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ABSTRACT

Formwork represents between the 35% and the 60% of the total cost of the structural framing of a
concrete building and is always part of the critical path of a project. Building Information
Modeling (BIM) has been growing rapidly worldwide for building projects. However, modeling
temporary structures using BIM is not very common. The current formwork management practice
relies on the use of traditional tools like CAD, PDF editors and spreadsheets. A BIM formwork
model during the preconstruction stages provides a powerful tool for decision making in formwork
management (selecting formwork system, formwork supplier, and defining quantities to procure
formwork systems). Relying only on rough cost estimates and field experience related to formwork
can lead to like overestimating formwork budgets, renting surplus formwork, and paying for
additional formwork elements/systems that are in jeopardy of being lost, damaged or even stolen.
A review of the state of art, the state of practice and the results of survey used to gather data about
AEC practitioners regarding formwork management preferences, indicated that: (1) BIM
formwork modeling with LOD 100 and 200 is the preferred approach by practitioners, (2) renting
formwork is the preferred mode, considering the contact area of the system instead of renting
pieces of formwork, and (3) the use of traditional tools like CAD, PDF editors and spreadsheets
involving minimum level of automation, is the general practice in formwork management. Based
on these findings the thesis focuses on the design, development and testing of a BIM-based
formwork management tool.

The BIM-based tool has two phases: (1) the automation of BIM formwork modeling of the contact
surface of formwork systems and populating BIM parameters related to formwork (formwork
types, formwork weight, productivity, and timing) in the input BIM model, and (2) use of the
resulting BIM model developed in phase 1 for formwork management tasks (quantity takeoffs,
formwork demand profiles, cost analysis, estimation of Key Performance Indicators (KPIs) like
reuse factor and formwork efficiency, and tracking formwork removal). The tool was tested on
two case studies (a 20-story building and a 5-story building) both with 80 work zones and 46,650
m? of floor-built area. The results of the KPIs for both case studies were similar as expected since
both buildings have similar modular architectures. The BIM-based tool for formwork management
presented in this thesis provides the following advantages: (1) Implemented independently of the

formwork systems or formwork provider selected, (2) Time savings due to automation of repetitive
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tasks in Revit and focus on modeling formwork surface contact area (instead of modeling all
formwork components), and (3) Reduction in human error since the BIM processes (formwork
modeling, parameters management, and exchange of data between different platforms) are

automated, reducing the need of manual entry of parameter values or manual 3D modeling.

13



1. INTRODUCTION

One of the main structural materials used for the construction of buildings is Reinforced Concrete
(RC). In the case of tall buildings (more than 75 ft height according to (NFPA, 2011)), the global
percentage of steel structure construction fell from 90% in 1970 to only 17% in 2013, pointing to
the increase in the use of concrete or composite materials in tall buildings. This increased use of
RC in tall buildings is even more dominant in developing countries, where there is greater expertise
using reinforced concrete rather than using steel (Wood & Parker, 2013).

According to (Ko, Wang, & Kuo, 2011) the primary materials involved in RC buildings are:
reinforcing steel (rebar), formwork, rough-in conduits, and concrete. In a traditional project
delivery system, the quantities of concrete, conduits and rebar are defined by the designer, with
little room for improvement by the contractor, but formwork is still a responsibility of and defined
by the contractor (Peurifoy & Oberleder, 2011). Formwork is a key consideration for contractors
since it is a labor-intensive activity, and the efficiency of the process depends on the selection of
the appropriate reuse schedule (rotation) of forms (Huang, Chen, & Sun, 2004).

Formwork management involves preparing an accurate estimate of quantities that will be used for
measuring the formwork installation performance and comparing this performance with the project
baseline (schedule, cost, and scope). Proper estimation of formwork quantities improves the
production on site, reduces the amount of waste, and ensures that equipment and tools used for the
installation and removal are appropriate and used efficiently at different locations. The proper
estimation of quantities is used for preparing the optimum formwork reuse schedule to minimize
idle material (reduce waste) and improve the construction flow (add value) of the building structure,
which is commonly on the critical path of the project.

Traditionally, the estimation of formwork quantities was done using tools such as spreadsheets,
CAD tools or PDF editors. The use of these tools is time consuming, and the manual process is
often prone to human error. The advent of Building Information Modeling (BIM) provides
opportunities for determining quantities of every component of a building (if it is included as part
of the BIM model), in a fraction of time. Since formwork is a temporary structure, formwork
elements are rarely included in the BIM model, and direct determination of formwork quantities
from current BIM models is difficult. Hence, a detailed formwork breakdown is required for

formwork management. Current BIM tools can be integrated with Lean principles like create flow
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and establish pull to develop strategies for more reliable formwork management, leading to more

reliable and automated process for determination of formwork quantities and installation strategies.

1.1. Background and Research Motivation

According to (Wood & Parker, 2013) RC is the preferred building material for tall buildings in
developing countries. As an example, in countries like Taiwan, 87% of the total building floors
were built with RC in the past five decades (Huang, Chen, & Sun, 2004). Formwork by itself is
the largest cost component of the RC structure, often ranging in values between 35% and 60% of
the total cost of the structural frame (Johnston, 2014).

There is a large variety of formwork alternatives considering materials, suppliers, types of
elements to cast in or crane dependency, and the selection will depend on multiple criteria. The
two types of formwork based on the place where the forms are prepared are: (1) prefabricated
modular formwork, that is prepared off site, and (2) tailor-made formworks, which are prepared
onsite. The common practice nowadays is to use prefabricated modular formwork systems. There
are multiple advantages for using such prefabricated systems : (1) less labor activity on the jobsite,
(2) easy access to engineering and technical support from the supplier, (3) quicker initiation of the
work with a readily available system, (4) European certifications such as AFNOR, GSV and BS
of many formwork manufacturers, (5) greater durability of materials due to more stringent quality
control offsite, (6) fewer pieces systems, and (7) better productivity with less skilled labor (Huang,
Chen, & Sun, 2004) .

There are several options for procuring pre-manufactured formwork for a project: (1) using the
contractor’s own formwork, (2) renting formwork from a manufacturer, supplier or renting
company, (3) leasing the equipment, and at the end of the lease owning the formwork, or (4) hiring
the services for tailor-made formwork based on special requirements. The rental option is often
considered to be the most attractive alternative in building projects since: (1) it involves minor
initial investment, (2) there is reduced risk for the investment in case of fluctuation in the market,
(3) outsourcing of the engineering and shop drawings ensures that the contractor is not tasked with
these activities, (4) there is greater flexibility for increasing or decreasing production capacity, (5)
there is economy of scale in case formwork assemblies/systems are depreciated, (6) only required
materials are brought to the construction site, reducing waste, (7) there is opportunity to obtain
the latest technology, and (8) there is access to technical support from the supplier (Johnston, 2014).
According to (Krawczynska-Piechna, 2016), less than the 6% of contractors own enough
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formwork to perform their projects without renting extra formwork, and more than the 40% of
contractors rent all the formwork they require for projects.

According to (Mansuri, Chakraborty, Elzarka, & Deshpande, 2017), BIM can be used during the
construction phase for quantity take-off, cost estimation, early identification of design errors
through clash detection, construction planning, 4D and 5D simulation, tracking construction
progress, automation of shop drawings for prefabrication and modularization, and safety planning.
Despite of these advantages of using BIM, in current projects it is not common to include
temporary structures (including formwork) as part of the BIM models. Not including formwork
elements as part of the BIM model creates difficulty in implementing BIM for formwork
management (Gambatese & Jin, 2019). To address some of the challenges in the current formwork
management practices, this thesis focuses on the conceptualization, design, development, and
testing (with two case studies) of a BIM-based tool for formwork management in building projects
without the need to model a specific formwork system with all its components. This research only
considers the use of prefabricated modular formwork under the rental option since it is the
preferred practice in the industry.

Importance of formwork for building projects

According to (Huang, Chen, & Sun, 2004), formwork is considered a critical activity for every RC
building, and will have a great impact in terms of cost, time, quality, and safety. Formwork is the
largest cost component of a RC structure, and even in some cases, could be even larger than the
combined cost of concrete and rebar. Proper consideration to formwork design, planning and
management could lead to savings greater than the 25% of the structural frame cost (Peurifoy &
Oberleder, 2011). The time for stripping, preparing for the next use, hauling to the next work zone,
and erecting the formwork, is considerably greater than concrete placement or steel erection.
Typically, formwork activity is part of the critical path of a building project, so any reduction in
the time of this activity will have direct impact on the total duration of the project (Peurifoy &
Oberleder, 2011). The proper selection of formwork surface grade will have direct impact in the
concrete surface quality, and any premature removal of forms or shoring could generate excessive
cracking or deflections that will affect project’s quality (ACI Committee 347, 2014). According to
(Sohoni, Mittal, Matsagar, & Jha, 2020), most of the construction failures are related with
inadequate shoring procedures and related to formwork, commonly because of excessive

construction loads.
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State of practice: Formwork management

There are multiple ways to improve formwork efficiency: (1) considering the standardization of
the dimensions of concrete elements to avoid formwork disassembly, (2) selecting the best reuse
scheme in order to use less formwork and utilize higher rotation of formwork, (3) selecting the
best formwork option considering the balance between formwork surface grade and the posterior
surface preparation of the concrete element, (4) selecting materials with better durability, (5) and
selecting the formwork system with less amount of pieces that requires less labor work (Huang,
Chen, & Sun, 2004). Project designers address standardization while considering not just the
optimization of materials’ quantities but also reducing the variability of element dimensions, to
increase productivity during construction. Selecting formwork systems based on concrete surface
preparation, productivity of formwork installation crews, and durability of materials used for
formwork components has been extensively studied in the literature. However, there is not much
literature related to the selection of the best formwork reuse scheme, and the industry practice is
reliance on contractor experience often without the support of tools for automating formwork
planning and management tasks (Biruk & Jaskowsk, 2016).

State of practice: BIM for formworks

Designers and contractors pay more attention to permanent elements of a building, and since BIM
modeling is a time-consuming process, typically temporary structures are not included as part of
BIM models (Hyun, Jin, Shen, & Kim, 2018). According (McGraw Hill Construction, 2014),
across developed regions (i.e., USA, Canada, Germany, France, UK, Japan, Australia, etc.), 60%
of contractors operate at light or medium BIM implementation (i.e., 30% or fewer of their projects
involve using BIM). In these developed regions, only 23% of the concrete subcontractors were
rated by their general contractors as having high or very high proficiency in the use of BIM.
According to (Jung & Lee, 2015), in developing regions like South America, 71.4% of BIM users
evaluated themselves as “advanced” or “expert”. Focusing on developing regions where RC is the
preferred structural material for buildings, some studies like the one developed by (Murguia, 2018)
in Peru, 60% of building projects do not implement BIM or implement BIM model elements that
have a minimum Level of Development (LOD), and 93% of buildings that use BIM only model
the concrete structure as a volumetric 3D model, and formwork or rebar are not included in such
models. According to (Mansuri, Chakraborty, Elzarka, & Deshpande, 2017) some challenges
found during the implementation of BIM models for formworks in USA are as follows: (1) BIM
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models for formwork are prepared after the BIM model of the structure is completed and after the
formwork supplier is defined, (2) updating the formwork BIM model is challenging since design
changes occur very frequently in building projects, and (3) formwork modeling and layout
generations are not completely finished before concrete activities begin.
1.2. Problem Statement

Four themes can be explored when considering formwork optimization (Productivity - Reuse -
Economy - Standardization (PRES)): (1) selecting the best formwork option that maximizes labor
productivity by reducing the number of pieces needed, speeding up the erection and stripping
processes, and reducing the number of workers required for handling formwork pieces, (2)
maximizing the reuse of formwork with minimal use of equipment, (3) selecting the best option
of formwork equipment that maximizes the economy of the assembly, and (4) defining the

structure with the sufficient standardization to minimize the number of typologies of formwork

systems considering constructability (Johnston D. W., 2014).

Most formwork companies view “Productivity” (P) as “making more with less”, which in
formwork management implies increasing load capacities with fewer pieces and using light-weight
formwork for easier transportation and assembly. In case of the formwork “Reuse” (R) contractors
understand that by using Lean principles it is possible to reduce the quantities of “idle” material
through workload leveling and using BIM can assist in to increasing the reliability and speed of
computations for formwork scheduling and management. The “Economy” (E) theme is addressed
with formwork design and selection, typically using modular prefabricated formwork systems and
the renting option that provides flexibility along with low initial investment cost and access to the
latest formwork technology. Finally, the “Standardization” (S) theme regarding the
“constructability” is related to the involvement of the contractor experience during the design
phase. In “Design Bid Build” (DBB) projects the contractor is not involved or has very little
involvement with the design definition. These days, project delivery methods such as Integrated
Project Delivery (IPD), Construction Management at Risk (CM@R) or Design Built (DB) include
more input from contractors during the design phase, and as result, expertise related to formwork

management can be considered during the definition and design of structural framing.
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Figure 1.1. Formwork management map (PRES)

1.3. Research Questions
The review of the state of art and the state of practice related to formwork indicates that prior
research has focused on design, constructability, and selection criteria for formwork, but not on
formwork planning and management. Formwork management involves complex tasks such as: (1)
workload leveling for reducing idle time of crews, (2) computing formwork quantities, (3) defining
formwork schedules, and (4) defining the best formwork reuse scheme for getting best formwork
efficiency. All these tasks have challenges such as: (1) high probability of human errors since most
of the tasks are manually done using CAD or PDF software with spreadsheets, (2) BIM tools are
not commonly used for formwork since modeling of temporary structures is time- consuming and
associated with additional investment, and (3) traditional tools like CAD and PDF editors require
engineers to invest considerable time for selecting formwork reuse schemes, formwork systems or

suppliers. Considering the challenges, the thesis addressees the following research questions:
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1. What is the most appropriate Level of Development (LOD) for formwork management using
BIM tools considering current practitioners’ preferences in building projects?

2. What is the appropriate rental option for managing formwork through different project phases
(initiation, planning, execution, control, and closure) considering current practitioners’
preferences in building projects?

3. Based on current practices, how can formwork management tasks (e.g., workload leveling,

quantity takeoff computation, defining reuse scheme and schedules) be more automated?

1.4. Research Objective
Based on the research questions listed in Section 1.3, the research objective of this study is to

design, develop, and test a BIM-based tool for formwork management in building projects. The

design of the BIM-based tool involves assessing practitioners’ preference related to LOD for
formwork modeling, rental options, and level of automation for formwork management tasks, and
then uses practitioners’ preferences (regarding LOD, rental option and automation) for defining
BIM parameters to store data for future analyses related to formwork management. The
development of the BIM-based tool is a two-phase process. The first phase is the automation of
the modeling process of a formwork BIM model enriched with data necessary for performing
formwork management. The second phase is focused on using the BIM model from the first phase
for automating formwork management tasks such as: (1) creating a formwork schedule, (2)
performing formwork cost analysis, and (3) computing three formwork Key Performance Indices
(KPIs) (formwork total cost rate (USD$/m?), reuse factor (number of uses/number of formwork
sets) and formwork efficiency (formwork quantity/formwork rented). The BIM-based tool is tested
on two case studies (twenty-story building and five-story-building with the same constructed area),
and the KPIs for formwork management on these projects are compared.
1.5. Research Framework

Based on a synthesis of prior studies in formwork management and review of current practices in
building projects, the proposed tool uses Lean principles (create flow and establish pull) and BIM
methodology for the automation of formwork scheduling, cost analysis, and determination of KPIs.
The BIM-based tool is executed in Revit 2020, the most popular BIM software package currently
used in the AEC industry. Dynamo 2.1.0 is used to implement automation scripts using visual
programming.

The BIM-based tool is implemented using the following components.
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1. Work Zones Leveling with Revit:
a. Listing of BIM parameters to implement leveling process.
b. Development of template view with filters based on BIM parameters.
c. Development of quantity takeoff schedules to balance labor hours in each work
zone after defining the work zone layout.

2. Formwork BIM modeling with Revit and Dynamo:

A set of tools designed in Dynamo for Revit are developed for automating: (1) the auditing process
of an existing BIM model, (2) modeling formwork considering practitioners’ preferences
regarding LOD, and (3) populating data necessary in the BIM model for formwork management.

3. Formwork Management with Revit and Dynamo:

A set of tools designed in Dynamo for Revit are developed for automating: (1) the computation of
computing of formwork quantities, (2) defining the formwork demand, (3) preparing a formwork
cost analysis, (4) computing formwork KPIs, and creating 4D and 5D simulations.

1.6. Research Methodology

Lean principles and BIM tools are used to address the gaps found in the literature review related

to work zone leveling and formwork management. There are six phases in the research

methodology.

1. Review of the state of the art and state of practice. A survey instrument was developed, tested,
and then deployed to AEC practitioners (contractors, BIM specialists and consultants,
formwork experts (manufacturers, providers, renting companies), and academics to determine
common practices and preferences related to BIM modeling for formwork management, BIM
automation, and formwork renting options.

2. BIM modeling. A BIM-based tool using Revit is developed for modeling building structural
elements considering practitioners’ preferences based on survey results. A list of BIM shared
parameters is also created to enhance work zone leveling and formwork analysis. Multiple
Dynamo Scripts are implemented to automate various processes for BIM modeling.

3. Development of work zones layout. A BIM process using Lean principles (create flow and
establish pull) is then developed to facilitate the implementation of this BIM based tool for

planning of projects.
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4. Formwork management. A BIM-based tool using Revit and Navisworks is created for
performing a cost analysis that considers the average total cost for a building project. Multiple
Dynamo Scripts are implemented to automate various processes for formwork management
tasks.

5. Testing of two case studies. The BIM-based tool for formwork modeling and management is
tested using examples of a 20-story building (46,650 m? high-rise office building) and a 5-
story building (46,650 m? mall Structure)

6. Analysis of results. The formwork schedules, cost analyses, and KPIs like cost rate, reuse
factor and formwork efficiency are compared when the BIM-based tool is applied for

formwork management for the two projects (the 20-story building and the 5-story building).

Figure 1.2 shows a flowchart of the research methodology. Each column groups the process
flowchart for each of the phases described previously in this section. At the bottom of each column

a brief description of the expected deliverables for each phase is presented.
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Figure 1.2. BIM Framework Methodology for formwork Management

1.7. Research Methodology
This thesis is organized into five chapters. Chapter 1 includes a brief description about the
importance of formwork in building projects, the motivation for the study, followed by a short
description of the research objectives of this study and a description of the research methodology.
Chapter 2 presents a review of the current literature to understand the gaps in prior studies. A
review of the current practice related to BIM applied to formwork management is included and the
challenges in using BIM for formwork management are presented. Then, the results of a survey

(deployed to the AEC community, involved in formwork activities) related to the current BIM

23



preferences and formwork renting options are presented. Chapter 3 provides a detailed description
of the functionality of the BIM-based tool developed for automating the processes related to: (1)
creating parameters and materials, (2) auditing a BIM model for formwork management, (3)
formwork modeling, and (4) populating BIM parameters. Chapter 4 describes the functionality of
the BIM-based tool developed for automating formwork management tasks such as: (1) computing
formwork quantities takeoffs, (2) determining the formwork demand, (3) performing a formwork
cost analysis, (4) computing formwork management KPIs, (5) preparing 4D and 5D simulations,
and (6) creating layouts with color-coded mapping for tracking formwork. Two case studies are
also presented in Chapter 4 to evaluate the BIM-based tool for formwork modeling and formwork
management. The results of the KPIs obtained for both buildings are compared and analyzed. The
two case studies are: (1) a 20-story building that represent a typical office building, and (2) a 5-
story building that represents a mall. Both buildings have the same built area but different
footprints and heights to analyze different cases of formwork analysis and work zone leveling.
Chapter 5 summarizes the results obtained, the conclusion based on the analyses, the key
contributions of the new BIM framework, limitations of the current work, as well as

recommendations for future research.
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2. REVIEW OF THE STATE OF THE ART AND STATE OF PRACTICE
IN FORMWORK MANAGEMENT

This chapter provides a synthesis of prior research in formwork management. Prior research
related to the use of BIM technologies to improve the efficiency of formwork is reviewed to
determine: (1) the current needs of the industry for managing formwork as well as the adoption of
BIM for this purpose, and (2) the gaps in the current research related to formwork modeling,
planning and management using BIM. To complement the literature reviewed, a review of
developments by some well-known formwork companies is conducted to understand the current
use of BIM. Finally, the aggregated results of a survey deployed to a group of Architecture,
Engineering, and Construction (AEC) practitioners involved with formwork management on
building projects, are presented to gauge the needs about: (1) Level of Development (LOD) for
BIM formwork modeling, (2) the preferences about formwork rental options, and (3) the level of
automation of the current practice for formwork management processes.
2.1 Formwork management in building projects

Formwork management includes five main phases in a reinforced concrete building project
(initiation, planning, execution, monitor and control, and closing). The initiation phase deals with
the formwork needs on the project. The planning phase involves defining the formwork system
needed, formwork supplier, most efficient formwork reuse scheme, and formwork set size required
for the execution. The execution phase includes all tasks related to performing the project activities
that entail formwork (procuring, erecting, stripping, handling, maintaining, and cleaning). The
monitoring and control phase includes tracking the scope, cost, and time for formwork activities
and accomplishing the objectives regarding these three aspects. The closing phase is the formwork
demobilization based on a formwork schedule, and processing of lien release documents issued by
the formwork supplier since there are multiple costs that are claimed at the end of the rental period
(penalties for formwork damages, replacement of lost formwork, final cleaning, and maintenance
of formwork system, and preparation for transportation). The most significant aspect of formwork
management is concentrated in the planning phase and in the monitoring and control phase. The

next subsections are focused on these two phases (planning, monitor and control).
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2.1.1 Formwork layout planning and work zones planning
The first step in planning execution of a building project is definition of the schedule and the
master planning. The master plan must have sufficient detail to specify the sequence of activities
on the critical path and work zones layout since these two components are the basic elements that
determine the duration of a building. The detailed process for defining the work zones and layout

plans is presented next in the step-by-step map, shown in Figure 2.1.

DEFINE LAYOUT PLANNING AND WORK ZONES PLANNING
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Figure 2.1. Formwork layout and work zones planning.

Define project schedule for accomplishing the duration objective.

The first step for defining the schedule of a building project is to understand the client’s objectives
related to cost, time, and scope. These client’s objectives will define the “takt time” of building.
The “takt time” is the maximum time available to meet the client’s demand and can be estimated

using Equation 2.1. Considering an example of a 10-story building, if the client requires the RC
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framing of the building to be completed in 65 working days then applying Equation 2.1 the “takt
time” for a single story of the building will be equal to 6.5 days/story.

Production time available

Takt time = 2.1
@kt time Required units of production (client demand) 21
Takt time = 295 _ 65 days/st
akt time = 10 stories ays/story

According to the “theory of constraints” of (Goldratt, 2014), a production system should be
subordinated and synchronized to the process constraint (bottleneck activity). Based on criterion,
in a linear scheduling like the case of high-rise buildings, all the activities should be synchronized
to the same “cycle time”. The “cycle time” is the actual time a product is in process. Since “cycle
time” only considers the time the product is in progress (net production time), then it must be lesser
than the “takt time”. Equation 2.2 shows the mathematical expression of the “cycle time.” In the
case of the 10-story building, the maximum “cycle time” for every story of the building will be 6
days/story. Hence, the floor “cycle time” will be 6 days/story since we are considering full days in
a construction schedule.

Cvele time = Net production time < Taktti 2.2)
yere tine = Number of units produced axt time '

The third Lean metric is the “lead time”, which is the time considered since the first production
process starts until the product is finished. The difference between the “lead time” and the “cycle
time” is the “total lag time” between activities. The “lead time” is represented by Equation 2.3.

Lead time = Cycle time + Total lag time (2.3)
In the example of the 10-story building, the “cycle time” and the “lead time” are graphically
represented in the lookahead schedule (without considering weekends and holidays) in Figure 2.2
for the first work zone and for the first story of the building. The “lead time” for a work zone in
the lookahead schedule represented in Figure 2.2 is 6 days (cycle time of 1 day + total lag time of
5 days). Similarly, the “lead time” for a story in 10-story building is 11 days (cycle time of 6 days
+ total lag time of 5 days) shown in Figure 2.2.
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Figure 2.2. Lookahead schedule for 1st story of 10-story building

Since each story has 6 work zones (because of the cycle time selected) the total number of work
zones in the building will be 60 work zones (for the 10-story building). The duration of the RC
framing structure of building is defined by Equation 2.4 and is 65 days (total lag time of 5 days +
cycle time of 1 day/work zone multiply by the 60 work zones)

Duration = Total lag time + Work zone cycle time x Number of work zones  (2.4)
Figure 2.3 shows the lookahead schedule of the last story (level 10), and Figure 2.4 show the
relationship between the program chart and the objective chart of the 10-story building example.
Figure 2.3 shows the activities of the day 60 in the lookahead, and Figure 2.4 shows the activities
graphically represented in a 3D view of the building. Each work zone is represented with a
different color, showing the activities executed each day on each work zone and each level. The
lead time for the first story (11 days) is also shown on the program chart (for a story) and the
objective chart (red arrow) in Figure 2.4. The total duration of the building (65 days) is represented
in the lookahead schedule of Figure 2.3 and the objective chart of Figure 2.4.
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Figure 2.4. Program chart and objective chart for 10-story building

Verify work zones size and number of productions sets.
Once the number of work zones required to reach the duration objective is determined, there are
two main verification steps that are undertaken. The first verification step is the determination of

the size of each work zone which is directly related to the “concrete placement rate”, defined as
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the volume of concrete that the “production team” can place each working day considering project
constraints (easy access of concrete mixers, equipment used for placing concrete, frequency of
concrete delivery, lateral pressure capacity of forms, etc.). For example, if the production team
uses a concrete pump, and the frequency of concrete delivery is 28 m>/hour over an 8-hour shift,
then the daily concrete placement rate will be between 100 to 150 m? to cover 200 or 250 m? of
building area.

The second verification step involves checking the number of “production teams” or “production
sets”. A “production set” is the group of resources necessary for producing the daily work. A
production set in a building project is composed of the crews of each trade and the equipment
allocated to these crews (crane, concrete pump, fleet of mixers, etc.). The definition of the number
of production sets will affect the schedule and budget of a project, such leading to a tradeoff
between the time and cost objectives. Typically, time will overrule in this tradeoff since reduction
of time will be associated with reduction in overhead costs and rental costs. Since each
“production set” should have an independent set of resources, to ensure the production flow, each
production set should be able to build the work zone size defined in the previous step (200 to 250
m? of building area).

Define building main floor plans.

The “work zoning” process starts identifying the typical floor plans for the. High-rise buildings
typically have a one layout for the floor plans underground and another layout for the above ground
floor plans. For example, Figure 2.5 shows a building where all the floor plans underground have
a similar area, distribution of elements, and probably similar quantities of work. Similarly, Figure
2.5 shows that the floor plans of the tower are the same or might be slightly different. In the case
of the example shown in Figure 2.5, there are two different layout floor plans: one that represents
all the stories underground, and another that represents all the stories above ground. In other high-
rise buildings there may be different floor plans, depending on the variability of the shapes, areas,

and distribution of vertical elements (columns and walls) between different stories.
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Figure 2.5. Elevation view and 3D view of typical parts and stories of a building to define main
layout plans.

Define the main layout floor plan of the building.

In the previous step, the main floor plans of the building were identified. For the example shown
(see Figure 2.5) the building only has two main floor plans (one for the tower and one for the
basement). Once the main floor plans are identified the next step is to select which plan will be the
“main layout floor plan”, that will be used to “trace” the boundaries of the work zones, and to
project these imaginary lines (boundaries of work zones) to the rest of floor plans. These work
zone boundaries will be the “construction joints” in the horizontal elements (slabs and beams)
during concrete placement for floors. For the example shown in Figure 2.5, the “main layout floor
plan” of the building will be the “main floor plan” of the tower (above ground portion of the
building), because is representative of the floor plans of all/majority of the floors in the building.
Layout floor plans and work zones leveling

Ideally the work zones should have similar amount of work, both in term of work zone balance,
and in terms of labor requirements. The algorithm for optimizing the work zones leveling can be

described as shown in Equation 2.5.
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min(8¢ + 6 + g) (2.5)
L

Where:
"6c" is the variation of labor hours between two consecutive work zones for the concrete trade
"6p" is the variation of labor hours between two consecutive work zones for the formwork trade

"6g" is the variation of labor hours between two consecutive work zones for the rebar trade

5S¢ i (Zn: (QTOCU. P, ) - Zn: (QTOCij_l. PC)> (2.6)

j=2 \i=1 i=1
m n n
5p = z (eT0z, - Pe )= ) (QTOg,,,. PF)> (2.7)
j=2 \i=1 i=1
m n n
Sp = Z (Z (QT 0, p.Pr ) - Z (QT0g,,_,-p. PR)> (2.8)
]:2 i=1 i=1
Subject to:
H;: QTOCL. = Concrete volume of element type "i" in work zone "j"
H,: QTOF. Formwork contact area of element type "i" in work zone "j"

Hj: (QTOC ) = Total cast in place concrete volume in the entire building

-
I
-

VI 'ME

1l
ey

H,: (QTOF ) = Total contact area of formwork in the entire building

j
Hs: Columns, Shear walls cannot be split

Hg: Construction joints for horizontal elements within middle third of span
Where:

QTOCi]. = Concrete volume of element type "i" of work zone "j" (m?)

QTOFL.J. = Formwork contact area of element type "i" of work zone "j" (m?)

P = Labor productivity for concrete placing (labor hours/m?3)
Pr = Labor productivity for formwork erection (labor hours/m?)
Pr = Labor productivity for rebar preparation and installation (labor hours/kg)

p; = Reinforcement ratio of element type "i" (kg/m?)
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For the “labor productivity” values (Pc, Pr, Pr) ideally each contractor would use historical data
from previous projects. An example of these values based on multiple building projects (data from
34 RC buildings in Peru) are shown in Table 2.1. The buildings shown in the Table 2.1 are RC

mixed structures of columns, shear walls, beams, and flat slabs.

Table 2.1. Labor productivity values
Office Education Hospitality Housing Overall

Description  Unit  LH/unit LH/unit LH/unit LH/unit LH/unit

Concrete m’ 1.40 1.73 1.55 1.44 1.45
Formwork my 1.56 1.68 1.65 1.60 1.61
Rebar Kg 0.044 0.048 0.044 0.049 0.045

A practical way to estimate the quantity of work in each work zone based on the area is using ratios
of concrete, formwork, and rebar quantities. An example of these ratios based on multiple building
projects are shown in Table 2.2 but there are several references for obtaining these values

(including historical data, or RS Means).

Table 2.2. QTO ratios per square construction area.

AVERAGE RATIOS PER M?
m3/m? m?/m? Kg/m?
DESCRIPTION CONCRETE FORMWORK REBAR
Foundations 0.03 0.02 1.55
Vertical Elements 0.10 0.56 17.99
Horizontal Elements 0.20 1.03 29.47
Total 0.33 1.62 49.01 |

Steel reinforcement ratio: | Rebar/concrete kg/m3 149.93

2.1.2 Formwork systems
A formwork system is the assembly of components that together are designed for forming or
shoring a specific concrete element newly placed. The omission of one component of the formwork
system during the assembly may cause an unsafety condition or even an accident, since the design
of these systems is only guaranteed if all the components are working together. There are two
groups of formwork systems: (1) modular prefabricated formwork systems, and (2) jobsite-built
formwork systems. The use of modular prefabricated formwork systems is gaining momentum in

construction, and conventional methods like using jobsite-built formworks are becoming less

33



popular in the industry. Typically, modular prefabricated formwork is made of materials with
better durability for several uses, and prefabricated formwork manufacturers provide their
customers with technical, logistic, and training support. In contrast, job-site formwork is prepared
with materials that fewer number of uses, and all the design, logistics and training is entirely the
responsibility of the contractor. Typically prefabricated modular formwork is rented by contractors.
Modular formwork is available in standard sizes, and the use of a specific formwork system will
depend on the features of the building project (shapes, dimensions, lateral form pressure, etc.).
Also, renting prefabricated modular formwork instead of owning it, provides of other advantages
like: (1) low initial investment, (2) low risk of the investment in case of fluctuation in the market,
(3) capacity to reduce or increase the demand of equipment at any time of the project, and (4)
capacity to obtain the latest technology. Figure 2.6 shows a map of the most common formwork
systems available for building projects.

Formwork Systems

Walls Decking Support Beams

Stringer & Joist

Handset Short Height
" S Flat Slab Metal forms
ales for alignment: Yes & Ties
Weight: 25-35 kg/m?
Pressure: 3.5 — 4.5 ton/m? .
Only Crane Independent Posttensioned Steel Prop
Lightweight .
Frame Voided Squares &
| Girders
Wales for al N Tall Height
ales for alignment: No
Weight: 35-45 kg/m? Hardy Slab

Pressure: 4.5 - 6.5 ton/m?
Crane Independent

Joist & Props

Heavyweight Aluminum Prop
Frame Precast & Braces
- Lattice Girder
Wales for alignment: No
i - 2 .
Weight: 45-65 kg/m’ s Scaffoldmg
Pressure: 6.5 - 8.5 ton/m
Only Crane dependent Waffle
; . Frames & Braces ¥
Girder Wall Composite
Wales for alignment: Yes Metal Deck
Weight: 55 - 85 kg/m* i, i
Pressure: > 8.5 ton/m? Cl]mblng
Only Crane dependent
Y P Only Props i
i Y 4
Aluminum l% Al
[ e Jump Form
Wales for alignment: Yes Prestressed I P
Weight: 12 - 18 kg/m2
Pressure: 4.5 — 8.5 ton/m? ¢ |
Only Crane Independent Hollow Core K SelfClimbing
3
Tunnel Half Slab |
: : Slip form
¥
Rib & Block

Figure 2.6. Formwork Systems Map. Adapted from (Jimenez, 2020)
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From the perspective of the concrete contractor perspective who self-performs formwork
installation and considers renting formwork, the Request for Proposal (RFP) for selection of
formwork provider must consider technical specifications (lateral form pressure, headroom height,
working loads, concrete placement rate, etc.), and specific instructions to bidder about formwork
system scope. When doing a comparative analysis of proposals, the concrete contractor should
verify that all bids from bidders (in this case, formwork providers) are comparable, i.e., all
proposals must consider the same technical specifications, and similar/same complementary
accessories required for the project (crane accessories, railings, ladders, access gates, platforms,
hauling systems, etc.)

If technical proposals across formwork providers are similar, then factors such as cost, productivity,
and surface grade quality may be used to determine the low bidder though the “equivalent lump
sum” method. Generally, contractors are more cost conscious and will use a “cost analysis” to
compare options but there are techniques like “Choosing by Advantages” (CBA), “Analytical
Hierarchical Process” (AHP), and “Linear Scoring” that are able to consider multiple criteria even

when criteria are not easy to express in terms of cost.

2.1.3 Formwork rental options.
In the building industry there are two primary rental options for formwork systems: (1) renting by
pieces or components of the system for a specific duration (commonly in $/piece-month), and (2)
renting by solution for a specific use and for a specific duration (commonly expressed in $/m>-
month). The second option is more popular specially during the bidding process since it is easier
to estimate areas rather than a specific number of formwork pieces/components. Also, doing the
comparison between bids is easier if all proposals use the same measurement unit (m? or m), since
formwork suppliers may have different components in their formwork systems. In addition, all
bidders should incorporate safety components like working decks and railings, as well as the
accessories required for handling by the cranes or forklifts. Figure 2.7 shows the most common
formwork solutions used in building projects. Formwork bidders commonly present their

proposals as unit prices for each system (as shown in Table 2.3).
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Table 2.3. Typical formwork bid proposal.

A . . Unit Price
Description of Solution Unit. ($/month) System

Columns

S

Formwork Column h<3.60m

S

Formwork Column 3.60<h<6.70m

S

Formwork Column h>6.70m

88|88

S

Formwork Column circular

Walls

5I\)

Formwork Wall h<3.60m

Formwork Wall 3.60<h<6.70m m

Formwork Wall h>6.70m

Beams

Beam shoring h<3.60m ml

Beam shoring 3.60<h<6.70m ml

Beam shoring h>6.70m ml

S

Beam sides, Depth P<0.40m

S

Beam sides, Depth 0.40<P<0.70m

S

Beam sides, Depth 0.70<P<1.00m

S

Beam sides, Depth P>1.00m

S

Beam bottom (metal)

B|B|B |8 |88

[S)

Beam bottom (plywood)

Slabs

S

Slab shoring h < 3.60 m.

S

Slab shoring h=3.60 <h< 6.70 m.

S

Slab shoring= 3.60 <h< 6.70 m.

[S)

B |8 |8 |8

Slab shoring h> 6.70 m.
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Formwork System Solutions
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Figure 2.7. Formwork rental options map.
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2.1.4 Formwork demand profile
Since work zones have different quantities of forming contact area, an ideal “contact area profile”
or “Formwork Used” profile (FU) could be plotted as shown in Figure 2.8. “Formwork used” (FU)
profile represents the sum of contact area of the formwork required for performing three phases:
(1) forming or shoring a new work zone, (2) holding concrete of a work zone newly placed, and
(3) holding concrete of all the previous work zones while concrete gains adequate compressive

strength to self-support its own weight and the construction loads.

r Y

[ Formwork Requirement (FR- Overestimated)
. Formwork Demand (FD - Optimized)
~ = Formwork Used (FU - Ideal)

Formwork Area

Time Execution

Figure 2.8. Formwork demand profiles

The number of formwork sets will depend on how many days each formwork phase will take
(assembly, holding concrete newly placed, and holding concrete until it is able to self-support).
Equation 2.9 shows how the total number of formwork sets can be determined. FU is the total
contact area covered by all formwork sets on the project. Since work zones have different
formwork contact areas, the profile will increase until the “maximum formwork set size” is reached,
and then the profile will remain uniform until the concrete placement schedule is completed. The
profile will decrease during the formwork demobilization schedule.

Ne of formwork sets = T1 + T2 + T3 (2.9)
Where:
T1: Days required for disassembling a formwork set and reusing it for assembling a new work
zone.
T2: Days required for placing concrete in a new work zone.

T3: Days required for supporting a work zone until concrete is self-supported.
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Typically, formwork companies typically rent out their formwork systems for a minimum period
of one month. The “Formwork Demand” (FD) profile (shown in Figure 2.8) represents the
formwork needed on the job, with the realization it is not economically feasible to return to the
formwork contractor, demobilized formwork that may be used again on the same job. The third
profile represented in Figure 2.8 is the “Formwork Requirement” (FR) which is represented by a
red shaded histogram. The FR profile is greater than the FD profile since contractors always
consider additional formwork elements/formwork systems to account for contingencies.
Overestimating FR will generate problems such as: (1) additional costs for renting formwork that
may not be used, and (2) additional costs for penalties if the surplus formwork is damaged or lost.
Figure 2.9 and Figure 2.10 show typical misuses of formwork. In the Figure 2.9, the form is used
as a platform and in Figure 2.10, the surplus forms are partially buried during the placement of the

foundation.

\.‘:‘b 3

Figure 2.10. Surplus formwork partially
buried on site

Figure 2.9. Formwork element used as a work
platform

2.1.5 Cost analysis of formwork

A formwork cost analysis is the estimation of all the cost components that must be considered by
decision makers when selecting a formwork system based on cost. The cost components to be
considered in the formwork cost analysis can be grouped into labor, materials, and subcontracts.

Labor cost is the first cost component that might be directly affected by the selection of a formwork
system. Since each formwork system can have different features for the assembly, reuse, and
disassembly, productivity related to formwork installation will be affected. A formwork system
with fewer pieces is often linked with better productivity. For example, a handset formwork

typically requires disassembly after each use, unlike a gang formwork which can be used
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repeatedly once it has been assembled. Equation 2.10 shows the mathematical expression for
estimating the labor cost.

Labor cost($) = Productivity (hr/m?) x Labor rate($/hr) x Contact area (m?) (2.10)
The next cost component is the materials cost used for forming. Materials that might differ
depending on the formwork solution selected are: (1) timber for complementary items (chamfers,
block outs, grade strips, reveals, etc.), (2) plywood for sheathing, and (3) accessories or
consumables. Other items such as nails and screws are likely to be very similar across different
formwork solution systems, so they are not considered in cost analysis. The subcontracts’ cost
component may include: (1) the formwork system rental cost, (2) the provider fees for maintenance
and cleaning, (3) provider penalties for damaged or lost formwork components, and (4) the freight
required for transporting formwork systems to the jobsite and returning them to the provider’s
warehouse at the end of the project. Equation 2.11 consolidates all the cost components:

Formwork Baseline Cost = C; + C, + C3 + C4 + C5 + Cg + C5 (2.11)
Where:
Ci = Formwork rental cost
C» = Formwork consumables cost
C3 = Timber cost
C4 = Plywood cost
Cs = Formwork maintenance and cleaning cost
Cs = Penalties for lost or damaged formwork components
C7 = Freight cost
Figure 2.11 shows a “cause effect diagram™ to analyze why formwork budgets in building projects
may experience additional costs. Each branch represents a cost component in formwork cost
analysis. “Surplus formwork” on the jobsite and the “poor work zone leveling”, are root causes for

additional costs in formwork budgets.
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Lack of training

Lack of training Idle time because poor resource allocation

Poor estimation Lack of motivation
Lack of motivation Unbalance work zoning
Lack of supervision

Idle material
Crane dependency (gang forms)

Lack of supervision Excessive material
Excessive material Lack of motivation ) ]
Lack of motivation Material not longer required
Poor packaging Lack of training
Lack of supervision Excessive material
Poor schedule delivering Idle material
. Unbalance work zoning (Idle forms)
Unbalance work zoning Unbalance work zoning Unbalance work zoning

Figure 2.11. Cause effect of formwork extra cost

2.1.6 Formwork control with KPIs

A “Key Performance Indicator” (KPI) for formwork management is a measurable value that
demonstrates the effectiveness of the use of formwork systems on a project. The key performance
indices used for formwork management include the “Cost Ratio” (CR), the “Reuse Factor” (RF),
and the “Formwork Efficiency” (FE).

As shown in Equation 2.12, the cost ratio (CR) is the ratio of the total formwork cost ($) to the
total contact area that needs forming or shoring expressed in terms of square meters. This unit cost
can be used to compare different formwork solution systems for bid proposals submitted for a
single project or even across different projects.

Total formwork cost($)

CostRatio(CR) =
ostRatio(CR) Total formwork contact area(m?)

(2.12)

The “Reuse Factor” (RF) is the ratio of the number of uses of a formwork set (which is generally
equal to the number of work zones) to the number of formwork sets. Since vertical elements
(columns and walls) and horizontal elements (slabs and beams) have different number of formwork
sets, the reuse factor must be computed separately for each type of formwork. Equation 2.13 shows

the mathematical expression for computing the “Reuse Factor”.
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. Factor (RF) = Number of work zones (2.13)
euse fractor ~ Number of formwork sets .

The “Formwork Efficiency” (FE) KPI is the ratio of the total formwork contact area of the building
project to the total contact area covered by the formwork sets. This KPI in comparison with the
“Reuse Factor” (RF) considers the reuse component for vertical elements and horizontal elements
since it uses the area of both element types as the common unit. The interpretation of this KPI is
as follows: “each square meter of a formwork set can be used for forming or shoring “FE” square
meters”. Equation 2.14 shows the mathematical expression for computing the “Formwork
Efficiency”.

o Total formwork contact area (m?)
Formwork Ef ficiency (FE) =

2.14
Sets' total contact contact area(m?) ( )

Figure 2.12 shows an example of the use of CR and RF in reinforced concrete building in Peru.
Histograms of different projects associated with different building uses, and the bars representing
the “reuse factor” and “cost ratio” for each building project are shown in this figure. The “reuse
factor” considers only the horizontal elements and the “cost ratio” only considers the rental cost.
Having multiple KPIs provides a more complete picture of the formwork performance metrics for
project control and decision making. Projects with higher “reuse factor” (RF) are likely to have
lower “cost ratios” (CR), but as Figure 2.12 shows this is not always true. For example, malls
(labeled as RETAIL in Figure 2.12) have greater CRs than housing projects (labeled as HOUS in
Figure 2.12), no matter if the RF of malls is greater (bar in red) or lower (bar in green) than the RF
for housing projects (bar in blue). The formwork systems for malls have a higher rental cost since
shoring with higher headroom heights (as is the case of malls) are more expensive than short

headroom heights (like the case of housing projects).
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2.2 Previous research studies related to formwork management.
Previous research related to formwork has addressed different topics such as: (1) formwork design,
(2) formwork inventory management, (3) formwork layout planning, (4) formwork selection, (5)
formwork productivity, and (6) formwork safety. Table 2.4 lists several references related to these
topics, and the tools used for implementing these studies. A review of this table indicates that BIM
has been used as a common tool in formwork related research, and that most studies in this domain
focus primarily on specific formwork elements (vertical or horizontal element) or specific
formwork systems (climbing formwork, handset), and do not integrate different formwork systems
of a project. This thesis focuses on addressing these gaps, developing a tool that considers

horizontal and vertical formwork systems of a building project, and is applicable for climbing,

Figure 2.12. Formwork management KPIs for building projects

gang and handset formwork systems.
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Table 2.4. Previous research studies related to formworks.

Formwork

Topics Tools Element S References
ystem
Modular handset (Singh, Sawhney, & Sharma, 2017)
Vertical elements (Romanovskyia, Mejia, & Azar, 2019)
Formwork BIM . - -
Design Timber formwork (Hyun, Jin, Shen, & Kim, 2018)
Horizontal elements (Gambatese & Jin, 2019)
Computer-Aided tool NA NA (Tah & Price, 1991)
Formwork (Mansuri, Chakraborty, Elzarka, &
Inventory BIM NA NA Deshpande, 2017)
Management Cost analysis NA NA (Krajnak,, 2013)
(Kannan.Ma & Santhi.Ma, 2013)
BIM NA NA
Formwork (Lee, Lee, & Ham, 2009)
Layout i
Plal}:ning CAD Horizontal elements Flex?écrin"fable (Kim, et al., 2012)
Mixed Integer LP Vertical elements Modular Handset (Biruk & Jaskowsk, 2016)
(Shin, 2011)
Adaboost Algorithm (Shin, Kim, Yang, Cho, & Kang,
2008)
BIM NA NA (Meadati, Irizarry, & Aknoukh, 2011)
Boosted Decision Tree (Shin Y., Kim, Cho, & Kang, 2012)
(Kersting & Girmscheid, 2011)
CYCLONE -
Vertical elements Gang Formwork (Huang, Chen, & Sun, 2004)
(Elbeltagi, Hosny , Elhakeem, Abd-
Horizontal elements NA Elrazek, & Abdullah, 2011)
Formwork Fuzzy Logic Grw F};azeI}I(, 1999é1h k
Selection . eltagi E. , Hosny, Elhakeem,
Vertical elements Modular Handset Abdelrazek, & El-Abbasy, 2012)
Horizontal elements (Hanna & Sanvido, 1991)
Computer-Aided tool (Hanna, Willenbrock, & Sanvido,
1992)
NA NA (Elazouni, Ali, & Abdel-Razek, 2005)
(Tam, Tong, Lau, & Chan, 2005)
Neural Networks .
(Hanna & Senouci, 1995)
Vertical elements (Kamarthi, Sanvido, & Kumara, 1992)
Practltlp ners NA Timber formwork | (Proverbs, Holt, & Olomolaiye, 1999)
experience
NA NA (Lee, Parkb, & Choib, 2017)
BIM imbi
Vertical elements Climbing (Kannan.Ma & Santhi.Ma, 2013)
.. Formwork
PrOdllCthlty (Jarkas, 2010)
Constructability NA NA -
(Smith & Hanna, 1993)
Lean (VSM) Vertical elements Timber formwork (Ko, Wang, & Kuo, 2011)
NA (Kim & Ahn, 2011)
(Zhang, et al., 2015)
Railings (Zhang, Lee, Venugopal, Teizer, &
Safety BIM NA Eastman, 2011)
) (Kim, Cho, & Kim, 2018)
Scaffolding - -
(Chi, Hampson, & Biggs, 2012)
Stairs (Kim & Cho, 2015)

44




Before the advent of BIM tools in the AEC industry, formwork management was based primarily
on contractor experience, and the process for designing, modeling, planning, and scheduling was
a time-consuming manual process. The rising use of BIM, has addressed some of the limitations
of using 2D drawings, leading to better opportunities for improving formwork management.
Multiple research studies have used BIM to improve formwork design, modeling, and planning
(Biruk & Jaskowsk, 2016). In previous research related to formwork design (i.e., (Tah & Price,
1991), (Singh, Sawhney, & Sharma, 2017), (Gambatese & Jin, 2019)), BIM families or CAD
drawings were used for the automation of modeling formwork components of RC walls or flat
slabs separately, but not for all the formwork systems in a building. Formwork selection is
probably the most extensive topic analyzed in prior research, and studies (i.e., (Hanna & Sanvido,
1991), (Tam, Tong, Lau, & Chan, 2005), (Shin Y. , Kim, Cho, & Kang, 2012), (Elbeltagi E. ,
Hosny, Elhakeem, Abdelrazek, & El-Abbasy, 2012)) have focused on the use of CAD tools and
methods such as neural networks, decision trees or fuzzy logic to develop decision-making
methods for selecting formwork. On the contrary BIM has been used for studying formwork
productivity, formwork safety and for automating the generation of formwork layout plans
(Kannan.Ma & Santhi.Ma, 2013).

From the literature review related with the use of BIM for formwork management, some challenges
found in formwork management are as follows: (1) using BIM modeling for formwork
management is a time-consuming process, and often BIM modeling is not completed before the
concrete placement begins, and (2) in projects with design changes during construction makes it
difficult to update a formwork BIM model. According to (Aslam, Baffoe-Twum, & Saleem, 2019)
design changes in building projects around the world generate cost overrun between 5% and 40%
of the project cost. An important contribution of BIM for formwork management is controlling
formwork inventory, but with the requirement that all formwork components must be included in
the BIM model before formwork installation commences. (Mansuri, Chakraborty, Elzarka, &

Deshpande, 2017).

2.3 Developments in formwork management
Typically, technical support from the formwork provider involves designing the formwork system,
defining the best formwork elements for that solution, preparing layout plans in 2D drawings, and
based on this layout determining a packing list of elements required for the project execution.

Companies like Peri and Doka currently provide BIM and CAD tools to support formwork
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management and formwork inventory management. The main drawback of these tools and support
services is that they are oriented to the formwork provider’s business objectives and are only
available for specific brands and products produced by the formwork provider (Biruk & Jaskowsk,
2016). Additionally, most contractors are not willing to use these tools for formwork management.
In some cases, the object libraries in these BIM and CAD tools are not updated with the real stock
of the formwork provider. In other cases, medium contractors (those having 50 to 250 employees)
and small contractors (those having fewer than 50 employees) are reluctant to invest in acquiring
these BIM and CAD tools and the associated support services.

According to (McGraw Hill Construction, 2014), in developed regions such as North America and
Europe, 60% of contractors implement fewer than 30% of their projects using BIM. Also, in same
developed areas only 23% of concrete contractors rate their BIM skills as high or very high. The
use of cast-in-place concrete construction (for building projects) is more popular in developing
regions such as Latin America and the Caribbean, the Middle East, and East Asia. According to
(Jung & Lee, 2015) in an international study of BIM adoption, 46,3 % of practitioners from Asia
and 71.4% of practitioners from South America assess their proficiency using BIM as "advance"
or "expert", which were the two lowest rates over all regions globally. This may imply that in
developing regions where cast-in-place concrete is more popular, the level of BIM proficiency is
the lowest, which describes the incipient industrialization of construction in these regions. As
example, a research study related to BIM adoption in Peru (Murguia, 2018), stated that 91% of
building projects executed by large contractors (having more than 250 employees) implemented
BIM, but small companies (having fewer than 50 employees) implemented BIM only in 22% of
their projects. Also, 93% of the projects only implemented a volumetric representation of the
reinforced concrete structures in the BIM model (not formwork or steel reinforcement). Another
important result of Murguia’s study is that almost 60% of the projects received very little or no

BIM services from formwork providers.

2.3.1 Formwork management using CAD.
Most contractors and formwork companies use in-house CAD tools or “Plug-ins” to design, draw
formwork layout plans, schedule list of elements and manage inventories. This section will present
the tools used by two of the top formwork companies in the world, Peri and Doka. According to
(PERI, 2020), Peri has more than 9,500 employees worldwide, presence in more than 60 countries,

and has more than 160 logistics centers. Similarly, according to (DOKA, 2020), Doka has more

46



than 7,400 employees worldwide, presence in more than 70 countries, and has more than 160
locations worldwide.

Peri ELPOS (Figure 2.13) is an AutoCAD “Plug-in” tool for planning Peri’s formwork systems
and scaffolding systems. ELPOS can generate formwork layout drawings in AutoCAD as well as
the list requirement of formwork components that can be also exported to MS Excel. ELPOS
matches both the total list of elements/components required and the list of owner-owned
elements/components and generates a new list with only the additional components necessary for
renting. Peri CAD is another AutoCAD “Plug-in” tool used by more experienced CAD users to
design formwork and scaffolding, and that allows 3D modeling for obtaining layout drawings and
materials list in a fraction of time.

Doka Formwork Design software (DFDS) 9 is a package for designing formwork that includes
“Tipos 9” for automatic formwork planning with generation of plans and parts lists, “Piece List
Editor 9” for editing the formwork parts lists, and “Beam Static 9” for calculating continuous load
bearing beams. The advantage of this package is that it does not need a CAD platform for
implementation. Doka CAD 9 (Figure 2.14) is a “plug-in” for AutoCAD for planning formwork
layout plans and generating parts’ lists. Doka CAD has country versions only for Austria, Germany,
UK, USA, and France that provides access to updated libraries and the database of the components
available in stock in local warehouses. In other countries, Doka CAD is available only for Doka
staff who have a user account. Also, Doka CAD installation needs authorization from Doka, and

is typically available only to Doka customers.
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Figure 2.13. ELPOS from Peri Figure 2.14. Doka CAD 9 from Doka

2.3.2 Formwork management using BIM.
Both Doka and Peri have started a migration process from CAD to BIM in formwork planning and
management. Peri CAD (see Figure 2.15) has a 3D modeling environment that can process the
Industry Foundation Class (IFC) format from a BIM tool (i.e., Revit, Tekla). Once the BIM model
of the building structure is incorporated in Peri CAD the process for designing the formwork and
detailing the layout plans can be done in a fraction of time, and the 3D model of the formwork
solution can be shared through a “Common Data Environment” (CDE) such as Autodesk BIM 360

Glue or exported to Navisworks.

Data exported in IFC format Data exported to Navisworks

I s P '
[. -

Building 3D model created in Revit Formwerk 3D modeling using Peri CAD 4D simulation using Navisworks

Figure 2.15. Integration of PERI CAD in the BIM process

Doka CAD 9 has evolved to a “plug-in” available for BIM tools like Revit (see Figure 2.16) and
Tekla. Doka CAD 9 enables users to: (1) create 3D models and formwork designs using the
structural data of the components (such as materials properties, load capacities, and dimensions)

that enrich the BIM model, (2) detail 2D layout drawings, (3) create lists of formwork pieces
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required, and (4) implement 4D simulations. Doka also provides an extensive library of the 3D

components of their formwork systems (available on Doka’s website) for use in Revit and Tekla.

B oo - p— Properties window: Formwork piece
selected in model

List of

pieces ||
_____ [ included
% Y modd |
| __/ |
I\ ; /I

Preview of Fermwork
piece selected in model

model 3D
View

Figure 2.16. Doka CAD for Revit

2.4 Needs assessment.

Cast in place concrete for building projects is the preferred construction method in developing
regions like South America, in contrast to developed regions like North America and Europe where
the use of modular construction and prefabrication are the preferred construction methods for
buildings. The main reasons for the preference of developing countries for using cast in place
concrete are: (1) the lack of expertise using other materials like structural steel, (2) the incipient
production of prefabricated elements like steel members, and (3) the low labor cost in comparison
with developed countries. Since this thesis focuses on the use of formwork, a survey was deployed
to professionals in the AEC community with experience in building projects but with a higher
representation of countries from South America where the use of formwork is the preferred
construction system. According to (Peters, 2020), the three countries from South America that are
included in the top 5 of Latin American countries with largest revenue of construction projects are:
Brazil (that represents 28.1 %), Chile (that represents 25.6%), and Peru (that represent 8.9%).

To measure the preferences of the AEC community related to formworks and BIM, a survey

request was sent to professionals from USA and countries of Latin America (Bolivia, Chile,
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Mexico, Panama, and Peru). The total number of responses was 136. Figure 2.17 shows the
proportion of the respondents, where Peru has the majority with 79%, then USA with 12% and the
remaining from different countries from Latin America. Almost half of respondents are employees
of medium companies (between 50 and 250 employees), and large companies (more than 250
employees). The survey includes questions related to: LOD preference for modeling formwork
systems, formwork rental option preference, and level of automation in formwork management
tasks.

Figure 2.18 shows that 68% of survey respondents have between 5 and 20 years of experience on
construction projects. Figure 2.19 shows the classification of respondents into four groups: (1)
formwork clients which are represented in majority by general contractor practitioners (49% of
respondents), (2) BIM experts that represent 32% of respondents, (3) the academia representing
7%, and (4) formwork providers which are represented by managers and sales representative of
the most representative formwork companies like Doka, Peri, Ulma, Alsina, EFCO, Unispan,

Forsa, and MFE (represent 12% of respondents to the survey).

Other >20 Formwork
usa| 9% 10% Academia 12%
12% J 7%

<5
22%

Figure 2.17. Country of Figure 2.18. Years of Figure 2.19. Professional
participants experience of participants profile of participants

Level of Development (LOD) preference

According to (BIMForum, 2015), Level of Development is the degree to which the user of the
BIM model can rely on the information provided by the model. In a LOD 100 specification, the
model is represented as a generic representation. In LOD 200, the object is represented as a generic
system with approximate quantities, size, shape, location, and orientation. In a LOD 300 the
element model is represented as a specific system in terms of quantity, size, location, and
orientation. In LOD 350, the object is also specific in terms of interfaces with other building

systems. In LOD 400, the object also provides information for fabrication, assembly, and
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installation. In LOD 500, the object is a field verified representation. A representation of each

LOD specification for a column formwork is presented in Figure 2.20.

LEVEL OF DEVELOPMENT (LOD)
LOD 100 [ LOD200| LOD300 | LOD350  LOD 400 | LOD 500

V4 . .
=] ) Column Design specified Actual fo;rmwork As 350, plus
S| Comia | Prmwork | ey specifie | YSETEOME | i mouning | Field verified,
5 numeric geperlc . size/shape/ P 'fp -~ s details, as model as-built
Z parameter approximate §1zc/ location specific size hardware and ties
a shape/location shape/ location
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Figure 2.20. Level of Development (LOD) for a column formwork

Figure 2.21 shows that 64% of formwork companies can provide BIM models at LOD 400 or
greater. In contrast 62% of the general contractors prefer modeling formwork systems at LOD 200
or lower, indicating that although companies such as Doka and Peri provide BIM services, these

services are not normally used by general contractors in their building projects.
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Figure 2.21. LOD preference of general contractors and formwork providers

Formwork rental option preference.

There are two main formwork rental options (price by solution system and price by component).
The survey results indicated that renting by a formwork solution system measured in contact area,
is the preferred option. Although formwork companies provide both rental options, contractors
and suppliers prefer to rent formwork by solution, since it is easier to compare different proposals
in the same unit (m?) instead of comparing different formwork components, where the type of
components from one formwork brand could be completely different from another brand. Another
advantage of renting formwork system considering the contact area, is that controlling the amount
of formwork required at any time of the project is easier to express in terms of variation of the
contact area of formwork required instead of computing the number of formwork components of
each type in the solution system. An important consideration is that even when renting formwork
by contact area of the solution system, it is recommended that keep the track of the inventory of
components, since it will be necessary on some occasions to return pieces of one system or require
additional pieces that were not considered in the initial requirement (for example, when a structural

designer changes the depth of a beam).
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Figure 2.22. Formwork rental option preference.

Formwork level automation

Figure 2.23 shows that 31% of general contractors prefer using CAD for work zoning and
managing formworks (quantity takeoffs, formwork layout plans, progress control, etc.). Also, 33%
of the general contractors complement CAD with spreadsheets in Excel for computing quantities
for work zoning and formwork management. Only 17% of contractors use BIM for work zoning
or formwork management, indicating there is room to implement BIM methodologies for

automating tasks related to work zoning and formwork management.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

#CAD wBIM &PDF #Paper uExcel #Other

Figure 2.23. Computational tools preferred by general contractors for formwork management.

Defining a scale of level of automation from “Level 0” to “Level 4”, where zero is none and four

is completely automated using a Graphical User Interface (GUI), the survey results shown that 58%
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of formwork companies do not have any formwork management process automated although 29%
of companies use BIM technologies. Also, 70% of contractors do not automate any process related

to formwork management using BIM tools.

FW Work Zoning % 29% 43%

GC Management %

50% 22% Iz%

GC Work Zoning % 51% 26% i%
0% 20% 40% 60% 80% 100% 120%
H Level 0 Level 1 Level 2 mLevel 3 Level 4

Figure 2.24. Level of automation preference by contractors and formwork companies

2.5 Summary
Many studies have investigated formwork design and selection, but few have focused on formwork
management. Review of the state of practice as well as the results of the survey undertaken as part
of this study, indicate that contractors prefer using simple BIM models (LOD 200 or lower) for
formwork management even when formwork suppliers have BIM services to model formwork
systems considering all components (LOD 400 or higher) and to use higher LOD models for
planning and managing formwork. A new alternative is required to avoid modeling each
component of a formwork system since the modeling and updating process of a formwork BIM
model (considering all the components in a LOD 400 or higher) is time consuming. Since
contractors and suppliers are more likely to use formwork rental options per solution measured in
contact area, a new BIM approach could be used to develop an easy-to-implement tool that is

automated and is more efficient than the current practice of using only CAD and spreadsheets.
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3. RESEARCH METHODOLOGY

A BIM formwork model should: (1) communicate the information regarding formwork locations
and areas considered for forming and shoring, (2) assist in the visualization of the characteristics
of the construction process using multiple views, color mapping and 4D simulations, and (3)
determine formwork-related information such as the total forming cost, the total shoring cost,
determination of the quantities of plywood and consumables required, or determine the
transportation requirements for delivery of formwork.

This chapter describes the first phase in the development of a BIM-based tool for formwork
management. This phase focuses on the automation of formwork modeling and model enrichment
with data related to formwork. The input for the BIM-based tool is a structural BIM model of a
building. The BIM-based tool is developed using visual programing in Dynamo for Revit. The
output of the BIM-based tool is a BIM model enriched with formwork related data that can be used
for: (1) a geometric representation of the formwork contact area of each element type using a 3D
model, (2) 4D simulation that helps in better understanding of the construction sequence and reuse

schema, and (3) a 5D simulation for formwork cost management.

3.1. BIM workflow automation

The automation of BIM processes refers to the use of programming to recreate a workflow in a
BIM tool without the necessity of the user, for performing repetitive tasks, ensuring the quality of
the process through the reduction of human error during the streamlining of BIM processes.
Common uses of BIM automation may include auditing of BIM models, modeling from references,
quantity take-off generation, documentation, exchange of information to different software
packages, exploring multiple alternatives of design, and project collaboration.

There are two main alternatives for developing BIM automation tools: (1) visual programming
using packages like Dynamo for Revit that may include the use of programing languages such as
Python for specific cases, and (2) use of an “Add-In" which is a software program (customized
developed by user/programmer) that expands the capabilities of a host software program (like
Revit). These “Add-ins” are solely based on the use of object-oriented programming and
programing languages like Python and C# in combination with an “Application Programing
Interface” (API). API is a communication mechanism that a programmer uses to interact with the

host software program.
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Dynamo for Revit is an open-source graphical programming tool that is based on the use of nodes
that are interconnected to recreate a BIM workflow, as shown in Figure 3.1. In Dynamo each node
represents a process in Revit and nodes are interconnected through “wires” or links with other
nodes. The output of one process or node is sent as an input to the next interconnected nodes

downstream through the “wires”.

RESHORING COST

Element.GetParameterValueByName

— il - lis | element > varfl.[ list > VAr]].[] Py values » SUM e

i parameteriame >

M

COS?_?hmI!qg 1 .> !
Figure 3.1. Dynamo workflow for reshoring cost sum for all horizontal elements

Both options Dynamo and Add-ins have advantages depending on the needs of the user/developer
(what the tool should do) and the user/developer requirements (how the tool should work).
Dynamo is user friendly, and could be implemented faster than a Revit Add-in, but it sacrifices the
potential for creating Graphical User Interfaces (GUI), and compromises on speed for running the
algorithms. Table 3.1 presents a trade-off for deciding which tool should be used depending on the
requirements of the user and developer. Since the objective of the thesis is to develop and evaluate
a prototype formwork management tool using BIM, all the automation processes presented in this
thesis will be based on Dynamo. The processes will also be enhanced with Python custom nodes
specially for the loop structures that are not very efficient with the built-in nodes included by

Dynamo.
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Criterion

Table 3.1. Dynamo and Add-Ins trade-off

Dynamo Add-Ins
Coding source Open script Closed coding
Programing languages Visual programming Python or C#

Popularity

Users increasing rapidly.

Dynamo BIM Forum around

29,200 users in 2018 and
around 39,800 in 2020
(Dynamo BIM, 2021)

Fewer developers since strong

programming skills, and

knowledge of programing
languages are required.

Data processing

Processing speed is affected
by size of geometry data
that is processed.

Processing speed will depend
primarily on the computing
resources (memory and CPU)

Cost of scripts and
Add-ins in market

Are available for free in
“Packages Manager
website”.

Free and paid options in
Autodesk App Store.

Versioning updating

Depends on Revit updates

Depends on the developer.

Programming skills

Knowledge of specific
programming language is
not required

Need of programing languages

like Python, C#, and programing

skills. Knowledge of Revit API
is required.

Developing time

Depends on number of
nodes in script. Generally, a
single node can replace
multiple lines of coding.

Depends on number of coding
lines. Multiple lines are needed
to represent one single node.

Customization

Task manager of Dynamo
only provides a standard
user interface, and is
amenable to customization

of user interfaces

The Graphical Use Interface

(GUI) can be designed
according to the requirements of
the user/developer.

Data security

Minimum since a Dynamo
script cannot be compiled.

High once coding is compiled

Implementation stage

For prototyping stage of a

For developing tools that are

new tool ready to be released into the
market
Use frequency of tool High use
(Dynamo script or Fewer uses (common process in a BIM
y CTp (just to try an idea) P
Add-in) workflow)
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3.2. Road map for developing the framework for formwork management using BIM.
The development of the BIM-based formwork management tool consists of two phases: Phase 1
for generating the formwork BIM model and Phase 2 for using this BIM model to deploy formwork
management. There are five steps in Phase 1, for obtaining a BIM model with enriched data. Phase
2 consists of six steps towards the determination of formwork cost and time analyses for formwork
management. Chapter 3 describes Phase 1, which includes: (1) BIM parameters management, (2)
audit of BIM model according to construction process, (3) work zoning, (4) formwork modeling
as LOD 200, and (5) populating information into the BIM model. Chapter 4 describes Phase 2 for

using the BIM model enriched with data for multiple formwork analyses.

Figure 3.2 presents the roadmap for the first phase of the BIM-based formwork management tool.
Each step in Phase 1 is represented by a column that mentions in the header the specific section in
Chapter 3 which contains a detailed description of that phase. An image of the logo of the tool
(Excel, Revit, Navisworks, etc.) used in each step is next to the corresponding box (that represents
an input, process, or output) for better understanding of what tools are required for each process.
The dashed border of process boxes in Step 2 indicates that this is an optional step depending on
the characteristics of the BIM model used as an input. For instance, if the BIM model elements
that represent columns, walls, beams, and slabs were modeled considering the audit modeling
criteria required for using this BIM-based tool (columns should be split at the bottom of the deepest
adjacent beam, walls should be split at the bottom of the deepest adjacent slab and slabs should be
modeled considering a boundary due to surrounding walls and beams), then this step it is not

required.
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ROADMAP FOR GENERATING A BIM MODEL FOR FORMWORK MANAGEMENT: Phase 1

S1: Section 3.4

S2: Section 3.5

S5: Section3.8

S3: Section 3.6

S4: Section 3.7

S5: Section 3.8
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Figure 3.2. Road map for generating a BIM model for formwork management.

59

@ Split element




3.3. BIM parameters management
According to (Autodesk Help, 2021) a “parameter” is a container of information that could be
assigned to any “category” of element created in Revit. Parameters are used to define and modify
elements and their values can be inserted in schedules (or tables of quantities) to enable the user
to obtain relevant information for multiple analyses. There are four types of parameters (project
parameter, shared parameters, family parameters and global parameters). In this research study,
only project and shared parameters will be necessary for storing the information required for

formwork management. Table 3.2 provides a brief description of each parameter group.

Table 3.2. Parameters' groups

Parameters'

Groups Description

Collects basic characteristics of the structural elements regarding typology
(element type, pouring phase), geometry (height, depth), quantity take-off
Model regarding steel reinforcement, and location (level, work set, work zone).
Concrete volume is a built-in parameter in Revit and formwork area is part of
the next group of parameters.

Collects basic information regarding the formwork area (lateral, bottom, and
total area) and formwork weight rates for each type of solution system.
Collects basic data regarding the stripping date and the timing for removing
formwork and removing reshoring systems.

Collects information regarding productivity indexes for placement of concrete,
Productivity | formwork, and steel reinforcement. Also, the total quantity of labor hours
required for each structural element are considered in this group

Collects information regarding rental rates for each formwork solution system,
and the total rental cost for forming and shoring a structural system. Also, the
parameters related to the cost of consumables for vertical elements are
considered in this group.

Formwork

Time

Cost

Revit elements follow a hierarchy where “Category” is the highest level (for example, Structural
Columns), then the second level is for the “Families” (for example, M_Concrete-Rectangular
Column), the third level is for the “Type” (for example, 450x600mm) and finally the “Instance”
which is the specific element that is included in the model with a specific id (for example, 420307).
Figure 3.3 shows this hierarchy level example where the element instance “420307” represents a
column type “450x600mm”, that is a typology of the “Family Type” named “M_Concrete-

Rectangular Column”, which is available for all the elements classified as “Structural Columns”
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category. The “Categories” to be considered in this thesis are: “Structural Foundations”,

“Structural Columns”, “Walls”, “Structural Framing”, “Floors”, and “Stairs”.

M_Concrete-Rectangular-Column Element IDs of Selection ><
450 x 600mm
Search o | Id(s):
l M_Concrete-Rectangular-Column 4203071
200 x 450mm
| 450 x 600mm | 8] .4
600 x 750mm |

Figure 3.3. Hierarchy of Category, Family, Type, and Instance

The following questions must be considered when working with parameters for the BIM-based
formwork management tool: (1) which parameters will be necessary for formwork management?
(2) in what format (text, number, area, length) would the parameters store the data? (3) are the
values stored by the parameters assigned for each instance or for the family type? and (4) what are
the categories of elements that will be enabled with these parameters? In general, all the parameters
in this research project are assigned independent values for each instance. Figure 3.4 lists the

properties of the parameters.

Which Parameters
will be necessary?

o What data type will
the parameters
store?

Are values assigned
individually by instance
or by family type?

What categories of
elements will have
this parameter type?

(Can appear in schedules but not in tags)

() Shared parameter

(Can be shared by multiple projects and families, exported to ODBC, and
appear in schedules and tags)

F Data
Name:

o,

Discipline:
Common

| Type of Parameter:
i
| Length

Group parameter under:

Dimensions a4

Tooltip Description:
<No tooltip description. Edit this parameter to write a custom tooltip. Custom tooltips ha...

Edit Tooltip...

Add to all elements in the selected categories

Parameter Properties b 4
Parameter Type Categories
(@) Project parameter Filter list: | <show all> v |

[]Hide un-checked categories

g Aur Systems .
L Air Terminals X
Analytical Beams
Analytical Braces
Analytical Columns
Analytical Floors
Analytical Foundation Slabs
Analytical Isolated Foundati
Analytical Links
Analytical Nodes
Analytical Pipe Connections
Analytical Spaces
Analytical Surfaces
Analytical Wall Foundations
Analytical Walls

Areas
1 Assemblies
bis Cable Tray Fiings 7
Soil CoblanTa Huate o - =
< >
Check All heck None

Cancel Help

Figure 3.4. Parameter properties
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Model parameters (MOD)
Model (MOD) parameters store information about elements related to type, geometry, rebar

quantities, and location. Table 3.3 shows the list of MOD parameters.

Table 3.3. MOD Parameters - Group: MODEL

Parameter Name Description o Category List
MOD_Element Type of element (Column, Beam, ...)
MOD Height Type of height (S, D, T) S 1
MOD S Level Level of the element (L1, L2, ...) r tm(;: tEra
MOD S WorkSet | Work Set, default value is WS1 oundations,
Text Structural

MOD S WorkZon Columns. Walls
e Work Zone name (WZ1, WZ2, ...) Struc t’ural ’
MOD S F/V/H Phase (Vertical, Horizontal, Foundation) Frami

; raming, Floors,
MOD S Code Construction sequence code Stairs
MOD Steel Ratio | Steel ratio in kg/m3 Numbe
MOD Steel Steel quantity by element in kg r
MOD_ Beam_ Dept Structural
h Type of beam depth Text Framing

MOD_Flement: Elements needs are renamed based on the category with one of the following

types: Foundation, Column, Wall, Beam, Slab, Stair and Joint. “Joint” is the part of the column
that is at the intersection with the beams that they support. The “Joint” is separated from the
“Column” because concrete placement of the column is typically done until the bottom of the beam.
During the slab pour the remainder of the column is placed. Figure 3.6 shows an example of the
corresponding parameter value for each element.

MOD_Height: Formwork height is an important consideration for formwork design since will be
related in case of vertical elements (like columns and walls) with the lateral pressure on the forms,
and in case of horizontal elements with the bracing required to avoid buckling of props. To simplify
the analysis, the formwork solutions are classified as “Simple Height S (height < 3.60m), “Double
Height D” (3.6m < height < 6.7m), or “Triple Height T” (height > 6.70m). These ranges could be
customized according to user preferences.

MOD_Level: A standard name is used for identifying the levels starting from “Level 1” up to the
top level of the building. By default, Revit considers Level 1 as the ground level. Figure 3.5 shows
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the renamed labels in red to substitute for the original names created by default in Revit. The
“MOD_Level” will store text values like “L1”, “L2”, and so on.

Level 3
2 Level 4 Beams (H)

TAR-0 T T

Level 2 4

N — Joint (H]-..____.‘
Level 1

P — Column (V)
Level 0

Qleat WM P

Figure 3.5. Renaming of levels for formwork

Figure 3.6. Joint element type parameter
analysis

MOD_S_WorkSet: This parameter stores the corresponding work set label for each BIM element.

A work set is the work team responsible for the execution of a portion of the building project.
Work sets common work simultaneously, and each work set has access to its own resources (tower
crane, crews for each trade, superintendent, etc.). In this thesis, it is assumed every BIM model is
executed by only one work set. It is possible for large projects multiple work sets can work
simultaneously to compress the project duration (crashing).

MOD_S WorkZone: The work zone is the portion of the building that is considered as a unit of

work or a production batch.

MOD_S_F/V/H: This parameter stores data related to the concrete placement phase of the element.
Typically, concrete placement is performed in two phases. In the first phase, concrete for vertical
elements in a work zone is placed, and in the second phase concrete for horizontal elements in the
same work zone is placed. Figure 3.6 shows an example for assigning the “MOD_S F/V/H”
parameter values. Figure 3.7 shows this first phase where concrete for columns is placed having
as top level of the columns the bottom level of the adjacent beams. Figure 3.8 shows the first phase
where concrete for walls is placed having as top level the bottom level of the adjacent slabs.

Foundations are represented by (F). Columns and walls are considered as vertical elements and
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presented by (V) and they are placed until the bottom of the beams and slabs, respectively. Slabs,

joints, beams, and stairs are considered as horizontal elements and represented by (H).

e

Figure 3.7. Column poured until beam bottom Figure 3.8. Wall poured until slab bottom

MOD_S_Code: This parameter represents a unique code to identify each work zone. The code
must consider work set, level, work zone, and concrete placement phase. For example, a unique

label for a work zone would be: WS1-WZ1-L1-V which refers to the vertical elements of the work

zone 1 of level 1 of work set 1.

MOD_Steel Ratio: Although it is not a common practice to common to model rebar in BIM

models, it is important to include the working hours required for rebar installation. The
“MOD _Steel” parameter is the ratio of rebar (in kgs) to the volume of concrete placed (in m?).
This ratio will vary based on the type of concrete element placed (concrete walls, beams, columns,
slabs, foundations).

MOD_Steel: This parameter stores the total quantity of rebar used as reinforcement in a concrete
element expressed in kg.

MOD_Beam_Depth: The main consideration for designing beams’ lateral formwork is the depth

of the beam. If beam’s depth is over 70cm, then ties, (Figure 3.9) rather than bracing squares
(Figure 3.10) may be required to hold the side sheathings of the beam. Hence, for classifying
beam formwork solutions for the beam formwork sides, the following classification of beam
depths is proposed: depth Type 1 — T1 (beam depth < 0.40m), Type 2 — T2 (0.40m < beam depth
<0.70m), Type 3 — T3 (0.70m < beam depth < 1.00m), and Type 4 — T4 (beam depth > 1.00m).

These ranges could be customized based on the user preferences and formwork features.
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Figure 3.9. Doka beam lateral formwork with Figure 3.10. Doka beam lateral formwork
ties with bracing squares

Productivity parameters (PROD)

Productivity parameters store the productivity indexes for the placement of concrete, formwork,
and steel reinforcement. A parameter is reserved for the estimation of the total quantity of labor
hours required for building each concrete element considering: (1) the steel reinforcement
preparation and installation, (2) erection, stripping and preparation of formwork (including
reshoring), and (3) concrete placing. Productivity indexes could be determined in terms of the
construction trade and also by the element type. For instance, the productivity for placing concrete
in columns will be different from productivity for placing concrete in a slab, but it is common to
determine productivity without differentiating elements and just focusing on the trade. In this
thesis, the productivity index will be specified by trades and not by element type. Table 3.4 shows
the three productivity indexes considered (Rebar, formwork, concrete). The number of labor hours
will be based on the product of the quantity takeoff for each trade and the corresponding

productivity index.
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Table 3.4. Productivity Parameters

Data Category
Type List

Parameter Name Description

Productivity index for concrete placement
PROD_PI_Conc (labor hours/m? and labor hours by m°>. Structural
PROD PI Form PI‘OszlCtIVIty index for formwork in labor hours Foundations,
- - by m~. Structural
PROD PI Steel Productivity index for rebar in labor hours by Number Columns,
- - kg. Walls,
Labor hours for placement of a concrete Structural
element considering concrete placement, Framing,
PROD_Labor formwork erection and striping, and rebar Floors, Stairs
preparation and erection.
Time parameters (TIME)

As shown in Table 3.5, Time parameters store the formwork stripping date for each element, the
number of days when formwork should remain in place, and the number of days reshoring system

is required to stay in place for a horizontal element.

Table 3.5. Time parameters

Data

Type Category List

Parameter Name Description

Structural
Foundations,
Structural
Columns, Walls,
Structural
Number Framing, Floors,

Stairs

Structural
Framing, Floors,
Stairs

TIME Date_ Strip

The number of days formwork should

TIME Form ..
- remain in place

The number of days that reshoring

TIME_Shore should remain in place

Formwork parameters (FORM)

Formwork parameters stores information related to the contact area for vertical elements, contact
area for horizontal elements, weight ratios for formwork solution systems, and total weight of the
formwork used for forming and shoring concrete elements. These parameters are shown in Table

3.6.
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Parameter Name

Table 3.6. Formwork parameters

Description

Data
Type

Category
List

Calculated area of the lateral faces of Structural
FORM_Dim_Lateral a concrete element that are in contact ructura
. Foundations,
with forms. Structural
Calculated area of the bottom faces Columns
FORM_Dim_Bottom of a concrete element that are in| Area Walls ’
contact with forms. Struc m;al
Calculated area of all the faces of a Framin
FORM Dim Total concrete element that are in contact &
- - ] Floors, Stairs
with forms.
Structural
Weight ratio (kg/m? of lateral forms Foundations,
FORM Wt Form Lateral | for elements like walls, columns, Structural
beams, and foundations. Columns,
Walls
. . 2
FORM_Wt Form Bottom Weight ratio (kg/ m°) of a support Floors, Stairs
- - - formwork for horizontal elements.
. Weight ratio in kg/m of a beam
FORM_ Wt Form Linear support. Structural
FORM Wt Shore Linear Weight ratio in kg/m of a beam re- Framing
- = - shore system.
. . . 2
FORM_Wt Shore Bottom Weight ratio n kg/m? of a re-shore Floors, Stairs
- = - system for horizontal elements. Number
Structural
Foundations,
Weight of formwork for a concrete Structural
element. It includes stringers, joists, Columns,
FORM_Wt_Form_Total props, braces, wales, studs and other Walls,
accessories or hardware. Structural
Framing,
Floors, Stairs
Tl e e S
FORM_ Wt Shores Total |. ) Framing,
- = - includes the  props, braces, .
) Floors, Stairs
accessories, and other hardware.

Cost parameters (COST)

Cost parameters stores the rental rates for forming and shoring solutions. The total rental cost for

the forming or shoring solutions is estimated using Equation 3.1. Consumables like PVC tubes and
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cones (see Figure 3.11) for vertical elements are separately calculated using Equation 3.2. Table

3.7 show the cost parameters implemented in the formwork BIM model.

Rental cost = Contact area x Rental period x Rental rate

Consumables cost = Contact area x Consumables cost rate

Parameter Name

COST Rate Lateral

Table 3.7. Cost parameters
Description
Rental rates for Ilateral forms

including wales, studs, and hardware.
($/m2-day)

COST_Rate Bottom

Rental rates for horizontal support
including stringers, joists, props, and
bracing ($/m>-day). Sheathing not
included.

COST Rate Bottom Shore

Rental rates for horizontal re-shoring
system. ($/m?-day)

COST Rate Linear

Rental rates for beams support. ($/m-
day).

COST_Rate Linear Shore

Rental rates for beams re-shore.
($/m-day).

COST Rate Consumable

Cost ratio ($/m?) for consumable
materials like PVC cones and tubes.
Only for vertical elements.

COST_ Formwork

Total rental cost for formwork
systems based on Equation 3.1

COST_Shoring

Total rental cost for reshoring system
based on Equation 3.1. Only
applicable for horizontal elements
(beams and slabs)

COST_Consumable

Total cost of consumables based on
Equation 3.2. Only applicable for
vertical elements (columns and
walls).

Data
Type

3.1)
3.2)

Category List

Structural
Foundations,
Structural
Columns, Walls,
Structural
Framing, Stairs

Floors, Stairs

Structural
Framing

Number

Structural

Columns,

Structural
Framing, Walls

Structural
Foundations,
Structural
Columns, Walls,
Structural
Framing, Floors,
Stairs

Structural
Framing, Floors,
Stairs

Structural
Foundations,
Structural
Columns, Walls
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6 PVC plug
PVC tube.r

Figure 3.11 Formwork consumables

Automated creation of shared parameters.

Shared parameters can be used in multiple Revit families or Revit projects. Creating a shared
parameter manually in Revit involves the following steps: (1) create an empty file with “.txt”
extension, (2) create a group parameter, and (3) create a shared parameter assigning name,
discipline, and parameter type. For the BIM-based formwork management tool, 36 shared
parameters are needed, so the process must be repeated 36 times the first time the list of shared
parameters is created. The advantage of shared parameters is that once the list is created and

populated in the “.txt” file (see figure 3.12), this file can be shared with future projects and the

parameters do not have to be created again.

| JRR Parameters Testixt - Notepad — O %

Ele Edit Format View Help

b: This is a Revit shared parameter file. Q)
# Do not edit manually.

EMETA VERSION MINVERSION

META 2 1

*GROUP 1D NAME

GROUP 1 MODEL

GROUP 2 FORMWORK

GROUP 3 TIME

GROUP 4 PRODUCTIVITY

GROUP 5 CosT

*PARAM  GUID NAME DATATYPE DATACATEGORY GROUP VISIBLE DES

PARAM  268cbd@e-59dd-4199-9665-3ce787c535d0 MOD_Beam Depth TEXT
PARAM  ddbaaB24-ced3-428f-b443-9283b2055fe3 FORM Dim Bottom AREA

PARAM  21796c2b-674b-4fb6-8548-cbobc15be584  MOD_S_F/V/H TEXT

PARAM rA1AF230-3f0h-A3AR-a02R-G87adhahSdrD TTMF Nate Strin MIMRER %

< >
Ln 1, Col 1 100%  Windows (CRLF)  UTF-161E

Figure 3.12. Shared Parameters txt file.
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Automating the process for creating the 36 shared parameters reduces the probability of mistakenly
naming or assigning data type for the parameters. Any error at this stage could create conflicts
when using the Dynamo scripts downstream in the workflow of the BIM-based tool. Using
Dynamo, all the shared parameters can be created and assigned to the respective element category,
eliminating the need to recreate the parameters each time. Figure 3.13 shows the Dynamo script

for this task and Figure 3.14 shows the results when this script is executed.

OBTAINS CELLS FRCM SHARED
IMPORT DATA FROM EXCEL FILE SHEET OBTAIN PARAMETER, GROUP, TYPE, INSTANCE PARAMETER

——— : T - O o
| = : |
- EECTEEE | OBTAIN CATEGORY ; ;

Edit Shared Parameters *

Edit Shared Parameters =
Shared parameter file; Shared parametes file:
| D-PESKTOP PURDUETemis Purdueion F Brovise... CrogtE... Create-shared-parameters-from-Exce D5\DESKTOPYPURDUENTasis Purdya'0l F Browse... Creata..
Parameter grovg: ] Parameter qroup:
| .
{] . = Selecting XLS file || &=
TETETE = e List s Parameterd:
- COST_Conmumeble Fapneties
COST_Formmwark New...
COST_Rate_fotom
= COST_Rate_Battom_Shore Pt
1 COST_Rate_Consumable
Selecting sheet el :
COST_Rate_Linear e
COST_Rate_Linear_Share
fram tha VT Q fila COST_Shoring
Groups ] . Groups
Empty list of Heveer Populated list of T
i
R l« A Renome...
charad naramatara ehavadimaraotern
o Delete
=9 | Cance| Heip of | Carical Help

Figure 3.14. Results of running Dynamo Script for creating shared parameters

Automation for creating project parameters.

A project parameter in Revit is a container of information that is defined by the user and then
added to multiple categories of elements in a specific project in Revit. Project parameters can be
created one by one or can be massively loaded using a shared parameter file to avoid creating all
the parameters again for each project in Revit. Project parameters are assigned to a list of elements’

categories using the following steps: (1) create or select shared parameter (if the parameter is
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created, then assign name, discipline, type of parameter, and parameter group), (2) define if the
parameter is specific for every instance and not for a Revit family, and (3) select all the categories
that have this parameter. This process could be time consuming considering the 36 project
parameters that are required. Also, any human error in assigning the categories for each parameter
can impede the workflow of the BIM-based formwork management tool. Figure 3.15 shows the
empty list of project parameters before running the Dynamo Script for automating project

parameter creation and the results of using this script.

Project Parameters PaQl Uvnamo Player Project Parameters P

Farameters avallable to elements in this project: Parameters available to elements in this project:

[cos_corsumable PRI

r COST_Formweork
Selecting XLS file COST Rata_Bottom

COST_Rate_Rottom_shore
COST_Rate_Consumable
COST_Rate_Lateral Remove
COST_Rate_Linear
COST_Rata_Linear_Shore
COST_Shoring

XLS file FORM_Dim_Battom Populated
FORM_Dim_Lateral " ¢ .
: FORM_Dim_Total 1st of project |
Empty list of | FORM_Wt_Form_Bottam proj |
FDRM_Wt_Form_Lateral
project parameters | FORM_Wt_Form_Linear
FORM_WWt_Form_T otal v

Frmea taw cheen Poaskess

Cancel Help Cancel Help

Modity...

Selecting sheet from the

e S

Figure 3.15. Result of running script for creating project parameters

3.4. Auditing the BIM model for formwork management
In Revit, structural elements have joint priorities, this joint priority is related to the placement of
one element over others, based on the location of the joints. In Figure 3.16 the placement of the
floor element has priority over the placement of the beams and the column, and in Figure 3.17 the

placement of the column has the priority over the placement of the floor and the beams.
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Figure 3.16. Floor priority over beams and Figure 3.17. Column priority over the floor
columns and beams

Since a BIM model can be generated without considering that columns have the greater joint
priority placement, over the beams, and the beams over the slabs, the first step is aligning the
model to the priority hierarchy of joint placement before running the Dynamo scripts. Changing
joint placement priorities can be done manually in Revit with “switch priority” tool but since
project has many “joints’, this process should be automated. Figure 3.18 shows the results of
running the Dynamo script developed for changing the priority of the placement of structural

elements. The inputs are the category of elements that will “switch” the order of priorities.

JRR_Element-Priority

B

, Category priofity L

“Category priority 1" will have joint priority

wlannmmnnt avrae M abnwmnmr meinnibcr D

Figure 3.18. Results of running Dynamo script to switch element priorities
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Vertical elements such as columns and walls are commonly built in two phases: in the first phase
the vertical concrete element is poured only until the bottom of the horizontal element that
intersects with it, and in the second phase the placement of the remaining vertical concrete element
is completed once the horizontal elements are placed. If the columns and walls are modeled without
this consideration (two phases of concrete placement), the BIM model can be edited using the
“Split element” tool of Revit to divide all vertical element in two pieces, one for each concrete
placement phase. If the BIM model was already modeled having this consideration, then there is
no need to use the “split element” tool. Also, there may be cases as shown in Figure 3.19, where
the columns are poured in one single phase since the columns are adjacent to steel beams, and
hence, there is no need to “split” columns. Similarly, Figure 3.20 shows a monolithic wall -slab

system, where there is no need to split walls into two phases.

Figure 3.19. RC column and steel beam Figure 3.20. Monolithic structure with tunnel
connection formwork

The process of “splitting” vertical elements could be time consuming if it is done manually using
“split element” tool in Revit. To address this challenge, a set of tools for “splitting columns and
walls” was prepared using Dynamo. This tool set considers the options to split vertical elements
by selecting one single element, by selecting multiple elements, by selecting all elements in a
specific level or selecting all elements in the model. Figure 3.21 shows the results of the Dynamo
script for splitting columns and Figure 3.22 shows the results of running the script for splitting

walls.
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Tools set of Dynamo

scripts for splitting

JRR_Split_All_Walls

S

JRR_Spht_Wall

B/

1RR _Spiit_Wall=

= P

4 TRRA_Spit_Walls by_Level

B

Tools set of Dynamo

scripts for splitting

Figure 3.22. Results of Dynamo script for splitting walls.

The logic of the Dynamo script for splitting columns is: (1) select all columns, (2) for each column
find the adjacent beam with the lowest bottom level, and (3) use the “Z” coordinate of this beam
bottom level to “split” the column. Columns are created in Revit using the vertical axis that passes
through the centroid of the column solid. In Revit, this vertical axis is named “curve”, and defines
the height, start point and end point of the solid for 3D modeling the column. For “splitting” a
column the process is: (1) generate two new “curves” to define the two new “columns” (one for
each concrete placement phase), (2) generate the new two columns using these “curves” as
generating path, and (3) delete the original column from the Revit model. A similar process is
followed for the walls. However, since the “wall curve” is only the horizontal axis or path of the
wall, instead of splitting the wall “curve”, a new wall for the “joint” element (wall and slab

intersection) can be created in which the height will be defined by the slap depth. The “top offset”
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of the original wall is then adjusted to the bottom of the adjacent slab. Figure 3.23 shows a high-
level view of the nodes and workflow for splitting all columns in a BIM model using Dynamo.

Obtain from y
! Delete Original Column

column: "Level", Makr sure ——— — —
"Type" and all.gata — — == == : -
“Coordinates” = Batean ttatng =
= ____Obtain from column:— pracessed curves fat  craating gSsiyn Farameiey
Select All Columns = i __minimanrand-magimum hefore new Split new for Joint - Column
===, e —— P e - 11 e W ; Columns solit g
e — e = e e - deleting. - pi = =
; iz e - e calumns
1 ———— = L e
| Get all beams by level SR Assign Para_metet
Select all abaove column Al Bakmisat ; e ==t for Joint - Column
Beams —  Obtain bottom Z - value 4= —— e R .

seiodnd f.?..lf.m beam with biggest depth = =

il N —— W W

| — B
— e, M- + = ———

Figure 3.23. Dynamo Script for splitting all columns in the BIM model.

3.5. Work zoning process using BIM.
The objective of the work zoning process is balancing the workload between the work zones to
reduce the variability of labor hours across different work zones. For this task, Revit has available
the “schedules/quantities” tool. Since the BIM model is enriched with parameters related to steel
reinforcement quantity ratios (kg/m?), it possible to compute the quantity takeoffs for steel
reinforcement using Equation 3.3 or using Equation 3.4 in terms of the “MOD parameters”.
Steel reinforcement quantity takeof f = Steel ratio (kg/m3) x Concrete Volume (m3)(3.3)
MOD_Steel = MOD _Steel Ratio x Volume (3.4)

Since the BIM model is enriched with parameters related to productivity, it is possible to estimate
the total number of labor hours for installation of each element, based on the quantity takeoffs and
productivity index parameters of each element in Revit. Equation 3.5 is used for estimating the
total quantity of labor hours for installation of each element, or the equation 3.6 in terms of the
“PROD parameters”.

Total labor hours = PyxQ, + P,xQ, + P3xQ; (3.5)
Where:
P; = Concrete productivity index in terms of (hours/m?)
P> = Formwork productivity index in terms of (hours/m?)
P3 = Rebar productivity index in terms of (hours/kg)
Q1 = Concrete volume in terms of (m?)
Q. = Formwork area in terms of (m?)

Qs = Rebar in terms of (kg)
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PROD_Labor = P;xQ; + P,xQ, + P3xQ3 (3.6)
P; =“PROD_PI Conc”
P> =“PROD_PI Form”
P3 =“PROD_PI Steel”
Q1 =“Volume”
Q2 =“FORM_Dim_Total”
Q3 =“MOD _Steel”
A quantity takeoff summary for each work zone could be generated converting all the BIM
elements into “Parts”. A “Part” element inherits the parameters of the parent elements from which
it was generated. Revit cannot combine in a “Schedules/Quantities” table elements type “host”
(“Walls” and “Floors”) with elements “Family Type” (“Structural Foundations”, “Structural
Columns”, “Structural Framing”), but converting all the elements as “Parts” then a

“Schedules/Quantities” table can be generated as shown in Figure 3.24.

Work Zone Leveling

A B c D i E | F | ©
Work Set!  Level | Work Zone | Concrete (m3)! Steel (kg) | Formwork (m2) | Labor hours

WS1 | Level 1 WZ1 | 62.007 929924 92 99 63773
Level 1 w7z 76531 4072001 3979 302 51

Levei i WiZz ™ 1768 273 T3 36 &3 33 13

Level 1 WZs £33 405750
e . s

Level 2 W2 24580 394565 36.87 738 18

Level 2 WZ3 1671 265865 2506 194 51

Level 2 Wz 3358 634164 &0 36 391 16

Level 3 WZT 5679004358 £368 B57.03

Level 3 Wiz 24581 36458 36 87 TR

T e Sl g e

Level 3 Wzi 33580 534164 0 36 391 46

Grand total- 112 40513 63,528 47 ROTES 466241

Figure 3.24. Work zone leveling using Parts and multicategory schedules

When concrete placement is planned, work zones are delimited by construction joints. However,
when formwork installation is considered, each horizontal element should only be assigned a
single work zone parameter value. Even though the construction joints are not used to “split”
elements for formwork work zoning, these imaginary lines can be used for projecting them to the
rest of the building floor plans and assigning work zones for every element. Using a Dynamo
script, the work zoning process is automated using the following steps: (1) identifying to which

work zone each element pertains, and (2) assigning the work zone name to the parameter
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“MOD_WorkZone” for each element. The results of using this Dynamo script for work zoning are

shown in Figure 3.25.

bynamo Player

N
JRR_Waork_Zoning_Horzontals
E / Ready

& work zores
-\/

o

v Work Zone parameizr name

MOD_S_WorkZens

Green lines are inputs o+ Selectlayour boundary
i Select | Select the green line boundary

drawn by user R

i Select Model Flements

Select the green lines that

| Select
Elements : 420940 421123 e R T A R e R L e
o Maxdepth(Zm)
20
v Level Offset

03

_Story_Model_Work-Zonning rvt

Figure 3.25. Results of running Dynamo script for work zoning

The workflow of the Dynamo Script for classifying each element in its respective work zone
consists of creating a solid boundary for each work zone, collecting all the elements that are
contained by each solid boundary and assigning to all these elements the corresponding work zone
value (“WZ1”, “WZ2”, WZ3”, “WZ4”). Figure 3.26 shows a general view of the Dynamo script

design for work zoning a BIM model.
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Create layout borders for

work zonnin Z from each work  Mowve Work Wark Zone Parameter
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—_— e ———— fone of Ihe imalll-l 20"; 1D|af'l|95 t0  Creates solids boundaries for each work zone name for each et
. . layout plan level each leve —
Create vertical planes that -I- g s e e | ~ . —— e N _H‘-“'k .
define work zones { | e P s T T r R i

Z value for each level boundary

oo 2s

g

- Set h_‘or_k Zana parameter Found__éi[dns

eyl o o
Sgt Wosk Zone-parameter 'fm!\ Columng
—_—d——_._— | —

D ' =
Set Work.Zone parameter for M’atis
e e e
Set Work! Z.oné'p@rarneter for Beams:, '.
e T e o I memw s

Set Work Zone parameter for Slabs.
P —_ e — _ _ _ J—

Set Wark: Zonél parameter for Sta.l'rs

Figure 3.26. Dynamo Script for work zoning elements

3.6. Formwork modeling automation

As shown in Figure 3.27, an input for the formwork modeling script is the “Revit materials™ that

will be used to represent each formwork solution type and each “material” type is coded in a

different color. Figure 3.27 shows the Dynamo script for creating a list of “Revit materials” and

Figure 3.28 shows the results of running the script. This script needs as inputs a file path for an

Excel file as well as the sheet name of the Excel file for reading the information. Using this

information, the characteristics of the materials (name, appearance, and color) are generated. For

instance, “Formwork Beam” is blue, “Formwork Column” is red, etc. (see Figure 3.28 and 3.31).
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RATHER THAN LIST.COLINT, ::I;} = ERD.&LE’S‘BQREMCY
-.\ W N3] = SURFACE COLOR
\ L7\ INi4] = CUT COLOR
i ; | INIS] = USE RENDER APPEARANCE [VES/!
NAMES g = |
CHOOSE EXCE — =]
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Figure 3.27. Dynamo script for creating materials.
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Figure 3.28. Results of running Dynamo script for creating materials

For a LOD 200 formwork modeling, the use of the “Generic Models” category could be sufficient
for obtaining a general idea of the shape and location of formwork as well as the formwork area
for each element in the BIM model (columns, beams, etc.) In Revit there is no tool available for
computing formwork areas, so the computation must be done manually for each element. A
common practice to use Revit for computing formwork surface area is using the “Paint” tool to
apply a “material” coat to every surface that need to be formed. This process could be time

consuming since a building has many surfaces that need to be formed.
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A part of the Dynamo script for estimating the formwork area of each element is shown in the
Figure 3.29. The general idea of the script is to create a solid with the union of all the elements
that comprise the concrete frame of the building, and then isolate the faces that should be covered
by forms from the ones that should not. Then the areas of theses faces are obtained and stored in
the parameter “FORM_Dim_Lateral” if the faces represent the lateral formwork, and in the
parameter “FORM_Dim_Bottom” if the faces represent the formwork for the bottom side of the

element.

FOUNDATIONS! FORMWORK GENERATOR

Figure 3.29. Dynamo script for modeling and calculating the formwork area of a foundation.

Figure 3.30 shows an example of a foundation in Dynamo where the blue faces are identified by
the Dynamo script as the faces that need to be formed and the black dots are the center point of
each face. In Figure 3.32 are shown the results of running the script for modeling formwork
surfaces and calculating the formwork area of each element and storing this value it in the

corresponding formwork area parameters.

Figure 3.30. Dynamo view of the surfaces that represent the formwork for a foundation.
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BIM model before formwork — .

mndalic~

Formowork modeling with concrete/

elements turned off. view.

Figure 3.31. Results of running Dynamo script for modeling formworks.

3.7. Populating parameters using Dynamo
Section 3.4 described the process for creating all the “project parameters” in Revit. This section
describes the process to enrich these parameters fields with values.
Populating MOD parameters
The MOD parameters do not need any external input, since all the data necessary for populating
these parameters is already present in the BIM model as Revit built-in parameters. Figure 3.32
shows the Dynamo script for populating the “MOD parameters” and Figure 3.33 shows the results

of running the Dynamo Script.
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Figure 3.32. Dynamo script for populating MOD parameters
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Figure 3.33. Results of running Dynamo script for populating MOD parameters

As shown in Figure 3.33 not all the MOD parameters are populated since the “MOD_S WorkZone”
parameter is filled in using the “JRR Work Zoning Horzontals.dyn”, the “MOD S Code”
parameter is populated wusing the “JRR Import-Dates-from-Excel.dyn” and the
“MOD _Steel Ratio” and “MOD_Steel”  paratmers are completed using the
“JRR_Rates&Ratios 01 Steel.dyn”. Figure 3.34 shows the results after running the scripts for
“MOD”, for “TIME” and for “Steel Ratios”. The default reinforcement steel ratios used for this
application are shown in Table 3.8, but these values can be customized according to user

preferences.

82



Properties X Properties X Properties b4

I M_Concrete-Rectangular-Column o I ML ete-Rectangular-Column L I M_Concrete-Rectangular-Column =)
450 % 600mm 450 %600 450 x 600mm

Structural Coturmns (1) | PE Edit Type  Structural Columns (1) =) P — o - B Edit Type
Earetracen &, Construction B~ Canstruction P
MOD_Element Column il MOD_Element Calumn ! MOD_Flemant Column
MOD_Height D Tl MODMeight D Ly TMOB gt T
MOD.S_Level E; 7§ MODS Level L3 | MODS_Level 3
MOD S WorkSet W51 MOD_5 Warkset W51 MOD_S_WorkSet W51

MOD S WorkZone WZ4 MOD_5_WorkZane WZ4

T e i A T -

MOD_S Code W51-L3-WZ4-V I MOD_5_Code W51-13-WZd-V

MOD_Steel. Ratio 210.000000 ‘
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Figure 3.34. Results of running MOD, TIME, and STEEL Dynamos scripts

Table 3.8. Default steel ratios

Code Description Ratio Unit
MOD Steel Ratio Foundation 60 kg/m3
MOD Steel Ratio Column 210 kg/m3
MOD Steel Ratio Wall 190 kg/m3
MOD Steel Ratio Beam 160 kg/m3
MOD Steel Ratio Slab 120 kg/m3

Populating TIME parameters

The input for running the Dynamo Script that populates “TIME” parameters is an Excel file that
contains all the TIME parameter values and the name of the Excel sheet in this file. Figure 3.34
shows the schedule prepared as an input for calculating the stripping dates for each work zone.
These dates can be exported to an Excel file that will be used as an input for the Dynamo script
that stores the data in the corresponding “TIME” parameter to enrich the BIM formwork model.
Figure 3.35 shows an VBA Excel Macro that is used to automate the generation of the schedule
structure. This VBA Excel Macro uses the following data as input: (1) number of stories in the
building, (2) number of work zones per level, (3) duration to assemble vertical and horizontal
formwork, and (4) durations for concrete elements to gain sufficient strength before forms are
stripped.

The VBA Excel Macro will generate the structure of activities that will be used to “copy” and
“paste” the values from the Excel Sheet to the MS Project schedule and generate the dates for each
work zones as shown in Figure 3.35. Figure 3.35 and Figure 3.36 match perfectly, as can be seen

in the first 9 activity lines (first 9 rows in Excel and MS Project), since the VBA Excel Macro
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creates the field values for “Task Name”, “Duration”, “Task Calendar”, and “Predecessors”
necessary for the MS Project schedule. In the MS Project file, two “calendars” were implemented:
(1) “Standard” calendar that only considers working days from Monday to Friday, with exception
of holidays, and (2) “Formwork™ calendar that considers each day of the calendar as a working
day. The reason for having two calendars is that the “Standard” calendar will be assigned for the
formwork assembly activities, and the “Formwork™ calendar will be assigned for the time concrete

needs to gain strength.

Li] Task Narme - DumBlon = TatkCalendal  « Predecsscn » Coie w Fitish » BesouceNames~ Ad T 8 & M-T-W|T F 5 8 M T'W T F 5 5 /MT
| Ry m WS1.L1IWZ.1-V I day Standard 1 Mar 1 Mar |
2 Ey wm I day Fopmwork 1 1 Mas 2 Mar 2 [
By wm 3 days Standard 2 4 Mar 2 Mar 5
4 By 9w 7 days Formwork 3 7 Mar § Mar 12
= 1 day Standard 1 1 Mas 2 Mar 2
5 By = 1 day Fermswork 5 1 Mas 3 Mar 3 T
PRy wm 3 days Standard 6 i Mas 3 Mar 8
- WSI1-LI-WZ-2-H 7 days Formwork 7 7 Mar § Mar 15
(= Y WS1-L1IWZ3<V I day Standard 5 1 Mar 3 Mer 3
Figure 3.35. Schedule generated in MS Project to estimate stripping dates.
| A B £ L E I K [GEs H L S S, K L b
Tl
2 Task name | Duration | Task Calendar Predecesors
3 | WS1-L1.WZ1-V L Standard [ BUILDING DATA
4 | WSI-L1-WZLY I Formwork 1 CREATE ACTIVITYLIST | #oflevels = 3,00
5 | WS1-L1-WZ1-H 3 Standard 2 # of work zones | level = 4,00
T Fenmwork 3
I Standard 1 DURATION
1 Formwork 5 CLEAR DATA Vertical fornrwork erection time (working days) = 100
k) Standard a Time for vertical elements for curing concrete (ealendar days) = 100
T Fosrwork 7 Horkzontal fonmwork assembly fime (working days) = 3.00
1 Standard | Time for horizontal elements for cuving conerete {ealendar days) = 7.00
Z| 1 Fonmwork o
13 | WS1-L1-WZ3-H 3 Standard 10 CALENDARS |
14 | WS1-L1-WZ3-H 7 Farmwark 11 Calendar name considering weelends and holidays = Standan |
13 | WS1I-L1-WZ4-V I Standard 9 Colendar name for renting formwork = Tormwark
Figure 3.36. VBA Excel Macro for creating Schedule Structure of activities to generate MS

project schedule.

Figure 3.37 shows the results of importing the data of the excel file into the Revit “TIME” field
parameters. Since Revit does not have a data type for dates, a numeric format is used. For example,
in Excel the value “0” is represented as the date “1/1/1900”. So, then the value “44279” shown in
Figure 3.37, is equivalent to the date “03/24/2021”. Figure 3.38 shows the Dynamo script for
populating “TIME” parameters.
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ropertiss h ) iy
WSIL2-WZ2-V 2 0 4426400 Propertizs help Apnly }

Figure 3.37 Result of running Dynamo Script for populating dates and time
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COLLECT ALL CATEGORIES FROM MODEL
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SHEET = ; [ 1)

NAME —/

Figure 3.38. Dynamo Script for getting dates and durations.

Populating FORM parameters

FORM parameters are completed using two Dynamo scripts. The first script was described in the
section titled “Formwork modeling” section. The second script is used for obtaining the formwork
weight ratio (kg/m?) for each formwork solution from an Excel file source. The results of the
Dynamo script for obtaining the formwork weight ratios are shown in Figure 3.39 and the default
values for weight ratios of formwork solutions are shown in Table 3.9. Figure 3.40 shows a general

view of the Dynamo script for populating the “FORM_Wt” parameters.
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Properties

M_Concrete-Rectangular-Column
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v | 3 Edit Type

* Y .

<C
ol @ E:__ﬂ-‘ssa.r:-*.'._ 12_weght

R
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FORM_Dim_Total 8858 m*
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Properties help

The “FORM_Wt Form Total” is computed using Equation 3.7:
FORM Wt _Form_Total =A+ B

Where:

M_Conarete-Rectangular-Column

450 » 600mm

| Structural Columns (1)

FORM_Dim_Lateral

5808 m*

FORM_Dim_Bottom

FORM_Dim_Total

FORM_W1t_Form_Lateral

Properties help

Figure 3.39. Results of running "Weight ratios" script

A = (FORM_Dim_Lateral) x (FORM_Wt_Form_Lateral)
B = (FORM_Dim_Bottom) x (FORM_Wt_Form_bottom)
Table 3.9. Weight ratios for formwork solutions

CODE ELEMENT WEIGHT
FORM Wt Form Lateral | Foundation 100 kg/m?
FORM_Wt Form Lateral | Wall 100 kg/m?
FORM Wt Form Lateral | Column 65 kg/m?
FORM Wt Form Bottom | Floor 45 kg/m?
FORM Wt Shore Bottom | Floor reshoring 10 kg/m?
FORM Wt Form Lateral | Beam side 70 kg/m?
FORM Wt Form Linear | Beam support 100 kg/m
FORM Wt Shore Linear | Beam reshoring 50 kg/m

FOUNDATION - FORMS WEIGHT

(3.7)

Figure 3.40. Dynamo script for estimating formwork weight for foundations.

Populating PROD parameters

The PROD parameters are populated using an Excel file where all the data of the productivity

indexes are stored. The results of running the Dynamo script for filling up the PROD parameters
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are shown in Figure 3.41. Figure 3.42 shows a general view of the Dynamo script for populating

13 2
PROD” parameters.
# @ AR fatesBRatios. 3 _Productivity . i
M_Concrete-Rectangutar-Celumn =| Bs | M_Concrete-Rectangular-Column 4
450 % 600mm = %aih 450 % 600mm
|Structural Columns [1) « | HE Edit Type hasi A of b 11 Structural Columns (1) + | 8 Edit Type
PROD_PIConc ! i PROD_PI Conc 1500000 fia
PROD_PI_S | PROD_PI_Form 1.550000
g PROD_PI Steel 0.045000
PROD_Labor FROD_Labor £7.885125
Propertias help Properties help Apiply

Figure 3.41. Results of running Dynamo script for filling up PROD parameters

The parameter “PROD_Labor” is computed using the Equation 3.8.
PROD_Labor =A+B+C (3.8)
Where:
A = Volume x PI_Conc x PROD_PI_Conc
B = FORM_Dim_Total x PI Form x PROD_PI Form
C = MOD _Steel xPI Steel = PROD_PI Steel

The default productivity indexes used for this application are shown in Table 3.10. These values

could be customized upon user preferences.

Table 3.10. Productivity indexes references

CODE Description Unit LH/unit
PROD PI Conc | Concrete productivity index m’ 1.50
PROD_ PI Form | Formwork productivity index m? 1.65
PROD _PI Steel | Rebar productivity index Kg 0.045
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Figure 3.42.Dynamo Script for estimating labor hours.

Populating COST parameters

The last group of parameters are the “COST” parameters which are populated using two Dynamo
scripts. The first script fills the parameters related to consumables, and the second one is
incorporates the rental rates ($/m>-day) for each formwork solution and corresponding reshoring
system rental rates ($/m>-day).

The script named “JRR_Rates&Ratios 04 Consumable.dyn” retrieves data from an Excel file
where all the ratios for estimating the use of consumables are stored. Table 3.11 shows default
ratios of cost for estimating the use of consumables like PVC cones and PVC tubes or other
materials that are either used once or have few uses. These values could be customized according

to the historical data according to user preferences or formwork providers’ references.

Table 3.11. Referential ratios of cost for estimating consumables.

CODE Description Unit Slnsg/llflzu 3¢
COST Rate Cosum_Single Wall m? 0.13
COST Rate Cosum_Single Column m? 0.13
COST Rate Cosum_Single Beam m? 0.13
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Using the cost ratios and the lateral area, the cost of consumables can be estimated using the
Equation 3.9. Figure 3.43 shows the Dynamo Script for estimating formwork consumables cost,
and Figure 3.44 the results of using the script for estimating consumables cost.

COST _Consumable = COST_Rate_Consumable x FORM_Dim_Lateral (3.9

CONSUMABLE RATES

Element.SetParameterByName

element > Element _\ Element SatParamaterByName
parameterfame ? m element > Element
value > COST Comsumable = parameterilame >

AT 1t

String

COST_Rate Corsumable >

value >

Code Block
ala[3][e]; >

Figure 3.43. Dynamo script for estimating consumable cost.

G -

< 7
Properties x @ ;"/-""”"“:"':::'-"'-"""'"":"":: Properties X
M_Concrete-Rectangular-Column o | = W 1 M_Concrete-Rectangular-Column =
450 % 800mm = x 450 % 600mm
\Structural Columns [1) - | 5 Edit Type i | Structural Columns (1} « | 58 Edit Type
COST_Rate_Lateral | g - COST_Rate_Lateral A
COST Aate Consumable I8 COST Rate Consumable 0128571 i
COST_Formwork COST_Formwaork |
COST_Consumable COST_Consumable 1743064 | i

Propetties heip

Figure 3.44. Results of running script for estimating formwork consumables cost

The script named “JRR_Rates&Ratios 05 Cost.dyn” retrieves the information regarding the
rental cost for different solutions of formwork systems. The coding of rental costs is based on
common bidding practices of formwork providers. Table 3.12 and Table 3.13 show the formwork

rental costs for several formwork solution systems.
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Table 3.12. Rates for renting formwork solution systems

Description of .. | $/m2/day $/m2/day $/m2/day

CODE Solution Unit. | =g D T
COST Rate Lateral Formwork Foundations | M2 0.95 - -
COST Rate Lateral Formwork Column m2 0.57 0.29 0.40
COST Rate Lateral Formwork Wall m?2 0.57 0.25 0.28
COST Rate Bottom Slab Bottom - Support | m2 0.03 0.02 0.02
COST _Rate Linear Beam - Support m 0.53 0.43 0.46
COST_Rate Bottom_Shore | Slab - Reshoring m2 0.01 0.01 0.01
COST Rate Linear Shore | Beam - Reshoring m 0.27 0.21 0.23

Table 3.13. Rates for renting beam lateral formwork solution systems

Description of .. | $/m2/day $/m2/day $/m2/day $/m2/day
CODE Solution | VM| T 2 T3 T4
COST Rate Lateral | Formwork Beam | m2 0.28 0.24 0.09 ‘ 0.05

The total rental cost for formwork equipment can be estimated using Equation 3.10.
COST_Formwork = C1+ C2 + C3 (3.10)

Where:

C1l = COST _Rate_Lateral x FORM _Dim_Lateral

C2 = COST_Rate _Bottom x FORM _Dim_Bottom

C3 = COST_Rate_Linear x FORM _Dim_Linear

The total renting cost for the re-shoring equipment can be estimated similarly using Equation 3.11.
COST_Shoring = C1+ C2+ C3 (3.11)

Where:

C2 = COST_Rate_Bottom_Shore x FORM_Dim_Bottom

C3 = COST_Rate_Linear_Shore x FORM_Dim_Linear
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Figure 3.45. Dynamo Script for estimating renting cost of column formwork.

The results of running the Dynamo Script named “JRR_Rates&Ratios 05 Cost.dyn” are shown
in Figure 3.46.

Properties Properties x

=
I M_Concrete-Rectangular-Column | M_Concrete-Rectangular-Column

450 % 600mm 450 % 600mm
Structural Columns (1) « | B8 £ait Type :Structural Columns (1) « | 58 Edit Type
COST_Rate_Lateral A COST_Rate_Lateral 50.285]"14 | fal
‘COST Rate Consumable 0128571 COST Rste Corsumable  0.128571
 COST_Formwnrk | COST_Formwaork 5084286 [l
COST_Consumable 1.143064 [~ || digees L

Properties heip

Figure 3.46. Results of running script for estimating formworks renting costs

Summary

A summary workflow is presented in Figure 3.47 to highlight the sequence of using different
Dynamo scripts, Excel files and MS Project files developed for this thesis. Each box groups a set
of tools with a common process. These boxes represent processes in the BIM-based tool that have
been described in this chapter. An image of the result using a 3-story building sample is shown at
the end of the workflow. All blocks are interconnected with arrows that represent the flow in

which each tool has to be executed.
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Figure 3.47. Flowchart for using Dynamo Scripts and Excel files
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4. EVALUATION OF THE FORMWORK MANAGEMENT TOOL

Chapter 3 described the first phase of the BIM-based formwork management tool, and focused on
BIM formwork modeling and enrichment with formwork related data of the BIM model. Chapter
4 describes the second phase for the use of the BIM-based formwork management tool, which is
the utilization of the BIM model generated the during first phase, for multiple cost and time
analyses. The cost and time analyses include: (1) the computation of quantities of rebar, formwork,
and concrete, (2) the formwork cost analysis which involve the estimation of the average formwork
unit cost including cost of labor, formwork rental, plywood, consumables, and freights, (3) the
computation of other formwork KPIs like rotation factor and formwork efficiency, (4) the
formwork demand profile that will allow the user to estimate how much formwork should be
delivered to the jobsite, and (5) the generation of color coded layouts for multiple purposes like
tracking formwork removal dates and work zoning. At the end of this chapter, two case studies

are presented and the results of using the two-phase implementation BIM tool are explained.

4.2. Roadmap for using the BIM-based formwork management tool.
Chapter 3 focused on the first phase of the BIM-based formwork management tool, which involves
the development of a BIM model that is enriched with geometric (height, depth, volume, area, etc.)
and non-geometric (weight, cost, productivity, installation time, etc.) data related to formwork.
Chapter 4 covers the second phase of this tool and focuses on how the BIM model developed in
the first phase can be used for formwork management. Figure 4.1 shows a roadmap for the
implementation of the six steps used in phase 2. Each column in this figure represents one step that
could be implemented using the BIM model as the unique input. Each process has a different
output and not necessarily every process needs to be implemented, also every column is
independent of the others, so their sequence does not represent the order for application.
Implementation of each of the processes will depend on the user’s requirements. At bottom of each
column of the roadmap the main purpose for each process (controlling, planning, benchmarking,
procurement, preconstruction, and tracking) is defined. The heading of each column in the
roadmap is related to a specific section in this chapter where the process is fully detailed. For

implementation of the second phase of the BIM-based formwork management tool, different
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software packages and specific tools are required. These software packages and tools are
represented with an icon next to box that represent each input, process, or output in the roadmap.

For better understanding a legend describes the icons at the bottom of Figure 4.1.

94



ROADMAP FOR BIM-BASED FORMWORK MANAGEMENT TOOL: Phase 2
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Figure 4.1. Roadmap for second phase of the BIM-based formwork management tool
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4.3. Generation of schedules and quantities

According to (Autodesk Help, 2021), a schedule in Revit is a tabular representation that displays
any type of element in a BIM model and list all the instances of the type of element selected or
grouped instances based on a designated criterion. Two types of schedules are commonly used for
preparing a quantity takeoff summary: “quantities schedule”, and “material takeoff schedule”.
Quantities schedules and material takeoff schedules for formwork systems can be used for
reviewing the quantities of the invoices presented by a subcontractor or by the formwork supplier.
Also, these schedules can be used for preparing the billing quantities that will be presented to the
owner, and for generating progress reports related to formwork.

Quantities schedule

This type of schedule is recommended when there is no need to consolidate all element types in a
single table. In this type of schedules, the user can select multiple categories (‘“Multi-Category”)
for a single table, but only if the category is a “family type” component. Of all the structural
elements, “Structural Foundations”, “Structural Columns”, and “Structural Framing” are
considered “family type” components. In contrast, “Walls” and “Floors” are considered “host”
components and cannot be combined with “family type” components in the same table. Figure 4.2
shows the “Multi-Category” selection option for a new schedule, and Figure 4.3 shows the results
of applying this “Multi-Category” selection option. The quantities schedule for “Floors” and
“Walls” must be generated separately. An alternative option is converting all the elements (family

and host components) into “Parts” like the process described in Section 3.5 for work zone leveling.
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Figure 4.2. Multi-Category option for creating a Figure 4.3. Result of creating a Multi-
new quantities list/schedule Category schedule

Materials takeoff schedule

An option for creating a single summary table that contains all formwork solution systems (family
components and host components) is using the “materials takeoff schedule” option. Figure 4.4
shows how to create a “New Material Takeoff” schedule using the category “Generic Models”.
Formwork were modeled using a Dynamo Script in Chapter 3, using the category “Generic Models”
for “direct modeling” by thickening the faces of the solid that represent a formwork contact area.
To differentiate between formwork solution system in the “materials takeoff schedule”, each
formwork solution system has a different “material” property in Revit. Since each formwork
solution system was modeled considering a different “material” property, a summary breakdown
table can be generated using the “material takeoff schedule” tool. Figure 4.5 shows the results of
generating a “material takeoff schedule” considering as fields for the table the “Material: name”

and the “Material: area”.
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Figure 4.5. Results of creating a New Material

Figure 4.4. Creating a New Material Takeoff schedule

Takeoff schedule

4.4. Formwork cost analysis & KPIs
Formwork planning may include: (1) selecting the formwork provider, (2) estimating the
formwork cost for bidding, (3) estimating the quantity of plywood sheets that will be required for
executing the project, (4) estimating the number of trucks that will be necessary for transporting
all the formwork components to the jobsite and back to the supplier warehouse, and (5) computing
formwork KPIs for benchmarking. Since the BIM model is available from the first phase of the
BIM-based formwork management tool, the following summaries can be generated automatically
using Dynamo scripts: (1) quantities takeoff summary, (2) quantities takeoff summary for every
formwork solution system, (3) maximum set size for every formwork solution system, and (4)

formwork management KPIs (rotation factor and formwork efficiency).

4.4.1. Quantities takeoff summary for RC structure components
RC structures have three main components: (1) steel reinforcement, (2) formwork, and (3) concrete.
Since steel reinforcement is not modeled in the BIM model, the approximate quantity of steel
reinforcement can be determined by using ratios based on the concrete volume. The steel
reinforcement quantity was included as a numeric parameter named “MOD_Steel” in the BIM
model, so the total quantity of rebar can be computed by adding the value of every element for the
“MOD Steel” parameter. Similarly, the total formwork area can be determined by adding the value
of every element for the parameter named “FORM_Dim_Total”. Likewise, the overall sum of the

values of the parameter “Volume” for all the elements in the model will represent the total concrete
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volume in the project, and the total amount of labor hours can be computed using the overall sum
of the value of the parameter “PROD Labor” for every element in the model.

A Dynamo script named “JRR 01 QTO_Summary.dyn” was developed for automating the
computation of this summary of quantities for the entire project. Figure 4.6 shows the workflow
of this Dynamo script. The script is used to select all RC elements, create a list with these elements,
obtain the parameter values of the elements in the list regarding three parameters (Volume,
FORM Dim_Total, and MOD _Steel), then separate all these values into three sub lists (one list
for Volume, one for FORM_Dim_total, and one for MOD _Steel), and then add the values in each
sub list. The results are then presented in a “Task Dialog” window using a python script node.

Figure 4.7 presents the results of running the Dynamo script for determining the quantities takeoff

summary for the entire project.

ADDING ALL QUANTITY VALUES
T

SELECT ALL CATEGORIES ’

== Ik

P e e DIALOG
CREATING A LIST

Pythan Seripc

m_f

/
Swfutir ol Frae

Dynamo For Revit - QUANTITY TAKE OFF SUMMARY x

Concrete and formwork quantities are determined
using the model geometry, but steel reinforcement
quantities and labor hours are estimated using
ratios.

Caonerete volume {m?): 401.63
Formwork Area (m?): 1,680,553
Rebar (kg): 54,536491

Labor (hours): 5,849

Click here for the Dyanmo Script Developer Center

Figure 4.7. Results of running Dynamo script for computing quantities summary.
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4.4.2. Quantities takeoff summary for formwork solution systems

A quantity takeoff summary requires a breakdown structure to differentiate the formwork
quantities by formwork solution system (column formwork, beam support, beam formwork sides,
etc.) that are considered in the project. The summary discussed in Section 4.3.1 considers
formwork area as a single value, so a new summary is required to consider a quantity takeoff
breakdown structure that differentiates formwork areas by solution system: foundations area,
columns area, walls area, beam lateral sides area, beam bottom area, beam support length, and
slabs bottom area.

A Dynamo script named “JRR 02 Formwork Summary.dyn” was developed for automating the
generation of the summary of formwork quantities considering the breakdown by formwork
solution system types. The Dynamo script also computes: (1) the total formwork area, (2) the total
formwork rental cost, (3) the total reshoring system rental cost, and (4) the total cost of
consumables, and the total labor cost required for forming and reshoring the entire project. Figure
4.8 shows the Dynamo script for creating the formwork areas in a breakdown summary. The
general workflow of this script consists of getting the overall sum for each value desired and then
use a task dialog for presenting all the results computed. Figure 4.9 shows the results of running
the Dynamo script for computing the formwork summary. The summary appears in a “Task Dialog”
window but with few changes in the Dynamo script, the result could be instead exported to an
Excel file for better presentation and more easily access of the data for other calculations that the

user may require.
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Figure 4.8. Dynamo script for generating formwork summary.

I Dynamo For Revit - FORMWORK SUMMARY *

Only formwark labor is considered, and is calculated using ratios
of 1.65 hours/m*

******** FORMWORK BY ELEMENT? =i
Foundation formwork arsa (m®): 24.24
Column formwork area (m?); 184.07
Wall formwork area (m®): 207,72

Beam side formwork area (m?): 278.26
Beam bottom formwaork area (m?): 96,96
Beam support forrmwork {m): 287.18
Slab formwork area [m1: 889,30
,,,,,,,,,, TOTAL VALUES s sarsssses
Total formwork area [me): 1,680.55

Total formwiork cost {$): 2,513.25

Total re-sharing cost () 336,58

Total consumabiles cost (§3: BB.15

Total farmwerk labor (hour): 2773

= ; o |
. wl Click here for the Dyanr

no Script Developer Cent

Figure 4.9. Results of running Dynamo script for formwork summary.
4.4.3. Maximum formwork set size by formwork solution system.
The maximum formwork set represents the total formwork required for executing a project
considering a reuse scheme. The maximum formwork set size depends on the number of sets
required for forming or shoring the structure and the area that each set can cover. The number of
sets is defined by the number of days that a set is used for forming or shoring a single work zone

before being used in the next work zone available. A simple example of this process would be the
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case of a perimeter concrete wall of 100m length and 3m height, that is planned to be executed in
10 equal work zones of 10m length each one. If the time for setting the formwork is 0.5 days, the
time for supporting the placed concrete until the formwork is stripped is 1 day and the time for
striping the forms is 0.5 days, then the total time that a formwork set will be used for one single
work zone will be 2 days. If we consider a single production set, and a single forming crew then
the total number of sets that are required to maintain the construction flow is 2 sets. Since each
work zone is 10m in length, the formwork area of each work zone will be 60m?, if both faces of
the wall are formed. Equation 4.1 is used to compute the maximum formwork set size for the
example described.

Maximumformworksetsize = (Workzoneformworkarea)x(NumberofSets)  (4.1)

Maximum formwork set size = (60m?) x (2) = 120m?

In construction projects it is common to have different formwork areas for each work zone. In such
cases, Eqn. 4.1 no longer provides an accurate way to estimate the maximum formwork set size.
Figure 4.10 presents an example for building foundations of different sizes where each work zone
has a different total formwork area. The right side of Figure 4.1 shows the total formwork area
required for each work zone, and the left side shows the plan view and a 3D view of the foundations
color coded with a different color for each work zone. In this example, 15 work zones are
considered, and the number of foundations is variable for each work zone. The construction
sequence is established according to the labeling of the work zones. If all forms used in a work
zone will be reused every two days (one day for assembly and one day that the form stays in place
while the placed concrete gains adequate strength), then the maximum formwork set size will be
established by the maximum sum of the formwork area of the two largest consecutives work zones.
In the example, pairing the work zones in groups of two consecutives work zones, the maximum
formwork area is reached in the pair comprising WZ7 and WZS8, so then the maximum formwork

set size would be 57 m>.
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Figure 4.10. Analysis for computing foundations maximum formwork set size.

A Dynamo script named “JRR 03 Maximum Formwork Set.dyn” was developed for calculating
the maximum formwork set size for every formwork solution system. Figure 4.11 shows a blow-
up detail for the maximum set workflow for the formwork foundation from the Dynamo script
previously mentioned. The first step in the Dynamo workflow consists of determining the total
number of work zones (N_Zones) in the project, the number of sets (N_Sets) for the specific
formwork type, and the formwork area for each foundation in each work zone across the entire
building. The second step of the Dynamo Script uses these values as inputs to run a Python Script
node to calculate the maximum formwork set for this formwork type.

FOUNDATION MAXIMUM SET

Evuerural Foundations - | CENESOry, bef Cateprry Elaments - —

smens 3 var][| ey iz
! |

05 > parameteriame ¥
| MODS WorkZore | > gt ..-.! |

Figure 4.11. Dynamo script for computing the maximum formwork set size for foundations.
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Figure 4.12 shows an example of how the estimation of maximum set size of formwork can be
done manually using Revit. In the example, the formwork area for WZ1 and WZ2 added together
provide the maximum formwork area required for building the foundations considering the reuse

scheme described earlier in this section.

wza Wz3 | <Structural Foundation Schedule>
A | B | C
~ 5.40m*  2.70m? 6D S WorZone MOD_Element | FORM Dim Tota
| m :
oo [Foundation  1540m* ¢
: W2z2 W2Z1 - qwz2 ‘Foundation 10.74 m? ;
2 2 VIvzllII.II'I.I‘I:IFIOLBHE'EJE IIIIII f?ll.llleI.IIIl'l'
-10‘74 m .40 m - . [Wz¢& " Foundation 1540 m?
Maximum Set: 16.14 m? Maximum Set: 16.14 m?

Figure 4.12. Maximum formwork set size for foundations

Figure 4.13 shows the results of running the script “JRR 03 Maximum Formwork Set.dyn”. The
Dynamo script computes the maximum formwork set size for every solution system (Foundation,
Column, Wall, Beam bottom, Beam side, Beam support, Beam re-shore, Slab, and Slab re-shore).
The script also computes the total amount of plywood required as sheathing faces in slabs and
beams. An additional feature of this Dynamo tool is that the script can compute the total weight of
formwork equipment which provides the input for estimating the number of trucks required for

transporting all the formwork sets.
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Dynamao For Revit - FORMWORK MAXIMUM SET SUMMARY ps

Plywood is only used once in each formwork set, there is no
reuse of plywood.

FEr S EORMWORK MAXIMUM SET BY SOLUTIQN =+
Foundation {m®}: 16.14

Column {m®); 35.01

Wall {m®): 13848

Beam bottom (m?): 96.96

Beam side (m®): 278.26

Beam support (m]: 287.18

Beam reshore (m): 174.50

Slab (m®): 889.30

Skab reshore {m?*): 518.97
gwmvuxxxxuxx'lO'lAL VALUES:*»xrxvx-cmwx
Piywood (m®); 1,264.52

Total weight (kg): 169,310.13

Click here for the Dyanma Script Developer Center

Figure 4.13. Results of running Dynamo script for computing maximum formwork set size.

4.4.4. Formwork management KPIs

Key Performance Indicators (KPIs) are measurable values that represent the performance
regarding a pre-established objective. In case of formwork management there are three main KPIs
that could be considered for benchmarking and for controlling formwork performance: (1)
formwork overall unit cost or cost ratio, (2) formwork rotation or reuse factor, and (3) formwork
efficiency. These three KPIs were explained in Chapter 2, but the implementation using Revit is
described in this section.

Formwork Overall Unit Cost or Cost Ratio (CR)

“CR” is the ratio of the total formwork cost (expressed in dollars) to the total formwork area
(expressed in square meters) in the project. The total formwork cost is estimated using Equation
4.2.

Totalformworkcost = C; + C, + C3+ C, + C5 + Cq (4.2)

Where:

C; = Formwork rental cost = z COST _Formwork
C, = Reshoring rental cost = Z COST_Shoring

C; = Labor Cost = (z FORM_Dim_Total) x(PROD_PI_Form)x(Labor Cost Rate)
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C, = Consumables Cost = Z COST_Consumable

8
Cs = Plywood Cost = (Freight Rate)x(z W;)/Truck payload capacity (kg)
i=1

W, = Maximum Formwork Set Weight for foundations
W, = Maximum Formwork Set Weight for columns
W5 = Maximum Formwork Set Weight for walls
W, = Maximum Formwork Set Weight for beam side
Ws = Maximum Formwork Set Weight for beam support
We = Maximum Formwork Set Weight for beam re — shore
W, = Maximum Formwork Set Weight for slab support
Wg = Maximum Formwork Set Weight for slab re — shore
C¢ = Plywood Cost = (Plywood unit cost)x(M; + M, + M3 + M, + M5)
M; = Maximum Formwork Set — Slab
M, = Maximum Formwork Set — Beam side
M; = Maximum Formwork Set — Beam bottom
M, = Maximum Formwork Set — Column Joint
Ms = Maximum Formwork Set — Wall Joint
“CR” has two inputs: (1) the “Total Formwork Cost” value as numerator, and (2) the “Total

Formwork Area” value as denominator and can be computed using Equation 4.3.

Total Formwork Cost (USD$)
Total Formwork Area (m?2)

CR = (4.3)

Reuse Factor (RF)

In general, formwork for vertical elements like columns and walls have a higher “Reuse Factor”
RF than the Reuse Factor for formwork horizontal elements since vertical formwork are attached
to concrete for very short time (commonly between one and two days). Formwork for horizontal
elements like slabs and beams normally stays in place for longer times (commonly between 4 and
7 days). Then “Reuse Factor” must be computed separately for vertical elements and for horizontal
elements. Formwork “Reuse Factor” (RF) for vertical and horizontal elements can be computed
using Revit since all the data necessary for computation is already in the BIM model. In this case

the Dynamo script developed is only computing the RF for horizontal elements since is these
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elements have lower rotation. RF in general for vertical or horizontal elements can be estimated
using Equation 4.4.

_ Total Number of Work Zones -
 Total Number of Horizontal Formwork Sets ~

RF (4.4)

Ifthe RF value is close to “1” it implies that formwork is not adequately reused and indicates either
that better planning of formwork use is required, or the features of the building do not facilitate
formwork reuse.

Formwork Efficiency (FE)

Since the “Reuse Factor” RF does not consider the vertical elements in the assessment of formwork
management, another approach to estimate the formwork performance is “Formwork Efficiency”
(FE). FE can be computed using Equation 4.5, that has as input values the “Formwork Maximum
Set Size” expressed in square meters and the “Total Formwork Area” also expressed in square
meters.

Total formwork area
FE

\Y

= 1 4.4
Total area of the formwork maximum set — (4.4)

The greater the value of this KPI, the better the formwork management practice. If the FE value is
close to “1” it implies that formwork is not adequately reused and indicates either that better
planning of formwork use is required, or the features of the building do not facilitate formwork
reuse. “Formwork Efficiency” (FE) will be always greater than the “Rotation Factor” (RF) of
formwork for horizontal elements, since FE considers the formwork efficiency contribution of
vertical elements, in comparison that RF that in this case is only considering horizontal elements.
A Dynamo Script named “JRR 04 KPI Summary.dyn” was developed for computing these KPIs
automatically. Figure 4.14 shows a blow-up detail of the workflow for computing these KPIs and
then show the results using a “Task Dialog” window. Most of the information for estimating the
“Formwork Total Cost” is already in the BIM model, but there are three values that need to be
assume or given as an input: (1) the plywood cost as material for a square meter, (2) the labor rate

cost per hour, and (3) the rate cost for a round trip truck of 28 tons capacity.
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Figure 4.14. Dynamo script for computing KPIs report

Figure 4.15 shows the results of running the script “JRR 04 KPI Summary.dyn” for three-story
building and 12 work zones, the “Cost Rate” (CR) in this case may be higher than the CR of other
buildings with similar features but with a greater total built area, since the cost contribution of
plywood materials, consumables, and transportation will increase the cost ratio. As expected, the
“Reuse Factor” (RF) is equal to one since the horizontal formwork is never reused. Also, the
“Formwork Efficiency” (FE) close to 1 for the same reason but always at least greater than the

“Rotation Factor” because of the influence of the rotation factor of vertical elements.
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Cost ratio is the formwork unit cost considering labor,
rented formwork, rented reshoring, plywood and
freight. Reuse factor is the ratio of work zones to the
formwork for the horizontal set formwork. Formwork
efficiency is the ratio of the formwork total area to the
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Figure 4.15. Results of running Dynamo script for computing KPIs.

4.5. Formwork demand profile

The “Formwork maximum set size” value that was described in Section 4.3 is only the peak point

of the “formwork demand curve” of the entire project. The formwork demand can be represented

by a curve that starts from zero and continue growing until reaching the “Formwork maximum set

size”, oscillates around this value until the end of concrete placing activities, and then tapers to

zero. To prepare this “formwork demand curve” a workflow was designed for extracting

information from the BIM model into an Excel file, using the extracted information to a MS Project

schedule for generating the cash flow. and finally using the values from this cash flow for

generating a 2-D bar graph to represent the formwork demand curve in Excel. Figure 4.16 shows

the workflow process for the information exchange between the three software packages used to

generate the “Formwork demand curve”.

3_Story_4WZ_Demand_Curve.rvt

Copy and Paste Cost
= 1 . Column to Schedule
B3| Project Sample_Costmpp

Export Task
Usage Cash Flow

J) JRR_Formwork_Demand_Curve.dyn

Export Formwork
Renting Cost for each
Work zone

B3 Formwork Demand Curve_Costxlsx

Figure 4.16. Workflow for interoperability of information between Revit - Excel and Project for
generating formwork curve.

A Dynamo script was developed for exporting the “formwork rental cost” and the “reshoring rental

cost” data form the BIM model into an Excel file. Figure 4.17 shows a blow-up view of the
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workflow for extracting the “formwork rental cost” for the “Structural Foundations” Category

grouped by the parameter “MOD S Code” which represents the work zone code.

FOUNDATION COST GROUPED BY WORK ZONES

Structural Fourdations + | Category { clement » var{l| iist 3 =

parameteriames > kavs 3

All Elements of Category

unigle keys

AT

COST_Fermwork | = )

String element var(].[}

MOD S Code = parameterName > ‘

Figure 4.17. Dynamo script for exporting formwork rental cost grouped by work zone code.

This workflow process is repeated for all the Categories (Structural Columns, Structural Framing,
Walls, Floors, and Stairs) that represent RC elements. Then all the “COST_Formwork™ values and
the “COST_Shoring” values are collected into a single list grouped by the parameter
“MOD_S Code” and exported into an Excel file. Figure 4.18 shows a blow-up view of the first
set of rows of the result of running the Dynamo Script for exporting the “COST_Formwork™ values

and the “COST_Shoring” values grouped by work zone code.

| A B c Ll A B g D

1| 1

2| WORKZONE | €OST($) | 2 WORKZONE | COST(S) |
3 | WS1-L1-WZ3-F 3 WS1-L1-WZ3-F 51428571
4| WST-L1-WZ4-F 4 WSL-LIWZ4-F  10.285714
5 | W51-L1-WZ1-F 5 W51-L1-WZ1-F 10.285714
6 WS1-L1-WZ2-F 6 WSI-L1-WZ2-F  20.457143
7 | WS1-L1-WZ3-V 7 WS1-L1-WZ3-V  5.1014286

Figure 4.18. Results of running Dynamo script for exporting formwork and reshoring rental cost
grouped by work zone into an Excel file.

Once all the values for “COST_Formwork™ and “COST_Shoring” are consolidated and grouped
by the work zone code, the information can be resorted following the “Activity Sequence structure”
of a previously created MS Project schedule during the Phase 1 of the BIM based tool described
in Section 3.7. This “Cost ($)” column can be copied from the Excel file and pasted into a “Cost
column” in the MS Project Schedule to generate a cash flow distribution. Figure 4.19 shows the
first set of rows of the Excel table that organize the “total rental cost” following the “Activity

sequence structure” used in the MS Project Schedule. Figure 4.20 shows the schedule with the cost

110



values column filled in with the values obtained from the Excel table and Figure 4.21 shows the

“Task Usage” view from MS Project with the cost distribution on a daily basis.

| A B € D

1 {

2 | Task Name Cost (5)

3 | WSI1-L1-WZ1-V 9.96

4 | WS1-L1-WZ1-V 9.96

5 WS1-L1-WZ1-H 240.19

& | WSI1-L1-WZ1-H 24D.19

7| WS1-L1-WZ2-V 4425

Figure 4.19. Excel table reorganizing the cost column based on the "activity sequence structure"

-
2

of the schedule template.

Li] :\;._J‘;_ - Task Name - Duration - TaskCalendar « Predecessors - | Calendar Days - Siart inish Cost -
W - 4+ TOTAL 20.13days  None 1 Mar 1 Mar 29 $5,607.36
2 w/% = WSI1-LI-WZ1-V 1 day Standard 1 Mar L Mar 1 39.96
3 WY = WSI-LI-WZ1-V 1 day Formwerl 2 1 Mar 2 Mar 2 $9.96
4 \/% - Ws1-L1-WZ1-H 3 days Standard 3 4 Mar 2 Mar 5 524019
5 ‘/EE - WSI-LI-WZ1-H 7 days Formwerk 4 7 Mar 5 Mar 12 $240.19
6 | R = W51-L1-WZ21-V 1 day Standard 2 1 Mar 2 Mar 2 £44.25

Figure 4.20. MS Project schedule with the cost column filled in with the excel values.

B e R e 8
v oLToTaL Dhra20.13clsy  Marl  WMar29 100% Wowk
Cost 50.96 564.22 514088 519477 525868 8,56 538.50 5387.09 5357 6
2 WEy ™ WSILI-WEZL Ohes1day Marl  Marl 100% Canstruct Work
Cost 59,96
| vy ® O WSIL1-WZL 0hrs 1day Mar2  Marl 100% Construct Wk
Cost 59,55
4 Wy ™ WSLIL1-WZL 0hrs3days Marl  Mars 100% Construct Work
Cost 510,01 $H0.06 30,06
SV ™ WSILL-WZL Ohes 7 daps Mar5  Mar12 100% Construet i
Cost 53860 £34.60 3860
W3y m WRITI-WZY Ohes1day Mar2  Marl 100% Constrct Work
Cost c48.35

Figure 4.21. Task Usage view for the cash flow of the formwork renting cost.
The cost distribution can be used to plot a 2-D bar Chart in excel to represent the “Formwork

demand Curve” represented in terms of cost. Figure 4.22 shows the final result of generating the

“Formwork Demand Curve” in terms of cost.
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Figure 4.22. Formwork demand profile
4.6. 4D and 5D simulations

A 4D simulation is the representation of the construction sequence in an accelerated timescale, and
a 5D simulation includes the relation of this sequence with the cost progress. Navisworks Manage
is a software package from Autodesk that allows sharing, combining, and reviewing 3D and BIM
models from different formats into a common data interface. Navisworks can be used for
generating 4D and 5D simulations. The process consists of importing a MS Project Schedule and
then linking each 3D element from the BIM model with the activities imported, to display the
construction sequence of the building that the BIM model represents. All elements with the same
“MOD_S Code” parameter value will be grouped in a “Set”. A “Set” in Navisworks is the group
of elements that are assigned to an activity to control the order of appearance in the simulation.

A Dynamo Script named “JRR Sets-Creation.dyn” was developed for creating an “Extensible
Markup Language” (XML) that can be uploaded in Navisworks to create the “Sets” required for
the 4D, and 5D simulations. Figure 4.23 shows an overview of the Dynamo script for creating an

XML file of the Navisworks Sets.
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Figure 4.23. Dynamo Script for generating XML file for generating Sets in Navisworks.

Once the XML file is imported to Navisworks, 4D and 5D simulations can be generated and
exported to a video format. Figure 4.24 shows a scene of the 4D-5D simulation. A caption in the
left upper corner of the video simulation displays: (1) date, day, and week of the project, (2) cost
(in dollars) of the formwork (3) total cumulative physical progress (expressed as a percentage),

and (4) activities in progress.

Wednesday 10:43:30 AM 3/10/2021 Day=10 Week=2
Cost:$1725.13
New Data :>ource (Root) [32%]

.-H [Consi:uct I—_ %]
3-H [Construct 11%]
[Construct 26°
WZ3-V [Construct 34%
WS1-L2-WZ4-V [Construct 30%]

C(16)-3(-21) : Level 4 (7)

Figure 4.24. 4D and 5D simulation process
4.7. Generation of layout color mapping views and plans.
Good formwork management ensures that the formwork is reused according to a prescribed plan.
Hence, a tool that helps to tracking the expected stripping date of a RC element, will improve the
formwork installation efficiency. Towards the development of such a tool, a series of 3D views

and 2D plan views were developed using the “Visibility Filters” tool from Revit. Figure 4.25 shows
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a sample of the BIM model 3D View with a color representation of the different work zones, Figure
4.26 shows a 3D View with a color differentiation by element type, and Figure 4.27 shows in red
all the RC elements that should be already stripped (strip date < “Today date”) and in green all the
elements that will be stripped in the future (strip date > “Today date”). These 3D color maps could
be used by a supervisor to identify elements in the field with the forms attached but should have

been already stripped of formwork, and to take appropriate actions.

Figure 4.27. 3D filtered view
for tracking stripping dates

Figure 4.25. 3D view filtered = Figure 4.26. 3D view filtered
by work zone. by element type

4.8. Description of case studies
Two case studies were selected to test the BIM-based formwork management tool developed for
this thesis: (1) a twenty-story building with a total constructed area of 46,650 m?, and (2) a five-
story building with the same built area. The twenty-story building represents a typical office
building, and the five-story building represents a typical mall. The main criterion for modeling
both buildings is to use a “modular unit” that represent a portion of the building and then use this
unit to ‘build’ the model of the building by ‘joining’ multiple instances of the unit. As shown in
Figure 4.28, both buildings were modeled as considering the “work zone” as the “modular unit”.
In case of the 20-story building, 4 instances of the “modular unit” are used to create each story, for
a total of 80 work zones for the entire building. And in case of the 5-story building, 16 instances

of the “modular unit” are used per story, for a total of 80 work zones for the entire building.
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Figure 4.28. Layout plan view for two sample buildings

Since both buildings have the same area, the total formwork contact area will be very similar, and
the expected values for the KPIs are likely to be similar. Table 4.1 summarizes the main features
of each building sample. Figure 4.29 shows the steps in phase 1 for developing the BIM-based
formwork models for the twenty-story building and the five-story building..

Table 4.1. Main features of two sample buildings

Twenty-Story Building Five-Story Building
Number of stories 20 5
Built area 46,650 m? 46,650 m?
Work zones/level 4 16
Total ZJ\fo_nc(i work R0 20
One story cycle time 4 days 16 days
Horizontal strip time 7 days 7 days
Ne of sets 12 12
Head room height 45m 4.5m
Total height 90 m 22.5m
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Figure 4.29. BIM Process Phase 1 for 20-story building and 5-story building

4.9. Comparison of results of case studies
Once the Phase 1 of the BIM-based tool is completed, all the KPIs can be computed automatically
using the Dynamo script discussed in Section 4.3.4. Figure 4.30 shows the results of running the
Dynamo workflow. As expected, the KPIs are very similar or even the same for both buildings
(formwork for both buildings have the same KPI value).

Dynamo For Revit - FORMWORK KPls SUMMARY X

Cost ratio is the formwork unit cost considering labor, | Cost ratio is the formwork unit cost considering labor,

rented formwork, rented reshoring, plywood and
freight. Reuse factor is the ratio of work zones to the
formwork for the horizontal set formwork. Formwork
efficiency is the ratio of the formwork total area to the
maximum formwork set area.

......... FORMWORK Kplstsssssss
Cost ratio ($/m'): 11.72

Reuse factor: 6.15
Formwork efficiency: 8.61

20-story building

lick hare for nm 1 lgper Center

rented formwork, rented reshoring, plywood and
freight. Reuse factor is the ratio of work zones to the
formwork for the horizontal set formwork. Formwork
efficiency is the ratio of the formwork total area to the
maximum formwork set area.

.'.“'.'.FORMWOR.K Kph""""
Cost ratio ($/m*): 11.60

Reuse factor: 6,15

Formwork efficiency: 840

5-story building

i re for m I loper Center

Figure 4.30. Results of running Dynamo script for calculating KPIs
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The “Cost Ratio” (CR) or “Formwork Overall unit cost” is slightly higher for the 20-story building
due to two reasons: (1) the 20-story building needs a re-shoring system for the horizontal elements
to redistribute the construction loads between multiple stories, and (2) the incidence of foundations
(which have a lower cost) is lower in the taller building since the footprint of the building is shorter.
The “Rotation Factor” (RF) is the same for both buildings as expected since both building have
the same number of formwork horizontal sets and the same total number of work zones. The
interpretation of the RF is: “each formwork set has 6.15 reuses the building”. The “Formwork
Efficiency” (FE) is slightly higher for the 20-story building because the 20-story building has
higher quantities of formwork due to the larger fagade. As expected, the FE value is higher than
the RF due to higher rotation of vertical formwork elements. Since the maximum formwork set
size is almost the same for both buildings, but the facade is larger for the tall building the FE will
be slightly higher for the 20-story building. The interpretation of the 20-story building FE is: “for

every square meter of a formwork set rented, 8.61 square meters of contact area are formed”.

4.10. Summary
Chapter 4 focuses on phase two of the BIM-based formwork management tool. The objective of
this phase is to use the BIM model generated in phase one for: controlling, planning, benchmarking,
procuring, preconstruction and tracking formwork. Tools (Dynamo scripts, spreadsheets, and
project schedules) used for implementing the workflow of the phase 2 are summarized in Figure
4.31. The use of the BIM model (created in Phase 1) was demonstrated in the context of
developing schedules, performing costs analysis, calculating KPIs, tracking project progress via
4D simulation. Two examples (one of twenty stories and another of five stories) were used to
demonstrate the use of the two-phase BIM-based formwork management tool. The two buildings
have the same build area, very similar layouts, and quantities of formwork. As expected, due to
the similarities of the buildings, the KPIs of both buildings are very similar. The differences in
cost ratio can be explained by the reshoring cost associated with the cycle time of the 20-story
building (only 4 work zones vs 16 work zones of 5-story building. The differences in formwork
efficiency is due to the increase in formwork area (because of the increase in the fagade area) in

case of the 20-story building.
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5. CONCLUSIONS

This thesis focuses on the design of a BIM-based formwork management tool that is implemented
in two phases: phase 1 which involves the creation of a BIM model enriched with geometric and
non-geometric data related to formwork, and phase 2 - where the BIM model is used for
implementing formwork management tasks. The BIM-based tool was designed for filling the gaps
identified through literature review and review of the state of practice. To inform the design
process, data was also collected through a survey to identify the preferences of general contractors,
BIM specialists and formwork providers on issues related to: (1) formwork rental options, (2)
Level of Development (LOD) for formwork modeling, and (3) level of automation for formwork
management. Also, the designed BIM-based formwork management tool was tested on two sample

buildings (a 20-story building and a 5-story building).

5.1. Summary of the Research Process
Prior research related with formwork focused on issues related to selecting formwork, formwork
design, and preparation of formwork layouts, and few studies were oriented towards developing
strategies for formwork management. BIM tools are becoming a common practice in the
construction industry. However, modeling of temporary structures (including formwork) as part
of the BIM model is not a common practice yet, making it difficult to implement strategies that
involve managing formwork components as independent pieces. Based on these findings of a
survey that was deployed in January of 2021 among AEC practitioners in the USA, and Latin
America (most of respondents hailed from Peru) to gain better understanding of the industry
preferences, a BIM-based tool for formwork management was designed and evaluated to automate
BIM formwork modeling and used for performing formwork management tasks (quantity takeoffs,
cost analyses, 4D-5D simulations, and assessment of formwork KPIs). The results of the survey
showed that contractors prefer not to rent formwork by pieces, but instead to rent “formwork
solution systems” based on a pricing model for a set of components for forming or shoring a
specific area during a specific duration (USD$/m?-month). The survey also indicated that although
formwork providers have the capability to offer BIM modeling services at LOD 400 or 500,

typically, contractors do not use these services and prefer to work with self-prepared LOD 100 or
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LOD 200 models. Based on the findings of the review of the state of art and state of practice, a
BIM-based tool for formwork management was designed in two phases.

1. Phase 1 focuses on the process for enriching the BIM model of a building with data related
to formwork cost, productivity, formwork weight, and the formwork assembly and removal
timing. The process involves a set of tools using Dynamo scripts to: (1) audit the BIM
model input, (2) create material lists in Revit that will represent each formwork solution,
(3) create and assign parameter fields to each category type in the model, (4) populate the
parameter fields with data, (5) perform formwork modeling in a LOD 200, (6) develop
work zoning patterns, (7) import dates and times related to forming and shoring for each
structural element, and (8) import parameter values related to cost rates and ratios of
productivity, and formwork weight.

2. Phase 2 involves the use of the enriched BIM model, created in Phase 1, to perform
common formwork management tasks. The process includes different sets of Dynamo
scripts and BIM processes for: (1) estimating quantities and preparing schedules, (2)
performing a cost analysis and estimation of the “formwork overall average unit cost” or
“cost rate” of the project, (3) computing formwork KPIs (rotation factor and formwork
efficiency), (4) preparing a formwork demand profile expressed in terms of cost, (5)
generating a 4D & 5D simulation for forming and shoring, and (6) preparing color mapped

layouts for tracking formwork stripping dates.

At the end of the thesis two case studies were used to test the two-phase BIM-base tool for
modeling and then compute the KPIs. The two BIM models are based on a modular unit which
also is the work zone for both buildings. One of the buildings is a 20-story building and the other
a 5-story building, both with the same constructed area and the same number of work zones. As
expected, the KPIs (cost rate, rotation factor and formwork efficiency) values are very similar
since the only variation is the construction cycle time for each story.
5.2. Research Conclusions

Three main research questions were posed in Chapter 1 as follows: (1) What are the AEC
practitioners’ preferences regarding the Level of Development (LOD) used for BIM formwork
modeling? (2) What are the AEC practitioners’ preferences regarding formwork rental options in

building projects? (3) How can formwork management tasks be more automated? Based on the
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literature reviewed, the review of tools provided by formwork providers, the survey conducted
among practitioners, a BIM-based tool for formwork management was developed for this thesis.
Based on these research activities, the following conclusions can be drawn from this study. The
most appropriate LOD for formwork management is LOD 200 based on the current preferences of
practitioners. The reasons for preferring a LOD 200 for modeling formwork are as follows: (1)
contractors do not want to wait until the formwork provider is selected for implementing a BIM
model to assist in decision making and planning, (2) not all the formwork companies provide BIM
modeling services, and (3) formwork BIM modeling could be time consuming and involve an
additional cost that contractors are not willing to undertake. The BIM-based formwork
management tool proposed in this thesis is useful in cases when BIM modeling of formwork
systems with a LOD higher than 300 is not feasible, when formwork provider has not implemented
its products in a BIM- objects library, when the formwork provider has not been selected for the
project yet, or when budget or schedule cannot provide personnel resources or time for developing
a higher LOD BIM model.

Analysis of the survey responses indicates that practitioners prefer renting formwork based on a
rental cost by solution system for a specific area during a specific time duration. This method is
preferred since: (1) each formwork provider may have different components in their systems, and
the only way to evaluate different components on a uniform basis is considering the area that will
be formed/covered by the solution system, and (2) it is easier to control the cost based on a rate by
area rather a complex list of formwork pieces. Even when practitioners tend to use a cost rate by
area, practitioners still prefer to pay and manage the invoices in terms of a list of pieces. This
pricing mode is preferred because (1) some formwork pieces may be released and send back to
provider earlier that the return of complete formwork system, (2) some pieces will be part of more
than one formwork system, and (3) some formwork pieces might be damaged during the
construction process and the replacement of a new piece will be associated to only the extra piece
price, and not the entire formwork system.

Automated formwork management is beneficial for many formwork related tasks such: (1)
formwork modeling, (2) BIM auditing of models, (3) estimating quantities to develop detailed
breakdown list of formwork solution systems, (4) performing cost analysis to estimate the overall

average unit cost for formwork, (5) computing KPIs like formwork rotation and formwork
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efficiency, (6) generating a formwork demand profile, (7) preparing 4D & 5D simulations for

formwork operations, and (8) preparing color coded layouts for formwork management.

5.3. Limitations of the Research

This research study used Dynamo for automating processes (such as formwork modeling, BIM

parameters management, exchange of information with Excel tables, 4D-5D simulation and

computation of formwork KPIs) but the next step for improving this BIM-based tool is move to

an Add-In using C# or Python with Revit API, to improve the interface of the application and

expedite processing of algorithms. The limitations of this study can be listed in four categories:

1. Modeling limitations:

Since the formwork modeling is based on a LOD 200, the following formwork
management tasks cannot be implemented in this BIM-based tool: (1) preparing formwork
layouts plans with details of the pieces (hardware, studs, wales, props, stringers, joists,
etc.), (2) preparing packing lists with all the pieces required for delivery to the jobsite, (3)
performing inventory management based on the pieces that are required in each work zone,
and (4) establishing formwork reuse based on reducing the number of formwork pieces
required on the project.

A limited number of formwork solutions were addressed for the automation of formwork
modeling. For example, some foundations might be poured against the ground so
formwork will not be required, but the default version of the BIM-based tool developed
in this research study assumes that formwork will be required for foundations. Similarly,
some walls will only have one side of formwork because the other side will be ground
supported and will not need formwork. Hence, this tool needs modification before being

used for formwork management of retention walls or ground-supported foundations.

2. Even though the current version of BIM-based tool is not expected to be fully automated, the

next set of improvements can be considered in order to address some limitations of the tool:

The work zoning process involves two steps: (1) the definition of the “construction joints”
in the layout of the main floor plan of the building, and (2) the projection of the
“construction joints” to the rest of floor plans in the building for assigning the work zone
parameter values for each element in the model. The second step is fully automated, but

the automation of the first step was not addressed in the thesis. A future improvement of
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the BIM-based tool might include the automation of the work zone leveling based on the
number of work zones as the input target.

The timing for forming and shoring are inputs that are taken from a MS project that is
developed by the user, but ideally the BIM process should be able to consider the timing
of these activities without the assistance of the user. Based on parameters like concrete
resistance curve, and the design loads of the horizontal element; the BIM process for
defining the “Time” parameters could be populated without user’s assistance. This feature

was not developed as part of the thesis but could be a future improvement in this tool.

3. User experience limitations:

In general, Dynamo is slower in processing geometric data than using an Add-In to Revit.
For scripts presented in this thesis that involve geometric computation, like modeling
formwork, or splitting elements, the “Central Processing Unit” (CPU) usage could be over
the 65%, and memory usage could exceed 60%. So, for complicated and large volume of
geometric data (buildings with large areas) the computation process could take more time
that using a similar tool developed as an Add-in to Revit.

Unlike applications that use Revit API programing, Dynamo scripts cannot readily
implement a “Graphical User Interface” (GUI). Dynamo uses the Dynamo Player, hence,
scripts are very limited for improving the GUI, and for presentation of outputs.

Some steps of the formwork management workflow include the use of multiple software
packages such as Excel, MS Project, Revit and Navisworks. The exchange of data across
these software packages is not fully automated since assistance in continuing the workflow
must be provided by the user. Users not familiar with all the software packages
implemented in this study may find this to be a challenge in implementing the BIM-based

tool.

5.4.Contribution to the Body of Knowledge

There is a dearth of published work related to formwork management in general, and specially to

the use of BIM and automation for formwork management. This thesis identified practitioners’

preferences about: (1) LOD for formwork modeling, (2) formwork rental option, and (3) level of

automation for tasks related to formwork management.

The use of KPIs for formwork management is not common in the construction industry, and there

was no published work related to the use of KPIs in formwork management. The thesis has
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presented three KPIs that are easy to compute using the BIM-based formwork management tools
developed in this study. The significance and interpretation of these values could be very powerful
for decision making and benchmarking. The “Cost Rate” (CR) is a common value used in projects,
but the “Rotation factor” (RF) and “Formwork efficiency” (FE) are new indexes that were not used
previously. Once these KPIs are assessed regularly on formwork operations in construction

projects, the formwork management performance may be gauged in a more systematic manner.

5.5.Contribution to the Body of Practice
The thesis focuses on the design, development, and testing of a BIM-based tool for formwork
management, and the results of this study have a direct impact on the industry. Practitioners can
use this BIM-based tool as a starting point for analyzing the workflows and implement formwork
management tools using a LOD 200 BIM model of the formwork, which reduces the time and cost
associated with preparing a BIM model for formwork systems that includes all formwork
components. A set of tools using Dynamo scripts were developed for automating the repetitive and
time-consuming tasks of formwork management. The automation of BIM processes can lead to (1)
lower probability of human error since manual entry of data is not required, and (2) time savings
due to automation of repetitive tasks, which in turn translates into cost saving in projects, enabling

project engineers to focus their planning strategies for better performance in construction.

5.6.Recommendations for Future Research

One of the uses of Dynamo that is gaining momentum is “generative design”, which is an iterative
design process to generate a certain number of alternatives that meet specified constraints
established by the designer. Using the concept of “generative design” in formwork management,
multiple alternatives can be generated in an iterative way for selecting the optimal work zoning
without user assistance, and then using this work zoning for computing the formwork KPIs and
deciding the best option based on formwork efficiency.

The current BIM-enhanced formwork management model does not automatically compute the
time when each formwork system has to remain in place, since the formwork removal time is
currently defined by the user and then imported to the BIM-enhanced formwork model. Future
research could focus on defining parameters (like design loads, construction loads, concrete
compressive strength, concrete placement date) and developing algorithms for estimating

formwork removal time based on these parameters. By combining the parameters and new
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algorithms with generative design, optimal formwork stripping sequences and re-shoring
sequences of horizontal elements, can be developed.

Finally, formwork management tasks automation can be combined with use of new technologies
like “Radio Frequency Identification” (RFID) for detecting formwork pieces and alerting field
supervisors if these pieces are outside the planned work zone during the time when these pieces
were scheduled to be in place. Such strategies allow better control of movement of formwork
pieces and prevent expenses due to theft or loss of formwork pieces. Also, the use of “remote
concrete monitoring” with embedded sensors in concrete elements, could be implemented to
automatically populate information related to concrete curing into a BIM model and provide real

time information about stripping and reuse of formwork.
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