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The article presents the results of reliability &rsas of reinforced concrete structures designed bmilt
in accordance with design codes that are valid @aBus and Ukraine. It is noted that such structuhave dif-
ferent reliability levels as well as failure prohtities. Approaches to assessment loads and actonstructures
which are stated in European, Belarusian, formerSBS and Ukrainian standards were analyzed. It mash
that in most cases former USSR and Ukrainian stedsddo not meet the modern requirements for safety
structures. Additionally the results of reliabilibased calibration of partial factors are presentdthe calibra-
tion resulted in the reduced value of partial fastéor permanent loads on precast elements.

The process of reforming the Belarusian systemasfdards is not completed yet. It is confirmed Hogy t
fact that three generations of normative documbate legal validity. These documents have folloveersvell
as opponents, at the same time they lead to théisdlat are sometimes differ significantly.

In this connection numerical criteria for unbiaseanparing different design codes are needed asasell
the tool and methods to estimate the criteria.

According to the concept of reliability of struotsr stated in the international standard 1SO 2394 [1
structures and structural elements should be dedigasing on the standardized target reliabilinapeeters that
are expressed in terms of permissible probabilitfadure P; or in terms of reliability indicep. Therefore the
comparison of all the standards based on the noalefilues off seems to be the most objective.

The rules for setting the characteristic valuealidhe variables together with the system of phfictors (also
called safety factors) and load combination faatoeate the safety margin for structures. Ide#lshould correspond
to the target reliability levels stated in struatwwodes. And of course, the expected reliab#itgel of structures should
be checked before making any corrections in destgmdards. But in reality it doesn’t always happen.

There are lot of works devoted to reliability lewsisessment for different countries (Holicky, Sgkdre-
tief, Sgrensen, Faber and many others [2 — 6]). mMéptioned works were aimed to assess existinghiéty
level and to calibrate some partial factors witthie bound of Eurocodes, considering its unifie@suind ap-
proaches to assess loads and combine them.

Performing the same study, namely to assess igiligl level of structures designed in accordanite Eurocodes
is needed for Belarusian and Ukrainian conditithmell show the level of reliability of new and isking structures.

It should be noted that the standardized approdgchassessing loads and actions on struchaes an essential
influence on reliability level The comparative in-depth analysis of all the meetl standards regulating the rules for
assessing loads from the position of the religiifieory has not been carried out till this moment.

Moreover there is a lack of data on reliabilitydés/of structures designed and erected by formeRJS
standards, as well by modern Belarusian and Ulaaistandards. The main challenge of such studyisteria
creating the base for comparing different standakdst will be shown later the considered standazdmprise
completely different rules for deriving design cdrdiions of loads on structures. Actual statistitata on ac-
tions (e.g. snow or wind loads) should be takea &dcount at that.

The aim of the present paper is to estimate thel ledesign reliability of structures (provided bsing a
system of safety factors and combination factorddads and resistance of structures) in persistesign situa-
tions, according to the design codes that have bakdhin the Republic of Belarus and Ukraine foe fast dec-
ade. The following problems should be solved fig pgurpose:

- to formulate the state functions for structuralnedats that allow considering different ratios of-pe
manent, live, and snow loads;

- to develop the probabilistic models of basic vddalzontained in the state functions;

- to estimate the reliability level of structuressimed in accordance with different standards.hat,t
different systems of safety factors and combinafeetors as well as the difference in combinatiales for
loads should be taken into account;

- to perform reliability-based calibration of the palr factor for self weight of precast structurdg-e
ments.
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Known methods of reliability theory will be usednang them are the methods based on the 1-st qupliexa
mation of the probabilistic state functions as asllapproaches of extreme values theory (for assas®f stochastic
processes of loading). The detailed explanatidheoethods and models used will be given below.

The comparative analysis of the standards reguglatia rules for assessing loads while designingehe
inforced concrete structures is carried out in #nigle.

Three groups of standards are valid in the Repuflelarus at present. These are:

— Eurocodes EN 1990 — EN 1991 [7, Be(einafter referred to as Eurocodes

— Belarusian design code SNB 5.03.01-2000 «Concreteeinforced concrete structures design» [9];

— the USSR design standard SNiP 2.01.07-85 «Loadaeti@hs» [10].

Comparing the code SNB 5.03.01 [9] with the systérRurocodes and ISO 2394 [1], it should be noted
that these standards are 100 % harmonized in reepémads assessment in design. However, the ihajof
provisions stated in SNiP 2.01.07-85 [10] contrathie ISO 2394 and EN 1990 [7] that are also vialiBelarus.
For example, there are inconsistencies in the ifilzetion of loads and actions, in values of pariictors for
loads, in combination rules for loads fditimate as well asServiceability Limit Statdesign of structures.

The Ukrainian standard DBBL.1.2-2-2006 «Loads and actions» [11] is also censitlin the article. This docu-
ment mainly repeats the concept of SNiP, but alstais some approaches similar to those used BN

The Eurocodes and SNiP 2.01.07-85 [10] are of diffegenerations of standards, and the requirements
to safety level for SNiP are already out of dateeyare both based on limit state design principlesystem of
partial factors and combination factors makes #giule to present limit state functions in a senobabilistic
form. However, there are certain differences botthe rules for deriving design combinations oflean struc-
tures, and in numerical values of partial safetydesy and combination factorg.

The Ukrainian standard DBR.1.2-2-2006 «Loads and actions» [11] mainly reptasoncept of SNiP,
but for determining characteristic values of snowl avind loads an approach similar to the one usefuiro-
codes [7, 8] is applied. This approach is basef(spears return periods for the extreme valuesads.

The rules for deriving design combinations of loadsstructures in persistent design situationspaee
sented in Table 1. The case when permanent, lncesaow loads are imposed, is considered.

Besides the differences shown in Table 1 it shdedstipulated that coefficientsandy have disparate
treatment and mathematical concept within the bewfdcorresponding standards. As well, there as&nti
tions in loads classification and in method ofiagttharacteristic values of loads and actions s&haspects are
indicated in Table 2.

Table 1 — The rules for deriving design combinagiohloads on structures in persistent design tsitos

Standard Design value of load effect on a structurer a structural element
EN 1990:2002 [7] Yo By + Yo Wo o R +Y s[Wy, B,

SNB 5.03.01-2002 maxs & Vs (B, +Yo R+ Vs s[5,

o] £V (B, + o Vo [Q, +V L5,

SNiP 2.01.07-85 . (Vo [y * Yo W g aeed @+ y s (B Y,

1ol (VG (B +Yo MW g Q" +y s SEBQ v,

DBN B.1.2-2-2006 e (Vo [y * Yo W g aeed @+ y s (B Y,

] (VG (B +Yo [ g Q" +y s SEBQ v,

Note: detailed symbol definitions may be foundabl& 2

One can see from Table 2 that there is a signifidéference between the approaches to settingachar
teristic values of loads. The safety factor permanent loadgs in Eurocodes has a greater value, but it should
be used together with combination coefficiérthat is not specified in the other two groups taihdards. An-
other important difference comes from the fact thighin the bounds of SNiP the factpt has a physical mean-
ing of overload factor, and its value is assignsishgi this consideration.

A striking difference in approaches to setting eleteristic valuesor snow loadsshould be noted: in
EN 1991-1-3 [8] the characteristic value is theuealhich on average is exceeded once in 50 yeaanaio-
gous approach is accepted in Ukrainian standard DBy Meanwhile, within the bounds of SNiP [10het
characteristic value of a snow load is the meanevaf 1-year maximums.

Wind loadsare not considered in this paper because the appes to setting characteristic values of
wind load are similar to the ones just described.
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Table 2 — The comparison of approaches to settiagacteristic values of loads in the structuralesod

Eurocodes, SNiP DBN
SNB 5.03.01 2.01.07-1985 B.1.2-2-2006
Permanent load
Characteristic value Gk =E[G] Gy = E[G] Gy = E[G]
Partial safety factor ve =1.35 ve=1.1 ve=1.1
Combination factor £=0.85 - —
Snow load
Characteristic value S =E[Snad S = E[Snad S = E[Snad
for T=50 years for T=1 year for T=50 years
Partial safety factor vs=1.5 vs= 1.4 when vs=1.0
(Gk+QJ)/%>0.8
vs= 1.6 when
(Gk+ QW /&<0.8
Combination factor Yos= 0.6 ys=0.9 ys=0.9
Variable (live) load
Characteristic value [o} =0, =0,
Qk(reduced.)__o ] 2Qk Qk(reduced.)__o 2 EQk
Partial safety factor yo=15 vo=1.3 vo=1.3
Combination factor Voo = 0.7 Yo = 0.9 Vo, = 0.9
Yo reduced= 0.95 Yo reduced= 0.95
Reliability coefficient depending on — vn=0.95 vn=0.95

importance of a structure

Notes:

1) operator E[...] means the mathematical expectatiba parameter;
2) subscript k (e.g. in Pmeans the characteristic value;

3) return period T is a statistical measurementdahen historic data denoting the average recurreinter-
val over an extended period of time for an event

According to SNiP [10] and DBN [11], in contrastEarocodesyariable live loadsare divided into full
and reduced values. The ratio of full and reducddes in Table 2 is estimated using the charatitexialues of
live loads on floor slabs in residential buildin@sven in SNiP and DBN).

In the fundamental case the state function (offaftere function) of a structure comprises two grswf
basic variablesnamelyR (related to resistance of the structure), aridelated to the loads on the structure). A
state function can be formulated as:

g(R L) =R-L. (1)
The probability of failure of the structure may dsessed through
Pr = Probability{g(R, L) < 0] = ProbabilitfR—-L < O]. 2

The reliability indexp is a conventional measure of reliability. It idated with probability of failure
through the following equation

Pr= @[ -], ©)

where®][...] is the cumulative distribution function of tretandardized Normal distribution. The relation be-
tweenp andPs is given in Table 3.

Table 3 — Relation betweg¢handP;

Py

10+

10

10°

10*

10°

10°

107

B

1.28

2.32

3.09

3.72

4.27

4.75

5.20
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Originally the reliability index was introduced as the complete solution of thélera with two nor-
mally distributed basic variables, which is havagywell the simple geometrical interpretation. Ndags it is
still widely used in different reliability problemas the numerical values pfare more convenient to operate
with than very small numbers of failure probaleigi

For estimating reliability level of structural elents, which is provided by the system of partiatdes
and combination factors, the following procedureapplied. It is based on the 1-st order reliabilitgthod
(FORM) as well as the method of quickest descehidlware both used for analysis of probabilistatestfunc-
tions of structures and for estimation of the valoéreliability indices). The Ferry Borges — Castata model
[12] and Turkstra’s rule [13] are used for probahit modeling of actions and combinations of awsioThis
approach provide for transformation random procesédoading into appropriate random variables,vibich
probabilistic models should be determined.

The value of target reliability index for structarés accepted af = 4.7 for the reference period
T =1 year in accordance with EN 1990 [7]. Normatrlbution is adopted for modeling permanent lo&lsm-
bel distribution — for modeling variable loads, R@l distribution — for load effect uncertaintiesggNormal
distribution — for modeling resistance of struct@laments.

In general form the probabilistic state functigfX) which characterizes safety margin of a structural
element Ultimate Limit Statgincludes basic variables describing loads as agtesistance:

9(X) =zR-0[(1n) G +n((1+JQ + k)], (4)

whereX = {R, 0, G, Q, § — is a vector of basic variableg;=is a cumulative design parameter, e.g. cross-
sectional area, reinforcement aré&as= factor between 0 and 1, giving the relative im@oace of snow load
among two variable load$ive load— snow load; n = (Q« + S)/(Gx +Q« + S) = factor between 0 and 1, giving
the relative importance of permanent load amongrdtiads fermanent load — variable loads

In the general case the process of making proktbilnodel comprises two steps: the selection ef th
appropriate distribution law for the consideredd@am variable or random process, and the settinthefpa-
rameters of this distribution.

The probabilistic models of basic variabks$ncluded in state function (4) are described ibl€at. They
characterize resistance of structural elemBngermanent loads, variable liveQ and snowS loads, as well as
basic variabl® which makes it possible to take into account utadety in load effect model.

While developing the probabilistic models the cadictions of standards Eurocodes, SNiP, and DBN in
loads classification as well as in mathematicaltireent of a characteristic value are taken intcsictamation.

Table 4 — Proposed probabilistic models of basiabtes

Characteristic

Basic variable Distrib. n c \Y
value
Permanent load G) Gy Normal Gy 0.1G, 0.1
Live load (Q)
(for residential building)
Eurocodes
(Q« = 1.5kN/nf) Q« 0.2Q« 0.1, 0.95
SNiP 2.01.07-1985 Gumbel
Q"= 1.5kN/nf) 0=, 020, 01%, 095
(Qk(reduced,)__ 03|(N/IT?) Qk(reduced.)__o.zQk
DBN B.1.2-2-2006
Q= 1.5kN/nf) QMN=Q, 020, 01%, 095
(Qk(reduced,)__ 035kN/rﬁ) Qk(reduced_)__olzggk
Snow load(S)
Eurocodes 0.385, 0.21S, 0.55
SNiP 2.01.07-85 S Gumbel 058, 03X 055
DBN B.1.2-2-2006 0.38% 0.21S 0.55
Resistance R) Ry (design value) LogNormal R 0.1%Ry 0.11
Model uncertainty (©) O Normal O 0.08,  0.05

for load effect
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The proposed probabilistic models for variable adrrespond to the return peridod 1 year.

The probabilistic models dive load (see Table 4) are developed basing on the inwagtigof statistical
parameters of loads on structures in residentidtlings presented in JCSS Probabilistic Model C{g. It
should be noted that JCSS guidelines correspondetoesults of investigation published in USSR taizRr,
Bulychew et al. in 1980s [15-17].

The probabilistic models afhow loadare based on the own results of the current Statisnvestigation
of long-term data collected from 18 weather staiamich are spread proportionally on the territofyBelarus
[18]. Moreover the zoning of the territory by chetexistic values of snow load according to the Beden Na-
tional Annex to EN 1991-1-3 [8] and SNiP 2.01.07{88] is also taken into account. While considerthg
Ukrainian standard DB®.1.2-2-2006 [11] we accepted that the same appraadh Eurocodes is applied for
defining a characteristic value of snow load. TFenee the probabilistic models are described heeatidal to
those corresponding to Eurocodes.

The probabilistic model of theesistance of structural elementsifRdeveloped for flexural reinforced
concrete members basing on the experimental aoddtieal investigation [18].

Generally speaking we consider a reinforced com@ttictural element designed with the followinguasp-
tions:

— resistance of the element is calculated accordirigurocode 2. This means that all the coefficiests
lated to the resistance as well as partial fadtmrsoncrete and steel strength are taken from €92119];

- loads and actions on the element are set in accoedaith the concerned standard (Eurocodes, SNiP,
or DBN) with appropriate partial factors and condtian rules;

- the element is supposed to be part of a structuie luilding located in Belarus. This condition is
relevant for assessment of snow loading only; daissed by the fact that we have comprehensivistitat data
on snow loads available only for the territory afl&us.

Figure 1 shows the reliability indgkas a function of load parameteyandks which define the ratio of
permanent, variable live and snow loads.

The reliability indexp, = 4.7 is stated as a target value in EN 199047 ]RC2 reliability class of struc-
tures and for the reference peribe 1 year.

The compiled reliability diagrams make it possiteconclude that provided the proposed probatilisti
models of basic variables (Table 4) are valid §stesn of partial safety factors and combinationdexstated in
Eurocodes gives the required level of reliabilifydesigned structures in most of the design sibmati However
in some cases reliability of structures in persistiesign situations does not meet the requirenediRC2 reli-
ability class; and the actual average reliabilégydl corresponds to the minimum recommended leMethe
same time the rules for assessing loads on stegioraccordance with SNiP 2.01.07 [8@] not meemodern
reliability and safety of structures requirements.

One can see on diagrams from Figure 1 that usimgdede results in structures with the value ofali
ity index at average greater by 1 than for stregutesigned in accordance with SNiP 2.01.07 [1@helans that
the probability of failure for the latter can 106lfimes exceed the maximum permissible values.

In respect of the Ukrainian standard DBN [11] ieigdent that there will be no significant incre@see-
liability of structures if the characteristic vatuéor snow and wind loads are defined basing oyegls return
periods but using an old approach (those stat&Nif [10]) to deriving design combinations of loads

In this section we describe the results of calibrabf partial factor for self weight loading. Withthis
case study we consider a precast reinforced canstaictural element. Such elements can be charatteas
heavy elements for which the load of self weightldde of considerable proportion among other loads

According to EN 1990 [7] the design combinationsacfions on a structural element persistent or
transient design situationsay be expressed in general format as:

Z(VG,] BBk,j)"'yQ,l mpo,1m<,1+Z(VQj W o [Q i,)

J i>1
Z(E Ws, | [q;k,j)+yQ,1mk,l+Z(yQ,i Wy [Qu)
i i>1
where the less favorable of the two expressiois i chosen.
In case of only one permanent and one variable &mdithg, e.g. self weight plus live load, the dasig
combinations should be:

L, = max

(5)

_ Yo (B¢ + Vo [, [0 (6.1)
L =
i max{a ¥e (G, +Y, @, (6.2)
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a)
B| Persistent design situation ( 7=1 year) EN 1990 - 1991  =mm
ks =Sk /(Sk+ Q) =0.0 SNiP 2.01.07 —_——
DBN B.1.2-2-2006 = =
5.0 /"'\ p=4.7
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c)
B| Persistent design situation (7=1 year) EN 1990 -1991 =
ks =Sk / (Sk+ Q) = 0.6 SNiP 2.01.07 ———
DBN B.1.2-2-2006 = =
5.0 —
P
4.0 — ===

el .
/ -.—_"-—_ —_—
T

N = (O + Sk) / (Gr +Sk + Ok)
‘ ‘ ‘ A I [
0.2 0.4 0.6 0.8 1.0

2.0

3.0 /
0

0.

Fig. 1. Reliability inde>3 for structural elements as a function of load petern with:
a) ks=0.0;b) ks =0.33;c) ks= 0.6

In general case the following values of partialtdas and combination factors are recommended in
EN 1990, as given in Table 5.

Table 5 — The values far, v, , andé according to EN 1990

Load type Partial factor Combination factor
Permanent — self weigki ve =1.35 £=0.85
Variable — live load) vo=1.5 Yoo =0.7
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The probabilistic state functiag(X) of the structural element){timate Limit Statgcan be presented as:

9(X) =zR-0¢ [y G + (1-0Ql, ()

wherez =is a cumulative design parameter, e.g. cross-s&ttarea, reinforcement arega= G,/ (Gx + Qu) =
factor between 0 and 1, giving the relative impactaof permanent load among other logushanent load —
variable loads.

The probabilistic models of basic variables areegiin Table 6. The models for the resistaR@mnd live
loadQ are the same as described in the previous sections

Table 6 — Proposed probabilistic models of basiabtes for precast elements

Characteristic

Basic variable Distrib. n o \Y
value

Permanent load G)

- for any element Gy Normal Gy 0.10G, 0.05

- for precast element Normal Gy 0.05G, 0.05

Live load (Q)

(for residential building, reference perida: 50 yrs) Q Gumbel 0.&c 0.20Qc 033

Resistance R) Ry (design value) LogNormal 14 0.1%R; 0.11

Model uncertainty (©)

for load effect O Normal Ok 0.059¢ 0.05

It is known that precast concrete plants shouldeheanformity assessment for product geometry and
strength of materials organized. It means that yectedwith geometrical parameters being out of solees
should be rejected. That is why self weight of pgtelements cannot exceed considerably its nomalaés.
Thus the difference between cast-in-situ and pteslaments in terms of reliability theory may beeessed in
changing probabilistic model for self weight loagliin our case we assume that the coefficient datian of
self weight for precast elements should not exdée68. The model for permanent lo&din Table 6 takes into
account this assumption.

It is possible to estimate reliability level of pesst structural elements by applying the approaahdsnethods
as stated in the previous sections.
Figure 2 shows the reliability indgxas a function of load paramejer

The reliability indexp, = 3.8 is stated as a target value in EN 1990 ¢r]the RC2 reliability class of

structures and for the reference period 50 years.

l} ‘ | \ ‘ | \ \ | \

- Persistent design situation ‘equatioln 6.1 |
L (T=50 years) equation 6.2 = == =|| |
50l — [ | | |

: ‘\ 7e=135 £=085 1|
— T =15 =0.7
‘0 | / /¢ & — e .YQ | Yo

3.0

‘\
K % =0k (Gk+ Qi) |]

0.0 0.2 0.4 0.6 0.8 1.0

/

2.0

Fig. 2. Reliability inde>3 for structural elements as a function
of load parametey for the reference periofl= 50 years anglg = 1.35
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One can see from the Figure 2 that there is ceetedessive reliability in the area where contribatof
permanent loads is significant£ 0.6). It means that we may reduce the valugszdh such an extent that the
reliability level for the considered area will rimeg lower than the required target lepel

The new reduced value @f = 1.15 was determined for those elements correipgro the area on the
plot with significant self-weight loadg € 0.6). The new reliability diagram is shown on FigG.

B IR T T U000 0k
7 . . . . IS LIPS, Yoz 7y

- Persistent design situation ~ |equation 6.1
L (T=50 years)

 [ye=115 085 |
ye=15  we=0.7||

0.0 0.1 0.2 0.3 0.4 0.6 0.8 1.0

Fig. 3. Reliability inde>3 for structural elements as a function
of load parametey for the reference periofl= 50 years angls = 1.15

The Belarusian National Annex to EN 1990 [7] allowging the reduced value of partial factgr= 1.15
if the following conditions are provided:

— the system of quality control is organized at tlenp

— the coefficient of variation of self weight of teguctural element is not higher than 0.05;

— the ratio of the variable loads to the full loadtloee element including self weight should be inrtirge:

ZQK i
Bl <0.4. 8)

Ols =—"=>——
ZGKJ+ZQ<I

j=1 izl

It can be seen that assuming the mentioned conditiee value of the partial facteg for self weight
loads can be reduced significantly. These resuiseapected to provide a great economical effecpfecast
concrete industry.

The existing combination rules for loads 1ditimate Limit Statedesign of structures have been de-
scribed according to the three design codes the¢ lb@en valid in the Republic of Belarus as welliras
Ukraine for the last decade.

Probabilistic methods of reliability analysis ofusttural elements were used to compare these stinda
by a criterion of reliability index that is providéoy the appropriate design rules for loads assessrRrobabil-
istic models of loads have been developed suljettiet nature of these loads and to their expeateation.

It has been shown that the levels of reliabilitystfuctures designed according to former USSR and
Ukrainian standards are significantly lower thaa thquired level, and that the probability of fedlifor such
structures can exceed maximum permissible values Wp0 times.

Additionally the results of reliability-based catittion of partial are presented. The calibraticsuted in
the reducing the value of the partial factor fdf-sesight loads on precast elements fregg= 1.35 toyg = 1.15.
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SELF-COMPACTING CONCRETE — A MATERIAL OF A NEW GENE RATION

NATALLIA SHPILEUSKAYA, V. LAZARENKA
Polotsk State University, Belarus

We consider the technological, technical and ecanadvantages of self-compacting concrete (SCC)
compared with traditional concrete of vibrationabrapacting.We analyzdhe state ohormative basdor the
application of self-compacting concretedanstruction practice, as well as composition of2S®/e investigate
the possibility foreducing the cost of self-compacting concrete.

One of the dominant trends in concrete technolagynd the last ten years has been growing inténest
the self-compacting concrete.

In the literature we can find many definitions bétself-compacting concrete, but they charactérize
the same way. It is concrete, that is able withoytact on it additional external energy to flow endts own
weight, retaining its homogeneity, and also enguarcomplete compaction, filling formwork and ersalption
of rebar and embedded parts.

The advantages of self-compacting concrete in aasopawith other traditional types of concretezdollows:

- creation ofbuilding structures, having high strength and niects caused by errors when compacting
the concrete mix;

- the ability to create any geometry of concretecstme;

— the use of a simpler and less massive construtitimmwork (due to the lack of the concrete vibration
process, on the formwork is not affected by addéalcstatic and dynamic load);

- the possibility of placing per shift larger volurokconcrete;

— no necessity of concrete compacting and hencergiting errors, which might arise during its comjpegt

— work of the personnel in a safe conditions duriagareting;

— the absence of noise and vibration, which havegathe impact on both the staff and the residents
living near the construction site;

— shortening the duration of construction.
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