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1 Department of Architectural Construction II, University of Seville
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Abstract

The functional service life of heritage buildings, defined as the time period during
which the building fulfils the requirements for which it was designed, is a complex system
that has still not been fully resolved and continues to be the object of research regarding
its social, economic and cultural importance. This paper presents an application for
analysing time series that reflect the state of building performance over time. To this
end, historical time records are used that provided data that could be interpreted by
experts in the field. The latter can then evaluate the input variables (vulnerability and
risk) using the expert system for predicting the service life of buildings, Fuzzy Building
Service Life (FBSL), this methodology put together the fuzzy logic tools and Delphi
method. This model provides output data on the state of functionality or performance
of each buildings at each moment in time whenever information records are available.
The Delphi Method is used to eliminate expert subjectivity, establishing an FDM-type
assessment methodology that effectively quantifies the service life of buildings over time.
The application is able to provide significant data when generating future preventive
maintenance programmes in architectural-cultural heritage buildings. It can also be
used to optimise the resources invested in the conservation of heritage buildings. In
order to validate this system, the FDM methodology is applied to some specific building
examples.

Key words: Functional service life, Fuzzy Delphi Method (FDM), Expert system,
Preventive conservation, Architectural heritage, Time series analysis
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1 Introduction

The current economic situation has meant that resources intended for building maintenance
programmes are fairly limited. As a result, there has been an increase in the number of
studies focusing on how to prioritize the need for maintenance work during the service life
of buildings. The aim of such studies is to estimate the moment when preventive mainte-
nance actions or programmes need to be performed in buildings, since this type of work can
considerably minimise the economic costs of conservation over time. According to the ISO
15686: 2011 international standard [18], service life can be defined as the period of time
during which the building and its constituent parts fulfil the requirements for which they
were designed, considered as a complex system composed of several sets of interconnected
variables and whose links create additional information as a result of interactions. Haa-
genrud (2004) [2] described the number of agents causing deterioration (vulnerability and
risk) that have direct and indirect consequences in terms of building maintenance and repair
costs. On the other hand, the definition of the end of service life is a subjective concept
that depends on criteria that may change over time.

In 2012, Maćıas-Bernal, Calama and Chávez presented the FBSL (Fuzzy Building Ser-
vice Life) expert system [6] based on the theory of fuzzy sets [14] and intended for the
diagnosis of building service life, the aim being to make predictions based on the concepts
of the inherent vulnerability of buildings and external risks, where building performance
in functionality terms is the output variable. This model, which will be explained briefly
at the end of this section, is able to prioritize preventive conservation actions in groups of
buildings with homogeneous architectural features. The FBSL system has recently been
declared as compliant with the ISO 31000 : 2009 international standard [19] and the Eu-
ropean standard EN 31010 : 2011 [20], both regulatory risk management standards and
identified by the Institute of Cultural Heritage of Spain (IPCE) as useful tools for design-
ing preventive conservation plans and risk management in heritage buildings [11]. The
FBSL system has also been tested and correlated with another international model used to
measure the physical degradation of materials [16] [17].

The traditional Delphi method developed by Dalkey and Helmer [1] (1963) has been
widely used to obtain a steady stream of responses based on the results obtained through
questionnaires.

It is one prospective method that seeks to obtain the consensus of a panel of experts
based on the analysis and reflection of a well-defined problem [3]. It has three main features:
anonymous reply, iteration and feedback controlled according to the statistical analysis of
a group response.

It requires a long period for implementation since repeat surveys must be conducted in
order to eliminate expert subjectivity and obtain uniform conclusions. On the other hand,
and depending on the properties studied, it is common for the judgement of experts not to
be adequately reflected in quantitative terms.
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This is the case of the variables that affect the service life of a building; whenever there
is certain ambiguity in their interpretation, it is more desirable for the panel of experts
to reflect their preferences using linguistic terms such as ”good”, ”very good”, ”average”,
”bad” or ”very bad”. These linguistic labels will subsequently be processed by fuzzy logic.

This combination between the theory of fuzzy sets and the Delphi method was proposed
by Murray, Pipino and Gigch in 1985 [8] and was called the Fuzzy Delphi Method (FDM) [4].

The most important contribution of this study is the application of the FDM method-
ology for the analysis of historical-time records of buildings by a panel of experts using the
FBSL model.

The Fuzzy Buildings Service Life (FBSL) expert system to be identified can be repre-
sented as a multi-input non-linear model: ŷ = f(v(x)), where v(x) is a vector obtained from
input data. In this case, the vector for each building x is the input data of the process:

v(x) = [v1(x), v2(x), . . . , vn(x)]

where {vi, i = 1, . . . , n} are input variables. For the estimation of the service life to
building x, the model can be represented by:

ŷ(x) = f(v(x))

The FBSL system has been developed following the steps established by Xfuzzy 3.0. [9]
in which it is implemented: linguistic variables (input variables and output variables), rule
bases and the hierarchical structure that makes up the system. To define the input param-
eters - specifically factors of vulnerability, static-structural, atmospheric and anthropic risk
-, the following documents were reviewed: National Cathedral Plan; Law on Construction
Planning: Rehabimed Method; Heritage Conservation Network; Spanish Technical Build-
ing Code; UNE 41805 : 2009 IN; ISO 15686 [6]. As a result, a total of 17 input factors
(vulnerabilities and risk factors) were validated and ranked. With the collaboration of 15
professional experts in maintenance and building preservation, these factors were validated.
A Delphi methodology using Opina software the property of the University of Seville was
used to obtain all the experts’ answers. The input variables are fuzzified in membership
functions µA(v), in which a fuzzy set can take any value in the range of [0,1].

µA(v) : U→ [0, 1]

Gaussian-type membership functions are generally used, as they are considered the
most appropriate, reaching a non-zero values at all points. This occurs in all the member-
ship functions of the FBSL fuzzy inference model, except in the membership function of
input variable v1 - Geological location, whose applied membership function is trapezoidal
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(established for four types of terrain). The fuzzy inference system uses the fuzzy operator
”and” as a connector, which is defined as an intersection. Thus, given two sets A and B,
defined on their respective universes of discourse U , the intersection of both sets is a fuzzy
set A ∧B, whose membership function is defined in equation (1):

µA∧B(vi, vj) = T (µA(vi), µB(vj)) (1)

where T (x, y) = min(x, y) is a T-norm [13]. The fuzzy BSL system uses the minimum
as connective [7].

It is well known that the core of a fuzzy system is the knowledge base comprised of
two components: the data base and the rule base. The data base contains the definitions
of the linguistic labels, i.e. the membership functions for the fuzzy sets. The rule base
is a collection of fuzzy control rules, comprising linguistic labels, representing the expert
knowledge of the controlled system. The fuzzy logic inference model, known as a generalized
modus ponens, is established in the FBSL model, Equation (2), together with its hierarchical
structure. In the composition of fuzzy propositions, the min-max or Mamdani inference
mechanism is used [7]. This type of method works with the minimum operator as the
implication function and the maximum as the aggregation operator [12]:

R(j) : IF v1 is Aj
1 AND v2 is Aj

2 . . . vn is Aj
n THEN y is B1 (2)

where vi(x) are the input (output) linguistic variables, Aj
i (B) are the linguistic labels

used in the input (output) variables, n is the inputs numbers and j rules numbers. The
defuzzification method (the mechanism that allows the significant value discreetly repre-
senting a fuzzy set to be obtained) used by the FBSL system is the one from the Centre
of the area of fuzzy set B, also known as the Centre of Gravity or Centroid [5]; it uses the
centre of the area of fuzzy set B as a proxy value, ŷ. Its discrete version, which can be
interpreted as a Riemann sum.

ŷ =

∑
i
vi · µB(vi)∑
i
µB(vi)

The positive properties of this method are, most notably, its continuous nature (a small
change in the inputs does not imply an abrupt change in the outputs) and its non-ambiguous
nature (it obtains a single value as a result of the process).
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2 Delphi Fuzzy Methodology for the historical-time analysis
of buildings

It is well known that modelled time series have been designed to develop an effective method-
ology that conforms to reality and is easy to interpret. These models are considered to be
very useful applications in many scientific fields (industrial engineering, business, economic
activities, etc.).

The collection of historical time series records is essential when optimising maintenance
actions in buildings. The historical-time series of a building is formed by sets of data
stored at different moments in time; each of these moments may be formed by one or more
data records. Indeed, sometimes there are ”windows” in the time series in which a single
record does not give a clear and accurate idea of the state of conservation of the building;
in these situations, all the accumulated data would constitute a single moment. Prieto,
Maćıas-Bernal and Chávez (2015a) [10] took a first step in this direction by analysing the
functionality of buildings through historical records. As a result, milestones were identified
that significantly reduced the conservation status of the buildings studied.

Each of the professionals (ik) belonging to the panel of experts entrusted with inter-
preting the different historical-time moments (yh) of each building (xl) in the round (jq) will
value the input variables of the FBSL: five variables of vulnerability (v1-Geological location,
v2-Roof design, v3-Environmental conditions, v4-Constructive system, v5-Preservation); 12
risk (r6-Load state modification, r7-Dead and live loads, r8-Ventilation, r9-Facilities, r10-
Fire, r11-Inner environment, r12-Rainfall, r13-Temperature, r14-Population growth, r15-
Heritage value, r16-Furniture value, r17-Occupancy), obtaining a Functionality Index gen-
erated by the fuzzy expert system. See Equation 3, where jq is each round in the Delphi
methodology.

Each variable involved in the historical-time application of the FBSLi,j(v(x, y)) is
described below:

ŷ(xl, yh) = FBSLik,jq(v1(xl, yh)), . . . , v5(xl, yh), r6(xl, yh) . . . , r17(xl, yh)) (3)

• Set of buildings {xl, l = 1, . . . , n1}
The sample of case studies selected must be a set of buildings with uniform con-
struction characteristics to which the 17 vulnerability and risk variables of the FBSL
functionality model can be adapted. The validity of the expert system was compared
dividing the buildings into two groups [6] [11] [15].

• Moment {yh, h = 1, . . . , n2}
The moments are made up of one or more data records. The data records may have
very different characteristics and include historical pictures, paintings, engravings,
construction reports, budgets, records of events, records in text format. Historical
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data may contain many unique characteristics. For this reason, since the information
is primarily qualitative, it is conditioned by great subjectivity when interpreted by
expert professionals. Note that the methodology requires a minimum number of time
points to be efficient.

• Panel of experts {yk, k = 1, . . . , n3}
For the experts to be able to carry out the DFM methodology, they must not know each
other and there must never be a possibility for them to interact. They undertake to
take responsibility for making judgements and opinions, which are the cornerstone of
the method. Their profiles must cover different areas of knowledge related to the field
of construction, including architecture, heritage conservation and building surveys.

The number of experts also depends on the budget available for each study. It is
generally considered that the number of experts should not be less than 7 and not
more than around 30.

• Round {jq, q = 1, . . . , n4}
The experts are responsible for interpreting the data over the historical time series
by iterating questions and answers in each rondas (jq) on which the FDM method is
based. A process coordinator group receives the responses generated in each stage.
As the rounds are completed, the degree of reliability of the answers provided by
the experts increases, thus generating a base of increasingly objective and reliable
knowledge. As many iterations as necessary are performed among the experts to
obtain sufficiently objective conclusions.

After the action in the first round, the coordinating group calculates the appropri-
ate statistical centralisation and dispersion parameters to observe those information
records for which a fuzzier value from the experts is obtained, resulting in the drafting
of the questionnaire for the next round.

3 Results and discussion

To illustrate the use of our methodology, we considered the following 20 heritage buildings
located in the province of Seville (Spain).

The buildings were religious buildings with heritage features built between the 15th-
16th centuries. They had other uniform political, cultural and social features. However, the
chronology and stylistic characteristics of the Mudéjar buildings in the province of Seville
made every building unique. Each of these buildings is located in the urban area of the
corresponding locality and none are in a state of ruin or neglect [6].

A total of around 400 data records exist for the period from 1400 to the present. These
include prints, paintings, photographs, records of information from newspaper archives,
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manuscripts from parish archives dating from different periods describing interventions,
restoration work or even possible consolidation work in the buildings, as well works certifi-
cates in the case of more recent buildings.

A group of 10 professional experts with profiles relating to the fields of Chemical Sci-
ences, Architecture, Construction, Environment, Restoration and History were entrusted
with assessing the 17 input variables of the FBSL by interpreting each of the records stored
at each moment of time. Figure 1 shows the results obtained by one expert in the first
round.

Figure 1: Historical evolution of the functionality of the uniform set of heritage buildings
located in the province of Seville between 1400-2016.

As a specific case, the San Pablo Parish Church in Aznalcázar was chosen for analysis
and individual representation.

In the time analysis of the San Pablo de Aznalcázar Parish Church (x1), a total of 22
historical records dating from between 1400 and 2016 were recovered. Data collection was
difficult. The historical time series data in this study were gathered manually from the
parish archives owned by the Archdiocese of Seville. It was also essential to analyse the
photographs that were recovered (University of Seville photographic library) as they reveal
reliable information on the functional state of the building, and can also be easily compared
with qualitative records in text format.

After analysing this information (see Figure 2), three unique events were identified as
having had a significant influence on the functional level of the building: the first fire in
the building (1480), the Lisbon earthquake (1755) and the second fire in the building four
years before the Spanish Civil War (1932).
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Figure 2: Historical evolution of the functionality of San Pablo de Aznalcázar parish church
from 1400 to 2016.
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4 Conclusions

The overall importance of sustainable development requires appropriate decisions to be
taken to guarantee the service life of buildings. To achieve this, it is necessary to establish
tools that can be used to define conservation and preventive maintenance plans and enhance
building performance.

A new FDM-based methodology for the prediction of the service life of buildings over
time by means of the analysis of historical time series is presented. This model requires
records of information gathered to define the historical moments in the best possible way,
and therefore achieve a better definition of building functionality. Moreover, the system is
also able to effectively identify significant milestones that have compromised the life of the
buildings over time.

The knowledge gathered in this study can be used to develop new methodologies based
on the historical-temporal information stored and to support the taking of decisions regard-
ing the best time to perform maintenance work, as well as to limit maintenance costs.

In terms of work in progress, FDM is currently being used in homogeneous sets of
heritage buildings in southern Europe, Spain and Portugal.

This study can be extended to other buildings and other construction elements located
in other regions of Europe. However, in order to carry out this application, the model must
be adapted to the actual characteristics and circumstances of each location. In this sense,
the analysis of the sensitivity of the model may be useful for defining and adjusting the
different input variables that influence the system in order to improve the desired results
and conclusions.
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