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ABSTRACT

Durability is an integral part of modern buildingsign. The demands for innovative building techaggand the
inclusion of materials and components, with lowie-tycle cost the knowledge and skills of buildinigsigners.
The pressing need for reliable information abow thle of durability in the building design processis led to the
formation of extensive research, which has beeniechiout on durability of building materials andngoonents. In
accordance with the literature, this paper inteladdemonstrate the relationship between naturalestdaddings’ defects
and their probable causes, by analysis of 162 ssnpispected in Tehran, Iran, in order to detegntive importance of
considering of service life, as a design factor.
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INTRODUCTION

Practitioners and researchers from different desiguiplines have recognized that concurrency aivldedge
and interdisciplinary collaboration during the dgsiprocess are fundamental conditions for the dgveént of better
products (Cavieres et al., 2011). On the other hdndability would be one of the intrinsic factorhen considering
service life and the service life would be one lé extrinsic factors when realistic design lifetaken into account
(Nireki, 1996). Why so, the overwhelming majorityy decisions affecting the lifecycle of a produce @aaken during the
design phase, as it is estimated that design desisiill affect more than 75% of final product étisu & Liu, 2000).
Hence, with the lack of appropriate design decsiaost and time will increase in order to achiepmal performance in
each design problem(Eastman et al., 2011). Thegulasage is the period when technical and econoptimization is to
be carried out by various design factors, but dueddequate knowledge and experience or defedtssigner training, as
well as the selection of inadequate technical $jgations for materials or failure to provide therect execution details,

causing early damage and reduce the service lif@itding components (Chew & Tan, 2003).

Building degradation is a complex phenomenon thaiffiected by many factors and has highly influsrmoe the
built heritage. Deterioration begins immediatelyeatthe materials and components are installediten due to natural
aging and the effects of environmental agents (sla2001) which leads to an accelerated loss dflimg's performance

(Haagenrud, 2004). This loss of performance, whitdmifests itself in ever higher levels over timapressed by
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the presence of defects, leads to the inabilityhef buildings to fulfil the requirements for whithey were designed
(Chai et al., 2013). Therefore, the knowledge camicg the service life of buildings and their compats assumes a very
important role in achieving more rational and simstle solutions (Daniotti et al., 2008; Mateusaét 2008; Pearce,
2003).

The deterioration of buildings does not occur umifly: since buildings are composed of various setesys,
which degrade at different rates, it can be assutihadthey are composed of several layers of dligbivith different
service lives, which are distinct from the struetarservice life. Facade claddings have a fundamhemte in the
performance of buildings, functioning as the faisd foremost protective layer from environmentajrddation agents of
the wall and the structure. As a result, the baiddi envelope - sometimes also referred to askimeas the building - is
very prone to defects, with direct consequencethemuality of the urban space, on the comfortsafrs and in repair and
maintenance costs (Kirkham & Boussabaine, 2005 dégradation of the envelope can lead, in somatgins, to
structural problems to such an extent that thehiétetion of the built heritage usually always iligs the evaluation and
monitoring of the external surface of the building#ally, in recent years, due to the use of irative materials and
complex constructive technologies, external suddweve gained an increased importance, being ¢lyr@nsidered and
designed as part of the building (Schittich, 20069re specifically, the construction market seetsirzd stone cladding as
a versatile coating material, a noble natural peodfi high quality, and a good technical and adattslution. It provides

the surfaces on which it is applied with insulatistiength, durability, hygiene, and ample aesthetlue (Winkler, 1994).

A survey conducted by Brisch and Englund (2005)atgroup of researchers, standardization commjttees
universities, manufacturers, associations and dtamgs related to the construction area revealat] 8 % of the experts
surveyed believe that service life prediction methare extremely important and only 6 % considat these models are
not relevant. However, when considering the usthe$e methods, only 40 % use this type of methgyiledoand 13 %
assume that they are totally ignorant on this sitbjEo make matters worse, data related with thahility and service
life of buildings and materials are not even inéddin the majority of the architecture and congiomc projects.
Therefore, even though the usefulness of the setifie prediction methodologies is widely acceptedhe scientific

community, their application is still incipient.
DURABIITY CONCEPTIN DESIGN

Buildings are composed by different components teath the end of their service life in differetaéges of the
buildings’ life cycle. Various authors (Brand, 1993aspar, 2009; Neto & de Brito, 2011; Slaught@)D) subdivide the
building in durability layers, i.e. in constructieubsystems whose degradation occurs at diffea¢@s,ramong which are
the “structure”, the “skin”, the “systems” and theterior lay-out and finishes”. The facade canda®n as the “skin” of
the building, contributing to increase the durapibf the structure, protecting it from the envinoental agents. Since the
cladding is the most exterior layer of the buildimgd therefore more exposed to agents causingdigipn, it is also
more prone to defects. In fact, a research camigdy the BRE concluded that facades are the ibgildomponent most
affected by pathological manifestations, represgn0 % of the defects detected in current buildifig/att, 2007).
Facades also present a very important aesthetitiétnsince they represent the public image ofthiéding. Their visual
degradation not only affects the quality of urbpace and impact on the perception of buildings-amirectly - of their

owners, but is also a major concern for the latiieige in the majority of the cases, maintenancerahabilitation actions
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are performed based on the appearance of the fgiddily (Balaras et al., 2005).

The selection of the facade systems, materialdeaithology in accordance with its performance issadered to
be a set of activities undertaken in the procestesigning and constructing external building sh#ihat is expected to be
carried out at design stage. Previous researchesidesed the facade design as a cross-disciplinaulti-objective
optimization process. Thus, in order to provideuarditative holistic assessment of alternative dacaptions, a service
life value approach should be implemented (Jin &@nd, 2014a; Lapinskiene & Martinaitis, 2013). Mtiis regard, the
facade performance indicators generally fall ifteeé categories: functional, financial, and envinental sustainability,
which represent the three principal dimensions e¥ise life value. A facade should achieve the ropti trade-offs
between the performance indicators by adopting ppragriate combination of various facade designiabées
(Jin & Overend, 2014b).

At the design stage, the selection of the stone td its finishing and application procedures ntake into
account the physical and mechanical propertieslsgitfor the intended use, the technology availathle surrounding
environment, and the expected service life (Casald et al., 2000; Pinto et al., 2006). In facfpbe using the protection
and maintenance activities, the materials usednén facade should be identified in all directionsice the use of

inappropriate materials can activate the mechanigrdsterioration of the stone.
NATURAL STONE CLADDING PATHOLOGY

Cladding systems on external walls are construatieenents that protect built heritage and incressealue
(Neto & de Brito, 2011). This is done by providiagroper design based on the specifications anlityqofthe materials
(including the type, color, dimensions and type safrface treatment of the stone), the position & facade
(geographic orientation, the location and heighthef stone installation on the facade) and therenmiental conditions
(building location). In fact, before performing s#p and maintenance operations, the specificatiand technical
characteristics of the materials used by the desggshould be examined in order to prevent thizatibn of inappropriate

materials which activate the deterioration mecharisf claddings (Urosevic et al., 2010).

The most important causes of anomalies in nattmakscladdings are related to the responses of stoexternal
actions, its mineralogical and physical-mechanat®racteristics, the fastening system used, atneoisphgents, design
and execution errors, and the care taken aftesliagon (maintenance and cleaning). The difficdfyestablishing cause-
effect relationships (given the variety of anommliebserved) jeopardizes the determination and atiafu of the
anomalies’ causes based on their manifestationscandequences. For the sake of systematizationobjettivity a
classification system is proposed for anomaliesthad causes. It is based on the expert literatheeinspections carried
out and the experience of the authors, all of whiddde it possible to class each anomaly in a spegibup and then
identify its direct and indirect cause(s). Thisoimhation was the basis for building matrices thatvigle the degree of

correlation between anomalies and their cause® (& ete Brito, 2012).
Anomaly Classification

The cladding anomalies were defined in accordartie am-site inspections by the writers and relev@atature
(Aires-Barros, 2001; Henrigues et al., 2005). Defén the natural stone cladding were classed fandilies and 18

subfamilies. Within the seven groups identifiedhe field work there are the anomalies locatechndladding plate, i.e.
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related to the stone itself and changes to itsathearistics, and three groups related to anomalidise cladding system,
which includes the stone plate, the joints andféiséening elements. The first step under this sysseto identify defects.
This is done by instant direct visual observatiorthe inspection site and comparison with Tableviich shows the
groups and subgroups of defects in the proposddmy&ven though several defects quite often showimultaneously,

for simplification’s sake the defects were desigdandividually. This must be taken into accounttia analysis of their

causes.
Table 1: Natural Stone Cladding Defects Classificiins
3 Sub- o . .
Location Groups Description of the Manifestation
Groups

A-A A-Al |Stain or difference of color shade
Color change A-A2  |Peripheral chromatic change
A-F A-F1 Fracture
Fracture and .
cracking A-F2 Cracking
A-B A-B1 Biological colonization

Stone plate| Presence of A-B2 |Vegetation
biological or other
agents A-B3 Other organisms/materials
A-P AP1 Volume decrease of the stone (laminar spalling, rwgaanular disaggregatign,
Loss, volume pulverization, pitting, cavities)
change or A-P2 | Alteration or deposition (surface depositicgéiscence, film, concretion, crust)
deterioration of the
stone A-P3 Partial lacuna in the stone
A-DE A-DE1 |Loss of adherence of the stone element @antitotal)
Loss of adherence s pE2 | Loosening of the stone element (partial ¢aljo
or loosening of the — :
stone plate A-DE3 |Flatness deficiencies of the cladding surface

. A-JU1l | Degradation or loss of joint filling materigdartial or total)
Cladding |a_ju
system Joint defects A-JU2 | Non-linearity or inappropriate design of jbts
A-JU3 | Cracking or fracture of the stone element tig@ijoints

A-Fi A-Fil Scaling of the stone near the fastening spots amdioosion of the metal fasteni
Defects in the elements
fastening elements|A-Fi2 | Bending and rupture of the metal fasteningrelats

Probable Causes

The vast array of probable causes for stone dettiom includes the influence of climatic factors
(Marini & Bellopede, 2007) and the impact of a ding’s architectural features (sheltered or noritehed exposure and
preferential rain pathways), studied by Grossilet(2003) and Chew and Tan (2003), respectivelythar choice of
unsuitable cleaning procedures, protection treatnoenbiocide application (Warscheid & Braams, 200®foreover,
Neto and de Brito (2011) declare that, the factibas lead to defects may be intrinsic, extrinsicingposed and may occur
at different stages of the NSC life cycle. The sifisation proposal (Table 2) helps to analyzedkéects and to improve
construction quality. Causes were ordered chroncddly, starting with design errors, followed byeextion errors,

exterior mechanical actions, environmental actiomsintenance faults, and changes in the conditiotislly predicted.
Design Errors

The design stage of the cladding solution is oftederestimated and so becomes one of the mainitmatons to

the development of construction pathology. Omissimnthe specifications also contribute to anomsisituations at this
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stage. These situations can lead to inadequateuttxecoptions and consequent defects at the inesrstage.
Design errors are the easiest ones to analyzeantecdetected by examining the project bluepentsspecifications and

chronologically recreating the sequence design;ian, and utilization.

Table 2: Classification of Probable Causes of Natal Stone Cladding Defects

Group of Causes Acronym Name of Causes

Design errors (C-P) CP1 | Characioisies, or faiue (o specy charactmst
C-P2 Missing/ill-advised/faulty specification dfe fixing system
C-P3 Poor design of the near-the-ground area
C-P4 Stereotomy unsuited to the substrate chaistate
C-P5 Areas inaccessible for cleaning operations
C-P6 Deficient constructive detailing in termgtoé substrate and singular spots
C-P7 Excessive deformation of the substrate
C-P8 Inadequate design of the stone claddinggoint
C-P9 Cladding drainage inadequate or missing

Execution errors (C-E) C-E1 Use of materials nespribed in the design
C-E2 Noncompliance with the intervals between ekeo phases
C-E3 Inappropriate use of materials
C-E4 Application on irregular substrates or fixifaws
C-E5 Application of weak or cracked stone slabs

Noncompliance with the prescribed joint dimensiansapplication o

C-E6 slabs over the expansion joints of the substrate

C-E7 Noncompliance with the stereotomy of the stelabs
Exterior mechanical &ons Stress concentrations on the substrate (by expanééxure, shrinkage
(C-M) CML | settling)

C-M2 Structural-related movements of the walls Bmthdations

C-M3 Vandalism

C-M4 Accidental impacts

C-M5 Splitting of the substrate in expansior peripheral joints or between st

elements

Environmental actions (C-A) C-Al Wet-dry cycles, water action, chemical actidrground materials

C-A2 Thermal shock, temperature, fire action

C-A3 Freeze-thaw cycles

C-Ad Corrosion of the metal fixing elements

C-A5 Air pollution

C-A6 Biological or chemical action (through livigganisms)

C-A7 Dirt or solid particle accumulation

C-A8 Wind

C-A9 Natural aging
Faulty maintenance (C-F) C-F1 Cladding not cleaoredeaned inappropriately

C-F2 Lack of maintenance of the joints

C-F3 Corroded or deteriorated fixing elementsreptaced quickly enough
Eir'lg:l?/e;e(ljri]ct;ze(c?gndmo C-11 Excessive loading in pavements

C-12 Application of excessive vertical loads iorg cladding
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Execution Errors

Unlike the analysis of design errors, the analygiexecution errors is hindered by the absenceeobrds.
Because the cause-effect relationship is not imatedia long time may elapse before the pathologgifests itself.
Execution errors are mostly due to poor workmansinig a lack of specific training in the applicatiohnew materials

and technologies.
Exterior Mechanical Actions

These causes are difficult to predict or avoid, #retefore it is at the design stage that theisequnences can be
prevented or minimized by specifying the charastas of strength and performance required of titenal stone cladding

to be used. Examples of defects that may be tréghby these causes are those in group A-F (fracamd cracking).
Environmental Actions

Stone deterioration occurs through weather-reldtedors (Marini & Bellopede, 2007). Causes related
environmental actions lead to deterioration of #ppearance and structure of natural stone. Storiss different
characteristics may have very different resistancenvironmental actions (e.g., temperature-relédetbrs), as is shown

in the specific case of a building with marble cled) that was studied by Royer-Carfagni (1999).
Faulty Maintenance

Faulty cleaning, inadequate maintenance processpoducts, and even vandalism may cause the siabeto
deteriorate or cause stains to form. To guararteedtirability of a cladding system, regular preienmaintenance is
required for early detection of defects and thalssequent repair. Grossi et al. (2003) state thabjling coefficients are
established, it may be possible to determine at witervals cleaning is needed (both from an adistipeint of view and

to prevent stone degradation).
Changes in the Conditions Initially Predicted

These causes include change in natural stone olgddie, change in the type and intensity of thaetinitially
expected to be exerted on this kind of cladding, ube of excessive loads on pavements, or thecafiph of excessive

vertical suspended loads in walls, all of which nead to wear, fracture, or other defects.
Correlation Matrices

The correlation matrices are designed to facilitageinspector’s on-site diagnosis. By relatingeptial defects in
natural stone cladding and their probable causes,nhatrices, defect-probable cause and interdefeete compiled.
Two more matrices, which correlate the defects wdtagnosis methods and repair techniques, are riezbdater.
The preparation of these matrices was based onswmylother writers (de Brito et al., 1997; GarcieD& Brito, 2008;
Silvestre & de Brito, 2009; Walter et al., 2005heTmatrices were validated using the data colleictéoe 162 inspections

The probable causes of the defects in natural statlling were divided into direct (close) caused mdirect
(first) causes. Direct causes are those that imeelgliprecede the defect (physical, chemical, ological natural actions
or incidents caused by human intervention), and #fects can be halted by adequate preventionrapdir measures.

Table 5 exhibits the matrix of defects and causes.
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The intersection of each row and column contairls @r 2 with these meanings
e 0if there is no correlation between the defect thedcause;

« 1 if there is a weak correlation [an indirect (fircause of the defect related to the triggeringthef
deterioration process; the cause is not esseatthketdevelopment of the deterioration process ¢veungh it

aggravates its effects]; and

» 2 if there is a strong correlation [a direct (closause of the defect associated with the finajesteof the

deterioration process; the cause is one of the detigrioration factors and is essential to its preg].

This theoretical matrix was adjusted (bolded inl€&®) as a result of the 162 natural stone claddasg study
inspections. Numerical criteria were defined (Silve & de Brito, 2009) in order to evaluate the ptiance of the
theoretical and inspection results. Noncomplianases were the object of a technical analysis tgguithe need for

adjustment; however, the detailed analysis perfdrim@ot presented here.

Table 3: Defect—Probable-Cause Correlation Matrix

C/IA | A-Al | A-A2 |A-F1|A-F2| A-B1 | A-B2 | A-B3 |A-P1|A-P2|A-P3|A-DE1|A-DE2|A-DE3| A-JU1 | A-JU2 | A-JU3 | A-Fil | A-Fi2
CP1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1
C-P2| 1 1 1 1 0 0 0 1 1 1 1 1 1 0 0 1 1 1
C-P3 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0
C-P4 O 0 1 1 0 0 0 0 0 0 1 1 0 0 0 1 0 0
C-P5| 1 0 0 0 1 0 1 0 1 0 0 0 0 2 0 0 0 0
C-P6| 1 0 1 1 1 0 0 0 0 1 1 1 1 0 1 1 0 1
C-P7] O 0 2 1 0 0 0 0 0 0 1 1 1 0 1 1 0 0
C-P8| O 1 1 1 0 0 0 0 0 0 0 0 1 1 0 1 0 0
C-P9| 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1
CE1l] 1 1 1 1 1 0 0 1 1 0 1 1 0 1 0 1 1 1
C-E2| 1 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0
C-E3] 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 0 0 0
C-E4| O 0 1 1 0 0 0 0 0 0 1 1 2 0 0 1 1 1
C-E5| O 0 2 2 0 0 0 0 0 1 0 2 0 0 0 1 1 0
C-E6| O 0 0 2 0 0 0 0 0 0 0 1 0 0 2 1 0 0
C-E7] O 0 1 1 0 0 0 0 0 0 0 1 0 0 1 1 0 0
C-M1| O 0 2 2 0 0 0 0 0 0 1 0 1 0 1 2 0 0
C-M2| O 0 2 2 0 0 0 0 0 0 1 0 1 0 0 2 0 0
C-M3| 2 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0
C-M4| O 0 2 2 0 0 0 0 0 2 0 0 0 0 0 0 0 0
C-M5| O 0 2 2 0 0 0 0 0 0 0 0 0 0 0 1 0 0
C-Al| 2 2 0 1 2 1 0 1 2 0 2 2 0 2 0 0 2 0
C-A2| 2 0 1 2 0 0 0 0 0 1 2 2 1 0 0 0 0 0
C-A3| 0 0 2 2 0 0 0 0 0 1 0 0 0 0 0 0 0 0
C-A4| 2 0 1 2 0 0 0 1 0 1 0 2 0 0 0 1 0 2
C-A5| 1 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0
C-A6| 2 0 0 0 2 2 0 0 2 0 0 0 0 1 0 0 0 0
C-A7| 2 0 0 0 0 0 2 0 2 0 0 1 0 2 0 0 1 0
C-A8| 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
C-A9| 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C-F1| 2 0 0 0 0 0 2 2 1 0 0 0 0 1 0 0 1 0
C-F2| 1 0 0 0 1 1 1 0 1 0 0 0 0 2 0 0 0 0
C-F3| 2 0 1 2 0 0 0 0 0 0 0 2 0 0 0 1 2 0
Cll1| O 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C12| O 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1
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To illustrate the practical use of this matrix,ist concluded that cause C-Al (wet-dry cycles, waigon,
chemical action of ground materials) can be arréudicause of defect A-F2 (cracking of the stoab)slin a real example,
Silva et al. (1997) report that the characteristitgranite recently used to clad a building’s dope, together with some
of the lower protected areas being constantly dangplocated in the shade, led to biological colaiin and a decrease

in the stone slabs’ strength, making them moredracprone.

DISCUSSIONS

In order to illustrate the impact of each probatédeise, on the incidence of the anomalies of theralastone
cladding, and basis on the correlation matrix di@\s in Table 5, the following diagrams are presér{Figure 1 to 3).
From the Figure 1, it can be seen that, the desigrs can be consider the causes of all anomafiéise natural stone
cladding. In terms of indirect causes, the grapgimisthat, design errors (group C-P) and executioorg (group C-E)
paly predominant role, which underlines the impacta of action at the initial stages, in order tevent many of the

anomalies.
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Figure 1: The Connection of Design Errors and Exedion Errors to Natural Stone Cladding Defects
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With respect to the direct cause of the defects,diagrams reveal that environmental actions (giGup) are
major direct causes since natural stone claddiagnédely exposed to the environment, as expectbdy Rre also very
often associated with the final stage of the detation process as one of the main causes of datijpad These findings
seem to be consistent with other researches (Neate Brito, 2012) conducted on stone cladding, wingleal that design
errors in 42% of the natural stone cladding undealysis are considered as the most important iodicause of

degradation while in the direct cause environmeax@ints have the highest frequency of 48%.
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Figure 2: The Connection of Exterior Mechanical Actons and Environmental
Actions to Natural Stone Cladding Defects
A final comment on the general frequency of theugo of causes is due. The design deficiencies hed t
execution defects are very difficult to identify imnspections that occur several years after thédahgy has been put into
place, as was the case here, and it is rare thahsipector has any information concerning desigexecution. Therefore
these problems tend to be less conspicuous thaathiees and that was reflected in the frequenaesd. The authors
believe that, if there technical documentation waarailable concerning the design and executiorestatje frequency of

the situations where they are associated to nagtoaé cladding’s pathology would significantly iease.
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Faulty maintenance
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CONCLUSIONS

In fact, there are many instances, when the stonexterior cladding is chosen at the design stagexclusively
esthetic reasons, to the detriment of suitability the location and its resistant or future in-g@wdemands. The poor
technical know-how, leads to the early appearaficeamy anomalies in natural stone claddings, asin that can easily
be prevented by the people responsible. The corufeghrability refers to the ability of a buildimy its components to
achieve the best performance in a given environraetication, without having to be subjected tongfigant corrective
measures or to the repair or replacement of ithefas. In reality, durability cannot be seen ordyaa intrinsic quality of
a material; simple changes in the constructionildetaay promote a higher protection of a buildingneent against the
degradation agents, contributing to the increasesafervice life. This study has shown that conicey the service life as
one of the design factor gain an increasingly irtgrarrole in the implementation of durable buildingvhich should be

designed based on: (i) the knowledge of the peidoce of the materials over time; (ii) the knowledggarding the
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capacity of the material withstanding the degramtathechanisms it will be subjected to, under amyiset of environment
exposure conditions; (iii) the characteristicshaf tonstruction and its context. In the end, theice life and durability of

constructions are closely related and necessamderstand the life of buildings; they are therefoglevant concepts in
the construction process, either at the designestaigin the use phase, thus allowing reducing tlant@nance costs,

increasing the comfort of users and the sustaiityabil the solutions adopted.
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