A parametric design process
model for box culverts
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This research proposes a parametric design process model to improve the structural engineering
project team performance by automating the design and three-dimensional modelling
procedures of box culverts. Although standardised design procedures can reduce the design
time of repetitive structures such as box culverts, the increased time and effort required for
revising construction drawings negatively impacts a project’s performance. A literature review

was conducted to develop a theoretical process model to improve the current structural design

optimisation and three-dimensional modelling procedures of box culverts. The proposed

process model was validated using structured interviews with professionally registered structural
engineers for appropriateness to box culverts and the potential to improve project performance.
The data analysis revealed that the interviewed engineers were in favour of automating the
design optimisation and three-dimensional modelling procedures of box culverts. Moreover,
parametric design automation would result in improved project performance when encountering

an inevitable design change. However, the user’s control over the output of each process should

not be discarded. This study can help readers understand the transformation of the structural
design and three-dimensional modelling procedures of repetitive structures, such as box culverts,
into an algorithmic form to achieve improved project performance.

INTRODUCTION

The introduction of building information
modelling (BIM) and parametric design
methods has improved the implementation
of processes in the traditional structural
engineering workflow. Structural engineer-
ing processes previously completed in
sequential and isolated steps (Bhusar &
Akhare 2014; Romo et al 2015) can now

be automated through BIM parametric
design (Gilkinson et al 2015; Kalkan et al
2018). Surveys conducted by Hamidavi et al
(2020) have revealed that more than 60% of
structural engineers in the United Kingdom
(UK) who are professionally accredited
with the Institution of Structural Engineers
(IStructE), Institution of Civil Engineers
(ICE), and the American Society of Civil
Engineers (ASCE) believe in the potential of
automation to resolve the challenges faced
in structural engineering. Hence, automat-
ing the cumbersome and time-consuming
manual processes for simple and repetitive
structures can reduce the time spent on

the project while minimising effort. Box
culverts are an example of simple, repetitive
structures which can benefit from paramet-
ric design automation (Manmeetsingh &
Julian 2016). Standardisation of design pro-
cedures has improved the manual structural
design process of box culverts. For instance,
the design procedure prescribed in the
Design Manual for Standard Box Culverts

(National Transport Commission 1981)
allows for selecting a box culvert’s geometric
and material properties with minimal effort.
However, producing construction draw-
ings for the designed box culvert remains a
labour-intensive process of the traditional
workflow (Bhusar & Akhare 2014).
Although existing literature aimed at
automating either the traditional structural
design or two-dimensional (2D) computer-
aided design (CAD) drawing procedures
of box culverts was evident, literature for
integrating and automating the structural
design optimisation and three-dimensional
(3D) modelling procedures for box culverts
was limited. This study therefore aims to
evaluate the potential of reducing the time
and effort required to perform re-work
following a design change for box culverts,
thereby improving project performance.
Moreover, this study will assist by contrib-
uting to the current body of knowledge
regarding the expected benefits of integrat-
ing and automating the structural design
optimisation and 3D modelling procedures
for box culverts. The following sections
present the literature review, whereby
the initial parametric design model is
developed, followed by the results from the
structured interview findings, where after
the findings are then used to validate the
proposed parametric design process model
for box culverts.
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LITERATURE REVIEW

Road construction projects consist of
various types of transportation struc-
tures, such as bridges and culverts. The
infrastructure choice depends on the
stakeholder’s requirements and influ-

ence from the project environment. For
instance, box culverts are generally used
in road construction where watercourses,
such as streams, are located at a level
significantly lower than the final road level
(Manmeetsingh & Julian 2016). Since both
culverts and bridges often serve the same
purpose, culverts are generally preferred as
more affordable alternatives over bridges,
due to their significantly lower construc-
tion costs (Parry et al 2000). Furthermore,
the regulations governing the design of
culvert structures are similar to those of
bridges, since both structures are expected
to support traffic loads (Ahmed & Alarabi
2011).

Recent advances in information tech-
nology have increased the number of tools
available for completing the design and
drawing processes, thereby improving the
traditional structural engineering work-
flows. For instance, Bhusar and Akhare
(2014) and Gilkinson et al (2015) compared
the effects of implementing the traditional
2D drafting-centric workflow with the
modernised 3D BIM workflow. Figure 1
shows that the effort required on a project
implementing a traditional workflow (indi-
cated by the grey line in the figure) steadily
increases from the early design phases to a
maximum during the construction docu-
mentation stage (Bhusar & Akhare 2014;
Gilkinson et al 2015). Conversely, the effort
required for implementing the modernised
BIM workflow (indicated by the green
line) significantly increases to a maximum
during the early stages of a project, since
the design and 3D modelling processes are
linked through automation (Gilkinson et a/
2015; Kalkan et al 2018). Implementation of
the BIM workflow is beneficial to a project
since the potential to impact the project
cost and performance is at a maximum at
the start of the project (Bhusar & Akhare
2014; Gilkinson et al 2015). Moreover, any
changes implemented during the early
design phases result in low-cost implica-
tions for the project’s budget (Bhusar &
Akhare 2014; Gilkinson et al 2015). The
high potential to impact the project cost
and performance, and the low cost of
design changes earlier in the project allow
the engineer to optimise a design with less
risk (Alwisy et al 2012).
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Figure 1 Traditional and modernised project workflows (adapted from Bhusar & Akhare 2014,
and Gilkinson et al 2015; in turn adapted from AIA California Council 2007)

According to Romo et al (2015), the
typical structural engineering workflow
shown in Figure 2 first requires the devel-
opment of a concept for the structural
system. Predetermined standards within
an organisation (i.e. the span-to-depth ratio
rules) (Brishami et a/ 2018) and simpli-
fied analysis calculation procedures (i.e.
culvert design coefficient tables) (Reynolds
et al 2007) are often used to develop the
conceptual structural system. Depending
on the preferred structural analysis tool, a
3D finite element analysis (FEA) model can
be generated to visualise the preliminary
design geometry for correctness (Romo et
al 2015). Moreover, the preference of FEA
tools is based on the ability to produce
accurate and realistic analysis results,
which may lead to a more economical
design. For instance, Kang et al (2008).
Zhu et al (2012) and Ulger et al (2020)
were able to simulate the loading effects
caused by relative settlement of surround-
ing soils on a culvert for trenched and
un-trenched installation conditions. The
results observed by Kang et al (2008), Zhu
et al (2012) and Ulger et al (2020) revealed
that the simulated loads imposed on the
structure were greater for un-trenched
installation in comparison to trenched
conditions.

A culvert is analysed and designed
according to the design loading criteria
that are specified by the country’s design
regulations (Ahmed & Alarabi 2011;
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Manmeetsingh & Julian 2016). Design
regulations such as the Technical Manual
for Highways (TMH7) (Committee of State
Road Authorities 1981), BS 5400 (BS 1978)
and BD 31/01 (The Highways Agency 2001)
require designers to consider the behaviour
of structures under the ultimate and ser-
viceability limit states. Serviceability limit
states focus on the state of the structure
under normal operational conditions, while
ultimate limit states are more concerned
with the failure modes of the individual
structural members (Committee of State
Road Authorities 1981; Dawe 2003).

Once the preliminary structural system
is concluded, the design can thereafter be
optimised and communicated through
structural construction drawings (Romo
et al 2015). Communication of the design
intent requires a geometric model to be
produced and coordinated with the other
disciplines (Solnosky 2017). According
to Senescu et al (2006), the production
of a BIM model for drawing purposes
is often carried out by a BIM manager.
Furthermore, production of a 3D model in
a BIM environment takes significantly less
time and effort compared to traditional
CAD tools (Senescu et al 2006).

Despite the apparent benefits associ-
ated with intelligent BIM tools, several
challenges are highlighted in the exist-
ing literature. Since the early design
information received from the civil and
geotechnical engineers (Nicholson 2014)
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Figure 3 Parametric structural design optimisation scheme (adapted from Romo et al 2015)

is prone to changes (Rempling et al 2019),
the structural engineer might often need to
perform re-work due to inevitable changes
to the design input data (Bhusar & Akhare
2014; Gilkinson et al 2015). Traditionally,
construction drawings were produced
manually in 2D, which requires more effort
to update the drawing separately follow-
ing the need for design changes (Mangal

& Cheng 2018). Moreover, coordination
using 2D drawings caused challenges in
visualising the design intent (Mangal &
Cheng 2018). Although modernised project
delivery methods enforce early involvement
of project stakeholders to improve the
coordination and early decision-making
processes (Rempling et al 2019), data
exchange between various BIM tools
(interoperability) can cause challenges in
coordination of information (Lothar 2017).
Several authors have evaluated the use

of the neutral IFC (Industry Foundation
Class) data format to resolve interoper-
ability challenges. According to (Lothar
2017), interoperability by IFC2x3 is based
on intelligent data formats, which allow for
3D model presentation, material extrac-
tion, and structural analysis and design.
However, when evaluating the use of IFC
format as a mediator for data transfer on
various software packages, Ran et al (2018)
discovered that Computers and Structures

Inc (CSI) ETABS and SAP2000 were able
to import data in less time than Autodesk
Robot Structural Analysis (RSA). However,
certain properties required manual input
after importing the IFC file on ETABS and
SAP2000, and material properties were
missing after importing the IFC file on
RSA. Similarly, an investigation by Shoieb
et al (2020) revealed that, although material
properties could be imported from ETABS
and SAP2000 to RSA, loads could not be
imported into RSA from all structural
analysis software packages evaluated.
According to Shoieb et al (2020), ETABS
and SAP2000 are capable of high interop-
erability due to the unique supplier of the
two applications, and having implementa-
tion agreements for information exchange.
Despite the importance of a good
preliminary design, limited time is often
allocated to the early design phase (Romo
et al 2015). For instance, the additional
time required to amend and re-analyse
an analysis model following receipt of
undesired results might not be allocated
to the project budget (Romo et al 2015).
Similarly, project time constraints also
affect the optimisation of a design solution
to achieve specific outcomes. According
to Mangal and Cheng (2018), the design
optimisation process of reinforced concrete
frames is either performed manually or
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semi-automated using computational tools.
However, Manmeetsingh and Julian (2016)
advised that semi-automated tools, such
as calculation spreadsheets, still require
manual input, which makes the approach
error-prone and time-consuming. Despite
the ability of FEA computational tools

to simulate realistic loading effects on a
structure, the tools do not perform any
multi-criteria decision analysis to achieve
an optimal design solution (Mangal &
Cheng 2018). For instance, standard FEA
tools only analyse and propose one design
solution (based on a single set of input
parameters) instead of evaluating several
alternatives (Mangal & Cheng 2018).

Existing literature recommends that
early automation of the design and drawing
processes would help alleviate the chal-
lenges faced in structural engineering. For
instance, Hamidavi et al (2020) advise that
automation solutions are more practical
during the early design phase of a project,
because designers can better influence
the performance and cost of the project
(Bhusar & Akhare 2014; Gilkinson et al
2015). Similarly, Holzer (2015) states that
exploring the automation capabilities of
parametric design algorithms may provide
engineers with possibilities of manipulat-
ing BIM data with more flexibility during
early project stages. Parametric design
techniques are rapidly emerging as agile
tools for evaluating various design alterna-
tives with minimal effort (Romo et al
2015), and limited computer programming
skills (Betancourt et al 2014; Hamidavi et
al 2020). Moreover, the use of parametric
design is a double-edged tool, since the
automation tool can either be used during
early project phases to evaluate alternative
design solutions (Romo et a/ 2015), or for
optimisation purposes by setting out spe-
cific design-related target outputs (Romo et
al 2015; Hamidavi et al 2020).

Romo et al (2015) and Hamidavi et al
(2020) have recently proposed parametric
design algorithms for design optimisa-
tion during the early project phases. The
parametric structural design optimisation
scheme proposed by Romo et al (2015) in
Figure 3 shows that, once the structural
model is parameterised through a visual
programming plug-in, the design process
starts by automatically generating a 3D
geometric and analytical model in a BIM
environment (Romo et a/ 2015). The 3D
models are generated through a visual
programming algorithm editor, which
allows the designer to develop generative
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Figure 4 Automated OSD prototype framework (adapted from Hamidavie et al 2020)

algorithms for automatically modelling the
3D geometry in both the BIM (Romo et al
2015) and FEA environments (Hamidavi et
al 2020).

Similarly, the optimised structural
design (OSD) framework proposed by
Hamidavi et a/ (2020) also uses a combi-
nation of several BIM tools. In Figure 4
the automated design optimisation
computational process consists of three
sub-processes: (1) structural analysis and
design, (2) evaluation of design solutions,
and (3) multi-criteria decision analysis.
According to Hamidavi et al (2020),
integration of the BIM environment and
an FEA tool is made possible through
visual programming, which resolves the
challenges related to BIM data transfer.
According to Hamidavi et al (2020), visual
programming tools allow the designer
to link the design input parameters from
the BIM information received with the
structural FEA model. Moreover, the link
created between the design input param-
eters enables the designer to automatically
create an analysis model within an FEA
tool — this ensures that any changes made
to the information previously received are
automatically applied to the optimised
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FEA model (Hamidavi et al 2020). For each
analysis model created through generative
design, the design loading conditions are
automatically defined using the visual
programming tool. Using the analysis
results obtained for each FEA model, the
evaluation process is conducted to evaluate
various design solutions and, thereafter,
perform multi-criteria decision analysis for
each of the models generated (Hamidavi et
al 2020). The analysis results are classified
in terms of over-design and under-design
based on a predefined weighting score
system (Hamidavi et al 2020).

According to Omoregie and Turnbull
(2016), the introduction of BIM has made
it possible to produce intelligent models for
construction documentation. Furthermore,
the use of 3D models helps professional
teams better illustrate their design intent
and visualise the full structure before
construction (Omoregie & Turnbull 2016).
One of the advantages of using a BIM 3D
model for producing drawings, instead of
the traditional 2D CAD, is the ability for
the BIM software to detect model member
clashes across all disciplines (Jaehyun
& Hubo 2015). According to Romo et al
(2015), visual programming platforms are

Volume 63 Number3 September 2021

usually pre-integrated within parent BIM
environments. The visual programming
software plug-ins allow users to auto-
matically generate and manipulate 3D BIM
geometry by creating generative parametric
algorithms (Romo et al 2015). Similarly,
Juhee et al (2019) have developed an algo-
rithm automating the BIM model genera-
tion process by using design parameters.
Moreover, Juhee et al (2019) advise that the
proposed modelling automation algorithm
can shorten the requisite time for model-
ling, regardless of the type of work.

Figure 5 shows that the automated
process of modelling 3D geometry based
on the construction setting out informa-
tion is enabled by the use of reference grids
and level information (Juhee et al 2019).
Using the object’s location information
and geometric attributes, the modelling
process generates the 3D geometry based
on the extrusion lengths and heights of
each model component (Juhee et al 2019).
According to Juhee et al (2019), extru-
sion of each component is based on the
sectional profile. For instance, objects such
as walls and columns would be extruded
vertically (height), whereas beams would
be extruded horizontally (length) (Juhee
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Figure 5 Dataflow for automatic BIM modelling (adapted from Juhee et al 2019)

et al 2019). Once the 3D object has been
generated, the material properties defined
at the start of the automation process are
assigned to the appropriate model compo-
nents. Relevant construction information,
such as material quantities, is thereafter
accessible to produce construction draw-
ings (Juhee et al 2019).

Table 1 summarises the challenges
currently faced in structural design and
3D modelling, contributing to the amount
of time and effort required to perform
re-work in the event of an inevitable design
change. Furthermore, the literature review
findings given in Table 1 propose that
automating the design and 3D modelling
processes would resolve the issues cur-
rently faced in structural design and 3D
modelling processes.

Hence, the theoretical parametric
design process model shown in Figure 6
was proposed to resolve the challenges
faced in structural engineering, thereby
reducing the effort and time required to
perform re-work for box culverts. The

proposed theoretical model for automating
the structural design and 3D modelling
processes of box culverts was formed by a
combination of:

1. The OSD framework proposed by
Hamidavi et al (2020) for use on a wide
range of structural design scenarios
including bridge design.

Table 1 Proposed solutions to challenges faced in structural design and 3D modelling

Challenges highlighted in current literature

Uncertainty and availability of design input data from
other disciplines at early project phases
(Rempling et al 2019

Minimum time allocated to conceptual design for
evaluation of various design alternatives
(Romo et al 2015)

Time-consuming and error-prone manual, or
semi-automated design optimisation process
(Manmeetsingh & Julian 2016; Mangal & Cheng 2018)

Interoperability of BIM data between various

tools leading to missing or incorrectly transferred
information which requires manual input

(Lothar 2017; Hamidavi et al 2020; Shoieb et al 2020)

Time-consuming and error-prone manual drawing or
modelling processes used to produce drawings and
perform re-work following design changes

(Mangal & Cheng 2018)

Journal of the South African Institution of Civil Engineering  Volume 63 Number3 September 2021

Proposed solutions to challenges
highlighted in current literature

Automated structural analysis and design
procedures to reduce the duration and effort
of producing re-designs (Romo et al 2015;
Manmeetsingh & Julian 2016; Rempling et al
2019; Hamidavi et al 2020)

Automated design procedures to enable data
transfer of multiple formats (Hamida et al
2020; Shoieb et al 2020)

Automated 3D modelling procedure to
reduce the effort and duration of performing
re-work following a design change (Rosick et
al 2005; Kang et al 2013; Juhee et al 2019)
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2. The automated BIM model generation
framework proposed by Juhee et al (2019)
to shorten the requisite time for model-
ling, regardless of the type of work.

METHOD

Although the automated OSD and BIM 3D
modelling algorithms were developed and
validated for a wide range of applications

in structural design and 3D modelling,

the combination of the two algorithms
required validation for appropriateness to
box culverts. Therefore, this study’s research
design method was aimed at validating the
theoretical model proposed in Figure 6.
According to Axinn et al (2009), developing
a research design begins with the selection
of a unit of analysis, such as the interpreta-
tions of individuals or groups regarding a
specific phenomenon. For this study, the
interpretations of professionally registered
structural engineers and 3D modellers were
used to evaluate whether the proposed
theoretical model would result in improved
project performance. Responses from each
participant were recorded on a standardised
interview schedule and audio-recorder for
validation purposes. To preserve anonymity
for the interview participants, no personal
information was transcribed when validat-
ing the collected data. Due to the COVID-19
restrictions at the time of this study, the
structured interview process was conducted
through a web-based meeting platform. The
structured interview data collection method
enabled the combined characteristics of
qualitative and quantitative methods, which
are useful for implementation of complex
evidence-based research (Cooksey &
McDonald 2019). To ensure that interpreta-
tions of both structural designers and 3D
modellers were obtained, the sample size
consisted of six participants who were pro-
fessionally registered structural engineers
with 3D modelling experience, and one
professionally registered structural engineer.
The composition of the interview par-
ticipants with their respective professional
backgrounds is shown in Table 2.

The interview participants IP 5 and IP 7
work in the same design office, whereas the
remaining five participants work in differ-
ent offices. While adhering to the univer-
sity’s ethical requirements, the interview
participants were sourced as follows:

B IPs 4,5, and 7 — by previous industry
interaction

B IPs 3 and 6 — by LinkedIn requests (no
previous interaction with IPs)

Table 2 Composition of interview participants

Interview
participant
(IP)

Role on culvert projects

IP1 Structural designer and 3D modeller
P2 Structural designer and 3D modeller
IP3 Structural designer and 3D modeller
IP 4 Structural designer and 3D modeller
IP'5 Structural designer

IP6 Structural designer and 3D modeller
IP7 Structural designer and 3D modeller

Experience in the
engineering field

Professionally
registered?

11 - 20 years Yes
11 - 20 years Yes
5-10 years Yes
5 - 10 years Yes
Less than 5 years Yes
5 - 10 years Yes
5-10 years Yes

Table 3 Validation part 1 quantitative and qualitative results

Quantitative results Qualitative results

Responses received advised that the design loading and

The results presented in
Figures 7 and 8 indicated a
high level of agreement from
the respondents that the
proposed structural design and
3D modelling processes were
appropriate to box culverts.

geotechnical information were required as additional design input
parameters, and the topographical survey information was required
for both the design and 3D modelling processes.

Due to the challenges faced when transferring data between BIM
tools, one respondent advised that the design loading should
rather be used as a manual input since the loads tend to either be

transferred incorrectly, or not transferred at all.

Do you agree or disagree that the proposed input parameters are
required to start the structural design process of box culverts?

Geometric boundaries

Cross-sections of elements
Material properties 43% 57%
Penalty functions 43% 57%

B Strongly disagree [ Disagree Neutral H Agree W Strongly agree

Figure 7 Structural design input parameters quantitative results

B IP 2 — by request sent to the South
African Institution of Civil Engineering
(SAICE) young members communication
group (no previous interaction with IP)

B [P 1 - by recommendation from industry

peer (no previous interaction with IP).

DISCUSSION

The proposed theoretical process model

presented in Figure 6 was validated for use

on box culverts in four parts:

1. Appropriateness of the proposed struc-
tural design and 3D modelling input
parameters

2. Appropriateness of the proposed struc-
tural design and 3D modelling processes
and sub-processes

3. Appropriateness of the proposed
sequence of processes

4. Willingness of the participants to
automate the proposed sub-processes to
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reduce the time and effort required to

perform re-work.

Although the structured interview results
presented in Table 3 are in favour of the
proposed input parameters, the results also
highlighted the need for additional input
parameters.

Therefore, the results shown in Figure 7
validate that, if implemented correctly, the
proposed structural design input parameters
are appropriate for use on box culverts.

Moreover, the results shown in Figure 8
validate that, if implemented correctly, the
proposed 3D modelling input parameters
are appropriate for use on box culverts.

The request received from the respond-
ents to include additional input parameters
was mainly due to the specialised nature
and functionality of transportation
structures. Box culverts are used in road
construction to support traffic loads while
providing drainage for streams positioned
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Do you agree or disagree that the proposed input parameters are
required to start the 3D modelling process of box culverts?

Geometric boundaries 14% 86%
Cross-sections of elements 14% 86%
Material properties 29% 71%
B Strongly disagree Disagree Neutral H Agree H Strongly agree
Figure 8 3D modelling input parameters quantitative results
E E Relative
Fyl o =y settlement
L
N —> -
Fho L Fh Fh — ! — Fh
E E Fv Fv
Relative | | ' | Relative v
settlement | & 1 | settlement
Box Box
culvert culvert
(a) (b)

Figure 9 (a) Embankment installation and (b) trenched installation relative settlement
(adapted from Kim & Yoo 2005)

Table 4 Validation part 2 quantitative and qualitative results

Quantitative results Qualitative results

The results presented in Figure 10 indicated
a high level of agreement from the
respondents that the proposed processes
were appropriate for the design and 3D

modelling of box culverts. Responses received from two participants advised that,

although FEA tools were ideal to achieve the most
accurate analysis and design results, simpler methods of
analysis were available for less complex structures such
as culverts without skew ends.

Moreover, the results presented in Figure 11
indicated a high level of agreement from
the respondents that the proposed sub-
processes were appropriate for the design

An example given by one respondent was the
and 3D modelling of box culverts.

standardised culvert design procedure prescribed in
the Design Manual for Standard Box Culverts (National

. ' Transport Commission 1981).
However, one participant remained neutral

regarding the generation of modelling
references, generation of 3D model objects
and material information sub-processes.

Do you agree or disagree that the proposed computational processes are
applicable to the structural design and 3D modelling of box culverts?

Design optimisation ERES 86%
3D object modelling 29% 71%

Property assignment to 3D model objects 57% 43%

W Strongly disagree Disagree Neutral M Agree M Strongly agree

Figure 10 Structural design and 3D modelling processes quantitative results
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at a level significantly lower than the final
road level (Manmeetsingh & Julian 2016).
Communication of the design intent requires
a structural drawing to be produced and
coordinated with other disciplines (i.e. the
civil engineer) (Solnosky 2017). Hence, survey
information such as the road and drainage
levels would be required on the structural
drawings to illustrate the structure’s position
in relation to the road, natural ground, and
stormwater drainage levels. The position of

a culvert in relation to the road and natural
ground level can have positive or negative
effects on the structure. For instance, the
traffic load effects are reduced as the distance
between the road level and culvert structure
(soil cover height) increases (Ahmed &
Alarabi 2011). However, the soil dead load
imposed on the culvert roof also increases
with each increase in cover height (Ahmed &
Alarabi 2011).

Similarly, the position of the culvert in
relation to the natural ground level deter-
mines the installation method, which also
affects the design loading. For the embank-
ment (un-trenched) installation method
in Figure 9(a), the surrounding soils have
higher settlement rates in comparison to
the soil directly above the structure — which
results in the surrounding soils increasing
the total load applied to the culvert (Kim
& Yoo 2005; Kang et al 2008; McGuigan
& Valsangkar 2011; Wood et al 2015).
Relating to the trenched method shown
in Figure 9(b), the surrounding soils have
lower settlement rates compared to the soil
directly above the structure — resulting in
the surrounding soils reducing the total load
applied to the structure (Kim & Yoo 2005;
Kang et al 2008; McGuigan & Valsangkar
2011; Wood et al 2015). According to Ulger
et al 2020, the soil parameters provided
within the geotechnical report can be used
to realistically simulate soil-structure inter-
action effects on FEA tools.

The structured interview results
presented in Table 4 are in favour of the pro-
posed structural design and 3D modelling
processes and sub-processes. However, the
results advise that, although FEA tools are
more effective in providing accurate results,
simpler forms of analysis are available.

The results shown in Figures 10 there-
fore validate that, if implemented correctly,
the proposed structural design and 3D
modelling processes are appropriate for use
on box culverts.

The results shown in Figure 11 further-
more validate that, if implemented cor-
rectly, the proposed structural design and
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Do you agree or disagree that the proposed sub-processes
are applicable to box culverts?

Material information [y BRESZ 72%
Quantity information from 3D model BRESZ 86%
Construction information  ERESZ 86%

in comparison to simplified analysis proce-
dures. For instance, Ulger et al (2020), Zhu
et al (2012) and Kang et a/ (2008), have used

Structural design and analysis an FEA tool to simulate the realistic loading
Design solution evaluation effects caused by the trenched and un-
Multi-criteria decision analysis trenched installation methods. Furthermore,
Generation of modelling references [EE) 29% 57% Mangal and Cheng (2018) advised that the
Generation of 3D model objects FE T IRER 72% preference of using FEA tools is based on

the time and effort benefits experienced
when performing structural designs.
When asked to confirm the appro-

B Strongly disagree W Disagree M Neutral M Agree B Strongly agree priateness of the proposed sequence of
processes (validation part 3), three (43%) of
Figure 11 Structural design and 3D modelling sub-processes quantitative results the respondents agreed that the proposed
sequence was also appropriate for the
3D modelling sub-processes are appropriate Standard Box Culverts (National Transport design and 3D modelling of box culverts.
to use on box culverts. Commission 1981) are available for However, the remaining (57%) respondents
The literature review findings also the design of culverts, with less effort. each preferred four different sequences of
confirmed that simplified analysis However, several researchers have proven processes. The five preferred sequences of
methods were evident. For example, the that FEA tools were capable of simulat- computational processes derived from the
culvert design coefficient tables (Reynolds ing realistic load effects to produce more interview responses received are presented
et al 2007) and the Design Manual for economical structural designs at faster rates in Figure 12.
:" Sequence 1 - selected by: IP 1 \‘:
i '
i Co:g:zftt;oarzligpr:;cee;: : Computétional proc.ess 2: Compl_Jtatione.aI p.)roc.ess 3: > Compute}tional proc_ess 4: i
: to 3D model objects 3D object modelling Design optimisation 3D object modelling :
' '

Sequence 2 - selected by: IP 2,IP6and IP 7

Computational process 1: _ | Computational process 2:

Computational process 3:

Design optimisation o 3D object modelling

to 3D model objects

- ——————

Sequence 3 - selected by: IP 3

1
1
:
1
Property assignment .
1
1
1
1

. ional 2:
Computational process 1: Computational process

Computational process 3:

> Property assignment

Design optimisation to 3D model objects

3D object modelling

-

Sequence 4 - selected by: IP 4

Computational process 2:
3D object modelling

Computational process 1:
Design optimisation

Computational process 2:
Property assignment
to 3D model objects

-

Sequence 5 - selected by: IP 5

Computational process 1: Computational process 2:

Computational process 3:

3D object modelling Design optimisation

3D object modelling

-

Figure 12 Preferred sequences of computational processes
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Regarding Table 5 — most of the
respondents were in favour of automating
the structural design and 3D modelling
sub-processes to achieve the benefits of
reduced time and effort when performing
re-work on culvert projects. In addition, the
possibility to automatically update input
parameters prone to change, and perform
multi-criteria decision analysis, were sug-
gested as additional potential benefits to
the user. However, the qualitative results
showed some reluctance amongst the
participants to fully automate the proposed
process model through parametric design.
The reluctance to fully automate the design
and 3D modelling sub-processes was based
on the expected reduction in control that
the user would have, and the possibility of
encountering construction-related prob-
lems caused by:

B Non-adherence to non-structural
requirements constraining the culvert
geometry and position.

B Limited engineering judgement applied
when evaluating design solutions.

B Unsuccessful transfer of design loading
information.

As a possible solution for the reluctance of

fully automating the sub-processes, it was

suggested that a user should be allowed to
review and manually modify the output

of each sub-process. Allowing the user to

retain some control over each process and

important input parameters would assist
in reducing the level of reluctance amongst
the interview respondents.

Therefore, the results shown in Figure 13
validate that, if implement correctly,
automating the proposed structural design
and 3D modelling processes could result in
reduced effort when performing re-work for
box culverts.

In summary, some similarities were
drawn from the literature review and struc-
tured interview findings. The quantitative
results received from the structured inter-
view process revealed that the majority of
the participants agreed that the proposed
process model was appropriate for use
on box culverts. Furthermore, automat-
ing the proposed process model through
parametric design could potentially yield
benefits which would help improve project
performance. However, certain challenges
associated with automation of processes
and parameters constrained by important
structural and non-structural requirements
were raised. Table 6 provides a brief com-
parison between the literature review and
validation process findings.
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Table 5 Validation part 4 quantitative and qualitative results

Quantitative results Qualitative results

The results presented in Figure 13 indicated that
only one participant remained neutral to the
idea of automating the (1) structural analysis and
design, (2) generation of modelling references,
(3) material information, (4) quantity information
from the 3D model, and (5) construction
information sub-processes.

Conversely, only one participant disagreed to
the idea of automating the design solution
evaluation, generation of modelling references,
and generation of 3D model objects.

The remaining respondents agreed that
automating the proposed sub-processes would
result in the desired benefits of reduced time and
effort.

The responses received showed that several
respondents appreciate the proposed benefits
presented by automation of the given sub-
processes. For instance, one participant
mentioned that design specifications, such

as material properties, are prone to change
once construction activity commences. Hence,
automating the sub-processes for updating
material properties would be beneficial.

Another participant advised that, if multi-criteria
decision analysis is completed manually, it

would be inefficient to achieve an optimised
design based on several criteria, including the
time constraints. Hence, automating the sub-
process would be beneficial since the designer
could optimise the design to suit a desired
reinforcement arrangement to improve with ease
of construction.

However, the responses received also advised
that the engineer’s control and ability to review
the output for each sub-process should not

be discarded because of the automation. For
instance, one participant advised that, since the
culvert is constrained by the road and drainage
levels specified by the civil engineer, it would
be risky to fully automate the generation of
modelling references sub-process.

Two participants added that automating the
design solution evaluation sub-process would
remove the designer’s control over the results.
Similarly, several participants have also advised
that important input parameters, such as the
topographical survey information, design loading,
and penalty functions, should rather be manually
defined by the user.

Structural design and analysis
Design solution evaluation
Multi-criteria decision analysis
Generation of modelling references
Generation of 3D model objects
Material information

Quantity information from 3D model

Construction information

W Strongly disagree

Do you agree or disagree that fully automating the proposed sub-processes through parametric
design can reduce the time and effort required for performing re-work on box culvert projects?

14% 72%
14% 72%

14% 72%

14% 72%

Disagree

100%
14% 58%

29% 57%
29% 57%

Neutral M Agree B Strongly agree

Figure 13 Automation of computational sub-processes quantitative results

Therefore, the initially proposed theo-
retical model presented in Figure 6 was
revised, based on the validation process
findings, which recommend additional
manual input parameters and decision
gateways, with the option to review and
perform manual alterations. The revised
and validated process model is presented
in Figure 14, whereby the new manual
processes and input parameters are shown
in blue. The sequence of computational

Volume 63 Number3 September 2021

processes remained unchanged since most
of the interview participants approved the
originally proposed sequence of processes.
The parametric design process model
shown in Figure 14 creates a visual
programming link to the civil engineer’s
3D model for extraction of relevant
constraining design information such as
the opening size, flange and rib thick-
nesses of members and material properties
(Hamidavi et al 2020). Constraining input
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Table 6 Summary of research findings

Input parameters

Structural design process

3D modelling process

Challenges highlighted in

the current literature

Uncertainty and availability of
design input data from other
disciplines at early project phases.

Interoperability of BIM data
between various tools leading to
missing or incorrectly transferred
information.

Minimum time allocated to
conceptual design for evaluation of
various design alternatives.

Time-consuming and error-prone
manual, or semi-automated design
optimisation process.

Time-consuming and error-prone
manual drawing or modelling
processes used to produce
drawings and perform re-work
following design changes.

Challenges highlighted
during validation process

Input parameters such as material
properties are prone to change
during construction, resulting in
re-work.

Culvert's geometric properties
are constrained by non-structural
requirements.

Transferring design loads between
BIM tools often results in missing
or incorrectly transferred data.

Conducting multi-criteria decision
analysis manually is too time-
consuming.

Fully automating all processes is
too risky, since the user’'s control
over the results is removed.

Culvert's geometric properties
are constrained by non-structural
requirements.

Proposed solutions
to challenges

Full parametric design automation
of the geometric boundaries,
cross-sections of elements, and

material properties input functions.

Topographical survey information
and penalty functions used as
constraining manual inputs.

Topographical survey information,
design loading and geotechnical

information used as manual inputs.

Fully automate the multi-decision
analysis sub-process through
parametric design.

To retain the user’s control, provide
optional decision control gateways
to review the output results and
modify the model.

Topographical survey information
used as constraining manual
inputs.

Full parametric design automation
of the geometric boundaries,
cross-sections of elements, and

material properties input functions.

Potential benefits to
automating the proposed
process model

Reduced effort required to
perform re-work due to an
unforeseen change of design input
parameters during construction.

Provision of manual constraining
input parameters will help meet
design target objectives.

Reduced risk of costly design errors
due to automation.

The opportunity to perform early
design optimisation with minimum
time and effort.

Reduced risk of costly design errors
due to automation.

Reduced risk of costly design errors
due to automation.

Reduced effort required to
perform re-work due to an
unforeseen change of design input
parameters during construction.

parameters such as (1) penalty functions
to achieve optimised solutions based on
predefined design targets adhering to
constraining factors (Nicholson 2014),

(2) design loading caused by fill heights,
design regulations and client’s require-
ments (Dawe 2003; Ahmed & Alarabi
2011; Manmeetsingh & Julian 2016),

(3) geotechnical information such as soil
properties (Nicholson 2014), and (4) road
and stormwater drainage topographical
survey levels are manually captured by the
user (Nicholson 2014; Manmeetsingh &
Julian 2016). Thereafter, all design input
parameters are obtained, and multiple
mathematical models are automatically
developed. For each mathematical model
generated, FEA and structural design are
carried out and the results are, thereafter,
stored in a database (Hamidavi et a/ 2020).
The first decision gateway is presented as
an option to review the stored results and
perform manual modifications. Once satis-
fied with the results, the automated result
evaluation process is completed (Hamidavi
et al 2020), and the second decision gate-
way is presented to review the evaluation
outcome. Once satisfied, the automated
multi-criteria decision analysis process is
completed, and the third decision gateway

is presented to review the design optimisa-
tion output (Hamidavi et al 2020).

Once the user is satisfied that an
optimal design solution is achieved, a
visual programming link is once again
created to extract relevant modelling
input parameters from the optimised
mathematical model to communicate the
design intent (Nicholson 2014; Solnosky
2017; Juhee et al 2019). Concurrently, the
topographical survey information, such as
reference levels and coordinate systems,
are manually defined as the 3D model-
ling input parameters required to start
the 3D object modelling computational
process (Nicholson 2014; Solnosky 2017).
Subsequently, modelling references and 3D
modelling objects are, thereafter, gener-
ated from the input parameters (Juhee et
al 2019), and the fourth decision gateway
is presented to review the output. Once
satisfied, the material information for
each member is assigned and the relevant
quantity and construction information is
extracted from the 3D objects containing
the design material information (Juhee et
al 2019). The final manual process provides
an option for the user to select what con-
struction documentation, such as drawings,
should be generated.
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CONCLUSION

Leveraging the computational strength

of continuously improving BIM tools
requires structural engineering project
teams to adapt to the ongoing advances

in technology. The proposed theoretical
process model presented in Figure 6 was
initially developed to evaluate the potential
of reducing the time and effort required

to perform re-work following a design
change for box culverts. Hence, a proposed
parametric design process model was
developed from existing literature (that
encompasses all the relevant challenges) to
improve the structural engineering team
performance and resolve the challenges
faced in structural design and 3D model-
ling processes. The proposed process
model was validated with professionally
registered structural engineers and BIM
3D modellers for appropriateness to box
culverts. The research findings revealed
that, if implemented, the proposed
theoretical process model presented in
Figure 14 is capable of resolving the chal-
lenges faced of (1) uncertainty of design
input parameters, (2) non-adherence

to constraining requirements, (3) BIM
interoperability, and (4) insufficient time
allocated to early design phases. Hence,
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Figure 14 Proposed parametric design process model for box culverts (further modification of Figure 6 on page 34)
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if implemented correctly, the proposed
process model is capable of providing the
users with the benefits of (1) performing
re-work with minimal effort, (2) ensuring
adherence to constraining requirements,
(3) reduced risk of costly design errors, and
(4) early design optimisation. However, due
to their importance, the design loading,
topographical survey information, and
geotechnical information should be used
as manual inputs to avoid costly errors.
Moreover, an option should be provided
to the designer to evaluate and modify (if
required) the analysis model after exercis-
ing his/her engineering judgement. Due to
time restrictions, the proposed theoretical
process model could not be implemented,
and the realised benefits could not be
measured. Therefore, implementation

and measurement of the realised benefits
provided by the proposed parametric
design process model for box culverts are
suggested as an area for future research.
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