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Executive Summary

Parametric three-dimensional (3D) modelling has the potential to replace the age-old
paradigm of 2D drawings as the main medium of design, communication and
information storage for construction in civil engineering (Eastman et a. 2003). This
research examined the productivity and economic impacts of this shift within the
domain of structural engineering for reinforced concrete structures. The primary
hypothesis tested is that 3D parametric modelling is economically justifiable for

structural engineering practices.

A benchmark of hours worked using 2D CAD was compiled for both precast and cast-
in-place reinforced concrete buildings, based on 52 and 13 case studies respectively.
The average benchmark figures for structural design and detailing of reinforced
concrete structures are 459 hours/1,000m? (1.88 hours/m®) for commercial structures,
809 hours/1,000m? (1.52 hoursm®) for public/educational structures and 221
hours/1,000m? (0.3 hours/m®) for high-rise residential buildings. In addition, the

relative proportion of the different structural design activity types was measured.

However, measuring 3D modelling statistics in engineering offices proved to be
feasible only for the geometric modelling phase and then only for precast concrete. No
data could be collected for cast-in-place concrete buildings. the number of offices
using 3D modelling for cast-in-place concrete is very small, and their data is not
recorded and could not be obtained. As a result, an experimental approach was
adopted to establish the hours needed for 3D modelling. The experiments were done

in two phases:

1) Three full scale buildings previously designed in structural engineering offices
using 2D CAD were completely modelled, including preparation of production
drawings, in the BIM laboratory at the Technion. The experimental work was

performed by three operators and a supervisor, and totalled 2,138 hours.

2) Fina year engineering students performed both 2D drafting and then 3D
modelling for the same buildings (their capstone projects). This experiment
was performed over atotal of 410 hours for 2D CAD drafting and 248 hours of
3D modelling.
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The experiments yielded measures for all of the drawing production activities
necessary in structural design, including reinforcement detailing. The measured
improvement in productivity for these activities ranged between 21% and 61%. The
improvement is greatest for buildings with complex and varying geometry from floor

to floor, and least for buildings with uniform and repetitive floor geometry.

In order to evaluate qualitative impacts of the adoption of 3D modelling, a detailed
process model of the existing structural design process was compiled on the basis of a
series of interviews with three senior structural engineers from three countries
(Canada, Finland and Israel). Then, in paralel with the experimental work in the BIM
Laboratory, a revised process model for the 3D enabled process was prepared. While
there are variations in the procedures pursued in different design offices in different
countries, detailed comparison of the two models does alow identification of the
areas in which the impact of 3D modelling is likely to be greatest: they are data entry
for structural analysis, drawing production at all levels, quantity take-offs for cost

estimation, and checking (maintenance of design integrity).

An economic model was compiled to evaluate the expected short-term economic
impact of adoption of 3D modelling on structural design practices. The model uses the
change to a company’s cash flow as an indicator of both the value and the viability of
migrating from 2D CAD to 3D BIM. The model can be applied to any company by
applying the starting data describing the company® activity, the proposed rate of
adoption of 3D BIM (management policy), and estimates of productivity gains for
engineering and drawing production activities (provided by this research, and adjusted

annually to account for the degree of company-wide integration).

The model is an effective tool for a company to plan its BIM adoption strategy,
because it shows the impact on cash flow and the capita outlay required. One
interesting observation from the model is that migration from 2D CAD to 3D BIM
should be staggered over at least two years; this is because 3D productivity increases
over time, with the result that a company converting all workstations to 3D will find

itself with excess capacity unlessits total work volume can be increased.

For the purposes of the economic model, an evaluation was made, on the basis of the

detailed process models, of the impact on those activities not expressly covered by the
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experiments. The resulting figures indicate an expected productivity gain of between
5% and 21%.

An example calculation using the model, based on a company employing 8 engineers
and 12 drafters and mid-range estimates of productivity gains, shows that the
investment is recouped within the third year, and that operating profit is improved in
the range of 28% to 39% by the fourth year (once adoption is complete). The staffing
levels in this example are reduced to 7 engineers and 7 drafters by the fourth year,

even with atotal rise of 5% in work volume.

Future research will be necessary to record the productivity rates within structural
engineering practices as they convert from 2D CAD to 3D BIM. This will provide
reliable data on which to base the quantitative measures needed for more accurate
economic evauations of the benefits derived. The impact on structural analysis and

design is an area where the least accurate information is available.

Greater productivity gains could be achieved if the 3D modelling software were more
carefully tailored for cast-in-place reinforced concrete. The main characteristic of cast-
in-place concrete that influences the ways in which it should be modelled is that the
structures designed are monolithic. Reinforcing objects (macros/plug-ins) should be
driven not only by the main object they are associated with but also by neighbouring
elements. If this fundamental behaviour could be modelled, then it is likely that far
more efficient parametric reinforcement details could be programmed. The
reinforcement detailing stage, which presently consumes in the region of 60% (50% to
67% in the full-scale experiments) of the overall 3D modelling time, could then be

significantly reduced.

Of more immediate research interest, however, is the next logical step that may be
enabled by 3D BIM: elimination of the need for drawing production atogether.
Collaboration among design teams using 3D models directly is aready the subject of
research at many institutions. Production of rebar and other components directly from
digital data, without drawings, has been technically feasible for many years. Thus new
research toward providing appropriate user interfaces for personnel on construction

sites, that allow viewing and inquiry of the 3D model directly using portable computer
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hardware (such as wearable computers), could obviate the need for drawing formats
altogether.

In summary, given that the benchmark revealed that the various drawing production
activities account for an average of 69% of the hours spent on a typica project, an
overal reduction of between 31% and 43% of the hours required for a project is a
conservative ballpark range for the degree of cost savings that can be achieved from
productivity gains in drawing production alone. Consideration of potential benefitsin

the other activities brings the reduction estimate to the range of 33% to 49%.

As aresult, the size and composition of design firmsis likely to change as 3D BIM is
introduced. Quantitative analysis of the results indicates that the number of drafting
personnel is likely to decline sharply. A qualitative view of the nature of the changein
the process itself, however, suggests that there is a deeper difference between a 2D
CAD drafter and a 3D BIM modeller whose task is to produce drawings. As 3D
models are useful at the early stages of design and analysis, it islikely that engineering
knowledge will be required of the modeller. Engineers may assume an even greater
share of the overall workload, or a new professional role — the structural modeller —

may emerge.
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Introduction

Parametric three-dimensional (3D) modelling has the potential to replace the age-old
paradigm of 2D drawings as the main medium of design, communication and
information storage for construction in civil engineering (Eastman et a. 2003). This
research examined the productivity and economic impacts of this shift within the
domain of structural engineering for reinforced concrete structures. Its scope covers
the phases of conceptual design, structura analysis, component design and production

detailing, with specific focus on cast-in-place reinforced concrete structures.

At present, 3D schematic modelling of structures for analysis only is common, but
structural design is mostly communicated using drawings. Parametric 3D modelling is
common for detailing in preparation of steel structures for fabrication. It is on the
verge of becoming accepted practice for precast concrete construction, including the
early design stages. However, its use in cast-in-place reinforced concrete construction

isstill extremely rare.

The advantages of 3D modelling include inherent maintenance of data integrity,
provision of machine-intelligible building information, embedding of design intent
using parametric relationships, support for automated detailing, and automatic
production of drawings and bills of material (Sacks et a. 2004a). 3D modelling has
been recognized to be economicaly advantageous in structural steel fabrication for
some years (Eastman et al. 2005), is currently being adopted in precast concrete
construction (Sacks et al. 2005), and capabilities for cast-in-place reinforced concrete
are being developed by numerous vendors. This research goes beyond the benefits
reported in earlier papers (Sacks 2004; Sacks et a. 2004b) by exploring potential
productivity gains for the engineering design stage, including consideration of new

work processes.

Interestingly, the first adopters and promoters (and therefore the first beneficiaries) of
3D modelling in the architecture, engineering and construction industry have been
those closest to the construction phase (fabricators, contractors, etc.), rather than those
who generate building information. This appears to be an anomaly, because generating

drawings consumes the major part of the resources of design practices, while it is a
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minor part of a construction organization® expenses. Some of the explanations for this
are that design practices cannot concentrate the capital required to adopt expensive
software; that construction companies can leverage the benefits in error reduction and
logistics improvements that result, while designers are not party to those savings; and
lastly, that the economic benefit for design practices has not been established
(Eastman et a. 2002).

Goals

The primary hypothesis tested in thisresearch is:

3D parametric modelling is economically justifiable for structural engineering
practices.

A guantitative measure was sought, with the goal of providing a clear indication of the
potential economic benefits and costs that could be expected due to adoption of 3D
modelling. The basis for comparison is the current best practice in structural
engineering design of producing all drawings using 2D computer-aided drafting; i.e.
the hypothesis concerns the viability in terms of costs and benefits for a structural
engineering practice to adopt three dimensional parametric modelling in place of 2D

CAD drafting.
Two additiona hypotheses were also stated:

3D modelling significantly improves engineering design productivity as well as
production detailing productivity.

3D modelling can enable tighter integration between engineering design offices
and contractors for all types of structures, leading to win-win work practices
which provide additional benefit for both.

3D parametric modelling is expected to result in changes to the structural design
process itself. The impact is likely to be felt in terms of productivity and the quality of
design information produced. The skill sets required of the participants are likely to
change. The research focuses on estimating and measuring the impacts from an
economic standpoint. It seeks to establish whether the paradigm shift from 2D
drawing to 3D modelling is economically justifiable for engineering design offices,
and if so, to what degree. As such, we distinguish between two areas of potentia
benefit:
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improvements in engineering design productivity and production detailing

productivity, which lead to direct cost reductions within engineering practices,

increased value of the engineering service provided to building owners and
construction contractors, which lead to cost reductions for those participants
but have only indirect impact on the profitability of engineering practices.
Examples are error reduction, shortened lead times and enhanced information

flows to support logistics.

Research Methodology

While it is relatively straightforward to make a qualitative case for the research
hypothesis, it is far more difficult to provide a quantitative measure to prove it. The

difficulties arise from the following:

No two construction projects are quite alike, either in their physica
composition or in the progression of their design and detailing. The lack of
predictability of the sequence and timing of decision-making by owners@nd/or

architects@nakes the actual process that transpires for each project unique.

3D modelling is not yet a mature technology for design of building structures,
making measurement of complete cases of @iture use€mpossible. With the
exception of structural steel, it is also not yet an accepted technology for
detailing of building structures.

The process of engineering design and detailing is itself likely to be different
for 3D modelling than it is for 2D CAD. Comparison is therefore not a simple
case of comparing each activity from one set of activities with its equivalent
parallel activity from the other set. For a quantitative comparison to have

value, it should be made between whole alternative processes.

Thusit is not possible to draw a direct comparison between any two identical projects
where each is performed using a different one of the two paradigms (2D CAD or 3D

modelling). Instead, two indirect approaches were considered:

1) Establish a benchmark of engineering productivity for the 2D CAD paradigm

by collecting a sample of statistics for engineering projects, and collect a
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separate sample of productivity measurements for projects designed using 3D

modelling.

2) Perform a controlled experiment (or set of experiments) using typical projects
executed by two groups — a control group (using 2D CAD) and an
experimental group (using 3D modelling).

A 2D benchmark was compiled for both precast and cast-in-place reinforced concrete
buildings, and is reported in the Section "Structural Engineering Productivity
Benchmark” on page 22 below. However, measuring 3D modelling statistics in
engineering offices proved to be feasible only for the geometric modelling phase and
then only for precast concrete. No data could be collected for cast-in-place concrete
buildings: the number of offices using 3D modelling for cast-in-place concrete is very
small, and their data is not recorded and could not be obtained. Thus it became
necessary to adopt the experimental approach. The experiments were done in two

phases:

3) Fina year engineering students performed both 2D drafting and then 3D
modelling for the same buildings (their capstone projects). These are detailed
in the sub-section " Student Capstone Projects" on page 38.

4) Three full scale buildings previously designed in structural engineering offices
using 2D CAD were completely modelled, including preparation of production
drawings, in the BIM laboratory at the Technion. This phase is presented in the
sub-section "Full-scale Building Modelling" on page 38.

A web site was established for the project, initialy to facilitate collection of the
benchmark data and later to enable collaboration on the 3D modelling experiments.

The web site can be viewed at http://bim.technion.ac.il.
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Literature Survey

3D Modelling Related Productivity Gains in Building Design

Very little research has been reported on assessing the benefits of 3D modelling for
civil engineering. Sturts and Griffis claim that some civil engineering design practices
have experienced a tenfold increase in productivity since the adoption of CAD,
including three-dimensional modelling (Sturts and Griffis 2005), but this figure is not
based on any kind of empirical measurement or experimentation. A survey of 56 users
of Autodesk Revit (Khemlani 2004) reported significant productivity increases for
migration from 2D drawing to 3D modelling in architectural practice, as shown in
Figure 1. However, these figures are subjective opinions expressed by users, and they

too are not based on measurement or experimentation.

25%

20% A 22%
20%
15% 17%
15%
10% - 12%
5% -
o 2% 2%
e I BN
DCI'ID L T L L T L T
Decrease  No 1-9% 10-24% 25-49% 50-74% 75-100% > 100%
Change

Figure 1. Theincrease in productivity as aresult of migrating to Revit from the
previous design tool, as estimated by respondents to the Autodesk web survey
(Khemlani 2004).

An empirical study of productivity enhancements in engineering offices of the precast
concrete industry showed measured improvements of between 35% to 51% for
engineering and 80% to 84% for drafting (Sacks 2004). These results are shown in
Table 1 below.
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Table 1. Productivity benefits of IT enabled processes in precast concrete construction
(Sacks 2004).

Personnel Baseline 1T enabled  Productivity

Hours Process Process Gain
Architectural
Engineering 366 180-196 46%-51%
Drafting 680 112-136 80%-84%
Total 1046 292-332 68%-72%
Structural

Engineering 574.5 313-373 35%-46%

Drafting 1259.5 204-224 82%-84%

Total 1834.0 517-597 67%-72%

Measuring Engineering Productivity

A number of factors make it difficult to measure the productivity of engineering
design and drafting activity in structural engineering. Economic productivity is
commonly defined as the ratio of the quantity and quality of units produced to the
guantity and quality of inputs (for multi-factor productivity), or the quantity and
quality of outputs to the labour per unit of time (for labour productivity). The inputs
Into an engineering activity are relatively straightforward to measure — they are the
raw material (preceding architectural or conceptual design) and the working hours that
the design team spends producing the output. The outputs, however, are more elusive.
What are the units produced by engineering activities? How can we measure their

quantity, let alone their quality? What degree of detail is appropriate?

One approach to defining units of measurement, adopted by Thomas et al. (1999) for
the fifth and final phase of architectural design (construction documentation), is to
assume that the product of architectural and/or engineering activity is simply the

tangible set of contract documents produced, i.e. the set of drawings, specifications
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and bills of quantity produced. The total output of all documents (of different kinds
and for different projects) is measured and aggregated over a fixed period of time
(monthly, for example). Measuring the gross inputs of an entire design office over
such a fixed period of time is straightforward; the data describing inputs (worker
hours) collected in this way is accurate and easily obtained. The approach is severely
limited; because it ignores factors such as the complexity and size of the project
designed, it can only be used within narrow contexts. It also ignores the quality aspect.
A better approach, adopted in ClI engineering productivity research projects (Walsh et
al. 2004), is to measure output in terms of the built product, using units such as floor
area, concrete volume or component counts, and apply factors for project complexity

and other influences.

An important observation is that engineering design provides a service, not a tangible
product. The drawings and documents themselves are a means to communicate
information needed to expedite the construction process; they are not the information
itself and they do not have any intrinsic value to the end user of a building.
Measurement of productivity in other service industries, such as banking, insurance,
and medical care includes consideration of both quantity and quality, in inputs as well
as in outputs (Vuorinen et a. 1998), although there are no standardized methods.
Service industry products are often bundled together (Sherwood 1994); measuring
construction project outcomes, such as budget, schedule and quality conformance (as
opposed to products) has been proposed, but it is highly susceptible to @oise©in that

many factors other than engineering service quality influence the outcomes.

While it is difficult to assess the intrinsic quality of design documents, it is clear that
wide variation in their value is possible (Chang et a. 2001). Sets of design documents
prepared by different design offices may contain differing levels of information detail,
the number of design errors inherent in the documents will vary, different contractual
environments require varying types of construction documents, and the eventual costs
of construction depend on the quality of the information itself. Even seemingly
unrelated factors, such as the timeliness of provision of the documents, affect their
value to the project owner. Retrospective evaluations of design quality have been
incorporated in a number of research efforts (Chang et a. 2001; Duffy 1998; Fayek
and Sun 2001; Sacks et al. 2003). Measures include parameters such as delays and
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cost overruns in fabrication and construction due to design deficiencies, costs incurred

due to constructability problems, and others.

A simple approach would be to measure the quantity and quality of engineering design
output together as the total remuneration that a client is willing to pay for that service,
which is an economically valid and accurate assessment of its value. However, in the
absence of clear and understandable measures of quality, it is axiomatic that the price
paid for engineering design will reduce to meet the minimum possible cost of
producing that design (plus some margin of profit) with no value ascribed to, and no

money paid for, quality.

Evaluating Economic Impact

The motivation for attempting to establish the range of economic benefit that can be
achieved is rooted in the observation that the lack of any clear indication that
significant economic benefit can be derived is an important barrier to investment in
state-of-the-art IT by engineering practices (Mitropoulos and Tatum 1999). The
impacts of 3D modelling information technologies (IT) in architecture, engineering
and construction are not restricted to productivity gains in the design practices. Like in
any other economic sector, IT not only automates specific information intensive
activities, it aso acts as an enabler for more fundamental process change and
automation in many business and production environments (Johnson and Clayton
1998; Remenyi 1999; Remenyi et al. 1995). Researchers have proposed various
methods for estimating the overall benefits of IT in construction companies (Andresen
et a. 2000; Marsh and Flanagan 2000), including the economic benefits.

However, no specific method for calculating economic benefit for an engineering
practice on the basis of experimental data is available. Evaluation of economic cost is
also not straightforward, because the costs of implementing an IT infrastructure are
not limited to direct costs; organizational, human resource and other costs are
significant and may exceed the direct costs (Love and Irani 2001). Sacks (2004)
developed an economic model for evaluation of the economic impact of 3D
parametric modelling in precast concrete manufacturing companies with in-house

engineering departments. The model calculated the change in annual income that
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would result from a gradual program of adoption of 3D modelling. It accounted for
the labour cost of integrating the new technology within the organization, the
investment in hardware, software and training courses. The change in income was

derived from an assessment of productivity enhancement over time.

The model is not appropriate, however, for the case of an engineering services
company, because it assumed that the increased productivity of the existing resources
could be utilized if the lower marginal costs of the product (precast concrete
buildings) were leveraged to increase overal business volume. A significant part of
the increased income in the model derived from expansion of the market for precast
construction. For the case of structural engineering services, the assumption that lower
costs could lead to expanded volume of sales (of engineering services), does not hold
true except for the short range view of early adopters, who may gain a short-term
competitive advantage. In the long term, decreased costs are more likely to lead to
reduced fees, due to exposure to competition: engineering services require minimal
capital investment and can essentially be delivered over unlimited distances, and so
the barrier to entry is low. For this reason, a model that assumes no change in volume

of work is more appropriate.

Research Report #1005156 - 3D Engineering Productivity, December 2005
© 2006 Technion Research and Development Foundation, Dr. Rafael Sacks 18/67



Methodology

There are five levels a which engineering productivity could be assessed, in
increasing order of degree of resolution: a country’s national accounts, design offices
over fixed periods, complete projects, engineering activities on complete projects, and
engineering activities on specific building assemblies. Most investigations reported in
the literature use one of the first three methods. Each was evaluated subject to the goal
of the research at hand - to measure the economic benefit of 3D modelling for
engineering design offices (reduced inputs) and for project owners (increased output

value - enhanced design quality).

National accounts: At this level, the inputs are the total number of working hours
expended by the engineering design workforce; the output can be represented by
measures of the construction output, such as gross floor area of buildings produced. In
the US, data at this level is collected every five years (Census 2004). The advantages
of this method are that it is based on a very large sample size, and it includes all
aspects of value. Unfortunately, significant doubts have been raised concerning the
validity of such calculations, given the wide discrepancies identified in results for
construction productivity obtained using US economic census data vis-aVis results
based on work study measurements (Rojas and Aramvareekul 2003). It also requires
data that is only available in few countries (and then only for specific years). Given
that 3D modelling is in its infancy for structural engineering in terms of adoption,
assessment of its impact at this level will not be possible for many years to come.
There is also no apparent way to relate small scale experimental measurements of

productivity using 3D modelling to national scale measures.

Design offices. The inputs over afixed time period are ssmply the total number hours
worked in the design office during the measurement period, which may be factored to
account for different skill and/or salary levels. The outputs must be measured as the
proportiona contribution to the design value-added across al of the projects during
the measurement period, which requires complex procedures. Establishing the value-
added to any individual project is very difficult if the project duration is not wholly

contained within the measurement period, which is usually the case. In the conceptual
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model developed by Thomas et a. (1999), the outputs are measured by counting the
various construction documents produced, and then applying conversion factors and
rules of credit to compute the output in terms of ‘equivalent architectural detail

drawings'.

Complete construction projects. Here the inputs are the hours spent by specific
design teams on specific projects. Input data collection is simple, since most design
offices maintain records of the number of hours that their personnel invest in each
project. Output measures are straightforward, but depend on the type of construction
project considered: for buildings, the gross floor area or the fagade area can be used;
for reinforced cast-in-place concrete structures, the total volume of concrete and the
total weight of reinforcing steel can be adopted as alternatives or as correcting factors,
for precast concrete structures the number of distinct components can be measured. It
is independent of the number, size and type of construction documents produced. The
influence of degree of repetition of designed pieces can be accounted for using
correction factors on the results, as done by (Walsh et al. 2004), or by further
classification of projects (Sacks 2004). However, the method is restrictive in that it

can only be used to make comparisons between like projects.

All three of the levels described so far are independent of the design process and of
any possible changes in the process. But by the same token, they cannot provide any
information regarding the impact of 3D modelling on specific engineering activities,
nor can they reveal process changes. Thus they cannot provide any insight into the
ways in which 3D modelling can best be exploited. The latter two are also subject to
the influence of variations in the number of design changes occurring, which can be
very significant when the sample sizes are relatively small. Research has shown that
the frequency of design changes varies widely over different projects (Manavazhi and
Xunzhi 2001).

Engineering activity types — complete projects. At this level, the inputs of specific
engineering activities (such as conceptual layout, engineering analysis, piece design,
piece detalling and drawing production) are measured for complete projects.
Measurement at this level is useful, because it means that 3D modelling experiments

do not have to cover entire project processes — experimental results for selected
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process stages can be combined with benchmark results for unaffected activities to
provide measure of expected 3D modelling productivity for complete projects. The
major drawback is that data collection is time-consuming, requiring analysis of raw
timesheet data and project documents. Nevertheless, because it is the only method that
can provide data a the level of detail required, this level was selected. The
implementation methods are described in detail in the section "Full-scale Building

Modelling" on page 38.

Engineering activity types on specific building assemblies:. Here, the inputs for the
activities are further broken down in terms of specific building assemblies (such as
floor dabs, foundation systems, facades, building cores). This has the advantage of
enabling fine-grained direct comparison between current (2D) and future (3D)
working methods. It is too focused, however, to account for process changes, in which
the activity types themselves are different. It is aso impractical for setting industry-
wide benchmark values, because engineering offices do not record inputs at this
degree of detail. It can however be useful, in controlled experimental settings, for

local evaluation of specific future activity types.

With these considerations in mind, two pragmatic experimental methods were
designed for use at the level of activity types. Both require a benchmark database of
structural engineering design projects in which hours spent are recorded for both
engineering and drafting staff for each of the main activities performed. The next
sections describe the 2D drafting benchmarking effort and the two series of 3D

modelling experiments.
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Structural Engineering Productivity Benchmark

Data describing the hours invested in the various engineering anaysis, design,
detailing and drafting activities were collected from precast company engineering
departments and consulting engineering offices. The population for this survey
numbers some 52 precast concrete projects (US and Canada) and 13 cast-in-place
concrete projects from design offices in three countries (Canada, Finland and Isragl).
The full data for the cast-in-place structures can be viewed on the project website, at

http://bim.technion.ac.il.

For each benchmark project submitted, data describing hours worked were collected
from staff timesheets. The hours are allocated to the activities in the process map (in
most cases, timesheet entries identify the project worked on, but not the activity
performed. Two indicators enable association of work hours with activity types - the
skill level of the staff member reporting, and the date of each entry, which can be
correlated with the overall project timeline). The first and last timesheet entries
associated with each activity determine its start and completion dates. Each activity in
each company® process map was then associated with one of a set of activity types
common across all the companies reporting. In this way the inputs of all of the
benchmark projects can be recorded in a standard process form. Table 2 shows a
typical data set for a cast-in-place concrete educational campus building. The building

has two stories, and provides 6,670 m® of floor space.

A number of factors must be isolated before meaningful comparisons can be made
between productivity data collected for different projects from different companies.
Project type and size, construction method, the number of different versions produced,

and a @epeat factor@ire used to determine categories of projects.

The repeat factor measures the degree to which design is repetitive, whether at the
level of individual parts of a building, or at the level of building groups (in one of the
sample projects, an entire building structure was repeated four times, with minimal
change between each occurrence, above a common parking basement). The repeat
factor is defined as the total number of distinct constructed components in the

structure (columns, beams, slab sections, footings, etc.) divided by the total number of

Research Report #1005156 - 3D Engineering Productivity, December 2005
© 2006 Technion Research and Development Foundation, Dr. Rafael Sacks 22/67



uniquely designed groups of identical members. It is modelled on the pieces/piece-
mark ratio in precast concrete, where similar pieces are grouped for production in
‘piece-mark’ groups. For example, the sample building reported in Table 2 has a total
of 960 distinct constructed parts, of which 165 were uniquely designed. Its repeat

factor is5.8.

Table 2. Engineering activity data set for a2 story, 6,670 m® educational structure.

Net hours worked Completion
Engineering Activity Engineer Drafter Start Date Date
Familiarization 6 4 9/8/2004 1/10/2004
Conceptual design 16 0 9/8/2004 2/10/2004
General arrangement drawings 0 162 2/10/2004 11/1/2005
Design coordination 31 0 2/6/2004 11/1/2005
Engineering calculations 244 0 2/10/2004 16/11/2004
Detailed engineering design 0 0 16/11/2004 2/12/2004
Detailed drawings 0 202 30/11/2004 11/1/2005
Checking 47 20 4/12/2004 11/1/2005
Plotting/delivery 0 7 11/1/2005 11/1/2005
Design changes a7 105 11/12/2004 11/1/2005
Total 391 500 2/6/2004 11/1/2005

Table 3 shows detailed results for structural precast projects grouped according to
activity types (Sacks et a. 2005). These are all commercia type buildings (parking
garages, office buildings, etc. which have regular shapes with repeating bays.

Table 4 and Table 5 show the data for cast-in-place reinforced concrete structures for
residential buildings. The engineering and drafting hours represent the net total
original work on the projects, as hours reported for design changes are excluded.
Table 4 contains the raw data based on gross building area, without application of the
repeat factors to account for the degree of repetition in engineering design and drafting
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in each project; Table 5 shows the adjusted data, after application of the repeat factors,

which calculate the benchmarks according to a representative net unique area.

Table 3. Activity level benchmark data for structural precast projects (hours/1,000m?)
(Sacks et al. 2005).

Project Size Large Medium Small
Floor area (m?) >30,000 | 7,501 - 30,000 7,500
Piece Count > 1,000 251 -1,000 250
Job Coordination 1.6 4.3 13.7
Engineering 11.7 11.0 24.4
Erection Drafting 25.5 52.1 1715
Erection Checking 0.2 2.9 11.4
Production Drafting 36.1 49.6 94.6
Preparation of Bills of Material 1.2 5.3 195
Production Checking 1.0 11.2 25.3
Total Engineering 135 18.2 49.5
Total Drafting 63.8 118.3 311.0
Total 77.3 136.5 360.5

It is interesting to note that the range of total engineering and drafting hours for the
precast structures (77 to 361 hours/1,000m?, with no adjustment for piece-mark
ratios), which are mostly commercia in nature, are of similar order of magnitude, but
also significantly greater than, the total hours recorded for commercia buildings with
cast-in-place concrete structures (29 to 145 hours/1,000m?, without application of
repeat factors).

Another measure calculated from the case study data is the proportion of drawing
production activities to the total number of hours spent on the remaining activities,
which averaged 60% across the full sample. Detailed values for each building type are
shown in Table 6, and Figure 2 shows the breakdown of the different activity types for

the full sample.
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Table 4. Raw activity level datafor cast-in-place structures (without application of
repeat factors).

Min Weighted Max Min Weighted Max
Average® Average
hours/1,000m? hours/m®
Commercial
Engineering 7 42 77 0.03 0.17 0.28
Drafting 22 45 68 0.10 0.19 0.25
Total 29 87 145 0.14 0.36 0.52

Public/educational

Engineering 52 157 278 0.21 0.38 0.44
Drafting 59 173 256 0.31 0.42 0.58
Total 111 330 534 0.52 0.80 1.02
Residential
Engineering 12 25 77 0.02 0.03 0.22
Drafting 60 62 96 0.08 0.08 0.28
Total 72 87 172 0.10 0.12 0.50
Engineering calculations Chg(;/king
and Detailed engineering 0
design Design changes
13% 8%
Familiarization and
. Conceptual design
Figure 2. Averaged Design coordination 6%

. 0,
proportions of hours 10%

consumed for structura

engineering activity types.

General arrangement
drawings, Detailed
drawings and
Plotting/delivery
60%

! The weighted average is calculated by dividing the total number of hours by the total floor area for all
of the projectsin each category.
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Table 5. Adjusted activity level benchmark data for cast-in-place structures (repeat

factors applied).

Min Weighted Max Min Weighted Max
Average Average
hours/1,000m? hours/m®
Commercial
Engineering 37 221 394 0.18 0.91 1.43
Drafting 118 238 350 0.56 0.97 1.27
Total 155 459 745 0.73 1.88 2.70
Public/educational
Engineering 284 385 417 0.66 0.72 1.59
Drafting 345 424 795 0.61 0.79 2.65
Total 629 809 1212 1.26 1.52 4.24
Residential
Engineering 37 65 115 0.05 0.09 0.33
Drafting 120 157 182 0.16 0.22 0.42
Total 157 221 297 0.21 0.30 0.75

Table 6. Proportion of total hours consumed by drawing production activities.

Proportion of total hours
Project type Min Average Max
Commercial 47% 52% 76%
Public/educational 48% 52% 74%
Residential 55% 71% 83%
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Qualitative Impacts and Benefits

A standard workflow model of the structural engineering design process for reinforced
cast-in-place concrete building structures, as it is performed using 2D CAD drafting
technology, was mapped in consultation with the senior structural engineers of four
design offices in three countries. The design process for any specific building may
vary from that depicted by the standard model, but given that considerable consensus
was achieved among engineers from different countries, the variations are expected to
be minor. The process model was prepared using the GT-PPM tool (Lee 2005). The

model is shown in figures 2 to 9 on the following pages.

At the conclusion of the full scale building modelling experiments using 3D
parametric technology, an alternative workflow model was prepared by the authors to
illustrate the changes in the design process that can be expected with the adoption of
3D modelling. The model is based both on the understanding gained while managing
the full scale modelling experiments in the Technion BIM laboratory and on the first
author® experience with implementation of 3D parametric in the North American

precast concrete industry.

The purpose of compilation of the process model was to define where 3D modelling is
likely to change existing processes and thus enable accurate framing of the
productivity improvements that could be measured in the experiments within the full
process. The 2D and 3D processes diverge from the conceptual design stage. They are

shown in figures 4 to 9 on the top and bottom halves of each figure respectively.

Impacts of the 3D Modelling Enabled Process

The first two process improvements enabled by the 3D technology occur in the
conceptual design stage (Figure 5). First, the structural analysis model can be derived
directly from the 3D parametric building model, obviating the need for preparation of
the input for the analysis which in 2D practice is commonly performed using a
purpose-specific analysis software pre-processor. Secondly, quantity take-offs can be

fully automated.
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In the detailed structural design stage (Figure 6), the only significant change is that the
design results are stored directly in the schematic 3D model, so that they are available
directly for detailing without the need to re-enter the data. Here too analysis models
may be derived automatically, but the time-saving is likely to be felt less strongly if
the structure is not significantly changed through the preceding review step — thisis
because an analysis model prepared in 2D practice can be updated in much the way
that the 3D model can.

In preparation of drawings for tender (Figure 7), the 3D process offers the possibility
of architects and owners@other consultants performing checks directly on the 3D
model, which can shorten the lead times and remove the costs of printing documents
and/or electronic sharing of multiple 2D drawing files. Here too, as in the conceptual
design stage, quantity take-offs can be fully automated, saving much of the effort

required for preparation of tender documents.

The process of preparation of construction drawings (shop drawings) (Figure 8) is
fundamentally changed by 3D modelling. The minor change is that loca structural
analyses can be performed directly on model objects without the need for data
extraction and re-entry to member design software. The mgor changeis that al of the
drawings are produced by the system, with little or no user input; in 2D practice, this
step represents the most labour intensive aspect of structural engineering.
Reinforcement detailing in 3D modelling is done using automated parametric routines
that are applied in the model to place reinforcing and other components rapidly. All
numbering is performed automatically, as the systems automatically compare and
aggregate identical reinforcing bending shapes. Lastly, rebar schedules are aso
prepared automatically, instead of requiring hours of effort for their extraction from
2D drawings.

Maintenance of accurate as-built information (Figure 9) is significantly simplified in
3D modelling because any change need be introduced once only, whereas in 2D
practice a single change is usually reflected in numerous places in diverse documents,

which must each be updated individually.

Implementation of structural design changes that require structural analysis is

essentially a microcosm of the whole structural design process, in the sense that all of
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the benefits that appear during the basic process. Figure 10 distinguishes between
changes that require analysis and those that require changes to geometry alone. In the
latter case, the 3D model holds the major advantage of requiring only one local change
to applied, directly in the model, as opposed to the situation with 2D CAD, where the
change must be propagated to all of the reports by the user.

While the process model provides a distinct page for design changes, we emphasize
that the entire structural design process includes numerous iterations during which
feedback information is generated, leading to multiple situations in which the basic
design model must be changed, without any formal change request from architects or
other sources. Thus the advantage inherent in 3D modelling in terms of applying
changes is in fact an important source of productivity enhancement throughout the

process.

The fact that design integrity is maintained automatically as the changes are applied
also eiminates the need for extensive checking and prevents the propagation of
documentation errors into the construction phase. However, these latter benefits,
which are potentially very significant in terms of project cost (Sacks et a. 2003), do
not accrue to the structural engineering practice in the case of cast-in-place reinforced

concrete structures, but rather to the owner and/or to the construction contractor.
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Figure 3. High level cast-in-place reinforced concrete engineering design process model.
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Figure 4. Detailed workflow model: Pre-design.
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Figure 8. Detailed workflow model: Construction Drawings.
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3D Parametric Modelling Experiments

Two sets of experiments were conducted, both at the level of detail of specific
activities for complete projects. In the first set, three complete cast-in-place reinforced
concrete building structures were modelled in the Building Information Modelling
(BIM) Laboratory of the National Building Research Institute at the Technion. In the
second set, final year structural engineering students undertook both 2D drafting and
3D modelling, in parallel, of the structures they designed and detailed in their

capstone structural engineering design projects.

Full-scale Building Modelling

In this experiment, full sets of production drawings (both architecture and structural
engineering) of three cast-in-place reinforced concrete building structures that had
recently been built were obtained from engineering practices. The offices aso
provided detailed records of the hours expended on each project. The focus of this
experiment was on specific activities within the overal process, performed for

complete buildings, as described in the methodol ogy section above.

In the BIM laboratory, modellers (three final year structural engineering students)
modelled each building to a level of detail that included al of the concrete and
reinforcing information required to produce a complete set of production drawings.
For each project, a representative subset of the drawings themselves was aso

generated.

Figure 11 shows an isometric view of each of the three buildings, Figure 12 shows

reinforcing details, and Figure 13 shows two drawings views.

The total number of hours recorded for each of these buildings is listed in Table 7,
together with the hours recorded for each project by the engineering offices that

provided them.
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Table 7. Benchmark datafor three reinforced concrete structure building projects.

Project and Type

Project A

Project B

Project C

36, 500 m?; 22,500 m*
concrete; 2,100 tons
rebar; four 12 story

apartment buildings and

parking garage,

raft

foundation, flat slabs. 72

9, 000 nv’; 5,700 m*
concrete, 8 story university
faculty building, pad and
strip footings, flat dlabs.
Pedestrian bridge link to old
building and external

13,000 m* 9,750 m®
concrete; 870 tons
rebar; 13 story
apartment building, pad
footings, flat slabs. 90

Structure Description drawings. elevator shaft. 88 drawings. drawings.

Origina 2D Total Origina 2D Total Origina 2D Total

hours hours hours

- B |2 B |2

2 | Z s | 2 2 |2
Engineering Activity w w w
Familiarization 45 - 45 - - - 15 - 15
Conceptual design 44 - 44 20 - 20
General arrangement | 191 240 431
drawings 75 100 175
Design coordination 313 - 313 2,400 | 2,305 4,705 105 - 105
Engineering 86 -
calculations 30 - 30
Detailed drawings 1,137 | 2,093 | 3,230 390 | 660 | 1,050
Design changes 150 195 345 500 900 590 50 70 120
Total 1,966 | 2,528 | 4,494 | 2,900 | 3,205 6,105 685 | 830 | 1,515
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Project A Project C

Project B

Figure 11. Isometric views of projects A, B and C.
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Figure 12. Example reinforcement details of cast-in-place structures from the full-scale experiment.
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Figure 13. An example general arrangement drawing and a view of arebar detail drawing from the full-

scale experiment.
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Table 8. Experimental datafor three reinforced concrete structure building projects.

Project Project A Project B Project C
Complete building,
One of the four without pedestrian | 13,000 m? 9,750 m® concrete;
buildings, 4,927 m® bridge and external 870 tons rebar; 13 story
Experimental concrete, 57 elevator shaft, 88 apartment building, pad
drawings. drawings. footings, flat slabs.
Scope
Modelling 131 191 140
Reinforcement
detailing 444 440 333
Drawing
production 89 181 126
Total 3D 664 875 599
Comparative 2D
1,704 1,950° 760"
Hours
Reduction 61% 55% 21%

This experiment addressed the difficulty posed by the fact that the research is
predictive — there is not yet any significant population of design offices using 3D
modelling from which a benchmark of 3D practice might be collected. However, it is
flawed in that it is based on data for 2D drawing collected from real engineering
design projects, while the 3D modelling data was recorded in experimental conditions.
The main factor that should be isolated is the influence of design changes on the
inputs applied in the real projects. The hours recorded for design changes in the
origina projects were excluded from the benchmark data. The productivity
enhancements predicted by the process model comparisons could therefore not be

measured in this experiment.

257 of 72 drawings produced; 57/72 of 2,333 (240+2,093) drafter drawing hours, yielding 1,704 hours.
3 88 of 104 drawings produced; 88/104 of 2,305 drafter drawing hours, yielding 1,950 hours.

* 745 (660+85) drafter drawing hours
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An additional drawback is that the skill level of the engineering staff that performed
the real work may be different to that of the modellers who perform the experiment.
The second experiment, described below, is designed to evaluate the impact of these

factors.

Student Capstone Projects

In this set of experiments, a select group of final year structural engineering students
at the Technion-11T used both 2D drafting and 3D modelling in paralel to complete
their final year design projects. The projects include structura design, analysis and
production drafting of buildings. Students pursue individual projects and are mentored
weekly by practicing structural engineers. Two of the three students had no prior
experience in computer-aided drafting — they were trained to use software of both
types (2D: AutoCAD 2000i, 3D: Tekla Structures 11.0) within the framework of the

experiment, and progressed along the learning curves of each to comparable degrees.

Naturally, for the capstone project, students are not required to prepare full sets of
engineering drawings at production detail, but rather a representative set of plans and
details. The significance of this experiment is not in its scale but in the degree of

control it allowed, in three respectsin particular:
The students produced identical sets of drawings in both systems,
The level of proficiency of use achieved in using each system was similar.
The experimental setting enabled precise recording of the hours invested.
The results of this experiment are recorded in Table 9.
Figure 14 shows an isometric view of each of the three projects D, E and F.

The student experiment is considered to be conservative because only a small subset
of the full drawing set that would be required in a real engineering project was
produced for each building. Although accurate extrapolation of the results to a full
drawing set is not possible, it is clear that the measured productivity gain would be
significantly greater than that indicated by the results. The reason for this is that 3D
modelling has an initial overhead for model preparation which is absent in 2D
drafting.
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Table 9. Student project experiment results.

Project D Project E Project F
Project Description
Building type Commercial Residential Commercial
(office tower) (apartment block) (parking garage)
Description 12 story circular plan 14 stories; 13 10 story parking garage

office tower; two story

residential floors and

with two story

basement and 10 one basement parking basement
identical office floors garage floor
Floor area (m?) 18,000 8,400 7,780
Concrete volume (m°) 7,453 3,232 4,915
Reinforcing steel (ton) 970 273
Drawing set 6 plans with rebar 4 plans, 5 rebar 6 plans with rebar
details, drawings, 5 detail details, 6 detail
5 detail drawings drawings drawings
2D Drafting Hours
Student training 110 65 -°
Plans and Elevations 72 70 59
Detail drawings 40 98 42
Total drafting hours 112 168 101
3D Modelling Hours
Training 55 61 51
Overall building model 30 10 62
Detailing 18 45 15
Drawing production 195 40 12
Total modelling hours 67.5 95 89
Reduction
Proportion gained 40% 43% 12%

® Note: this student had prior experience in 2D drafting, but no experience in 3D modelling.
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Project D Project E

Project F

Figure 14. Isometric views of projectsD, E and F.
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Figure 15. Example reinforcement details of cast-in-place structures from the student experiment.
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Figure 16. Part of an example general arrangement drawing and a view of arebar detail drawing from

he student experiment.
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Quantitative Benefits

Productivity

Both sets of experiments measured the potential for enhanced productivity that can be
achieved in only two of the engineering activity types covered in the process model,

i.e. drawing production and guantity take-off. However, based on the case study data

reported in Table 6, drawing production consumes approximately 60% of the hours
spent in structural engineering (the figure varied across the different building typesin
the case study projects: commercia — 52%, public/educational — 52% and residential
71%).

The full-scale building model experiments indicate a productivity gain for drawing
production of 21%-61% for buildings with fairly repetitive floors, and a gain of 55%
for alarge public building with more varied geometry from floor to floor. The student
capstone projects indicate a productivity gain of 12%-43%. The results of previous
research for precast concrete design indicated productivity gains of 82%-84% for

drawing production in structural precast concrete projects.
In reviewing these three results, we make the following observations:

a) The full-scale experiments were executed over a cumulative 2,138 hours, while

the student projects represent atotal of 252 hours.

b) Thelevel of detail in the student project drawings was very low, thus reducing the
leveraged benefit of the hours that must be invested in modelling before drawings

are produced.

c) The proportion of detailed shop drawings, and their level of detail, is much larger
in precast concrete than in cast-in-place, which suggests that the productivity gain
for cast-in-place should be lower than that for precast.

Thus we conclude that the full-scale experiments are the most reliable source, and
estimate that the productivity gain for drawing production is likely to be in the range
of 21%-61%.

As indicated in the process model, the productivity gain for quantity take-off is high,
since 3D modelling automates it almost entirely. In reinforced concrete, concrete
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volume is measured for each member and quantities of reinforcement are detailed at
the level of each distinct bent shape and diameter. However, independent measures of
the gain in this activity, as distinct form drawing production, could not be calculated

because they were not distinguished in the case study benchmark data.

Some of the engineering activities examined can only be assumed to experience
productivity gain in specific circumstances. For example, design coordination will
only exhibit improvement if the architects and engineer of other building systems
produce 3D building models that are technically comparable with the structura
engineer®model. In this research, given the lack of experimental data, a conservative
estimate was made: the activities ®amiliarization€and @onceptual design©were not
assumed to exhibit any gain, while ®esign coordination@vas assigned a gain ranging
from 0% to 20%.

Engineering cal culations and checking are assumed to be impacted, as described in the
process model, in that the need for data entry using the pre-processors of structural
analysis packages is obviated. The gain is likely to vary widely as the proportion of
time spent on data entry is highly dependent on the number of times an analysis is
repeated, and on the amount of time required for entry of loads (which is still
necessary in a 3D model) as opposed to entry of geometry. For the purposes of
estimation of overal economic impact only, and given that the proportion of this
activity is small (13%), a lower bound of 10% and an upper bound of 30% are

assumed.

The productivity gain results discussed above, and their relative impacts in proportion

to the activities they represent, are summarised in Table 10 below.

Learning Curve

Two distinct phenomena delay achievement of peak productivity after initial adoption
of a3D BIM system. Thefirst isthe individual learning curve experienced as the user
gains proficiency in using the particular software system; the second is the degree of
integration and setup completed by the company as awhole. Most design offices have
localised formats for drawings and schedules, and have libraries of commonly used

connections, details, etc., which can be automated. Only once these are fully
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integrated in the new software system can the individua users derive benefit from

them.

Table 10. Summary of expected productivity gains (according to sub-section
'Productivity' above).

Current Assumed Estimated New Work
Work Performed Productivity Proportions
Proportion® By Gain
Min Max Min Max
Familiarization and conceptual design 6% Engineer 0% 0% 8% 11%
General arrangement drawings, detailed 61% Drafter
drawings and plotting/delivery 45%  61% | 50%  46%
. _— 0 .
Design coordination 10% Engineer 0% 20% | 14%  15%
Engineering calculations and detailed 13% Engineer
engineering design 10% 30% | 17% 18%
. 0 :
Checking 3% Engineer 10%  30% 2% 2%
Design changes 8% Drafter 45%  61% 7% 6%
Engineer total 31% 5% 21% | 44%  48%
Drafter total 69% 45% 61% | 56% 52%

In the full-scale experiments, we assume that the skill levels achieved by the students
in the BIM lab in using 3D BIM software are comparatively lower than the skill levels
of engineering and drafting staff in using the 2D CAD tools in the design offices from
which case study buildings were drawn. Similarly, the depth of integration of the 2D
CAD tools in the design office workflows is assumed to be deeper than that achieved
in the laboratory. The effect on the productivity resultsis to render them conservative,

since increased skill and integration would increase the measured productivity gains.

Local Economic Impact

The potential economic impact of 3D modelling on structural engineering practicesis
amost entirely dependent on the degree to which productivity enhancements can
reduce total costs, because the direct costs incurred in structural engineering practices

in executing design projects are amost entirely labour costs. Costs such as travel to

® According to the case study results, reported in Figure 2.
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and from meetings and construction sites can also be attributed directly to projects,
but are generaly minor when compared with labour costs. Indirect costs include
communications, education and training, software, hardware, management and
administrative support, office space, etc. While accurate costs systems would
apportion these costs to specific projects as far as possible (Sturts and Griffis 2005), in

general they are al considered overheads.

Unlike the evaluation of economic benefit from adoption of the same technology for
precast concrete contractors (Sacks 2004), the impact of productivity gainsin cast-in-
place concrete engineering cannot be assumed to be leveraged to improve capacity
utilization or reduce errors in other parts of the organization. On the contrary — if a
design office cannot leverage enhanced productivity to increase workload, then it may
have to bear the costs of downsizing. Similarly, the benefit that derives from reduced
coordination errors in the design does not benefit the design practice directly
(although the ability to produce design documents free of coordination errors may be

considered a medium-term advantage in attracting new work).

Since engineering design practices have very low capitalization and are sensitive to
cash flows, the impact of adoption of BIM technology on cash flow is a useful
measure. It not only indicates long-term viability, but can also guide development of
an adoption strategy that minimizes the need for interim financing. Given a starting
state for a design practice, the impact on cash flow can be calculated by setting two

time-dependent parameters:

d) the rate of adoption throughout the design practice, which is set by management
as policy, and is defined as the proportion of all engineering and drafting staff that
have migrated to 3D modelling at any point in time (ax), and;

e) the growth (or decline) in absolute work volume over time ( &), which

management may attempt to influence, but which must be considered uncertain.

The individual learning curve effect can be accounted for most simply by
incorporating a representative cost of employee downtime during and after training
with the cost of acquisition of a new 3D workstation. The company level integration
can be modelled by assuming a gradual increase in overal productivity through the

years of adoption.
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The resulting annual impact on an engineering company® cash flow through each of

thefirst years of adoption, By, can be calculated using the following set of equations:

B @ Vo (0 net) G (g My )Co NpCMy (0, Ny N )CMy (D)

My N (L BB, ) . revreeseressseressmessssssesssssssssess s )
My M (L BePy) g erreeeerersseresmessssssesssessssess st ssese s ©)
LN ( T DO OSSO (4)
LT R 1 OO OO (5)
where:

k = the number of years after initial investment inIT; k=0,1,2,3,....
ax = level of adoptionineachyear k; 0 ax 1, reflecting management policy;
lo = current annual income for al projects;

k = forecast growth in income and work load by year k relative to the current work
load;

Nex = NUMber of engineersin year k; ng = number of engineersin year O,
Ngk = number of draftersin year k; ngo = number of draftersin year O;

Pe = engineering design productivity gain assumed achieved by year k (calculated
according to Table 10);

pa = drawing production productivity gain assumed achieved by year k (calculated
according to Table 10);

re = average annual labour cost for engineering activity;

rq = average annual labour cost for drawing production activity;

Co = current annua overhead costs;

Csp = investment cost of one 3D workstation (software, hardware, training, support);
CM3p = annual maintenance cost of one 3D workstation;

CMgp = annual maintenance cost of one 2D workstation;

Napk = Nnumber of 3D workstations in year k;

Nopk = Nnumber of 2D workstations in year k;

Cumulative cash flow impact at any year n after initial adoption is given by

CFI B, and the breakeven point occurs when CFl =0.

k1
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Note that the values for the number of workstations and the numbers of staff must be
rounded up to integral values. Also, the relationship between work load and incomeis
assumed to be constant; capacity utilization, on the other hand, is not fixed, because of
the requirement for integral numbers of staff. If desired, capacity utilization can be
allowed to rise above 1, reflecting use of overtime, by allowing rounding down until
some predetermined level of overtime use is passed. For this purpose, overall capacity
utilization (Uy) can be calculated by the formula:

g @ apy) Ny (X acpy)l

n, n

Kk

Naturally, capacity utilization can be set independently for engineering and for
drafting staff, by adjusting their numbers independently. In many offices, some work
load is shifted from drafters to engineers when conditions require, athough the

reverseisnot possible.

Economic Impact Example

Use of this modd is illustrated using an example of a structural design office that
employs 12 drafters and 8 engineersinitially and has aworkload that employs the staff
at full capacity. Engineers are assumed to cost the firm $70,000 annually’, drafters
$40,000, overhead costs are $400,000, income is $1,554,000 (reflecting a 5% margin),

and the company® 2D workstations require a $2,000 annual maintenance cost.

The cost of purchase of hardware, software and training for a single new workstation
is assumed to total $22,000, including the trainee® downtime and slowed productivity
immediately following the training. The company has decided to convert 25% of its
staff to 3D BIM in the first year of adoption, to reach 60% in the second year, and to
complete adoption in the third year. It has assumed a company learning curve that will

achieve engineering productivity gains of 10% and 15% in the first and second years

" The starting salary for civil engineers in design offices is $42,610 and the median salary is $64,230.
The starting salary for draftersin civil engineering design offices is $25,670 and the median saary is
$38,760 Labor. (2005). Occupational Outlook Handbook. <http://www.bls.gov/oco/ocos027.htm>, last
accessed December 30,.
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of adoption, and peaking at 20% by the third year. The equivaent values for drawing
production productivity gain are 25%, 35% and 45% respectively.

The calculations and the results for this example are shown in Table 11 and Table 12.
The net result is that the company is expected to fully recoup its investment by the
third year, with an outlay of capital that reaches a maximum of $135,000. In the long
term, if fees could be assumed to remain stable, the company’s operating profit

margin is estimated to rise from 5% to 34% (as indicated by the fourth year figures).

The result is relatively insensitive to the growth in volume. If the volume of work
remains static throughout the adoption period, the investment is recouped by the end
of the third year, and the operating profit margin reaches 28%. If higher productivity
gains could be achieved, approaching the value of 60% for drafting predicted by the
full-scale experiments, the investment is recouped early in the third year, and the

operating profit margin reaches 39%.
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Table 11. 3D BIM adoption cash-flow calculation example.

Y ear from adoption

YO

(initial state) Y1 Y2 Y3 Y4
Employment
Number of engineers 8 8 8 7 7
Number of drafters 12 12 10 7 7
Capacity utilization factor 100% 95% 95% 98% 98%
Input Variables
Adoption degree 0 0.25 0.6 1 1
Volume Growth 0 0% 2.5% 5% 5%
Engineering productivity gain 0 10% 15% 20% 20%
Drawing productivity gain 0 25% 35% 45% 45%
Number of workstations
2D CAD 20 15 7 0 0
3D BIM 0 5 1 14 14
3D workstations added 5 6 3 0
Costs ($1,000)
Engineering staff 560 560 560 490 490
Drafting staff 480 480 400 280 280
New workstations 0 110 132 66 0
3D Maintenance 0 15 33 42 42
2D Maintenance 40 30 14 0 0
Fixed overhead 400 400 400 400 400
Tota operating cost 1,480 1,595 1,539 1,278 1,212
Income ($1,000) 1,554 1,554 1,593 1,632 1,632
Cash Flow ($1,000)
Net 74 -41 54 354 420
Change 0 -115 -20 280 346
Cumulative change 0 -115 -135 145 490

For the sake of comparison, Table 12 indicates the minimum level of volume growth
that would be required to sustain employment of the same number of people
throughout the process. In the example considered, an engineering office of 20 people
would be capable of handling 41% greater work volume with the same staff (albeit
with an internal shift from 12 drafters and 8 engineers working with 2D CAD to 10 of
each group with 3D BIM).
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Table 12. 3D BIM adoption with static employment levels.

Y ear from adoption

YO

(initial state) Y1 Y2 Y3 Y4
Employment
Number of engineers 8 8 9 10 10
Number of drafters 12 12 11 10 10
Capacity utilization factor 100% 95% 92% 92% 92%
Input Variables
Adoption degree 0 0.25 0.6 1 1
Volume Growth 0 0% 10.0% 41% 41%
Engineering productivity gain 0 10% 15% 20% 20%
Drawing productivity gain 0 25% 35% 45% 45%
Number of workstations
2D CAD 20 15 8 0 0
3D BIM 0 5 12 20 20
3D workstations added 5 7 8 0
Costs ($1,000)
Engineering staff 560 560 630 700 700
Drafting staff 480 480 440 400 400
New workstations 0 110 154 176 0
3D Maintenance 0 15 36 60 60
2D Maintenance 40 30 16 0 0
Fixed overhead 400 400 400 400 400
Tota operating cost 1,480 1,595 1,676 1,736 1,560
Income ($1,000) 1,554 1,554 1,709 2,191 2,191
Cash Flow ($1,000)
Net 74 -41 33 455 631
Change 0 -115 -41 381 557
Cumulative change 0 -115 -156 226 783

National Economic Benefit

From the viewpoint of a national economy, the impact of productivity benefits can be
assessed where economic census data describing the structural engineering design
sector is available. The U.S. Dept. of Commerce, for example, provides detailed
statistics on engineering services for building projects (Census 2004), which are listed
in Table 13 below. The classification closest to the industry sector considered within
the scope of this research is NAICS code 34211, which includes al engineering
services for new commercial, public, and institutional building projects. Assuming
that structural design and detailing accounts for the maor part of this classification,
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then the approximate potential national impact for the U.S. aone is the conversion of
up to 75,000 2D CAD workstations to 52,500 3D BIM workstations, with a

corresponding reduction in employment.

Table 13. US Economic census data for engineering and drafting servicesin building
construction (Census 2004).

NAICS Receipts

Code | Kind of business ($1,000) Employees®
Building engineering projects. Engineering services for

34200 | residential building projects $8,345,298 61,369

34201 | Engineering servicesfor new residential building projects $6,747,239 49,618
Engineering services for residential building renovation

34202 | projects $1,598,059 11,752
Building engineering projects. Engineering services for

34210 | commercial, public, and institutional building projects $14,700,911 108,107
Engineering services for new commercial, public, and

34211 | institutional building projects $10,192,656 74,955
Engineering services for commercial, public, and

34212 | ingtitutiona building renovation projects $4,508,255 33,153

37140 | Structural drafting services for civil engineering projects $11,590 160

37150 | Structural drafting services for buildings $42,430 587

37160 | Sted detailing drafting services $181,860 2,514

37170 | Other engineering drafting services $23,165 320

54133 | Engineering services $116,886,978 859,561

54134 | Drafting services $730,778 10,102

8 The values for NAICS codes 54xxx are from US Economic census; values for codes 34xxx and 37xxx

are derived based on the income per employee for codes 54133 and 54134 respectively.
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Discussion and Conclusions

The primary goal of this research was to determine whether 3D parametric modelling
is economically justifiable for structural engineering practices designing and detailing
cast-in-place reinforced concrete structures. The experimental results, and the benefit
analysis based on them, show that a structural engineering practice should be able to
recoup their investment in 3D parametric modelling within the third year of adoption,
and significantly increase their operating profit. The degree of benefit that can be
achieved is primarily dependent on the proportion of drawing production activity to
the firm® overall activity, because the greatest increase in productivity is achieved in
this area, ranging from 21% to 61%. The first of the two additional hypotheses stated
— that 3D modelling significantly improves engineering design productivity — was
validated qualitatively, using process models, but not quantitatively. The last
hypothesis could not be explored within the project scope.

The benchmark of 13 detailed structural projects showed that the various drawing
production activities account for an average of 60% of the hours spent on a typical
project. An overall reduction of between 31% and 43% of the hours required for a
project is therefore a conservative ballpark range for the degree of cost savings that
can be achieved from productivity gains in drawing production alone. Consideration
of potential benefits in the other activities brings the reduction estimate to the range of
33% to 49%.

As aresult, the size and composition of design firmsis likely to change as 3D BIM is
introduced. Quantitative analysis of the results indicates that the number of drafting
personnel is likely to decline sharply. A qualitative view of the nature of the changein
the process itself, however, suggests that there is a deeper difference between a 2D
CAD drafter and a 3D BIM modeller whose task is to produce drawings. As 3D
models are useful at the early stages of design and analysis, it islikely that engineering
knowledge will be required of the modeller. Engineers may assume an even greater
share of the overall workload, or a new professional role — the structural modeller —
may emerge. The skill set of a modeller would include conceptual engineering skills

as well asthe ability to produce design documents.
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It is not practical to adopt 3D modelling throughout an engineering practice in a short
space of time, because the pace of system integration within a company limits the rate
at which the technology can be adopted. In the initial phase of adoption, libraries of
structural members and connections, reinforcing details, and standard drawing formats
must all be adapted to suit the company® specific needs. Until this is substantially
complete, the productivity of the 3D workstations remains lower than their eventual
productivity. Were all the company®work to be transferred to 3D, then the number of
workstations and trained staff needed during this phase would be greater than that
needed once integration were completed. Unless the volume of work in the practice
rises, this would necessitate retrenching some of the staff newly trained on the new 3D
systems. This can be clearly seen by setting the value for ax in the economic model to

one from thefirst year, while maintaining alow value for Ax.

The primary limitation of this research is that the level of accuracy that can be
achieved in the experiments is lower than that of in-situ measurements in structural
design offices. Once commercial adoption of 3D BIM for design and detailing of
reinforced concrete structures progresses, future research should be able to evaluate
the economic and other impacts more accurately by surveying completed projects and

comparing them to the benchmark results recorded in this work.

The consensus among the research team at the end of the experiments was that much
greater productivity gains could be achieved if the software were more carefully
tailored for cast-in-place reinforced concrete. The main characteristic of cast-in-place
concrete that influences the ways in which it should be modelled is that the structures
designed are monolithic. Reinforcement that belongs primarily to any one element
must always extend physically into its neighbours, and its end geometry is often
derived form them, but it cannot be identified as belonging to specific and separate
@onnectionCobjects. Thus reinforcing objects (macros/plug-ins) should be driven not
only by the main object they are associated with but aso by neighbouring elements. If
this fundamental behaviour could be modelled, then it is likely that far more efficient
parametric reinforcement details could be programmed. The reinforcement stage,
which presently consumes in the region of 60% (50% to 67% in the full-scale

experiments) of the overall 3D modelling time, could then be significantly reduced.
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Of more immediate research interest, however, is the next logical step that may be
enabled by 3D BIM: elimination of the need for drawing production altogether.
Collaboration among design teams using 3D models directly is aready the subject of
research at many institutions. Production of rebar and other components directly from
digital data, without drawings, has been technically feasible for many years. Thus new
research toward providing appropriate user interfaces for personnel on construction
sites, that allow viewing and inquiry of the 3D model directly using portable computer
hardware (such as wearable computers), could obviate the need for drawing formats
altogether.
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APPENDIX: Modelling Cast-in-place Reinforced

Concrete Structures with ' Tekla Structures'

This section lists a number of difficulties that arose during the modelling work using
Tekla Structures v11.1. The problems are grouped under @odelling©@ebar detailing®©
and @ser interfaceGections.

The consensus among the research team at the end of the experiments was that much
greater productivity gains could be achieved if the software were more carefully
tailored for cast-in-place reinforced concrete. The main characteristic of cast-in-place
concrete that influences the ways in which it should be modelled is that the structures
designed are monolithic. Unlike precast, stedl, timber or aluminium structures, it is
often difficult to clearly delineate where one element ends and another begins.
Reinforcement that belongs primarily to any one element must aways extend
physically into its neighbours, and its end geometry is often derived form them, but it
cannot be identified as belonging to specific and separate ©onnectionCobjects. Thus
reinforcing objects (macros/plug-ins) should always be driven not only by the main
object they are associated with but aso by neighbouring e ements. If this fundamental
behaviour could be modelled, then it is likely that far more efficient parametric
reinforcement details could be programmed. The reinforcement stage, which presently
consumes in the region of 60% (50% to 67% in the full-scale experiments) of the

overall 3D modelling time, could then be significantly reduced.

Modelling

The student who prepared project D experienced a specific problem modelling the
circular perimeter beams. The difficulty was that the software will not alow a
rectangular beam profile where the width is greater than the height; when avauefor b
is entered that is greater than the value for h, the software switches the values. As a
result, the student modelled the beam by using a workaround solution of a circular

hollow column section, which could then not be reinforced as a beam.
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A similar problem was encountered in project B in the case of strip footings. The
system forces the case that the height must be smaller than the width. If the user
applies alarger height, the system switches the values.

Projects A and C highlighted a specific problem with making changes in buildings
with repetitive floors. Wall panels must be defined using two end points and their
cross-section. In many situations, it would be more effective to have the wall panel
defined with handles at its top. In particular, when afloor level is raised or lowered,
walls below that floor should be adjusted automatically — at present, the user is
required to change each panel®height within its cross-section definition separately. If
the wall also had top handles, it could be updated in this situation automatically, either
using magnetic planes or by having their top handles moved within the selection of
the floor. Another reason for this is that currently walls panels cannot have sloping

soffits.

The start and end point of a beam are unique when custom components are applied to
them with regard to bindings. If a custom component (such as a detail) is built at the
start of a beam, and then by chance applied to the end of a beam, its bindings are not
suitable. This means in effect that each beam custom detall must be prepared
separately for each end, and also the user must take care to check which end is which
and to use the right detail. This could be improved if the logical start and end points
could be flipped by the user.

Dashed line geometry that is imported as a reference object is recreated as a multiple
linesin TS, slowing down the system. The DXF import function should be improved

to recognise and model dashed line geometry correctly.

Beam profiles with changing cross-sections along their length can only be defined
using fixed cross-sections, not parametric cross-sections. In this situation, it is often
the case that the different cross-sections are in fact the same in form, but with

different parameters.

User Interface Issues

The system does not provide adequate response to the user when a command either

succeeds or fails. For example, in selection of parts while performing a part cut.
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Selection of multiple parts during cuts or fittings is only possible using a rectangular

selection box —multiple selection using Ctrl and Shift do not work.

When exiting TS, the system always asks whether to save, even if the model has
already been saved in its current state.

The user is not alerted when parametric sketches are over-defined.

Rebar Layouts

Reinforcing meshes proved to have a number of difficulties when copied or rotated.
Copying a mesh would sometimes cause the system to hang, while mirroring meshes
had unexpected and unpredictable results — with rebars in X and Y being switched,
with extensions placed in the wrong directions, etc. As a result, in Project A, the
symmetry of the floors could not be used to rationalize placement of bottom and top

reinforcement mesh layers.

Reinforcing bars and meshes do not react to or recognize part cuts made to concrete
objects. Thus when holes are made in a slab, or notches cut out of a beam, the rebar

has to be detailed individually, and not using the macros. Thisis inefficient.

When rebar groups are copied, the definition points for the spread of rebars become

coincident (the correct bar shapes are maintained).

In the original TS beam reinforcement macro, the parameters are restored to default
values whenever the macro is redrawn. This is not the case in the beam reinforcement
macro provided by Construsoft. Overall, the original TS reinforcement macros were
not useful for many objects — columns, beams, slabs — because of differences in
practice. For example, the column rebar macro does not alow for correct extension of
the side bars and stirrups above the level of each individual column (starter bars for
the next level). The productivity that could be achieved could be greatly enhanced by

improving these functions.

When defining holes with rebars in walls, the lengths of the bars on either side of the

hole cannot be controlled independently.
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