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ABSTRACT

In structural engineering, the design is vetted to confirm that the parameters used are in
accordance with the applicable codes. This code compliance checking process is done
manually which leads to delays and errors in evaluation. This study aims at the concept
of automation in the structural code compliance checking through Building Information
Modeling (BIM). The idea is to eliminate the human error in the process. The study
develops a BIM-based framework to automate the code checking process for a structural
design for ACI 318-14 and ASCE 7-10 codes. The framework is used to create a plugin
for BIM platform named Autodesk Revit by using a visual programming software
named Dynamo. The developed plugin demonstrates the automation in a BIM-based
platform that can reduce the time required for structural design vetting.
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Chapter 1

INTRODUCTION

1.1 Background

There are numerous standards and codes in the AEC industry that ensure the
structural stability, reliability, usability of the building under design. The adherence of

the building design to these guidelines is a critical process (Preidel & Borrmann, 2016).

Code compliance, is compliance with a written, approved or required set of rules
that have been set into a code format. The compliance checking process must occur
constantly throughout all the phases of a project. It should be carried out for the

architectural aspect of a project, the structural aspect or any other aspect.

Once a building is structurally designed, that design is vetted against the
applicable structural codes to ensure that the design meets all the relevant standards for
safety. stability, durability and serviceability accordingly. Failure to follow construction
and safety codes is the most common cause of building collapse (Lodhi, 2020), so the

codes must be followed.

Despite the fact that every building project is now digitally modeled, compliance
checking is still a manual process, which increases delays and also the risk of evaluation
errors (Eastman, et al., 2009). The McGraw-Hill Construction SmartMarket Report
(2007) says that in the 39 percent of the cases investigated, compliance checking took
25 hours or more, and more than 100 hours in 11 percent of the cases. The report stated
that it took between 49 and 60 hours for the compliance checking process. As a result,

it is obvious that automated code compliance checking should be implemented.

An automated code compliance checking system, as defined by Nawari (2018), is
a computational procedure for dealing with the manual code compliance problem. The

goal is to improve the manual design review process by rationalizing the information of



a predictable outcome. It entails the automatic deduction and verification of certain
details that can take a very long time to perform manually.

Designers would benefit from automated code compliance checking, as would
consultants, building certifiers, building code authorities, specification writers and
builders (Tan, Hammad, & Fazio, 2010).

1.2 Problem Statement

We can see the automated code compliance being realized in CORENET e-Plan
Check, Australia Design Check, Solibri Model Checker, EDM modelChecker, etc., but
these are all of architectural nature. The automated code compliance for structural
engineering is yet to be properly introduced. When BIM was first introduced, it mainly
focused on the architectural field, however, as different industries evolved and adopted
BIM, the various BIM software are constantly evolving to meet the desires of structural
engineers, providing improved tools that enhance its use in the structural engineering
field (Hunt, 2013). Building information models allow structural engineers to more
accurately, efficiently and competitively design, visualize, simulate, analyze, document
and build projects (Autodesk, 2012).

The structural design vetting process is carried out by the consultant, relative
authorities for the approval of the design. The process today is done completely
manually, at least in Pakistan. The process includes rules and calculations that are
applied on the structural model for which the results could take up to days. Also, it costs
a lot for the design to be vetted by a professional structural engineer. For these reasons,
the structural design vetting process is like a mere formality in Pakistan and it is not
given serious attention, which results in a non-compliant design, leading to life-
threatening situations (Aslam, 2020). In a study conducted by ASCE of around 600
failed structures, approximately 36 percent of the structures failed due to improper

designs during the preconstruction phase (Panwar, 2021).



Keeping these points in mind, it is high time that a system is introduced that paves
way for a planned structural code compliance process.

1.3 Objectives
The study has the following objectives:

e To identify and assess the existing problems faced in the structural design
vetting process.

e To develop a framework for Automated Code Compliance checking through
BIM-based visual programming.

e To develop a digital platform for the realization of the framework.
1.4 Areas of Application

The work in this project can be used by anyone working in a BIM environment
tasked with performing the structural code compliance process. Other than that, it can
be used by any of the project stakeholders in order to know the structural details of the
model. This project has used ACI 318-14, along with ASCE 7-10. However, the work

can be replicated using any other required code.
1.5 Thesis Organization

This thesis has been organized into five chapters, as shown in Figure 1.1. An

overview of those chapters is given below.



Results and
Discussion

. . Conclusion and
Literature Review .
Recommendations

Introduction

Methodology

Figure 1.1 Thesis Organization

Chapter 1 is an introduction to the project, which includes the background of the

project, problem statement, objectives and the areas where the project is applicable.

Chapter 2 is the literature review that was done for the project. This mainly includes

the concepts of BIM and the automation in AEC industry.

Chapter 3 explains the methodology that was adopted in the project. This includes the

framework and the code that was generated.

Chapter 4 discusses the results of the project, mainly the developed Autodesk Revit
plugin and its buttons. It also compares the manual and the automated code compliance

process.

Chapter 5 is a conclusion to the project, along with recommendations as to how to use

the work in this project for the better.



Chapter 2

LITERATURE REVIEW
2.1 Introduction

This chapter presents the literature review that is aimed at establishing a theoretical
understanding of the concept of Building Information Modeling (BIM) and automated
code compliance. The areas of interest for the literature review are BIM as a concept,
BIM in structural engineering, automation of code compliance process and its importance

in the AEC industry. The sources have mainly been research articles and books.
2.2 Building Information Modeling (BIM)

Building Information Modelling (BIM) is defined as a modeling technology and
related set of processes for creating, communicating, and analyzing building models
(Eastman, et al., 2008). BIM can decrease information losses because models and
information should ideally follow the entire building process and be created only once
(Sandberg, et al., 2016).

According to the US National BIM Standard (NBIMS-US, 2015), Building
Information Modeling (BIM) is a digital representation of a facility’s physical and
functional characteristics. BIM is a shared knowledge resource for information about a
facility that serves as a dependable basis for decisions. BIM provides an information base
that is used throughout its entire lifecycle, beginning with the conceptual design phase
and progressing through the detailed planning phase to the realization and operation
phase (Eastman, et al., 2008).

Building information modeling (BIM) is a prototyping simulation technology and

workflow which is being known as a revolutionary process that is currently reforming



the Architectural, Engineering, and Construction (AEC) industry (Nawari & Kuenstle,
2015).

In order for the different engineering fields to cooperate effectively, the data of the
infrastructure needs to be appropriately organized (Shim, Yun, & Song, 2011). BIM is
well-known for its design and documentation abilities, which enable the storage of
valuable computable information that remains coordinated and consistent across all its
users (Autodesk, 2012). By allowing several team members to work on the same model,
BIM facilitates collaboration for architects, structural engineers, mechanical, electrical
and plumbing professionals (Bynum, Issa, & Olbina, 2013). BIM is not a goal in and of
itself, but rather a tool for achieving higher productivity (Eastman, et al., 2009).

Since BIM is more technical, non-professional clients find it difficult to understand
and, in particular, the elderly are reluctant to accept this technology although the benefits
are apparent (Vries, Allameh, & Jozam, 2012).

The technological foundation for automated code compliance checking is based on
the concept of Building Information Modeling (BIM), which is currently transforming
the AEC industry’s working processes. While the benefits of BIM technology for many
AEC processes have been researched and documented, its enormous potential for
automating the code compliance checking process has yet to be fully realized. (Preidel &
Borrmann, 2016).

2.3 BIM and Structural Engineering

Structural engineering includes an extensive variety of skills and competencies that
are applicable to all types of projects (Vilutiene, et al., 2019), ranging from minor slope
strengthening projects to the design of large-scale structures (Chin, et al., 2008). To make
a building and its systems sustainable, safe, and long-lasting, the structural engineer is
responsible for developing efficient solutions in the use of structural elements and

materials (Sun, Staszewski, & Swamy, 2010). Structural designs must usually be



integrated with the outputs of other disciplines, such as architects and engineers of
various building services (Pezeshki & Ivari, 2018). The difficulty of the tasks, the
required combination of many various skills, and the plenty of different communication
channels demand a dependable data exchange platform (Eastman, et al., 2008). To put it
another way, maintaining the quality of the final product necessitates the use of tools that
allow structural engineers to monitor system parameters under development and verify
the reliability of the provided information (Vilutiene, et al.,2019). BIM is one available

solution that offers all of these capabilities.

BIM models are geometrically encoded in 3D (Bilal, et al., 2016), in a variety of
proprietary formats, with the possibility to add time (4D) and cost data (5D) attached to
them. That is, the main idea behind BIM is to provide object-oriented digital
representations of buildings in the form of data-rich models, as well as the ability to
simulate and analyze these models for design, construction, and operation purposes
(Eastman, et al., 2008). Structural engineers can benefit from BIM in a variety of ways,
including the ability to keep the model up to date with any changes in the design or
general specifications, ensuring all the data is as exact as possible (Azhar, 2011). BIM
also allows all stakeholders to experiment with a variety of easily available alternatives
and design ideas (Vilutiene, et al., 2019). BIM is not only a quick and easy way to present
owners and stakeholders with the various designs and situations related to specific
projects, but it also allows members of the design team to better coordinate the fabrication
of various building systems, which is one of the reasons for its rapid adoption (Nawari,
2012). There is no doubt that BIM is altering the structural engineering field for the better.

According to Tom Bartley (2017), there are several other benefits that are gained

from the adoption of BIM tools and techniques in one’s work:

e integration of analysis and drawing production would enhance efficiency;
e 3D modeling improves the quality by improving coordination and

communication;



e ashared data environment helps teams collaborate more effectively within and
across departments;

e employing visualization during design reviews to engage non-technical
stakeholders;

e increased confidence in the design and the use of the model for prefabrication;

e simulation is used to plan and optimize the project schedule;

e the 3D model can be used to improve site inductions, making safety and risk
management more tangible;

e keeping track of inspections to monitor asset performance.

Despite all of the benefits that BIM brings to structural engineering, structural
engineers are still hesitant to use it. According to the McGraw-Hill Construction
SmartMarket Report (2007), 48 percent of architects consider BIM to be one of the tools
they frequently use, while only 35 percent of engineers use BIM. Following in the
footsteps of architects, engineers may transition from experimenting with BIM to using
it on a significant portion of projects.

2.4 Automated Code Compliance Checking

The process of automatically checking models against guidelines, standards, and
other criteria is known as ‘automated code checking’ or ‘code compliance checking’, and
it leads to faster, dematerialized and more transparent review processes (Martins, Rangel,
& Abrantes, 2016). A construction project is controlled and monitored by the codes,
which makes the codes a vital aspect in the AEC industry. The adoption of an automated
code checking process improves project effectiveness and enables quick decision-making
on a specific issue (Park & Kim, 2015).

McGraw-Hill Construction SmartMarket Report (2007) states that the automated
code compliance checking process holds a lot of promise for architects. While three out
of every five members of the construction team are intrigued by the concept, architects

are by far the most fascinated with 85% expressing interest. The fact that architects share



data more frequently than other members of the construction team is fueling this interest.
On a typical project, nearly half of architects (48%) spend at least 26 hours on code
checking. They then stated that the engineers on the other hand, still appear to be
continuing to make efforts to improve the flow of data used for code compliance
checking. On a typical project, engineers estimate spending around 51 hours on code
checking.

2.5 Autodesk Revit

Revit is a building information modeling software produced by Autodesk. It works
similarly to AutoCAD or SketchUp in that it generates a simulated three-dimensional
model of a structure (Christenson, 2006). Autodesk Revit is one of the most powerful
civil engineering software on the market. It offers a large number of functions and pre-
sets, due to which the users can create a sketch of the building from scratch comparatively
easier than AutoCAD. Unlike AutoCAD, Revit is equipped with ‘family’ features that
save an architect a significant amount of time. This feature is what makes Revit one of
the best software to use for a civil engineer (Fakhrutdinov, 2018). Also, Revit is the only
complete parametric Building Information Modeling (BIM) tool available today
(Mousiadis & Mengana, 2016).

Add-on menus in Autodesk Revit extend the software’s capabilities and
functionalities. Extensions differ from supplements in that they are entirely developed
and provided by Autodesk, whereas supplements are produced and provided by other
companies that collaborate with Autodesk in order to facilitate the modeling of their
products (Maia, Méda, & Jodo, 2015).

The Autodesk Revit Suite has a bidirectional link that allows for easy data transfer
with the industry’s most used structural analysis software, such as RISAFloor and RISA
3D by RISA, ETABS and SAP2000 by CSI, and RAM Structural System by Bentley
(Hunt, 2013).



2.6 Visual Programming Language (VPL)

A visual language, in general, is defined as a formal language with visual syntax
and semantics (Erwig, 1997). A VPL is extremely user-friendly, and it reduces the
barriers to entry into the field of programming for ordinary end-users. VPL programs are
much easier to create and understand than textual counterparts due to their visual

representation and means for intuitive interaction (Preidel, Daum, & Borrmann, 2017).

Some of the prominent VPL products include the plugin Dynamo for Autodesk
Revit (or as a standalone application), Grasshopper for Rhinoceros3D and Marionette for
Vectorworks. While textual programming languages can be difficult for AEC
professionals to work with, visual programming languages are gaining increasing
acceptance and widespread use among domain experts because information systems
described in a visual language can be understood much more quickly and easily by
humans (Preidel & Borrmann, 2016). Many studies show that non-programmers or
novice programmers find visual programming languages much easier to understand than

the conventional (textual) programing language (Asl, et al., 2014).

Many popular BIM modeling applications, in addition to the more traditional
languages such as C# or Python, allow the development of plugins using Visual
Programming Languages (VPL). This allows the development of plugins for BIM
modeling applications without the need to use the more complex APls. AEC practitioners
with little (or no) coding skills may, therefore, develop code-checking procedures
according to their requirements (Martins, Rangel, & Abrantes, 2016).

Ritter, et al. (2015) reviews the state of the art of visual programming languages
and summarizes the application domains of visual programming languages in civil
engineering, including inquiry languages, geometric modeling, knowledge-based design,

design decision support, systems modeling and code checking.
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Preidel, et al. (2017) are working on a visual code checking language, that is
intended to perform compliance checks automatically (or semi-automatically) and

significantly improve the overall process efficiency and quality.
2.6.1 Dynamo

Dynamo is a free software application that can be run standalone or as a Revit
plugin. Dynamo is basically a visual programming tool that is designed to be user-
friendly for both the non-programmers and the programmers. It allows users to visually
script behaviour, define custom pieces of logic, and script using the several textual
programming languages (Mousiadis & Mengana, 2016). With the visual programming
environment Dynamo, engineers can extend and automate recurring tasks in Revit (Esser
& Aicher, 2019).

By connecting ‘nodes’ with ‘wires’, to indicate the logical flow of the resulting

visual program, Dynamo allows us to develop visual programs in a workspace.

The true power of Revit as a building information modeling software is not in
geometry creation, but in how you can track and manipulate the model information.
Dynamo allows users to create systematic relationships to manipulate model elements
and parameters in ways that would be impossible with traditional Revit tools. Also, BIM
is frequently thought of as a ’production’ tool rather than a design tool. However,
Dynamo has the potential to prove this misconception wrong, by allowing designers to
experiment with iterative frameworks within the context of a BIM-based tool (Mousiadis
& Mengana, 2016).

The Dynamo Development team at Autodesk says that Dynamo is literally what
you make of it. Working with Dynamo may entail using the application, whether in
conjunction with other Autodesk software or not, engaging in a visual programming

process, or being a part of a large user community.
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2.7 Structural Design Vetting Process

The conformity to the given code should be present at all phases of the project. In
the design phase, after a structure is designed, that design is vetted against the structural
code, with the main objective being to ensure the primary structural support systems’

stability and integrity.

The purpose of the structural design vetting process is to increase confidence in a
building’s or project’s predicted performance and safety as documented in the design

criteria, the design approach and structural design documentation.

The structural design vetting is meant to cover an actual assessment of the design
using independently generated calculations. It is not just a review of previous structural
engineer’s calculations. It is carried out to determine whether the building or structure
complies with the structural code’s minimum structural design standards (Lewis &

Ranville).
2.8 Structural Codes

Code references and standards are the factors needed to make the design
structurally safe and sound. These codes (e.g., ACI code, Eurocodes, Japanese codes or
Chinese codes) serve as a guideline in our design, making them play a huge role in the
industry. The codes differ from country to country based on local conditions. Although
Pakistan has made up its own structural code, namely “Building Code of Pakistan”, that
code is rarely used because it is basically a compilation of codes, mainly ACI 318 and
ASCE 7, which are precisely the codes used in this project.

2.9 Structural Checks

In the structural code compliance process, the vetting engineer reviews the inputs
that were given while designing, the options used and performs the structural checks. The
engineer needs to know what properties were defined for the concrete material, for the

12



frame members, for slabs and for shear walls that were used for the structural model. The
engineer also needs to know what types of loads were assigned to the model, the source
of the mass of the building, the slab modeling type, the type of diaphragms etc. All of
these things are manually checked in the structural designing software. Also, the engineer
extracts different analysis results in order to manually perform the calculations for the
structural checks.

The structural checks performed in this project are as follows:

e Concrete Materials

e Frames

e Slabs and Shear Walls
e Load Patterns

e Mass Source

e Diaphragms

e Story Drift

e Torsion Irregularity
2.9.1 Stiffness Modifiers

The ability to attract moment, shear, axial force etc. is referred to as stiffness. The

stiffer an element, the more force it attracts and the more reinforcement we design for.

Modeling of concrete structural elements by linear analysis to achieve a reasonable
structural response usually requires the stiffness of concrete structural elements to be
changed (Wong, et al., 2016).

Cracking affects the stiffness of the structure which in result will affect the
deflection and forces. Cracking in a section causes variation in the moment of inertia.

There is a reduced moment of inertia in cracked regions and a much larger moment of

13



inertia in non-cracked sections. Also, as the load increases, so does the cracking.
Therefore, the moment of inertia varies with load.

ACI 318 gives us the values that are to be input as stiffness modifiers (Figure 1.1).
For the beams, the moment of inertia is to be input as 0.35lg. For columns, as 0.71g. For
slabs, as 0.251g. For uncracked walls, as 0.71g and for cracked walls, 0.35Ig.

Moment of Cross-sectional
Member and condition Inertia area
Columns 0.707
Uncracked 0.701
Walls
Cracked 0.35Z, 1.04,
Beams 0.357,
Flat plates and flat slabs 0.25I;

Figure 2.1 Stiffness Modifiers Values (ACI 318-14, Table 6.6.3.1.1)

2.9.2 Story Drift Check

The story drift is the lateral displacement of one level relative to the level below. It
IS important to be considered as it aims to ensure the acceptable performance of a

structure. The larger the drift, the less stiff the structure is.

Inelastic displacement, dx is the actual displacement, calculated by multiplying the
elastic displacement, 6xe by the deflection amplification factor, Cq (chosen from Table
12.2-1 of ASCE 7-10 based on the type of seismic force-resisting system) divided by the

importance factor, le (determined in accordance with Section 11.5.1 of ASCE 7-10).

Cq6
5x — dO9xe
I,
Because story drift criteria are one of the main considerations in selecting the right
lateral structural system, all of the factors that influence the drift should be carefully

considered. Figure 2.2 shows how the story drift is determined.
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Yy
ez —ra—>| Story Level 2
F, = strength-level design earthquake force
8.2 = elastic displacement computed under
L strength-level design earthquake forces
: & =  Cdde2/le = amplified displacement
Ay = (8e2-8.4) Calle £ A, (Table 12.12-1)
o
_‘{. F _‘;. Story Level 1
1 Sey — Fy = strength-level design earthquake force
8y = elastic displacement computed under
strength-level design earthquake forces
8 = Cy48.4/1g = amplified displacement
Ls Ar = 8 S A, (Table12.121)
A = Story Drift
AL = Story Drift Ratio
3 = Total Displacement
v

Figure 2.2 Story Drift Determination (ASCE 7-10, Figure 12.8-2)

ASCE 7-10 sets the allowable drift limits, as shown in Figure 2.3. These are the

functions of seismic forces resisting system’s risk category and type.

Risk Category

Structure Lorll 111 w

Structures, other than masonry shear wall structures, 4 stories or less above the base as 0.025h,° 0.020h0,, 0.015h,,
defined in Section 11.2, with interior walls, partitions, ceilings. and exterior wall systems
that have been designed to accommodate the story drifis.

Masonry cantilever shear wall structures® 00100, 0.010h,, 0.010hk,,
Other masonry shear wall structures 0.007h,, 0.007Th,, 0.007h,,
All other structures 0.0200,, 0.015h,, 0.0100,,

Figure 2.3 Allowable Story Drift (ASCE 7-10, Table 12.12-1)

2.9.3 Torsion Irregularity Check

Torsional irregularity is a well-known concept. For decades, it has been expressed
in various codes. It is a problem that engineers have learned to deal with, especially in
seismically active areas (Johnson, 2015). Torsional irregularities influence the structure’s

drift and must be considered for structures with rigid diaphragms (Al-sheikh, 2019), as is
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typically the case. If torsion irregularity exists, an amplification factor is to be applied to
normalize the stiffness of the building.

Torsional irregularity exists when the maximum story drift at one end of the
structure transverse to an axis exceeds 1.2 times the average of the story drifts at both
ends of the structure. Extreme torsional irregularity exists where the maximum story drift
at one end of the structure transverse to an axis exceeds 1.4 times the average of the story

drifts at both ends of the structure.

N——y =
A A
i eay ! A . -~ -
3 ; e - ! j Amm
A = A+ A
me
2
- I
= I
Seismic
force

Figure 2.4 Story Drift for Torsion Irregularity (FEMA P-2012)

2.10 ETABS

ETABS which stands for “Extended 3D Analysis of Building Systems” is basically
a 3D structural Finite Element analysis program. It is very popular and is focused on the
analysis and design of buildings. This also means that ETABS has its own 3D building
component modeling environment like Revit. Using the API to extract data and analysis
results (like how Dynamo works with Revit) is very advantageous and this can be done
with ETABS too (Sgambelluri, 2018). Therefore, ETABS has been chosen for this project

as the structural designing software.
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Chapter 3

METHODOLOGY
3.1 Introduction

The methodology adopted to achieve the objectives introduced in chapter 1 is
discussed and presented in this chapter. The work in this project consists of nine steps.
Initially, a detailed literature review was carried out. The aims of the literature review
were to develop an understanding of BIM and automated code compliance processes.
After that was accomplished, we acquired some CAD drawings in order to draw a
structural model. We then selected the structural codes that were to be used in the
project, which were ACI 318-14 and ASCE 7-10, as these are the codes that are usually
used in Pakistan. The structural model was then created using the acquired CAD
drawings in ETABS. After that, a BIM-based framework was developed for the
automation process. We then moved on to Dynamo to generate the code which obeyed
the rules set in the generated framework. After the code was generated, we applied it to

the created structural model. The results were then generated.

The steps are shown in Figure 3.1.
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Literatrue Data Collection Selection of
Review (CAD Drawings) Structural Code

Code Generation
using Visual
Programming

BIM based Creating Model
Framework in Etabs

Results

Ve Generation

Figure 3.1 Methodology

3.2 Structural Designing Software Selection

The structural engineering firm is primarily responsible for the structural
designing software selection. Different structural analysis programs are usually familiar
to structural engineers. The initial selection of BIM and structural engineering software
is therefore based on the software currently being used by the engineering firm (Hunt,
2013). In Pakistan, almost all the designing firms use ETABS, therefore, in order for
this project to be an aid to those designing firms, it was imperative that we use ETABS

for this project.
3.3 Structural Model

After the acquisition of the CAD drawings of a six-story plaza in Lahore, Pakistan,

its model was created in ETABS. Figure 3.2 shows a rendered view of the model.

18



-ﬂ'*-"*

G
—.

.‘1

.l“

Figure 3.2 Structural Model

3.4 BIM Based Framework

For the automation of the process, a BIM-based framework was generated which
was followed while generated the code in Dynamo. The framework has three main steps.
The first is set-up, the second is code compliance check and the third is the result. The
process initiates by running the structural model and when it is up and running, the code
in Dynamo is run on that structural model. The results will be generated, which would
then be organized or sorted. Then, those organized results will be evaluated against the
structural codes ACI 318-14 and ASCE 7-10. The non-compliant results would be

displayed and a report containing all the results will be generated.

The framework is illustrated in Figure 3.3.
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Figure 3.3 Framework

3.5 Code Generation using Dynamo

Dynamo was used to generate the code for the automated code compliance
procedure. In order to interact with the structural model in ETABS, a package in
Dynamo, called “Simplex”, created by Marcello Sgambelluri, BIM director at John A.

Martin & Associates, was used.

The reality is most of the "data" that is extracted from these structural analysis
models is done using a "manual’ process. For example, to verify geometric relationships
between beams and columns or columns and walls the user needs to manually open each
element in ETABS or SAP and verify that information manually. This process is tedious
and time-consuming that takes up the engineer’s time and the company’s budget. Revit
has gone through an evolution where Revit users now are able to interact with the Revit

model using Dynamo and the Revit API to automate tasks. It’s time to use that same

20



technology on the structural analysis models (Sgambelluri, 2018). Hence, the package

“Simplex” was created for this very purpose.

The use of an Application Programming Interface (API) allows for the
development of highly adaptable analysis solutions for a variety of structures. APIs are
the key component that enables data to flow between BIM software and structural
analysis software (Hunt, 2013). The code in Dynamo was created for each of the

structural checks separately, using the ETABS API.
3.6 Concrete Materials, Mass Source, Diaphragms and Load Patterns

For concrete materials (Figure 3.4), mass source (Figure 3.5), diaphragms (Figure
3.6) and load patterns (Figure 3.7), the defined properties, the options selected, the
defined loads are first extracted from the structural model to Dynamo, those results are
then sorted and organized. The organized results are then displayed in a Graphical User
Interface (GUI).

CONCRETE PROPERTIES

Figure 3.4 Code for Concrete Properties
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Figure 3.6 Code for Diaphragms

LOAD PATTERNS
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Python Seript
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Figure 3.7 Code for Load Patterns

3.7 Frames, Slabs and Shear Walls Properties

To check frames (Figure 3.8), slabs and shear walls (Figure 3.9) properties and
modifiers, the properties and assigned modifiers are first extracted from the structural

model to Dynamo, those are then sorted and organized. The organized results are then
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compared with the values given by the structural code. All the non-compliant members
will then be displayed in a GUI, also indicating the frame/s, slab/s or shear wall/s that

need to be revised.

FRAMES PROPERTIES

- 7 Frames iorevas

Figure 3.9 Code for Slabs and Shear Walls Properties

3.8 Story Drift and Torsion Irregularity Check

For story drift (Figure 3.10 to Figure 3.13) and torsion irregularity (Figure 3.14
and Figure 3.15) check, the analysis results are first extracted from the structural model,
followed by sorting and organizing those results. The organized results then undergo
calculations in order to know whether the story drift or torsion irregularity is under the
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prescribed limit mentioned in the structural code or not. The results are then displayed

in a GUI showing whether the structure is safe or not.

STORY DRIFT CHECK

AnslysisResults JointDrifts
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Numberhames
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count
=g list >
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Figure 3.10 Code for Story Drift Check (a)
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Figure 3.11 Code for Story Drift Check (b)
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Figure 3.12 Code for Story Drift Check (c)
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Figure 3.13 Code for Story Drift Check (d)
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Chapter 4

RESULTS AND DISCUSSION

4.1 User Interface

In order to ensure that the automated structural code compliance process is easily
performed by anyone, with or without extensive structural design knowledge, a plugin
for Autodesk Revit was created, namely “Design Check”. Figure 4.1 shows the plugin
present in the top ribbon of Autodesk Revit.

REHG ®R-7-8 27 @A B -5 -5 AutodeskRevit2018- Project] - Floor Plan: Level 0 b [Type o keyword or phrase & 5 Yy 2 signin W @ _ &5 X

Architecture  Structure  Systems  Insert  Annotate  Analyze  Massing &Site  Colloborate  View  Manage  Add-Ins  En:

scape™  Design Check  Modify @
Concrete Frames Properties Slabsand Load Patterns Disphragms Mass Source Story Drift Torsion  Create Report
Materials Shear Walls Irregularity
Design Check
Properties x - ~ Project Browser - Project x
10, Views (all
Floor Plan - joor Plans
evel
Floor Plan: Level 0 v | B8 EditType
Graphics &~
View Scale 7700
Scale Vaiue 1 1100

Display Modzl ™ Normal

[ Schedules/Quantities
=] Sheets (all)
A100 - Unnameg d

2] Families
[@] Groups

O &2 Revit Links

or
Color 5

System Color Sch..
Defauit Analysis .. ‘None
Sun Path =]
n

Ur
Extents
Crop View E

Crop Reqion Visible [ 1 iv

H v |
Properties help Apply 1:100 BB M 0 mamld < > Project Browser - Project1 | Dyno Browser
Click to select, TAB for alternates, CTRL adds, SHIFT unselects. 0 ain Model L s ) 0

Figure 4.1 Design Check

4.2 Structural Checks

To perform the structural checks, different buttons were created, with each button
performing a specific structural check. The results of each of the structural checks can
be seen by just clicking on the button.
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4.2.1 Concrete Materials

The “Concrete Materials” button will show the given name, assigned strength, the
strain at maximum strength, the ultimate unconfined strain capacity of all the concrete
materials defined when creating the structural model, as shown in Figure 4.2. It will also

show whether the concrete defined is lightweight or not.

Data-Shapes | Multi Input Ul ++

Concrete Materials
Mame Fc Lightweight 7 Strain at Fc Uktimate Uncorfined Strain Capacity
3 000 | No 000221914 0005
4000Psi (4000 | Mo 0.00221914 0.005
&
|E:<p0rtF||eName Expaort
OK

Figure 4.2 Concrete Materials Results

4.2.2 Frames Properties

The “Frames Properties” button will show a list of all the defined frame members
(beams and columns), along with their chosen dimensions, and the assigned modifiers.
On the bottom, it will show a list of all those frame/s members whose assigned modifiers
are non-compliant with the code and that need to be revised. The lists are shown in

Figure 4.3.
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Figure 4.3 Frames Properties Results

4.2.3 Slabs and Shear Walls Properties

The “Slabs and Shear Walls Properties” button is similar to the “Frames

Properties”. It will show a list of all the defined slabs and shear walls, their modeling

type, the concrete material for the respective slab and shear wall, the thickness and the

assigned modifiers. On the bottom, it will show a list of all those slab/s and/or shear

wall/s whose assigned modifiers are non-compliant with the code and that need to be

revised. The lists are shown in Figure 4.4.
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Figure 4.4 Slabs and Shear Walls Properties Results

4.2.4 Load Patterns

The “Load Patterns” button will show a list of all the loads used for the structural
model. It will show the load type, the self-weight factor and the code used for wind and

seismic analysis. The results are displayed in Figure 4.5.
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Figure 4.5 Load Patterns Results
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4.2.5 Diaphragms

The “Diaphragms” button will show the diaphragms defined, along with the

rigidity chosen, as shown in Figure 4.6.

Data-Shapes | Multi Input Ul ++

Diaphragms

Diaphragm Rigidity
D2 Semi Rigid

| ExportFileMame Export

oK
Figure 4.6 Diaphragms Results

4.2.6 Mass Source

The “Mass Source” button will show whether the options for element self-mass,
additional mass, specified load pattern in the structural model are checked or unchecked.
It will also show the number of load patterns, along with their assigned multiplier. The

results are shown in Figure 4.7.
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Figure 4.7 Mass Source Results

4.2.7 Story Drift

The “Story Drift” button will first pop up a window asking to enter the deflection
amplification factor, the importance factor and the allowable drift (drift limit), as shown
in Figure 4.8. These values vary according to the location of the building. However, the
values for a building in normal conditions will be there by default. The calculations will
be based on these values. The next window will show whether each of the stories is safe

or not, as shown in Figure 4.9. This will be shown for both the x and y-axis.
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Figure 4.8 Story Drift Check Results (a)
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Figure 4.9 Story Drift Check Results (b)

4.2.8 Torsion Irregularity

The “Torsion Irregularity” button will show whether each of the stories is safe or
not. If a story is not safe, it will then show whether extreme torsion irregularity exists or

not. This is shown in Figure 4.10.
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Figure 4.10 Torsion Irregularity Check Results

4.2.9 Create Report

The “Create Report” button creates a report in PDF format. It first asks to choose
a folder to save the report in (Figure 4.11). After choosing the folder, the report will be

saved in it, along with the results of all the structural checks (Figure 4.12).
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Figure 4.12 Create Report (b)

4.3 Comparison between Manual and Automated Process

This segment compares the manual process with the automated process. The time

decreased using the automated process is obvious.
4.3.1 Stiffness Modifiers for Frames, Slabs and Shear Walls

Applying stiffness modifiers can be an iterative process (Wong, et al., 2016).
During the structural design vetting process, the engineer has to manually open up three
dialogue boxes in order to check the stiffness modifiers of just one frame member
(shown in Figure 4.13). Meaning that if there are fifty frame members, the process is to
be repeated fifty times. But with “Design Check”, with just one click of a button, all the
frame members will be checked and all the non-compliant frame members will be

displayed. The same is the case with slabs and shear walls.
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Figure 4.13 Manual Method of Assigning Modifiers

4.3.2 Story Drift Check

In order to perform the story drift check, the engineer extracts the analysis results
by opening up different tables in the structural designing software and then copies the
relevant results from there (shown in Figure 4.14) and pastes them in Microsoft Excel.
After all the relevant data is pasted in Microsoft Excel, the engineer then performs the
calculations as given in the code and gets the results. Then finally, the engineer sees
whether the structure is safe or not. But with “Design Check”, with just one click, we

can know whether the structure is safe or not.
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Figure 4.14 Manual Method of Performing Story Drift Check

4.3.3 Torsion Irregularity Check

This is similar to story drift check as it is also a safety check. The engineer extracts
different analysis results and pastes them into Microsoft Excel. The calculations are then

performed and then the engineer sees whether the structure is safe or not. “Design
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Check” does all this with a click of a button and it is known whether the structure is safe

or not.
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Chapter 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The architecture, engineering and construction industry is constantly under
pressure to produce work faster, at a lower cost and with higher quality. To achieve these
goals, the construction industry is becoming increasingly digitalized, with the adoption
of BIM, internet technologies and other information technologies (Sandberg, et al.,
2016). All of these goals were achieved through the development of the Autodesk Revit
plugin. It demonstrates how the automation process works faster, at a lower cost and
with higher quality. As a result, this process should be used in the structural design
vetting process.

The Plugin can also be used easily among the stakeholders to automatically check
the design by themselves before it is forwarded to other stakeholders. It reduces the
iterative process of rule checking. Also, the results are saved and can be accessed at any

time in the future.

BIM’s future is both exciting and challenging. It is emerging as an innovative way
to carry out the responsibilities as the way infrastructure projects are designed and built
is constantly changing. As more structural and architectural firms recognize the
opportunities, benefits and values that it provides, it will continue to transform the
industry (Hunt, 2013). This project shows just a fraction of the benefits that can be

achieved by utilizing BIM in the structural engineering field.

The automated rule-checking applications should not be viewed solely as agents
of the transition to digital administrative processes. Indeed, these applications should be

viewed as expert systems that can assist designers by providing a multidisciplinary,
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informed and detailed view of the implications of their design choices (Martins, Rangel,
& Abrantes, 2016).

5.2 Recommendations

This study aimed at automating the structural code compliance process. Following

are some of the recommendations that can help improve the work.

e This project included some of the structural checks mentioned in ACI 318 and
ASCE 7 and all the structural checks in the codes were not executed. One can
study the work in this project, develop an understanding and apply more
structural checks mentioned in the codes.

e Furthermore, the project was based on ACI 318 and ASCE 7. However, the
work can be replicated by using any other applicable structural code,
depending upon country to country.

e In order to make a created plugin or a tool easily accessible, that plugin or
tool can be published on the Autodesk App Store, so that anyone can
download and benefit from it.

e This project used the structural designing software, ETABS. However, any
other software may be used, depending upon the designing firm and their go-

to designing software.
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