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Summary

Maintenance and renewal costs for structural object a significant part of
costs in the life-cycle of structures. Rational ews and construction service
engineers try to minimize outlays on maintenancéd emewal. However, at the
same time it is necessary to respect a certaindatdnin the condition of a
construction, to keep it above a fixed limit givBom the type and demands on
usage of the existing structural object.

On the market there exist various instruments fitw field of facility
management, which deal with the problems of maamee plan setting and
structural objects renewal. Software processingcamection to graphic systems is
usually very beneficial. The weak aspect of thegstesns is of course an
insufficiently worked-out model of maintenance amenewal, which would
realistically describe the ageing of a structurbjeot at the level of individual
construction components. From these there follaedarate outputs on the level of
the technical and economic formations which serseaasis for user decision-
making as to how to further dispose of the struatabject.

The aim of the publication is to describe the midgland optimisation of
renewal costs at the level of structural elemenke topic is part of a theory for
modelling of LCC constructions. LCC behaviour witldividual elements can be
captured by a system of periodically repeated ration matrices. However, every
construction which consists of various structutafresnts brings certain correlations
among elements which involve the mutual influendeir@ividual renovation
matrices namely within the context of an economidsbursement of financial
means on a construction in its entirety.

For the LCC rationale it is necessary to establise mathematical
correlations, which will create a basis for thersbimg for, and modelling of, a
solution for the minimization of costs issued by administrator (or owner) of a

construction.



Souhrn

Néklady na udrzbu a obnovu objékisou vyznamnou s@asti néklad
zZivotniho cyklu staveb. Majitelé a spravci objelke snazi prosdky vydavané na
udrzbu a obnovu minimalizovat. Zardvge vSak pdieba respektovat pozadovany
standard stavu objektu, jenZ je fmita udrZovat nad uZivatelem stanovenou
minimalni hranici, ktera je dana typem a narokyhi@ani daného objektu.

Na trhu existuji nastroje z oblasti facility manegmtu, které se
problematikou stanoveni planu adrzby a obnovy dbjetabyvaji. Softwarové
zpracovani a propojeni na grafické infotmasystémy je obvykle na vysoké drovni.
Slabinou uvaghych SW systéfh ovSem je nedostates propracovany model
udrzby a obnovy, ktery by &h realn® popisovat starnuti objektu na udrovni
jednotlivych konstruénich prvki. Z toho plynou nefesné vystupy na udrovni
technickych i ekonomickych sestav, jez slouZi jghodklad pro uZivatelské
rozhodovani jak s objektem dale nakladat.

Cilem publikace je popsat modelovani a optimalizzkladi obnovy na
arovni konstruknich prvki. Téma je sotésti teorie a modelovani LCC objékt
Chovéni LCC u jednotlivych prikize zachytit systémem periodicky se opakujicich
matic obnovy. OvSem kazdy objekt, ktery se sestani@nych konstruénich prvki
piinasi ukité souvztaznosti mezi prvky, kterérimaSeji vzajemné ovlivmi
jednotlivych matic obnovy a to v kontextu hospoddim vynakladani finamich
prostedki na objekt jako celek.

Pro racionalizaci LCC je piba stanovit matematické souvztaznosti, které
vytvoii zaklad pro modelovani a hledaméSeni pro minimalizaci naklad

vydavanych spravcem (resp. majitelem) objektu.
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1. Life Cycle Costs of Structural Elements

The analysis of life cycle costs of a building @& i€ycle Costs, LCC),which
is described by apova in [3] and [5], is focused on the empiricapiovement of
costs during an entire lifetime. The lifetime oéttonstruction is limited not only by
its technical but also its economic lifetime. Witte technical lifetime the emphasis
is put on material characteristics of a constructiand the lifetime of the
construction, which is dependent especially onpghavision of building elements
with a long-term viability. It concerns those stures of the construction which
have, from the viewpoint of the technical lifetin@incipal significance because
with their damage (loss of performance of theirction) the construction is not
functional, threatens to collapse and any repaiecoime technically and
economically extremely demanding.

From the viewpoint of the cost level for repairsist more effective to
remove the construction and build a new one. Inctise of the economic lifetime
this concerns the period in which it is appropri@teise the building economically.
It is usually shorter than the technical. Very ofteconcerns the loss of economic
usefulness which can be connected with the permtaoss of net income with
reference to disproportionately high costs andduld seem preferable to remove
the building and replace it by a new building ahdst re-evaluate the land. The
decision making methods are stated by Beran in [1].

The resulting LCC calculation of the relevant irgpwthich concern the
technical parameters of structural elements andithe period for incurring costs
related to them should be an important basis fer dhcision of an investor, a
designer and any future user in choosing an optimariant of a technical solution
for a construction and also looking to ecologicsppects and long-term economic
consequences. Costs connected with the implementatise and disposal of a
building are divided by'apova and Kremlova in [4] into 3 basic groups:

1) Costs directly related with the technical parerseof a construction—
investment costs, repair and maintenance of a ibgildosts, reconstruction costs,
costs relating to modernization and disposal dfifding,

2) Operating costs of a building — energy, cleandepreciation etc.,

3) Administrative costs related to property managets taxes, insurance,
administration of a building etc.

Consequently, on the basis of the stated oveniiésvpossible to establish a
basic relation for setting up the life cycle cosfsa building (LCC) as stated by
Céapova and Kremlova in [3] as

o
Lcc=%_n M
n=0 (1+ I)n

where C, isthe cost in the year



i is the discount rate (time value of money) and
tp is the length of the reported period (lifetimeadbuilding).

The set of problems is focused on costs relatédetdechnical parameters of

a construction. Life cycle costs can be simply teritalso as the sum of the above
mentioned groupings of costs:
LCC= CT + Cp + CA (2)
where LCC Life Cycle Costs,

C; costs related to the technical parameters ofldibg,

Cpr operating costs and

C, administrative costs.

Costs related to the technical parameters of aliogil(CT) can be written
by the following relation:

. 2.Cr

n=0 (l+ I)n

®)

CI':

where T; height of j-th category of costs related tot#ehnical parameters
of a building,

n year of evaluation,

t length of the life cycle of a building (lifetife

p number of categories of costs related to techmarameters of a
building,

i discount rate.

From the viewpoint of the time classification ofL&€C construction, the
costs can be divided as follows.

1) In the investment phase (implementation) thisceons the investment
costs (purchase price).
2) In the operating phase these are the costs for:

. repair and maintenance of a building,
. modernization,
. reconstruction.

3) In the liquidation phase this concerns the coberological disposal of a
building.



2. Life Cycle of Structural Elements

A life cycle of a element expresses in what timeleynd with what costs it
will be necessary to carry out the renovation ofippropriate structural element so
that the standard of use is retained and at thes sane, that it is not renovated
unnecessarily early, when there has not yet bebausted its use potential. Curves
for the wear and tear of structural elements atedtby the authors in [6], [10] and
[11].

The first approach is the description of this cylalethe length of the step
and to consider that after its expiry the strudtweglement will be completely
restored. Giving a more precise principle whichtdretlescribes the real behaviour
and lifetime of structural elements is a systenmetam the description of a life cycle
of a element with the help of a matrix. This makpresses the description of the
lifetime of a element in such a way that it soltles problem of the description of
cycles, where there is not any periodicity of ortepsfor the recommended
renovation of elements. The result is that the @ypete matrix represents one
periodical step which can be described by any renpgical cycle.

Variability is not enabled only in the lengths ofdividual non-periodical
cycles but also in their heights. The height isarstbod as a percentage of costs
which must be spent on a given renovation of a efem

As an example there can be given air conditionilgne renovation takes
place after 15 years but regularly the renovatiost ¢s rotated to the extent of ¥4 of
elements and completely for the whole system. imdhse there is introduced in the
renovation matrix a step of 15 years length witd kieight of 25 % and a second
step with the same length but with the height df 48 as is shown in Figure 1.
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Figure 1. Example of a scheme of renovation matrix

In the course of the calculation the lifetime matyclically repeats and will
create a course for the structural element renavathich is shown in Figure 2.
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Figure 2. Scheme of the renovation element expressed byatedicity of
the renovation matrix

3. The principle of designing LCC of structural
elements of a building construction

The basic principle of the model pre-set for optimy steps is establishing
linkages among structural elements and determittieg behaviour. The linkages
can be divided into two groups:

* economic,

* technical.

The economic linkagmeans cost saving in carrying out the renovatibn o
two or more structural elements simultaneously regjahe sum of costs spent for
the renovation of the same structural elementsownithmutual time coordination.
The savings can be for technical reasons, whenefample we use the built
scaffolding for the facade renovation and at themesaime we carry out the
renovation of tinsmith elements. Another reasonlman organizational one when,
e.g. during the renovation of a rising main we utale a part of the painting and
facing, as even this can be considered the carogingf the complete renovation of
painting or facing for the whole construction. Acoaomic linkage is discerned by
the fact that the use of the linkage is directedusther conditions (which will be
stated further on in this chapter)

The technical linkageneans a strong connection of the renovation of one
structural element with another one, while the dig is, contrary to the economic
linkage, always applied. An example can be the ghaof roof timbers, when we
automatically renovate roof insulation and roof eovSimilar to the economic
linkage, the technical linkage also brings totaltaavings.

Further parameters of optimization are toleranostdi for deviation from
the optimum cycle for structural parts as indepehdegements. In practice it
indicates how much it is possible to prolong or sfaorten the length of the
renovation step with regard to a worse conditiorihef structural element possibly
involving its pointless preliminary change. In gelet can be said that with the
majority of structural elements the tolerance désamoves on the level 20% of
the length of one step of the renovation as sthtje@eeley in [14]. For the given
reasons there follows also a recommendation faigating economic linkages only



in cases when we get from them a minimum 5% savorngdotal costs of the
renovation.

In given types of linkages the elements divide itwo groups.influencing
andinfluencedelements. When defining the linkages it is unanishp determined
which of the elements is influenced and which iluencing. The influencing
element is not affected by the influenced elemérgrefore its renovation cycles
behave independently of it. The influenced elemeardnitors cycles of the
influencing element and according to the type eflthkage and further parameters
its cycles of renovation are directly affected by influencing element.

It is valid that one element can be for a grougleiments thénfluencing
element, and at the same time for another growgdesfients it can be anfluenced
element. To prevent the cycling of the system pkdges, the elements will be
divided into layers where there is valid a rulet thainfluencedelement connects to
the influencing element which is at a minimum one hierarchicaletapigher.
Schematically it is shown in Figure 3.
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Figure 3. Scheme of the description of linkages among etgésne

As has been stated before, technical linkages lar@ya applied. It means
that the algorithm solves in the case of an afteelement whether there would be
in the area of the linkage any prolongation or wng of the length of the
renovation step (in an ideal case the renovati@tesyof both elements can transect
without further changes). In the following Figuteete is seen a scheme of cycles of
two elements, which are not bound by any linkage each behaves according to its
own renovation cycle.
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Figure 4. Scheme of renovation cycles of elements withdirtkage

At the moment of the introduction of a technicatklhge between an
influenced elemenB and an influencing elemerit an algorithm solves whether
there can be a final closed renovation step ofeleenentB from pointst(2)s and
t(4)s prolonged to pointd(1), andt(2),, which is a planned renovation of the
influencing element or whether the following rentea cycle will be shortened.
The value of a maximum possible prolongation ofyale Ty with the elemenB
decides any possible prolongation.
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Figure 5. Prolongation of the cycle length technical/economic linkage

Figure 5 shows the case where it is possible ttopgothe cycle. Pointg1),
andt(2), fall within the zone of the possible prolongatiohthe length renovation
cyclet(2)g andt(4)s and the original cycle is prolonged. In the figitris depicted in
bold

t(N)g =t(m)s if t(ma-t(N)e<Tz N,MON 4)

where A influencing element,
B influenced element,
n serial number of the cycle of the elemBnt
m serial number of the cycle of the elemant
t(m), year of renovation of the elemekin the cyclem,



t(n)s year of renovation of the elemdhtn the cyclen,
Tg tolerance zone of the possible deviation ofréreovation cycle
of the elemenB.

The formula (4) defines the shift of the origindaqmed n th cycle of
renovation t(n)B, of the influenced element to poént t(m)A, given by m th cycle
of the influencing element provided that point tfhgccurs in a tolerance zone of a
possible change of the cycle defined by the vaBe T

In the case that it is not possible to prolong tiele, then the following
cycle, in its technical linkage automatically sleoit to the point of the linkage and
no further conditions are explored.. The exampleeisn in Figure 6. The originally
planned cycle t(3)B will be shortened to the paihjA.
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Figure 6. Shortening of the length cycle technical linkage

t(h+1)g =t(m)s if t(m)a-t(N)e>Tg at(n+1l)g>t(m)s, n,mON (5)

where A influencing element,

B influenced element,

n serial number of the cycle of the elemBnt

m serial number of the cycle of the elemant

t(m), year of renovation of the elemehin the cyclem,

t(n)s year of renovation of the eleme®itn the cyclen,

t(n+1)g year of renovation of the eleme®in the cyclen+1,

Tg tolerance zone of the possible deviation of t@vation cycle of
the elemenB.

The formula (5) expresses the shortening of thewation cycle of the
elementB bound by the technical linkage to the elemantf the n-th cycle of
planned renovation of the element B is the lastecyd the renovation before the
mth point of a possible linkaggm), and it is not possible to prolong it due to the
small extent of the possible prolongation of theleyg, the following cycle of the
renewal is shortened from the paif+1)g to the point(m)a.



Economic linkages contrary to the technical onesapplied only in the case
that the linkages among elements can be implemeéntétk tolerance zone of the
influenced element. It means that in the case efpbssible prolongation of the
length of the cycle the linkage behaves the samim dise technical linkage (see
Figure 5). In the situation where there is solved shortening of the cycle of
renovation in the influenced element it is contrdary the technical linkage
investigated if the possible shortening is foundhia tolerance zone and the linkage
is implemented or not. The shortening of the cyslseen in Figure 7. The planned
renovation of the elemein the pointt(2)g is shortened to poin€l),, where there
is implemented the economic linkage to the inflieg@lement. Element B behaves
similarly in the point(4)g.
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Figure 7. Shortening of the cycle length @zonomic linkage

t(Me =t(ma if t(N)s-t(Ma<Te n,mMON (6)

where A influencing element,
B influenced element,
n serial number of the cycle of the elemBnt
m serial number of the cycle of the elemant
t(m), year of renovation of the eleméXxin the cyclem,
t(n)s year of renovation of the elemdhtn the cyclen,

Tg tolerance zone of the possible deviation ofréreovation cycle
of the elemenB.
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Figure 8. Non-implemented shortening of the length of theleyn economic
linkage
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Figure 9. Priority of thetechnical linkageover theeconomic linkage

Formula (6) describes the shift of the origingh planned renovation cycle
t(n)s of the influenced element in the poitin), given by them-th cycle of the
influencing element provided that poit{in), occurs in the tolerance zone of a
possible change of the cycle defined by the value

Figure 8 to the contrary depicts the situation whigre linkage among the
elements will not take place because the poinbh@fiossible economic linkag@)a



does not fall into the tolerance zone nor one frih@ neighbouring cycles of
renovation of the influenced elemé(®)s andt(3)g.

In the case that the element is bound by more diegathe technical link
always has priority. The technical linkage is auatioally implemented and only
after the economic linkage application is testelde Example where thanks to the
technical linkage there is not implemented the eodn linkage is shown in Figure
9, where between the influenced elenrind the influencing elemeAR there is a
technical linkage and between the influenced elémend the influencing element
Al there is an economic linkage. At the padifit),; there is offered an economic
linkage to the elemeril, but priority will be given to the technical linge in the
pointt(1)a, with the elemenf2.

If the influenced element is bound by more econdimicages at the same
time and during the solution of the shorteninghar prolongation of its length of the
renovation cycle, there occurs in the toleranaeezbe offer of more possibilities of
the implementation of economic linkages with inflang elements, then there is
chosen such a linkage which will deviate from théginal planned term of the
renovation for the smallest value and it does natten whether it concerns the
shortening or prolonging of the renovation cycleeTexample is in the scheme in
Figure 10, where the influenced element is boundhigyeconomic linkage to the
elementsAl andA2 simultaneously.

| I
t(1 )All t (é )B\ t(1)az [Years]

Figure 10.Choice between tweconomic linkages

The result is that there was preferred the linkimgthe pointt(1),, to the
elementA2, because the poinifl),, is closer to the original renovation cyd(@)s
than the possible economic linkage of the elemdrih the pointt(1);.



t(n)g =t(ma if minf(N)g - t(M)al<Ts  n,mON, (7)

minimum over all influencing elements of the element8 with the economic
linkage.

where A influencing element,

B influenced element,

n serial number of the cycle of the elemBnt

m serial number of the cycle of the elemant

t(m), year of renovation of the elemekin the cyclem,

t(n)s year of renovation of the elemdhtn the cyclen,

Tg tolerance zone of the possible deviation ofréreovation cycle
of the elemenB.

Formula (7) defines the choice of the linkage amangre possible
economic linkages, when the pot()g of n-th planned renovation of the influenced
element B is shifted to the-th pointt(m), of the influencing element A, which has
the smallest absolute deviation from the origidahpf renovation and at the same
time it falls into the tolerance zone defined by HalueTg.



4. Conclusion

The set of problems in renovation cycles does aotha uniform approach
in the literature. The work summarizes and addsrmétion about renovation cycles
on the basis of knowledge in the current literatarel experience gained by
associates, who have been for many years dealithgtieé practical implementation
of renovation of building constructions. The wonktroduces the concepts of
tolerance zone, the volatility of the renovatiomdth, the length and step of
renovation and the renovation matrix. From thedaitiens there is put together a
system describing the behaviour of cycles of retiomaof structural elements.

In the field of the mathematical optimization ofr@del the work introduces
the concepts of economic and technical linkages ngmstructural elements.
Following on from the mentioned linkages there méraduced a summary of
mathematical rules for the rationalization for thesign of renovation cycles at the
level of individual structural elements within tleentext of a construction in its
entirety.

The rational designing of renovation cycles is wetermined just for
calculations on already existing constructions, bspecially it should be used
already at the stage of project preparation whessehdata have a significant
influence on the choice of a project variant witigard to LCC.

The given theoretical relationships and dependsneie inbuilt in SW
application Buildpass, which is intended especidily owners (administrators) of
the building constructions. The tool is focusedpoofessionally qualified planning
of the renovation and maintenance of constructidie solution of a project is
based on reference databases of constructionstarmdusal elements, which will
enable the gaining of fast results also for usdre are not specialists in this field.
On the other hand, the tools allow for going intaids and to modify designated
models on their own merit. The user himself wilboke which area to apply and
into what depth of detail he himself will engagetie processing of data.
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