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Designing temporary crane transit paths in large construction sites with varying geological profiles presents two
challenges: (1) ensuring safe, efficient, and cost-effective operations, and (2) developing optimization solutions
that consider material properties, ground loading, and site layout. This paper addresses these challenges by
integrating a graph search algorithm with crane mat structural design to optimize crane mat layouts and transit
paths. A case study of structural steel subassembly installations, based on a real-world project, demonstrates the
method’s effectiveness. The results highlight safety-focused crane mat designs and transit plans, along with

significant cost savings compared to traditional heuristics.

1. Introduction

Modular construction entails dividing a large structure into
manageable components to be prefabricated in a controlled environ-
ment and subsequently shipped for installation in the construction field.
While this method alleviates the productivity-inhibiting factors inherent
in on-site “stick-build” construction, the subsequent assembly of these
modules requires strict adherence to engineered procedures to maintain
the integrity of the final structure while ensuring worker safety [1]. As
modular construction technology advances, there is an increasing trend
in maximizing module functionality, leading to heavier modules
weighing tens to hundreds of tons [2]. Consequently, the combined
pressure exerted by the crane and its payload on the ground also sub-
stantially increases. This trend necessitates the development of
advanced lifting equipment, including cranes, mats, and rigging gears,
capable of handling these increased loads [3].

To ensure safe operations of cranes, it is vital to verify that the
ground’s bearing capacity can accommodate the combined weight of the
crane and its payload. This process involves geotechnical characteriza-
tion of the existing ground conditions and enhancing ground-bearing
capacity using engineered devices, such as ground mats or soil stabili-
zation techniques [4]. One common method to improve ground bearing
capacity is the use of mats (e.g., timber blocks, steel plates), with their
size and thickness determined through engineering principles based on
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analysis of the load and existing soil bearing capacity [5]. While
designing ground mats is essential, a proper mat layout plan minimizes
crane movements and enhances operational efficiency and safety [6,7].
The mat layout plan explicitly specifies the size and thickness of the mats
as well as the locations of placement in the field. In addition, imple-
menting a mat layout plan requires the use of special equipment, such as
trailers and forklifts, to transport and set up the mats from the storage
yard to the construction site. After completing crane operations, these
mats are removed and returned to the mat yard for reuse on the next lift.
In short, the mat installation and removal operation would have serious
safety implications and incur considerable field overhead costs, thus
warranting meticulous planning.

Practitioners in the field typically utilize computer-aided design and
drafting (CADD) software to prepare crane mat layout plans, relying on
an intuitive approach to minimize crane travel distances [8]. The pri-
mary objective is to minimize the volume of mats used in order to cover
the maximum required area in local installation sites where crane
movement is subject to site constraints [9,10]. These layout plans are
designed to consider site conditions and avoid obstacles that could
interfere with the lifted module or the crane. However, on major in-
dustrial or infrastructure construction projects, fabricated modules are
custom-made and of considerable size. These modules are rarely trans-
ported directly to the site due to transportation and logistics constraints.
Instead, they are delivered as smaller, manageable modules that require
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further assembly on-site in a yard before installation [11]. When these
smaller modules are pieced together into subassemblies, they become so
heavy that a meticulous plan is required to transit a subassembly from
the on-site fabrication yard to the installation location. This planning
process generally entails a site geological survey to assess the ground-
bearing capacity and design crane mat layout along the transit path.
The mat, as laid out, adds to the existing ground-bearing capacity to
withstand the crane’s gross weight and payload in operation. Addi-
tionally, site constraints such as crane movement restricted areas and
ground surface contour also impede operational efficiency and impact
crane stability, which need to be considered in crane transit path plan-
ning. While comprehending the shortest path from an assembly yard to
an installation location without accounting for the ground bearing ca-
pacity can be straightforward, the decision process becomes inadequate
given the crane load is high, the ground soil profile is complex and
multiple path alternatives are practically feasible. Under such circum-
stances, selecting the shortest path may not always yield the most
economical outcome. The existing literature lacks a comprehensive
analytical approach for crane transit path planning over relatively long
distances that aims to achieve the maximum cost efficiency while
ensuring safety and minimizing costs.

This paper introduces an automated approach for preparing crane
mat layout plans, considering ground engineering properties (i.e.
ground bearing capacity), crane operation safety (i.e. crane speed), and
mechanical properties of materials selected for ground mat design. In
contrast with commonly practiced empirical methods, the proposed al-
gorithm automates this entire process, reducing preparation time to a
few seconds. Relying on graph theory, the algorithm generates an op-
timum mat layout plan that specifies the width and thickness of mats
used and lays out the crane transit path. This automated approach op-
timizes crane mat usage and crane transit path coverage while ensuring
safety and cost efficiency (in terms of mat use and crane operation costs),
eliminating the need for practitioners to manually adjust crane mat
layout plans. With this approach, practitioners would potentially ach-
ieve the optimum solution on the first attempt, thereby enhancing effi-
ciency and reducing rework.

The remainder of this paper first presents a critical review of the
literature on the identified research problem. Next, the analytical
method for mat design for mobile cranes (crawler cranes) is introduced,
which combines the graph search algorithm, specifically Dijkstra’s al-
gorithm, to tackle the problem of crane mat layout planning. The design
equations are devised explicitly for crawler crane mats made of steel or
aluminum-which can be readily adapted for timber blocks with minor
modifications [12]. To account for practical needs, the proposed method
considers site constraints for crane movement, mat material costs, and
crane operation costs (setup and movement) in order to achieve the
highest construction cost efficiency. It is pointed out that the ground
profiles for a construction site, including both the geotechnical profile
(soil bearing capacity) and the surface profile (path slope), feeds into the
optimization in order to ensure the stability of the crane. A case study
demonstrating the step-by-step application of the proposed methodol-
ogy is presented, conclusions of this research are drawn, and further
extensions discussed at the end.

2. Problem background and critical review
2.1. Crane stability against ground pressure

With ground stability being a critical concern, safe operations of
heavy cranes on a construction site demands the proper use of ground
support. According to the United States Occupational Safety and Health
Administration, between 2000 and 2009, approximately 8.76 % (50 of
571 total) of fatal accidents in the United States were attributed to
cranes tipping over, a direct result of inadequate ground support [13].
Between 2004 and 2010, the number stayed at around 28 % (21 of 75
total) [14]. Statistics indicate that ground stability is one of the most
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crucial issues in crane operations. Among all types of cranes, mobile
cranes are identified to be more prone to tipping over. During
1997-2003 in the US, 84 % of all the fatalities involving cranes/derricks
were attributed to mobile cranes [15]. Data from the U.S. Bureau of
Labor Statistics (2011-2017) shows that 43 % of fatal crane-related
work injuries occurred in the private construction industry, primarily
among specialty trade contractors and heavy and civil engineering
sectors. Crane operators accounted for 15 % of these fatalities [16].
Similarly, crane operation safety is a growing concern in Canada, with
British Columbia alone reporting 22 crane-related incidents in the past
three years [17]. An investigation of crane accidents between 2011 and
2015 found that mobile crane overturning represented 45 % of all crane
accidents [18]. Other related studies also identified stability failure as
the major source of crane accidents [19,20,21].

Despite numerous crane accidents, crawler cranes remain a favored
choice on major construction projects due to their capacity to lift sub-
stantial structures and travel with payloads [6]. Given the critical role
that crawler cranes play in construction, it is imperative for construction
planners to ensure that the soil-bearing capacity of the ground be
adequate to support the combined weight of the crane and its payload.
At present, common methods are applicable to address inadequate soil-
bearing capacities include (1) using compacted aggregates as a means of
ground improvement to increase its bearing capacity; (2) using crane
mats designed by engineering principles to distribute the crane’s
ground-bearing pressure more evenly, thereby reducing the required
soil-bearing capacity. Typically, for high-capacity cranes, lift engineers
combine both techniques (i.e., soil stabilization using compaction and
crane mats) for the sake of safety of lifting operations. It is noteworthy
that laying mats provides a more economical choice as they are reusable,
unlike ground improvement for crane transit [22,23]. Hence, this
research focuses on preparing mat designs against the existing ground
bearing capacity, which is determined through performing geotechnical
sampling and testing (such as standard penetration test).

2.2. Crane mat layout planning

Planning construction operations involving mobile cranes presents a
multifaceted problem in construction engineering relevant to time, cost,
safety, and productivity [24]. The literature heavily emphasizes crane
lift planning, which is a complex combinatorial optimization problem
addressing crane selection, identifying optimal locations on congested
sites, and avoiding potential collisions [25,26]. However, research on
crane transit path planning for heavy lifts over considerable distances is
still lacking. Reddy and Varghese [27] developed a tool using configu-
ration space (C-space) to identify and optimize crane lift paths within a
constrained search space. Ali et al. [28] proposed a genetic algorithm-
based approach for automated path planning of mobile cranes. Lin
et al. [29] improved the bidirectional Rapidly Exploring Random Trees
(RRTs) algorithm to speed up the processing for optimal path design.
Peng et al. [30] explored the interaction between construction site crews
and mobile cranes to produce optimal crane transit plans.

While crane operation optimization has received increasing atten-
tion in recent years, the optimization of crane transit path planning,
considering the site’s geometric profile (contour) and geotechnical
properties of the ground, remains under-researched. Planners usually
specify crane mat requirements based on the mobile crane’s ground-
bearing pressure and the soil-bearing capacity on the construction site;
but often overlook the optimization of crane mat utilization in bulk [31].
Taghaddos et al. [7] proposed a comprehensive crane optimization
framework encompassing crane positioning, rigging gear optimization,
lift optimization, crane path optimization, and crane mat requirements,
but it fell short to address crane mat optimization specifically. This
research gap is significant, considering that crane mats play a critical
part in safe and productive operations on many construction sites while
also exerting substantial influences on project time and cost perfor-
mances. Simulation modeling was applied to analyze the complexity of
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lift operation planning in a dynamic environment to ensure operational
safety. However, the critical aspect of required crane mat design and
layout planning, essential to confirm stability and ensure overall oper-
ational safety, had largely been overlooked [8,32]. Furthermore,
Aghajamali et al. [33] proposed an algorithm for the optimized planning
of crane walking-involved lift operations, incorporating an obstacle
avoidance technique adapted from robotics. Yet, the research was pri-
marily focused on ensuring the safety of the lifting process, without
addressing the broader issues of crane mat planning optimization or
stability-related safety. Another notable attempt by Ali et al. [6] coupled
an agent-based greedy algorithm with reinforcement learning to obtain
global optimization of crane mat plans on site; the objective function
reduced crane mat material use and crane movement simultaneously. It
is noteworthy that most planning algorithms proposed in reviewed
research are intended for stationary or short-haul problems (crane
movement confined to areas adjacent to the installation site), falling
short in considering (1) ground surface profiles (i.e., contours and
slopes) that affect crane stability and speed and (2) geological profiles of
the site area (i.e. soil bearing capacity) in determining mat size and
thickness.

In the field of site layout optimization, researchers developed
methods to aid practitioners in determining optimal crane locations,
considering safety, time, and cost constraints. Optimization algorithms
and configuration space analysis were proposed for automated path
planning of mobile cranes, aimed to identify space-occupying conflicts
within site boundaries [34,10,35]. Site mat design optimization for
crane movement was also addressed in the literature [6,31]. In large site
areas where cranes operate on the ground made of varying geological
profiles, designing temporary crane transit paths presents both (1) a
distinctive challenge to plan safe, efficient, and cost-effective construc-
tion operations and (2) a unique research opportunity to formulate
optimization solutions factoring in material mechanical properties,
ground loading analysis, site layout planning. To address this gap in
knowledge and practice, the present study proposes an approach for
optimizing crane mat layout by integrating a graph search algorithm
with the structural design of crane mats in efforts to facilitate the
preparation of crane mat design and transit path planning in a con-
struction field.

2.3. Graph search algorithm

Graph search algorithms provide fundamental quantitative tech-
niques extensively used for solving problems related to network anal-
ysis, pathfinding, and optimization in operations research and artificial
intelligence. Various graph search algorithms were developed, each
featuring unique advantages and special applications [36]. Graph search
algorithms evolved significantly over time. Each variant was adept at
addressing specific challenges. Depth-First Search (DFS) and Breadth-
First Search (BFS) provided fundamental traversal techniques with
distinct advantages in memory usage and pathfinding, respectively [37].
The Dijkstra’s Algorithm, developed by Edsger W. Dijkstra in 1956, is a
cornerstone in the operations research field for addressing the shortest
path optimization problems. It uses a priority queue to explore the
shortest path from a source vertex to all other vertices in a weighted
graph [38]. The major advantage of Dijkstra’s Algorithm lies in its
ability to handle graphs with nonnegative weights efficiently, making it
indispensable for applications in routing and navigation systems [39]. In
short, Dijkstra’s Algorithm offers an efficient solution for shortest path
problems represented in weighted graphs, while the A* Search Algorithm
enhances pathfinding efficiency with heuristic guidance. Understanding
the development and advantages of these algorithms is a prerequisite to
leveraging their respective strengths in various applications across
computer science and artificial intelligence.

Applications of graph search algorithms in civil engineering domains
are as follows: graph search algorithm was used in solving the shortest
path problem for large-scale transportation network [40]; Sivakumar
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etal. [41] used A* Search Algorithm for automating the process of crane
path planning where two cranes interacted with each other; Perfor-
mances of water distribution systems were evaluated by graph search
theory [42]; Liu and Lu [43] proved the concept of using Dijkstra’s Al-
gorithm for temporary haul road layout design for massive rough
grading projects; E1 Meouche et al. [44] used the Dijkstra’s Algorithm to
find the optimal paths for evacuating risky construction sites. It is
noteworthy that the classical algorithm originated from operations
research and mathematical optimization, which had been more
commonly applied in the specialty of transportation in civil engineering.
In construction engineering and project management, Dijkstra’s graph
search was less explored [35]. In this paper, the algorithm application is
streamlined and embedded in the problem definition of crane mat
design and transit path planning, factoring in material mechanical
properties, ground loading analysis, site layout planning, geotechnical
investigation, method planning and cost estimating. In particular, this
present study resorts to the Dijkstra’s Algorithm to solve the optimiza-
tion problem of crane mat layout planning considering mat engineering
design and the site ground profiles, namely: the geotechnical profile (soil
bearing capacity) and surface profile (ground slope).

3. Proposed approach
3.1. Formulation of crane mat design

The design of crane mats is a multifaceted process requiring a thor-
ough understanding of fundamental knowledge of structural and
geotechnical engineering. Crane mats are designed to distribute the
crane load uniformly to the ground as shown Fig. 1. The crane mat size
Areq needs to be adequate so that the load distributed by the mat q does
not exceed the ground allowable bearing pressure g, as given in Eq. (1).
For this study, g, is considered between 30 % to 50 % (factor of safety FS
= 2 to 3) of the ground bearing capacity qg (Eq. (2)).

_P+Py

Areg = ;where g < qq (€))

qe

qa = E (2)

In Eq. (1), P is the total crane load applied to one mat, Pyy is the mat
weight. Initially, the total ground stress g due to the lift total (P + Py) is
assumed to be equal to the allowable ground pressure q,, derived from
soil geotechnical investigation using Eq. (2). At the beginning of the
design, the weight of the mat itself is difficult to guess without knowing
the mat material thickness t. Therefore, the approach is to estimate the
effective length of the mat material L’ first, then proceed through the
iterative process to select a mat with a specific thickness that is sufficient
for the ultimate ground bearing capacity g, This iteration starts with
finding the bearing pressure, ignoring the weight of the mat using Eq.
(3), where the crane track width is B. At the end of the trial, the effective
mat length Leg, which is greater than the effective mat length L’og found
in the final trial, needs to be considered for design. Therefore, the actual
bearing pressure under the mat can be fixed using Eq. (4). It is important
to note that if a mat with width b is used to support the crane’s track, and
n mats are required to support the crane, the load will be distributed
across all the mats supporting the crane. Therefore, in the design, the
total effective width B will be considered as (nxb) instead of the crane
track width.

Ly = 0.B 3
p
q= LB 4)

If C is the width of the crane chain track, Eq. (5) provides the length
of the cantilever portion of the mat L.. The maximum moment M for this



M. Hasan and M. Lu

Crawler
crane mat

Automation in Construction 173 (2025) 106107

Fig. 1. Load distribution under the crawler crane track.

cantilever portion can be found using Eq. (6),

Ly —C
L.=——F—
2 ®)

1
M = (L) (gB) ©)
Now, with maximum moment M under the crane mat and the
allowable bending stress Fg (Eq. (7)) for the mat material known (60 %
of the yield strength F, for steel and aluminum), the thickness of the mat
can be found from Eq. (8).

_Mc_M_M; M
1S B ~ Bt?

6M
t=\ ,BFab ®

Here, I is the moment of inertia of the mat section, c is the distance
from the centroid to the extreme fiber of the beam, and S is the section
modulus of the beam. The thickness of mat t should be adequate to
withstand maximum shear V (Eq. (9)) experienced by the mat. That
means, the mat shear stress F, must be less than maximum allowable
shear stress Fg, (60 % of the yield strength for steel and aluminum) as
given in Eq. (10).

Fa @]

V = (¢gB)L, 9
1.5v
F=— (10)

With the thickness fixed, the final bearing stress needs be checked
against the bearing capacity, considering the total payload (P + Py)
from Eq. (11).

_P+Py
" LgB

<qa an

Also, there should be a final check for the deflection A using Eq. (12).
The deflection limit of 0.75 % of L. is suggested, where E is the modulus
of elasticity of the mat material. Also, the Legshould be less than or equal
to (2L, + C) as given in Eq. (13). Here, L., represents half the distance
between the inner edges of crane track chains (Fig. 1).

(aB)L)* a2

A= 8w

Ly < 2Le +C 13)

The following steps are to be followed for mat design:

Step 1: Define the total lift load P, which is a combination of loads
like lifting load, crane counterweight, and crane self-load.

Step 2: Calculate the initial mat effective length Leg (use round-up
value) considering the allowable ground bearing pressure q, = % and
the lift load P (Eq. (3)).

Step 3: Calculate the actual bearing pressure q under the mat (Eq.
(4)).

Step 4: Estimate the thickness t (use round-up value) of the mat (Eq.
(8).

Step 5: Calculate the shear stress F, on the mat (Eq. (10)).

Step 6: Calculate the actual bearing pressure on the mat q (Eq. (11)).

Step 7: Perform checks as follows:

Check 1: The actual bearing pressure on the mat q (Eq. (11))
considering total load (including the mat weight W), which should be
less than soil allowable bearing capacity q,.

Check 2: The shear stress on the mat F, should be less than the
allowable shear stress Fva (60 % of Fy)

Check 3: The mat edge deflection A (Eq. (12)) should be less than the
allowable limit (0.75 % of Leg)

Check 4: The mat’s effective length should be less than the allowable
limit as per Eq. (13).

Step 8: Repeat:

If the design fails for check 1, increase the effective length Lg and
repeat from step 3.

If the design fails for check 2, increase the mat thickness t and repeat
from step 5.

If the design fails for check 3, increase the mat thickness t and repeat
from step 5.

If the design fails for check 4, the mat material should be changed.

Step 9: If all checks pass, accept the mat design dimensions: effective
length, Ley and thickness, t.

3.2. Mat layout design for transit in field

Making a mat layout plan for a crawler crane to transit is to find the
optimum path that yields the most economical solution for the crane
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operation. The objective function encompasses minimizing the transit
cost TC of the crawler crane with heavy weight and, at the same time,
minimizing the mat material cost MC. Therefore, the total cost of crane
transit operation would be,

OC =TC+MC (14)

To plan the crane transit operation, the first step is to represent the
whole site into rectangular grids in a local coordinate system G(x, y)
where grid lines are equally spaced (d) in both directions, as shown in
Fig. 2.

Once the starting point S and final destination point F of the crane
transit are identified, a proper optimization algorithm would be
instrumental in finding the shortest distance to transit from S to F. It is
important to note that the crane has three degrees of freedom in the
defined grid system and can move horizontally, vertically, and diago-
nally. Each cell in the grid G(x, y) has a weight representing the cost to
move through that cell. The cost is calculated based on the mat material
cost MC and crane transit cost TC to traverse from one point to another
in the grid system G. Say G1(x1, y1) and Ga(xg, y2) are two adjacent cells
(Fig. 2), to move from G1(x1, y1) to Ga(Xo, y2), the crane must transit a
distance d. If G; and G are positioned vertically, the transit distance
d = d, and if G; and G, are diagonally positioned, the transit distance
d = dv/2. For the mat material cost calculation, between the two cells,
whichever has the larger dimension and thickness dominates the design
and therefore is chosen, and the cost is calculated accordingly. Hence,
material cost MC derived from the mat material cost per unit length mc
for the crane to transit from G to Gy is,

MCg, ¢, = Max (mcg, ,mcg,) x d (15)

Here, mc,,) represents the mat material cost at grid coordinate G(x,
y), which can be derived from the incurred costs associated with the
purchase or rental of mat material. The required volume of mat material
V. per unit length is given by V,, = (L x t x 1), while the crane is
traveling a distance d from one node of the grid system to node G.
Similarly, if crane operation cost for traveling per unit length of travel
distance is tc, transit operation cost for the crane to travel from G;(x1, y1)
to Ga(xa, y2) is,

TCs, 6, = tC,6, X d (16)

@® Start point

@ Destination point

Goy) G1y) G,y Gixy)

Area of influence
for ground
bearing pressure

Go,2) G1,2) G,2) Gix.2)
o— @0 0— —@
.G(O,1) (1,1) .G(2,1) e .G(X,1)
d
GO,O) G(1.0 GZ,O G ,0)
o &0 g3eo P
*r—-0

d

Fig. 2. Construction site layout in the form of a grid system.
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Now, the crane transit cost is directly proportional to crane opera-
tional speed, which is influenced by the ground profile (elevation/con-
tour). For instance, when a crane moves on a slope, the speed must be
reduced to ensure safe transit and prevent tipping hazards due to the
imbalance of the center of gravity and sudden momentum changes [45].
It is noteworthy that speed limitations on slopes are often dictated by
Occupational Health and Safety (OHS) codes or lift design standards
relevant to particular jurisdictions; one such example is the Alberta
Occupational Health and Safety Code [46]. If the slope between grids

o= AG}i;GZ (where Ag, g, is the elevation difference and d between two

grid locations G; and G2) exceeds a certain limit a°, movement over such
a ground profile is generally prohibited. Note that in the case of Alberta,
Canada, crane movement must comply with the Alberta Occupational
Health and Safety Code [46], which also references the Canadian
Standard Association Code Z150:20 [47]. Consequently, crane operation
speed may vary along the transit path, impacting the overall operational
cost. Therefore, the crane operation cost for transit per unit length of
transit distance is tc as denoted in the Eq. (17), where v is the crane
transit speed from G1(x1, y1) to Ga(x2, y2) and tc’ is the crane operation
cost per unit time of operation.
oo; for a > a°
tcq, ¢, a7

—122 - fora < a°
V6,6,

tc11),22) =

Therefore, for these two points, the total cost of crane operation cost
OC can be found from Eq. (18), where oc is the crane operation cost per
unit transit length of the crane.

OcGl Gy = TCGl ,Ga +MCG1 Go

OCg, ¢, = (Max (mcg, 6,,McCq, 6,) + €66, ) X d = 0Cg, 6, X d 18

Hence, the optimization function for crane transit operations can be
expressed as shown in Eq. (19), which effectively identifies the least-cost
path from the starting point to the finishing point.

OCi; 6, = Minyepa ((0Co4.6, )" ) 19

Here, Pa is the set of all possible paths from Gs to Gr, and (OCGS.GF)‘D
represents the cost of a particular path p from Gs to Gr.

3.3. Dijkstra’s graph search algorithm for crane mat layout planning

To solve the problem of crane path planning, which means finding
the most economical path for the crane to transit from start point S to the
destination point D, Dijkstra’s graph is used. Dijkstra’s algorithm is cost
effective for computing the shortest path in weighted graphs. Dijkstra’s
graph search algorithm identifies the shortest path between two nodes in
a graph by iteratively exploring paths from the source node to the target
node [48]. For each new node discovered, the shortest path to the
destination node is fixed using the currently known distances. The
following are the steps to follow to run the Dijkstra’s algorithm:

Step 1: Initialization: Start by assigning a tentative distance value to
every node in the graph G(x,y):

e The distance D to the starting node S is set to zero because it’s the
starting point: D(S) = 0.

e The distance to all other nodes V is set to infinity: (V) = . This
signifies that the nodes are initially unreachable.

e Initially, all nodes are placed into an unvisited set Q.

Step 2: Current Node Selection:

e Select the unvisited node U with the smallest tentative distance D(U)
from Q. This node becomes the current node.
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Step 3: Neighbor Evaluation:

e For the current node U, examine each of its neighbors V (nodes that
can be reached directly from the current node).

e Calculate the tentative distance to each neighbor V: the new
distance,

D(V)=D(U) +W(U, V) (20)

Where, W(U, V) is the weight of the move from U to V. In this paper,
W(U, V) represents the total minimum operations cost (OC) of the crane,
where OC is calculated as per Eq 18. In W(U, V), U denotes the cumu-
lative OC for traversing all previous points along the crane’s transit path,
V is for the current minimum OC in moving from U to V.

W(U, V) = W(U,0Cy) = W(U, (ocy xd)) 1

e Take the smallest distance among all the currently known distances
to the neighbor as the neighbor’s distance and select that node as
part of the travel path via selecting the minimum distance using Eq.
(22).

D(V) = Min(D(V);) (22)

Where, i is the number of neighbors.
Step 4: Mark as Visited:

e After evaluating all the neighbors of the current node U, mark U as
visited and remove U from the unvisited set Q.

Step 5: Repeat:

Repeat steps 2-4 until all nodes in Q have been visited or until the
destination node F is reached.

Step 6: Completion:

The algorithm terminates when all nodes are visited or when the
shortest path to the destination node F is found.

The shortest path from the starting node S to the destination node F is
determined by the recorded distances D(V).

Step 7: Path Construction:

To trace the shortest path, follow the nodes with the smallest
recorded distances from F back to S.

3.4. Example application case of crane transit path planning

Suppose there is a graph representing a grid with six nodes: S, B, C, D,
E, and F; the operation cost for each node is 0, 2, 3, 5, 4, and 4 respec-
tively as shown in Fig. 3. The horizontal spacing between gridlines is 3,
and the vertical spacing is 4. The start node in the site is S and the
destination node is F.

Step 1 - Initialization: Since a is the start node (a = S) and f is the
finish node (f = F). Here, D(a) = 0, and D(b) = D(c) = D(d) = D(e) = D(f)
= oo0. The unvisited set Q = {a, b, ¢, d, e, f}.

f(4 d (5 b (2
.(2 (5) @

® Startpoint

@ Destination point

.e (4) .C (©) a (0)
——3—e

Fig. 3. Construction site layout of the example case.
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Step 2 — Current Node Selection: Select node S because it has the
smallest distance (0) in the Q.

Step 3 — Neighbor Evaluation: Neighbors of a are b, ¢, and d.
Therefore form,

D(b) =min(c,(0+2)x4) =38
D(c) = min(c0,(0+3)%x3)=9
D(d) = min(co, (0+5) x5) =25

Step 4 — Mark as Visited: Mark a as visited and remove it from Q.
Step 5 — Repeat:

o Next, select node b because it has the smallest distance (8). The
neighbors of b are ¢ and d.

D(c) =min(9,8+3 x 5) =23

D(d) = min(25,8 +5x3) =23

Next, select node ¢, d because it has the smallest distance (23), so
both are eliminated form Q. Let’s select ¢ and the neighbors of c are, e
and f.

D(e) = min(c0,23+4 x 3) =35

D(f) = min(c,23+4 x 5) = 43

Select d and the neighbors of d are, e and f
D(e) = min(c0, 23+ 4 x 5) = 43

D(f) = min(0,23+4 x 3) =35

e Both e, f are visited and removed from Q.
e Since f is reached from d, d is in the path from S to F.

Step 6 — Completion: The destination node is reachd; therefore, the
program terminates.

Step 7 — Path Construction: The path to transit form Sto Fisa— b —
d-f.

4. Crane transit path planning methodology: Application
framework

In this research, engineering design of crawler crane mats is inte-
grated with graph search algorithms to enrich the crane transit path
planning optimization problem. The entire crane transit path planning
methodology is divided into two stages: 1) initialization of design pa-
rameters, and 2) formulation of crane mat layout plans, as elaborated
below.

4.1. Initialization of design parameters

— The process begins by dividing the site into a grid system G(x,y), with
the grid size (d) determined by the variability in soil bearing ca-
pacity. Given the high subsurface variability between adjacent grids
(e.g., above 15 kPa), a finer grid is recommended. Conversely, if the
variability is negligible (e.g., below 5 kPa), a larger grid size is
sufficient.

— Within the grid system G(x,y), the next step is to identify the co-
ordinates of the crane’s starting point (S) and destination (F), along
with any inaccessible areas (X). Inaccessible regions may include
existing site infrastructure, areas occupied by other construction
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activities, or zones deemed unsafe for crane operation (e.g., steep
slopes or collision risks.)

— In the grid system, soil bearing capacity (qg) values are assigned to
each node based on site soil geotechnical investigations. If mea-
surements are unavailable for some locations, values are interpolated
using the lowest bearing capacity between adjacent points to ensure
safety.

— Additionally, mapping site slopes is critical for safe and efficient
crane operations. According to IHSA [49], slope exceeding 3 % is
generally considered unsafe (also depending on the crane’s payload
and boom angle); while slope less than 1 % gradient is ideal.

4.2. Formulation of crane mat layout plans

— With the information outlined, follow the methods described in
Section 3.1 to determine the required width and thickness of the
crane mats between grid nodes. This procedure is applied to all
possible node combinations.

— Next, the operational cost (OC) of crane transit is calculated,
considering the mat material cost (MC) based on the mats design
performed in the previous step and the crane transit cost (TC)
depending on operating speed and travel distance, as elaborated in
Section 3.2, Egs. (15) & (16).

— Subsequently, a weight (W) is associated with the linkage between
grid nodes denoting OC (determined as per Eq. (18)), essential for
identifying the least-cost path for crane operations. It is notable that
if the transit gradient exceeds a safety threshold, crane operation
would become unsafe, and hence the operational cost is set to infinity
(Eq. (17)). The overall objective of crane mat layout planning opti-
mization is to minimize total OC, as expressed in Eq. (19).

— With weights assigned throughout the site grid system, Dijkstra’s
Algorithm, described in Section 3.3, is effectively applied to derive
the optimal crane mat layout.

The framework for applying the proposed methodology is illustrated
in Fig. 4.

The next section of this paper presents a case study to demonstrate
the step-by-step application of the proposed methodology. Based on a
real-world construction project, the case study provides sufficient details
to illustrate practical implementation of the method. The approach

Decompose the construction site into grid
system (G(x,y)) with grid size d.

v

3 Perform engineering design of crane mats
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offers a systematic framework with defined input parameters and opti-
mized solutions. Before field deployment, the solution can be effectively
communicated to site operations personnel through graphical repre-
sentations and validated by comparing its total cost to solutions derived
from heuristics or based on experience under the same input conditions.

5. Case study
5.1. General information

A stadium construction case is used to demonstrate the practical
application of the proposed method for crane operation layout planning.
Note the case is based on a real-world project which was originally
investigated for demonstrating the implementation of discrete-event
simulation for construction operations planning [11], which provides
the basis for this current case study and is further adapted by assuming
the information on the soil bearing capacity in the field and site surface
profile information (such data was not available in the original case
publication). The stadium occupies an area of 258,000 square meters,
with a giant steel latticework serving as the outer frame, covering bowl-
shaped concrete structures (gallery), as shown in Fig. 5. The roof
framework is supported by twenty-four steel columns situated around
the grandstand. These steel columns are substantial structures, with
heights varying from 40 m to 69 m, consisting of many steel elements.
All structural column elements were fabricated in a remote fabrication
shop and hauled to the construction site storage area adjacent to the
assembly yard for installation. The prefabricated components are
assembled in the yard and then transported to the designated location
for erection using a crawler crane. The columns are assembled into two
separate modules, referred to as the lower portion and the upper
portion. The weight of the columns varied from 110 tons to 140 tons.

In the actual construction field, the assembly yards were strategically
located at the boundary of the main construction site to provide desig-
nated site access points. This placement allowed for the efficient
movement of prefabricated components from the fabrication shop to the
sites without incurring extra traffic. Additionally, the assembly yards
were established at a sufficient distance from the primary construction
zones to minimize site congestion. This spatial arrangement facilitated
smoother logistics and uninterrupted movement of materials and
personnel, significantly enhancing the overall efficiency and safety of

iCrane mat layout plan 1
iformulation
1

for all grid locations.

v

Identify,

e Site inaccessible locations (X),
e Crane start location (S),

e Crane destination location (F)

Determine the crane operational cost (oc)
per unit length of distance travelled by the

nodes.

Set the weight (W) for each grid node as
the multiplication of crane operation cost
(oc) and transit distance (d’)

v

v

Identify, site surface profile (elevation) for
all grid nodes to identify site slopes.

Run the proposed graph search algorithm
(Dijkstra’s algorithom) to find the optimal
mat layout plan.
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Fig. 4. Application framework for preparing crane mat layout plan (crane transit path plan).
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Fig. 5. Sketch of the stadium construction site for the case study project.
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Fig. 6. Schematic of the construction site with various site elements identified in the grid system.
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the construction operations. The fully loaded crawler crane moved
slowly along temporary steel mats from the site assembly yard to the
designated installation spot. The process was carefully controlled by the
site crew. Upon completion of the installation, the crawler crane
returned to the designated assembling area for the next lift in accor-
dance with the planned column erection sequence and the structure
construction sequence (the lower portion should be erected prior to the
upper portion, followed by the installation of top frames). The schematic
of the site layout is provided in Fig. 6.

5.2. Method application: plan formulation

To perform the planning exercise, first the entire site is divided into
virtual grids, with grid lines spaced 100 m apart in both X and Y di-
rections, considering the size of the stadium construction site. It is
notable that the grid width depends on the variation in ground soil
bearing capacity in the field resulting from initial geotechnical in-
vestigations: the higher variation leads to finer cells. In the current case,
the ground bearing pressure at different grid locations is assumed to be
known (Fig. 6). Generally, soil investigations are performed at intervals
of 200 m, and values for the intermediate grid locations are interpolated
from the values of the adjacent locations. The lowest value between two
adjacent locations is used for the interpolated value of the location. The
soil bearing capacities at different locations are presented in Table 1.

Note, for a typical site with relatively homogeneous subsurface
condition (e.g., the original ground), the variations in soil properties
along the depth for geotechnical investigation are rather insignificant in
the site area. On the other hand, where the site is on the fill ground
consisting of excavated soils from various cut sources, variations in soil
properties become considerable. The general practice for crane mat
design and heavy lift planning is to take the most unfavorable soil from
limited bore hole samples in the coverage area. Obviously, in the latter
case, the grid size needs to decrease (e.g., 50 m) so as to allow sufficient
subsurface mapping. It is worth mentioning that the grid size is taken as
a model parameter of the proposed optimization method, which is
subject to adjustment to the application needs. The crane transits be-
tween equally spaced grid nodes, moving either in straight lines or
diagonally. The soil bearing capacity and ground elevation at each node
are predetermined inputs. Note that in order to ensure stability and
safety of the crane operations, the crane is only allowed to move be-
tween nodes at a safe speed on the transit path laid with mats of spec-
ified length and thickness.

A crawler crane (MAMMOET Demag CC 4800; rated maximum load
capacity 800 ton) is deployed to transport and install all the columns.
The crane mats are designed based on the soil-bearing pressure at grid
locations and the maximum weight of the column modules, which is 140
tons for the bottom, top, and frame sections, following the mat design
method presented in Section 3.1. The crane is continuously engaged in
the lifting, transporting, and installing of twenty-four column units and
forty-three frame units, with no idling or downtime except for mainte-
nance and repair. The crane transits at an average speed of 50 m per

Table 1
Ground bearing pressure at different site grid locations.

Soil allowable bearing capacity q, (kPa)

x coordinates in the grid system G

G 1 3 5 7 9 11 13

1 95 145 145 85 85 115 115

3 100 150 90 90 115 115 155
y coordinates in the 5 80 80 135 135 85 85 90
grid system G 7 140 100 100 140 155 85 85
9 150 95 95 155 160 165 165
11 120 120 170 115 110 110 110
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hour when fully loaded and 100 m per hour when empty on return trips
on the flat surface (@ = 0). The crane operating speed decreases by 10 %
for a 0.3 % slope change, and the crane stops operating when the ground
slope is more than 3 % (a° = 0.03). Note the site elevations at each grid
for the case study are assumed (shown in Table 2) as the actual data were
not available in the original case.

A detailed crane transit plan is essential for coordinating with other
site logistics activities and ensuring operations safety. For this case
study, the hourly crane operation cost is assumed at $22,500, which
includes the crane rental, crew operation cost, logistics, and delay/
interruption costs to other operations due to the crane’s movement. In
addition, $13,000 per cubic meter of mat is considered when calculating
the material cost. Note those rates do not represent the actual values,
only facilitating the calculation of the cost function in optimization in
the current case study. Table 3 summarizes the input parameters for
finding the crane mat design and calculating the mat material cost mc(x,
y) per unit length. Combining mc(x,y) with crane transit cost tc(x,y)per
unit length, weights assigned to each grid coordinate are determined for
use in the graph search algorithm for crane path planning. It is important
to note that the mat rental cost for predetermined sizes can be deter-
mined by the unit rate and the quantity of particular mats. In practice,
the rental cost can be quoted as a lump sum; but from the business point
of view, a breakdown of unit rate and quantity for a specific type of mat
is more appropriate; while the unit rate of mat also depends on the
condition of the mat (wear and tear) and the number of times the mat
has been used. This is analogous to estimating the formwork cost for
repeated use in concreting building components in terms of made as-
sumptions and calculation logic. Additionally, the proposed method
provides the minimum size requirements for the mat, which can be
easily converted to the quantity of standard-sized mats needed. This, in
turn, facilitates the calculation of rental costs.

The soil bearing capacity values for all grid locations are assumed in
the case study, as shown in Table 4 and corresponding engineering
design details for the crane mats are calculated using the mat design
method described in Section 3.2 are given in Table 5.

The engineering design information of mats for each coordinate
location is subsequently utilized to calculate the crane operation costs
(oc) per unit length of crane movement. Note this calculation combines
the crane mat material cost with the movement cost per unit transit
length, dependent on the crane’s hourly operation cost and transit
speed. The crane operation costs (oc) for each coordinate are summa-
rized in Table 6. These values, when multiplied by the transit distance d’
(Eq. (19)), are used as nonnegative weights for the graph search algo-
rithm in optimizing the crane mat layout planning problem. All weight
input values (w) are provided in Table 7. For a few coordinates, as shown
in Table 7, the w values are set to “co” artificially to define inaccessible
areas.

With all the coordinate weights (w) set and all assembly stations and
installation locations identified (start coordinates: (12,0), (12,8), (4,11),
(4,0) and corresponding end coordinates: (8,4), (9,6), (6,7), (5,5)
respectively), the crane mat layout (transit path) planning was executed
to formulate the crane mat layout plan (as per Section 3.3). The obtained
results of the optimum crane transit paths are as follows, which are also
illustrated in Fig. 7:

e Path 1 - from assembly area Al to installation zone Z1: G[(12,0),
(12,1), (11,2), (10,2), (9, 3), (8, 4)]

e Path 2 - from assembly area A2 to installation zone Z2: G[(12, 8), (11,
9), (10, 8), (9, 7), (9, 6)]

e Path 3 - from assembly area A3 to installation zone Z3: G[(4, 11), (5,
11), (6, 11), (6, 10), (6, 9), (6, 8), (6, 7)]

e Path 4 - from assembly area A4 to installation zone Z4: G[(4, 0),
(3,1), (3,2), (3,3), (4, 4, (5, 5)]
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Table 2
Site ground profile.

Automation in Construction 173 (2025) 106107

Elevation of the ground from the datum (m)

x coordinates in the grid system G

G(x,y) 0 1 2 3 4 5 6 7 8 9 10 11 12 13
0 0 0 0 4 3 0 © o o0 © © 4 4 2
1 2 4 4 4 1 1 oo o © oo o oo 4 2
2 4 4 4 4 3 2 4 4 4 4 4 4 2 3
3 0 © © 4 4 3 4 4 4 4 2 4 3 4
4 © © © 4 4 4 4 4 4 3 4 4 4 4
coordinates in the grid system G > 4 4 4 4 4 4 4 4 4 4 8 4 3 4
Y gria sy 6 4 4 4 4 4 4 4 4 4 4 4 4 3 2
7 4 4 3 4 4 4 4 4 4 4 o 3 2 2
8 4 4 2 1 1 3 4 4 4 4 4 3 3 3
9 4 4 3 2 2 o0 4 4 4 4 4 3 2 3
10 4 4 4 4 4 o 4 4 4 4 3 4 4 4
11 4 4 4 4 4 4 4 4 4 4 4 4 4 4
In the current case study, a cost analysis was conducted to compare
;rable 3 ; desi the cost of moving through the crane mat layout developed using the
nput parameters for crane mat design. proposed method against the cost of the geometrically shortest path. The
Description Variable Value developed graph search algorithm was run with uniform coordinate
Total lift load P1 140 ton weights (w = 1) for all the coordinates. The comparisons are illustrated
Crane weight P2 20 ton in Fig. 9. On all the paths (Path 1 to Path 4), the crane mat layout plan
(Sjo};"tffWEIgh; ) ) P3 fgg L‘l’)" algorithm developed is found to be more cost-efficient, resulting in
timat t .
o1 Wiimate beating capactty 9s a lower costs. In this case study, results from the proposed method aver-
Factor of safety (to find g, from g,) FS 2 i X .
Width of the crawler crane chain c 1.5m ages approximately a 33 % cost saving per lift job from assembly yards to
Distance between two crawler crane chains (outer edge L, 12m installation zones.
Length of the crawler crane chain B 12.57 m It is worth mentioning that the workability of the proposed plan can
Yield strength of the mat plate for A36 steel plates Ey 250 Mpa be verified by systematically following the analytical method step by
Modulus of elasticity of steel E 200 Gpa

5.3. Plan analysis

The crane mat plan generated by the proposed algorithm is
compared with a plan considering only the shortest transit distances
from the assembly yard to the column/frame installation zones. Notably,
practitioners intuitively rely on similar rules of thumb in planning for
the crane paths. As illustrated in Fig. 8, the shortest path plans are:

e Path 1 - from assembly area Al to installation zone Z1: G[(12, 0), (12,
1), (11, 2), (10,3), (9, 4, (8, 4]

e Path 2 - from assembly area Al to installation zone Z1: G[(12, 8), (11,
7), (10, 6), (9, 6)]

e Path 3 - from assembly area A1 to installation zone Z1: G[(4, 11), (4,
10), (4, 9), (5, 8), (6, 7)1

e Path 4 - from assembly area A1 to installation zone Z1: G[(4, 0), (4,
1), (5, 2), (5, 3), (5, 4, (5, 5)]

Table 4
Estimated bearing capacity at different site coordinates.

step and cross-examining the optimized solution. It is stressed that the
optimum solution as obtained acts as decision support to the site engi-
neer or the construction manager, who can easily perform independent
checks on the mats design along the recommended crane transit path in
order to assure the workability of the solution prior to implementation
in field.

5.4. Influence of different grid size in mat layout plan

In the previous section, a methodology is developed to synchronize
the crane mat design with the mat layout plan. Building on this meth-
odology, the present section examines the impact of grid size on crane
mat planning. The developed algorithm is employed to evaluate the
influence of grid size on the planning layout. To apply the method with
different grid sizes, it is sufficient to identify the coordinates of relevant
points on the site with the new grid size imposed. Three additional grid
sizes are assessed, namely: 50 m, 25 m, and 12.5 m. Critical locations
and constraints on the site, including the start and destination points for

Soil allowable bearing capacity g, (kPa)

x coordinates in the grid system G

G(x,y) 0 1 2 3 4 5 6 7 8 9 10 11 12 13
0 95 95 155 135 135 135 160 85 85 85 140 115 115 115
1 95 95 155 145 145 145 160 85 85 85 140 115 115 115
2 95 95 155 140 140 90 90 85 85 85 115 115 115 115
3 100 100 155 150 150 90 90 90 145 115 115 115 155 155
4 100 80 80 80 135 110 110 110 135 85 85 85 90 90
y coordinates in the grid system G 5 105 80 80 80 135 135 150 135 135 85 85 85 90 90
6 105 80 80 80 100 100 140 135 135 85 85 85 85 85
7 140 140 140 100 100 100 140 140 155 155 155 85 85 85
8 140 140 140 95 95 95 140 140 155 155 155 85 85 85
9 150 150 150 95 95 95 155 155 160 160 165 165 165 165
10 150 120 120 95 95 95 155 115 115 110 110 110 110 110
11 145 120 120 120 170 170 170 115 115 110 110 110 110 110

10
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Table 5

Mat dimensions for different site coordinates as per the soil bearing capacity given in Table 4.

Designed Mat (Length (m), Thickness (mm))

x coordinates in the grid system G

11 12 13

10

0

G(x,y)

(5.5,70)
(5.5,70)
(5.5,70)
(4,55)

(5.5,70)

(5.5,70)
(5.5,70)
(5.5,70)
(5.5,70)

(4.25,55)
(4.25,55)
(5.5,70)
(5.5,70)

(7.75,90)
(7.75,90)
(7.75,90)
(5.5,70)

(7.75,90)
(7.75,90)
(7.75,90)
(4.25,55)
(4.5,60)
(4.5,60)
(4.5,60)
(4,55)
(4,55)
(4,55)

(7.75,90)
(7.75,90)
(7.75,90)
(7.25,90)
(5.75,75)
(4.5,60)

(4.5,60)

(4,55)
(4,55)

(4.5,60) (4.5,60)

(4.5,60)

(4,55)
(4,55)
(4,55)
(4,55)

(6.75,85)
(6.75,85)
(6.75,85)
(6.5,80)
(8.5100)
(8.5100)
(8.5100)

(6.75,85)
(6.75,85)
(6.75,85)
(6.5,80)
(6.5,80)
(6,75)
(6,75)

(5.5,70)
(5.5,70)
(4,55)

(4.25,55)
(7.25,90)
(7.25,90)
(5.75,75)
(4.5,60)
(6.5,80)
(6.5,80)

(4.25,55)
(4.25,55)
(4,55)

(4.25,55)
(4.25,55)
(4,55)

(7.25,90)
(7.25,90)
(5.75,75)
(4,55)

2
3

(7.25,90)
(7.25,90)
(7.75,90)
(7.75,90)
(7.75,90)
(3.75,50)
(5.75,75)
(5.75,75)

(7.25,90)
(7.25,90)
(7.75,90)
(7.75,90)
(7.75,90)
(3.75,50)
(5.75,75)
(5.75,75)

(7.75,90)
(7.75,90)
(7.75,90)
(7.75,90)
(7.75,90)
(3.75,50)
(5.75,75)
(5.75,75)

(7.75,90)
(7.75,90)
(7.75,90)
(4,55)
(4,55)

(7.75,90)
(7.75,90)
(7.75,90)
(4,55)
(4,55)
(4,55)

(4.5,60)
(4.5,60)
(6.5,80)
(6.5,80)

(8.5100)
(8.5100)
(8.5100)
(6.5,80)

(8.5100)
(8.5100)
(8.5100)
(4.25,55)
(4.25,55)
(4,55)

(4.25,55)
(4.25,55)
(4.25,55)
(4,55)
(4,55)

6

y coordinates in the grid system G

(4.25,55)
(4.25,55)
(4,55)

(4.25,55)
(4.25,55)
(4,55)

(4.25,55)
(4.25,55)
(4,55)
(4,55)

(6.75,85)
(6.75,85)
(6.75,85)
(3.5,45)

(6.75,85)
(6.75,85)
(6.75,85)
(3.5,45)

(6.75,85)
(6.75,85)
(6.75,85)
(5.25,70)

(3.75,50)
(5.75,75)
(5.75,75)

(5.75,75)
(5.75,75)

(5.5,70)

(5.5,70)

(5.5,70)
(5.5,70)

(5.25,70)
(5.25,70)

(5.25,70)
(5.25,70)

(3.5,45)

(4.25,55)

11

11
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cranes and inaccessible areas, are considered. The soil geotechnical
properties for the new grids are conservatively interpolated (selecting
the lowest value of the soil bearing capacity from a set of values during
interpolation). In practice, practitioners may conduct additional bore-
hole investigations to confirm the assumptions, considering the trade-off
between the cost of soil investigation, potential delays, and possible final
savings. Two tables in the appendix, namely, Tables Al and A2 sum-
marize the planning results obtained using the shortest path algorithm
and the proposed algorithm, respectively. Notably, the proposed path
planning algorithm yields a more efficient plan, providing cost savings
ranging from 13 % to 21 % compared to the shortest path plan across all
grid sizes being assessed.

The cost of crane transit operations, plotted in Fig. 10, gradually
decreases as the grid size reduces from 100 m to 25 m and slightly in-
creases when the grid size is further reduced to 12.5 m. This suggests an
opportunity to refine the results using heuristics (e.g., the bisection
method) to set up the grid size, considering the potential savings from
smaller grid sizes, the availability of mat model sizes in the market, and
the ease of setup and customization [50].

Considering this case study, the 25 m x 25 m grid size yields the best
result and is recommended for implementation. In addition, a new
optimization problem emerges: how to decide on the optimal grid size
using mathematical optimization or heuristics algorithms. Nonetheless,
this is beyond the scope of this research and will be left for future work.
Based on the proposed plan, the project manager or construction planner
can determine the number of mats required for their respective sizes.
The proposed plan with the 25 m x 25 m grid size is shown on Fig. Al
and summarized in Table A2.

Assuming the manufacturer produces mats with a 2.5 m width, the
following table (Table 8) gives the number of mats required for the job,
along with the total travel length and mat sizes needed according to the
plan generated by the proposed methodology. The mat sizes used in an
actual job can either be custom-made or adjusted by the construction
planner based on market availability. When selecting the manufac-
turer’s ready-made mats, it is advisable to choose mats with a size larger
than the one recommended in the plan and perform an additional check
of design adequacy using the method presented in Section 3.1. Table 8
summarizes the number of mats required for the planned job, with an
additional 5 % cushion factored in to account for potential sizing issues
in the field.

6. Conclusion

The research described in this paper focused on optimizing crane mat
design and transit path layout planning, an area that had been previ-
ously underexplored and under-researched but became increasingly
significant as the technology of offsite prefabrication and modular
construction advanced rapidly. An approach was developed using graph
search algorithms to optimize crane mat design and transit path plan-
ning. This method accounted for both the shortest travel distances and
the mats material and crane movement costs, resulting in more efficient
and cost-effective solutions.

Ensuring adequate ground bearing capacity and implementing a
well-designed mat layout plan can significantly enhance operational
safety and efficiency. This research represents the first attempt to
consider the ground profiles of a construction site, namely: the
geotechnical profile (bearing capacity) and the surface profile (slopes) in
devising the optimization method for planning the mat size and layout
for stable and safe operations of the crane. The introduction of an
automated mat layout optimization algorithm would lead to a signifi-
cant advancement of the current practice, reducing preparation time
and minimizing the need for manual revisions. This innovation holds the
potential for improving the planning and execution of crane operations
in modular construction projects as well as industrial and infrastructure
construction projects involving prefabrication and installation of large
and heavy structural components. It is noteworthy that the proposed
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Table 6
Crane operational cost used as the weight for crane path planning.

Automation in Construction 173 (2025) 106107

Crane operational cost per meter transit length, oc;; ($/per meter length)

x coordinates in the grid system G

G(x,y) 0 1 2 3 4 5 6 7 8 9 10 11 12 13
0 7684 7684 3085 3735 3735 3735 3085 9293 9293 9293 3264 5230 5230 5230
1 7684 7684 3085 3264 3264 3264 3085 9293 9293 9293 3264 5230 5230 5230
2 7684 7684 3085 3264 3264 8708 8708 9293 9293 9293 5230 5230 5230 5230
3 6985 6985 3085 3085 3085 8708 8708 8708 3264 5230 5230 5230 3085 3085
4 6985 11,275 11,275 11,275 3735 5831 5831 5831 3735 9293 9293 9293 8708 8708
y coordinates in the grid system G 5 6075 11,275 11,275 11,275 3735 3735 3085 3735 3735 9293 9293 9293 8708 8708
6 6075 11,275 11,275 11,275 6985 6985 3264 3735 3735 9293 9293 9293 9293 9293
7 3264 3264 3264 6985 6985 6985 3264 3264 3085 3085 3085 9293 9293 9293
8 3264 3264 3264 7684 7684 7684 3264 3264 3085 3085 3085 9293 9293 9293
9 3085 3085 3085 7684 7684 7684 3085 3085 3085 3085 2663 2663 2663 2663
10 3085 5003 5003 7684 7684 7684 3085 5230 5230 5831 5831 5831 5831 5831
11 3264 5003 5003 5003 2273 2273 2273 5230 5230 5831 5831 5831 5831 5831

Table 7
Nonnegative weights for graph search algorithm for crane path planning.

w portion of the Nonnegative weight W

x coordinates in the grid system G

G(x,y) 0 1 2 3 4 5 6 7 8 9 10 11 12 13
0 7684 7684 3085 3735 3735 3735 © oo © © © 5230 5230 5230
1 7684 7684 3085 3264 3264 3264 © 0 0 0 o oo 5230 5230
2 7684 7684 3085 3264 o 8708 8708 9293 9293 9293 5230 5230 5230 5230
3 o © © 3085 3085 8708 8708 8708 3264 5230 5230 5230 3085 3085
4 oo o0 oo 11,275 3735 5831 5831 5831 3735 9293 9293 9293 8708 8708
y coordinates in the grid system G 5 6075 11,275 11,275 11,275 3735 3735 3085 3735 3735 9293 9293 9293 8708 8708
6 6075 11,275 11,275 11,275 6985 6985 3264 3735 3735 9293 9293 9293 9293 9293
7 3264 3264 3264 6985 6985 6985 3264 3264 3085 3085 3085 o 9293 9293
8 3264 3264 3264 7684 7684 7684 3264 3264 3085 3085 3085 9293 9293 9293
9 3085 3085 3085 7684 7684 © 3085 3085 3085 3085 2663 2663 2663 2663
10 3085 5003 5003 7684 7684 © 3085 5230 5230 5831 5831 5831 5831 5831
11 3264 5003 5003 5003 2273 2273 2273 5230 5230 5831 5831 5831 5831 5831

mat design method is only applicable to steel or aluminum mats that are
commonly used on oversized and superheavy lifts in construction, as in
the presented case study. On the other hand, crane mats made of timber
can also be accommodated with minor modifications in the formulas for
mat size checks against shear stress [12].

The findings from the described case study demonstrate a significant
improvement in cost efficiency. Approximately 20 % to 30 % cost saving
was obtained compared to the general practice that considers only the
geometrically shortest path. This reinforces the significance of incor-
porating comprehensive cost factors into crane mat layout planning as
opposed to focusing solely on distance minimization. Furthermore, the
application of graph search algorithms in crane mat layout planning
lends practical benefits. For instance, the automation of this process
would reduce the time and effort required from practitioners, leading to
optimum layout plans backed with computing. These optimized plans
not only save costs but also contribute to sustainable construction
practices by minimizing the quantity of crane mats required, thereby
reducing the environmental impact associated with their manufacturing
and usage.

It is noteworthy that the research problem is inspired by a real
project. However, the case study is based on a project conducted in
2005/06. Due to limitations of project data collected then, additional
data for the parameters of the proposed model were made up by making
reasonable assumptions in order to prove concept for this research.
Given any differences in the actual site or on a new project, those model
parameters need to be adjusted to rerun the computer model and update
the solutions. The inputs, the algorithmic logic, and the outputs for the
proposed research are presented in such a transparent fashion as to
allow for manual checking and verification.

One limitation of the proposed crane path design method lies in the

fact that deciding the proper grid size in setting up the field for analysis
has yet to be addressed in an analytical way. Higher variations in the soil
geotechnical profile would necessitate finer grid sizes; this correlation
warrants further investigation in the follow-up research. Note that for
addressing the crane mat design problem, requirements for penetration
depth and test accuracy in field investigation are not high. Mature
technology -resulting from recent research for investigating field ground
cost-effectively, such as the land survey rover for site surface profile
mapping, the remodeled bobcat [51] or portable ground penetration
radar [52,53]- can be instrumental in performing site investigation and
collecting required data. These advancements will enable timely plan-
ning and efficient execution of the proposed new approach, ultimately
contributing to safer, more productive, and more sustainable operations
of high-capacity crawler cranes in construction fields.
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Fig. 7. Crane mat layout plan (transit path) prepared by proposed algorithm.
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Fig. 8. Crane mat layout plan (transit path) prepared by shortest path algorithm.
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Fig. 10. Cost comparison of prosed plan with different grid sizes.
Table 8

the number of mats required for the planned job with 25 m x 25 m grid size.

Mat Size
[length (m), thickness (mm)]

Travel length (m)

Mat Number (2.5 m width)

(3.5,45)
(3.75,50)
(4,55)
(4.25,55)
(4.5,60)
(5.5,70)
(6.75,85)
(7.75,90)

326.8
110.4
1115.7
1145.0
401.8
857.1
266.4
231.1

138
47

469
481
169
360
112
98
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Appendix A. Appendix

Table Al
Path plan analysis results with different grid sizes with shortest path.
Grid size Start coordinates End coordinates Path Planned Path Cost per move
(Destination) ($/move)
50 m x (0,24), (16,24), (8,16), (12,18), Path 1 (0,24), (1, 24), (2, 24), (3,23), (4, 22), (4, 21), (4, 20), (5, 19), (6, 18), (7,17),(8,16) 6780
50 m (22,8), (0,8) (14,12), (10,10) (A1 -71)

Path 2 (16, 24), (16, 23), (16, 22), (16, 21), (15, 20), (14, 20), (13, 19), (12, 18) 5977
(A2 -Z72)
Path 3 (22, 8), (21, 8), (20, 8), (19, 8), (18, 8), (17, 9), (16, 10), (15, 11), (14, 12) 3438
(A3 -173)
Path 4 (0, 8), (1, 8), (2, 9), (3,10), (4, 10), (5, 10), (6, 10), (7, 10), (8, 10), (9, 10), (10,10) 6303
(A4-74)

25m x (0,48), (32,48), (16,32), (24,36), Path 1 (0, 48), (1, 48), (2, 48), (3, 47), (4, 47), (5, 46), (6, 45), (7, 44), (8, 43), (9, 42), (10, 6346

25m (44,16), (0,16) (28,24), (20,20) (A1 -71) 41), (11, 40), (12, 39), (13, 38), (14, 37), (15, 36), (15, 35), (15, 34), (15, 33), (16,
32)

Path 2 (32, 48), (32, 47), (32, 46), (32, 45), (32, 44), (32, 43), (31, 42), (30, 41), (29, 41), 4790
(A2 -72) (28, 40), (27, 39), (26, 38), (25, 37), (24, 36)
Path 3 (44, 16), (43, 16), (42, 16), (41, 16), (40, 16), (39, 16), (38, 16), (37, 16), (36, 17), 3162
(A3 -1Z3) (35, 17), (34, 18), (33, 19), (32,20), (31,21), (30,22), (29, 23), (28, 24)
Path 4 (0, 16), (1, 16), (2, 16), (3, 17), (4, 17), (5, 18), (6, 19), (7, 19), (8, 19), (9, 19), (10, 3863

(A4-24)  19), (11, 19), (12, 19), (13, 19), (14, 19), (15, 19), (16, 19), (17, 19), (18, 19), (19,
19), (20,20)
12.5m (0,96), (76,96), (32,64), (48,72), Path 1 (0, 96), (1, 96), (2, 96), (3, 96), (4, 96), (5, 96), (6, 96), (7, 96), (8, 95), (9, 94), (10, 6297
x 125  (88,32), (0,32) (56,48), (40,40) (A1-71)  93), (11, 92), (12, 91), (13, 90), (14, 89), (14, 88), (15, 87), (15, 86), (16, 85), (17,
84), (18, 83), (19, 82), (20, 81), (21, 80), (22, 79), (23, 78), (24, 77), (25, 76), (26,
75), (27, 74), (28, 73), (29, 72), (29, 71), (29, 70), (29, 69), (29, 68), (29, 67), (30,
66), (31, 65), (32, 64)
Path 2 (76, 96), (75, 96), (74, 95), (73, 94), (72, 93), (71, 92), (70, 91), (69, 90), (68, 89), 3080
(A2-72) (67, 88), (66, 87), (65, 86), (64, 85), (63, 84), (62, 83), (61, 83), (60, 83), (59, 83),
(58, 82), (57, 81), (56, 80), (55, 79), (54, 78), (53, 77), (52, 76), (51, 75), (50, 74),
(49, 73), (48, 72)
Path 3 (88, 32), (87, 32), (86, 32), (85, 32), (84, 32), (83, 32), (82, 32), (81, 32), (80, 32), 5360
(A3-73) (79, 32), (78, 32), (77, 32), (76, 32), (75, 32), (74, 32), (73, 33), (72, 34), (71, 35),
(70, 36), (69, 36), (68, 36), (67, 37), (66, 38), (65, 39), (64, 40), (63, 41), (62, 42),
(61, 43), (60, 44), (59, 45), (58, 46), (57, 47), (56, 48)
Path 4 (0,32), (1,32), (2,32), (3,32), (4, 32), (5, 32), (6, 33), (7, 34), (8, 35), (9, 36), (10, 3708
(A4-74)  37), (11, 38), (12, 38), (13, 38), (14, 38), (15, 38), (16, 38), (17, 39), (18, 39), (19,
39), (20, 39), (21, 39), (22, 39), (23, 39), (24, 39), (25, 39), (26, 39), (27, 39), (28,
39), (29, 39), (30, 39), (31, 39), (32, 39), (33, 39), (34, 39), (35, 39), (36, 39), (37,
39), (38, 39), (39, 39), (40, 40)

Table A2
Path plan analysis results with different grid sizes with proposed planning algorithm.

Grid size Start coordinates End coordinates Path Planned Path Cost per move
(Destination) ($/move)
50 m x (0,24), (16,24), (8,16), (12,18), Path 1 (0, 24), (1, 24), (2, 24), (3, 23), (4, 22), (4, 21), (5, 20), (6, 19), (6, 18), (7,17),(8, 6780
50 m (22,8), (0,8) (14,12), (10,10) (A1-171) 16)
Path 2 (16, 24), (17, 23), (17, 22), (16, 21), (15, 20), (14, 19), (13, 18), (12, 18) 4632
(A2 -72)
Path 3 (22, 8), (22, 9), (22,10), (21,11), (20,12), (19, 12), (18, 12), (17, 12), (16, 12), (15, 3788
(A3 -17Z3) 12), (14, 12)
Path 4 (0, 8), (1, 8), (2, 7), (3, 6), (4, 6), (5, 6), (6, 7), (7, 8), (8, 8), (9, 9), (10, 10) 4715
(A4-74)
25 m X (0,48), (32,48), (16,32), (24,36), Path 1 (0, 48), (1, 48), (2, 48), (3, 48), (4, 47), (5, 46), (6, 45), (7, 44), (7, 43), (7, 42), (7, 5789
25 m (44,16), (0,16) (28,24), (20,20) (A1 -71) 41), (7, 40), (7, 39), (7, 38), (8, 37), (9, 36), (10, 35), (11, 35), (12, 35), (13, 34), (14,
33), (15, 32), (16, 32)
Path 2 (32, 48), (33, 47), (33, 46), (33, 45), (33, 44), (32, 43), (31, 42), (30, 41), (29, 40), 3455
(A2 -72) (28, 39), (27, 38), (26, 37), (25, 36), (24, 36)
Path 3 (44, 16), (43, 17), (42, 18), (41, 19), (41, 20), (41, 21), (41, 22), (40, 23), (39, 23), 1894

(A3 -123) (38, 23), (37, 23), (36, 23), (35, 23), (34, 23), (33, 24), (32, 24), (31, 24), (30, 24),
(29, 24), (28, 24)
Path 4 (0, 16), (1, 16), (2, 16), (3, 16), (4, 17), (5, 18), (6, 19), (7, 19), (8, 19), (9, 19), (10, 3863
(A4-74) 19), (11, 19), (12, 19), (13, 19), (14, 19), (15, 19), (16, 19), (17, 19), (18, 19), (19,
19), (20, 20)
12.5m (0,96), (76,96), (32,64), (48,72), Path 1 Path 1: [(0, 96), (1, 96), (2, 96), (3, 96), (4, 95), (5, 94), (6, 93), (7, 92), (8,92), (9, 5577
x 12.5 (88,32), (0,32) (56,48), (40,40) (A1-171) 92), (10, 92), (11, 92), (12, 91), (13, 90), (14, 89), (14, 88), (14, 87), (14, 86), (14,
85), (14, 84), (14, 83), (14, 82), (14, 81), (14, 80), (14, 79), (14, 78), (14, 77), (14,
76), (14, 75), (15, 74), (16, 73), (17, 72), (18, 71), (19, 71), (20, 71), (21, 71), (22,
71), (23, 71), (24, 71), (25, 70), (26, 69), (27, 68), (28, 67), (29, 66), (30, 65), (31,
64), (32, 64)]

(continued on next page)
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Table A2 (continued)

Automation in Construction 173 (2025) 106107

Grid size Start coordinates End coordinates Path Planned Path Cost per move
(Destination) ($/move)
Path 2 Path 2: [(76, 96), (75, 95), (74, 94), (73, 93), (72, 92), (71, 91), (70, 90), (69, 89), 3011
(A2 -Z72) (68, 88), (67, 87), (66, 86), (65, 85), (64, 85), (63, 85), (62, 84), (61, 83), (60, 83),
(59, 82), (58, 81), (57, 80), (56, 79), (55, 78), (54, 77), (53, 76), (52, 75), (51, 74),
(50, 73), (49, 72), (48, 72)]
Path 3 Path 3: [(88, 32), (88, 33), (88, 34), (87, 35), (87, 36), (87, 37), (87, 38), (87, 39), 3073
(A3 -173) (87, 40), (86, 41), (85, 42), (84, 43), (83, 44), (82, 45), (81, 46), (80, 46), (79, 46),
(78, 46), (77, 46), (76, 46), (75, 46), (74, 46), (73, 46), (72, 46), (71, 46), (70, 46),
(69, 46), (68, 46), (67, 46), (66, 47), (65, 48), (64, 48), (63, 48), (62, 48), (61, 48),
(60, 48), (59, 48), (58, 48), (57, 48), (56, 48)]
Path 4 Path 4: [(0, 32), (1, 32), (2, 32), (3, 32), (4, 32), (5, 33), (6, 33), (7, 34), (8, 35), (9, 3736
(A4 -74) 36), (10, 37), (11, 38), (12, 38), (13, 38), (14, 38), (15, 38), (16, 38), (17, 38), (18,
38), (19, 38), (20, 38), (21, 38), (22, 38), (23, 38), (24, 38), (25, 38), (26, 38), (27,
38), (28, 38), (29, 38), (30, 38), (31, 39), (32, 39), (33, 40), (34, 41), (35, 41), (36,
41), (37, 41), (38, 41), (39, 41), (40, 40)]
G(0,0) G(0, 54)
A+(0,16) A1(0,48)
Z4(20, 20)
Z5(28, 24)
Az (44, 16)
G(0,44) 1 50m

S—
50m G(44, 54)

Fig. Al. The proposed crane path plan with 25 m x 25 m grid size.

Data availability

The model, or code that supports the findings of this study are also
available from the corresponding author upon reasonable request. Data
tables generated in this study can be found in this link: https://shorturl.
at/PKyW3
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