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KOCHURKO A. N., SRYVKINA L. G. The analysis of approaches to assessment of efficiency of alternatives of implementation of investment

projects at the predesign stage

In this article we identify the problems of investment justification, which are not yet solved in current regulatory literattre. We reason the considera-
tion of alternative design solutions at the pre-project stage of the investment project implementation. We systemize the criteria for static and dynamic

assessments of economic efficiency of investments.
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AN INNOVATIVE APPROACH TO CRACK WIDTHPREDICTION
OF REINFORCED CONCRETE ELEMENTS

Introduction. Currently the CEN TC/250 is compliting the develop-
ment of a new (second) generation of structural EuroCodes and among
them pr EN1992. In accordance with the actual codes [3] serviceability
limit States (SLS) for reinforced concrete structures are applied to ensure
(for checking) their functionality and structural integrity under service
loafing conditions. Cracking analysis (crack width estimation) constitutes
a main step in the serviceability design of concrete structures, became
cracks of excessive width contribute to corrosion of the reinforcement,
surface degradation and consequently damage the structures durability.
Moreover, cracks can to decrease axial and flexural stiffness of reinforced
concrete member. It is recognized in prEN1992 [3] that crackling in rein-
forced concrete members may be of two forms (modes):

1. Cracking due to restraint provides by structure volume change
(shrinkage, temperature, imposed strains);

2. Cracking due to applied loads. It should be pointed, that this paper
only the cracking due to applied loads is discussed.

As it was shown in [1] to control the crack width at RC-members‘de-
signer can use the guidelines prescribed in various design-codes [2, 3, 2,
5], which are based on certain analytical solution or.empirical equations
to crack width assessment. Recently, the study on crackwidth control has
been continued and numerous formulas of the€rack ‘width calculation are
proposed. However, almost of them was developed,based on regression
analysis of experimental data. Detailed analysis shows that all approach-
es can be divided on the following groups:

1. Empirical (or full-empirical) approaches (ACl.224.2R-86 [5], Gergely
P.and Lutz L. A. [6], Mulin N..M. [7], Gusha U. P. [8] etc.).

2. Fracture-Mechanics theory approaches (Piradov A. B., Gvelesiani L. O.,
Piradov K. A., Guzeev ECA. [9,10],.0h B.H., Kang Y.-J. [11], Shah
S.P., Swartz S. E. [12], etc.).

3. «Tension-Stiffening»“theory approaches (CEB-fib Model Code 1990
[13], Pedziwiatr J..[14], SNB 5.03.01-02 [2], Murashev V. I. [15], Ne-
mirovskij J. N. [16], etc.).

4. «Bond-slip» theory approach (Holmberg A [17], Farra B. [18], Noa-
kowski P. [19], AlvaresiM. [20], an proposed method, etc.).

The crack ‘width calculations are based on the basic case of a pris-
matic reinforeed concrete bar subjected to tension, what is modeling the
tensile zone of the RC-element. With regard to behavior under increasing
tensile strain, four stages are distinguished in general case:

» the uncracked stage;

 the crack formation;

 the stabilized cracking stage;

¢ the steel yielding stage.

For carring out crack width calculations, it is necessary to know
whether the crack formation stage or the stabilized cracking stage ap-

plies. It should be peinted, that the formulation given for the value of the
crack width in general casedprovides an estimate of the surface crack
width for members subjected to pure tension. For members, subjected to
bending, the'value represent the crack width at the level of reinforcement.
In this case'crack spacing and crack width will generally be larger of the
extremetensile fibre of the section. In order to estimate the value of crack
width, at the:extreme tensile fibre, the crack width may be multiplied with
factor (h-x)/(d-X) in accordance with [17].

This study presents an analytical method to estimate the tensile and
flexural crack width of reinforced concrete members based on the original
conventional crack theory and bond-slip relation [17-20]. The validity,
accuracy and efficiency of the proposed analytical method are estab-
lished by comparing the results of the proposed model with experimental
data as well as with results obtained from the analytical study.

The comparation between the proposed analytical solution and expe-
rimental data, the analytical solution of fib MC2010 [4] and project pr
EN1992-1-1[3] was performed.

1. CODES PROVISION
1.1. fib MC2010
In accordance with fib MC2010 [4] requirements for all stages of
cracking, the design crack width Wy may be calculated by:
Wd = 2|s,max (Esm - 8cm - 8cs )' (111)
where:

I denoted the length over which slip between concrete and

s,max
steel bars occurs. The steel and concrete strains, which occur within this
length, contribute to the width of the crack. For the length | the

s,max
following expression applies:

I :kE_'_lfctm |:|S

: (1.1.2)
e 4 Tbms ps,ef

where:

K is an empirical parameter to take the influence of the concrete cover

into consideration; as a simplifications, k = 1,0 can be assumed;

¢ is the concrete cover;

T,ms is mean bond strength between steel and concrete (see Table 76-2 [4]).
In equation (1.1.1):

€., is the average steel strain over the length |

s,max ’

€., Is the average concrete strain over the length |

s,max ’

€., is the strain of the concrete due to free shrinkage.
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The relative mean strain in eq (1.1.1) follows from:
e, —g —g =2 POy ~BO,

sm cm Cs
ES

-n, &, (1.13)
where:
O is the steel stress in a crack;
O is the maximum steel stress in a crack in the crack formation stage,
which, for pure tension, is:
f
o, =-m (1+ 0Py o ) , (1.1.4)

s,ef

where: P :—ACAS ,
Jeff

with A f effective area of concrete in tension (Fig 7.6 - 4 [4])

1.2. prEN1992-1-1
In according to 9.2.8. prEN1992-1-1 the calculated surface crack
(Wi cal) may be determined from following expression:

Wy = (Eon = Een + N, o ) B (1.2.1)

k,cal cs r,max,cal ’

where:
S | is the calculated maximum crack spacing is stabilized or alter-

r,max,cal
natively the maximum length along which there is slip between concrete
and steel in phase of crack formation.

For elements subjected to direct loads (stabilized cracking) or sub-

jected to imposed strains (crack formation phase), ( €, — €., ) may be
calculated from expression:
f
O-s - kt SYEf (1+ c;(epef) o
(Ean —Eam) = ;E > O,GE—:, (1.22)

g, is the stress in the tension reinforcement closest to tensioned con-

crete surface assuming a crack section.
ki is a coefficient dependent on the duration and nature of the load:
k¢ = 0,6 for short term instaneous loading in crack formationstage;
k; = 0,4 for long term, repeated loading and stabilized cracking.

2. Theoretical background of the proposed analytical model

As it was shown in [21] in general case the crack width calculation are
based on the basic case of a prismatic (cylindrical) reinforced concrete bar
(element), subjected to axial tension. The proposed analytical model for
crack width estimation was developed based ondheoretical'and experimen-
tal studies of the axially loaded tensioned reinforced concrete elements.

The proposed analytical model is based on_the following assump-
tions:

1. The «bond stress-slip» relationsTe= f(Os)-between steel bars and
surrounding concrete was adopted in‘accordance with fibMC1990;

2. The «stess-strain» relation @, = o(€) for material, was adopted
according to [3]. For concrete intension this relation assumed as a
linear approximation with ascending only accordance with [3].

3. Crack formation in any section observed when the tensile strain €
exceeds the ultimate:tensile:strain €.

In accordance with proposed model crack formation and development
process cansbe presented as a follows. When ultimate tensile strains for
concrete is reached, arerack will form and adjacent tensile done will no
longer be acted on by direct tension force. The formation of this crack
(«conventional crack» in Figure 2.1) lead to a local redistribution of stresses
within section. At the crack (or «conventional crack» at the ends of analyzed
element, see Figure 2.1), all tensile force will be redistributed to the rein-
forcement and the stress in concrete immediately adjacent to the crack
must clearly be zero. But by applying of the additional tensile force, causes
further direct tension stresses to develop of the distance from the crack (see
Figure 2.1, zone), tensile force is transferred by bond from reinforcement to
concrete until, at the some distance from crack, the strain and stress distri-
bution within section remains unchanged from that it was before crack
formed (see Figure 2.1). This in turn causes further cracks to form and
process continues until the distance, does not permit sufficient tensile
stresses to develop and cause further cracking.

As further load is applied, the second crack will form at the next
weakest section, though it will not form within of the first crack since the
stresses within the region will have been reduced by formation of the first
crack. Tensile stresses in the concrete surrounding reinforcement bars
are caused by bond increase as the strain in the reinforcement decreases
(see figure 2.1,b). These stresses increase with distance from the primary
cracks and may eventually cause further cracks to form approximately
mid-way between the primary («conventional») cracks.

Further increases in loading will lead to the formation of further
cracks until, eventually, there is no remains area of member surface
which is not within so of previously formed crack. After all the cracks have
formed, further loading will result in widening of the existing cracks but no
new cracks formation (so called, “the stabilized cracking stage®). Stresses
in the concrete will be relived by limited “bond-slip” near the crack faces
and by the formation of internal cracks. This process leads to further
reduction of stiffness, but clearly, the stiffness cannot reduce to bellow
that of the reinforcement bar.

In general case, for any stage of process, the crack width can be cal-
culated from following expression based on “bond-slip” theory:

o = [ glE) = (x))ox.

2.1)

where:

€s(X), €c(X) aré the steeland concrete strain distributions over the
transfer length , respegctively (see Figure 3.1);

|, — transfer zone length;

L, — average length of the' block associated with spacing between two
adjacent cracks.

For obtaining of the basic model parameters or variables (I, €5(x),
€c(X))pwhich areused for crack width calculation according to (2.1), an
iterative procedure was proposed based on expressions (2.2) and (2.3),
strain compatibility diagram (see Figure 3.1) and «bond stress-slip» rela-
tion according to [3].

T, +T. ‘
A, =0, _Usil_AXEEbIZMJEDi=O, (22)
T, 4T,
Azizocnl_ocn_AXEE = 2bI1JD4[|]]AS DACl =0- (23
s t,netto

Proposed procedure — is presented in detail in [1]
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a) — before cracking); b) — with cracks (after cracking)
Figure 2.1 - Schemes of strain distribution on length of an element with
allocation of characteristic zones
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Figure 2.2 - Distribution of the strains (a) and equilibrium conditions (b) in propesed.model

Table 3.1 - Values of the basic variables (in put data for numerical simulations)

Calculating parameters

10; 12; 14; 16; 18;20;22; 25; 28; 32; 36; 40

0,25; 1,0; 2,0; 3,0 ;4,0

1,6; 1,9:2,6;3,2; 3,5, 4,1

Cross-section
ch:DS/\/E 2 @5, mm
Pett, %
fem, MPa
fsm, MPa

240;400; 500

3. Numerical investigations (studies) of the basic parameters of
the proposed design model

Based on proposed an iterative procedure the numerical studies was
performed for obtaining of the transfer zone length It= f(N), steel €5(X)
and concrete €.(x) distributions for the different values’of thebasical
variables (bar diameter @, type of bar surface (plane ibbed), reinforce-
ment ratio Pegr, concrete (ferm) and steel strength (fsq,) — see Table 3.1).

Based on the obtained results of numerical studies, which was pre-
sented in detail in [1], the following expressiondor transfer length I, calcu-
lation was developed with usage of regression analysis:

N N

- ult - W
' P u Eql-i-peffC(E) Nult

: (3.1)
where:

Ky, is semi-empirical coefficient, characterizing steel-concrete bond condi-
tions (mm2/N);

u perimeter of the steel bar;

Nur ultimate tensile force forsteel bar, kN;

Pet the effective reinforcementiratio (Pefr= As/Ac.eff);

Acerf the effective area of concrete in tension, which is calculated as
follows:

E, E&( sl cll),
f

ctm

Acer = (3.2)

where:
&1 strain of reinforcement in section with a crack (see Figure 2.2);
&q1 limiting extensibility of concrete (see Figure 2.2).
Steel reinforcement and concrete strain distribution over the transfer
length l; can be expressed as follows:

I+a

& (X) =g Ha EEIXJHX +b |’
t

(3.3)

a

X 1-a
8ct (X) = 8sII 1-1a EEIJ +b meff D:(E '
t

Coefficient @ and b in equations (3.3) and (3.4) are dimensionless
coefficient characters characterizing a relation between stiffness charac-
teristic of reinforcement and concrete cross section and calculated by
following formulas:

(3.4)

-t .1 (3.5)
1+ peff DxE 1+ 1
pef‘f DxE
Taking into account Eq. (3.3) and (3.4), expression (3.1) for average
crack width calculation can be rewritten as:

L i
. =060, 0 01-|1-—" : (3.6)
210,

where:

€1 steel strain at the cracked section;

Iy = f(N) transfer length, calculated by Eq.(3.1);
L average spacing between cracks;

a empirical coefficient, is equal 0,4.

Based on the results of a numerical investigation the following formu-
la for average block length L, calculation (for the crack formation stabi-
lized stage) was proposed:

Lm - Itl - kp Nult Ncrcl ‘ (37)
T[E[Ds I:q1+peff mxE) Nult

Taking into account Eq.(3.6) and Eq.(3.7), expression for Wy, finally

can be rewritten is close form as:

w, =015k [2, EIL 0% gu-|1-2g_fam || 38)
1+py Lo fyk 2 \ o, lpy
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Table 4.1 - Basic parameters of, the specimens

Speciment Steel bars Concrete Material strength, MPa
pecimen Section member size,
sena Js, mm Peft D, mm fem fetm fym
1. " 20 0,01 40,5 2,47 400
S
2. 25 0,015 20045 40,5 2,47 400
3. & 36 0,03 40,5 2,47 400
c
1000
2,5i0,5 2,5i0,5 embedded Tength
50 50 50 50 50 50 50 50 50 ,50 ,50 ,50 ,50 ,“50%, 50 , 50 50 50 , 50 , 50
o 11 1T 1
i « %
line 1 £ line Il o 0o O O o OO o1 0 ot /1:1 1:1&:1 i e o o o
A 7
8 L2 25 , ]
) o r % %% 2
¥ X ine2e o oo oo OO O OB oo o et 4
¥ line 2 | 7, |
50 50 L, 50 L S0 S0 L 50 L504.50 L 50 L5050 LS50 LS50 50L50L50 ) 50450450
Figure 4.1 - Layout of strain-gages on the reinforcement bar
4. Verification of the proposed model. Comparison between pro-  b)
posed analytical solutions, codes propositions and experimental date N, kN
Experimental program - :
For verification of the proposed analytical model and comparison with % ”u i
new approaches in accordance with fibMC2010 [3] and pr EN1992-1-1 [4] i o - .
special experimental studies was performed. Some series of the axially 160 ol | Doproposedapproach
loaded reinforced concrete members was casted and tested. Short pro- L P = mprEn199
gram of the experimental studies is listed in Table 4.1. 140 o-pe " ASNB5 030102
For measurement of the steel strain distribution over gmbedding 120 L o o eftuCz00
length strain-gage method was applied. As a main measuring devices 4+ em .
strain gages (with the basic length 5mm) have been used. Strain-gage 100 " s oo .
were situated in the grooves on the lateral surface of reinforcement bars . . o .
along the longitudinal edges of a profile, as it shown in‘Figure 4.1. 800_2 o os o.a= § 12 4

During the experimental the following parametersiwas registered:
o steel strain distribution over the bar length with usage computer

complex «TISSA-B-485/65»;
crack width (opening) by microscope MP3 with the division price 0,02 mm.

5. Results and discussion

In Figures 5.1 and 5.2 shown experimental and theoretical (calcu-
lated) steel strain (€5(X)) distributionsrover thebar length obtained for
stages before and after crack formation. It'should be noted, that the strain
distributions obtained by calculation in accordance with proposed model
demonstrates good agreement,with experimental distributions, for differ-
ent values of input parameters.

Comparation of the‘average value of the crack width obtained by
proposed model, fibMC2010:model [4] SNB 5.03.01-02[2] and prEN1992
[3] shown in Figure®.3.

a)
N, kN
130 T 1 i
120 : : o A =
110 : : €Al
3 3 3 DOproposed approach
100 : : L = ¥\m] ; L WprEN1992
3 3 : ASNB5.03.01-02
90 | e (=] ] ®fibMC2010
a0 e — os-
70 ° =l g
0.2 04 0.6 0.8 1 12 14

w%l.eﬂr. /w:fp-

Opropossd qppraceh

WprEN 962

IG5 VS0

@iEIAC2000

0.4

0.6 L&) 1

W;Illear/wfnxll
a) -1020S400; b) - 1925S8400; ¢) - 18365400
Figure 5.3 - Comparison of average values of crack width

Conclusions

An innovative design method for crack width control is proposed.
This method is based on modified «bond-slip» approach and allows to
assess transfer length /+ in accordance with proposed Eq.(3.1). The verifi-
cation of the proposed model shows good agreement with experimental
data, obtained in the own studies.
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Figure 5:1' = Comparison of distributions of deformations, received experimentally (1) and analytically (2), for the experimental specimen with following
characteristics — 18205400; et = 0,01; feem=2,7 Nimm?
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Figure 5.2 - Comparison of distributions of deformations, received experimentally (1) and analytically (2), for the experimental specimen with following

characteristics — 18255400; pest = 0,015; feym=2,47 N/mm2
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DRAHAN A.V. An innovative approach to crack width prediction of reinforced concrete elements
In article is presented an innovative design method for crack width‘contralx, This method is based on modified «bond-slip» approach and allows to
assess transfer length I, and crack width wy,,. The verification of the'proposed model shows good agreement with experimental data, obtained in the

own studies.
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NMPOEKTUPOBAHUE ®YHOAMEHTOB HA ECTECTBEHHOM OCHOBAHUA
(PACMNPEAENAOLLNX) COMNACHO EBPOKOAY 7

Beepenue. B 1975 rogy B EBponeiickom coobulectse (EC) 6bino
MPUHATO peLleHne o pa3paboTke HOBOW ‘€WHON EBPONENCKON CUCTEMBI
HOPM W MpaBuWi CTPOMTENBHOTO NPOEKTUPOBaHNs — EBPOKOAOB, KOTOpbIE
Ha nepeoM 3Tane Bbinu anbTepHATUBHLIMIA HOPMaMK, a 3aTEM 3aMEHNN
HaLMoHanbHble HopMbl. Mpu, 3TOM. BBOAUMNCH COOTBETCTBYlLME Ha-
LiMOHarbHbIe MPUNOXEHWS,YYUTLIBAIOLLME OCOBEHHOCTU MPOEKTUPOBa-
HWS B KaXO0M CTpaHe. HaljnoHarbHble NPUNOXeHUs coepxkar, rMaBHbIM
00pa3om, TOMbKO Te MOMOXEHS, KOTOPbIE OTHECEHBI K T. H. HaLMOHanb-
HoycTaHaBnMBaeMbIiM fapametpam (NDP). Llenblo 3ToOi mporpammbl
ObINO YCTPaHEHWE TEXAMYECKMX MPEnsTCTBUN B MEXAYHApPOLHOM CO-
TPyLHUYECTBE;, co3aaHie eanHoro HopmatusHoro nonst EC ans paboTsl
NPOEKTHBIX 1 CTPOUTENBHBIX PrpM.

HauvoHanbHast aganTaums EBpokogoB npemycmatpusana nybnuka-
LMo MOMHOFO TeKCTa C TUTYNbHLIM NucTom MoccTaHgapTa PB, ¢ Haumo-
HamnbHLIM BBEAEHNEM W MPUNOXKEHWEM, B KOTOPOM MEpeyncneHbl napa-
MeTpbl, M3MeHsieMble HaumoHanbHbIM npunoxednem (NDP) npumeHu-
TENBHO K re0TEXHUYECKOMY MpOeKTUpoBaHuio. B PB Obinv u3paHbl Hop-
MaTuBHble aokymeHTbl: CTE ISO 14688-1-2009, CTE ISO 14688-2-2009,

TKM EN 1997-1-2009, TKM EN 1997-2-2009. 3TMu 13aaHUaMK U 3a-
KOHYMMach rapMOHW3aLMs HaUMoHanbHbIX HOpM ¢ EBpokogom 7 npu
atoM, B TKIM 45-5.01-254-2012 HeT CCbINOK Ha BblleyKasaHHbIE LOKY-
MeHTbI. B cTaTbe paccMaTpuBaloTCs CTPYKTYpa, COAEPXAHWE W OCHOB-
Hble NoAxofbl, NPUHSTLIE B EBpoKoAe 7 N0 NPOEKTMPOBaHUIO (hyHAaMEH-
TOB Ha ECTECTBEHHOM OCHOBAHWM, M MPUBEAEHbI pesynbTaThl pacyeTa
OCHOBaHWI MO pa3HbIM Nogxonam, pekomeHaoeaHHbIM TKM EN 1997-1.
[e0TexHMYECKOE NPOEKTVPOBaHWE NpeayCMaTpyBaET onpeaeneHne u-
31KO-MEXaHUYECKVX XapaKTEPUCTUK W PACHETHOTO COMPOTWBMEHWS TPYHTOB
OCHOBaHMS Kak MaTepvana. BemmumHbl xapakTepucTuk rpyHTOB SBMSHOTCA
onpedensioLMA MpKU pacyeTe OCHOBaHUA W (pyHoameHToB. EBpokon 7
cocTouT 13 aByx yacteit: EN 1997 — 1. O61ume nonoxenus u EN 1997 — 2.
ViccnenoBaHust M ucnbiTaHus rpyHTOB. [NepBasi YacTb cocTouT U3 12 pas-
[ErnoB 1 9 NpunoxeHui1, BTopas — U3 6 pasaenos 1 24 NpuioXeHui.
[NonoxeHns EBpokoga 7, Kak U Bcex ApYrux KOHCTPYKLMOHHbIX EBpo-
KOZOB, NofpasfensoTcs Ha npuHumnbl (P) v npasuna. MpuHLMNGI — 310
GesanbTepHaTVBHbIE TPeOOBaHMS, KOTOPbIE AOIMKHBI ObITb BbIMONHEHbI B
npoekTe (Hamp. ocafka MeHbLUe AOMYCTUMON), NpaBuna — 310 Habop
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H020 mexHU4ecKo20 yHugepcumema.
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