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ABSTRACT 

The current use of mock-ups in building 
envelope design is to serve as critical 
milestones in validating the envelope 
performance.  There is increasing emphasis of 
the importance of physical mock-ups, in 
particular during pre-construction stages, in 
emerging guidelines, specifications and 
building practice methods.  However physical 
mock-ups construe the design process as  
linear and can exacerbrate the project 
workflow when problems are discovered 
through these mock-ups at this late building 
design phase.  To allow for more flexibility 
and interaction of the mock-up validation 
process into the re-terative design generation 
process, an alternate more robust mode of 
investigation needs to be explored.   Virtual 
mock-ups are economical, less time 
consuming and robust options to their physical 
counterpart including their potential to 
integrate with building information modeling.  
This paper discusses research conducted on 
implications of virtual mock-ups and how 
their implementation, through case studies, 
was used as study models within an integrated 
exchange platform.   

INTRODUCTION 
Building envelope systems are multi-layered 
assemblies that play an important role 
impacting a large scope of descision-based 
performance factors: aesthetics, separation 
between inside and outside, indoor 
environments and thermal control of 
buildings.  The heavy burden on the building 

envelope leads to a complex process in its 
realization from design through to fabrication 
and installation.  Performance criteria include 
compliance of intended design aesthetics, 
functon, durability, value, control and 
constructability. Its design and build process is 
multi-faceted with a convergence of many 
disciplines and specialties often leading to 
issues of efficiency, integration, coordination 
and effective data exchange.     
A critical step in the construction of the 
building envelope systems is seen as its mock-
up and testing.  Mock-ups are isolated replicas 
of building envelope systems and depending 
on its scope can be used to test required 
metrics of thermal resistance, air and moisture 
infiltration and structural performance.  A 
physical mock-up is a full-sized installation 
that includes partial structure, attachment and 
envelope systems; intended to study, test and 
provide validation of the design and 
construction methods, for compliance of the 
prescribed performance criteria. The building 
envelope undergoes these physical mock-ups 
on select projects and in particular on projects 
with complex building forms/materials, risk-
averse owners, or high budgets.  However 
implementation occurs later in the building 
workflow and tends to create disruptions in 
schedule and cost in the latter phases.  
A virtual mock-up, referenced in this paper, is 
consequently the digital counterpart to the 
physical mock-up.  The different attributes 
and opportunities that the virtual mock-up 
offers, can be summarized as early project 
implementation at much-reduced costs, 
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integration with fabrication/construction, and 
improvement of efficiency of the physical 
mock-up process.  
In practice, with commissioning becoming 
more commonplace, inclusion of physical 
mock-ups in pre-construction is highly 
encouraged, as outlined in guideline 
documents such as ASHRAE Guideline 0 
/NIBS 3 Total Commissioning Guidelines 
(which includes steps for building envelope 
commissioning).  Although emphasis is made 
on the necessity of mock-ups there is little 
discussion of how to integrate the reiterative 
design process with the construction process.  
This paper references research conducted on 
workflows and presents two examples of 
different scenarios of implementing virtual 
mock-ups into the design process and mapped 
connections to various analyses of envelope 
and building energy modeling. A systems 
approach was used to better integrate 
processes and include fabrication and 
installation information during design phase. 

WORKFLOW ANALYSIS  
The workflow of the building envelope design 
and construction (installation) process needs 
to be considered to understand the 
effectiveness of virtual mock-ups. Workflow 
studies were performed on projects utilizing 
conventional and progressive modes of 
teamwork to identify differences and learning 
outcomes of their approaches.  
For conventional modes of practice, the 
building envelope design to construction 
workflow was primarily disjointed with 
uncoordinated processes within and between 
two main stages – the design stage and 
construction stage – by the design team and 
the construction team respectively. Although 
both teams have common concerns of 
envelope performance – thermal bridging, air 
and water infiltration, constructability, 
integration, structural integrity, and durability 
– their methods of validation are different and 
have little direct data exchange on most 

criteria issues. The physical mock-up would 
be perceived as the preparatory step where the 
two teams are forced to come together – a 
coordination event – orchestrated by the 
general contractor.  Unfortunately due to its 
down-stream implementation, any resulting 
changes are not typically able to undergo the 
same prior simulation (e.g., hygrothermal, 
heat, air and moisture (HAM)) analysis as the 
design used for the physical mock-up.  In 
effect, the simulation results would become 
obsolete as there would be inadequate time for 
model reiteration. 
There was evidence of project teams seeking 
different approaches to better integrate the 
critical parameters of each team representative 
ranging from architect, engineer to fabricator, 
installer through the use of digital tools to 
create virtual study mock-ups of the proposed 
envelope design. 
For example projects such as Beekman Tower 
by Gehry Partners in New York City was one 
of the project case studies performed in this 
research. For this project, the process of data 
exchange was automated through the use of 
high-level detailed digital representation of the 
building envelope and its conversion into the 
fabrication process. Early and close 
collaborations throughout the design phase to 
integrate parameters for fabrication and 
installation into the design was critical for this 
automation process. The highly customized 
complex curtain wall system of Beekman  was 
fully conceived through close collaborations 
on visual effects, parametrization of the 
components to include constructability 
constraints, and assembly information 
delivery. As described, the success of the 
project was the formation of “an optimal 
coordination of the involved parties and the 
use of state of the art digital tools to drive the 
design-fabrication-erection process. The 
project reportedly produced less than 100 RFI 
during construction” (Post 2010). Based on a 
more standardized building envelope project 
(Khan 2011), virtual mock-ups presented cost 
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savings of about 70% with an additional 
benefit of unlimited investigations of different 
conditions within small budget increments.   
 
Virtual mock-ups are highly detailed digital 
models of specified areas of the building 
envelope with the aim to include simulation 
and direct links to fabrication processes 
(Figure 1).   

Figure 1 Activities within two objective phases 
–Design and Construction of Building 

Envelope Systems. 
 
Although the benefits of physical mock-ups 
are touted by envelope specialists, there is the 
reality that these mock-ups can be costly and 
time-consuming resulting in their adoption on 
larger budget projects where their costs are 
marginal compared to the building envelope 
budget.  The question then becomes for the 
other projects where the budget is not 
favorable for mock-ups, how can they gain in 
the same way and also result in high 
performing building envelope systems?  
These questions pose a need for better 
integration and the need to bridge the gap 
between what projects can afford and 
streamlining the essential steps for  a building 
envelope that can meet the required 
performance criteria.  Although the NIBS 
building envelope commissioning process 
strongly encourages physical mock-ups and 
testing into the project workflow, it is not 
mandatory.  Physical mock-ups can carry high 
cost implications, scheduling difficulties and 
in some cases little justification if there are 
minor modifications to a pre-certified system.  

The most comprehensive and costly type of 
physical mock-up is the performance lab 
mock-up which is built at a certified third-
party off-site facility.  Certified manufacturer 
products, such as certified windows, are also 
tested at these facilities.  Therefore some of 
the mock-up and testing that do happen can be 
quite repetitive especially if the project team is 
using certified pre-tested assemblies.   
However as in the saying “the devil is in the 
details”, there is still much to be gained from 
the process of mocking up a design prior to its 
actual implementation. This is where virtual 
mock-ups can be effective and offer a faster 
and economical solution. 

SYSTEMS DESIGN 
A systems approach, analogous to mechanical 
design where there are strong linkages with 
function, fabrication and assembly during the 
design of the whole and its components, was 
considered ideal. In our study we approached 
the building envelope using a mechanical 
design and problem-solving process. There is 
already use of some level of systems-based 
design approach in custom unitized curtain 
wall systems and the most crucial decisions 
related to cost, schedule and constructability 
are made during the systems design phase.  
Decisions are synchronized with the 
fabrication and installation processes through 
in-built parameters for material 
configurations, dimensions, modularity, 
fabrication constraints and installation 
sequencing.   
Mechanical design modeling is different from 
building design modeling with the former 
based on parametric solid modeling and the 
latter on building information modeling. The 
limitation of the building information 
modeling environment is the difficulty in 
making direct connections with manufacturing 
and limited small-scale investigations (at the 
connection level). However, mechanical solid 
modeling mimics the physical processes of 
production in a factory, with the establishment 
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of parts (off a shelf), compiled into sub-
assemblies (e.g.,window unit), then assembled 
into master assemblies (virtual mock-up), as 
outlined in Figure 2.  

Figure 2 Process modeling of mechanical 
product based on parametric constraints and 

relationships. 
This paper looked at projects where there was 
some level of mock-up integration of the 
building envelope system process with 
different ways of information management 
into the BIM enabled model platforms and 
correlating information exchange strategy.   
Present initiatives to integrate mock-ups at 
various stages of the design phase were 
studied and some of the common issues that 
were raised were: 1) INCOMPLETE 
DOCUMENTATION of drawings showing 
integration of systems; 2) INCONSISTENCY 
in approaches to performance based design of 
the different envelope systems; 3) 
ISOLATION of work scope and poor 
coordination of drawings by manufacturers 
and installers; 4) VISUALIZATION late in 
the process due to mock-ups typically 
conducted during pre-construction or early 
construction phases.    
The concept of integrated virtual mock-ups 
virtually at the 3-dimensional model level 
addresses the four issues in being able to 
introduce different grains of accuracy in the 
virtual model earlier in the design phase.  The 

levels of accuracy of models and exploration 
can be categorized as Level of Development 
(LOD) and ranges from 100 to 500. LOD 400 
to 500 models are highly-detailed and accurate 
models that document how the component 
was fabricated and assembled respectively.  
Virtual mock-ups models function on the 
premise of LOD 400 models (fabrication 
model) that operate during the design 
schematics suggesting more informed levels 
of inquiry during design.    
 
CASE STUDIES AND FINDINGS 
To test the concept of virtual mock-ups we 
used two different projects with slightly 
different objectives and created virtual mock-
ups for comparison to the actual building 
conditions and workflow. Both projects were 
invested in utilizing virtual mock-ups with 
intentions for better team and process 
integration.    
Our approach was framed around retrieving 
information regarding the building envelope - 
such as shop drawings and construction 
documents - then independently creating 3-
dimensional digital model (virtual mock-ups) 
of select portions of envelope systems to 
mimic the systems being installed on the 
building. 
The first case study was of a commercial 
building that was placed on a tightly 
constrained schedule for an addition to their 
existing campus of buildings.  There was 
inadequate time for a comprehensive physical 
mock-up and the contractors’ desire to 
perform mock-ups as a methods of validation 
led to the prospects of turning to alternative 
options – virtual mock-ups. This approach was 
especially appealing since the design specified 
standardized systems with minor 
modifications proposed by the envelope 
consultant to improve performance.  
Our virtual mock-up included a typical 
window system set into a standard metal panel 
cladded wall systems.  Through assembly 
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studies, material clash checks, fabrication 
analysis, we discovered that there were 
problematic conditions not shown in any 
documentation prior to installation. The issues 
were poor integration of air and moisture 
barrier at the corners and excessive material 
build-up which inadvertently compromised 
the assembly of the window systems (Figure 
3).  

Figure 3 Study of customized window corner 
projected areas of material build-up at corner 

within glazing pocket 
During our re-creation, we were able to study 
the envelope systems individually embedding 
fabrication information and parameters, and 
simultaneously study the integration of the 
different systems.  Therefore at this modeling 
stage, we had to ask ourselves how the 
systems would be fabricated, and how they 
would be installed to build the virtual mock-
up. We found that the 2D drawings provided, 
lacked critical information that was on the 
fabrication drawing set but due to the different 

models did not make it to the shop drawing 
set.  The unitization of the fabrication and 
virtual mock-up model was essential to review 
the systems through 3D modeling and with 
integrated parameters and conditions for 
assembly and fabrication.  

Figure 4 Automatic generation of shop 
drawings, profile sections, assembly drawings 

from virtual mock-up model.  
Our modeling which revealed serious issues of 
glass lite engagement, air and water 
infiltration control of the typical window 
system was due to an excessive build up of 
additional material. The design integration of 
the air and moisture barrier, intended 
hermetically seal to the window system, had 
not attended to material clashes and build-up 
(See Figure 3).  When conveyed to the project 
team, they described that this very issue was 
discovered as an oversight in the field and the 
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construction team performed some major re-
working of these corner conditions to reduce 
excessive material build-up – which was 
inherent in the design.  
For this case study, the added benefit to the 
virtual mock-up was the abiity to 
automatically generate shop drawings, include 
profile part drawings (e.g. die drawings) and 
provide comprehensive assembly drawings 
and simulations (Figure 4).  In addition, the 
lessons learnt was that virtual mock-ups, if 
implemented early, would be a powerful study 
model for visualization, performance 
simulation, fabrication, assembly and 
coordination.   
    

Figure 5 Virtual Mock-up of the selected area 
of building envelope. Lighting rendering 

study. 

The second case study was a hospital project 
where the contractor requested the other 
participants of the construction team to 
coordinate through the use of digital models 
and form a virtual mock-up prior to the actual 
physical mock-up. The general contractor was 
committed to using physical mock-ups on the 
site, as a training and learning tool for the 
installation crews.  However the virtual mock-
up would provide opportunities to trouble-
shoot earlier than during the construction of 
the physical mock-up.  
Each sub-contractor was provided digital 
models of their responsible sections of the 
envelope systems - digital as-built models.  
The general contractor team compiled a digital 
replica of the physical mock-up using the 
provided files and merged into one virtual 
mock-up model.  However the model was not 
used a design model nor as a fully integrated 
fabrication model. This virtual mock-up 
exercise was considered an additional 
assembly and coordination validation step 
prior to their required practice of coordinating 
through the physical field mock-ups.  
 

 
Figure 6 Exploded view (to the left) of case 

study virtual mock-up to study assembly 
sequencing.  Thermal and stress analyses of 

components (above). 
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Our undertaking of this second case study was 
to interpret the intentions and lessons learnt 
from the given process initiated by the 
contractor, and to re-enact the exchange given 
the hard copy shop drawings that were 
generated from the virtual mock-up.  In 
addition we were interested in evaluating the 
file exchange methods and extending the 
scope beyond coordination. This 
implementation strategy of virtual mock-ups 
would also suggest alternate workflows for 
better interoperability.  
Our modeling began with the transfer of 
information from the provided documentation 
set to a 3D digital mechanical model.  Figures 
5 and 6 show the range of investigations in 
assembly, material study, lighting, detail 
generation, thermal analsys that was 
performed.  
Through our case studies we found significant 
merits to the systems modeling approach of 
virtual mock-up.  As outlined in the second 
case study where the main objective by the 
contractor was coordination, there were 
missed opportunities in forging links with the 
fabrication process, and consequently, with 
simulation analyses (thermal and energy).  For 
the team to have attempted to pursue these 
links, their architectural modeling approach 
would have been limiting. From our research 
analyses and assessment through project team 
discussions, we found that the use of virtual 
mock-ups introduced flexibility through 
manipulation of the level of the accuracy, 

lower cost, earlier coordination and better 
resolution of documentation. Our approach of 
utilizing a mechanical product design and 
modeling method was appropriate with the 
level of detail that would be needed for 
integration into the varies stages of building 
design.  
The benefits shown from the virtual mock-up 
analyses conducted in this research are: 
- Accuracy: of the virtual model through 

cumulative layering of information, 
allowed for early design phase insertion of 
virtual mock-up.   

- Low Cost: Major cost from initial digital 
model set-up, as opposed to high costs of 
drawing production, small-batch 
fabrication and facility use for 
performance lab mock-ups.  

- Team Integration: Critical information of 
fabrication parameters, constructability 
and assembly integrated into model early 
in the design phase.  Better discourse 
between design and construction teams.  

- Faster Installation Time:  Prior study of = 
installation of the envelope system through 
virtual mock-up minimized problems prior 
to fabrication and construction. In the case 
where physical mock-up were specified,  
coordination and performance was 
validated promptly.  

 
Figure 7 (below) Modifications in workflow 

from virtual and physical mock-up use.   
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In lieu of physical mock-ups responding to 
last minute resolutions, virtual mock-ups 
became a sutdy model to realize design-
related issues earlier and allow for effective 
team collaborations. The effectiveness of the 
virtual mock-up is summarized through 
comparing an iterative step in the construction 
documentation phase of the design process 
(Figure 7).  Virtual mock-up study model, due 
to its flexibility, inserts itself into the iterative 
design cycle, as opposed to physical mock-ups 
which remain outside the iterative design 
cycle.  

CONCLUSION 
The implementation of virtual mock-ups 
provide the opportunity to study the building 
envelope system earlier in the design process 
at various scales and levels of detail, resolving 
much of the typical disruptive troubleshooting 
done during a physical mock-up later in the 
building project phase. 
The relevancy of virtual mock-ups is 
introduced at a critical time for the AEC 
industry which is in the process of converging 
processes and exchanges to adapt to integrated 
building information modeling (BIM) modes 
of practice.  With emphasis on integrated 
workflows and coordinated models for 
effective multi-disciplinary team 
collaborations and planning,  the virtual mock-
up becomes a significant study model for 
integration and investigation. It is inevitable 
that with better visualization and early multi-
team collaborations and model exhanges, the 
envelope design process can greatly benefit 
from the virtual environment in high 
performing building envelope design and 
construction. Virtual mock-ups do not 
necessarily propose to replace physical mock-
ups but provide benefits for better 
coordination and linkages of design, 
simulation, fabrication and installation. The 
modified workflow that emerges from the 
potential applications of virtual mock-ups 
moves the envelope design process to levels of 
automation and easier access to optimzation.  

This optimzation through virtual mock-ups 
will only improve as advances in 
interoperability and simulation engines 
continue to increase productivity and 
efficiency in design and construction process. 
This research continues to investigate in  
better interaction of design and construction 
teams through cross-learning on virtual mock-
ups not only on one project but ongoing to 
reduce excessive re-working and effective 
automation.   
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