methods (Bang-Jensen et al. 2004, Cormen et al. 2009). The greedy algorithm uses an agent-based
greedy approach by electing the best/worst-case scenario at each state to move forward to the next
state. An agent-based greedy approach is not novel for resource optimization. This approach was
satisfactorily employed to optimize dynamic ridesharing, resulting in higher user cost-saving and
minimum vehicle kilometres travelled, integrating multi-passenger rides (Nourinejad and Roorda
2016). The agent-based greedy approach is also employed successfully to model evacuation traffic
plans (Madireddy et al. 2011).

However, one of the drawbacks of the greedy algorithm is that the agent can get confined to the
local optimum (Bang-Jensen, Gutin and Yeo, 2004; Gutin, Yeo and Zverovich, 2002). To
overcome this situation, the agent needs to explore the states beyond the local optimum by
increasing the number of layers or steps for further exploration (future steps). The greedy agent
must probe the layers down the heuristic tree for the minimum or maximum point to proceed

further, similar to A* algorithm, without storing any data (Doran and Michie, 1966).
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2.4.2. Reinforcement Learning (RL)

RL is a branch of machine learning. The concept of RL is based on the core methodology of
learning without any previous experience or available data. The interaction with the environment
generates a wealth of information depicting cause and effect, which leads to the improvement of
actions and achievement of goals. Such interactions with the environment are a significant source
of awareness to decide what action to take next (Hilgard et al. 1961). Inspiring the same perspective
and approach, RL can be considered for the optimization of complex problems, to initiate an action,
or develop a strategy to achieve the goal, with the supplement of reward or punishment as the
criterion for action preference. The structure of RL is composed of four parts: policy, a reward
signal, a value function, and a model. A policy is how an RL agent acts at a given state. The value
function defines the amount of reward/punishment the RL agent receives from the environment,
and the model (optional) mimics the integration of the environment (Sutton and Barto 2018).

Figure 2.6 shows the basic concept of RL.

____________

[ Environment } a'

Figure 2.6: Basics of Reinforcement Learning

RL is a significant paradigm with the artificial intelligence field that has seen broad application
(Polydoros and Nalpantidis 2017). The use of RL for robotics, for instance, is gaining popularity,
where the ongoing refinement of RL is contributing to the rapid development of intelligent robots
(Deisenroth et al. 2013). Moreover, Kormushev et al. (2013) have noted that the exploratory aspect

of RL can be beneficial for the learning process on the part of robots. As another example,
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Lakshmanan et al. (2020) used RL to optimize path planning for floor-cleaning robots to minimize
energy utilization. Their findings demonstrated that the proposed method resulted in a lower-cost
path that took less time to generate compared to a traditional approach. It can generate path in any
pretrained arbitrary environment. As mentioned above, RL is now being used in healthcare as well,
for applications ranging from automated disease diagnosis, to dynamic treatment of chronic
diseases, as well as various control and scheduling problems in healthcare administration (Yu et
al. 2021). As mentioned, RL is also being used for Natural Language Processing (NLP) within the
field of data mining, with the increasing importance of big data analytics. The use of RL is to
gather important and relevant information (Paulus et al. 2017). Car industry is working on

developing a self-driving cars based on RL (Kiran et al. 2021).

Nevertheless, the application of RL in construction is still in its infancy. Sartoretti et al. (2019)
used RL to solve a multi-robot construction problem, where agents were used to arrange simple
block elements into a specific structure. The agents collaborated to build the structure under a
single centralized policy and critic learning. The results showed that RL can be successfully
applied to assemble a structure using robots, where the robots learn and refine the procedure
accordingly (Sartoretti et al. 2019). Similarly, Apolinarska et al. (2021) used RL to control robotic
movement in the assembly of lap joints for custom timber mats. Their results demonstrated that
the policy of RL can be generalized according to real-world situations that may not be seen in
training data for robotic machine learning (Apolinarska et al. 2021). Soman and Molina-Solana
(2022) used RL for the automating look-ahead schedule generation for construction. They
employed RL to link the data-driven constraints in order to generate a schedule of construction
activities. They found RL to be capable of generating a conflict-free look-ahead schedule, and to
do so in less time compared to conventional methods. In general, their study showed that RL can
be useful and applicable as a decision support system for construction activities, demonstrating
that, with the help of RL as the main machine learning algorithm, fully autonomous earth-moving
heavy equipment are able to operate without any human intervention. Kurinov et al. (2020) used
RL to train an excavator to perform earth-moving activities. The excavator trained using RL
successfully loaded the hopper within the required time, avoiding obstructions, and was able to

perform the required behaviours after only a short training time.
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The numerical formation underlying RL, it should be noted, is based on the Markov Decision
Process proposed by Bellman (1957) and further developed by van Otterlo and Wiering (2012).
According to this theory, future decisions depend upon the current state, not the previous outcome.
The state transition probability defines the selection of the next state. For RL, this transition is
based on the reward the RL agent receives at the current state (Bellman 1957). Q-learning is among
the best known RL algorithms, Q-learning being a model-free approach that can optimize the
stochastic states and rewards (Lillicrap et al. 2015, Sutton and Barto 2018). Q-learning, though it
derives its basics from Bellman's finite Markov decision process, was introduced decades later by
Watkins (1989). In Q-learning, the learning process follows a pattern similar to that of temporal
difference learning (Sutton 1988). The RL agent learns from the current state's reward or
punishment, decides based on the expected future state, and updates the current state accordingly.

The equation of Q-learning is as shown in Equation (17):

Q(spap) = Q(s,a)(1 — @) + a{Ry + ¥y maxQq(Se41,a)} (17)

where Q(s;, a;) is the value of Q at the state s; after employing the action a;, « is the learning
rate, y the discount factor, R, the reward received by the agent at the state s; after taking the action
a; based on the value function for reward, a the successive action to reach s;,; and maxQ, is the
value of Q of the following state (from a set of possible immediate future states) with a maximum
Q value. This way, the value of Q for each state is refined and updated with each episode. The
policy of the RL agent is to maximize the reward and minimize the steps (number of actions) in
between. Due to its off-policy approach, the action taken by the agent depends on the future
maximum Q value, not the reward it will get at that state (Watkins 1989, Watkins and Dayan 1992,
Sutton and Barto 2018).

State-Action-Reward-State-Action (SARSA) was proposed by Sutton (1996), as an on-policy
temporal-difference control algorithm and an evolution of Q-learning (Wang et al. 2013). An on-
policy agent, it should be noted, learns only about the policy that it is executing. Any action on the
part of the agent is taken in consideration not only of all the current states but also the next state
in its pursuit of the maximum reward. The significant advantage of the on-policy algorithm is its
quick convergence (Wiering and Van Hasselt 2008). The value of Q(s;, a;) is estimated by

applying a; in state s;, as shown in Equation (18):
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(spar) = Q(s,a)(1 —a) + a{Re + ¥ Qa(Se41, A1)} (13)

Looking at the Q-learning and SARSA algorithm in Equation (17) and Equation (18), there are
two factors involved: learning rate a and the discount factor y. Researchers and practitioners value
both these factors between 0 and 1. The learning rate controls how much the newly acquired
information supersedes the previously gathered information. The RL agent will learn nothing when
the learning rate value is 0. While the learning rate of 1 forces the agent to credit only the most
recent information. The discount factor determines the significance of future rewards. The
discounted factor of 0 makes the future reward value null and void, and the RL agent becomes
"shortsighted" (Sutton and Barto 2018). On the other hand, a discount factor value of 1 will drive
the agent to take future rewards more strongly, making it "farsighted" (Sutton and Barto 2018).
Most researchers have used a learning factor of 0.1 and a discount factor of 0.9 (Sutton and Barto

2018). Q,(S¢4+1,a¢41) can be calculated using Equation (19):

Qa(St+1,Ar41) = e meanQq(se41, @) + (1 — )maxQq(Se41, @) (19)

Another factor introduced in Equation (19) is €, which defines the greedy policy. It creates an
equilibrium between the maximum Q-value and the weighted sum Q-value for the following
expected action. The change initiated in SARSA directs the agent towards convergence,

integrating future rewards.

2.5. Allowable soil bearing capacity for crane work

It is worth noting that most crane-related accidents on construction sites are linked to soil stability
(11%), and mobile crane fatalities account for (approximately) 84% of all the fatalities involving
cranes/derricks (Beavers et al. 2006). The number of accidents linked with soil stability shows that
proper estimation of allowable soil bearing capacity is essential for a safe lift. In poor soil support,
the crane track/outrigger/crane mat can sink in the ground, resulting in crane tipping leading to an
irreversible chain reaction of crane overturning. Figure 2.7 shows an example of crane tipping in
general. Due to the poor ground support, the crane track presses the ground at the front of the track,

resulting in the rear track rollers leaving the track and ground (see Figure 2.7).
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It is critical to prepare the ground for safe crane lifting activities. The status quo approach is to
prepare the ground by backfilling with aggregate and compacting it to make it suitable for crane
work (as shown in Figure 2.8). In most cases, an extra layer of crane mats is used underneath the
mobile cranes to increase the safety of the crane operation. The whole exercise of area preparation
can become expensive if the practitioners do not adequately calculate soil bearing capacity to judge

the soil stability.

Rear of crawler crane close to tipping Front of crawler crane close to tipping
Rollers no more in contact with the crawler tracks Pressing of ground due to poor ground support

Figure 2.7: Crane tipping due to poor ground support

Considering the allowable soil bearing capacity calculations, in 1857, Rankine proposed the first-
ever approach (Du et al. 2017). Later, Terzaghi (1943) presented a formula to calculate the ultimate
soil bearing capacity under a foundation. The crane track/outrigger/crane mat is a foundation for
estimating soil bearing capacity calculations for crane work. Meyerhof (1963) further refined the
equation to add some factors. Later, Hansen (1970) and Vesic (1975) refined these factors to

develop and refine the soil bearing capacity equation.

The traditional approach employed by crane rental companies for determining the allowable soil
bearing capacity is to simply use the information provided by the client. However, this approach
fails to take into account the impact of crane tracks/outriggers/crane mats on the allowable soil
bearing capacity (Onyelowe 2017, Du et al. 2017, Gaonkar et al. 2021, Patwardhan and Metya
2021, Tahmid et al. 2021). The research conducted in this thesis utilizes the equations developed
by Terzaghi (1943), Meyerhof (1963), Hansen (1970), and Vesic (1975) to calculate the soil
bearing capacity based on the crane ground footing. For the foundation design and construction
stability, these soil bearing capacity calculation approaches are used widely by practitioners in the

construction industry (Tahmid et al. 2021).
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Area Preparation for
Crane work

Figure 2.8: Area preparation for crane work to avoid ground settling and crane tipping
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CHAPTER 3: GROUND BEARING PRESSURE UNDER MOBILE CRANES

This chapter summarizes the notable advancements in the calculation of GBP. As stated in
Chapters 1 and 2, the traditional method of calculating ground bearing pressure (GBP) under a
crawler crane is slightly different than the method for hydraulic cranes. Accordingly, this chapter

is divided into two main sections, one for each of these crane types.

The crawler crane section of this chapter discusses the research carried out on GBP calculations
and the development of a novel method. To verify the method, two crane examples are also
presented in this section. The values are counter-checked against traditional values and then

against finite element analysis (FEA) results.

The hydraulic section covers the work executed on the GBP calculations under hydraulic crane
mats. The developed algorithm is discussed, and the values are later obtained for verification
purposes. One hydraulic crane example is conducted to verify the methodology. The results

obtained are later compared against the manual values and the FEA results.

The development of a visual basic (VB) application, ‘CoLMA’, is then discussed. The application
‘CoLMA’ is based on the algorithm developed for hydraulic crane GBP calculations. As discussed
below, the practical advantage of using ‘CoLMA’ is that it can display GBP in a graphical form for

the practitioner's ease.

3.1. GBP under crawler cranes

Given the research gap with respect to GBP calculations, for the purpose of the present study we
begin the GBP calculation from scratch and develop a novel set of algorithms by which to compute
GBP under crawler crane tracks. The method developed herein is based on the basic concept of
combined loading (Hibbeler 2011). Moreover, for the verification of this new methodology, FEA
is used. In the research presented herein, the calculation of the GBP under the crawler tracks is
simulated using ANSYS simulation software (version 19.2). A crane model is built in the FEA
platform to develop a realistic setup for the analysis. Based on the weight of each of the crane’s
components, a map representing the distribution of the pressure exerted on the ground is developed
as the superstructure rotates, mimicking a real-life lift. The research presented herein compares
GBP values selected at specific locations from the FEA pressure map with those calculated using
the new methodology developed. Later, these values are compared with the GBP software/chart
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values to check the difference. This study will provide practitioners with an in-depth look at how
the GBP changes throughout the track bearing area. Likewise, with high-capacity cranes on
construction sites to move heavy modules, which are getting heavier and heavier due to
modularization, it is not advisable to overlook the GBP at the corners of the crane track. The
traditional calculation method can be misleading by ignoring the values at the edges of the crawler
track and assuming an average for a uniform distribution of GBP. A decade ago, these variations
in GBP could have been ignored, but now, due to the modularization, every lift is categorized as
critical and ignoring these minor variations can lead to severe consequences resulting from the

ground failure.

As stated before, advances in modular construction have increased the usage of heavy cranes, and
heavy crawler cranes in particular. It would be naive to underestimate the GBP under the crawler
crane tracks by assuming it is uniform along the width of the crawler crane track. Modularization
is becoming more widely adopted for industrial projects and in infrastructure and residential
projects. For this reason, the overall number of cranes and critical lifts has increased, increasing
the number of crane accidents (Abdul Hamid et al. 2019). The research conducted examines the
limitations of 4-point GBP calculations and, in particular, makes it evident that it is critically
important to consider these limitations given the increased use of heavy crawler cranes for modular

construction.

3.1.1. Methodology for GBP under crawler cranes

The GBP under the crawler crane tracks is a typical example of combined loading (Hibbeler 2011).
Before computing the GBP values under the crawler track, it is imperative to know the resultant
forces due to the weight of the crane parts, including payload and their locations. For ease of
calculations and reference, the crane load bearing track area (A1 & A2), the width of the track B,
length of the track L., the distance of track from crane track bearing area centroid s, the resultant
W (sum of all the weights acting on crawler tracks), location R, and 8 from x-axis can be drafted
on a Cartesian coordinate system as shown in Figure 3.1. The resultant W is the sum of all crane
part weights, but the location of W, in the form of R (location of the resultant weight W from the
crawler crane track bearing area centroid) and 8 (angle from x-axis) depends on the crane parts’
COQG, their location, and crane slew angle a from x-axis (Becker 2001). These calculated values

are mandatory to determine the combined loading on the track’s load-bearing area.
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Crawler Crane Tracks

Figure 3.1: Crawler crane track bearing area on Cartesian coordinate system

Combined loading combines normal forces, shear forces, the overturning moment, and the
torsional moment acting on an area of a body under investigation. Hibbeler (2011) commented on
combined loading in detail. In the case of the crawler crane track area, it is assumed that no
deformation occurs for GBP calculations, so shear force and torsional moment are deemed
negligible. The normal force results from uniform normal-stress distribution based on the weight
W and area (A1 + A2). The whole weight of the crane is anticipated to be offset from the centroid
(X,Y) of the actual track bearing area (ATBA), as shown in Figure 3.1. This offset creates a
overturning moment along the x-axis and y-axis. The edges/corners of the crawler track P;(x;, v;),
where i = 1,2,---, 8, are used to calculate the 8-point GBP values, to determine the GBP profile.
The value of normal stress remains the same across the profile, but the value of overturning
moment at a particular location depends on how far away that location of W positioned from the
x-axis and y-axis. The stress o; due to the overturning moments, plus the normal forces at a
particular location can be derived as shown in Equation (20).

w WR(cos8)y; N WR(sinf)x;

T AL+ A2 Lx Iy

0;

(20)
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I and I, in Equation (20) are the moments of inertia of ATBA along the x-axis and y-axis,
respectively. It is vitally important to mention that the compression stress is assumed to be positive
for calculations for this analysis, and tensile stress is assumed to be negative. The first part of
Equation (20) consists of the normal stress due to the weight of the crane acting on the ATBA
(A1 + A2), and the second and the third parts of Equation (20) are the overturning moments

operating along x-axis and y-axis, respectively, as shown in Figure 3.2.

—1 Stress due to

& e normal forces

s‘@l-‘(f’ V / > > w
L 0, =
> P
e WL e A1 + A2
’ e

Crawler Crane Tracks

Stress due to overturning
moment along X-axis

WR(Cos8)y;

gmax - I
xx

Srawler buane laeks Crawler Crane Tracks

Stress due to overturning " WR(Cos8)y; WR(Sin8)x;
L + 4

moment along Y-axis o = YYD 7 ;
. +
WR(Sind)x; e Y
Omax = 1—

Yy

Figure 3.2: Combined loading on the actual track bearing area (ATBA)

The central part of Equation (20) is the ATBA, which can be readily calculated using Surveyor’s
area formula, as shown in Equation (21) (Braden 1986). Moreover, the ATBA can also be obtained
from the crane manufacturer’s specifications sheet.

n

1
Area = 5 Z Xi(Vit1 — Yi-1) (21)
=1
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For the estimate of overturning moment, the moment of inertia of ATBA (I, and [,,,,) needs to be

evaluated, using Equations (22) and (24) (Hally 1986). Hally (1986) also specified that the vertices

of a polygon n should be numbered in a counterclockwise direction.

n
1
Ly = EZ(xiyi+1 — X1 Y) (efq + X7+ x32041) (22)
-1
1 n
Ly, = EZ(xinl — X1V W1 + ¥+ YiVied) (23)
i-1
1 n
Iy = ﬁZ(xiyi+1 = X1 YD) [Xiv1Yi + xiViv1 + 206y + Xip1Yien)] (24)
i=1

Using Equation (20), along with Equations (21), (22), and (23), the GBP under the crawler track
at any spot can be calculated. In the context of the present study, the most significant locations are

the corners of the track, which formulate the profile of GBP pressure, as shown in Figure 3.2.

Observing the overturning moments, the neutral axis is located where the stress is 0. When the
stresses due to normal force and overturning moment are added together, as per Equation (20), the
neutral axis, most of the time, lies outside the boundary of the ATBA, which leads all 8-point GBP
values to be compressive. The distance from this neutral axis to the centroid (X,Y) of the ATBA

and from the neutral axis to the edge of the ATBA depends on the value of R.

If the neutral axis enters the ATBA, the stresses are projected to be compressive on one side of the
neutral axis and tensile on the other (Hibbeler 2011). Because the crawler crane track is not in
bonded contact with the ground, the track will show 0 GBP in the tensile stress area. This tensile
stress area changes the whole scenario by shifting the centroid and reducing the ATBA (A1 + A2)
to the effective track bearing area (ETBA) (A 1+ AZ'). The value of R determines whether the
ETBA is equal to ATBA or is less than ATBA. Equation (25) provides the effective track bearing
area cut-off Er. When the value of Ef is plotted against the angle 8, a polygon of 4 sides is projected
as shown in Figure 3.3, which denotes a boundary for ETBA and ATBA. If R < Ef, the ETBA is
equal to ATBA. In the event where R > Ef, the ATBA is reduced to the ETBA. If the location of

W in the form of R remains within the projected boundary of E, the ATBA is used for the 8-point
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GBP values. When the location of W is outside the projected boundary of Ef, the ETBA is used

for the 8-point GBP calculations.

L.(BZ + 1252)

[(BZ + 12s2) cos 6 + L,(2s + B,)sinb] (25)

Effective Track Bearing Area Cut — of f = Ey = 5

Where,

s = the distance from the crane center to the center of crawler width/outrigger,
B; = the width of the track, and

L, = the effective track length/distance between two outriggers (lengthwise).

6 = Angle of resultant W from x-axis

R > E;
Al + A2 < A1+ A2

R < E;
Al + A2 = A1+ A2

Figure 3.3: Effective track bearing area (ETBA) cut-off for a generic crawler crane track

In order to obtain the GBP values while the payload is at the front and R > Ef, the GBP points at
the rear shift closer to the centroid, with a new assumed set of points P; (xlt, y; ) The updated points
P; (xlt, y; ) creates an updated edge of the track aligned with the neutral axis, thus making the rear

edge the neutral axis (see Figure 3.4). The neutral axis passes through these points at the rear of

the crane to exert 0 GBP. Due to the transition of these points, the ATBA (A1 + A2) shrinks to
ETBA (A 1+ AZ/), which in turn moves the location of the centroid (X,Y) to (X', Y"), as shown
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in Figure 3.4. Moreover, the axes also move from the previous centroid to the new location as x'-
axis and y'-axis. Due to the transposition of the axis, the GBP points further realign themselves to

P (x";, "), using Equation (26).
P (x,y)= (i +X,y; +Y) (26)

The updated values of I, -, I, and I~ are determined using Equations (22), (23) and (24).

However, the principal axis must be defined to create the neutral axis aligned with the GBP points
at the rear. An angle f inclines the x"-axis and y'-axis to overlap the principal axis, calculated using

Equation (27) (Hibbeler 2011).
2Ly

tan2ff = ——
an ﬁ (Ix'x' — [y,y,)

27)

With this angle f, the x'-axis and y’-axis are rotated with respect to the principal axes as shown in
Figure 3.4 as x"-axis and y"-axis. The rotation of these axes further alters P; (x;,y;) to

P, "(x;,y; ), which can be calculated using Equation (28).

P (x;,y; ) = (x; cos B +y; sinB,—x; sinB +y; cosp) @9

At this juncture, the assumption is that the payload is at the front of the crane, which means that
P, =P, P, = P,, P; = P, and P, = P,. At the rear, points are different; however, as the points
are on the edges of the crawler track, Y3 = V3, ¥4 = ¥4, ¥, = y7 and yg = yg. This change reduces
the number of variables to x5, x4, X, and xg. The constraint for these points is that they cannot

leave the boundary of the ATBA, as shown in Equation (29).

L,

X3, X4, X7, Xg = 2 (29)
X3, X4, X7, Xg

To calculate the GBP, the values of I,y -and 1, need to be updated to I -and I~ with respect

to the x"-axis and y"-axis and also due to the upgraded track edges Pl-' " Due to the shift and rotation
of the axes, the values of R and 8 also transform to R~ and 8 . Equation (20) is updated with these
new values to obtain the GBP for ETBA in the form of Equation (30).

, w WR (cos8 )y, WR (sin® )x;
Al + A2 Loy Ly
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The line joining the points at the rear is parallel with the neutral axis situated at the updated centroid
without the normal stress, as shown in Equation (31), which also works as constraints (Hibbeler
2011). Additionally, the points on the rear join together to form a line, which means the gradient
of the line joining two points should be equal to the gradient of the line joining the other points, as
shown in Equation (32). Moreover, the values of o3, 0y, 05,04 are constrained to be positive

(compressive in nature), as shown in Equation (33).

. o o
tan~1 (u) +180° = tan-1 <”—()> 31)
x8 — x7 lelxll
WV W W W W Y
et e s e s e e e
03;,04;, a},aé >0 (33)

The value of o; is required, at the same time, the objective function is to minimize the GBP values

at the rear, with the variables x5, x,, x, and xg, as shown in Equation (34).
Min z = 03 + 0, + 0, + 0g (34)

To solve such complex GBP problem, which is nonlinear, it is appropriate to use a generalized
reduced gradient (GRG). The GRG approach is one of the algorithms used to solve nonlinear
optimization problems (Drud 1985). GRG was first introduced for solving linear optimization
problems (Smeers 1977). Later, this approach was introduced to solve nonlinear programs with
the addition of polyhedral constraints (Wolfe 1963). A GRG module of MS Excel solver was
introduced in 1990 after the successful launch for Lotus 1-2-3 (Fylstra 2019). In the present study,
an Excel solver is utilized for solving the GBP quadratic equations to obtain the eight points on
the ETBA that satisfy all the constraints. If the payload is at the rear, the whole process is

performed in reverse order.

To verify the proposed methodology, finite element analysis (FEA) is used to simulate the crane
slew. The GBP values under the ATBA are collected from FEA and crane matched with the values
obtained from Equation (20). For the ETBA, the area under the crane model in FEA is regulated

to obtain the values, and later, are compared with the values obtained from Equation (30).
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To develop the FEA model, the weights of various parts of the crane and their centroids are
required, which are provided by the manufacturer of the selected crawler crane. The next step is
to develop a crawler crane model. For this, all the major dimensions of the crawler crane under
investigation are obtained from the 3D AutoCAD drawing of the model. ANSYS Workbench
(version 17.1) is used to carry out the FEA in the present research. All parts (carrier, superstructure,
boom, mast, and load) are assumed to be rigid. In general, the load-bearing length of the track is
smaller as compared to the actual length of the track and in the case of a solid surface, the effective
width is also shorter as compared to the actual width of the track. To obtain these readings, a thin
plate (=25 mm thick) of dimensions equal to the bearing length and the bearing width is placed
under each track. This thin plate functions as a sensor to obtain the values for the pressure exerted
by the tracks. The developed crane geometry is uploaded to a static structural mechanical
workbench APDL solver. The stiffness behaviour of all crane parts is assumed to be rigid to
consider forces only, with the exception of the thin plates under the tracks, which are assigned
flexibility in order to measure the track pressure. The lowermost surface of the plates is loaded
with fixed support. The weights and COGs of the various crane parts are adjusted by adding
material blocks until the overall weight and COG of each part corresponds with the available data.
The model is then loaded with gravity. After the model is solved, the results are assumed to be
normal stress and minimum principal stress. (When only the three normal stresses remain, and all
the shear stresses are zero, these normal stresses are known as principal stresses.) ANSY'S provides

negative values of principal stresses due to compression.

3.1.2. Case studies for the verification of new methodology

It is important to mention that this novel method is applicable to any type of crawler crane. The
case study has been selected to reflect what is likely to be encountered in modular construction. In
general, when heavy modules are required to be lifted, a crawler crane is the crane of choice (when
spatial constraints allow for it) since, in some instances, the crane walks with the payload before
installation. For the case studies, two crawler cranes are selected. One is American Hoist AH-
11320 (450 metric ton capacity), and the second is Manitowoc 18000 (750 metric ton capacity).
For each crane, two case examples are developed for the verification of new methodology, one

where R < E; and other where R > E. These case examples sum up to 4 case studies, two for

each crane.
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American Hoist AH-11320 is a crawler crane designed in compliance with ANSI B30.5 (published
in 1968) (ASME 2018). It is an 1100 series crane with a lifting capacity of 450 metric ton with a
standard configuration. The lift rating of AH-11320 indicates that the “Sky Horse” configuration
increases the load moment (American-Hoist 1979). Note that the crane's lifting capacity, as per the
lift rating of AH-11320, can be increased to 544 metric ton by using the “Guy Derrick”
configuration (American-Hoist 1979). Moreover, The lift rating of AH-11320 also states that the
crane's lifting capacity can be further increased to 907 metric ton by using the “Super Sky Horse”
configuration (American-Hoist 1979). These high capacities imply that the manufacturer designed

the crane structure for heavy loads.

For this reason, the manufacturer of the AH-11320 called this crane a 6-in-1 machine, with
Standard, Jib, Tower, Sky Horse, Guy Derrick, and Super Sky Horse configurations (American-
Hoist 1979). The configuration of the crane AH-11320 used in this research is listed in Table 3.1.
Regardless of the crane configuration, the arrangement of ATBA remains the same, and only the

capacity and the weight of the crane increase.

Table 3.1: Crane configuration for case examples

Description Crane
1 Crane American Hoist 11320 Manitowoc 18000
2 Capacity of Crane 450 metric ton 750 metric ton
3 Configuration Standard Standard
4  Boom 45.7 m (150 ft) 85.3 m (280 ft) #55 OR #55A
5  Carbody Counterweight 0 kg 145,150 kg (320,000 1b)
6 Superstructure Counterweight 104,330 kg (230,000 1b) 239,500 kg (528,000 1b)

The crane model of AH-11320 with a dummy load as the payload was developed for FEA for GBP
simulation. A picture of the crane AH-11320 and the FEA crane model is shown in Figure 3.5a. It
1s essential to obtain the same GBP values by crane matching the FEA crane model (AH-11320)
part weights and their respective COGs with the manual calculations. Part weights and COGs are
enumerated in Table 3.2, along with the crane parameters L., s and B;. This data was acquired

from the crane manufacturer in drawings or software, as depicted in Figure 3.6.

Manitowoc 18000 is a crawler crane designed in compliance with ASME B30.5 (ASME 2018). It
has four configurations: standard, Luffing Jib, Fixed Jib, and MAX-ER for maximum lifting
capacity (750 metric ton) (Manitowoc 2019). The configuration of Manitowoc 18000 is listed in
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Table 3.2, along with the configuration of AH-11320. A crane model for Manitowoc 18000 was
developed for FEA with a dummy load as the payload for the GBP simulation. A picture of
Manitowoc 18000 and the FEA crane model is shown in Figure 3.5b. The crane part weights,
COGs, and crane parameters, L,, s and B, are listed in Table 3.3 and are taken from Manitowoc

GBP software (see Figure 3.6).

(a) American Hoist AH-11320 crane with its FEA model  (b) Manitowoc18000 crane with its FEA model

"y

Figure 3.5: (a) American Hoist AH-11320 with its FEA model, (b) Manitowoc18000 with its FEA

model

Table 3.2: American Hoist 11320 crane part weights and respective COG locations

Description Manual Calculations FEA Values
1 Superstructure weight (metric ton) 172.55 172.55
2 Superstructure COG from crane center (m) -3.91 -3.91
3 Undercarriage weight (metric ton) 101.56 101.56
4 Undercarriage COG from crane center (m) 0 0
5 Length L, of load-bearing crawler track (m) 6.89 6.89
6 Distance s between crawler tracks and axis (m) 3.32 3.32
7 Effective width B, of crawler tracks (m) 1.52 1.52
Case 1
8 Boom weight (metric ton) 22.23 22.23
9 Boom COG from crane center (m) 6.37 6.37
10 Payload (metric ton) 54.00 54.00
1 Crane radius (m) 10.97 10.97
Case 2
12 Boom weight (metric ton) 22.23 22.23
13 Boom COG from crane center (m) 9.59 9.59
14 Payload (metric ton) 54.00 54.00
15 Crane radius (m) 17.41 17.41
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Table 3.3: Manitowoc 18000 crane part weights and respective COG locations

Description Manual Calculations FEA Values
1 Superstructure weight (metric ton) 346.35 346.35
2 Superstructure COG from crane center (m) =5.99 =5.99
3 Undercarriage weight (metric ton) 249.72 249.72
4 Undercarriage COG from crane center (m) —0.18 -0.18
5 Length L, of load-bearing crawler track (m) 8.84 8.84
6 Distance s between crawler track and axis (m) 4.27 4.27
7 Effective width B, of crawler tracks (m) 1.27 1.27
Case 1
8 Boom weight (metric ton) 118.360 118.36
9 Boom COG from crane center (m) 11.26 11.27
10 Payload (metric ton) 50.00 50.00
11 Crane radius (m) 25.92 25.92
Case 2
12 Boom weight (ton) 118.36 118.36
13 Boom COG from crane center (m) 11.26 11.27
14 Payload (ton) 80.00 80.01
15 Crane radius (m) 25.92 25.92
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Figure 3.6: Crane parts and respective COGs (American-Hoist 1979, Manitowoc 2019)
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3.1.2.1. Case studies for American Hoist AH-11320 (450 metric ton)

As previously mentioned in the methodology section, there are two case scenarios for AH-11320:

one where R < Ef, and the second case scenario where R > Ef, which leads to the reduction of
the ATBA to the ETBA along the boom slew angle. Both case scenarios for AH-11320 are
described in Table 3.2. An identical payload is used for both cases, but at a different lifting radius
so that R can be altered to achieve the effective area cut-off (E) for both cases. Before proceeding
to the FEA simulation, it is necessary to obtain the GBP values using the traditional 4-point loading
system, which can be collected from the available GBP chart for American Hoist AH-11320
(American-Hoist 1979).

Surprisingly the centroid (X,Y) of the ATBA for AH-11320 is the same as the rotational axis of
the superstructure, resulting in symmetry for the GBP profile along the x-axis and y-axis.
Typically, the manufacturers design the cranes so that the ATBA centroid and the rotational axis
lie on the same point. This design means it is possible to use the same load chart (chart showing
rated capacities of the crane at various lifting radii) for the front and rear without any modification.
If the ATBA centroid and the rotational axis differ, the load chart at the crane front differs from
the crane rear. The American Hoist AH-9310 crane is a typical example of this scenario, where
the manufacturer designs the centroid of the track bearing area to offset from the rotational axis of
the superstructure. The crane's capacity at the front is different from at the rear at the same lifting

radius (American-Hoist 1973).

3.1.2.1.1. Casel: R < Ef

In this case scenario, the ETBA is the same as the ATBA (A1 + A2 = A1 + A2). The normal
stresses are compressive across the ATBA. The calculations are straightforward, as described in
the methodology. The 4-point GBP values are used to compare the 8-point and FEA GBP values.
For this case study example, the crane superstructure is rotated from 0° to 180° in increments of
15°. The 4-point GBP values are displayed in Figure 3.7a. The manual calculations using Equation
(6) along the respective superstructure slew angle are plotted against the 4-point values obtained
from the GBP chart for the AH-11320 crane (Figure 3.8). Moreover, the FEA model is also rotated

in increments of 15°, and the values obtained are plotted against the 8-point manual calculations
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and 4-point values from the GBP chart (see Figure 3.8). The main concern is the variation of these

8-point GBP values from the 4-point values.

(a) AH-11320 GBP Values (4-points) Case-1: R < Ef (c) Manitowoc 18000 GBP Values (4-points) Case-1: R < Ef
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Figure 3.7: (a & b) 4-point GBP for AH-11320 and (c & d) Manitowoc 18000 (Case 1 and Case
2)

It is satisfactory that the FEA results are close to the 8-point GBP manual calculations with an
average error of 0.05 metric ton/m? and a standard deviation of 0.03 metric ton/m? (sample size of
180/15) which provides validation of the developed methodology with a percentage mean error of

0.16% (standard deviation of 0.08%) with respect to the average FEA value of 34.05 metric ton/m?.

3.1.2.1.2. Case2: R > Ef

In this scenario, the ETBA (A1 + A2) is smaller than the ATBA (A1 + A2). The 4-point GBP
values are shown in Figure 3.7b. The GBP values for the left and right-rear are 0 ton/m? at the start
(0° boom slew angle), then increase from 0 ton/m? after 15° crane slew angle, but the pressure
under the right-rear remains the same until a boom slew angle of 45°. As the centroid of ATBA 1is
concurrent with the axis of rotation, the GBP profile for left and right-rear are identical in mirror
image across crane slew angle of 90°, which shows that the x-axis and y-axis work as axes of

symmetry for the GBP profile.
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For the manual calculations, the ATBA decreases to the ETBA as the crane rear GBP points shift
further towards the centroid, with the load at the crane front. For the FEA simulation, the ETBA
is used for the GBP values. If the load is at the rear of the crane (90° to 270°), the front load bearing
points move closer to the centroid. The manual 8-point calculations using GRG for nonlinear
optimization and the FEA values are plotted against the 4-point values in Figure 3.9. The right-

front and the right-rear GBP profile are symmetrical but opposite in direction (see Figure 3.9).

Pressure Difference at Left Rear AH-11320 Case-1 Pressure Difference at Left Front AH-11320 Case-1
025 0.25
oA, Loabal
0.20 ‘,-"‘ ~k 0.20 LT A a -~
o ~. Left Rear o015 oA A Left Front
0.15 r's i PR AT
. re 0.10 .TA A
0.10 A . A P3Manua 4 A A P1Manual
E 7 N £ 005 L7 Y
= 005 &, N = §. .
H ! ® P4 Manual § 000 - — ® P2Manual
S 000 .- - < . - ®
E o 0%
g 0.05 . ~.= P3FEA g . I ~.- PLFEA
.. 0.10
0.10 & L4 .
K} 0.1 e
. o e P4 FEA @ e < O[] e P2 FEA
0.15 X ] @ W -0.20 L
0.20 0.2
R L A S, S K TR S R L R R, S S KK
Superstructure Slew Angle Superstructure Slew Angle
Pressure Difference at Right Rear AH-11320 Case-1 Pressure Difference at Right Front AH-11320 Case-1
0.30 0.30
02 Y UL 025 e -
rb “‘\ —— Right Real Piie A A A ‘ N —— Right Front
0.20 A ~a 0.20 ik A
)Se N 0.1 PR | \‘t.
NE 0.15 . A A P7Manual A s, A PS5 Manual
= . N € 0.10 - a
IS N y N
o 0.10 A A = LA ",
< s “ ® P8 Manual § 005 - 2 o poManual
S 005 & - o .. .
0.00 i.” - --= P7FEA g 0.05 . ' .- PSFEA
o 'y o o .
. . . weseei PG FEA 010 L4 L". SR wwnniese PG FEA
e .02 i 015 LA B
0.15 0.20
NI X I ISR I S D P ® NP E P H PSS
Superstructure Slew Angle Superstructure Slew Angle

Figure 3.8: Deviation of manual and FEA 8-point GBP values from 4-point GBP values (AH-
11320 Case 1)

3.1.2.2. Case Studies for Manitowoc 18000 (750 metric ton)

Following the same approach, there are two case scenarios for Manitowoc 18000, one where R <

Ef, and the second case scenario is where R > Ef (see Table 3.3). To simulate these two scenarios,

different payloads are used for each of the case studies but using the same lifting radius so that R

can be altered to achieve the effective area cutoff E; for both cases. Before proceeding to the
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simulation, the GBP values must be determined employing the traditional 4-point loading system,
which can be obtained from Manitowoc online GBP freeware as shown in Figure 3.7¢ and Figure

3.7d (Manitowoc 2019).
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Figure 3.9: Deviation of manual and FEA 8-point GBP values from 4-point GBP values (AH-
11320 Case 2)

In the case studies of the AH-11320 crane, different loads at the same radius create the same value
of R, but for the Manitowoc 18000 crane, different values of R are generated. The reason is that
the COG of the crane undercarriage is offset from the crane’s rotational axis of the superstructure.
However, the centroid (X,Y) of ATBA for the Manitowoc 18000 is the same as the rotational axis
of the superstructure. Due to the centroid constraint and undercarriage COG offset, the load chart
is the same for the front and rear, but the GBP profile is different because R and 6 vary with respect

to the crane superstructure slew angle a.

47



3.1.2.2.1. Casel: R < Ef

In this scenario, the ETBA remains the same as the ATBA (A1 + A2 = A1 + A2). For this case
example, the crane superstructure is rotated from 0° to 180° in increments of 30°. The 4-point GBP
values are shown in Figure 3.7c. The maximum GBP value is when the payload is at the rear of
the crane, as the COG is offset from the rotational axis and closer to the rear of the crane. The
manual calculations using Equation (6) along the respective superstructure slew angle are plotted
against the 4-point values obtained from Manitowoc software (Manitowoc 2019). Similarly, the
FEA model is also rotated, and the results are plotted against the 8-point GBP manual calculations

and the traditional 4-point GBP values (see Figure 3.10).
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Figure 3.10: Deviation of manual and FEA 8-point GBP values from the 4-point GBP values
(Manitowoc 18000 Case 1)
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3.1.2.2.2. Case2: R > Ef

In this scenario, the ATBA (A1 + A2) depreciates to the ETBA (A1 + A2"). The 4-point GBP
values are shown in Figure 3.7d. The GBP values for the left-rear and right-rear are 0 metric ton/m?
at the start (0° boom slew angle). The GBP values under the left-rear increase from 0 metric ton/m?
midway to 30°, but the right-rear values remain constant until the boom slew angle is 30° and later
increases from 0 metric ton/m?> midway between 30° and 60°. The centroid of ATBA is aligned
with the axis of rotation; however, the COG of the crawler (undercarriage) is offset from the
rotational axis. For the manual calculations, the same GRG nonlinear optimization technique is
used as before. For the FEA simulation, the ETBA is used for the GBP values. The manual §-point

calculations and the FEA values are plotted against the traditional 4-point values in Figure 3.11.

3.1.3. Outcome and verification

Considering Case 1 for both of the crawler cranes, it can be seen in Figure 3.8 and Figure 3.10 that
the maximum difference of 8-point and 4-point as well as FEA values to 4-point occurs when the
angle 8 is 90° (a difference of £0.9 metric ton/m? between 8-point versus traditional 4-point and a
difference of 0.9 metric ton/m* between FEA values versus traditional 4-point). This variation is
also shown in Appendix A. It is important to note that if the COG of crawler undercarriage is the
same as the centroid (X,Y) of the ATBA, then = a. When the COG of the crawler undercarriage
is offset from the centroid (X,Y) of ATBA, 0 can deviate from the crane slew angle a. The
deviation of 8-point GBP values from the traditional 4-point GBP values implies that the 4-point
GBP values can be limited in real-world scenarios. Furthermore, the variation/difference of 8-point

and 4-point GBP values converges to 0 when the 8 is 0° or 180° (see Appendix A).

Concerning the GBP values, the maximum GBP difference (8-point and traditional 4-point) for
AH-11320 for the given Case 1 scenario is +0.27 metric ton/m? for the right-rear when 8 is 90°.
For the left-front, the maximum variation (8-point and traditional 4-point) is 0.19 metric ton/m?,
while, for the left-rear, the maximum variation (8-point and traditional 4-point) is +0.23 metric

ton/m?.

49



Pressure Difference at Left Rear Manitowoc 18000 Case-2

Pressure Difference at Left Front Manitowoc 18000 Case-2

40 2.5
2.0
e - P A A
. 15 A’ - ' = ‘\
. — Lef r N — Left Front
2.0 .1,)-S-k“ _____ " 1.0 ’ \_‘
- .
o R o 05 z L¥
g 10 O A P3Manual £ . i~ A P1Manual
= -k T 00 & - p
§ - 5 > .
o 00 m - [T d
= P ® P4Manua £ 05 .. ® P2Manua
o - u R ]
E 1o E .10
e --= P3FEA . - = PLFEA
2.0 Y i
¢ 2.0 ... - L e L]
... P4 FEA e —— Y7
3.0 -2.5
Q o o o o o ) Q o N o o Y o
* S O g $ I .
Superstructure Slew Angle Superstructure Slew Angle
Pressure Difference at Right Rear Manitowoc 18000 Case-2 Pressure Difference at Right Front Manitowoc 18000 Case-2
4.0 30
3.0 2 )
;7 20 el
S ‘A— . - A‘
PRE S ST s ——Right Rear y N ——Right Front
20 AT e g ! .
~ ~o 10 ’ \
£ ’ A B 8
’ - o \
T 10 — ¢ A P7Manua E ’ N A P5Manual
Qo ] .
< ," ; E 0.0 :__\‘\ ’.’ i |
S 00 o o ‘.. .
g { @ P8Manua = & ® P& Manual
P £ 10 -'
1.0 - . E
-.— P7FEA i — .= PSFEA
® I ' o 3 ‘ S P e ® N
20 . ...
weeree P FEA [ cranse P FEA
3.0 3.0
N ) ) o O [} o o O N o o o o
R $ o N Ko W& 0 $ B K K K

Superstructure Slew Angle Superstructure Slew Angle

Figure 3.11: Deviation of manual and FEA 8-point GBP values from the 4-point GBP values

(Manitowoc 18000 Case 2)

For the Manitowoc 18000 crane, Case 1 is similar to AH-11320 Case 1 (R < Ef), except the value
of 8. The crane slew angle a is different from 6, which means 6 = 90° when a = 94.54°.
Observing the values, the maximum variation (8-point and traditional 4-point) is +0.9 metric
ton/m? for left-rear, right-front, and right-rear when the crane slew angle @ = 90°. The maximum
difference (8-point and traditional 4-point) for the left-front is +0.8 metric ton/m? provided a =
90°. A bird’s eye view of both the cranes for Case 1 also gives a sense that as the crane capacity
increases, the difference increases between 8-point GBP values and 4-point GBP values, even with
the same payload. It appears that the weight of the crane excluding the payload is a significant

factor in the context of GBP values.

In the case where R < Ef, the calculations are straightforward; however, when R > E;The 8-point
GBP calculations are intricate and extensive. When R = Ef, the edges of the crawler tracks

opposite to the payload are subject to 0 load. As the value of R increases and crosses the threshold
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of Ef, the GBP points at the rear move towards the center of the crane, in parallel with the neutral
axis (Hibbeler 2011). This movement reduces the ATBA to ETBA. Considering Case 2 for the
AH-11320 crane, the variation (8-point and traditional 4-point) of the GBP values is greater than
Case 1 for the AH-11320 crane (see Figure 3.9 and Appendix A). For left-front, the 8-point GBP
offset is +1.4 metric ton/m? and —1.7 metric ton/m? from traditional 4-point GBP values. For the
left-rear, 8-point GBP offset is +1.4 metric ton/m? and —1.8 metric ton/m? from 4-point GBP
values. This significant variation (8-point and traditional 4-point) shows that when the crane is
close to the crane tipping, the actual GBP value is different and worse from the 4-point GBP values.
Moreover, for right-front, the GBP variation (8-point and traditional 4-point) is +1.7 metric ton/m?
and —3.9 metric ton/m? and for right-rear, +1.7 metric ton/m? and —3.8 metric ton/m?. Another
aspect to discuss is the fluctuation of the moment of inertia of the ETBA regarding the crane slew
angle. As the ATBA is reduced to the ETBA, the value of I, also decreases from I,.. The same

is observed in the case of Ly which varies from Ly,,. This variation in the moment of inertia for

AH-11320 Case 2 is shown in Figure 3.12b and Figure 3.12d. The ETBA for AH-11320 Case 2 is
minimum (19 m?) at 0° and 180° (see Figure 3.12a). At the same point, I~ = 212.45 m* and

I+~ = 61.56 m*, which is lower as compared to I, =234.83 m* and I, = 3.13 m* (ATBA

values). The inclination angle is maximum (5.65°) halfway between the minimum ETBA and

ATBA (see Figure 3.12b). After 60°, the inclination angle becomes 0° (see Figure 3.12).

Examining the behaviour of the Manitowoc 18000 crane in the case where R > Ef, the 8-point
GBP values are not symmetrical as observed for the AH-11320 crane. An explanation is that the
crane undercarriage COG is offset from the superstructure rotational axis. With respect to the
variation of GBP (8-point and traditional 4-point) at the left-front, it is observed to be +2.0 metric
ton/m? and —2.2 metric ton/m?, which is significantly higher than Case 2 for the AH-11320 crane
(+1.7 metric ton/m? and —1.7 metric ton/m?). The left-rear 8-point GBP varies from +3.2 metric
ton/m? to —2.2 metric ton/m? compared to the 4-point GBP values. This creates a serious concern
regarding the accuracy of 4-point GBP values obtained from online software because 3.2 metric
ton/m? is equal to 31,381 Pa, which is about 7% of the maximum 4-point GBP value (47.97 metric
ton/m? at @ = 90°) for Case 2 (see Figure 3.11 and Appendix A).
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Change of moments of inertia for the effective area
shifted along inclined X-axis (AH-11320 Case-2)
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Figure 3.12: Factors influencing ETBA along crane slew angle (AH-11320 Case 2)

Moreover, in Case 2 for Manitowoc 18000, the minimum ETBA is 20.47 m? at 180°. The ETBA
profile for Manitowoc 18000 Case 2 is not symmetrical along the x-axis, as it is in Case 2 for the
AH-11320 crane. Moreover, as shown in Figure 3.13b and Figure 3.13d, the minimum value of
Ly =375.52 m* at 180°, as compared to I, =411.84 m* A similar pattern for Manitowoc
18000 is observed for I, the minimum value is 101.82 m*, as compared to 146.18 m* Figure
3.13a. The pattern for inclination angle (Manitowoc 18000 Case 2) for the principal axis (Figure
3.13c¢) is not symmetrical along the x-axis. This shows that as ATBA changes to ETBA, the crane

moves closer to tipping as the area in contact with the ground decreases.

Next, the research presented herein seeks to quantify the difference between FEA values and the
8-point GBP values. The average error and percentage error with respect to the average FEA value
in each case are shown in Appendix A. The percentage errors for all four cases are less than 1%.
Typically, for the stability of a crane, £1% is the standard, meaning that the values from FEA and
from the 8-point manual calculations are relatively close to each other, which verifies the accuracy
and precision of the method developed for manual 8-point GBP calculations (International

Organization for Standarization 2014).
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Change of moments of inertia for the effective area

Crawler track effective area for Manitowoc - = ’
shifted along inclined X-axis (Manitowoc 18000 Case-2)
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Figure 3.13: Factors influencing ETBA along crane slew angle (Manitowoc 18000 Case 2)

3.2.  GBP under hydraulic crane mats

The GBP calculations for hydraulic cranes are slightly different from those used for crawler cranes.
Traditionally, the GBP is calculated directly under the crawler tracks (Becker 2001, Shapiro and
Shapiro 2010). In hydraulic cranes, first, the outrigger loads (in the form of reaction forces under
the outriggers) are calculated. These outrigger reaction forces are then used in conjunction with
the outrigger crane mat's surface area to calculate the GBP exerted by a given outrigger (Becker
2001, Shapiro and Shapiro 2010). These approaches provide the GBP under each crane mat,
assuming uniform GBP over the crane mat area. However, Ali (2018) found in this regard that the
GBP under a hydraulic crane outrigger crane mat is not uniform, meaning that the GBP under the
four corners of the mat is not equal. Instead, it should be characterized as 4-point GBP under each
outrigger, or 16-points total for four outriggers. Hibbeler (2011) argued in this regard that the axial
forces and moments acting on a surface area do not exert uniform pressure along any side unless
they are applied directly at the centroid of the surface area (i.e., in this case, the hydraulic crane
mat). This outcome concluded that 16-points generate the GBP profile based on the 16 edges of 4
outrigger crane mats, instead of a 4-point GBP distribution under four outrigger crane mats,
considering GBP as uniform under each crane mat. In this regard, calculating the GBP based on
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the assumption of uniform pressure (and thus a 4-point approach for the 4 outriggers) can lead to
crane tipping without knowing the root cause of excessive GBP employed due to the non-uniform

nature of GBP distribution.

Targeting the research gap with respect to the calculation of GBP under hydraulic crane mats, the
research presented in this thesis develops a novel algorithm to compute GBP under hydraulic crane
mats, drawing upon the basic concept of combined loading (Hibbeler 2011). The research
conducted herein uses FEA for GBP verification purposes. The GBP values calculated using the
proposed method are verified using ANSYS simulation software (version 19.2). Based on the
weight of each of the crane's components, a map representing the distribution of the GBP exerted
on the ground by each hydraulic crane mat is built as the superstructure rotates, mimicking a real-
life lift. The weights and the COGs of all the major parts of the hydraulic crane are required. These
are obtained from the hydraulic crane model manufacturer. The model of the hydraulic crane is
developed in ANSYS mechanical workbench. All crane parts (carrier, superstructure, hydraulic
boom, and load) are assumed to be rigid. Given that only the reaction forces are required, rather

than those of the thin plate, crane mats are used for crane ground support and load reading.

The hydraulic crane geometry is uploaded to a static structural mechanical workbench APDL
solver. The stiffness behaviour of all parts is assumed to be rigid in order to consider forces only,
with the exception of the outrigger mats. The lowermost surface of the outrigger mats is loaded
with fixed ground support, along with a thin plate, similar to crawler crane FEA model, to obtain
stress values. All parts of the cranes are assigned with their respective weights and COGs. The
weights and COGs are then adjusted by adding material blocks to the particular parts with various
density and location until the overall weight and COG of the part corresponds with the given data.

Once the model is solved, the solution is applied in the form of stresses on all four outriggers mats.

3.2.1. Development of methodology for GBP computation for hydraulic crane mats

Before computing the GBP values, it is important to have a detailed understanding of the complex
forces acting on the hydraulic crane mat (i.e., a configuration of crane components and payload
each of a particular weight and having its own COG). The resultant W (the sum of all the weights
acting on the outrigger crane mats), location R (the distance of the sum of all weights W from the

superstructure’s rotational axis), and 8 (angle of the resultant R) with respect to the x-axis can be
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drafted on a Cartesian coordinate system as shown in Figure 3.14. The values of W, R, and 6 are
calculated using the data from the crane parts (including payload) and their respective COGs, as
shown in Figure 3.15. These calculated values are essential for deriving the combined loading on

the hydraulic crane mats.

The combined loading, it should be noted, combines the normal forces and the overturning
moments acting on the crane mat's surface area, as shown in Figure 3.16. The edges/corners of the
crane mat are the distinct points that will project the GBP profile under a crane mat. The GBP is
non-uniformly distributed (trapezoidal distribution) under the crane mat area, but the GBP at the
crane mat corners creates upper and lower bounds for the trapezoidal GBP distribution along any
direction under the crane mat. The crane mat corners of each outrigger crane mat can be named
P, P, ... , P, for a total of n=16 points (four points on each of the four outriggers). These points
for each outrigger are as P;(x;, y;), where i = 1,2, -+, 16. Equation (35) calculates the GBP under

the hydraulic crane mat
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Figure 3.14: Resultant weight and the actual total crane mat bearing area (ATMBA) for a hydraulic

cranc
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where A, is the actual total crane mat bearing area (ATMBA), where I, and 1,,, are the second

moments of crane mat surface area along x-axis and y-axis on the Cartesian coordinates and can

be calculated by Equations (22) and (23) (Hally 1986).

The first part of Equation (35) consists of the normal stress due to the weight of the crane acting
on the ATMBA A,. The second and third parts of Equation (35) are the overturning moments
operating along the x-axis and y-axis, respectively, as shown in Figure 3.16. Note that the
compression stress is assumed to be positive for GBP calculations, and tensile stress is negative.
It is important to mention that Equation (35) can calculate the GBP value anywhere under the crane
mat area, but the GBP values at four edges/corners will generate a GBP profile covering the total
area of the crane mat. It is recommended for the maximum GBP to use four edges/corners to obtain

the GBP values.

Rotating Part

Axis of
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= | = [ conemas |
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Figure 3.15: Hydraulic Crane Grove GMK7550 FEA model on the Cartesian coordinate system

For x, = 0 (distance between the centroid of outriggers and the crane rotational axis) and C; =

C,, the calculations are easy, as the centroid of A, is the same as of rotational axis of the crane
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superstructure. In case, x) # 0 and C; # (5, the values of I, and I,,,, needs to be calculated as per
the centroid of A, . For that, the points P; (x;, y;) are moved from the crane superstructure rotational
axis x-axis and y-axis to the new axis x'-axis and y’-axis with the origin at the centroid of 4,. Due
to the movement of the axis, the GBP points further realign themselves to P";(x";, ¥";). For the
principal axis, the values of Iy, , I, and Iy, are updated to I, -, I, and I, using Equations
(22), (23) and (24). Using these updated values, Equation (27) calculates the inclination angle 8
for the neutral axis as the principal axis x"-axis and y"-axis are always parallel to the neutral axis.

Figure 3.17 defines the whole process in detail.

Stress due to Combined loading under crane mat due to
normal forces normal forces and overturning moments

Stress due to overturning
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Figure 3.16: Combined loading on crane mats under the hydraulic crane
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Figure 3.17: Centroid shift from crane superstructure rotational axis to ATMBA centroid

The stress at the neutral axis is 0 (see Figure 3.18). Most of the time, the neutral axis lies outside
ATMBA when the normal stresses and stresses due to moments add together, as per Equation (35).
Theoretically, when the neutral axis enters ATMBA, the surface area's stresses cut by the neutral
axis are opposite across the neutral axis. This cutting results in there being 0 stress at the neutral
axis, positive stress (compression) on the sliced crane mat area directly under the payload, and

negative stress (tensile) on the remaining sliced area cut by the neutral axis, considering the crane
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mat the ground as bonded. However, pragmatically, the crane mat is not bonded to the ground,
which creates a different scenario for the combined loading calculations. Due to the separation
between the crane mat and the ground, the crane mat's sliced area experiences 0 pressure. The
crane mat sliced area that experiences 0 stress does not play any part in the GBP calculations, thus
reducing ATMBA by slicing ATMBA through the neutral axis. When the neutral axis slices
ATMBA, this converts ATMBA to the effective total crane mat bearing area (ETMBA) A,, which
is always less than ATMBA, as shown in Figure 3.18.
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Figure 3.18: Slicing of ATMBA to ETMBA

The slicing of ATMBA is a typical example of a polygon clipping algorithm presented by Greiner-
Hormann (Greiner and Hormann 1998, Fan et al. 2018, Foster et al. 2019, Zhao et al. 2020). The
Greiner-Hormann polygon clipping algorithm consists of three parts: intersection, labeling, and
tracing phase (Greiner and Hormann 1998, Foster et al. 2019). The clipping algorithm is adapted
for ATMBA slicing to obtain ETMBA. The procedure is the same as Greiner-Hormann's (Greiner
and Hormann 1998, Foster et al. 2019). First, the intersection phase observes the intersection
between the neutral axis and ATMBA; later, in the labelling phase, the intersection points are
established, and at the end, ETMBA is calculated based on the intersection of the neutral axis and
ATMBA (tracing phase). Each crane mat is treated as a separate polygon to check the neutral axis
intersection for the intersection phase. There could be six conditions for each crane mat for the

neutral axis intersection. These 6 ATMBA slicing conditions are shown in Figure 3.19 for the
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crane mat under the right-rear outrigger. The crane mat vertices are My (M, My,,), My (Myy, M5,,),
M3 (Ms,, M3,) and My (M4, My,). The neutral axis is a line segment joined by two neutral points
Ny (Nix, N1y) and N, (Noy, Noy ). The first approach is to evaluate which ATMBA slicing conditions

are applicable. This can be investigated using two factors, factor, and factor; for each condition.
For example, for Condition 1 (see Figure 3.19), these factors can be calculated using Equation

(36)and (37) (Greiner and Hormann 1998, Foster et al. 2019).
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Figure 3.19: Neutral axis slicing conditions for a single crane mat
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For the applicability of Condition 1, it is essential that factor, = 0 and factor; = 0. If the neutral
axis is intersecting the crane mat edge M; and M,, factor, and factor, satisfy factor, = 0 and
factor, = 0. If factor, < 0or/and factor, < 0, this implies that the neutral axis is not

intersecting the crane mat edge M, and M, and the neutral axis is outside the range of crane mat
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edge M; and M,. Similarly, the algorithm investigates the neutral axis intersection against each
crane mat edge to identify one of the six conditions prescribed in Figure 3.19, using Equation
(36)and (37) with respective updated Cartesian coordinates of crane mat edges and neutral axis.
After obtaining the condition selection and the intersection points, the next step is to identify the
area requiring clipping from the crane mat area. The /labelling phase creates the intersecting points.
In the end, during the tracing phase, the updated effective crane mat area is calculated, along with

updated Iy, , Iy, and I,,.

Similarly, the whole process for each crane mat and the results accumulates to obtain ETMBA,
Iy , I, and I, . One crucial factor which needs to be clarified is the calculations for the neutral
axis. When the neutral axis slices ATMBA, the stresses on one side are positive (compression),
and on the flip side of the neutral axis, it is negative (tensile). The GBP values take into account
the area Ag (ATMBA). The GBP at the neutral axis intersecting ATMBA is always 0. When the
area reduces from Ay (ATMBA) to A (ETMBA), this reduction alters the stresses on the already
identified neutral axis. This outcome implies that the placement of the neutral axis needs non-
linear optimization in such a way that the area A, (ATMBA) reduces to Ay (ETMBA) in
conjunction with 0 stress at the neutral axis. The neutral axis needs to be aligned and overlaps the
slicing of the area A, (ATMBA) with 0 stress. Another way to obtain this non-linear optimization,
endorsed in this section, is through an iterative process. Initially, the area Ao (ATMBA) is sliced
using GBP values obtained using A, (ATMBA). The sliced A, (ATMBA) converts to Ay
(ETMBA). The GBP values based on A, (ETMBA) is calculated, which differs from the
previously calculated GBP values. The GBP values based on Ay (ETMBA) replaces the previously
calculated values for the next iteration. The area Ay (ATMBA) is sliced on each iteration based on
the GBP values on the crane mat corners obtained from the previous iteration. This cycle repeats
till the GBP at the neutral axis reaches close to 0 or minimizes to 0. This way, the area 4,
(ATMBA) is reduced to Ay (ETMBA) on each iteration, bringing the neutral axis to perfectly align
and overlap the slicing of A, (ATMBA) by neutral axis. Algorithm 1 (Appendix B) outlines the
whole methodology. Figure 3.20 shows the flow chart for the algorithm (Appendix B) in simple

terms.
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Figure 3.20: Flow chart for GBP under the hydraulic crane and crane mat analysis

3.2.2. Combined loading crane mat analysis ‘CoLMA’ application

The developed computer application ‘CoLMA’ performs all the calculation work mentioned above
for the hydraulic crane. The application displays the results graphically. The application is divided

into four main sections, two for input and two for output, as shown in Figure 3.21.

The user fills the first section with crane-related data. This data input also includes the input section
for payload and the respective lifting radius. The superstructure and crane carrier section is placed
separately and need data input separately. Outrigger configuration also needs to be filled along

with the value of O (see Figure 3.21) for the crane mat analysis. For the current research, the
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outrigger area in contact with the crane mat is considered rectangular, with all four sides equal in
dimension. Many hydraulic cranes have circular outrigger support in contact with the crane mat.
As the variation is minor, the circular outrigger's diameter can be assumed as one side of the square
area outrigger. The first output section generates the GBP profile under all four outriggers using
Equation (35) and crane superstructure slew angle from 0° to 360°. Moreover, the output section
also provides the maximum GBP value along the crane superstructure slew angle from 0° to 360°.

The second output section provides crane mat strength analysis, discussed in Chapter 4.

Crane Input

section Mat strength

analysis section

Mat and soil
input section

Combined Loadin
Mat Analysis for
Hydraulic Crane

Version 1.0

Step.1: Crane Datsits

/ — Startup
[~ 7 window GBP profile
generator

Figure 3.21: ‘CoLMA’ application overview

3.2.3. Theoretical case examples and results

For the theoretical case study, a hydraulic crane Grove GMK7550 with a 550 metric ton maximum
capacity is configured (Manitowoc 2020). Table 3.4 shows the details of the crane configuration
used for the theoretical case study example. Figure 3.22 shows an FEA model of the hydraulic
crane. For numerical work, three different payloads, 35,000 kg, 45,000 kg, and 55,000 kg, are
used. The GBP output section of the application ‘CoLMA’ displays the GBP profile for each crane
mat under the outriggers. Figure 3.23 summarizes the profiles associated with each of the above-

enumerated weights. For the first two weights (i.e., 35,000 kg and 45,000 kg), the application
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calculates GBP using ATMBA, but for the last case example, it shows that at some crane
superstructure slew angle, the ATMBA changes to ETMBA. Since the non-bonding of the crane
mat and the ground, the GBP values on the crane mat reach 0 at locations opposite the payload,
showing no resistance from the ground. The application also displays the maximum GBP and the

respective crane superstructure slew angle for the crane mat strength analysis.

Table 3.4: Hydraulic Crane Configuration (GMK7550) for GBP profile

Description Detail

Boom length 38.13m

Boom configuration [0-100-100-0]
Superstructure counterweights 119,975 kg
Lifting radius 19.81 m

Lifting Load 1 35,000 kg
Lifting Load 2 45,000 kg
Lifting Load 3 55,000 kg
Outrigger span 890 m x 8.70 m
Surface operating condition Solid

Crane mat Size 3,048.0 mm x 1,219.2 mm % 304.8 mm

Figure 3.22: Hydraulic Crane GMK7550 FEA model
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Comparing the GBP values generated using traditional calculations based on Equation (7) with
those obtained using Equation (35) is essential. Equation (7) provides a single value for each crane
mat and assumes that the GBP under a crane mat is uniformly distributed based on the resultant
force on the outrigger. For the comparison, the same crane model, with the same configuration and
the payload of 35,000 kg and 45,000 kg, is used for the manual traditional GBP calculations. The
results created a genuine concern since the widely used traditional approach in the crane mat
industry showed some GBP calculation limitations and assumptions (see Section 2.1.). For
example, considering the right-rear outrigger, for the payload of 35,000 kg (see Figure 3.24), the
GBP values calculated using Equation (35) are different from the traditional GBP calculations
using Equation (7). The solid line in Figure 3.24 shows the traditional GBP values with a payload
of 35,000 kg. To further verify the correctness of the newly developed method for GBP
calculations, the FEA model of the hydraulic crane (see Figure 3.22), with the same configuration
and payload (35,000 kg and 45,000 kg), was simulated. The FEA GBP profile under the crane mat
for the payload of 35,000 kg is colour-coded in Figure 1.2 to emphasize its non-uniformity. FEA
provides negative values for compressive stress. The GBP under the crane mat changes with the
change in crane slew angle. Under the outrigger crane mat, the GBP value is maximum

(compression) when the payload is directly over that outrigger.

Figure 3.24 shows that establishing ground support requirements solely on the traditional GBP
calculations can lead to ground failure. Nevertheless, the practitioners apply safety factors (3~5
times) to accommodate crane design and mat selection inaccuracies. Practitioners determine which
outrigger crane mat has the maximum GBP for the crane mat selection criteria and consider it a
critical location for potential ground collapse. Figure 3.24 shows that locations on the crane mat
where the GBP values are determined using Equation (35) and FEA are more significant than the
traditional GBP value. The traditional method calculates the average over the crane mat, but the
GBP values calculated using Equation (35) and FEA provide the upper and the lower values. Crane
mat selection based on the traditional GBP calculations is feasible if the GBP is uniform
throughout the crane mat's surface area. However, when the GBP over the crane mat's surface is
markedly different from uniform, this can lead to (some) values being more significant than the

GBP values as calculated using the traditional method.

66



Manual and FEA pressure values
VS traditional GBP Values
10.56 - - FEA Values
c:,g - = = [}
@ 9681 <o o~~~ | [T P2
5 --—--P3
= 88t == P4
= R _ —— GBP
o .-t Traditional GBP - :
c 792+ - Values
E 1 . v o, 0 1 o ¥ 1 s 1 o, 1 . 1 4 1
g 0 10 20 30 40 50 60 70 80 90
©
C
S 10.56 |
[7)]
g p, RightRear p,
‘@ 9.68 |
>
o
a 8.8 Py Py
w a . 0
2 P Traditional GBP I
O 792} - Values l
M | - | R R | - | I | o 1 1 M BT Cmmmmmmm—
0O 10 20 30 40 50 60 70 80 90
Crane Superstructure Slew Angle

Figure 3.24: GBP variation under crane mat (right-rear outrigger) along with the crane

superstructure slew (payload of 35,000 kg)

For P1 of the right-rear outrigger (35,000 kg payload), the GBP values from FEA and manual
calculations are more significant than the traditional GBP, and it is maximum when the boom is
directly over the outrigger (as shown in Figure 3.24). It clearly shows that the traditional
calculation method is limited and underestimates the GBP under hydraulic crane mats. This
limitation implies that the chances of ground failure under a crane outrigger increase, increasing
the probability of crane tipping. The values of P3 for the right-rear show that the actual pressure
(FEA and manual) is less than GBP values as calculated using the traditional method, creating a
trapezoidal pressure diagram under each outrigger crane mat. The average percentage difference
between FEA and the proposed method, i.e., the manual calculations using Equation (35), is
between 0.5% to 1%, which is negligible compared to the GBP values calculated using the

traditional method.
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The FEA results verify the new GBP methodology's accuracy, but the GBP variation's sensitivity
between the traditional method and the new GBP methodology raises a serious concern, as shown
in Appendix C (for the payload of 35,000 kg). To observe the trendline of GBP variation along the
increasing crane weight load (increasing payload) is plotted for three payloads of 35,000 kg,
40,000 kg, and 45,000 kg at the same lifting radius of 19.81 m in Figure 3.25. It is worth noting
that the variation increases as the payload increases. The increase in payload increases the value
of W, and the value of R also increases. This implies that as the weight of the crane increases, the
difference also increases between the 16-point GBP (beneath crane mat) and the GBP as calculated
using the traditional method. The input section for the crane mat details needs selection from a set
of crane mats. Table 3.5, for the purpose of this research, lists four crane mat sizes for the crane

mat analysis with their dimensions.

Table 3.5: Crane mats used in ‘CoLMA’

Description Detail

Boom length 38.13m

Boom configuration [0-100-100-0]
Superstructure counterweights 119,975 kg
Lifting radius 19.81 m

Lifting Load 1 35,000 kg
Lifting Load 2 45,000 kg
Lifting Load 3 55,000 kg
Outrigger span 8.90 m x 8.70 m
Surface operating condition Solid

Crane mat Size 3,048.0 mm x 1,219.2 mm x 304.8 mm

3.3. Chapter summary

This chapter summarizes the novel approach to GBP calculations under crawler and hydraulic
cranes. This chapter aims to overcome the assumptions in the traditional GBP approaches by
introducing a novel approach. The verification is done using the FEA model. Two case examples
are used for crawler crane verification, and one case example is used for hydraulic crane
verification. This will help remove traditional GBP assumptions to increase the worker’s safety by

providing the GBP profile under crawler tracks and hydraulic crane mats.
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Figure 3.25: GBP variation for right-rear crane mat (16-point GBP and traditional GBP values)
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CHAPTER 4: STRUCTURAL REQUIREMENT OF CRANE MATS

This chapter describes the criteria used for crane mat selection. In this regard, Chapter 2 briefly
reviewed the literature on crane mat selection criteria. Chapter 3, meanwhile, discussed the GBP
calculations that are a key input in crane mat selection. The five design parameters widely used
for crane mat selection, as noted earlier in Chapter 2, are GBP, bending, shear, compression, and
deflection. In this chapter, a method to capture these five parameters in graphical form to illustrate
the design criteria as a decision support tool for crane mat selection is presented. To support crane
mat selection, various crane mat sizes are incorporated with industry design factors. Subsequently,
the development of a VB application, ‘CoLMA’, is discussed. CoLMA is based on the algorithm
developed for hydraulic crane GBP calculations. The same application also incorporates the crane

mat selection criteria and displays the crane mat design parameters as mentioned above.

4.1. Methodology for crane mat suitability and strength analysis

As stated above, for the crane mat strength analysis, five crane mat design parameters are examined
to check the appropriateness of a crane mat for crane work based on the crane (with payload)
selected and allowable soil bearing capacity. The crane with the payload will provide the maximum
GBP value for the crane mat strength analysis. The application in a sequence calculates the crane
mat strength parameters. The GBP parameter (using maximum GBP value) initially identifies the
minimum crane mat length required. Later, having the maximum GBP within the allowable soil
bearing capacity, based on ATMBA or ETMBA, respectively, the bending and shear stress is
calculated. In the end, the deflection and compression criteria check the appropriateness of the

crane mat for the job. Appendix E and Figure 3.20 show the crane mat strength analysis process.

4.1.1. GBP parameter for a crane mat selection

The first crane mat selection parameter UCyp,, is based on the allowable soil bearing capacity and
the maximum GBP value, and can be calculated using Equation (38), where g;;,,, 1S the maximum
GBP value. If UCyp,;, < 1 (maximum GBP value less than the allowable soil bearing capacity), the
crane mat (regardless of number of crane mat layers) is suitable for the job; otherwise, the crane

mat gets replaced by another crane mat, which goes through the same checking process.
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Umax

Allowable Soil Bearing Capacity

UCgbp = (38)

The main concern for further crane mat strength analysis is the required minimum length of crane
mat to satisfy the allowable soil bearing capacity. The required minimum length of the crane mat
along [, (the total length of the crane mat) is when UCy,), (calculated along the length of the crane
mat) reaches 1. This required minimum length of the crane mat governs the crane mat bending,

shear, and deflection limit (see Figure 4.1).

Min Mat Length |

¥

d

|

_Min Length Required

Effective mat Length

Total mat Length

Figure 4.1: Minimum length and total length of a crane mat

4.1.2. Crane mat bending stress limit

When the crane mat satisfies the GBP parameter for the suitability, the crane mat proceeds for
further strength analyses, one of which is the crane mat bending stress limit. The application
compares the bending stress (due to the bending of the crane mat) with the allowable bending
stress limit for the prescribed crane mat material (Duerr 2010, Duerr and Duerr 2019, Mahamid
and Torra-Bilal 2019). UCp.nq can be calculated using Equation (39) (Duerr 2010, Duerr and
Duerr 2019, Mahamid and Torra-Bilal 2019).
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(39)

where n is the number of crane mats layered together (parallel), K, is load duration factor
(American Wood Council 2018, Truss Plate Institute of Canada 2019), C; is temperature factor
(American Wood Council 2018), K is treatment factor (American Wood Council 2018, Truss
Plate Institute of Canada 2019), Ky is system factor (Truss Plate Institute of Canada 2019), K is
size factor (American Wood Council 2018, Truss Plate Institute of Canada 2019), K, is service
condition factor for bending (Truss Plate Institute of Canada 2019), @,,,, is resistance for bending
(CSA Group 2019), S is sectional modulus of crane mat, O; is the width/length of outrigger and f,
is allowable bending stress of the crane mat material (shown in Figure 3.15). For the suitability of
the crane mat, it is crucial that, at the required minimum length of the crane mat, UCpopq < 1
provided that UCyp, < 1. Along the length of the crane mat, the maximum effective length of the
crane mat is when the UCy,.,4 reaches 1, after that the crane mat will fail under bending. If the
maximum effective length of the crane mat is less than [,,, this shows that the crane mat is

oversized (overdesigned) for the job.

4.1.3. Crane mat shear stress limit

Besides the bending moment stress limit, the shear stress limit is also essential to check the crane
mat's suitability. The outrigger exerts shear stress at the joining of the outrigger and the crane mat
itself. The shear stress produced due to this force needs to be within the prescribed longitudinal
shear stress limit. For the crane mat suitability, it is vital that at the required minimum length of
the crane mat, UCspeqr < 1 provided that UCyp, < 1, using Equation (40), where f, is the
maximum allowable stress of the crane mat material. Along the length of the crane mat, the
maximum effective length of the crane mat due to shear is when the UCgp,q,- = 1. This means that,
if the shear value is greater than 1, the crane mat will fail due to shear. If the maximum effective
length of the crane mat is less than [,,,, this indicates that the crane mat is oversized for the job.
(Duerr 2010, American Wood Council 2018, Duerr and Duerr 2019, Truss Plate Institute of
Canada 2019, Mahamid and Torra-Bilal 2019).

3 Omax (lm — 05 — 2d,)

UCsnear :4n KD CtKTKH KZKSb Q)bvdpfv

(40)
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4.1.4. Crane mat maximum deflection limit

Practitioners in the crane mat industry tolerate 0.75% of the crane mat length as the maximum
limit for the crane mat deflection. Using Equation (41), at the required minimum length of the
crane mat, UCg4.r < 1 provided that UCg;,,, < 1 to satisfy the deflection parameter, where Lger =
0.75%, E is the modulus of elasticity of the crane mat material and d,, is the thickness of the crane
mat (Duerr 2010, Duerr and Duerr 2019, Mahamid and Torra-Bilal 2019).

Omax Wm (lm - 05)4
64 Laer InE S d,y

UCaer = @1)

The same criterion of maximum effective length used in bending and stress limits applies here.
Periodically, all three parameters (bending stress limit, shear stress limit, and deflection) may
generate three different maximum effective lengths. The minimum value of all three maximum
effective lengths works as the final maximum effective length. The crane mat length beyond the

maximum effective length experiences no stresses, and it is a wastage of crane mat length.

4.1.5. Crane mat compression stress limit

The fifth crane mat suitability criteria are the compression strength of the crane mat, which is
represented by UC,,m;, as shown in Equation (42). For the crane mat to be within the design criteria
of compression, it is imperative that UC¢omp < 1, where f;, is the compression limit of the crane

mat material (perpendicular to the grain).

Umax

UCcomp = KpCiKsc Ky K7 0. fcp “

Where, K, is service condition factor for compression (Truss Plate Institute of Canada 2019) and

@, is the resistance factor for compression.

4.1.6. Combined loading crane mat analysis ‘CoLMA’ application

The developed computer application ‘CoLMA’ performs all the calculation work mentioned above
regarding crane mat selection and suitability. The application displays the results graphically. The

application is divided into four main sections, two for input and two for output, as shown in Figure

3.21.
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One input section is for the crane mat and soil data input. It requires the dimensions of the crane
mat and the allowable soil bearing capacity value. Further, a crane mat material selection section
selects the crane mat crane material. The database used in applying the crane mat material and
their respective parameters are shown in Table 4.1 (CSA Group 2019). The user must then select
design factors, as mentioned above in the literature review (Section 2.3.) (American Wood Council

2018, CSA Group 2019, Truss Plate Institute of Canada 2019).

Table 4.1: Specified strengths and moduli of elasticity for crane mat crane material.

Bending Longitudinal Compr.ession Modulus of

Description Grade £.) MP Shear (£.) MP perpendicular to  elasticity (E)
(f,) MPa — Shear (f,) MPa 0 i ¢y MPa MPa
1 Douglas Fir-Larch  SS 19.5 1.5 7.0 12,000
No. 1 15.8 12,000
No. 2 9.0 9,500
2  Hem-Fir SS 16.8 1.2 4.6 11,500
No. 1 14.4 11,000
No. 2 14.4 11,000
3 Spruce-Pine-Fir SS 13.6 1.2 53 8,500
No. 1 11.0 8,500
No. 2 6.3 6,500
4 Northern Species  SS 12.8 1.0 3.5 8,000
No. 1 10.8 8,000
No. 2 5.9 6,000

Sources: Data adapted from CSA 086:19, Engineering design in wood, (2019) 344. https://cwc.ca’/how-
to-build-with-wood/codes-standards/wood-standards/csa-086-engineering-design-in-wood/.

The first output section generates the GBP profile under all four outriggers using Equation (8) and
crane superstructure slew angle from 0° to 360°. Moreover, the output section also provides the
maximum GBP value along the crane superstructure slew angle from 0° to 360°. The crane mat
strength analysis uses the maximum GBP value generated from this. The last section creates a
graphical representation of crane mat strength analysis along the crane mat's length, as shown in
Figure 3.21. The red section in the graphical description of crane mat strength analysis along the
crane mat length provides the minimum crane mat length required to satisfy the suitability. The
green section along the length of the crane mat describes the maximum effective length of the

crane mat. The output section of crane mat strength analysis also provides UCypp, UChengs

UCshear» UCqer and UC; oy at the minimum length of the crane mat (0g), minimum required
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length of the crane mat, the maximum effective length of the crane mat, and the total length of the

crane mat (see Figure 4.1).

4.2. Theoretical case examples and discussion

The input section for the crane mat details needs selection from a set of crane mats. Table 4.2, for
the purpose of this research, lists four crane mat sizes for the crane mat analysis with their
dimensions. An option is included in the crane mat input sheet to stack the crane mats for extra
load distribution. Another critical factor is the allowable soil bearing capacity of the ground
underneath the crane mat. The input of allowable soil bearing capacity will determine UCyp,, for
the required minimum crane mat length. The end-user can change all the design factors (mentioned

in the literature review) in the developed application as per the site conditions.

Table 4.2: Crane mats used in ‘CoLMA "’

Description Dimensions in SI units Dimensions in Imperial units
Crane mat Type 1 3.048 m x 1.219 m % 304 mm 10 ft x 4 ft x 12 inches
Crane mat Type 2 4.877m x 1.219 m x 304 mm 16 ft x 4 ft x 12 inches
Crane mat Type 3 6.096 m x 1.219 m x 304 mm 20 ft x 4 ft x 12 inches
Crane mat Type 4 9.144 m x 1.524 m x 304 mm 30 ft x 5 ft x 12 inches

The crane mat analysis's output section provides values for each crane mat design parameter at
different lengths. It also calculates whether the crane mat is suitable for the job or not. If the crane
mat is unsuitable, the output section also displays its reason. Another parameter that is very
important for optimizing crane mats on site is the required minimum length of the crane mat and
the maximum effective length of the crane mat. Taking into consideration the payload of 55,000
kg at the lifting radius of 19.81 m, the maximum GBP as per the GBP output section in the
application is about 19.39 metric tons/m? with crane mat Type 3, this leads to 23.92 metric tons/m?
with crane mat Type 2, and 37.16 metric tons/m? with crane mat Type 1 (regardless of the crane
mat material and design factors). The crane mat strength analysis and suitability require the design
factors, allowable soil bearing capacity, and the crane mat crane material. Figure 4.2 displays the
graphical representation of all the crane mat selection parameters across the crane mat length for

crane mat Type 3. As per the graphical representation of crane mat Type 3, the required minimum

! Data from NCSG (Northern Crane Services Group, Edmonton, Alberta, Canada).
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length of the crane mat is about 3.474 m (11.40 ft), with the allowable soil bearing capacity of 35
metric tons/m? and material of Northern Species with grade No. 2. The graphical representation

shows that the required minimum length of the crane mat is when the UC,,, moves below 1. That

is the point when the UCyj,, equals allowable soil bearing capacity.

The green shaded part in Figure 4.2 depicts the maximum effective length of the crane mat, which
is 5.462 m (17.92 ft), as the UCp,pq reaches its limit and reaches one before all other parameters.
This value shows that the crane mat is oversized for the job, and about 0.634 m (2 ft) of crane mat
length experiences no pressure. It implies that, for this particular job, using a smaller size crane

mat is a cost-effective approach.
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Figure 4.2: Crane mat strength analysis for the crane mat Type 3, with crane mat material Northern

Species, Grade No. 2

Changing the crane mat size to the smaller one (crane mat Type 2) while keeping all other
parameters the same generates a crane mat analysis diagram, as shown in Figure 4.3. The length
of the crane mat is less than the UCy,,4 limit so the crane mat length works as the maximum
effective length of the crane mat. This outcome implies that the crane mat is suitable for the job

and is neither oversized nor undersized.

If a smaller crane mat (crane mat Type 1) is chosen for the job, with the same parameters as before,
the crane mat analysis diagram (see Figure 4.4) shows that the crane mat is unsuitable for the job,
and GBP is the crane mat constraint for the suitability. The crane mat analysis diagram shows that
the length is less than the required minimum crane mat length, about 3.474 m (11.40 ft). It also

shows that the allowable soil bearing capacity is less than the maximum GBP.
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If the number of crane mats is increased and layered together under the outrigger, this decreases

the value of UCjepng and UCspeqr and so the maximum effective length of the crane mat increases.

If the number of crane mats increases to 2 (layered) with the crane mat Type 4, the payload of
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55,000 metric tons/m? at the lifting radius of 19.81 m, with all the remaining parameters same as
used before, the value UCgp.,, decreases from 0.39 to 0.24, with the maximum effective length
from 5.060 m to 8.083 m. If the crane mat numbers (the number of crane mat layers) increases to
3, the value of UCy,.nq changes from 1.00 to 0.59 and UCgy,,,- changes to 0.12 from 0.24,
increasing the maximum effective length reaching total crane mat length. This change implies that
when the crane mats are stacked together under the crane outrigger, the load distribution under the
crane mat increases, making it more stable to handle any dynamic loading. The crane mat analysis
section of the application ‘CoLMA’ identifies all the required design parameters to select a crane
mat and its suitability. Changing the design factors and parameters also influences the results

associated with the crane mat suitability.

4.3. Chapter summary

This chapter summarizes the structural requirement for a crane mat on a construction site. This
chapter comprises five major design parameters for crane mat suitability. The limitation is the
assumption of the ground as a rigid body, exerting allowable soil bearing capacity. The crane mat
selection is based on the GBP and the allowable soil bearing capacity. After selecting the crane
mat, the next step is to optimize the layout of the crane mats on the construction site. The traditional
GBP values were used previously for the structural analysis of crane mat suitability. This chapter

provides a structural analysis of the crane mat using combined loading GBP calculations.
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CHAPTER 5: OPTIMIZED LAYOUT PLANNING OF CRANE MATS

The focus of this chapter is on optimizing the crane mat layout on the construction site. As stated
in Chapters 2 and 3, heavier cranes require proper ground stability for safe crane operation. The
first task in this regard is to ensure that the soil bearing capacity of the ground is sufficient to
withstand the pressure generated by the compounded weight of the crane and its payload. In the
construction industry, there are two ways to overcome poor soil bearing capacity, (i) using
compacted aggregate to increase the soil bearing capacity; and/or (i1) using layer(s) of crane mats
to redistribute the crane ground bearing pressure to satisfy the allowable soil bearing capacity. As
noted earlier, the increasing use of cranes in construction has also increased the use of crane mats.
This, in turn, has led to the use of crane mat layout plans/drawings as a default practice for every

crane operation on the construction site.

In this context, this chapter covers the as-yet unexplored topic of crane mat optimization. In current
practice, practitioners prepare layout plans/diagrams using AutoCAD. Typically, a practitioner
takes about 20~30 minutes (field observations) to prepare a crane mat layout plan/drawing for a
coverage area of 15~20 crane mats. Practitioners design these crane mat layout plans in such a way
as to satisfy various construction site constraints, where the primary aim is to minimize the crane

mat usage.

5.1.  Crane mat layout optimization using greedy and RL approach

The algorithms developed in this research and presented in this chapter (i.e., greedy and SARSA)
can be used to prepare the crane mat plan/drawing automatically in accordance with the site
constraints and can thereby save practitioners a considerable amount of time. There are many
techniques that can be used to obtain an optimal solution. The ones most widely used by
researchers and practitioners are dynamic programming, brute-force, and greedy algorithm. Crane
mat optimization is a combinatorial optimization problem, where all the mat placements needed
to cover the area are interdependent, meaning that any given crane mat placement can affect the
other placements needed to cover the area (Korte et al. 2011). One of the major considerations in
the development of any combinatorial optimization algorithm is the running time for the algorithm
(Korte et al. 2011). Accordingly, with respect to the problem at hand, the main concern other than

saving crane mat resources is to reduce the time taken by practitioners to develop the crane mat
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drawings (see Chapter 1). These crane mat estimations are typically required at the project bidding
stage, where quick calculations and cost estimates are needed to ensure timely submission of a
competitive bid. Although dynamic and brute-force programming can be considered as options for
crane mat optimization, the notable drawback with these optimization techniques is the
computation time required to arrive at the optimal solution (Bird and de Moor 1993, Bang-Jensen
et al. 2004, Korte et al. 2011, Simmons et al. 2019), which, as mentioned, is a significant
consideration for construction enterprises estimating a project at the bidding stage. It is important
to mention that the greedy algorithm is one of the simplest algorithms to use for combinatorial
optimization problems (Bang-Jensen et al. 2004). One of the major benefits of the greedy
algorithm, specifically with respect to the need for an expeditious method for the bidding stage, is
its short processing time to develop the optimized solution. For this reason, the first approach
considered in this research is a greedy approach. The results described in Section 5.1.2.1
demonstrate that the greedy approach saves a significant amount of practitioner time (20~30 min)

compared to manual crane mat layout preparation.

RL is another promising solution to combinatorial optimization problems (Mazyavkina et al.
2021). Although, as noted above, combinatorial optimization problems can be solved using brute-
force or dynamic programming, the results presented in 5.1.2.1 and the discussion in 7.3.2
demonstrate that the time required to perform dynamic or brute-force programming can be
considerably more than that required to implement the greedy approach. For this reason, RL is
pursued as a potential solution to the complex problem of crane mat optimization (and to
optimization problems in construction more broadly). As noted above, the construction industry is
already lagging in productivity compared to other industrial sectors (Graham 2019), with this lag
often being attributed to resource allocation, management, and decision-making processes
(Mitropoulos and Tatum 1999). In this regard, RL has been successfully applied in other industries
(Mehr 2019, Waxenegger-Wilfing et al. 2020, Kiran et al. 2021, Yu et al. 2021), and it successful
application for crane mat optimization may be an important step towards a robust RL-aided
decision support paradigm for the construction industry. As noted above in Section 2.4.2, RL is
relatively new to the construction industry and its application to construction problems need to be
further explored. The successful application of RL for crane mat optimization can open the door

to further autonomous construction methodologies.
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It is important to mention that the scope here is limited to a comparison between the greedy and
RL approaches for crane mat optimization. Another potential area of RL application, though, could
be in design optimization (see Appendix G), such as crane mat design optimization. The design
problem presented in Appendix G is similar to crane mat design in that there are many forces
(weights), such as the crane superstructure, crane boom, payload, counterweights, and crane
undercarriage, acting on a crane mat at different locations. With respect to crane mat design, the
placement of supporting elements, such as an H-beam, [-Beam, or plates, requires optimization,
given the variations in load and crane radius. The methodology described in Appendix G could be
applied with slight modifications to optimize the design of a crane mat to be used under crawler
crane tracks or outrigger mats with varying loads and crane radii. The main purpose of crane mats,
it should be noted in this regard, is to distribute the load acting on them with a minimum amount
of crane mat deflection. Therefore, the objective of crane mat design and the design problem in
Appendix G is to determine the locations to place the supports (H-beams, I-beams, or plates) that
will achieve minimum deflection. This design optimization can be extended by adding cost and
fabrication constraints. The surface area of the plate is assumed to be 112 m x 112 m, instead of
traditional mat dimensions (3.6 m x 2.4 m), to observe and differentiate the variations in greater
detail. For crane mat design optimization, the steel plate size will be reduced to match the
traditional crane mat dimensions. The results from Appendix G show that RL can be successfully
applied to optimize machine design within the given constraints. The exploratory aspect of RL
pushes the RL agent to initiate various decisions and update the Q-table in accordance with the

reward it stands to receive.

Returning to the original problem of crane mat optimization, as discussed in greater detail below,
the results show that the developed algorithms are capable of generating a simple crane mat layout
in just seconds/minutes, whereas a manual approach takes roughly 20~30 minutes. The time saved
in preparing these plans/drawings can be reallocated to other productive work, resulting in more
efficient resource utilization. Not only that, but the developed algorithms can also optimize the use
of crane mats on site by eliminating human error. It should be noted that, while the greedy approach
provides more rapid results, RL (i.e., SARSA), although it requires more computation time,
provides an optimized solution, and does so in considerably less time compared to a manual
approach. Both of the developed algorithms follow an agent-based approach, simulating a

practitioner's behaviour to prepare a crane mat layout plan/drawing. As an indication of their
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robustness, the algorithms are capable of providing salient details about the crane mats used, the
area covered, and crane mat wastage in terms of extra area covered. Moreover, it is a common
occurrence in the traditional manual approach for the practitioner to make a series of revisions to
the crane mat layout plan/drawing in order to optimize the minimum crane mats with the maximum
area covered. The use of these algorithms eliminates this rework by optimizing the crane mat
layout on the first attempt. This algorithm can be helpful at the project bidding stage, as more
accurate information pertaining to crane mat utilization/requirements can be obtained in

considerably less time.

5.1.1. Methodology underlying crane mat optimization algorithm
5.1.1.1. Development of greedy algorithm

The optimization process is divided into small parts to reach the optimal solution for the greedy
agent. The first crane mat is placed based on practical constraints (mentioned later). After choosing
the location and orientations of the first crane mat, the next consecutive crane mat location and
orientation is determined based on practical constraints (mentioned later) related to the crane mat
laying on-site adjacent to the first laid crane mat. This process continues till the whole area is
covered with the crane mats by the optimization agent (greedy agent-based agent). Figure 5.1
shows the general procedure to prepare the crane mat layout plan/drawing. As stated before, the

process is divided into two main sections for ease of understanding.

5.1.1.1.1. Selecting the first crane mat location and orientation

The greedy optimization agent must calculate the area required for the crane mat placement. The
selection of the area required provides a set of Cartesian points enclosing the area for crane usage
and crane mat layout. Let B, (x,,, y,), where n € [3, R], be the polygon's vertices (area selected for
the crane mat layout). These Cartesian coordinates allow determining the polygon's area A4, that
needs to be covered by the crane mats. The next step is to indicate the edge from where the layout
of the crane mat will start (crane mat laying starting point). That can be taken as R;, (xy, V%), where
k = 1,2 and Ry (xy,yi) € B,(x,, yn). These Ry (xi, yi) are the adjacent vertices of the polygon
P,(x,, v,). This edge works as the plan/drawing's starting location for the crane mat laying

process.
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Figure 5.1: Crane mat layout sequence

The optimization agent places the first crane mat on R;. Eight crane mats orientations are available
at one location, as shown in Figure 5.2. The greedy agent must select one crane mat (one size only)
orientation with the maximum area covered from these eight crane mat orientations. The first
constraint is to check whether the crane mat is inside or outside the area required for the maximum
area covered, as shown in Figure 5.3. Let M; (xl- i Vi j) be the crane mat coordinates (8 orientations),
x;,yi € R, i €[1,8],j € [1,8], be the coordinates for the crane mats covering the required area.
Let A;, where i = 1,2,---,8, the area of the first crane mat with eight orientations placed on R,
along the line joining R, and R,.The crane mat placement constraint (inside area) needs to follow
that the intersection of these two sets A; and A, cannot be 0 if the crane mat is inside the required
area, as shown in Equation (43).

Inside A, N A; # @

Mat Placement = {Outside A, NA =0

(43)
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Figure 5.2: Available crane mat orientations on one crane mat location

As shown in Figure 5.3, only two crane mat orientations got selected from eight possible
orientations. The RL agent selects these two crane mat orientations for further optimization based
on crane mat centroid distance from the starting location edge Ry (xk, yi). As shown in Figure 5.4,
the centroid distance of the first selected crane mat (horizontal) is C,, and the centroid distance of
the selected crane mat (vertical) is C,,. The approach is to place the crane mat with minimum
centroid distance from the line joined by Rj. The greedy optimization agent selects the crane mat
orientation with minimum distance, which means if C, < C,,, horizontal crane mat is selected by
the greedy agent, and if C, > C,,, vertical crane mat is selected by the greedy agent. After the
selection of the first crane mat orientation and location, the area required for the crane mat laying
decreases by 4, n A;. This also implies that the required area changes to AR,which is shown in

Equation (44).
AR, = A,\ (4, N Ay) (44)

As only one crane mat is placed by the agent in the required area, the coordinates of the crane mat
work as the location for the succeeding adjacent crane mats. Let Oy, (X;,,, Vi) be the list of locations
for crane mat placement. As the number of crane mats increases, so does the number of locations

on the list O, (X, Vi) also increases till the area required is fully covered by the crane mats.
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Figure 5.4: Crane mat layout condition for centroid distance from starting edge Ry (xk, Vi)

5.1.1.1.2. Selecting succeeding crane mat locations

After selecting the location and orientation of the first crane mat, the next crane mat also follows
some construction site constraints. For the first crane mat, there was only one location R,, m=1,
but for the succeeding crane mat, the available locations increase to O, (X;,, Ym), m=m+8 for each
succeeding crane mat. The greedy crane mat optimization agent uses each location to satisty the
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crane mat selection criteria by projecting eight orientations at each crane mat placement location,
as shown in Figure 5.5 for one location. One of the main constraints is that the next crane mat in

line should not overlap the previously laid crane mat (as shown in Figure 5.6).

_Cplion-7

Option-8 ’ ;
Option-5

T Mat Laying
position

Figure 5.5: Available crane mat orientations (8 options) for the succeeding crane mats at one of

the available locations from O, (X, Yim)

Considering overlapping crane mat constraints, AC, N A; should be equal to 0 if there is no
overlap. If the selected location results AC, N A; # @, the optimization agent moves to the next
location in Oy, (X, Y1 )- This crane mat overlapping constraint also works as a filtration system to

decrease the quantity of available crane mat locations 0,,, (X, ¥»m). The crane mat's orientation at
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a location overlaps the previously placed crane mat is marked "Reject." The remaining crane mat
orientations are marked "Accept". The greedy agent avoids the "Reject" orientations for

determining the succeeding crane mat location and orientation.

Available Mat placements Available Mat placements after
at a single location filtration at a single location

____________________

MNo Mat
Overlap

s Filtration

| 1
| 1
| y 1
1 1
1 ; 2 ez 1
| g : 1
1 s ? 1
Overlap =
: No Mat !
: Overlap ‘ No Mat :
1 e 1
| S 1
1 SN o N 1
1 N = > 1
! R — 1
| © == 1
| t i : 1
1 1

|
|
|
I
!
I
I
I
I
I
I
|
I
I
I
I
I
I

TTMat1 T Mat Laying
location

location

Figure 5.6: Filtration system for crane mat overlap constraint

The greedy agent also uses the similar crane mat location and orientation selection criteria used
for the first crane mat to select the succeeding crane mat location and orientation. The greedy agent
visits each location of 0,,(x,,, ¥m) and selects the location and crane mat orientation based on
maximum area covered, minimum centroid distance and no overlap. Figure 5.7 shows the flow
chart. The greedy agent adds the coordinates of the succeeding crane mat to O, (X,,, Ym) to be
used for the next crane mat location and an orientation selection. The whole process of selecting
the crane mat location and orientation is shown in Appendix E Algorithm 3. The greedy agent
follows Algorithm 3 to optimize and place the crane mats to cover the required area. The greedy
optimization process stops when the required area is fully covered with the minimum number of

mats for the job.

5.1.1.2. Development of SARSA algorithm

In terms of structure, RL comprises policy, a reward signal, a value function, and a model. Policy
refers to the manner in which an RL agent behaves at a given time. The value function defines the

amount of reward or punishment the RL agent receives, where the model (optional) mimics the
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behaviour of the agent within the environment (Sutton and Barto, 2018). As noted in Chapter 2,
Q-learning is an example of off-policy RL, whereas SARSA is an example of on-policy RL. For
the crane mat optimization problem at hand, SARSA as an on-policy RL algorithm is deemed to
be better suited. Equations (17), (18), and (19) help to clarify the difference between on-policy and
off-policy RL approaches. As can be seen, off-policy RL algorithms (e.g., Q-Learning) only
consider the future Q-value, maxQ,(s;4+1,a), regardless of the overall Q-values of the states in
question—in this case, regardless of the area covered with the minimum crane mats used. In the
case of the on-policy algorithm, SARSA, in contrast, the RL agent considers the Q-values for all
states Q,(S¢4+1,A¢4+1) in accordance with the policy of minimum mats used to achieve maximum
coverage within the given constraints for crane mat laying as mentioned in 5.1.1. This means that
the off-policy algorithm only targets the states with the maximum Q-value in the case of
exploitation. In on-policy RL, however, the target is not only the maximum Q-value, but also the
mean value of all the states, as expressed in Equation (19). This taking into account the mean Q-

value of all states raises the Q-value.
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Figure 5.7: Flowchart for greedy crane mat optimization approach

Another notable consideration with respect to RL is the availability of models. For the problem at
hand (i.e., crane mat optimization), for SARSA there is no model available on the basis of which
for the RL agent to predict the future reward. It should be noted that a model can be an obtained
based on the experience of previous implementations of the algorithm (Sutton and Barto, 2018).
In the case of the crane mat optimization, for instance, the model could be obtained based on the
interrelationships observed between the crane mats already placed. Models obtained in this manner
can be implemented in future optimizations to further decrease the processing time, where the
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model can be updated with each new iteration of crane mat optimization. To develop a robust
model applicable to the present case, though, further research and investigation is required. For the
purpose of the research described herein, each iteration is executed without a model on the basis
of which to predict rewards, making the crane mat optimization described herein a model-free RL

problem.

For RL, the first task is to define the states. The RL agent moves from one state to the next,
updating the Q-value at the corresponding state for future episodes. For crane mat optimization,
there are eight orientations at the start of the optimization at R; with eight different centroids as
the states for RL optimization. Further placing the crane mats at the periphery, these crane mats
provide the set of states (centroid locations) for succeeding crane mat placement, as the succeeding
crane mat is placed by the RL agent adjacent to the already placed crane mat (practical constraint).
Let Op, (%, yim) be the locations for the crane mat placement, with two crane mat orientations at
each location (horizontal and vertical), work as two states for the RL agent. The crane mat centroid
positions of these crane mats within the required area work as the RL agent states. The generation

of these locations is shown in Figure 5.8.

Considering Equations (17) and (18), one of the major concerns is the reward at each location. For
this RL optimization, the value of reward depends upon the area covered, the crane mat centroid
distance from the R, (see Figure 5.8), and overlap constraint. The value of reward gradually
decreases as the crane mat placement moves away from Ry, till the required area is covered by the
crane mats, based on the shaping reward function. The shaping reward function provides a fraction
of the final reward on each state and increases/decreases the intensity of the reward as the agent

moves closer to the final state (Gullapalli and Barto, 1992).

A filtration system is introduced for the RL agent to avoid using the same location twice. This
filtration system assigns "Reject"” to the locations covered by already laid crane mats. The RL agent
only considers the remaining locations for the subsequent crane mat placement. With the addition

of each crane mat, the number of available locations decreases, as shown in Figure 5.9.
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Figure 5.9: Filtration system for crane mat locations for RL optimization

At the start of the RL optimization, the agent picks a random location and a random orientation

(horizontal or vertical) to place crane mats. The RL agent updates the Q-value of the state as per
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the reward based on maximum area covered, centroid distance, and mat overlap constraints. The
RL agent updates the Q-value of all the states as the episodes proceed. Later, the RL agent picks
states with maximum Q-value. The RL agent performs the optimization process on each episode
till the area is covered by the targeted crane mats, without overlap. The numbers of crane mats
obtained from the greedy approach from the previous section work as the targeted crane mat
numbers for the RL agent. Figure 5.10 shows the flowchart of the process. Algorithm 4 (Appendix
F) shows the framework of the RL algorithm. At the start of RL optimization, the policy is
stochastic to explore maximum states. Later, the exploration becomes low as the system

accumulates knowledge.
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Figure 5.10: Flowchart for RL optimization approach

5.1.2. Theoretical case examples and Discussion

Both of the optimization approaches presented in this thesis are capable of accommodating
different crane mat sizes depending on the construction site requirements. The examples provided
are limited to one size of crane mat at a time only in the interest of simplicity in demonstrating the
practicability of these optimization approaches. For the case examples, crane mats with dimensions
of 6 m X 2 m are taken as the subject crane mat for optimization, which is widely used in the
construction industry. The area of the crane mat is 12 m?. It is assumed that four areas require
crane mat placement and optimization, as shown in Figure 5.11. The greedy and RL agent

optimizes each area for the optimization process. AutoCAD developed Visual Basic algorithms
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are executed individually for each required area, as shown in Figure 5.11. First, the greedy
approach is applied, and later, the RL approach is applied. The results from both approaches are
compared in this chapter. For both approaches, the area in which the crane mats need to be laid
out is defined using a sequence of straight segments that form a polygon. Later the user selects the
starting edge for the agent to calculate the centroid distance. The optimization agent starts laying

the crane mats till the whole area is covered with the crane mats, as shown in Figure 5.12.

Area required for
mat placement

-~

Area required for
mat placement

Figure 5.11: Case examples for crane mat optimization (greedy and RL approach)
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Start of optimization
(greedy & Reinforcement Learning)

Starting Point for
mat laying

Area required for
mat laying

End of optimization

Figure 5.12: Crane mat laying sequence

5.1.2.1. Greedy optimization approach results

For the greedy approach, the agent follows the procedure illustrated in Figure 5.7 to place the first
crane mat. It is important to mention that the starting edge Ry (xy,y)) is based on the crane
placement close to the payload pick/set location (construction site practical constraint). After
placing the first crane mat, the greedy optimization agent proceeds to the next crane mat location

and orientation selection, as shown in the flowchart in Figure 5.7. After selecting the second crane
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mat's location and orientation, the algorithm performs the same procedure to identify the remaining
crane mats' location and orientation. At the end of the optimization, the outcome states the required
area, the number of crane mats used, the area covered, the crane mat wastage, the remaining area,
and the computation time taken to complete the optimization. The same procedure is performed
on these four areas covered by the greedy agent with the crane mats. Figure 5.13 shows the crane
mat layout using the greedy approach. Table 5.1 provides the details for greedy crane mat
optimization for each case example. The results show that each layout plan/drawing takes seconds
to complete (Intel(R) Core(TM) 17-6700 CPU @ 3.40 GHz using 16.0 GB RAM, running
Windows 10) (Table 5.1). The optimization also provides the number of crane mats used, the area

covered with the crane mats, and the crane mat wastage.
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Figure 5.13: Crane mat layout using a greedy approach
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Table 5.1: Details of four case examples for crane mat optimization (greedy and RL)

Case 1 Case 2 Case 3 Case 4
Greedy RL  Greedy RL Greedy RL  Greedy RL

Actual area to cover (m?) 14230 14230 127.10 127.10 141.20 141.20 96.00  96.00

Area remaining (m?) 4.82 4.48 4.87 4.11 3.90 4.88 0.07 0.07

Number of crane mats used 14 13 15 14 14 13 3 2

(nos.)

?;ff; covered by cranemats | ce 00 15600 180.00 168.00 168.00 15600 96.00  96.00

crane mat wastage (nos.) 2.10 1.14 4.40 341 2.20 1.23 0.00 0.00

time taken (seconds) 1095 296.79 12.08 1,678.01 10.57 295.96 5.46 114.83
5.1.2.2. RL optimization approach results

The initialization process of RL optimization (SARSA) is also like the greedy approach. At the
start of the optimization, the practitioner selects the area required; later, the starting edge is selected
as the starting location for crane mat placement. The RL agent generates the centroid locations for
all the crane mat combinations within the required area. Each centroid location provides two states
(horizontal and vertical crane mat placement) for the RL agent. The RL agent places the crane mat
on a state selected based on exploration or exploitation at each episode. At each state, the RL agent
receives a shaping reward to update the Q-value of the state. As the Q-value is updated, the

optimization of crane mats also refines. The outcome is shown in Figure 5.14.

Compared to Figure 5.13, the crane mat layout optimization using RL saves crane mats and covers
more area with fewer crane mats. The outcome from the RL optimization is tabulated in Table 5.1.
Case 4 1s the same for both optimization approaches. However, in the remaining three cases, the
results from RL optimization are more cost-effective, elegant, and favourable. The RL
optimization took more computation time than the greedy approach but saved more crane mats
and covered more area. Practitioners also perform crane mat optimization like RL optimization. A
practitioner prepares a preliminary crane mat layout plan/drawing and continuously revises it to
obtain the optimal solution. The methodology followed by the RL agent mimics the behaviour of

a practitioner preparing a crane mat layout plan/drawing manually.
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Figure 5.14: Crane mat layout using RL approach

Figure 5.15 shows the value of reward and area remaining against RL episodes for all four cases.
Case 4 took close to 1,000 episodes to reach the final state with the maximum area covered and
minimum crane mats used. Case 1 and Case 2 each used close to 2,000 episodes to reach the
optimal solution. For Case 2, the number of episodes was close to 10,000, with the maximum

computation time consumed. The primary reason was the irregular shape of the area required (Case
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2), which shows that as the area becomes more irregular in shape, the episodes and the computation

time consumed also increase exponentially.
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5.2. Chapter summary

The chapter-5 comprises the optimization process for crane mat layout plans. Two major
optimization approaches (greedy and RL agent) are used for the optimization. Not only that but
the comparison between both approaches is also presented in this chapter. The comparison shows
that greedy can save practitioners time in preparing crane mat layout plans. The RL agent can save
crane mats but takes more processing time. Four cases were used to compare the results. The crane
mat layout planning approaches will assist in minimizing the crane mat wastage on a construction

site, which is directly linked with wood wastage and CO; emissions.
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CHAPTER 6: ALLOWABLE SOIL BEARING CAPACITY FOR MOBILE CRANES

This chapter presents an approach to calculating soil bearing capacity. As stated in Chapters 2 and
3, the traditional approach employed by crane rental companies for determining the allowable soil
bearing capacity is to simply use the information provided by the client. However, this approach
fails to take into account the impact of crane tracks/outriggers/crane mats on the allowable soil
bearing capacity (Onyelowe 2017, Du et al. 2017, Gaonkar et al. 2021, Patwardhan and Metya
2021, Tahmid et al. 2021). In this chapter, a computer application developed in Visual Basic to
calculate allowable soil bearing capacity as per the mobile crane and the construction site
requirements is presented. The developed application can assist practitioners in estimating the
allowable soil bearing capacity for crane work. Based on the values obtained from this application,
practitioners can evaluate the ground preparation requirements accordingly, as shown in Figure
2.8. In addition to providing the capacity profiles, which are paramount from a safety perspective,
the developed application allows practitioners to reduce the time and cost required for site
preparation. The results of various case examples (using the developed application) as presented
below suggest that the allowable soil bearing capacity varies depending on the crane
track/outrigger/crane mat width, and that it is not constant for every type of crane work. The
developed methodology as described in this chapter provides a better understanding of the soil
bearing capacity underneath the mobile cranes. The developed application obtains the information
required for the computation from the geotechnical report of the construction. However, if
geotechnical data is not available, the developed application provides a rough estimate of each

required variable for the practitioner’s reference.

6.1. Methodology for allowable soil bearing capacity

The ultimate soil bearing capacity q,,, also known as geotechnical bearing resistance at the ultimate
limit state is shown in Figure 6.1 (Canadian Geotechnical Society Foundations Committee 2006).
The resistance of soil balances the pressure exerted by the crane combined loading. The soil
cohesion and weight of soil exert pressure to stabilize the crane to avoid track/outrigger/crane mat
sinking. Many researchers developed equations to estimate the ultimate soil bearing capacity. The
current research conducted in this thesis compares four practical approaches to provide a result in

the form of computer application output.
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Crane
Tracks

cohesion

Figure 6.1: Ultimate ground bearing pressure to counter crane loading (Ground bearing pressure)

6.1.1. Methodology for allowable soil bearing capacity

The methodology developed relies on four basic approaches for soil bearing capacity calculations.
These approaches are derived from Terzaghi (1943), Meyerhof (1963), Hansen (1970), and Vesic
(1975) soil bearing capacity estimation work. For foundation design, the construction industry

widely uses these four approaches. These four approaches are as below:

6.1.1.1. Terzaghi (1943)

Terzaghi (1943) formulated an equation to estimate the ultimate soil bearing capacity based on
general shear failures of shallow strip footings (Ralph B. Peck et al. 1974, Coduto 2001). He

developed the primary form of the equation, as shown in Equation (45).
1
Gu = cN¢ + qsNg + EVBNV (45)

where c is soil cohesion, N, Ny, N, are dimensionless bearing capacity factors, g, is vertical stress
at the elevation of the base of crane track/outrigger/crane mat, y is soil unit weight, and B is the
least plan dimension of crane track/outrigger/crane mat. Equation (45) by Terzaghi (1943) is for
the strip footing beneath the ground level, but for crane work, the crane track/outrigger/crane mat
is always above the ground level and the value of g decreases to 0. This change shows that only

cohesion and soil weight affect the soil bearing capacity, as shown in Figure 6.1.
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To calculate the allowable soil bearing capacity qg;;, the factor of safety FS is integrated into
Equation (45) to form Equation (46). The value of the safety factor is usually based on onsite

construction requirements and usually varies between 2 to 5.

Qu

dau = FS (46)

The developed application calculates the dimensionless bearing capacity factors using the
following equations based on internal friction angle @.

2

a
Ng = 47
I 2cos?("/, + (D/Z) “7
where q = e(0.75n—®/2)tan®.
N, = (N, — 1)cot® (48)
_tand ( Kyy (49)
Ny = 2 (cosz(b 1)

where K, = passive pressure coefficient. It is also important to mention that N, = 5.7 when @ =
0. In Terzaghi’s approach Terzaghi (1943), the value of K,,,, is determined by means of a graphical
method. Later Coduto (2001) presented a way to calculate the value of K, numerically using the
following equation.

2(N, + 1)tan®
¥ 7 1 4 0.4sin (40)

(50)
6.1.1.2. Meyerhof (1963)

Meyerhof (1956, 1963) refined Equation (45) by adding dimensionless modification factors to
make it closer to reality. Equation (51) below describes the modifications proposed by Meyerhof

(1956, 1963).

1
Gy = cNcSc + qsNySq + EyNyBSy (51)

where S., S, S, are dimensionless modification factors for crane track/outrigger/crane mat shape,

inclination, depth, tilt, and ground slope. The modified dimensionless factors reported by
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Meyerhof are as follow (Meyerhof 1956, 1963, Canadian Geotechnical Society Foundations
Committee 2006):

Ny = e™@tan?(7/, +9/,) (52)

N, = (N, — 1)cot® (53)

N, = (N, — 1)tan(1.49) (54)
Se=1+02tan?(/, + Q’/Z)% (55)
Sq=S,=1,forg=0 (56)

Sq =S, =1—0.1tan? ("/, + Q’/z)g for >0 (57)

where B is the width of the crane track/outrigger/crane mat and L is the length of the crane

track/outrigger/crane mat.

6.1.1.3. Hansen (1970)

Hansen (1970) also presented modifications and adjustments to the ultimate soil bearing capacity

Equation (51). Hansen (1970) presented some modifications to the values of N,,S., S, & S,, as

below:
N, = 1.5(N,; — 1)tan® (58)
S.=1+ NoB 59
c NCL ( )
B
Sq=1+ zsm@ (60)
B
S, =1-04— (61)
L
6.1.1.4. Vesic (1975)

Vesic (1975) further modified the ultimate soil bearing capacity Equation (50) and updated the

values of N, and Sq as below:

N, = 2(N, — 1)tan® (62)
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B
Sq=1+ Ztan(z) (63)
6.1.2. Development of ASBC

An application named ASBC (Allowable soil bearing capacity calculator for mobile cranes) is
developed in this section. Figure 6.2 shows the appearance of ASBC. The practitioner must provide
the values of L, B, @, ¢, ¥, and FS, so that the application can calculate accordingly. The application
ASBC provides dimensionless factors values under each approach and provides the allowable soil
bearing capacity value using each approach as mentioned in Section 6.1.1. The final values are in
the unit of metric tons/m?. Figure 6.3 shows the flowchart of the processes (algorithm) involved in

calculating allowable soil bearing capacity.

o Aliowabile Soil Besring Capacity Caliculator for Mobile Cranes o ®

L = Length of Mat (m) = s G = ENGS + 4S5y + LYEN,S,
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Figure 6.2: Computer application (ASBC) for calculating allowable ground bearing pressure for

crane work
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Figure 6.3: Flowchart for allowable soil bearing capacity calculations (ASBC)
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6.2. Case examples and discussion
6.2.1. Soil parameters for allowable soil bearing capacity

The prerequisites for the application are the values of L, B, @, ¢,y and FS. The dimensions of the
crane track/outrigger/crane mat of the crane used for the crane lift provide the values of L and B.
The value of F'S is perceived between 2~5 and depends mainly on the construction site constraints.
The main concern is the values of @, c and y, which geotechnical reports of the construction site
can provide. Usually, the geotechnical reports provide the values of shear strength of soil S;, and
unit soil weight, y, and in some cases the value of @. In case the value of shear strength is provided,

Coulomb’s equation, shown below, can be used to calculate the value of soil cohesion (Yokoi

1968):
c=S,+ptand (64)

where S, is shear strength value, and p is the effective pressure normal to the surface of failure.
According to Canadian Foundation Engineering Manual (Canadian Geotechnical Society
Foundations Committee 2006), for short-term foundation stability, the value of @ = 0, so the value
of S, becomes c. For crane work, as the crane stability is a short-term constraint, the value of @ =
0 for all the equations for ultimate soil bearing capacity (Canadian Geotechnical Society

Foundations Committee 2006).

The value of @ is usually 0, as most crane work involves only short-term loading. For crane work
being carried out over a long duration (long-term foundation stability), however, the value of @
needs to be obtained and incorporated into the calculation in determining the ultimate soil bearing

capacity values. The geotechnical reports provide these values.

If the shear strength value is not available, Table 6.1 provides possible intervals for this parameter
as a function of the soil type (Canadian Geotechnical Society Foundations Committee 2006).
Equation (64) can be used to calculate the value of soil cohesion. Another aspect that needs
attention is the value of unit soil weight y, obtained using Table 6.2 (Ralph B. Peck et al. 1974).
The values of various soil types in Table 6.2 are tabulated into the saturated and dry states. For the

soil bearing capacity calculations, the saturated value is used in the application for short-term
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stability. The practitioners can incorporate dry unit weight for long-term usage for allowable soil

bearing capacity calculations.

Table 6.1: Values of undrained shear strength of various soil types

Soil Type Undrained shear strength S,, value (kPa)

1 Very soft <12

2 Soft 12 to 25

3 Medium Stiff 25t0 50

4 Stiff 50 to 100

5 Very Stiff 100 to 200

6 Hard 200 to 300

7 Very Hard >300

Sources: Data adapted from Canadian Geotechnical Society Foundations Committee. (1985).
Canadian foundation engineering manual. Canadian Geotechnical Society

Table 6.2: Values of unit weights of various soil types

Description Unit Weight (kN/m?)
y (dry) y (saturated)
1 Uniform sand, loose 14.1 18.5
2 Uniform sand, dense 17.1 20.4
3 Mixed-grained sand, loose 15.6 19.5
4 Mixed-grained sand, dense 18.2 21.2
5 Windblown silt (loess) 13.4 18.2
6 Glacial silt, very mixed-grained 20.4 22.8
7 Soft glacial clay 11.9 17.3
8 Stiff glacial clay 16.7 20.3
9 Soft, slightly organic clay 9.1 15.4
10 Soft, very organic clay 6.8 14.0
11 Soft montmorillonitic clay (calcium bentonite) 4.2 12.6

Sources: Data adapted from Peck, R. B., Hanson, W. E., & Thornburn, T. H. (1974). Foundation
Engineering (2" ed.). Wiley.

The last piece of the puzzle is the value of soil friction angle @. Ortiz et al. (1986) developed a
table with the values of soil friction for various types of soils, as shown in Table 6.3. The

practitioners can use the values from Table 6.3 to calculate the allowable soil bearing capacity.

6.2.2. Case example (soil friction angle = 0°)

For uniform sand (= dense), the value of y is 20 kN/m?® (Table 6.2). Since the value of S,, is the
same as of ¢, so for very stiff soil, the value of c is taken as 150 kPa. The values are incorporated

in the application to obtain the allowable soil bearing capacity. Before that, the dimensions of the
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crane track/outrigger/crane mat are essential. For this case example, the length L is 10 m, but the
width B is considered variable from 1, 2, -+ , 10 m. This variation of width helps to generate a
sensitivity analysis to observe the variation of allowable soil bearing capacity along B /L as shown

in Figure 6.4a. The FS is 3 for this case example (between 2~5).

Table 6.3: Typical friction angle values (°) for various soil types

Description Friction angle @ (°)
1 Gravel 32~34
2 Gravel, sandy with few fines 32~35
3 Gravel, sandy with silty or clayey fines 32~35
4 Gravel and sand mixture, with fines 22~28
5 Sand, uniform, fine grained 30~32
6 Sand, uniform, coarse grained 30~34
7 Sand, well graded 32~33
8 Silt, low plasticity 25~28
9 Silt, medium to high plasticity 22~25
10 Clay, low plasticity 20~24
11 Clay, medium plasticity 10~20
12 Clay, high plasticity 6~17
13 Organic Silt or Clay 15~20

Sources: Data adapted from Ortiz, J.M.R., Mazo, C.O., Gesta, J.S., and de Arquitectos de Madrid, C.O.
1986. Curso aplicado de cimentaciones, 3™ edition. Colegio Oficial de Arquitectos de Madrid.
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Figure 6.4: (a): Variation of allowable soil bearing capacity q,;; along B/L (§=0, y = 20 kN/m’,
c=150 kPa, L = 10m,B =1, 2,3 ...,10m), (b): Variation of allowable soil bearing capacity q,;
along B/L (@=6, y= 20 kKN/m?, ¢= 150 kPa, L =10m,B =1,2,3 ...,10m) Flowchart for

allowable soil bearing capacity calculations (ASBC)

The graphical representation shows that the allowable soil bearing capacity values generated using

Hansen (1970), and Vesic (1975) increases as the B/L reaches 1. With the increase in value of B,
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the allowable soil bearing capacity also increases. On the other hand, the values generated using
Terzaghi (1943) and Meyerhof (1963) remains constant. The constant value of allowable bearing
capacity with Terzaghi (1943) and Meyerhof (1963) is due to the values of S; and S,,. When @ =
0°, the conservative approach takes the minimum value of allowable soil bearing capacity for

ground preparation.

6.2.3. Case example (soil friction angle = 6°)

If the crane work at a given location is long-term, the value @ is incorporated in the application for
the allowable soil bearing capacity calculations. For the soil composed of clay, high plasticity, the
value of @ = 6° is considered for this case example for the allowable soil bearing capacity

calculations. All other values are the same as the case example with @ = 0°.

The graphical representation, Figure 6.4b, shows that all the four approaches generate ascending
values along B/L. The slope of allowable soil bearing capacity along B /L of Hansen (1970) and
Vesic (1975) is more significant as compared to Terzaghi (1943) and Meyerhof (1963). The results
also show that when the value of B increases, the allowable soil bearing capacity also increases,

regardless of the approach used for the calculations.

6.3. Chapter summary

The aim of this chapter was to assist practitioners in estimating the allowable soil bearing capacity
for safe mobile crane operation. The estimation of allowable soil bearing capacity is a prerequisite
for the crane mat selection, in conjunction with the GBP exerted by the mobile crane. The value
of allowable soil bearing capacity is estimated using four different theorems widely used in the
construction industry. Using ASBC will help minimize the crane mat wastage on a construction
site by removing the assumption that allowable soil bearing capacity remains the same regardless

of the crane ground footings.
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CHAPTER 7: CONCLUSION

This chapter summarizes to fill the gaps identified in the scholarship and industry practice with
respect to the calculation of ground bearing pressure (GBP) under mobile cranes, crane mat
strength analysis, crane mat optimization, and the calculation of the allowable soil bearing capacity
for mobile crane work. In addition, the limitations of the research are discussed in this chapter, and

recommendations for future research work in this area are proposed.

7.1.  Ground bearing pressure under mobile cranes
7.1.1. Crawler cranes

The results described in Section 3.1.3 reveal that the traditional method for calculating GBP under
crawler tracks is limited and can lead to potentially deceiving results. The higher the crane
capacity, the more significant the discrepancy between the traditional 4-point calculations and the
proposed 8-point method using a combined loading approach. With the increased use of heavy
cranes, ignoring the GBP at the edges and only taking an average can lead to poor ground operation
for crane construction sites. This poor ground stability can lead to ground failure resulting in crane
tipping. Practitioners around the world have significant concerns about ground stability and crane
tipping. Historically, most construction crane failures are linked to ground failure leading to crane
tipping. Crane failure due to crane tipping is consistently a grave concern for the safety of workers
working around cranes. Shapiro and Shapiro (2010) explained the phenomenon of crane tipping
in detail. It is thought that when R surpasses Ef (see Figure 3.3), the crane approaches tipping
quickly. This tipping reduces the actual total bearing area (ATBA) to the effective total bearing
area (ETBA) (see Figure 3.4), and for this reason, the pressure at the payload side of the crane
increases, and the ground under the track close to the payload settles a little deeper. This settling
raises the track on the opposite side (see Figure 2.7), thus further reducing the ETBA, which pushes
the crane further towards tipping. It is imperative to conduct future research pertaining to the
calculations of GBP values in the context of soil bearing capacity and soil elasticity (Shapiro and
Shapiro 2010). Moreover, it is also vital to re-examine all the GBP software to determine the

reliability of the calculated GBP values, which take the average of two edges.
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The best approach to mitigate the risk by utilizing crane mats for load distribution is to avoid
ground failure under a crawler crane. When selecting the crane mat, it is crucial to consider the
actual GBP values under the crawler tracks instead of taking an average along the track width.
Finite element analysis (FEA) simulation also verified that 4-point GBP values could be deceiving.
Especially for higher-capacity cranes, the edges of the crawler track exert more pressure. Most
importantly, the GBP is not consistent along the width of the track. This variation of GBP along

the width of the track needs to be accounted for in the design and selection of the crane mats.

For scenarios in which R > Ef (see Figure 3.3), GRG nonlinear optimization is used to obtain the
coordinates of the ETBA. Future research can minimize the non-linear optimization constraints
and utilize other optimization techniques to obtain these values. It would also be essential to
develop a general algorithm to calculate the 8-point GBP values without switching from R < Ef
to R > Ef. The research presented herein only calculated these values separately, but they can be
combined to generate a generic algorithm for 8-point GBP calculations in the future. Furthermore,
a computer application can be developed based on this algorithm, which can be helpful for
practitioners on construction sites to obtain the GBP values under a crawler crane for any type of
critical lift utilizing crawler cranes. This application could be updated with the crane data to suit
the site requirements. The developed application would make it easy for practitioners to generate
GBP charts instead of using the raw equations to generate spreadsheets. The application should
incorporate the non-linear optimization approach to calculate ATBA reduction to ETBA.
Ultimately, this computer application will be the practical application of this new 8-point
methodology of GBP calculations. For the practical application, the crane data (crane part COGs
and their locations) for any crane must be accurate to generate the GBP profile under each crawler

crane track.

The research conducted in the context of this thesis has determined that the GBP varies along the
width of the track, which, by extension, requires that construction site management undertake a
careful examination of the calculation of crane mats for a crane lift. The higher GBP values require
an increase in the strength of the crane mat to overcome this, which can be accomplished by using
higher strength mats or by applying an extra layer of mats. An alternative could be to compact the
area to increase the soil bearing capacity. All these options will have an impact on the workload

on site. Not only that, the construction site schedule and cost baseline will be affected due to work

110



related to these remedies for higher GBP values. It is essential for construction site management
to develop a contingency plan for these lifts that considers the GBP values obtained using the

proposed method because they are higher when compared to traditional GBP calculations.

7.1.2. Hydraulic cranes

The significance of a critical lift always raises concerns among practitioners. It is vital to compare
the GBP calculation with the allowable soil bearing capacity. As mentioned above, if the GBP is
greater than the soil bearing capacity, crane mats made of wood (timber) or steel are used to
distribute the load and decrease the GBP's magnitude, lowering it within the allowable soil bearing
capacity limits. With the increased use of heavy cranes due to modularization, ignoring the GBP
at the edges of the crane mat and only taking the average over the crane mat surface area can lead
to poor ground preparation for crane operation. It is crucial to calculate an accurate GBP
distribution under hydraulic crane mats to determine whether the soil can bear the load or not and
select the appropriate crane mat for the crane task. Crane failure due to crane tipping is consistently
a grave concern for the safety of workers working around cranes. Historically, the construction
site crane failures mainly were linked to ground failure leading to crane tipping. Shapiro and

Shapiro (2010) explained the phenomenon of crane tipping in detail, as stated in Section 7.1.1.

Moreover, the GBP results from the GBP output section of the application CoLMA (developed in
this thesis) reveal that the traditional method for calculating GBP under hydraulic crane mats is
limited and can lead to potentially deceiving results. The higher the crane's weight, the more
significant the discrepancy between the traditional GBP calculations and the proposed 16-point
GBP method. It requires that the construction site management undertake the GBP values using
the 16-point combined loading method for the site preparation. Further to the crane mat
requirement, it is advised for the safe crane operation to prepare the ground by compacting the soil
to meet the required GBP. The application CoLMA can only utilize one type of crane mat at a time
for GBP calculations. The results show that the value of GBP under outrigger mats varies. Variable

crane mat size can optimize the crane mat usage based on the variable GBP values.

Another limitation with the conducted research was the availability of various hydraulic crane
data. Only one type of hydraulic crane data was used for the examples. Future research can

implement various hydraulic crane data to verify novel GBP methodology. Concerning future
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integration, the aim is to introduce more mobile hydraulic crane data to make this application
versatile. Currently, the end-user needs to incorporate the crane data for the calculations. The plan
is to update the application with the built-in crane data to make it more user-friendly. The proposed
update requires crane data in detail for a maximum number of cranes to expand its utilization

circle.

7.2.  Crane mat structural analysis

Regarding mat structural analysis, the combination of soil and mat is much more complicated than
the equations incorporated in the developed application CoLMA (Duerr 2010, Duerr and Duerr
2019). Due to soil/mat configuration complexity, it is vital to apply engineering judgment for the
mat design selection criteria (Duerr 2010, Duerr and Duerr 2019). Moreover, this thesis provides
a practical method developed in the form of a computer application CoLMA to select a crane mat
based on five major design parameters. Practitioners can use this application for any mat type,
provided that all relevant physical properties (e.g., fp, fy fe. dp, €tc.) and design factors (e.g.,

Kp, Ci , Kr, etc.) are available with the user (see Section 2.3).

To further validate the proposed methodology, it is advisable to use stress and deflection
monitoring sensors on a hydraulic crane mat to observe the impact of static and dynamic loading.
The application ‘CoLMA’ can add more design factors and parameters to incorporate full failure
modes of a crane mat under dynamic loading. It will be helpful for the practitioners to verify them
further using finite element analysis (FEA), like Mahamid et al. (2017) and Mahamid and Torra-
Bilal (2019) made a comparison of mat model with FEA and verified them from lab testing the

cross-laminated timber mat.

Another aspect that requires incorporation in this application is the design criteria for the crane
mat under two loads. Currently, the application can only handle one load at a time. A design
criterion needs to be developed and added to the application if a single long mat supports two
outriggers. As stated above, it is reasonable to integrate the crawler cranes and the hydraulic cranes
under the banner of mobile cranes, using the same methodology to calculate GBP under the mobile
cranes. This integration will assist the practitioners on the construction site in estimating the
ground support for a particular lift. With the adaptation of modular construction, the utilization of

mobile cranes surged and needs proper estimation of GBP for appropriate ground support for the
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execution of construction projects. Nevertheless, this new methodology can also be used for
offshore cranes, formulating this approach as universal crane loading calculations (Chen and Sun

2021).

7.3. Crane mat optimization

7.3.1. Reinforcement learning (Q-Learning and SARSA)

Although the application of reinforcement learning (RL) within the construction industry is
relatively new, RL has the potential to be applied for rapid and robust design optimization. Beyond
construction, researchers are already exploring ways to use RL to minimize the time required for
design. One example is the use of RL for the design of a rocket engine using the ANSY'S platform.
The traditional procedure involves trial-and-error to fine-tune the rocket engine design parameters.
To minimize this development time for a primary fluid dynamic problem with diverse parameters
as inputs and outputs, Mehr (2019) integrated RL with FEA. The input values were manipulated

to obtain the desired output values following the typical procedure for RL.

Following the same approach, RL can be used to minimize the amount of time required for the
extensive trial-and-error and fine-tuning of parameters involved in designing a ground support mat
for crane work. The parameters used for this multi-objective optimization problem are the crane
ground bearing pressure, soil composition, soil capacity, and design parameters (e.g., beam
placement, beam type, plate thickness, etc.) and mat configuration. It is important to note that other
parameters (transportation, fabrication constraints, lifting constraints, etc.) can be added later as

required.

In addition to crane mat design, the future intention can be outlined to develop a novel generic
norm for RL in machine/product design. Machine/product design is a complex problem with many
contributing factors. Due to this complexity, machine/product design takes a relatively long time
from concept to prototype. The application of FEA in machine/product design was a great help,
but at the same time, the processing time for FEA increases exponentially (“curse of
dimensionality”) with the addition of more design parameters (Bach 2017). The back and forth
from manual design to FEA consumes a large amount of the design engineer's time. This time

could be reduced by developing an algorithm that can mimic the behaviour of a design engineer.
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7.3.2. Agent-based crane mat optimization

Both of the developed approaches (greedy and RL) are shown to be capable of saving practitioners
time and reducing human error in optimizing the crane mat layout on a construction site based on
an automated approach. A task that would take minutes to complete using the traditional manual
approach can be completed in seconds with the adoption of crane mat optimization algorithms for
preparing the crane mat layout plans/drawings. The output in the form of a crane mat layout
provides the practitioner with the exact resource requirements for timely planning and execution.
In this research, it should be noted, only one crane mat size (one that is widely used within the
construction industry) is used in the greedy and RL optimizations. Using multiple different crane
mat sizes to achieve the required coverage can decrease the crane mat usage and wastage. This

aspect will be incorporated in future research efforts.

Furthermore, in this research, the results from the greedy optimization are used as target numbers
for the RL optimization. There is a possibility that the RL agent would achieve a better result
working without any target numbers, but doing so raises a question as to where to stop the episodes,
as the RL agent can continue for an infinite number of episodes. Future work will explore the
breaking point for RL optimization based on a quality metric. The function of the quality metric

to be developed will be to stop the episodes once a defined level of improvement has been attained.

Another way to optimize crane mats is using a brute-force algorithm, although this entails
considerably more computation time compared to the greedy approach. For example, for Case 2
(referenced in Chapter 5), the number of possible combinations is 81°, and the computation time
required to process them using the brute-force algorithm is 2.83 X 103 seconds, which is

considerably more than the time taken by the RL agent to optimize the crane mat layout.

Researchers are exploring RL as a way to minimize the time required for generic machine design
(product development). One example is the use of RL for the design of a rocket engine using the
FEA (i.e., ANSYS) platform. The traditional method consists of manual trial-and-error to refine
the parameters associated with the rocket engine design. To minimize the time for the development
phase, the researcher used RL to integrate FEA. Following the norms of RL, the input values were
manipulated to obtain the desired output values (Mehr 2019, Waxenegger-Wilfing et al. 2020).

Based on the results of the present research, it is also expected that RL can be used to optimize

114



various other complex problems within the construction domain, including optimization of the
crane mat design itself. In particular, RL can be helpful for reducing the computation time required
compared to the current practice, which involves extensive trial-and-error and fine-tuning of the
parameters involved in the crane mat design. Such an application would approach the crane mat
design as a multi-objective optimization problem encompassing parameters such as crane ground
bearing pressure, soil composition, soil capacity, design parameters (beam placement, type of

beam, plate thickness, etc.), and crane mat configuration.

7.4. Allowable soil bearing capacity for mobile cranes

In both case examples (Sections 6.2.2 and 6.2.3), soil bearing capacity calculations show that the
change in the width of the crane track/outrigger/mat changes the allowable soil bearing capacity
value. This outcome contradicts the traditional approach of obtaining a single allowable soil
bearing capacity value from a client for crane work. A single value of allowable soil bearing
capacity can be misleading, as the width of the crane track/outrigger mat varies. Using a
conservative value from all four approaches is advisable to estimate ground preparation for crane
work. It is expected that in the future, more approaches shall be incorporated in this application to
estimate the allowable soil bearing capacity for crane work. For future validation, the use of FEA
can be helpful. The FEA can further elaborate and portray the soil behaviour under the crane

footing.

7.5. Research contributions

7.5.1. Academic contributions

The combined loading approach to the GBP calculations overcomes the limitations of the
traditional approach to GBP calculations and provides a set of novel equations for this purpose.
These equations will aid practitioners and researchers in visualizing the GBP profile under the
crawler crane tracks (or hydraulic crane mats, as the case may be). Moreover, the mat strength
analysis (in the form of graphical representation) can be used by practitioners and researchers to

observe the suitability of a given crane mat for a particular job (see Figure 7.1).

Another major academic contribution is the use of RL for crane mat optimization. There are many

algorithms available for optimization, such as greedy, brute-force, and dynamic programming.
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However, as mentioned in Section 7.3, brute-force and dynamic programming in particular are
time-consuming, and all three lack the exploratory aspect that RL offers (Waxenegger-Wilfing et
al. 2020). The research work described herein introduces the use of RL for solving optimization
problems in construction. As noted earlier, RL is already being used by researchers and
practitioners in fields ranging from gaming to healthcare (Yu et al. 2021), Natural Language
processing (NLP) (Paulus et al. 2017), and the automobile industry (in the development of self-
driving cars) (Kiran et al. 2021).

Ground Bearing Mat Strength Crane Mat Layout Allowable Soil
Pressure Analysis Optimization Bearing Capacity
Innovation Resources —
CO, Emissions
Novel
Approach Applications Cost
/ / Safety
Academic Industry Societal

- =

Contributions

Figure 7.1: Mind map of contributions

These applications in other industries underscore the potential of RL as a solution to optimization
problems encountered in the construction industry. Based on previous project data, an RL-based
application may be useful for decision support and for promoting safety on construction sites.
Moreover, the exploratory aspect of RL lends itself to design optimization based on analysis of
worst- and best-case scenarios. Indeed, the use of RL for crane mat optimization may be a first
step towards the broader practical application of RL within the construction industry. For instance,
much of the decision-making conducted by project engineers in construction could be improved
and expedited leveraging the exploratory aspect of RL. The optimization of resources, for instance,

is always a major concern in construction management. Construction enterprises are continually

116



seeking the best solution to increase productivity and minimize the resources required.
Nevertheless, the construction industry is failing to keep pace with other industries in terms of
productivity (Graham 2019), and RL is a promising solution for addressing this deficiency, given
its successful application in other industries. The comparison between RL and the greedy approach
presented herein also shows that the number of crane mats required for a given coverage area can
be reduced further through the application of RL, thereby reducing waste and increasing

productivity.

7.5.2. Contributions to industry practice

The developed application, CoLMA, can be used by industry to estimate the GBP under a hydraulic
crane mat. Although CoLMA is still in a raw form at this juncture, it can be improved to make it a
more user-friendly application. CoLMA can also assist practitioners in confirming the suitability
of a given crane mat for a particular job. Moreover, the use of combined loading for GBP
calculations can assist practitioners in generating and understanding the GBP profile under the
crawler crane (or hydraulic crane) tracks. It should be noted that, in current practice, practitioners
typically use a safety factor in determining the crane mat requirement in order to overcome the
limitations of the traditional approach to GBP calculations, but this increases the capital and

operational costs associated with the crane mats (see Figure 7.1 and Figure 7.2).

The crane mat optimization approaches mentioned in this thesis can assist practitioners and save
them time. As mentioned in Chapter 1 and in Chapter 5, the crane mat optimization approaches
proposed herein allow the practitioner to perform in seconds what may have required minutes or
even hours following the traditional approach. Not only that, but the number of crane mats required
can be reduced, thereby decreasing the capital and operational costs associated with crane mat

manufacture, transport, and stacking.

Furthermore, the results generated by the proposed soil bearing capacity application, ASBC, show
that, as the capacity of the crane increases with an increase in the ground footing, the allowable
soil bearing capacity of the soil under the mobile crane increases accordingly, thus reducing the
crane mat requirement. While the traditional approach is to use the same allowable soil bearing
pressure value for every type of crane and crane mat on a construction site, regardless of crane

ground footing. These results demonstrate that the crane mat requirement can be safely reduced in
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accordance with increasing dimensions of the ground footing, thereby reducing the capital and

operational costs associated with the crane mats.

7.5.3. Societal contributions

Safety of workers is a matter of paramount concern on any construction site. As mentioned in
Chapter 1, crane tipping has been a factor in many injuries and fatalities on construction sites
(Abdul Hamid et al. 2019). The results of the combined loading approach indicate that the GBP
values calculated using the traditional approach are limited and can lead to crane tipping. The GBP
values determined using combined loading show some variation towards higher GBP under a crane
track or crane mat. For example, considering a Manitowoc 18000 crawler crane with the same
configuration used in Chapter 4 and a payload of 54 metric ton, the maximum GBP value with 60°
slew angle using the traditional approach to GBP calculations is about 66.3 metric tons/m?. Using
the combined loading approach, however, the maximum GBP value is 67.9 metric tons/m?, a
difference of 1.6 metric tons/m”. In other words, using the traditional GBP value as the basis for
the crane mat design may increase the risk of crane tipping by underestimating the GBP (by a
margin of 1.6 metric tons/m? in this case) (see Appendix A and Figure 7.2). As noted above,
practitioners typically apply a safety factor when designing the crane mats to mitigate the risk of
“unknown unknowns”, but this practice results in overdesign of the crane mats and increases the

resource usage and cost.

The main objective of this research with regard to crane mat optimization was to minimize the
usage of crane mats on construction sites, and a decrease in crane mat usage will reduce the CO>
emissions associated with crane mats. To illustrate this, we can consider a hypothetical
construction project requiring crane in Yellowknife, Northwest Territories. For the purpose of
calculating the corresponding CO> emissions, it is estimated that the number of timber mats
(3.6449 m x 2.4384 m x 0.2032 m) used in this case can be reduced by 8 by applying the
optimization approaches developed in this research. The maximum lifespan of a timber mat is
approximately three years (Muhammad et al. 2021). The total volume of 8 timber mats is 14.448
m’, and the density of Coastal Douglas-Fir is about 0.52997 metric tons/m? (SImetric.co.uk 2011).
Based on this density, the weight of these mats is 7.657 metric ton. Equation (65), proposed by
Bergman et al. (2014), can be used to calculate in metric ton the CO; emissions involved in the

manufacture of the timber mats based on 0.7272 metric ton of wood weight.
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CO, (Manufacturing) = 0.7272 X W (65)
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Figure 7.2: GBP variation and its impact on crane mat design
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One of the significant sources of indirect CO2 emissions in the crane mat lifecycle is transportation,
both from the location where the timber is harvested to the manufacturing plant, and from the
manufacturing plant to the crane yard. Equation (66), proposed by Whittaker et al. (2010), can be

used to calculate the emissions associated with these transportation activities:
CO, (transport) = 0.032 X W, X (D, + Dy) (66)

where W, = weight of the wood (metric tons), D,, = distance travelled from forest to
manufacturing plant, and D,, = distance from manufacturing plant to the crane yard. Given that

Coastal Douglas-Fir is readily available as a raw material in Canada, the average distance for the
raw/finished product to travel is about 500 km (D, + D,) (assumption), and the total CO:

emissions is about 0.1225 metric tons.

Next we can calculate the indirect CO> emissions for one month of timber mat usage. As noted
above, the maximum life span of a timber mat is three years, and if only timber mats are used on
the construction site, they last for just eight months per year (Muhammad et al. 2021). Based on

these constraints, the CO2 emissions (metric tons) for one month can be calculated using Equation

(67).
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CO, (Manufacturing) + CO, (transport
indirect CO, = ( 2 ( ! 9) 2 ( P )> X n

8x3 (67)

where n = number of months for timber mat usage. According to this calculation, the indirect CO;
emissions associated with the reduced crane mats (8) in the case project is about 0.237 metric tons.
For direct CO; emissions, it is assumed that the crane yard is in Edmonton, Alberta, Canada, and
the distance between Edmonton and Yellowknife is 1,452 km, meaning that the total travelling
distance for the timber mats (round trip) is about 2,904 km. The direct CO; emissions is thus
approximately 0.122 metric tons based on 1,452 km travelling distance and 7.657 metric tons
(wood weight). Accordingly, the total monthly CO> emissions associated with the reduction in
timber mats (8) for the case project is approximately 0.949 metric tons (indirect + direct CO>

emissions) (see Table 7.1).

Table 7.1: CO; emissions calculations for & timber mats

Description 8 Timber mats
1 Indirect CO» emissions 0.237 metric tons
2 Direct CO2 emissions 0.712 metric tons
3 Total CO; emissions 0.949 metric tons

The calculations state that about 0.949 metric tons of CO; emissions can be saved if 8 timber mats
are saved using the crane mat optimization approaches. It should be noted that, for the calculations
for energy wastage, 1 metric ton of CO, emissions is assumed to be equal to 1,414.43 kWh or
112.53 gal of gasoline (EPA 2021). Accordingly, the 0.949 metric tons of CO2 emissions (see
Table 2) represents 1,342.30 kWh of energy saved, or 106.79 gal of gasoline. This shows that a

reduction in crane mat usage is directly linked with a reduction in CO; emissions.

Furthermore, the developed application for determining the allowable soil bearing capacity can be
applied to reduce the crane mat requirement as described above, and this reduction also serves to

diminish the CO; emissions associated with crane mat use.

7.6.  Executive summary

The theme of this research was to minimize crane mat wastage on a construction site and to
improve the safety of construction workers working around heavy cranes by reassessing the ground

support for mobile crane operation. The outcome of objective-1 can improve the stability of a
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mobile crane by removing the assumption of uniform GBP. This will help the practitioners to
estimate the crane mat requirement without any significant safety factor, which can minimize crane
mat wastage. The outcome of objective-2 can save the practitioner’s time in preparing crane mat
layout plans by using greedy, and RL approaches. This outcome, in the form of a computer
application, can assist practitioners in estimating the crane mat requirement on a construction site
without any assumption for unknown-unknown factors. The objective was to minimize the usage
of crane mats on a construction site by optimizing the crane mat layout plans. The last objective
will reduce the crane mat requirement for heavy cranes on a construction site by estimating the
allowable soil bearing capacity by integrating mobile crane ground footings. The results show that

allowable soil bearing capacity increases as the crane ground footing area increases.

7.7. Research Limitations

1) Ground bearing pressure under mobile cranes:
a) Crane data of various mobile cranes are required.
b) The non-linear optimization techniques were used to obtain the GBP values, which make
the whole process complex.
2) Crane mat structural analysis:
a) For the analysis, the crane mats were considered solid; in reality, they are flexible in nature.
b) The soil is also considered rigid.
3) Crane mat layout optimization:
a) One size of crane mat is used in the case examples.
b) The greedy algorithm can be stuck at the local optimum.
c) The RL approach takes each case as a separate environment without sharing any data.
d) The layout planning is constrained to one layer of crane mats only.
4) Estimating allowable soil bearing capacity for crane work:
a) The soil is considered linear in nature.

b) One of the constraints was the non-availability of soil data.

7.8.  Future Aspects

1. A computer application comprising all types of mobile cranes is required to be developed

to estimate GBP under mobile cranes using a combined loading approach.
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11.

iii.

1v.

vi.

Vii.

Viii.

Non-linear optimization needs to be investigated further to obtain the GBP values without
trial and error and to make the GBP process user-friendly.

The crane mat's structural stability needs to be integrated with the non-linear behaviour of
soil under crane mats.

For crane mat layout optimization, 2 or 3 layers of crane mat layout optimization are
required to be investigated.

Various crane mat sizes can be integrated in the crane mat layout optimization process to
make it further economical and environmentally friendly.

The RL agent considers each case a separate environment without sharing data. Future
work can investigate how the data can be shared from one case example to the next to
minimize processing time.

For allowable soil bearing capacity, the latest research should be incorporated to define the
relationship between crane ground footing and allowable soil bearing capacity.

For future validation, the use of FEA can be helpful. The FEA can further elaborate and

portray the soil behaviour under the crane footing.
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Appendix A - FEA and 8-point manual difference from the 4-point GBP values

8-point vs. 4-point (metric ton/m?)

FEA vs. 4-point (metric ton/m?)

Crane 0 30 60 90 120 150 180 0 30 60 90 120 150 180
Pl 0.0 0.4 0.7 0.8 0.7 0.4 0.0 0.1 05 0.7 0.8 06 03 -01
P2 00 -04 -08 -09 -08 -04 0.0 01 -04 -08 -09 -09 -05 -0.1
P3 0.0 0.4 0.7 0.8 0.7 0.4 0.0 0.0 0.4 0.8 0.9 0.8 0.5 0.0
18000 P4 00 -04 -08 -09 -08 -04 0.0 00 -04 -07 -08 -07 -04 0.0
(Case 1) P5 0.0 0.4 0.8 0.9 0.8 0.4 0.0 0.0 0.4 0.7 0.8 0.7 0.4 0.0
P6 00 -04 -07 -08 -07 -04 0.0 00 -04 -08 -09 -08 -05 0.0
P7 0.0 0.4 0.8 0.9 0.8 0.4 00 -0.1 0.4 0.8 0.9 0.9 0.5 0.1
P8 00 -04 -07 -08 -07 -04 00 -01 -04 -07 -08 -06 -03 0.1
Pl 0.0 13 1.7 2.0 1.7 0.3 0.0 0.1 13 1.7 1.9 16 0.3 0.0
P2 00 -08 -19 -22 -19 -19 0.0 01 -08 -19 -22 -20 -18 0.0
P3 0.0 0.7 1.7 2.0 1.7 1.8 3.1 0.0 0.8 1.8 2.1 1.8 1.8 3.2
18000 P4 00 -14 -19 -22 -19 -04 3.1 00 -14 -18 -20 -18 -04 3.2
(Case 2) P5 00 -06 1.9 22 1.9 0.0 0.0 00 -06 1.8 2.0 1.8 0.0 0.0
P6 00 -27 -17 20 -17 0.0 0.0 00 -27 -18 -214 -18 0.0 0.0
P7 0.0 0.0 1.9 22 1.9 1.4 3.1 0.0 0.0 1.9 2.2 2.0 14 3.1
P8 0.0 00 -17 -20 -17 -07 3.1 0.0 00 -17 -19 -16 -07 3.1
Pl 0.0 0.1 0.2 0.2 0.2 0.1 0.0 0.0 0.1 0.2 0.2 0.2 0.1 0.1
P2 00 -01 -02 -02 -02 -0.1 0.0 00 -01 -01 -02 -01 -0.1 0.1
P3 0.0 0.1 0.2 0.2 0.2 0.1 0.0 0.1 0.1 0.2 0.2 0.2 0.1 0.0
AH-11320 P4 0.0 00 -01 -01 -01 -0 0.0 01 -01 -01 -02 -01 -0.1 0.0
(Case 1) P5 0.0 0.1 0.2 0.2 0.2 0.1 0.1 0.0 0.1 0.2 0.3 0.2 0.2 0.1
P6 00 -01 -01 -02 -0.1 0.0 0.1 0.0 00 -01 -01 -0.1 0.0 0.1
P7 0.0 0.2 0.2 0.3 0.2 0.2 0.0 0.1 0.2 0.2 0.3 0.2 0.1 0.0
P8 0.0 00 -01 -01  -0.1 0.0 0.0 0.1 00 -01 -01 -0.1 0.0 0.0
Pl 0.0 1.2 1.2 14 1.3 0.4 00 -0.1 1.1 1.1 1.3 1.2 0.3 0.0
P2 00 -04 -15 -17 -14 -13 00 -01 -05 -16 -17 -15 -13 0.0
P3 0.0 0.4 1.3 14 1.2 1.2 0.0 0.0 0.3 1.2 1.3 1.1 11 -0.1
AH-11320 P4 00 -13 -14 -17 -15 -04 0.0 00 -13 -15 -18 -16 -05 0.1
(Case 2) P5 0.0 1.0 15 1.7 15 0.0 00  -0.1 0.9 14 1.6 1.4 0.0 0.0
P6 00 -06 -12 -14 -0.8 0.0 00 -01 -07 -12 -14 -08 0.0 0.0
P7 0.0 0.0 15 1.7 15 1.0 0.0 0.0 0.0 14 1.6 15 09  -0.1
P8 0.0 00 -08 -14 -12 -06 0.0 0.0 00 -08 -15 -12 -06 -0.1

136



Appendix B — Algorithm for GBP under hydraulic crane mats

Algorithm 1: Calculations for GBP under hydraulic crane mats.

Inputs:

{w,, W, W.} < Weight of payload and crane parts

{d,, d;, d.} — Horizontal distance of payload and crane parts' COG to the crane rotational axis
{6, 6.} < Angle between the crane parts' COG and the X-Axis

{ w,,,}l,,,} < Width, length of crane mat

{C,, C;} < Offset distance for the right and left rear outrigger from the crane rotational axis
{B., L.} < Outrigger distance from the center, distance between outriggers lengthwise (center to center)
{Uimit » Liimze } < upper tolerance limit, lower tolerance limit

Initialization:

8, —{0°---360°} € R, Payload slew angle (lifting radius)

P;(x;,y;) < calculate crane mat corners, x;,y; € R, i € [1,16]

A, < calculate area of crane mats calculations using P; (x;,v;)

{Ixx, Ly, IJ,J,} «— calculate using Equations (9), (10) and (11), I, Ly, L, €R

P’;(x";,y";) < calculate using centroid of A,as the origin for cartesian coordinates

{Ix:x:, Ly, Ix:yf} « calculate using Equations (9), (10) and (11) using P, (x";, ¥";).

[+ calculate using Equation (12)

P (x;,y;) < P”;(x"”;,y";) < calculate updated P’;(x";, ¥";) using £ as the cartesian coordinates rotation

{ Ly, Ly, IW} — {Ixx Ly, Ix")?"} «— calculate using Equations (9), (10) and (11) using P”,(x”,,¥ ;)
01  For 8, — 0°to 360° DO

02 o, < GBP at crane mat corners, calculate using Equation (8). 6; € R, i € [1,16]

03 IF g; < 0 THEN

04 WHILE [UN < Lymie OR 0y = Upse ] DO

05 {N1(Nyz, Niy ), N2 (Nag, Npy ) } < calculate neutral axis coordinates, {Ny,, Nyy, Nay, Noy } € R
06 {factor,, factor, } < calculate polygon clipping factors, {factor,, factor,} € R

07 Ap < calculate area of crane mats after polygon clipping

08 P’,(x’;,¥";) < calculate using updated centroid of A,

09 {Ixx Ly, Ix,),f} «— calculate using Equations (9). (10) and (11) using P’,(x";, y";).

10 [+« calculate using Equation (12)

11 P (x";,¥";) < calculate updated P"; (x";, y;) using £

12 {Ixx Ly, wayff} « calculate using Equations (9), (10) and (11) using P, (x";, y"";)
13 0; «— 0'14— calculate Equation (8) using A;}. P (x";,y";)and {Ixuxu,fj,n),n, Ix")?"}

14 oy < Equation (8) at neutral axis, oy € R, N € {1,2}

15 P (x;,y) < P (x",y")

16 END LOOP

17 END IF

18 END LOOP
Return: o;5, < o; along 6,. 0;5 € R, i € [1,16]. 6, € [0,360]
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Appendix C — For the payload of 35,000 kg, 16-point and FEA GBP values difference from

traditional GBP values (metric tons/m?)

Crane Superstructure Slew Angle (°)

16-point GBP values vs. traditional GBP values FEA GBP calculations vs. traditional GBP values

0 30 60 90 0 30 60 90
P1 0.72 0.90 0.82 0.52 0.56 0.72 0.64 0.35
P2 —0.95 —-0.57 —0.05 0.48 —-1.07 —0.73 -0.22 0.31
P3 —0.99 —-1.18 —1.06 —0.66 -1.12 -1.32 -1.20 —0.80
P4 0.67 0.29 —-0.18 —0.62 0.52 0.13 —0.34 —0.76
P5 0.99 1.14 0.99 0.58 0.99 1.14 0.99 0.58
P6 —0.67 —0.33 0.12 0.55 —0.67 —0.33 0.11 0.54
P7 —0.72 —0.94 —0.89 —0.59 —0.71 —0.93 —0.89 —0.59
P8 0.95 0.53 —-0.01 —0.55 0.95 0.54 —-0.01 —0.55
P9 0.76 0.97 0.93 0.64 0.77 0.99 0.95 0.66
P10 -0.91 —-0.50 0.05 0.60 —0.89 —0.48 0.07 0.62
P11 —0.95 —-1.11 —0.96 —0.54 —0.93 —1.08 -0.93 —0.50
P12 0.71 0.36 —0.08 —0.50 0.73 0.39 —0.05 —0.47
P13 0.93 1.13 1.00 0.59 0.94 1.14 1.02 0.60
P14 —0.74 —0.35 0.12 0.55 -0.72 —0.33 0.14 0.56
P15 —0.78 —-0.96 —-0.89 —0.59 —0.76 —0.93 —0.86 —0.56
P16 0.88 0.52 —0.01 —0.55 0.90 0.54 0.02 —0.52
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Appendix D — Algorithm for Hydraulic crane mat strength calculations

Algorithm 2: Hydraulic crane mat strength calculations.

Inputs:

{Allowable Soil Bearing Capacity} +— Allowable soil bearing capacity

{wm. Ly, Os} «— width. length of crane mat and width/length of outrigger

{n, dj,} «— Number of cranes mats stacked one over other, thickness of the crane mat
{Kp,Co, Ko Ky, Ky Koo, K7, @4, @} +— Wood external design factors

{fb, £, Lot ftp} «— Mat strength design parameters (Section 2.2)

Initialization:

O e < Tetrieve maximum GBP under hydraulic crane outrigger mats (Algorithm-1)
{Lm s Loins Len'} « {0, ---,40} € R, variable, minimum. and effective length of crane mat
{Lonin s Less } < (40,0}

{Ucybp ’ Ucbf'ur! ’ UCsh ear UCr!ef'- UCcump } — |0-1 |- ER

01 Forl, «—0to40DO

02 Ly < L, replace for Equation-15, 16.17. 18 & 19

03 {UCybp , UChend  UCshear» UCues , UCcomp } < Calculate using Equation-15, 16, 17. 18 & 19
04 IF L,;, =0 AND [UC,,, OR UC,,,q ORUC,,, ORUCy; ORUC,,, |=1 THEN
05 I Lmiu — Lm

06 END IF

07 IF L, =40 AND [UC,;, OR UC,.,q ORUC,,.,, ORUC,.; ORUC,,, |-1 THEN
08 I LF]’EEI — Lm

09 END IF

10 Return: {UCM,;, U Cheni » UCshear s UG, UC gy } along L, ., graphical representation
11 END LOOP

12 For 'Em — Os;- Lmiu ’ Lef'j'l 'Em DO

13 {UC,p, UChend » UCchear» UCues» UC,my } < Calculate using Equation-15, 16, 17,18 & 19
14 IF UC,,,, at O, =1 THEN

15 | Return: {"Crane mat not Suitable, Compression"}

16 ELSE

17 IFL,, >l ORL,, =0THEN

18 | Return: {"Crane mat not Suitable, GBP"}

19 ELSE

20 IF L ;; < Ly, THEN

21 IF [UCyng at L] =1 THEN

22 | Return: {"Crane mat not Suitable, Bending"}

23 ELSEIF [UCy,.q at L,s; | =1 THEN

24 | Return: {"Crane mat not Suitable, Shear"}

25 ELSETF [UC,, at L,;s] =1 THEN

26 | Return: {"Crane mat not Suitable, deflection"}

27 END IF

238 ELSE

29 I Return: {"Crane mat Suitable"}

30 ENDIF

31 END IF

32 END IF

33 Return: {UC{}b;} ' Uchend ’ UCsh ear UCr!e{' ’ UCrump }

34 ENDLOOP
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Appendix E — Algorithm for crane mat optimization using Greedy Approach

Algorithm 3: Crane Mat optimization using Greedy approach.

Inputs:

{Mi (xl-,-,yl-,- )} « Mat coordinates (8 options), x;,y; € R, i € [1,8],j € [1,8]

{Mat;} < Mat drawings (8 options) for mat placement, /=i € [1,8]

{B,(x,,, ¥,)} < Polygon coordinates (area required) with n vertices, x,,,y, € R, n € [3,R]

{Ry (%}, v;)} < Starting polygon vertex for Mat laying, x;, v, € R, k € [1,2]

Initialization:

01 {0, (%, Ym), fm} < Location for mat placement, x,,,,y,, € R, f,, € ["Accept","Reject"], m=0
02 AM <« calculate area of mat using M; (xlj,yll-)

03 {0, (s Vi), fin} < Update with Ry (1, 1), as first mat placement location, m=1, with f,, = "Accept
04 {Area,,DC,} < {0, 0} « Area covered & distance of mat centroid from R} (x, yi)

05 Forr «— 1to8DO

06 A, < Generate polygon region

07 M’; (x'i,-,y'i,-) « calculate using 0; (1, y;), as mat placed at the available location, i = r

08 A; < Generate mat region using M’; (x'l-,-,y'i, ), i=r

09 A, — A, N A4

10 d; < Calculate distance between centroid of M”; (x'ij,y'ii) and Ry (xy, v, ), i =71

11 IF d; < DC, AND area {4,} > Area, THEN

12 {AC,, AR, final, } — {A,, A,\ 4,,7}

13 {DC,, Area,} « {d;,area {A,}}

14 {0 (%, Vi )» fm } < Update by adding M"; (x'l-/-,y'l-/-), m=m+j, f,, = "Accept" for added locations
15 END LOOP

16 END LOOP
17 MAT, < Place mat Mat, using M'i(x'
18 WHILE area{AR,} < (AM/2) DO

i Y ij ), where I=final., at 0, (x1,y1), k=1

19 {Area,,DC,, k} < {0,000,k = k + 1} < Area covered, mat centroid from R (x;, y;)

20 Fors <« 1tom DO

21 IF f; = "Accept" THEN

22 Fort <« 1to 8 DO

23 M'i(x'i]—,y'ij) « calculate using O, (xg, ¥5), i = t, mat placed at the available location
24 A; < Generate mat region using M’; (x't,», Yt ), i=t

25 IF area{AC, N A;} = 0 THEN

26 {AC,,AR,} — {AC, U A;, AR,\ A}

27 d; < Calculate distance between centroid of M”; (x'i]-,y'il-) and Ry (xp, v, ), i =t
28 IF d, < DC, AND area {AC,} > Area, THEN

29 {Ac,,DC,, Area,, AR, M"(x";,y"j )} < {AC,,d;,area {A,}, AR, M (x';, ¥ ;) }
30 {Of (xf'yf)' final‘r } — {Os(xs: ys): t}

31 END IF

32 ELSE

33 | £ = "Reject”

34 END IF

35 END LOOP

36 END IF

37 END LOOP

38 {AC,, AR,} «— {AC,, AR,}

39 {0, (X, Y ), fin} < Update by adding M"t(x"t/-,y"tl- ), m=m+j, f,, = "Accept" for added locations
40 MAT,, < Place mat Mat,; using M"’, (x"tl-,y"t/- ), where [=final,, at Of (xf, yf)

41 END LOOP

Return: area {AR,}, k,{ k X AM}, {(k X AM) — area(AC,)}
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Appendix F — Algorithm for crane mat optimization using Reinforcement Learning

Algorithm 4: Crane Mat optimization using Reinforcement Learning approach.

Inputs:

{M;(x;j,y;; )} < Mat coordinates (2 options), x;,7; € R, i € [1,2],j € [1,8]

{Mat,;} — Mat drawings (2 options) for mat placement, /=i € [1,2]

{G} < Number of mats used by Greedy approach (Algorithm-1), G € R

{B, (x4, y,)} < Polygon coordinates (area required) with n vertices, x,,,y, € R, n € [3,R]
{Ry (xx, ¥ )} < Starting polygon vertex for mat laying, x;, v, € R, k € [1,2]

{a, y} < Learning rate, Discount factor, &,y € R

Initialization:

01 {0, (xpm, Y )} < all locations for mat placement, x,,, ¥,, € R, m € [1,R], based on Ry (x}, yi)
02  {f,,} < Availability, against each Location, f,, € ["Accept","Reject"]

03 {E;,} < Exploration, against each Location, E;,, € [0,1], i € [1,2], Explored = 1, Unexplored = 0
04  {Q;,} < Q value against each mat location, Q;,,, € [0,R], i € [1,2],m € [1, R]

05 {AM} < calculate area of mat using M; (xl "1 ,-)

06 WHILE area{AR,} < (AM/2) DO

07 {fin} < {"Accept"}, for each combination, i € [1,2] and n=m

08 del(MAT,) < Delete any mats from previous episode, n = G

09 del(AC,, AR,) < Delete any previous mat covered region & polygon region from previous episode
10 AC, < Generate mat area region with zero area

11 AR, < Generate polygon region

12 Forn <« 1to G DO

13 e= (S Ep)/m

14 IF € = 0.1 THEN

15 | {Rpars Rioe} — {rand € [1,2],rand € [1,m]}

16 ELSE

17 {Rpat» Rioc } < {i, m} for maxi(Q;, ), with f,, = "Accept"

18 e« {0.1}

19 END IF

20 Epp < 1, m =Ry, i = Ryt

21 M (x},y;) <« M (x;,y";), calculate using O, (X, Vi) M = Ripes @ = Rypge

22 A; < Generate mat region using M"(x},¥"; ), { = Rypar

23 fmn < {"Reject"}, for all O,, (x,,, ¥1,) covered by A;, i = Rpat

24 AR, — AR\ A, i = Ry

25 AC, — AC, N A, i =R,

26 d; < Calculate distance between centroid of M'(x’,-,y'i) and Ry, (X, Vi), i = Rpar

27 Reward « Calculate reward based on the mat placement 4;, d;, AC, and AR, i = R,
28 Qavail “— Qim atm = Rloca i = Rmat

29 {Qmax » Omean } — {maxi(Q;,, ), mean(Q;,, )}, with corresponding f,, = "Accept”

30 Qsarsa < €Qmean + (1 - E)Qmax

31 Qim A Qavail (1 - (X) + a{RewaTd + starsa }s m= Rloca i = Rmat

32 MAT, « Place mat Mat; using M"(x’},¥";), at O, (%yn, Y ) I=Rpnar, M = Ry,

33 END LOOP

34 END LOQOP

Return: area {AR,}, k,{ k X AM}, {(k X AM) — area(AC,)}
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Appendix G — Q-Learning for global optimization

As stated before in Section 2.4.2., the structure of RL is composed of four parts: policy, a reward
signal, a value function, and a model. A policy is a way an RL agent behaves at a given time. The
value function defines the amount of reward and punishment the RL agent gets, and the model
(optional) mimics the behaviour of the environment (Sutton & Barto, 2018). Q-learning is one of
the RL algorithms with a model-free approach that can optimize the stochastic states and rewards
(Lillicrap et al. 2015, Sutton and Barto 2018). The equation of Q-learning is as shown in Equation
(17). The same application of RL is used in this section to train an agent to reach the global
optimized location by trial-and-error. As the agent proceeds with the iterations (episodes), the
value of Q is updated continuously. Accordingly, the RL agent updated the Q-table for states
involved in each episode. The Q-learning will motivate the value function for decreasing the time
required to reach the global optimization solution. A learning factor of 0.1 and a discount factor of

0.9 are employed in this simulation.

G.1. Methodology

This Appendix G divides the methodology into three main parts, the hypothetical structural support

design, the greedy algorithm and its limitation, and the development of the Q-learning algorithm.

G.2. Hypothetical structural support methodology

A hypothetical design compares RL (Q-Learning) with the greedy algorithm in design
optimization. A hypothetical steel plate of 0.25 m thick with dimensions of 112 m x 112 m is
supported by four supports (as shown in Figure G.1). A couple of weights, forces, and moments

act randomly and simultaneously on the plate, as shown in Figure G.1 and Figure G.2.

The four supports are permanent at the corners of the plate. Another adjustable support is meant
to be placed anywhere under the plate (as shown in Figure G.3. There are 10* possible locations
for the adjustable support. The objective is to find the location using an FEA platform so that the
deflection in the steel plate is the minimum. ANSYS (19.2) is used in the current research as the

FEA platform for the simulation.
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Steel Plate
LXW=112m X112 m
Thickness=0.25m

Figure G.1: Basic configuration of steel plate with random objects
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. Pressure: 2500, Pa—""
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[l Force & 25000 N d
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Figure G.2: Steel plate with randomly acting forces and moments

143



Figure G.4 shows the overall process. The RL agent is not aware of the model; it can only select
the action in the form of the location of the adjustable support, and based on the action, it receives
the reward and new state to move on. ANSYS takes approximately 30—40 seconds (Intel(R)
Core(TM) 17-6700 CPU @ 3.40 GHz using 16.0 GB RAM, running Windows 10) on average to
simulate each location of the adjustable support, and delivers the deflection of the plate as the
outcome of each state. The deflection in the plate determines whether the action was favourable or

not, which in return, using the value function, provides a scalar value of reward or punishment to

the agent.

Fixed Supports

Adjustable Support
(10)* Possible locations

Figure G.3: Steel plate with adjustable support
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Figure G.4: Basics model of RL

The first approach was to explore all the possible locations and the respective deflection. The
topography of the deflection with respect to each state is shown in Figure G.5. The latitudinal
(along x-axis) movement is stated as x-move (100 steps), and the longitudinal (y-axis) movement
is stated as y-move (100 steps). There are 10,000 combinations of x-move and y-move, as the
position of the fifth support under the plate, to minimize the deflection. The optimal location is
also indicated in Figure G.5. The total time taken by FEA to explore all the states was 101.94 hours
(Intel(R) Core(TM) 17-6700 CPU @ 3.40 GHz using 16.0 GB RAM, running Windows 10), which
is equal to 4.25 days in total.
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Figure G.5: All the possible states with deflection

G.3. Greedy algorithm approach and its limitations

For both RL and greedy algorithms, it is assumed that the final deflection is known but not the
final location of the support. The easiest way to reach the optimal location starting from any edge

is to use the greedy algorithm; however, the problem is that the greedy algorithm can confine to a
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local optimal location, and the local optimum location can become a sink for the greedy agent.
This is the same as in the case of this problem. There are many local optimal locations. One of
them is shown in Figure G.6. The greedy algorithm agent can only transcend this local optimization
point by probing the heuristic tree further below (future actions). It is not easy to foretell the
number of layers of the heuristic tree to be explored. It can be a trial-and-error method to search
the greedy algorithm's level to find the minimum to maximum point to proceed further to the global
optimization point. For this problem, the greedy agent goes several steps down in the heuristic tree
for some local optimization locations to find the path towards the minimum deflection value

(global optimum).
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Figure G.6: Local optimization location
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G.4. Development of Q-learning algorithm

Due to the limitations of the greedy algorithm, RL is explored in this example. Q-learning is used
as the RL agent to search the minimum deflection. RL is a trade-off between exploration and
exploitation. If the RL Agent does not explore the maximum states, the agent will promote
exploration. As the percentage of explored states increases, the RL agent switches from exploration
to exploitation to refine policy and reward value function. The exploration for the RL agent is

defined in Equation (68).

Mo Sy M o Sy
(4 s if 222 501
P — i=1Si i=1si 68
t— Zm S ( )
. j=1°xj
0.1 lf ~n - < 0.1
i=15i

where P, is the probability of exploration at the current state, s;, Y72, Sy; is the sum of the states

explored after reaching s, throughout all the episodes completed, and )7, s; is the total states
(i,j = 1,2,3,...,10,000). As the states explored increase, the probability of exploration decreases,

and the agent tends to move toward exploitation instead of exploration.

One of the significant features of RL is the value function for reward. There are two ways to define
the reward function, one is the sparse reward function, and the other one is the shaping reward
function. After reaching the final state, the sparse function provides a significant scalar reward
value. On the other hand, the shaping reward function provides a fraction of the final reward on
each state and increases the intensity of the reward as the agent moves closer to the final state
(Gullapalli & Barto, 1992). The shaping reward function is used in the present study to expedite

the agent's learning. The shaping reward function is formulated in Equation (69).

D, —D; \”
t— Yf .
ol — if (Di—Ds)>0
R, = <Dmax_uf> f D= Dp) (69)
1000 if (D;—D;) =0

where Dy is the deflection of the plate at a state S;, Dy qx the maximum deflection, Dy is the global
optimized deflection, and sf is the shaping factor. The shaping factor can be of any real number.
Results with various shaping factors are explored in this research. As the RL agent get closer to

the minimum deflection Dy, the reward it gets increases. To speed up the learning and convergence
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(policy and value function), the sparse reward is also used when the agent reaches the global
optimal location, when (D, — Dy) = 0. This sparse reward will trickle down the effect in the form
of an updated Q value. The Q-learning approach is formulated like the greedy approach. The agent
starts randomly from any edge (400 options) and proceeds towards the final state (global optimal

location).

G.5. Outcome and discussion

For the greedy algorithm, in some cases, the greedy agent needed to overcome the local optimum
location by exploring 20 steps further (in the future). If the minimum deflection is known, it
becomes easy for the greedy agent to explore the future steps until it comes out of the sink and
proceeds towards the global optimum location. Over 1,000 episodes, 318 times, the greedy agent

looked 20 steps ahead to overcome the local optimum sink, as shown in Figure G.7.
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Figure G.7: Frequency of number of steps over 1,000 episodes

Q-learning is free of such drawbacks; however, the main problem with Q-learning is that it requires
a state of exploration at the start and refines the Q-learning table to proceed with exploitation. The

Q value for the states involved in the episode is updated towards reward and policy refinement
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with each episode. Due to its exploratory behaviour at the start, the RL agent requires more time
to reach the global optimal location. The greedy agent takes approximately 6.1 hours (average over
1,000 episodes) to reach the global optimal location, whereas the RL agent needed approximately
30 hours (Intel(R) Core(TM) 17-6700 CPU @ 3.40 GHz using 16.0 GB RAM, running Windows
10) to reach the final state in the first episode. That was due to exploration instead of exploitation.
As the RL agent moves from exploration to exploitation, the RL agent outperforms the greedy
algorithm. Figure G.8 shows how quickly the RL agent overcomes the greedy algorithm in
searching and reaching the final state. The RL agent learns the path, refines it, and improves each

episode.

The outcome corresponds to various shaping factors for comparison purposes in Figure G.8. The
results show that the RL agent with a shaping factor of 0.5 was slow in finding the final state. The
agent became efficient with a shaping factor of 1.5, 2, 2.5, or 3. A shaping factor above 1

effectively ramps up the RL agent’s learning process in this case.

Another vital aspect to observe was the number of actions taken by the RL agent to reach the final
state (as shown in Figure G.9). The RL agent with a shaping factor of 1.5, 2, and 2.5 initiated fewer

actions per episode to reach the final state.
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Figure G.8: Average episode time with various shaping factors
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Average number of Actions per episode (1,000 episodes)
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Figure G.9: Average number of actions per episode

Based on the data obtained for the case example used, the question arises as to which shaping
factor was most effective for the RL agent to learn quickly, diminish the time required by
shortening the path towards the final state and maximize the reward over the episode. The product
of average time and average actions per episode can define the selection criteria. Figure G.10
shows that the value is minimum for a shaping factor of 2. This means that a shaping factor of 2

maximizes the learning process for the current case study.

Moreover, an additional sensitivity analysis could include the variation of states explored over 100
episodes, providing the ranking for these shaping factors. Figure G.11 shows that the RL agent
with a shaping factor of 2 completed 100 episodes with just 89% states explored.

The RL agent needs to learn how to decrease the average amount of time for each episode, which
is the outcome of the policy of the RL agent to maximize the cumulative reward along with each

episode. The RL agent refines the policy and value function after each episode. The best example
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in this case, where the policy maximizes the reward by minimizing the path towards the final state

along with the number of episodes.
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Figure G.10: Product of average time and average actions per episode
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Figure G.11: Average states explored over 100 episodes
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Figure G.12 shows the trendlines for episode time and reward over 100 episodes for the RL agent

(with a shaping factor of 2). The trendlines converge towards the optimum for episode time and

each episode’s cumulative reward (value function).
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Figure G.12: Convergence of policy and value function along 100 episodes (shaping factor 2)
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The RL agent cannot surpass the greedy algorithm approach for locating the global optimal point
on the first try (first episode). Nevertheless, the greedy agent cannot overcome the local optimal
location until it knows to search the steps further away from the local optimal location. The greedy
agent becomes stable after overcoming the local optimal location. However, there is no dilemma
of local optimal location for the RL agent. It is important to mention that, in the example above,
there were 400 starting points for greedy algorithm and RL agent. The greedy algorithm, starting
from the stochastic starting point for each iteration (after overcoming the local optimal location),
takes a uniform cumulative average time to find the global optimal location. However, for the RL
agent, the cumulative average time decreases along with the progression of episodes. After
exploring the states, the RL agent refines itself with each episode and reaches the optimal location

quicker than the greedy algorithm.
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