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Problems in selecting durability indicators
for elements of buildings and structures at
the design, construction, and operation stages

Using residential buildings erected during the period of mass industrial housing construction as a case study,
the article examines the impact of selecting an optimal combination of standard and design service lives for struc-
tural components, individual elements, engineering systems, and the building as a whole on ensuring its reliabil-
ity throughout the entire life cycle. It is shown that a mismatch between the service lives of load-bearing and en-
closing structures, finishing layers, internal engineering systems, and equipment leads to a premature decline
in the facility’s operational performance, an increased need for repairs, higher total costs, and reduced efficien-
cy in the use of the housing stock. The necessity of an integrated assignment of durability indicators already at
the design stage is substantiated, taking into account construction conditions, operational features, maintaina-
bility, accessibility of technical servicing, and the economic feasibility of the decisions made. Methodological ap-
proaches are proposed for selecting rational technical, organizational-technological, and economic solutions that
ensure the required level of reliability of buildings and structures at the design, construction, and operation stag-
es. A theoretical framework is presented that makes it possible to relate the durability of individual elements to
the integral reliability of the building, assess the influence of service life on its functional stability, and provide
a basis for improving design practice, regulatory requirements, and strategies for housing stock operation. Partic-
ular attention is paid to buildings of the first mass-produced series as the facilities that most clearly demonstrate
the consequences of errors in assigning service lives. The practical significance of the results lies in the possibil-
ity of using them to substantiate major repairs, modernization, and reconstruction of the existing housing stock

under current conditions.
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the USSR launched housing construction on

an unprecedented scale, which continued until
the early 1990s. At the first stage, from the late 1950s
to the mid-1960s, the task was to relocate citizens
from basements and barracks. At the second stage,
from the mid-1960s to the mid-1980s, mass housing
construction was used to resettle residents of com-
munal apartments. Finally, beginning in the mid-
1980s, the main objective of housing construction
was to increase the provision of comfortable and
well-equipped housing for citizens.

At all stages, inexpensive and short-lived mate-
rials and products were used in the construction of
residential buildings. This can be explained by two
circumstances.

First, the pace and volume of housing construc-
tion were so high that extensive savings in financial
resources became necessary. This was achieved
through the use of simplified and unreliable engi-
neering solutions in the design process and the ap-
plication of construction materials with minimum
cost.

Second, the construction of buildings and struc-
tures relied exclusively on products manufactured by
domestic construction industry enterprises, whose
technological base was largely archaic. This prede-
termined the production of a limited range of prod-
ucts, their low quality and, consequently, poor dura-
bility.

During the years of industrialized housing con-
struction, a sufficiently large number of residential
buildings were erected according to various stan-

In the second half of the twentieth century,

dard designs, which combined both successful so-
lutions in terms of operational reliability and extreme-
ly unsuccessful technical solutions. Examples of
completely unsuitable technical solutions include
three-layer reinforced concrete wall and roof panels
with insulation layers made of reed boards (design
service life: 10 years) and cement-fiber boards (de-
sign service life: 15 years). Another striking example
of disregard for maintainability is heating panels,
which are reinforced concrete blocks with heating
system pipelines cast into them.

In Moscow, between 1959 and 1976, 5,081 pre-
fabricated five-storey residential buildings were
constructed, with a living area of 10.7 million sg m
(approximately 15 million sq m of total floor area),
which, at the time the renovation programme was
launched, accounted for about 10 % of the city’s
housing stock [1]. In recent decades, Moscow has
been implementing a large-scale renewal of resi-
dential development dating from the 1960s and
1970s, involving the demolition of five-storey apart-
ment buildings and the construction of modern
residential buildings in their place within the frame-
work of the renovation programme [2, 3].

In buildings of the standard series P-32, P-35,
and K-7, the external wall panels are self-supporting
and have different structural designs. In P-35 series
buildings, they are made of rolled thin-walled ribbed
shell slabs assembled in pairs with 100 mm mineral
wool slab insulation. In P-32 series buildings, vibro-
brick panels with a thermal insulation layer of large-
porous expanded clay concrete were used. In K-7
series buildings, suspended three-layer panels were
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applied, consisting of two layers of cement-sand mortar and an in-
termediate thermal insulation layer made of foam glass or mineral
wool slabs.

The intermediate floors in buildings of the P-35 and P-32 series
are made of two reinforced concrete shells, with the upper shell
supported along its longitudinal sides by the lower shell, with
sound-insulating gaskets laid along the entire length of bearing. To
improve the sound insulation properties of the floors, the lower
shells were filled with quartz sand.

The external walls, sized to a single room, were made either of
three-layer panels consisting of reinforced concrete layers and insu-
lation, for which mineral wool slabs and cellular concrete were com-
monly used, or of single-layer panels made of concrete with light-
weight aggregates, such as expanded clay, thermozite, and others.

From the standpoint of operational reliability, prefabricated
buildings of the overwhelming majority of standard series cannot be
regarded as efficient and reliable. This applies primarily to inter-
panel and interblock joints and seams, as well as to the thermal in-
sulation properties of external enclosing structures, which deterio-
rate significantly during operation due to the ageing of thermal
insulation materials. Initially, extremely short-lived cement-reed and
cement-fibre boards were used as insulation; these were later re-
placed by semi-rigid mineral wool slabs, and only in the 1980s did
insulation layers in three-layer reinforced concrete panels begin to
be made of foam plastic materials with substantially greater durabil-
ity [4, 5].

Since a significant part of the currently existing housing stock
was erected during the period of mass housing construction,
the problem of the reliability of the apartment buildings comprising
this stock is particularly acute today. In the course of major repairs,
this problem should be addressed by minimizing the discrepancy
between the residual service life of structures, elements, and sys-
tems that are not replaced during overhaul and the standard ser-
vice lives of newly installed elements.

Over the years, domestic industry has mastered the mass pro-
duction of a wide range of durable structures, materials, and prod-
ucts for construction, which makes it possible, in the design of
buildings and structures, to focus on selecting their optimal combi-
nations from the standpoint of durability. It should also be noted that
the domestic market for construction materials still offers a suffi-
ciently wide range of imported products.

Ensuring the normative values of individual reliability indicators
and their rational combination makes it possible to adopt, in the de-
sign process, solutions that fully comply with the established reli-
ability requirements. This can be achieved provided that alternative
design solutions are developed using modern technical means and
technologies.

An analysis of architectural and construction design practice
makes it possible to assert that ensuring the required reliability of
structures, elements, systems, equipment, as well as buildings and
structures as a whole at the design stage is possible only if all eval-
uation indicators characterizing reliability are taken into account,
various technical solutions are developed on their basis, and these
solutions are comprehensively assessed, optimized, and subse-
quently selected.

At the same time, the formation of a set of evaluation indicators
ensuring the reliability of buildings at the design stage is a concep-
tual issue of fundamental importance. The difficulty of solving this
problem lies in the fact that all reliability evaluation indicators taken
into account are deterministic, equally significant, and partially con-
tradictory.

The deterministic nature of evaluation indicators means that
their values may vary only within the permissible ranges estab-
lished by regulatory documents.

Their equal significance implies mandatory compliance of all
evaluation indicators, without exception, with the established regu-
latory requirements.

Contradictoriness is inherent not in all evaluation indicators, but
only in some of them. At the same time, contradictions between in-
dicators may be either strict, that is, antagonistic, or non-strict.
An example of an antagonistic contradiction is the requirement con-
tained in the design brief to ensure the minimum cost of construct-
ing a building while simultaneously achieving the maximum level of
comfort, including space-planning solutions, the quality of interior
finishing, the level of engineering amenities, and other characteris-
tics.

An example of a non-antagonistic contradiction between evalu-
ation indicators is the relationship between the indicator character-
izing the insolation of the internal spaces of the building being de-
signed and the indicator characterizing its energy efficiency.

In the case where contradictions among all evaluation indica-
tors without exception are non-strict, the formation and selection
of the optimal (rational) solution are carried out within the area of
agreement. This area is characterized by the fact that any solution
chosen within it can be improved without reducing the values of
the remaining evaluation indicators [6-9]. However, in the assess-
ment and selection of reliable technical solutions in the design of
buildings and structures, such a situation generally does not arise.
Therefore, the task is not to choose the option that is best from
the standpoint of reliability across the entire set of evaluation indica-
tors, but rather to determine a solution that satisfies reliability re-
quirements through an optimal combination of the values of these
indicators.

In other words, each evaluation indicator, while remaining within
the permissible range in quantitative terms, does not necessarily
attain its absolutely best value; however, the combination of all indi-
cators in their interrelation proves to be the most preferable for
a particular project. In this formulation, the problem of selecting
the best solution is addressed within the area of compromise,
which is characterized by the principle of optimality according to
which solution a is preferable to solution a’ if the conditionx (a) > x(d)
is satisfied. The mathematical model for selecting the best solution
in the area of compromise is as follows [10]:

X0 = {x/x e X, {X'Ix' 2 x} n X = . (1)

The search for the best solutions in the area of compromise is
carried out on the basis of a specific algorithm and the correspond-
ing principle of optimality [11].

To select the best solution at the design stage while taking into
account the values of all reliability assessment indicators, we have
proposed two methods, referred to as the computational method
and the material method.

The computational method is based on varying the quantitative
values of reliability assessment indicators within the intervals estab-
lished by regulatory documents, taking into account constraint indi-
cators in order to obtain their optimal combination. For example,
the load reliability factor is successively varied within the range
from 1.05 to 1.10 with a step of 0.01 while the values of the remain-
ing assessment indicators are kept unchanged. In a similar manner,
the material reliability factor is varied within the range from 1.15 to
1.50 using the same increment. The search for the best combina-
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tion of assessment indicators is carried out using one of the well-
known mathematical methods of combinatorics.

Combinatorics is a branch of mathematics that studies discrete
objects, finite sets, and the operations of selecting, ordering, and
enumerating their elements, including combinations, permutations,
and arrangements.

Combinatorial problems are characterized by the fact that all
objects under consideration, which in the present study are rational
design options, consist of individual discrete elements, that is, reli-
ability assessment indicators of design solutions, while the sets of
these elements are finite.

In the course of combinatorial analysis, two main types of op-
erations are performed: the selection of subsets and the ordering
of the elements of a set [12]. This fully corresponds to the essence
of the proposed method, which is based on the successive enu-
meration of admissible combinations of assessment indicators and
the selection of the most preferable design solution.

The material-based method of ensuring the reliability of design
solutions is based on the purposeful selection of such materials as
make it possible, already at the design stage, to achieve high reli-
ability indicators for structures, elements, and systems while simul-
taneously minimizing labor, financial, and material-technical costs.
One example is the manufacture of reinforced concrete structures
under both factory and on-site conditions using reinforcement
made of different materials.

For conventional steel reinforcement (classes A400, A500,
AB00, and higher in accordance with CP 63.13330"), the material-
based method is implemented through the use of reinforcement of
higher strength classes, which makes it possible to increase the de-
sign resistance and reduce the stress level under given loads;
the use of reinforcement with improved ductility and crack-resis-
tance characteristics, ensuring more reliable structural behavior in
limit states; the introduction of anti-corrosion protection measures
for reinforcement, including epoxy coatings, hot-dip galvanizing,
and the use of stainless reinforcement, which significantly reduces
the rate of corrosion damage during operation in aggressive envi-
ronments; as well as an increase in durability due to a lower prob-
ability of corrosion-related damage.

The use of high-quality metallic reinforcement makes it possible
to improve structural reliability without increasing dimensions and
weight; however, it requires strict quality control of the material
and compliance with technological requirements during fabrication
and installation.

The use of composite reinforcement in design solutions (glass-
fiber-reinforced polymer, basalt-fiber-reinforced polymer, and car-
bon-fiber-reinforced polymer reinforcement), regulated by CP
295.1325800.20172, represents one of the clearest examples of
the implementation of the material-based method for improving reli-
ability. The main advantages of composite reinforcement include
high corrosion resistance, which prevents reinforcement deteriora-
tion in aggressive environments; low density, reducing the self-
weight of structures; high tensile strength exceeding the corre-
sponding values for steel reinforcement; and electromagnetic
inertness.

Another illustrative example of the material-based method for
selecting design solutions optimal from the standpoint of reliability
assurance is the consideration of alternative uses of different con-
crete classes in the manufacture of reinforced concrete structures

'SP 63.13330. Concrete and reinforced concrete structures.

2 SP 295.1325800.2017. List of rules. Concrete structures reinforced with polymer
composite reinforcement. Design rules. URL: https://www.minstroyrf.gov.ru/docs/15269/

under both factory and on-site conditions. In this case, concretes of
different classes, substantially differing in properties and cost, may
be used for the production of the same structure.

The long-term experience of constructing and technically oper-
ating prefabricated buildings erected during the period of mass
industrial housing construction should be thoroughly analyzed, first,
in the design of new buildings and structures and, second, in
the technical operation of existing facilities in the course of repair
works.

In the design of new construction projects, efforts should be
made to minimize deviations of the standard (design) service lives
of structures, elements, and systems from their average value by
selecting the most durable elements subject to replacement during
operation, while simultaneously providing a justified reduction in
the standard service lives of non-replaceable elements.

Within the framework of current or major repairs, when replac-
ing elements that are in an unsatisfactory technical condition or
have exhausted their service life, it is necessary to take into account
the residual service life of those elements whose replacement is not
envisaged. In cases where the technical condition of non-replace-
able elements in the repaired buildings does not comply with
the regulatory requirements for technical operation, remedial mea-
sures should be provided for their rehabilitation without replace-
ment.

The reliability of complex technical systems, which include
buildings and structures, at all stages of the life cycle is determined
by the durability of their constituent elements. In mathematical form,
the reliability of a system consisting of m elements may be repre-
sented as follows [13]:

m
Pt) = [ JR(0)et. B
i=1

This reliability function is associated with the point indicator T
and the integral indicator T of the durability of a building (structure),
as well as with the y-percent service life T,, which are determined by
expressions (3)—(5):
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In principle, the relationship between the reliability of a complex
system and the durability of its constituent elements raises no
doubt. However, in cases where, at certain stages of the life cycle,
requirements are imposed to ensure reliability in the form of speci-
fied quantitative parameters, the durability indicators of the ele-
ments must be determined analytically.

With a certain degree of approximation, it may be assumed
that, provided the regulatory operating conditions of buildings and
structures are observed, the service lives (durability) of their con-
stituent elements follow a normal distribution.

In this case, if the parameters of the normal distribution are de-
noted by w; and o;, and their estimates by [1; and 6;, then the point
estimate of the probability of failure-free operation of the system
may be determined from expression (6) [14, 15]:

Aoy =] Joln0), (6)
i=1
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where the Laplace function is given by:

X 2
D(x) = % _[ exp[—%) dt; (7

ho =Rt =T (8)

The minimum reliability value of the system (building, structure),
taking into account the durability of its constituent elements, is de-
termined by expression (9):

1
Py(t) = @{h(t) — U, [1 + 2h2(t)}}, ©)

where u, and h(t) are tabulated values of the quantiles of the normal
distribution corresponding to the levels g and P(t).

The above theoretical approaches should be taken as the basis
for selecting optimal (rational) technical, organizational-technologi-
cal, and economic solutions at all stages of the life cycle of build-
ings and structures. Their application makes it possible, already at
the design stage, to substantiate such combinations of structural,
technological, and operational solutions as ensure the required
level of reliability, durability, maintainability, and economic efficien-
cy of facilities. This approach is of particular importance during
the construction of buildings and structures, when the quality of
implementation of design solutions directly affects the achievement
of the calculated reliability indicators and service life. Equally im-
portant is the application of these approaches in the course of tech-
nical operation, major repair, modernization, and reconstruction,
since it is precisely at these stages that it becomes necessary to
reconcile the residual service life of existing structures and systems
with the standard service lives of newly introduced elements, mate-
rials, and engineering equipment. This creates the methodological
prerequisites for making well-founded decisions aimed at improv-
ing the operational reliability of facilities, extending their effective
service life, and reducing total costs throughout the entire life cycle.
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TMBHOCTUN MCMONb30BaHNA XunuiiHoro oHpga. O6ocHoBaHa He-
06X0ANMOCTb KOMMIIEKCHOrO Ha3Ha4eHusa nokasaresnen fonro-
BE4YHOCTU yXe Ha 3Tane npoekTupoBaHusa C y4eTom yCJ’]OBI/II7I
BO3BEJEHNs,, 0COOEHHOCTEN 3KchyaTaumm, PEMOHTONPUrOAHO-
CTWU, OOCTYMHOCTUN TEXHUYECKOro OﬁCﬂy)KVIBaHI/IH N SKOHOMU4e-
CKOW Lien1ecoobpasHoCTV NPUHUMaEMbIX peLleHui. [peanoxeHs!
METOA0NOrn4eckne Noaxoabl K BbI6Opy paumoHanbHbIX TEXHM-
YEeCKMX, OPraHn3aLMOHHO-TEXHOMOMMYECKMUX Y SKOHOMMYECKMX
pelueHmni, obecnedymBaoLLnx TpebyemMbl YpoBeHb HafdeXHo-
CTW 30AHUIA N COOPY>XXEHUI Ha CTaausAX MPOEKTUPOBAHUS, CTPOK-
TenbcTBa 1 akcnnyaraumu. MNprvBeaeH TeopeTMyeckuii annapar,
NMO3BONAOLLMIA YBA3ATb AONTOBEYHOCTb OTAENbHbIX 3/1IEMEHTOB
C VIHTerpasnbHOW HaAEeXHOCTbIO 30aHNSA, OLEHUTb BANSHWE CPO-
KOB CINy>06bl Ha ero PYHKLMOHAbHYH YCTOMYNBOCTb U CHOPMU-
poBaTb OCHOBY [J1 COBEPLLUEHCTBOBAHNA MPOEKTHOW NPaKTUKW,
HOpPMaTMBHbIX TPEGOBAHUM U CTpaTErnii aKCrayaTaumm XXnUmmLL-
Horo ¢poHaa. Ocoboe BHMMaHWE yaeneHo 3aaHnam nepebix Mac-
COBbIX CEpU Kak o6bekTaM, Hambonee HarnsagHO OEMOHCTPU-
PYHOLLMM NOCNEACTBUSA OLLUMOOK B HA3HAYEHUN CPOKOB Cy>X6bl.
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MpakTuyeckas 3Ha4MMOCTb Pe3yNbTaToOB 3aKNio4aeTcs B BO3-
MOXHOCTM MX UCMOMb30BaHUS NMPU 060CHOBAHUN KanuTasnbHO-
ro PeMOHTa, MOAEPHMU3aLMMN N PEKOHCTPYKLMMN CYLLIECTBYOLLENO
XWUULLHOTO (hOHAA B COBPEMEHHbIX YCMNOBUAX.

Knro4yeBble crnoBa: Xu3HeHHbIV LK/, HAAeXHOCTb, JO/IrOBeY-
HOCTb, BO3BEAEHNE, TEXHUHEecKas aKCrlyatayus, nokasatesnm
HafexHoCT!
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