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ABSTRACT 
 
Re-life of aged buildings is frequently more cost-effective and time efficient than re-building. In 
developing a strong business case for re-life, a major challenge to be addressed is that of 
maximizing the rentable floor space which often puts a re-life project at a disadvantage. In 
increasing usable floor space, options available to the client include removal or adding floors 
and partitions, relocating services, cutting openings or extending floors and relocating lift wells 
etc. In these situations, innovative structural strengthening schemes could be implemented to 
strengthen the existing structure. Whilst there are decision-support tools reported in literature to 
cover other parameters in relation to re-life of buildings, they do not include evaluation of the 
optimizing of rentable floor space and corresponding structural strengthening needs. 
  
The structural strengthening of existing buildings can be achieved using one of many upgrading 
techniques such as span shortening, externally bonded steel, fiber-reinforced polymer (FRP) 
composites, external post-tensioning systems, section enlargement, or hybrid strengthening 
systems. Each technique has specific advantages and disadvantages and the applicability to 
building materials such as concrete, steel, timber and masonry varies. This paper presents a 
decision support framework developed to compare and assess options available to the design 
team of a re-life project in optimizing rentable floor space. A matrix developed to map existing 
as well as innovative structural strengthening techniques to strengthening needs will also be 
presented with application examples from a case study in Melbourne. 
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1.0   INTRODUCTION 
 
Observation of commercial office buildings built 35 years ago shows that they are reaching the 
end of their original design life span (aging). Repair and maintenance expenditure is expected to 
increase due to the structural deficiency and functional obsolescence of aged buildings. In some 
situations, buildings cease to fulfill the expected services during their design life span due to the 
changes in office work environment, changes in procedures, changes in equipment design or 
because of poor initial design. A modern office block must be equipped to meet these changing 
trends; otherwise it will soon depreciate in value and loose its renting potential or market value 
[1]. The results of these factors point to an opportunity for an efficient “re-life” rather than 
demolition and “new-build” [2]. It is frequently more cost-effective and time efficient to refurbish 
than to re-build. Consequently, an increasing number of re-life projects are exploring the 
advantages of occupying older buildings [2]. 
 
In developing a strong business case for re-life rather than demolition and re-build, a major 
issue to be addressed is maximizing of rentable floor space, which often puts a re-life project at 
a disadvantage. In increasing usable floor space, options available to the client include removal 
or adding floors and partitions, relocating services, cutting openings or extending floors and 
relocating lift wells etc. In each case, innovative strengthening schemes have much to offer 
when considering upgrading the existing structure.  
 
For a retrofitting project to be successful, the owner has to establish a suitable retrofitting plan of 
action. If a client makes inappropriate choices, the outcome may be a time and/or cost overrun 
and general dissatisfaction. Nowadays, a number of decision support tools are available to the 
owners to assess the current condition of their buildings with respect to deterioration, functional 
obsolescence, energy consumption and environment quality, before making a decision to retrofit 
their buildings. Those decision support tools also help to choose appropriate retrofitting actions 
and to estimate the cost.  However, the available decision support tools do not cover the 
building structure. Consequently the “Floor space optimisation” strand of Re-life project funded 
by CRC for construction innovation is looking into the development of a management decision 
support tool that assists the owners in selecting an appropriate strengthening scheme during 
optimizing of floor space in a re-life project.  
 
2.0   THE NEED FOR STRUCTURAL STRENGTHENING IN RE-LIFE OF BUILDING 
 
Due to the increase in economical and environmental constraints, the current trend is to 
upgrade deteriorated and obsolete structures rather than replacing them with new buildings [8]. 
It is a significant challenge for engineers to satisfy the clients’ requirements during retrofitting; 
specially optimizing the usable floor space. Usable floor space of existing building can be 
optimized by modifying the layout of an existing building such as removing or adding of floors 
and partitions, relocating services, cutting openings or extending floors and relocating lift wells 
etc. In these situations, innovative structural strengthening schemes could be implemented to 
strengthen the existing structure. 
 
Strengthening of an existing structure may also become necessary under the following 
circumstances: 
 

1. When buildings are exposed to harsh environments such as de-icing salts, chemicals 
or air-borne salt spray, or have inappropriate details, the structures may experience 
significant deterioration in the form of steel corrosion, concrete cracks and spalls [4]. 
Such deterioration may result in structural inadequacies that adversely affect the 
structure or its members, 
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2. In situations where the building owners make decision to change the usage of a type of 
building depending on the business demand in the current market environment. As a 
result, the existing structure of a building may or may not be strong enough to 
withstand the new loading, 

 
3. Structures constructed in early days may have been designed to carry loads that are 

significantly smaller than the current needs, possibly due to increase demand usage 
[4],  

 
4. Structural inadequacies may arise due to errors in initial design or construction and 

changes of design standards.  
 
By carefully implementing appropriate structural strengthening methods, re-life of buildings can 
be justified/achieved rather than adopting demolishment and re-building 
 
3.0   Structural strengthening techniques 
 
Selection of an appropriate strengthening method is dependent on the materials of construction.  
Structural elements of existing buildings are commonly constructed of concrete, steel, timber 
and masonry. Concrete is the most commonly used building material and widely used in the 
forms of in-situ concrete, precast concrete and post-tensioned concrete.  
 
The structural strengthening can be achieved by section enlargement, external post tensioning, 
external bonded steel elements, bonded advanced fiber reinforced polymer (FRP) composites, 
span shortening, or a combination of these techniques [4,8]. No matter what strengthening 
technique is used, the ability to perform as an integrated system can be obtained only by 
providing an adequate bond between the existing member and the repair/reinforcement to 
ensure monolithic structural behaviour [8]. Stress concentrations resulting from added material 
should be investigated as they may cause a localized failure. 
 
Unfortunately, there is no specification or design that covers all repair/upgrade scenarios and 
engineers, architects, and contractors must be innovative and thorough, in their design details, 
specifications, and applications.  
 
4.0   Management support tools available for re-life projects 
 
A good retrofitting action plan will lead to the success of a re-life project. If an asset owner 
makes inappropriate choices, the outcome may be a time and/or cost overrun and general 
dissatisfaction. With the aid of decision-making tools, it is possible to select the most suitable 
retrofitting action. A number of such tools have been developed for office buildings with TOBUS, 
MEDIC, EPIQR and INVESTIMMO being the most commonly reported in the literature [1,3,4]. 
 
 The decision-making software tools, EPIQR (for apartment buildings) and TOBUS (for office 
buildings) have been developed for the assessment of retrofitting needs of buildings in 
European countries. The use of these tools can facilitate a quick and accurate diagnosis of the 
condition of the existing building in terms of its major area including construction, energy 
performance, indoor environmental quality, and functional obsolescence. The main advantages 
of using these tools are the ability to evaluate various refurbishments and retrofit scenarios, and 
cost of induced works, in the preliminary stages of a project [5,6].  
 
In EPIQR and TOBUS, deterioration of building materials and components are described by the 
use of a classification system with four classes. The prediction of the period of passing into the 
next deterioration state is of high interest as this is directly connected to higher refurbishment 
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costs.  The prediction of qualitative deterioration states are important and correspond to key 
moments in the element’s life where some refurbishment action has to be taken [5,6]. 
 
European countries have been used another software tool entitled MEDIC to predict the future 
degradation state of building. MEDIC is intended for use with EPIQR and is based on a 
subdividing of the building into 50 elements. MEDIC calculates the remaining life span of a 
building element not as a deterministic unique value but as a probability distribution. It can help 
the owner of a building to decide the most judicious moment to undertake refurbishment to 
achieve his short and long term financial needs [7]. 
 
Following the footsteps of EPIQR an TOBUS, a decision-making tool for long term efficient 
investment strategies in housing maintenance and refurbishment – INVESTIMMO has been 
developed in European countries. It has been aimed at evaluating housing maintenance and 
refurbishment options, which covers expectations of tenants, housing market, and quality of 
building upgrading and environmental impacts in addition to the factors identified in TOBUS [5]. 
 
From the review of literature, it was clear that these tools can be used to evaluate the general 
state of buildings with respect to some of the aspects of building re-life projects such as service 
life, functional obsolescence, energy consumption and environment impacts. However, no 
reported work presents a decision support tool, which can be used to compare and assess 
options available to the design team of a re-life project in optimizing rentable floor space.  
 
 
5.0   Proposed decision support framework  
 
In order to develop a decision support tool for selecting the most appropriate structural 
strengthening scheme during optimizing floor space, the preliminary objective was to identify the 
clients’ requirements and problems associated with structural strengthening. Through the review 
of literature and based on the experience, a list of issues, which may influence strengthening 
work has been compiled. Consequently, Delphi process was utilised to rank them based on the 
importance in refurbishment projects. The following issues were identified as important by the 
experts engaged in research/practice in the field of building refurbishment: 
 

1. change of use of floors, 
2. cutting openings in floors and extending floors, 
3. relocate/renew services, 
4. structural appraisal prior to refurbishment and 
5. safety reliability issues in structural strengthening. 
 

Through an extensive review of literature and industry practices, a set of structural 
strengthening techniques has been identified, which may be used to address the issues ranked 
high from Delphi studies. Upon identifying the issues and solutions, the methodology to develop 
the decision support tool was established which is shown in the figure 1. 
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Literature  Review 

        Possible   
   strengthening  
       solutions  

  
Problems/Requirements 

Input from sustainability 
aspects 

      Matrix for   
 mapping solutions 
      to problems 

  Appropriate cost 
of a given solution 

Case Studies 

 
 

Figure 1: Framework for decision support tool 
 

 
From the framework of decision support tool, it is clear that mapping solutions to 
problems/issues needs to be evaluated considering the approximate cost of possible 
strengthening options those can be used for a particular user requirement. The preliminary 
matrix of mapping structural strengthening solutions to the user requirements was developed 
and characteristics, issues, possible applications, application examples, companies/contractors, 
sample design calculations and approximate cost are included in each strengthening technique 
(Figure 2 / Table1). 
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Composite Strengthening System 

Hybrid Strengthening System 

  Bonded Steel Elements 

Section enlargement 

External Post Tensioning 

Span Shortening 

● 
● 
● 

Figure 2: Preliminary matrix of mapping structural strengthening solutions to the user requirements 
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Table 1: Matrix of mapping solutions to problems (Contd.) 
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Table 1: Matrix of mapping solutions to problems  
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The matrix for mapping solutions to problems will be validated with three case studies which are 
the current building refurbishment projects: Council House 1 of Melbourne City Council (CH1) at 
little Collin Street in Melbourne, Health building at George Street in Brisbane and Sydney Law 
Court building at Macquarie street in Sydney. Since this is an on-going research, work reported 
herein discusses the case study of CH1 building in Melbourne. 

 
6.0    Case study - CH1 building in Melbourne 
 
This study includes refurbishment of a high-rise commercial building approximately 35 years 
old. It comprises of seven office levels and four car park levels, of which two of the car park 
levels are underground. The structure of car park composes of reinforced concrete slab 
supported on secondary and primary beams and concrete encased steel columns. The office 
levels have reinforced concrete flat slab supported on concrete encased steel columns. The 
design team of the building has proposed three preliminary design options to satisfy the client’s 
needs. The research team is currently analyzing those options and developing possibilities to 
maximize the floor space which could be included in the options proposed by design team. 
Strengthening of existing structure of the building due to the optimization of floor space is 
required and those data will be used to validate the matrix of mapping solutions to problems. 
Mapping of Structural work involved in CH1 building –option 3 with the strengthening techniques 
is shown in Table 2. 
 
7.0    Conclusions 
 
A framework for a decision support tool for selecting a structural strengthening scheme during 
building refurbishment has been presented. Issues perceived to be important by practitioners 
and experts in the field have been identified through the Delphi process. A matrix of structural 
strengthening needs and corresponding solutions have been presented. Mapping of the matrix 
to a current building refurbishment project has been given. 
 
A major focus of the Re-Life project funded by the CRC for construction innovation is integrating 
of research in four major areas impacting on decision making in relation to building 
refurbishment: waste minimization, project management, structural strengthening and floor 
space optimization and evaluation of residual life. The current focus of the research team is to 
integrate outcomes of the four areas to develop an integrated decision making model for 
building refurbishment.  
 
A most important attribute of the integrated model would be its dynamic nature, with provisions 
for inclusion of innovative strengthening schemes, construction practices etc. as they emerge. 
 
 
 
 
 
 
 
 



Structural strengthening for optimizing floor space during retrofitting of high-rise office buildings 
Chintha Perera 

 

Clients Driving Innovation: Moving Ideas into Practice (12-14 March 2006) 11 
                 

Ta
bl

e 
2:

 M
ap

pi
ng

 o
f S

tru
ct

ur
al

 S
tre

ng
th

en
in

g 
Te

ch
ni

qu
es

 w
ith

 th
e 

S
tru

ct
ur

al
 w

or
k 

in
vo

lv
ed

 in
 C

H
1 

bu
ild

in
g 

– 
op

tio
n 

3 
C

1-
C

4-
 fo

ur
 c

ar
pa

rk
 le

ve
ls

, L
1-

L8
-s

ev
en

 o
ffi

ce
 le

ve
ls

 a
nd

 ro
of

 le
ve

l 

Cooperative Research Centre (CRC) for Construction Innovation 
 



Structural strengthening for optimizing floor space during retrofitting of high-rise office buildings 
Chintha Perera 

 

Clients Driving Innovation: Moving Ideas into Practice (12-14 March 2006) 12 
Cooperative Research Centre (CRC) for Construction Innovation 
 

8.0  References 
 
1. Allehaux, D. and Tessier, P., 2002. “Evaluation of the functional obsolescence of building 

services in European office buildings”, Energy and Buildings, 34, pp:127-133. 

2.     Steelcase, Workplace Issues: One in a Series. “Reclaiming Buildings–Strategies”, 

available online http://www.steelcase.com/Files/de9c9b911ac84b3bbdc25f352373316a.pdf            

(downloaded: February 2005) 

3.     Brantz, E. and Rasmussen, M. H., “Assessment of building conditions”, Energy and 

Buildings, 34 (2002) pp 121-125. 

4.    Flourentzou, F. et al., 2000. “MEDIC-a method for predicting residual service life and 

refurbishment investment budgets”, Energy and Buildings, 31, pp:167-170. 

5.   Balaras, C.A., 2002. “TOBUS-A European method and software for office building 

refurbishment”, Energy and Buildings, 34, pp:111-112. 

6.   Caccavelli, D. and Gugerli, H., 2002. “TOBUS-a European diagosis and decision-making 

tool for office building upgrading”, Energy and Buildings, 34, pp:113-119. 

7.   Flourentzou, F. et al., 2000. “MEDIC- a method for predicting residual service life and 

refurbishment investment budgets”, Energy and Buildings, 31, pp:167-170. 

8. Rey, E., 2004. “Office Building Retrofitting Strategies: Multicriteria Approach of an 

Architectutal and Technical Issue”, Energy and Buildings, 36, pp:367-372. 

9. News from the Cement and Concrete Industries, Concrete Monthly. “Design, application  

techniques key to successful structural repair, strengthening of aging concrete facilities”, 

Available online http://www.concretemonthly.com/monthly/art.php/516 , February 2004 

Issue. 

10. Chan, A. P. et al., 2001. “Application of Delphi method in selection of procurement systems 

for construction projects”, Construction Management and Economics, 19, pp:699-718. 

11.   Gordon, T.J., 1994. “The Delphi Method”, AC/UNU Milliennium Project. 

12.   Alkhrdaji, T. & Thomas, J., “Upgrading Parking Structures: Techniques and Design 

Considerations”, available  online, 

http://www.structural.net/News/Media_coverage/media_csi.html , (downloaded: February 

2005) 

13.    VSL Strengthening Systems Brochure, available online 

http://www.vsl.net/downloads/VSL_Construction_Systems/Sections/Strengthening.pdf, 

(downloaded: February 2005) 

14.   VSL Report series 1, “External Post-tensioning-Design Considerations, VSL External     

Tendons, Examples from Practice”, available online 

http://www.vsl.net/downloads/VSL_technical_reports_PT_External.pdf , (downloaded: 

February 2005) 

http://www.steelcase.com/Files/de9c9b911ac84b3bbdc25f352373316a.pdf
http://www.concretemonthly.com/monthly/art.php/516
http://www.structural.net/News/Media_coverage/media_csi.html
http://www.vsl.net/downloads/VSL_Construction_Systems/Sections/Strengthening.pdf
http://www.vsl.net/downloads/VSL_technical_reports_PT_External.pdf


Structural strengthening for optimizing floor space during retrofitting of high-rise office buildings 
Chintha Perera 

 

Clients Driving Innovation: Moving Ideas into Practice (12-14 March 2006) 13 
Cooperative Research Centre (CRC) for Construction Innovation 
 

15.  Watson Bowman Acme Brochure, “Composite Strengthening Systems”, available online 

http://www.wbacorp.com, (downloaded: February 2005) 

16. D. S. Brown Brochure, “Fiberbond FRP Structural Strengthening System”, available online 

http://www.dsbrown.com/downloads/pdfs/Brochures/FRP/FRPbrochure.pdf, (downloaded: 

February 2005) 

17. C.A. Lindman Brochure : Exterior Restoration and Structural repair, available online  

http://www.calindman.com/htmlfiles/services1.htm1, (downloaded: February 2005) 

18.  Edge Structural Composites Brochure: Strength through technology, available online 

http://www.edgest.com, (downloaded: February 2005).                                                               

19.  Brosens, K. et al., 2001, "Strengthening of concrete structures with externally bonded 

reinforcement - Design philosophy and practical applications", 10th International Congress 

on Polymers in Concrete, Honolulu, Hawaii, USA. 

20.  Van Gemert et al., 2004, "Strengthening of concrete constructions with externally bonded   

reinforcement: design concept and case studies", IMTCR 2004 innovative materials and 

technologies for construction and restoration, University of lecce, Italy. 

21.  Morgan, D. R., 1996. “Compatibility of concrete repair materials and systems”, Construction 

and building materials, 10, 1:pp57-67. 

22.  Setunge, S., Nezamian, A. & Lokuge, W., 2004. “User friendly guide for rehabilitation or 

strengthening of bridge structure using Fibre reinforced Polymer Composites”, Report 

2002-005-C-04. 

23.  Grace, N. F., 2004. “Concrete Repair with CFRP- Evaluating the durability of externally 

bonded fiber-reinforce polymer plates and fabric exposed to the environment”, Concrete 

International, pp:45-52. 

24.  Einde et al., 2003. “Use of composites in civil structural applications”, Construction and 

Building Materials, 17, pp:389-403. 

25.  Toutanji, H. A. & Gomez, W., 1997. “Durability Charateristics of concrete beams externally 

bonded with FRP composite sheets”, Cement and Concrete Composites, 19, pp:351-358. 

26.  Karbhari, V. M. & Zhao, L., 2000. “Use of composites for 21st century civil infrastructure”, 

Computer methods in applied mechanics and engineering, pp:433-454. 

27.  Dascalaki, E., & Balaras, C. A., 2004. “XENIOS-a methodology for assessing refurbishment 

scenarios and potential of application of RES and RUE in hotels”, Energy and Buildings, 

36, pp:1091-1105. 

28.  Lam, K. P. et al, 2004. “SEMPER- II: an internet-based multi-domain building performance 

simulation environment for early design support, Automation in Construction,3, pp:651-663. 

29. Linstone, H. A. & Turoff, M., 1975. “The Delphi Method Techniques & Applications”, 

Reading, Mass : Addison-Wesley Pub. Co., Advanced Book Program. 

http://www.dsbrown.com/downloads/pdfs/Brochures/FRP/FRPbrochure.pdf
http://www.calindman.com/htmlfiles/services1.htm1
http://www.edgest.com/
http://www.kuleuven.ac.be/bwk/materials/Publications/Proceedings%20of%20International%20Conferences/KB-IC002-Hawaii-2001.pdf
http://www.kuleuven.ac.be/bwk/materials/Publications/Proceedings%20of%20International%20Conferences/KB-IC002-Hawaii-2001.pdf
http://www.kuleuven.ac.be/bwk/materials/Publications/Proceedings%20of%20International%20Conferences/DVG-IC006-Lecce-R06-SI-KB-2004.pdf
http://www.kuleuven.ac.be/bwk/materials/Publications/Proceedings%20of%20International%20Conferences/DVG-IC006-Lecce-R06-SI-KB-2004.pdf

