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Abstract: Material planning is important in construction, for it affects procurement, cost, and schedule.
Proper planning of material supply and logistics helps streamline the performance of all tasks through
the avoidance of excessive or insufficient material supply. Material planning relies on quantity
takeoff (QTO) and project schedules. Conventionally, quantity takeoff was a manual process based
on 2D drawings and human interpretation and was error-prone. Presently, with the popularity of
Building Information Modelling (BIM), in BIM-based projects, using inbuilt quantity takeoff functions,
quantities of work can be generated automatically from BIM models to aid the quantity takeoff.
However, if those inbuilt QTO solutions are object-based, then the quantities of works extracted may
not meet the requirements of the users in selected cases, e.g., in zone-based construction projects.
Also, for estimating daily material requirements, the accuracy of the quantities of work becomes more
important, not only for the purpose of efficient planning but also for reducing construction waste.
Since works using the same type of material can go overlapping, in addition to estimating the amount
of material for each work, the total amount of material for a day must also be calculated. Thus, this
research aims to develop a framework for automatic extraction of zone-based concrete volumes and
formwork positions for cast-in-place concrete structures using the data in BIM models, followed by
linking them with project schedules for estimating daily concrete and formwork requirements. This
framework extends the body of knowledge by introducing an innovative algorithm for automatically
calculating overlapped areas between concrete members and a rule for naming tasks in the schedule,
followed by evaluating the formwork requirements without drawing formwork in a 3D model. A
software tool will be developed to achieve the aim, and a case study will be used to validate the
proposed framework.

Keywords: BIM; quantity takeoff; concrete and formwork; construction schedule

1. Introduction
1.1. The Role of Quantity Takeoff in Construction

It is estimated that the cost of materials represents 50% to 60% of what of a construction
project [1], in which formwork and concrete might cost up to 15% and 33% of the total
construction budget, respectively [2]. Material planning heavily depends on the quantity
takeoff result and its schedule. Inadequate material planning, supply, and management
could lead to problems in costs, schedules, and quality management of the project [3], and
also the environment (construction waste generation). Quantity takeoff plays a crucial role
in construction project management.
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Inaccurate quantity takeoff is likely to result in problems pertaining to costs, schedule,
quality of the project, and environmental protection. For instance, an error in the quantity
takeoff process could result in either an oversupply or a shortage of concrete on-site. A
lack in quantity could result in issues like cold joints, more time, and the cost of placing
fresh orders; an excess will result in material waste and additional expenses. According to
earlier research, waste from freshly mixed concrete can reach 13.2% by weight [4], which is
a major source of financial and environmental issues.

1.2. Challenges in Quantity Takeoff

Practically, there are three ways for quantity takeoff (QTO) calculation: (1) the man-
ual method using paper drawings; (2) the semi-automated method, leveraging on CAD
drawings that are usually presented in the PDF form; and (3) the automated or BIM-based
method. Quantity takeoff was conducted manually or semi-automatedly based on 2D draw-
ings and the experience and knowledge of estimators doing the quantity takeoff work [5].
This approach might lead to errors due to insufficient information on 2D drawings or
wrong human interpretation. Some potential issues indicated by Monteiro and Martins [5]
were problems in detecting classes, errors or omissions, overestimation, and occurrences
of cascading problems. In addition, the manual process usually takes a lot of time due to
frequent occurrences of human mistakes [6]. Therefore, BIM-based QTO attracts more and
more attention nowadays.

1.3. BIM-Based Approach for Constructors

In view of the benefits brought by BIM, more and more constructors were applying
BIM for two major purposes: (1) For visualization, as a 3D model could easily represent a
complex structure and help with quality assessment; and (2) for quantity takeoff, as a 3D
model could quickly extract quantities for tasks like cost estimation, construction planning,
tendering, and production control [6,7].

Extracting measurements and material quantities directly from a Building Information
Modeling (BIM) model can reduce the time required and is more reliable than traditional
methods using 2D drawings [6,8]. With BIM, the time needed for quantity takeoff could
be saved up to 80%, and the corresponding accuracy would be at least 97%, as indicated
by Olsen and Taylor [9]. However, existing BIM-based QTO solutions, including inbuilt
functions of BIM software such as Autodesk Revit 2019, may not be helpful enough in a
number of circumstances, such as in schedule-based QTO.

Quantity takeoff serves different purposes in a typical construction project. The
relations between quantity takeoff and other major tasks in a construction project lifecycle
are shown in Figure 1. For clients and consultants, “Quantity Takeoff for Estimation” only
focuses on the total volume for overall project cost estimation. For constructors, “Quantity
Takeoff for Construction” provides schedule-based quantity results, which are required for
material planning, construction planning, and cost estimation.

Quantity Takeoff for Estimation and Quantity Takeoff for Construction are different
because the latter is strongly dependent both on the construction methods used and
construction processes, while the former only needs to take into account the construction
methods. Therefore, Quantity Takeoff for Construction may require a different measuring
approach to reflect the construction processes applied, such as the construction joint for
concrete, which must be taken into consideration. Also, Quantity Takeoff for Estimation
can help generate the total amount of materials consumed for the components/the whole
project, while Quantity Takeoff for Construction must allow the estimation of the materials
to be consumed daily.

An illustrative example is presented in Figure 2, including a floor plan (Figure 2a), a
3D model (Figure 2b), a North View (Figure 2c), and a West View (Figure 2d). In order to
construct the example building, the process should be divided into two stages: (1) Stage
1: Construction of columns; and (2) Stage 2: Construction of beams and slabs. The height
of each column is 3.9 m, as in Figure 2c,d. Considering the difference in the height of the
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beams (600 mm and 400 mm) that contact the columns, the concrete pouring height of each
column at stage 1 should stop at 3.3 m.
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Figure 2. An illustrative example.
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With regard to concrete volume calculation, the concrete volume for six columns
needed for stage 1 is 6 × 0.4 × 0.4 × 3.3 = 3.168 (m3). The overlapped concrete between
columns and beams will be poured at stage 2. The software’s functions are not able to
simulate this process and then provide inaccurate results. For example, Autodesk Revit
2019 software, a popular BIM software, provides a join command in which concrete at the
intersection could be assigned to a single component to avoid duplication. In this case, the
result for columns concrete will be 3.240 (m3) (Figure 3c) and 3.744 (m3) (Figure 3d) if the
overlap concrete is assigned to beams (Figure 3a) and columns (Figure 3b), respectively.
Both results are inappropriate for calculating concrete quantity takeoff following stages.
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For formwork estimation, a column is retrieved to analyze in Figure 4a, and an
imaginary plane (Plane 1) is drawn coincident with a column face (Figure 4b). To establish
formwork, in stage 1, the formwork of columns should be installed to a height of 3.3 m, and
the rest should be performed in stage 2. Some researchers [10,11] have used Dynamo to
discover the overlap area between items, as shown in Figure 4c. Afterward, they calculated
the total area of the surrounding faces minus the overlapping area. However, besides the
overlap area being deducted at the site, engineers still need to calculate the formwork area
established at each stage. Therefore, a new algorithm should be proposed to solve all issues
mentioned above.
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1.4. Zoning in Construction

Construction zoning is frequently employed as an effective method to conserve direct
materials (such as formwork and scaffolding) and distribute human resources [7]. Upon
completion of tasks in a zone, resources (e.g., formwork or workers) may be relocated to
subsequent zones. This method can diminish the contractor’s initial investment. Project
work zones are often organized to maintain uniform work spaces and construction elements.
If the project contains many slabs at varying elevations, the zoning regulations for each
level should remain consistent. The zoning of a construction project facilitates a more
rational and effective project timeline. The procedure for zoning is shown in Figure 2.

In Figure 5, it can be seen that zoning can start after a building model is available,
followed by calculating the zone-based works/materials (e.g., concrete volume, formwork
positions, scaffolding, cranes, etc.) and task durations. If the obtained schedule can meet all
the required project requirements, it is finalized. Otherwise, the zoning process will start
all over again.
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1.5. Motivation and Significance of This Research

A quick search on the Scopus database, the largest source of indexed scientific publi-
cations [12], in November 2024 brings in 198 documents with the search keywords [BIM
AND (“quantity take-off” OR “quantity takeoff”)]. A thorough review of the abstracts of
such publications shows that there is no single publication addressing the BIM uses for
time-based quantity takeoff. The popular topics include quantifying carbon emissions [13],
rebar cutting [14], estimating [15] cash flow, progress payment [16], taking quantity for
building components [17], discussing the Methods of Measurement in relation to BIM-
based quantity takeoff [18], etc. A recent review paper entitled “BIM-based quantity takeoff:
Current state and future opportunities” published in 2024 never mentioned any papers
containing completely relevant topics. There is only one conference paper dated back in
2017 discussing the BIM-based QTO for daily reporting by a simple mechanism of integrat-
ing the timemark into each project component [19] and another paper published in 2021
proposing an API for automatic extraction of daily concrete requirements from 3D BIM and
project schedules [19], but the latter was just at an early stage of research. The literature shows
the gap for a complete solution for daily material planning on construction sites.

Although construction zoning is common nowadays, there is hardly any user-friendly
tool that could extract material quantity data on a daily basis for on-site logistics planning
found in the market. In addition, there is still a lack of research on calculating the daily
required material volumes according to the schedule (mentioned in Section 1.3) to help
manage materials on the construction site.

To bridge the gap, this research proposed an approach that could handle overlaps
between structural elements and automatically extract zone-based concrete volume and
formwork data on a daily basis using the BIM model. Autodesk Revit 2019 was adopted in
this research as the BIM software, and a plugin was developed using the Revit Application
Programming Interface (API) and the C# programming language. The plugin can achieve
the following purposes:

• To segment structural components based on zones on a BIM model;
• To handle zone-based quantity takeoff for concrete and formworks. In order to obtain

that, innovative algorithms are introduced to calculate the overlapped areas; and
• To import the schedule from an Excel file and calculate daily required quantities for

concrete and formwork.

2. Literature Review

A more thorough review of 198 publications found in the Scopus database provides
a more insightful picture of BIM-based quantity takeoff in general and BIM-based quan-
tity takeoff for daily planning, especially for the two most popular materials of concrete
and formwork.

2.1. Conventional Quantity Takeoff vs. BIM-Based Quantity Takeoff

Quantity takeoff, a process in which building elements are measured and counted, is
popularly considered important in construction projects since it provides crucial data for
other tasks [5,20]. The output of the quantity takeoff process has been confirmed to be used
for various purposes, including cost estimation, calculation of the construction activities,
project management, material procurement [21], and contract progress payment.

Conventionally, there are two ways for quantity takeoff (QTO) calculation: (1) the
manual method using paper drawings; (2) the semi-automated method that leverages CAD
drawings. Some previous research strives to improve the efficiency of quantity takeoff using
2D and 3D CAD. Jadid and Idrees introduced a method to estimate the required material
for beams, columns, slabs, and foundations by using layer computation of AutoCAD
drawings [22]. Automatic extraction of material quantities required for wall assembly
was proposed by Manrique et al. in a 3D CAD model [23]. A specialized technique for
placing formwork panels around columns was suggested by Lee et al. [24], enabling ideal
formwork placements even for intricate floor plans with numerous columns. The harmony
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search optimization algorithm is used to rapidly and automatically determine cohesive
and ideal layouts. The case study indicated that the proposed method dropped 56% in the
nonstandard pannel-covered area. Following conventional quantity takeoff methods, a
cascade of errors is likely to occur when quantity takeoff is carried out manually [5].

The literature has provided proof that BIM-based quantity takeoff increases productiv-
ity, accuracy, and completeness of cost-estimating tasks [12] in comparison to the traditional
approach. Lots of recent publications have supported this statement [25] by providing
some practical [26,27] evidence or discussing featured factors [28]. Proposed solutions for
BIM-based quantity takeoff include the usage of 3D authoring or 4D software, including
Autodesk Revit and Navisworks [29], specific software such as Cubicost [25,27] and/or
Allplan [30], or using solutions such as IFC-based BIM [31], ontological algorithms [32], a
data-driven framework based on BIM and knowledge graphs [33], or other digital technolo-
gies such as scan-to-bim [34], virtual reality [35], to facilitate automated quantity takeoff.
Some papers stopped developing theoretical frameworks without validating them in practi-
cal cases [16]. However, previous publications have revealed that there are some high-level
automated solutions for BIM-based quantity takeoff, including an integrated framework to
automatically extract and visualize construction quantities from BIM models. The system
includes a Quantity Precision Check (QPC) module for automating more accurate QTO
outputs. These outputs are then automatically transferred to an external database and
visualized through a user-friendly dashboard on the Microsoft Power BI platform [36].

2.2. BIM-Based Quantity Takeoff for Daily Planning of Construction Materials

Material quantity can be automatically calculated by extracting geometric data and
semantic properties of each building part from the building’s BIM models [6]. This method
is called BIM-based quantity takeoff, which is faster, more accurate, and more efficient than
conventional quantity takeoff [37]. Sheikhkhoshkar et al. developed a structural model in
Revit to extract spatial information, including all construction joints, and link them to other
tools for automatically generating concrete joint layouts and daily concrete volumes [38].
Kim et al. retrieved spatial and geometric data, quantities, relationships, and material layer
set information from BIM models through ifcXML for automatic schedule generation [39].
Kannan and Santhi defined concrete formwork components and applied them to the BIM
model of a high-rise building [40]. The drawback of these formwork components is that the
opening is overlooked in structural concrete elements, causing the inaccuracy of calculation.
Khosakitchalert et al. presented a method that could automatically calculate formwork
quantities using reinforced concrete elements’ surfaces through a function library that might
not be used in other BIM software [10]. Cepni et al. [11] represented a method to calculate
the formwork of objects with complex geometries based on Autodesk Revit Dynamo, then
conducted a comparison time between manual quantity takeoff and automated quantity
takeoff. In these two studies [10,11], the authors primarily focused on calculating the total
formwork volume instead of the schedule-based formwork volume. Therefore, additional
manual effort is needed to calculate the required daily quantity of formwork. A new
algorithm with a higher level of automation to handle this process may help resolve the
issue. In order to calculate auxiliary materials (e.g., formwork), Wei et al. [41] had to
define a template as a temporary structure, then construct formwork following the design
requirement. The drawn formwork data would be used to calculate after that. But modeling
tasks could be time-consuming and error-prone because it is conducted manually.

Singh et al. proposed a framework using BIM data as input to compute the quantity
of formwork generate visualization and prepare a schedule, but the framework is only
applicable to formwork elements of cast-in-situ walls [42]. Hanna et al. [43] developed a tool
to assist the designer in making the decision to select and optimize formwork. Automated
optimization of formwork design is suggested by Hyun et al. [44]. It seeks to select the
optimal formwork option and optimize the formwork design. The wall data from a 3D
model, including size, shape, and coordinates, are extracted to an IFC file; then, the authors
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applied formulas to design formwork for a concrete wall. The limitation of this paper is
only focused on calculating formwork for wall components.

A prototype that can automatically design formwork for walls and deck was proposed
by Lee et al. [45], demonstrating the viability of software development. In this prototype, a
library of aluminum formwork is collected and simulated. The application was developed
using Unity 3D and Blender 3D, which are utilized for meshing and pre-processing the
BIM 3D rendering data. In this work, the meshes were transformed into a constant form by
utilizing an algorithm that populates a 3D model with meshes that are all the same size
and shape.

Reusing formwork is a crucial issue because it reduces the initial investment for the
constructors. Mansuri et al. [46] created a cascading method to retrieve data from BIM
to manage the inventory of formwork. The stripped formwork at an earlier stage would
be used at a later stage, reducing formwork costs. Mei et al. suggest a system based on
building information modeling (BIM) to help site managers automatically receive precise
requirements for concrete formwork in order to save waste and expenses [47]. In order to
retrieve the dimension of concrete elements (i.e., columns, walls, slabs, and beams), the
authors extract these dimensions directly from the component in the 3D model. After that,
the authors assumed that columns and floors have four-face contact and five-face contact,
respectively. These dimensions would be used to create and optimize formwork. However,
the formwork results extracted directly from the 3D model cannot be used unless some
additional adjustments are added [48]. For instance, beams often serve as boundaries for
the surrounding faces of floors; as a result, the requirement for additional formwork can be
minimized. Furthermore, for the column, the formwork should be divided into two phases
to construct; thus, the column formwork dimension could not take the whole dimension of
the surrounding face contact. In addition, the framework has not considered the material
dissipation of formwork panels.

When working with other components in the structure skeleton, the overlap between
the other parts is an indispensable issue that has to be addressed. BIM software developers
have tried to create BIM tools to automate extracting the quantity takeoff. One major
disadvantage of BIM tools is their inability to work with formworks in the model [5]. Many
BIM tools do not have a built-in function for modeling formworks, including the popular
Revit [4,6]. Although some software products like Tekla Structures have presented a
function enabling formwork modeling, they do not provide the contractor with scheduled-
based quantity outputs. Furthermore, a significant drawback in calculating formwork
requirements is an overestimation of formwork quantities at structural joints (Figure 3). In
Figure 6, it can be seen that the formwork is usually double-counted in the joint of two
adjacent structural elements, like a beam and a column, etc.

Figure 6. Issues in extracting formwork quantities from a BIM model.

2.3. Zone-Based Applications

Construction zoning is a regulatory framework used in urban planning to designate
specific areas for particular types of land use and construction activities. It involves dividing
a region into zones, each with prescribed rules governing the type, scale, and purpose
of buildings that can be developed. Construction zoning is frequently utilized in large
projects as an effective strategy to organize human resources and save direct materials
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(such as formwork and scaffolds) [7,49]. After the activities in a zone are finished, the
resources (e.g., personnel or formwork) can be moved to the following zones. This method
can mitigate the contractor’s initial investment. Following this, some similar tasks (i.e.,
pouring concrete or formwork erection) are performed simultaneously in different zones
or levels. Therefore, the engineers need to handle all these tasks simultaneously and have
planning material appropriately. The division of a construction site into zones is influenced
by multiple factors, including the construction team’s capacity, material supply capabilities,
and project schedule. This process is typically overseen by an experienced site manager to
ensure optimal efficiency and coordination. The issue of zone division is beyond the scope
of this study and will not be addressed further. Although construction zoning is common
nowadays [7,49,50], there is hardly any user-friendly tool that could extract material quantity
data following the zone and the construction process presented above.

3. Framework for Zone-Based Quantity Takeoff

A framework for the zone-based generation of daily concrete and formwork require-
ments is shown in Figure 7, which comprises six phases: (A) BIM model preparation; (B)
defining zones; (C) calculating concrete volume for each zone; (D) calculating formwork
quantity for each zone; (E) reading schedule information from an Excel file and calculating
quantity takeoff; (F) daily concrete and formwork requirement.
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Zones are delineated according to task similarity, work nature, and work sequence,
facilitating optimal resource usage. Afterward, the quantities required for concrete and
formworks are calculated based on the zones and the construction joints between columns,
beams, walls, and slabs, as elaborated in Sections 3.3 and 3.4. Finally, the project schedule
in an Excel file is imported to conduct daily quantity takeoff, followed by the generation of
daily material requirements.

3.1. BIM Model Preparation
3.1.1. Steps for Preparing a 3D BIM Model

Preparing a suitable 3D BIM model plays a vital role because it will directly affect the
quantity takeoff results. BIM model preparation includes four major steps (Figure 8). The
first step is to determine the project baseline. The project basepoint should coincide with
the model origin point O(0,0,0) in the coordinate system Oxyz, which would serve as the
reference point for the calculation of all the coordinates in the various zones (Figure 9). The
zone definition is presented in Section 3.2.
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The second step is to construct a 3D model using BIM software, which should contain
basic construction elements, including beams, slabs, and columns. After designing these
elements, materials will be assigned to these elements to calculate the concrete volume.
The final step is interference checking, which prevents overlaps between elements in the
model by comparing 3D solid models of building elements. The purpose of this step is to
increase the accuracy of the QTO job.

3.1.2. The Rule for Preparing a 3D BIM Model

In fact, there are many ways to create a 3D model, which can lead to differences in
mass calculation results. However, in order to calculate exactly the daily quantity takeoff,
some rules applying Quantity Take-off (RQT) are proposed as follows to make sure that
this approach comes with an accurate result.

• Columns are created from one level to the next level (Figure 10).
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• Beams are established from one column’s edge to the edge of another column (Figure 11).
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• Slabs are formed by the contacting edges of the beams and columns that surround the
slabs (Figure 12).
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3.2. Defining Zones

To facilitate efficient project planning and resource allocation, extensive construction
projects are typically segmented into manageable sections, referred to as zones. The
engineers often determine these zones during the planning phase, and the entire building
timetable is developed accordingly. In standard multi-story or high-rise building projects,
zones are established on a horizontal plane, so all vertical levels within the designated
area are classified under the same zone. Four primary steps exist for delineating zones:
(1) Obtain input data, such as X and Y dimension values; (2) define zones based on these
values; (3) identify elements that belong to each level and zone; (4) verify that each element
belongs to a particular zone; and (5) extract concrete volume based on zones and levels.
The process of defining zones is illustrated in Figure 13.

Step 2 involves using user input and the decomposition approach proposed by Heiger-
moser et al. [7] to divide a 3D BIM model into zones, levels, and elements. Figure 14
illustrates the tree-views of the decomposition of the model that adapted from [7].

A class “Zone” was established to systematically organize data, with building elements
regarded as the objects within that class. According to the principles of object-oriented
programming, a class serves as the blueprint for an object, which, containing variables, data
structures, and functions, is an instance of that class [51]. Consequently, the data inside the
“Zone” class were further disaggregated into levels and elements. Each zone comprised a
list of levels, and each level encompassed lists of columns, beams, and slabs, along with
their respective element properties, including location, volume, and ID. Figure 15 depicts
the data arrangement within a zone of a three-dimensional architectural model. There are
“k” levels, each comprising structural elements such as columns, beams, and slabs.
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levels, the elements were further categorized based on their specific positions within the 
zone. The “level” information was obtained directly from the element’s properties in the 
Building Information Modeling (BIM) model. 

When an element intersects with the boundaries of multiple zones, repetition in 
counting might occur. To overcome this problem, the ID of the element that appeared in 
multiple zones would be checked in this step to avoid repetition. Such an element is 

Figure 15. Data organization in a typical zone of a building with multiple levels.

To define a zone within a 3D model, a bounding box is generated using two primary
corner points: (x1, y1, z1) and its diagonally opposite corner (x2, y2, z2), as depicted
in Figure 16a. The remaining six vertices of the bounding box (x2, y1, z1), (x2, y2, z1),
(x1, y2, z1), (x1, y1, z2), (x2, y1, z2), and (x1, y2, z2) are automatically derived from these
two key points. The coordinates of the key corner points are determined by the user-defined
dimensions of the zone, denoted as Lx, Ly, and Lz along the X, Y, and Z axes, respectively.
Zones are primarily indexed along the X-axis, as illustrated in Figure 16b.



Buildings 2024, 14, 4021 13 of 31

Buildings 2024, 14, x FOR PEER REVIEW 14 of 33 
 

 
Figure 15. Data organization in a typical zone of a building with multiple levels. 

To define a zone within a 3D model, a bounding box is generated using two primary 
corner points: (x1, y1, z1) and its diagonally opposite corner (x2, y2, z2), as depicted in 
Figure 16a. The remaining six vertices of the bounding box (x2, y1, z1), (x2, y2, z1), (x1, y2, 
z1), (x1, y1, z2), (x2, y1, z2), and (x1, y2, z2) are automatically derived from these two key 
points. The coordinates of the key corner points are determined by the user-defined di-
mensions of the zone, denoted as Lx, Ly, and Lz along the X, Y, and Z axes, respectively. 
Zones are primarily indexed along the X-axis, as illustrated in Figure 16b. 

 
 

(a) The bounding box of a zone (b) Multiple zones in the 3D space  

Figure 16. Representation of the bounding box and multiple zones. 

In Step 3, elements within a bounding box or zone were identified utilizing the “tem-
plate” function of the Revit API. Elements entirely contained within a zone or intersecting 
its boundary were classified as part of that zone. Since each zone encompassed multiple 
levels, the elements were further categorized based on their specific positions within the 
zone. The “level” information was obtained directly from the element’s properties in the 
Building Information Modeling (BIM) model. 

When an element intersects with the boundaries of multiple zones, repetition in 
counting might occur. To overcome this problem, the ID of the element that appeared in 
multiple zones would be checked in this step to avoid repetition. Such an element is 

Figure 16. Representation of the bounding box and multiple zones.

In Step 3, elements within a bounding box or zone were identified utilizing the “tem-
plate” function of the Revit API. Elements entirely contained within a zone or intersecting
its boundary were classified as part of that zone. Since each zone encompassed multiple
levels, the elements were further categorized based on their specific positions within the
zone. The “level” information was obtained directly from the element’s properties in the
Building Information Modeling (BIM) model.

When an element intersects with the boundaries of multiple zones, repetition in
counting might occur. To overcome this problem, the ID of the element that appeared
in multiple zones would be checked in this step to avoid repetition. Such an element is
assigned to the zone with the lowest index number and removed from the other zones to
avoid duplication. To ensure that each element only belongs to one zone, two consecutive
zones in the 3D model, Zone A and Zone B, are used to explain how this is achieved
(Figure 17). The first step is to take an element in Zone A to be checked. This element’s ID
will be compared with all elements’ IDs in Zone B. If there is any element in Zone B that
has the same ID as the element in Zone A, the element in Zone B will be deleted.

3.3. Calculating Concrete Volume

Due to several factors, including size or complexity of structures, material supply
restrictions, permissible working times and conditions, and human resources limitations,
uninterrupted concrete pouring is sometimes impractical [52]. Therefore, construction
joints allow the resumption of work after a period of time [53]. Sheikhkhoshkar et al.
presented a table of various guidelines for construction joint placement in concrete, which
suggested skilled designers define the positions of joints and establish a precise pouring
schedule [38].

During construction, the concrete volumes and formwork quantities are mostly cal-
culated based on schedules rather than the total amount. Considering columns, beams,
and slabs are the three major components in a building’s superstructure, their concrete
volumes and formwork quantities should be calculated in an efficient and effective way.
When constructing columns, formworks are usually set up from the bottom of the column
to the bottom face of the beam (Figure 18). Therefore, in practice, the concrete volume of
the column should be divided into two parts: Vcolumn and VOverlap. Vcolumn denotes the
volume from the bottom of the column to the bottom face of the beam; VOverlap denotes
the overlapping volume between the column and the beam. Figure 19 shows the flow of
calculating the concrete volume of a column, with relevant information extracted from the
BIM software.
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Figure 19. The flow of calculating the concrete volume of a column.

The first step is to identify all the beams connected to the column, which are elaborated
in Figure 20, followed by extracting the dimensions associated with the column from the
BIM model. These dimensions are hc (height of the column section), bc (width of the
column section), Horg (height of the column), and hb (maximum of the height of the beam).

VOverlapse = hb · hc · bc (1)

Vcolumn = Hcon · hc · bc (2)

where Hcon = Horg − hb (3)
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3.4. Calculating Formwork Quantity

To determine the formwork quantity, the overlaps between a beam and a column, a
beam and a slab, a column and a slab, and adjacent beams will be calculated.
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3.4.1. Assumptions

In this research, it is assumed that structures have rectangular plans, and columns
and beams have rectangular cross-sections. Although these assumptions apply to a large
number of building projects, plans and cross-sections of different shapes will be considered
in future research.

3.4.2. Considering Overlaps

When handling overlaps between two structural members, each face of a structural
member is checked against each face of the other structural member to see if there is an
intersection. The flow of checking overlaps between structural members is shown in Figs.
21, 22, and 23 to illustrate how overlaps are handled. The “object” in Figures 21–23 refers
to the structural member of concern.
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edges in a triangle is greater than the third edge (Equations (4)–(6)). 

Assume Point A (xA, yA), Point B (xB, yB), and Point C (xC, yC) are on a plane (Figure 
24). Characters a, b, and c denote the length of the B-C segment, C-A segment, and A-B 
segment, respectively. The value of a,b, and c is calculated as follows: 

a = ඥ(xB − xC)ଶ + (yB − yC)ଶ (4)

b = ඥ(xC − xA)ଶ + (yC − yA)ଶ (5)

c = ඥ(xA − xB)ଶ + (yA − yB)ଶ   (6)

If ((a + b > c) and (b + c > a) and (c + a > b)) is true, it means that A point is a corner 
point. 

Figure 22. Find all structural members connected to the object.

First, find all structural members that are connected to the object. For example, in
Figure 18, the connected structural members are beams and slabs.

Then, each face of the object is considered with all the faces of each connected structural
element, and an example is elaborated in Figure 19.
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Figure 23. Consider each face of the object against all the faces of a connected structural member.

Find all corner points of a face

The next step is to find all corner points of each face. In a BIM model, each structural
member is formed by faces, each face is created by edges, and each edge has two endpoints.
To find the corner points of each face, it is necessary to ensure the sum of two edges in a
triangle is greater than the third edge (Equations (4)–(6)).

Assume Point A (xA, yA), Point B (xB, yB), and Point C (xC, yC) are on a plane
(Figure 24). Characters a, b, and c denote the length of the B-C segment, C-A segment, and
A-B segment, respectively. The value of a, b, and c is calculated as follows:

a =

√
(xB − xC)2 + (yB − yC)2 (4)

b =

√
(xC − xA)2 + (yC − yA)2 (5)

c =
√
(xA − xB)2 + (yA − yB)2 (6)
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Figure 24. Find all corner points.

If ((a + b > c) and (b + c > a) and (c + a > b)) is true, it means that A point is a corner point.

Checking overlaps between two faces

Following the assumptions in Section 3.4.1, it is assumed that the structural members
are rectangular cross-sections. Therefore, the overlaps between a column and a beam, a
beam and a slab, and a column and a slab could be considered as the overlaps between
two rectangles. After finding all the corner points of the two faces, e.g., Face A and Face
B in Figure 25, an algorithm is used to check whether there is an overlap between these
two faces. Assume that FaceA has four corner points: PA1, PA2, PA3, PA4, and FaceB has
corner points PB1, PB2, PB3, and PB4.



Buildings 2024, 14, 4021 18 of 31

Buildings 2024, 14, x FOR PEER REVIEW 19 of 33 
 

 
Figure 24. Find all corner points. 

Checking overlaps between two faces 
Following the assumptions in Section 3.4.1, it is assumed that the structural members 

are rectangular cross-sections. Therefore, the overlaps between a column and a beam, a 
beam and a slab, and a column and a slab could be considered as the overlaps between 
two rectangles. After finding all the corner points of the two faces, e.g., Face A and Face B 
in Figure 25, an algorithm is used to check whether there is an overlap between these two 
faces. Assume that FaceA has four corner points: PA1, PA2, PA3, PA4, and FaceB has 
corner points PB1, PB2, PB3, and PB4. 

 
Figure 25. The overlap between Face A and Face B. 

The main idea of the algorithm is to check if there exists a line that separates a point 
on Face A from all the points on Face B. If such a line exists, there is no overlap between 
Face A and Face B. To start, draw a line, d1, connecting PA1 and PA2 as shown in Figure 
26a. Assume the coordinates of PA1, PA2, PB1, PB2, PB3, and PB4 are: PA1 (xA1, yA1), 
PA2 (xA2, yA2), PB1 (xB1, yB1), PB2 (xB2, yB2), PB3 (xB3, yB3), and PB4 (xB4, yB4). Equa-
tion (7) shows the linear equation connecting PA1 and PA2: (x − xA1) ∙ (yA2 − yA1) − (y − yA1) ∙ (xA2 − xA1) = 0 (7)

Afterward, check whether PA3 is on the opposite side of PB1, PB2, PB3, and PB4. [(xA3 − xA1) ∙ (yA2 − yA1) − (yA3 − yA1) ∙ (xA2 − xA1)] ∙ [(xB1 − xA1) ∙ (yA2 − yA1) − (yB1 − yA1) ∙ (xA2 − xA1)] < 0   (8)

[(xA3 − xA1) ∙ (yA2 − yA1) − (yA3 − yA1) ∙ (xA2 − xA1)] ∙ [(xB2 − xA1) ∙ (yA2 − yA1) − (yB2 − yA1) ∙ (xA2 − xA1)] < 0   (9)

[(xA3 − xA1) ∙ (yA2 − yA1) − (yA3 − yA1) ∙ (xA2 − xA1)] ∙ [(xB3 − xA1) ∙ (yA2 − yA1) − (yB3 − yA1) ∙ (xA2 − xA1)] < 0   (10)

 [(xA3 − xA1) ∙ (yA2 − yA1) − (yA3 − yA1) ∙ (xA2 − xA1)] ∙ [(xB4 − xA1) ∙ (yA2 − yA1) − (yB4 − yA1) ∙ (xA2 − xA1)] < 0  (11)

Figure 25. The overlap between Face A and Face B.

The main idea of the algorithm is to check if there exists a line that separates a point on
Face A from all the points on Face B. If such a line exists, there is no overlap between Face
A and Face B. To start, draw a line, d1, connecting PA1 and PA2 as shown in Figure 26a.
Assume the coordinates of PA1, PA2, PB1, PB2, PB3, and PB4 are: PA1 (xA1, yA1), PA2
(xA2, yA2), PB1 (xB1, yB1), PB2 (xB2, yB2), PB3 (xB3, yB3), and PB4 (xB4, yB4). Equation (7)
shows the linear equation connecting PA1 and PA2:

(x − xA1)·(yA2 − yA1)− (y − yA1)·(xA2 − xA1) = 0 (7)
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Afterward, check whether PA3 is on the opposite side of PB1, PB2, PB3, and PB4.

[(xA3 − xA1)·(yA2 − yA1)− (yA3 − yA1)·(xA2 − xA1)]·[(xB1 − xA1)·(yA2 − yA1)− (yB1 − yA1)·(xA2 − xA1)] < 0 (8)

[(xA3 − xA1)·(yA2 − yA1)− (yA3 − yA1)·(xA2 − xA1)]·[(xB2 − xA1)·(yA2 − yA1)− (yB2 − yA1)·(xA2 − xA1)] < 0 (9)

[(xA3 − xA1)·(yA2 − yA1)− (yA3 − yA1)·(xA2 − xA1)]·[(xB3 − xA1)·(yA2 − yA1)− (yB3 − yA1)·(xA2 − xA1)] < 0 (10)
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[(xA3 − xA1)·(yA2 − yA1)− (yA3 − yA1)·(xA2 − xA1)]·[(xB4 − xA1)·(yA2 − yA1)− (yB4 − yA1)·(xA2 − xA1)] < 0 (11)

If all the results from Equations (8)–(11) are all valid, Face A and Face B do not overlap.
Otherwise, continue checking using lines d2, d3, and d4 as shown in Figure 26b, c, and d,
respectively.

Calculating the overlap area

In order to calculate the overlap area between two faces, all the points of Face B placed
inside Face A should be known first. In the first step, a center point ceP, the intersection
point of two diagonal lines connecting PA1 and PA3 and PA2 and PA4, respectively, should
be found (Figure 27). Assume that points have coordinates as follows, with ceP at (xA, yA):

xA =
A
B

; yA =
(xA − xA1)·(yA3 − yA1)

xA3 − xA1
+ yA1 (12)

where:

A =
xA1·(yA3 − yA1)

xA3 − xA1
− yA1 − xA2·(yA4 − yA2)

xA4 − xA2
+ yA2 (13)

B =
yA3 − yA1
xA3 − xA1

− yA4 − yA2
xA4 − xA2

(14)
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Figure 27. The flow to check if one point is inside a rectangle.

Next, each corner point of the FaceB is checked against ceP to see if it is on the same
side as ceP.

[(xA − xA1)·(yA2 − yA1)− (yA − yA1)·(xA2 − xA1)]·[(xB1 − xA1)·(yA2 − yA1)− (yB1 − yA1)·(xA2 − xA1)] ≥ 0 (15)

[(xA − xA2)·(yA3 − yA2)− (yA − yA2)·(xA3 − xA2)]·[(xB1 − xA2)·(yA3 − yA2)− (yB1 − yA2)·(xA3 − xA2)] ≥ 0 (16)
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[(xA − xA3)·(yA4 − yA3)− (yA − yA3)·(xA4 − xA3)]·[(xB1 − xA3)·(yA4 − yA3)− (yB1 − yA3)·(xA4 − xA3)] ≥ 0 (17)

[(xA − xA4)·(yA1 − yA4)− (yA − yA4)·(xA1 − xA4)]·[(xB1 − xA1)·(yA1 − yA4)− (yB1 − yA4)·(xA1 − xA4)] ≥ 0 (18)

If the calculated results of Equations (15)–(18) are all true, the point PB1 is inside Face
A. Similarly, apply Equations (15)–(18) to PB2, PB3, and PB4 to find all points of Face B that
are inside Face A.

Figure 28 shows three possible overlap scenarios, with the number of corner points of
Face B inside Face A indicated, respectively. “n” is denoted as the number of points of Face
B that are inside Face A. Three scenarios n = 4, n = 2, and n = 0 are shown in Figure 29.

(a) n = 4 (b) n = 2 (c) n = 0 

Figure 28. Calculating the number of corner points of Face B inside Face 
A. 

 

 
(a) n = 4 (b) n = 2 (c) n = 0 

Figure 29. Calculating overlap formwork flowchart. 

 

Figure 28. Calculating the number of corner points of Face B inside Face A.

(a) n = 4 (b) n = 2 (c) n = 0 

Figure 28. Calculating the number of corner points of Face B inside Face 
A. 

 

 
(a) n = 4 (b) n = 2 (c) n = 0 

Figure 29. Calculating overlap formwork flowchart. 

 

Figure 29. Calculating overlap formwork flowchart.

In each case, the overlap area can be calculated using Heron’s formula (Equation (19)).
The area of the triangle p1p2p3, in Figure 30, can be calculated using the following

Heron’s formula (Equation (19)):

S =

√
(a + b + c)(a + b − c)(b + c − a)(c + a − b)

4
(19)

The overlap area = 2 × S =

√
(a + b + c)(a + b − c)(b + c − a)(c + a − b)

2
(20)
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Figure 30. Calculating the area from 3 points.

3.4.3. Calculating Formwork Requirements for Each Structural Member

The way to calculate the formwork area for a slab is to sum up all the surrounding
faces and a bottom face, minus the slab overlaps (Figure 31).
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Figure 31. Calculating slab’s formwork area.

The way to calculate the formwork area for a beam is to sum up all the surrounding
faces and a bottom face, minus the beam overlaps (Figure 32).

SBeam = ∑ SSurrounding face+SBottom face−SBeam Overlaps (21)

SFloor = ∑ SSurrounding face+SBottom face−SFloor Overlaps (22)
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Figure 32. Calculating beam’s formwork area.

For a column, the formwork area could be divided into two parts: (1) The form-
work area below the beam’s bottom face, SColumnUnder, and (2) the formwork area above
the beam’s bottom face, SColumnAbove, (Figure 33). SColumnUnder would be handled first,
followed by handling SColumnAbove together with the beams and slab. SColumnAbove is calcu-
lated by summing up all the surrounding faces and minus the slab overlap. This could be
used for calculating the formwork areas for beams and slabs at the construction stage.

SColumnAbove = 2 × (bc + hc)× hb− SColumnOverlap (23)

SColumnUnder = 2 × (bc + hc)× Hconstruction (24)
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Afterward, concrete volumes and formwork areas are summed up and stored under a
class Quantity, which contains data on the zone, level, structural member (i.e., element),
concrete, and formwork (Figure 34).
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To link a BIM model to its corresponding project schedule for extraction of daily
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In order to automatically calculate quantity takeoff, this paper proposes a rule naming
the tasks as follows:

• It should start with “Formwork erection” if engineers are working on a formwork task,
or “Pouring concrete” engineers are working on the concrete task, then

• The name of the component should be “column” or “beams and slabs”. If they are
working with columns, beams, and slabs, respectively, then

• The name of the zone[i] and level[j] must be specified in the task name.

After reading the schedule information from the Excel file, relevant concrete and
formwork data will be extracted. At the same time, the “task_name” would be split based
on zone, level, and element information (Figure 36). Afterward, all this information is used
for deriving quantity takeoff from the BIM model using the class Quantity, as described in
Section 3.4.3.

Buildings 2024, 14, x FOR PEER REVIEW 25 of 33 
 

In order to automatically calculate quantity takeoff, this paper proposes a rule 
naming the tasks as follows: 
• It should start with “Formwork erection” if engineers are working on a formwork 

task, or “Pouring concrete” engineers are working on the concrete task, then 
• The name of the component should be “column” or “beams and slabs”. If they are 

working with columns, beams, and slabs, respectively, then 
• The name of the zone[i] and level[j] must be specified in the task name. 

After reading the schedule information from the Excel file, relevant concrete and 
formwork data will be extracted. At the same time, the “task_name” would be split based 
on zone, level, and element information (Figure 36). Afterward, all this information is used 
for deriving quantity takeoff from the BIM model using the class Quantity, as described 
in Section 3.4.3. 

 
Figure 36. Parsing keywords in the “task_name” field. 

In BIM software, objects such as columns, beams, and slabs can be filtered by 
category. Additionally, the level of information is predefined during the modeling 
process, enabling efficient filtering and selection. Based on this key information, data can 
be retrieved directly through programming. 

3.5.2. Calculating Daily Quantity Takeoff 
When a task’s required material quantity is available, an equal allocation of daily 

material requirements is assumed throughout the task’s duration. The amounts of daily 
material requirements from various tasks are summed up to obtain a grand total for the 
day. An example is presented in Figure 37. Assume that TASK1 requires five material units 
and needs five days to complete, from Day 1 (D1) to Day 5 (D5), and TASK2 requires five 
units within five working days, from Day 4 (D4) to Day 8 (D8). The combined daily 
material requirements (TASK1+2) are one unit for D1 to D3 and D6 to D8 and two units 
for D4 and D5. 

 
Figure 37. Combined daily material requirements. 

  

Figure 36. Parsing keywords in the “task_name” field.

In BIM software, objects such as columns, beams, and slabs can be filtered by category.
Additionally, the level of information is predefined during the modeling process, enabling
efficient filtering and selection. Based on this key information, data can be retrieved directly
through programming.

3.5.2. Calculating Daily Quantity Takeoff

When a task’s required material quantity is available, an equal allocation of daily
material requirements is assumed throughout the task’s duration. The amounts of daily
material requirements from various tasks are summed up to obtain a grand total for the
day. An example is presented in Figure 37. Assume that TASK1 requires five material units
and needs five days to complete, from Day 1 (D1) to Day 5 (D5), and TASK2 requires five
units within five working days, from Day 4 (D4) to Day 8 (D8). The combined daily material
requirements (TASK1+2) are one unit for D1 to D3 and D6 to D8 and two units for D4 and D5.
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4. Validation

A residential building project, the Him Lam Green Park project in Bac Ninh Province
in Vietnam (Figure 38), was used as a case study to validate the proposed approach. This
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project was selected to validate the results as it represents a common type of construction
in Vietnam—adjacent and repetitive buildings—making it well-suited for zone division
during the construction process. Moreover, the contractor had already implemented a zone
division method for this project.
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Figure 38. The resident building in the Him Lam Green Park project, Bac Ninh province, Vietnam.

The project comprises 18 identical housing units, each measuring five meters in width,
15 m in length, and spanning seven levels. The project is organized into six zones, with each
zone containing three units, and each zone has 15 m both in length and width (Figure 39).
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Figure 39. The layout and zones of the building project in Vietnam.

The material quantity estimation of this project was carried out based on 2D CAD
drawings. Although the project included a construction schedule, it lacked a detailed
plan for the daily concrete requirements. Errors in manual quantity estimation from 2D
drawings frequently resulted in over-ordering or under-ordering of materials. Furthermore,
inadequate planning of concreting activities and the absence of timely information on daily
material needs contributed to delays in the project schedule. For instance, late ordering of
concrete often caused supply delays or refusals from ready-mixed concrete (RMC) plants,
which were constrained by their busy production and delivery schedules.

To address the issue of inaccurate quantity estimation and streamline the quantity
takeoff process, a 3D model of the project’s structural components was developed using
Autodesk Revit 2019 based on the 2D drawings (Figure 40). In the 3D model, the project base
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point was aligned with the model’s origin, as this reference point was essential for calculating
the coordinates of all zones within the model. The project schedule was organized in an Excel
file, which was utilized as input for the daily material quantity takeoff process.
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Figure 40. The 3D model of the project.

Figure 41 presents the user interface developed to facilitate user input for defining
zones. Since the project was divided into six zones, each with dimensions of 15 m in both
the X and Y directions, the same zoning configuration was implemented in the 3D model.
To define these zones, the interface prompted users to input the zoning dimensions along
the X and Y directions, as well as the minimum and maximum heights along the Z direction.
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To create a project schedule, Microsoft Project software is used. After setting a project
start date, all the tasks of the project will be filled in the “Task Name” field. Combined
with the task consequence, Microsoft Project will calculate the Start date and Finish date for
every task logically (Figure 42). In the next step, the data in the “Task Name”, “Duration”,
“Start”, and “Finish” fields are exported to an Excel file to facilitate the calculation of daily
quantity takeoff (Figure 43).
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Figure 44a shows the quantity takeoff results on the screen, and Figure 44b presents
the quantity takeoff results in the spreadsheet.
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The generated quantity takeoff data would then be used to calculate daily material
quantity requirements (Figure 45a), which would be presented in a bar chart (Figure 45b).
The horizontal axis of the bar chart shows the dates, and the vertical axis of the bar chart
indicates the quantity required.
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The bar chart can help the user notice peak material requirements and facilitate early
material arrangements. Furthermore, to mitigate potential delays in material delivery, the
schedule can be shared with material providers. The developed tool in this research can
generate a spreadsheet containing detailed material requirement information, such as dates,
locations, and volumes of concrete and formwork requirements (Figure 46), and is expected
to enhance project management through timely material management and reduction of
unnecessary material waste and time delay.
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5. Discussion

In this research, it was assumed that the boundary of a zone is rectangular, and zones
propagate in one direction. Also, rectangular cross-sections of structural members were
assumed, which reflected the most common cases in practice. Through the presented
example, it can be seen that the proposed method and developed tool in this research are of
practical value and could facilitate the handling of concrete and formwork quantity takeoff
in an efficient and effective way. Besides developing a Revit API tool, the framework and
its algorithm could be applied to build a new add-in for other BIM software. This study
focuses on the estimation of the superstructure; therefore, grade beams and slabs-on-grade
are not considered. In Vietnam and some other Asian countries, it is common to see walls
built with bricks, which is not within the scope of this study. Currently, the governments
of ASEAN countries are in the process of mandating the implementation of Building
Information Modeling (BIM). As a result, companies have established specialized BIM
departments, making the application of the BIM tools developed in this paper relatively
straightforward and cost-effective. While the reuse of formwork should be considered in
materials planning, calculating daily formwork requirements is a fundamental initial step.
The optimization of formworks based on the construction schedule will be explored in
future research. Also, addressing assumptions related to the boundary of a zone and the
characteristics of a rectangular cross-section could be explored in future work.

6. Conclusions

Quantity takeoff is an important aspect of construction project management. De-
pending on the purpose of the QTO, there are different quantifying approaches used. For
example, when it comes to QTO for bidding, general contractors use semi-automated
QTO (using CAD and PDFs). For planning purposes, leveraging BIM data are appropriate
because it relates to only one entity, which is a contractor. Besides, applying BIM-based
quantity takeoff provides accurate data for contractors and saves time. In this research, a
BIM-based quantity takeoff framework is presented to calculate zone-based daily quantity
requirements for concrete and formworks. A systematic approach was proposed to inte-
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grate with BIM for the quantity takeoff of concrete and formwork requirements. The new
algorithm developed by the authors to calculate the overlap area between concrete items is
applied in Sections 3.3 and 3.4. In addition, this research developed a Revit API tool for
zone-based quantity takeoff for building projects.

A building project in Vietnam was utilized to validate the proposed approach and
developed tool. Results showed that zone-based quantity takeoff can be quickly and
accurately executed to produce daily concrete and formwork requirements. Though the
proposed approach is restricted to beams and columns of rectangular cross-sections at this
moment, it lays a good foundation for future research on similar tracks.
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