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Introduction

Structures and buildings account for a significant proportion of capital in
many countries and contribute to their socio-economic development. How-
ever, they are also an important contributor to environmental impacts. Exist-
ing construction resources require either continuous repair or demolition
investments and their replacement by new facilities. Existing structures are
subjected to processes of degradation in time, which leads to a situation in
which they became not able to fulfil their initial purpose. Some of these struc-
tures, particularly bridges, have already achieved an age of ninety, hundreds
or even more years and are still in operation after damages, several phases of
repair and strengthening. Many steel structures erected at the end of the XIX
and beginning of the XX-centuries are still in function.

Replacement with new structures raises financial, technical and political
problems. For the last decades, intensive activities on maintenance, recon-
struction, repair, strengthening and rehabilitation of existing steel buildings
have been carried out. The reasons for such an extensive reconstruction are
the increasing need of residential area, revitalization, and repair of structures
that are many years old as well as the improvement of the quality of living of
the occupants of those structures. Public funds for reconstruction are lim-
ited, but this must not be a barrier to the security of buildings and infrastruc-
ture.

Refurbishment of existing buildings with architectural value (enabling
the delivery of modern facilities), may be less expensive than a new struc-
ture; the degree of refurbishment can vary, from simple repairing to changing
the existent structure. When assessing the remaining lifespan of a building,
maintenance costs and renovation costs, it may be found that it is more eco-
nomical to refurbish than to rebuild.

A change in approach from the removal-replacement of buildings toward
the rehabilitation of buildings requires the development of the most econom-
ical and effective techniques for structural rehabilitation. Various methods
must be evaluated for their structural characteristics as well as their cost.
Limited research has been directed toward obtaining data in this field in
Poland. Much of the available cost data is not widely distributed and, in most
cases, the structural characteristics are not well documented.

One of the tools that can be used to estimate the environmental impact of
the entire life cycle of buildings is Life cycle assessment (LCA).
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The durability of building and civil engineering structures

Durability is defined as the ability of a structure to meet its minimum
function for a period of planned use and under the intended conditions, with-
out incurring excessive repair and maintenance costs. It turns out that we
have all the possibilities to create such buildings. What's more, such possibil-
ities existed in many centuries earlier, as evidenced by historical engineering
objects. Durability is also associated with the concept of reliability concern-
ing building objects, which includes both safety and usability, which can be
used in the commonly accepted method of designing structures in the limit
state method. Both of these concepts - durability and reliability - relate to
a specific period of use, as the operational and other requirements change
over time.

In addition to the limit states introduced into the standards, it is neces-
sary to take into account the limit state resulting from the durability require-
ments. Structural durability can be seen as striving both to ensure a full-ser-
vice life in normal conditions and at a given time, as well as to avoid disasters
and damage resulting from insufficient durability, e.g. as a result of continued
use despite signs of wear of structural components.

The structures are designed to meet the requirements before the occur-
rence of one of the two basic limit states: construction safety and its usability.
This means that there must be no situations in which the structure is insuffi-
ciently durable or unstable, and also in which there are signs that prevent the
use as intended, e.g. excessive deflections, too wide scratches or even unac-
ceptable changes in the appearance. These requirements apply to entire
structures, structural elements, and objects during construction and demoli-
tion.

The investment planning includes all details of the future functioning of
the buildings, which result in the necessary shapes and sizes, ensuring dura-
bility, stability, and functionality. Requirements related to this are given in
norms and regulations that apply in various fields. All these requirements
form the basis for designing, determining costs, controlling the execution and
reception of buildings, as well as the ways of using it. Whereas in the current
standards, there is a lack of determination of the required durability in many
countries; in most cases, only temporary permanent structures are distin-
guished (Somerville, 1999).

For example, in Poland, the durability of various types of road and bridge
constructions is expressed in the number of years in departmental minis-
tries’ regulations and revisions. The service life of ordinary structures is
assumed for 50 years. However, these requirements are not directly consid-
ered in the design or required by the investor, i.e. they are not designed for
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certain durability. There are unknown cases of demolition of the building due
to the passage of time for which it was designed and constructed. The situa-
tion is different for example in the aviation industry: engines and aircraft
have a certain number of working hours, which cannot be exceeded - after
this period of operation they must be transferred for scrap. It is difficult to
imagine a completely analogous situation in construction, but isolated cases
indicate that similar requirements can be formulated and implemented. For
example, bridges and tunnels built in the 1990s by the Danish straits were
designed for 150 years, the famous viaduct in Millau in the south of France,
put into use in December 2004 - for 120 years. In both cases, designers and
contractors had to prove the required durability of the adopted construction
and material solutions. Similar exceptional situations also occur in facilities
intended for the storage of radioactive waste. It turns out that designing for
a definite period of use is possible, and if used sensibly, it could be a way to
improve the durability of all structures, not only the exceptional ones.

If all constructions that are not explicitly described as temporary are con-
sidered to be permanent, then it is not surprising that due to various pro-
cesses, the durability of many buildings turns out to be insufficient. This
applies to the largest extent objects exposed to direct climatic impacts, and
thus all bridges and hydrotechnical constructions, road surfaces, etc., because
impacts on such objects show changes in intensity during many years of use,
are defined in standards in an approximate way, and often insufficiently their
combined occurrence, etc. is assessed.

General considerations in refurbishment and rehabilitation
of buildings

For information on the construction’s resistance, both field measure-
ments and material tests are used to obtain information directly from the
structure. Data, characterisation old steel, principles of design or connection
between elements differ significantly from present times standards. There-
fore, the project, the database of materials, calculations and drawings, as well
as additional experiments should first be investigated.

The estimation of the carrying capacity of existing structures is a com-
plex matter. One of the most important aspects is the experience of the expert.
In a first step, the expert has to inspect the structure carefully and to make an
estimation, based on simplified analysis methods and a preliminary evalua-
tion of the technical condition of the structure. During the visual inspection,
the corrosion state must also be evaluated. Figure 1 presents the main steps
in the evaluation of the existing structures.
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Figure 1. Flowchart regarding the refurbishment of existing steel structures
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Source: ECCS, 2008.

A majority of old buildings which could be rehabilitated were used origi-
nally for a purpose other than their future use. In assessing the adaptability
to new uses, it is important to look into the above three aspects:

1) existing documentation,
2) technical condition,
3) urgentintervention.

It is obvious that new buildings are designed for about one-half the live
loads used in the design of old buildings. Moreover, until the beginning of the
XX century, the steel factories had own rules without a general standardisa-
tion, resulting in a large dispersion of steel characteristics; sometimes for the
same structure, it is possible to have different steel qualities. The allowable
stresses for rolled steel shapes used were about %; of the present values.
Likewise, the allowable shear and bearing stresses for these connections
were as low as 40% for shear and 30% for bearing (DS805, 1991/2002).

Strengthening an existing building is a unique problem in design, and
each building poses special constraints for the design of appropriate strength-
ening at a reasonable cost. Existing steel structures can be evaluated using
the safety concept existing to the time of the structure’s erection, generally
the safety concept of allowable stress. Nevertheless, checking according to
the Eurocodes is strongly recommended. For the majority of existing steel
structures, the documentation is missing. In consequence, the expert has to
do some in situ measurements mapping the structure, which is not always
easy, taking into account the accessibility on the site.
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Two basic types of strengthening should be considered: maintaining the
original structural system and strengthening individual members or connec-
tions and modification of the structural system. In strengthening individual
members or connections, it is vital not only to ascertain the mechanical prop-
erties of the material but also to determine geometrical properties to permit
a necessary review of design calculations. Generally, the reinforcement of the
structures is not recommended if (ECCS, 2002):
¢ the additional material is more than 40% of the weight of the existing

structure or 30% of a new one,

+ the rehabilitation cost is higher than the price of a new structure.

Exceptions are the historic structures, monuments of the engineering art;
in this situation, every case must be analyzed separately. It is important to
emphasize that a refurbished structure is not a new one.

In the case of modification of the structural system, a variety of factors,
including structural, architectural, economic, or societal needs, may preclude
preservation of the original structural system with appropriate strengthen-
ing. In such cases, substantial modifications of the structural system may be
necessary to accommodate changes in the use of the building, new loading
patterns, or specified increased level of any other resistance.

The result of the survey will generally result in one of three potential out-
comes:

a) the current structure is sound, and an extension or modification as envis-
aged is feasible,

b) the current structure can be modified to make it sound, or sound enough,
to accommodate the envisaged changes,

c) the current structure is either not sound, or else not sound enough to be
modified to enable the modification.

The most common outcome is the second one, and it is usually the case
that modifications are required to existing structures to allow them to be
extended, or modified in any substantial way. In this scenario, it is important
to look for the safest and most cost-effective route forward to deliver as close
to the original specification as possible.

The process of integrating an original structural system with new struc-
tural components, such as additional members, frames, or walls, and replace-
ment of floor or roof systems, is similar to that entailed in developing a new
design. An analysis of the modified system will require investigation of
stresses and deformations under gravity load as well as under combined
effects of gravity and lateral forces. Any deficiency in the original components
of the system would require strengthening.

A variety of modifications may be introduced. Wood floor systems may be
strengthened or replaced by steel decking or reinforced concrete slabs.
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Lateral bracing may be strengthened or replaced by reinforced masonry or
concrete shear walls. In such cases, connections of the new walls to the floor
must provide for the transfer of the design lateral loads. Larger lateral forces
may be induced in stiffer buildings, and these should be taken into account in
the modification design. Whenever possible, asymmetry in adding new com-
ponents should be avoided because of torsional effects and possible increased
lateral forces in critical components.

Design for durability in semi-probabilistic limit states

Using the method of limit states commonly known in the design of the
structure is necessary to specify the planned period of the construction oper-
ation, resulting, for example, from the intentions of the investor, type of
building, etc. The next step is to determine the characteristic (predicted)
durability period ¢, by including statistical data and analysis of the probabil-
ity of requesting all random variables and their intensity in such a task
wherein the period of predicted durability t, should be greater than the
period of planned use t;.

In the case of designing strength and load resistance under given loads,
a well-known semi-structural method can be used, including on introducing
nominal values of loads or taking into account unknown statistical distribu-
tions of values occurring in such an issue by appropriate partial coefficients.
Such coefficients, in the absence of sufficient statistical data, may be deter-
mined on the basis of experience or in another estimated way. Different
methods propose consideration of durability in this method.

Using the semi-probabilistic method of limit states analogously, the pro-
jected period t, can be expressed as (Guide, 1992):

ty=t./,, &
where:

t, - isacharacteristic (expected) period of building durability,
Y. -isa coefficient, usually greater than one, being a product of partial coefficients:

Vi=Va Vo Vi Vi Vis Ve Vir (2)

Partial coefficients are designed to take into account the basic factors
that influence the construction’s different behaviour than expected. For
example, such factors may include the following circumstances:
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Y —  the significance of the structure and consequences of the occurrence
of the limit state,

Yz —  the quality of design and dimensioning (uncertainty of adopted mod-
els),

Yz —  the quality of construction and control at the construction site,

Y —  conditions of the inside of the building,

Yes—  properties of external conditions,

Yis—  the method of use, e.g. the possibility of other loads,

Yez—  the expected quality of building maintenance.

Depending on the circumstances, the number of partial coefficients can
be increased to account for different local conditions and requirements. Usu-
ally, coefficients should be greater than or equal to one, as in the case of struc-
tural strength design. Other methods for determining the vy, coefficient are
known (Sarja, 1997) in determining the expected level of reliability and sta-
tistical degradation distribution. This changes the way of designing, but the
concept of required durability remains with a certain probability of a limit
state.

When using partial coefficients, it may turn out, for example, that in the
case of a building designed and manufactured by renowned companies, in
the absence of corrosion hazards, the expected durability life is not much
different from the required by the investor. However, a structure exposed to
inaccurately identified aggressive factors should be made and protected for
a period much longer than planned. For example, a structure designed for
t;= 50 years should be able to remain stable for a period of t;= 70 years or in
the second case t; = 90 years.

The described method of determining the required and planned durabil-
ity of a building introduces changes in the manner of formulating assump-
tions by the investor and their proper implementation by the designer. It is
necessary to take into account the fact that the growing durability require-
ments cause the increase of the first cost to, while the total cost of such facil-
ities, including maintenance and repair, can be significantly lower.

The operation of aggressive factors can be introduced into the limit state
method in a manner analogous to the effects of loads. In such a case, it is
necessary to determine the decisive aggressive action and determine a char-
acteristic period of time T}, in which it will lead to the emergence of a limit
state. To determine the planned period of time T, the T, should be divided by
the appropriate coefficient:

T,=T./74, (3)
where:

Ty, - is a characteristic period of time, after which the considered aggressive
action will lead to a limit state of destruction or loss of usability, this value
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can be determined by the results of experimental research or observation of
objects,

Ya- is a coefficient, usually greater than one, which takes into account the influ-
ence of various random factors, estimated on the basis of experience and
observation of similar structures.

The coefficient y, can be determined as the product of partial coefficients
expressing the influence of various factors:

Va=Var Var Vaz Vg eeeees (4)

For example, in the case of adopting a corrosion of a steel as an aggressive
action, and reaching this process up to the reinforcement bars as a limit state
of durability, partial coefficients may express:

Yq1 — the temperature and pressure changes,
Y42 - the presence of impurities,

Y43 — the pH environment,

Y44 — the stresses in a material.

All these factors are of random nature, but considering of ignorance of
statistical distributions of these quantities, the estimated values of coeffi-
cients y; must be determined on the basis of experience, observations of
similar structures, etc. As the data on probability distribution is obtained,
it is purposeful to use them to evaluate individual phenomena.

The condition of building durability due to the considered aggressive
impact is to meet inequalities:

I,>t,, (5)

which means that the period of time before the aggressive influence will
cause the occurrence of a certain limit state is longer than the planned period
of building exploitation. Then, the durability of the structure is assured with
the probability resulting from the assumed values of coefficients or from
probability distributions of occurrence and intensity of interactions.

Ifitis possible to have several aggressive interactions, you can either con-
sider them in succession or take into account their mutual relations, e.g. in
the sense of accelerating aggressive processes. In the first case, it will be seen
which of the considered impacts leads to the state of the border in the short-
est time. In the second case - it is necessary to build an appropriate model,
taking into account the combined occurrence of two or more interactions.

The semi-probabilistic method of taking into account durability in the
design presented above can be variously developed and expanded. It is there-
fore proposed to introduce a separate limit state of durability. It can be
assumed that the limit state of durability corresponds to the initiation of the
process leading to the occurrence of one of the two limit states. This means
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that in this initialisation state (initiation durability state) durability and usa-
bility are not yet endangered, but the construction ceased to be permanent
because the process leading to one of these states began. To restore durabil-
ity, appropriate measures must be applied during this period and the destruc-
tion process should be discontinued.

Life cycle assessment of building structures durability

Life cycle assessment (LCA) is a tool that can quantify the environmental
impacts of building structures. However, many building LCA studies do not
adequately address the actual lifetime of residential buildings and building
products, but rather assume a typical value, say 50 years. Including accurate
lifetime information into LCA allows a better understanding of the life cycle
impacts, ultimately enhancing the accuracy of LCA studies (Aktas, Bilec,
2012).

Unlike most other products, the buildings are occupied for a long time
and their use phase may be more significant for the environment than all
other connected phases. The problem for LCA applications is how best to
characterize the use phase. Scenarios are required to define the role of resi-
dents’ behaviour. Other scenarios are needed to indicate how building sur-
vives - maintenance cycles, repair and replacement schedules, repairs and
renewing internal spaces by users. Particularly important to construction
efficiency and longevity are assumptions about the effectiveness of the build-
ing adapt to changing expectations, changing applications and introducing
new one’s technologies. Many buildings are abandoned or demolished long
before their useful life due to lack of possibilities of refurbishment or adapt-
ability. The creation of usage scenarios is therefore crucial for the assessment
of the real long-term performance of a given project or product or system.

Refurbishment of existing buildings is a strategy for expanding the life-
time of buildings. Most of the buildings are destroyed due to technological
downtime, no deterioration of the structure. Adaptability can, therefore, pro-
long life without any significant environmental impact associated with all
activities related to investments in the structure of the building and infra-
structure. Consider, for example, the energy contained in reinforced concrete
- probably the largest source of pollution in a typical commercial building. Or
consider other long-term elements a building such as wood, metal, glass, and
materials for land development. Or consider energy consumption in con-
struction, demolition, transport and disposal of land, materials, and waste.
If flexible projects can extend the average lifetime of buildings by 10% (and
possibly much more), we can similarly reduce total global investments in
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their replacement long-lasting elements of the building. The most environ-
mentally benign building is the one that does not have to be built.

It seems that so far insufficient use has been made of LCA to directly link
refurbishment with the environmental burden. It is generally accepted that
better use of space and longevity translate into a proportionate improvement
in all environmental aspects loads related to building maintenance and mate-
rial use and disposal.

A research was done by Larson (Larson, 1999) regarding adaptability of
office buildings showed that environmental benefits are largely related to
two factors: the annualised reduction in embodied and replacement energy,
and the annualised reduction in solid waste generation from renovation and
demolition. Using data from research studies that document the quantities of
embodied energy and demolition energy used by office buildings Larsson
estimates an equivalent reduction in two categories of environmental load-
ings 15% reduction in air emissions, and 15% reduction in demolition solid
waste.

Aktas and Bilec (2012), based on an LCA study carried out in the USA,
concluded that as a result of interior renovations of residential buildings it is
possible to reduce energy consumption by 34%. However, they highlight the
imperfections of the existing models used in the LCA. Without such models,
it is not possible to develop effective strategies to reduce the environmental
impact of existing buildings.

Conclusion

The refurbishment and durability of existing steel buildings are the issues
which apply to all types of structures and can be considered, for example,
concerning steel structures exposed to direct climatic factors.

The refurbishment which involves in modifying the existing buildings for
structural behaviour becomes necessary to improve the performance of
structures including those facing the loss of strength due to deterioration or
which have crossed their anticipated lifespan. The realisation of retrofitting
depends on the durability of the construction and the authentic cause and
measures adopted to prevent its further deterioration. This development
includes repair, retrofit, renovation and reconstruction wherever required.

Even if the durability of the designed structures is determined, it is gen-
erally not taken into account directly in the design or implementation. Instead
of designing the structure for durability, achieving strength as a secondary
result, it is designed only for durability. The current unsatisfactory situation
is influenced by various non-technical factors that create the causes of dam-
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age. These are mainly frequent occurrences related with excessive savings at
subsequent stages of the construction process, lack of systematic and com-
prehensive design and execution control and insufficient competence of staff
on construction sites, as well as maintenance services.

Lifetime design of construction will in the coming years be the main fac-
tor forcing the development of research in the field of building materials.
Such a design is one of the elements of sustainable development require-
ments in the field of construction. It can be anticipated that the development
of the economic bases of erecting construction will entail far-reaching and
positive changes in construction, requiring new research directions in the
near future.

Based on the previous research and described uncertainties, the issue of
the refurbishment of buildings is currently not solved. The models are too
simplistic at present, and reduce the validity of LCA results. Methods for
defining and measuring the durability, reusability and overall adaptability of
buildings need to be developed and validated.
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