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2 Foreword

Latest Design Code in European practice, EN192@04[1] requires concrete walls of complex
geometry to be verified as an integral units consisting of multiple rectangular parts. However,
directions how this should be achieved are not giverhimm $ame standard. To overcome this issue,
multiple papers and books regarding seismic design are consulted.

Goal of this study is to propose a solution viable in practice as to how should corgmflither
text referred to as CWof complexgeometrybe designed and conceptualized.

Usually in practice, constituent parts €W of complex geometry are designed separately,
neglecting their integral behavior. Stresses and strains obtained in such a way might fundamentally
differ from the actual behaviorfantegral concreteCW[2]. Since concret€Wusually control seismic
/ lateral behavior of the structure, it is of great importance to capture theffects as closely as
L2aaArof So | adz f LIN} OGAOS 2F aGaRSaAdIyAy3da 2y (KS
paradoxicallymight not be on safe side in case bbsestructural elements, sincexcessive flexural
reinforcementmight change the behavior of the structure from whose failure is controlled by bending
(ductile failure mechanisnmd the one whose failure is controlled by shéhrittle failure mechanism)

(2]

Although primary objective is to identify which portions of concré/need to be adequately
confined to achieve energy dissipation, comments will be given on design for shear, biaxial bending
and other misellaneous areas of interest. Therefore, following topics will be investigated

AchievingGobal andLocalDuctility Requirements
Design for Bixial Bending

Design for Shear

Special, Miscellaneous Design Considerations

=A =4 =4 =4

Although primary scope of this document is to define necessary algorithm to verify strength and
ductility demands of composite CW sections some minor comments will be made on the behavior of
software used to perform calculations. If reader is using sorheratoftware modeling aspects might
differ but the overall procedure stays the same.

Comments angbersonalopinionsby authoron many clauses of relevant technical literature and
proposaldor further investigatiorwill be given in blue italic font.

Shoudl this paper prove any worth whatsoever | would like to dedicate it to my best friend Nevena,
who | miss very much. Certainly, some mistakes have found their way to this paper, anyone willing to
contribute with opinions, suggestions, corrections, propdsalirther studies, cooperation, or by any
other mean is more than welcome to contact the author via:

1 pbajic92@gmail.com
I petar.a.bajic@gmail.com
1 Linkedin

To Nevenaforeverin loving memory

Bajs t Sd NJ
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3 Defining Material Properties

In this chapter focus will on the stresgain relationships of materials used in Ibstrength and
ductility verifications. Special modeling aspects of materials for structural analysis are briefly given in
Eurocode 2[3].

3.1 Unconfined Concrete

Stressc strain relationships for unconfined concrete are defined in accordance with ENE992
1:2004[3]. Parabolarectangle diagram foconcrete under compression will be used.

T
<2 Egz o

Figurel: Stress; Stain Diagramfor UnconfinedGoncreteln @mpressiorj3]

3.2 Confnhed Concrete

Stresg; strain relationships for confined concrete will be adopted from EN1B22004( 3], since
this is required by EN199B2004[1] in clause 5.4.3.2.2 IP}. However, in various literature, most
notably Fardis et al[2] it is stated that stresg strain relationships for confined concrete which are
given in Eurocode 1998:2005[4] are better representative of the behavior of confined concrete
under cyclic loadingnd is generally less conservatifdis will be shown in the following example

a1 = faxe Te

- unconfined

oz o = o)

0 & Lrae Eze &

Figure2: Stresg; Srain Diagramfor @nfinedConcretein @mpressiori3]



3.2.1 Parametric Analysis of Confining Effects in Euroc§8jald Eurocode fl]

There are number of different parameters that influence tlesel of lateral stress and
confinement in concrete sections. The most important are:

1 Geometry of confined area

1 Vertical and horizontal spacings of confining reinforcement
9 Diameter of confining reinforcement

1 Material properties (characteristic) strengtt materials

Expressions which show the value of lateral stresses exerted on confined concrete core may be
developed by observing necessary equilibrium of foingbe crosssectional plangwhich is whyall
the expressions are multiplied by the value eftical spacing of confining reinforcemens. Easiest
example is to consider circular section as shown below.

v
o

v

Figure 722 Stress pattern for the decermination of the confinement degree (o) as a function of the
mechanical percentage (m,) of spiral confinement on concrete strength ().

Figure3: Equilibrium of forces in the cressctional plang5]
R S 7~ G

” ” O 90’[) (32)

It is obvious that due to rotational symmetry equilibrium of forces in thdirection is
identically satisfied. Thereforenly the equilibrium of forcem the X directions is considered:



O 1Y ., 1 Qacg o Q (33)

Following transformationsnay be used to simplify equatiqB.3)

~ o o . .. fo e oo
” ., Al% Qo < OEY% OE1% Q% Al p

.0 ...
O Tme . Al%i < OKI% ¢ 0 Q
o T ...
0 e, i < Al Q% c & "Q (34)
o
0 My, i~ OBE_ ¢80 (35)
. 3.6
BO my, i O ¢co0 "Q (36)
C o Q 37)
” )

For further simplification of equations volumetric percentage and the mechanical volumetric
percentage of confining reinforcement are defined:

” O “ ’O
P, . (3.8)
? O |
» 2 (3.9
‘ ) |
1 To Q (3.10)
i O "Q
It can be observed that:
1 C (3.11)
o
And finally:
@ 0 (312

Since there confining reinforcement (usually stirrups or hoops) are not pkjadent to each
other and have some vertical spacilageral pressure will differ across the length of the member. To
account for this lateral pressure is modified by the coefficienivhich takes into the account

irregularities in exerted lateral pressiin cross sectional plafie and across members length Final
expression for lateral pressure is therefore given as

w1 o (3.13)



exteriorsurface
(a) (b)

Fig. 3.12 Confined and unconfined parts over the cross-section and along a member with: (a)
circular section and circular hoops; or (b) square section and multiple ties

Figure4: Irregularities irBxertedLateral Pressure orConfinedConcrete[2]

In general, section of CW are usually rectangulars@me modification to the previous
equations must be made to account for changes in geometry. In most cases volumetric percentages
of confining reinforcement will differ in two orthogonal directions, hence different values of confining
lateral pressure arexerted on concrete. In this study approach by Fardis et ali. will be foll¢2yed
This requires definition of fictive volumetric percentage of confining reinforcement as:

0

5
” X Qe X Qé——h—— 14
¢ Qe N ¢ a s,,Q = (3.19)

Equation(3.14) is then used in expressiofz12) and(3.13).

e Dls Do o oo oo il )

y.c

le—g, . —les

b,
b

Figure5: ConfiningReinforcement in X directiofBold Red Lines)
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Figure6: ConfiningReinforcement in Wirection Bold RedLines)

Eurocode 23] provides following expressions to calculate influence of the lateral pressure on
enhancing material properties of concrete:

Q v —nh , MWLQ

Q4 P Q (3.15)
W PP C LD Eﬁ ,  TBILQ

- e - %3 (3.16)

- 8 - LS E (3.17)

On the other side Eurocode-3[4] provides following expressions to calculate influence of
the lateral pressure on enhancing material properties of concrete:

»n 8

. . TQ 3.18
Qs 0 p & —qg 19
Qg (3.19)

- p v 0 p

7 Q
L, WinT® ————— (320

Qg

Differences in obtained results via those two sets of equations are significant. Equations
adopted by Eurocode [B] and later Eurocode-& [1] are often criticized as overly conservatizg,
alternative approach given by Eurocode3 &nd[2] show much better effects of confinemewin
concrete properties. This most easily observed graphically and will be shown below.

Length ® W Tad
Width Q @ naa
Cover W o0a
Flexural RFT % ¢ O &




Spacing of flexural RFT i i p TaTA
Confining RFT %o it &
Vertical spacing of confining RFT i p maia
Spacing of confined flexural RFT ig 1 g ¢ma
Concrete class C50/60
Reinforcement B500 B

Tablel: SectiorPropertiesUsed inPparametricAnalysis

Concrete Properties
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Strain-¥ [mm/m]

_____ 2mm/m ====-3.5mm/m

UC - EC2 - [G—— CC - EC2 - [C]
CC - EC8 - [G}---- Limit CC - EG2---- Limit CC - EC8

Figure7: Effects ofConfinement Accordinip Eurocode 2 and Eurocoddl §CEECZ; [C]) and Eurocode-8 (CEECE; [C])

It is obvious that Eurocode-8 shows vastly superior effects of enhancement of mechanical
properties than its counterpart Eurocodel8 Ultimate strain i§5% higher in this case!

Following notes must be made in this chapter:

1 When calculating characteristic values of confined concrete, characteristic values of
unconfined concrete and rebar yield strength are used. Only after obtaining characteristic
values of confined concrete partial safety coefficients are used to obtaigndesength of
confined concret§b]

9 Stressstrain diagram of confined concrete setsof used equations (either frofurocode?
or Eurocode 8) are adopted as a parabolic up to the peak stress and aftelsvas linearly
monotonically descending branch until reaching the ultimate strain, where the stress is
adopted as 85% of peak stress. This is done to avoid numerical issues where in case of high
confinement ratios, stress which corresponds to the ultingtain would become tensile
stress.[6]. Modeling of concrete after reaching its peakess as a linearly descending until
reaching its ultimate strain is fairly common method with referencd8jin
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Figure8: Numericalnstability In Case ff High Confinement Eff¢g}s

Author proposes followingStressstrain relationships for confined concrete frdd] may be
adopted infurk SNJ LJF N} YSGOGNRO addzRASa G2 S@OFfdzr S AdGa dza:
of new concrete structures. Papdid and [6] point to the same conclusion oktber enhancing
properties if equations frorf#] are used.
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3.3 Reinforcing Steel

Ideally perfect elastoplastic stregsstrain relationship for reinforcing steel, with steel hardening
will be adopted from EN1992-1:2004[3]. Two cases will be evaluated, in first case (WOH) steel
without hardening will be used and in the second numerical example siéelstrain hardening will

be used (WH).

G
)
e
AT = -~k Vs GE
foc-=---- r- -- :
;4/—7/?- :
mfyd= fyhf}"s 31 . 1 1 T -
E / § | k= (/fy)
i dealised
Design
! ‘e “e
fyd./Es é‘ud Euk
Figurell: StressSrain Relationshipfor ReinforcingSeel [3]
Reinforcement Properties

600,00

400,00
i~ 200,00
o
=
’ 0,00
-§0,00 -40,00 -30,00 -20,00 -10,00 0,00 10,00 20,00 30,00 40,00 50,00
7 -200,00

-400,00

-600,00

Strain- & [mm/m]

——RFT - Without Hardening [B}—RFT - Without Hardening [C]
RFT - With Hardening [D] RFT - With Hardening [C]

Figurel2: StressStrainRelationship$or Reinforcing Steel
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4 Achieving Global and Local Ductility Requirements

4.1 Demandvalue ofCurvature Ductility

This verification will be based on achieving sufficient curvature ductility, by comparing required
curvature ductility with one that can be achieved by proper detailing and which is obtained by section
analysis rather than one obtained by seemipirical mehods given in Design Cofid.

Required curvature ductility is given in Design Cddi€5.2.3.4)via equatiors:

5
Ccd g pRW Y (4.

‘ , D Yoy o 4.2)
P CONTZ— p Iy QO Y
Design Cod¢l] states that "Y is the fundamental period of the building taken withthe
vertical plane in which bending takes place. Howe¥&W in reality will be subjected to biaxial
bending, furthermore in many cases some of the higher modal shapes will probably be tqraiwhal
this only increases complexity of this clause of Eade, since it usuallys 2 y & (clear which
fundamental period most closely corresponds to the plane in which resulting moment in case of biaxial

bending takes place.

Author proposes following o stay on safe sid& in further text referred to aSY should in fact be:

1 1sfundamental period of the structure if this value is higher ti#n
1 Either 3 fundamental period of the structure, either first one which corresponds to torsional
modal shape, whichever results in larger value of required curvature ductility.

Also referencen book published by professor Farigge 453¢an be found on the influence
of the value of wall overstrength factor which lowers curvature ductility factor.

a kh ductile walls designed according to Eurocode 8 the lateral force resistaree the
guantity directly related to the -factor ¢ depends only on the moment capacity of the base section.
The wall overstrength is the ratiodM eq ¢ where Megis the bending moment at the base from the
analysis for the design seismic action andqfihe designvalue of moment resistancender the
O2NNB&LRYRAYI FEAILE FT2NDOS FNRBY &KhS baseyofiridisidual a @ 9 dz)
ductile walls sing in Egs. (5.2) the value gfdivided by the minimum value of the walkliM eqq ratio
among all combinations of the design seismic action with the concurrent gravity loads. It would had
been more representative albeit less conveniengto use inst¢ R KS rMNIJ é AWih bptha
summations extending to all the walls in the syste[2]

Author proposes followindf one is to consider CW as an integral unit, its slenderness defined as the

ratio of it its height to its longest dimension in the plane view and reducing internal forces to the section
OSYUuNRBARE AlG OFy 0SS aSSy (KIddy @S ovStréfiiSy (a8 NI
which is allowed for single shear walls should not be allowed for integral sections to stay on the safe
side.This approach will be followed in numerical examples in this paper.
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4.2 Supplyalue of Curvature Ductility

Availalde curvature ductility factor of concret€Wcan be expressed as a ratio of posimate
curvature which corresponds to 85% of Ultimate Moment Resistfj¢c#rqdivided ty the curvature
which corresponds to the yielding of core section. However, this-pltishate curvature, will be
plotted on a heavily degraded part of the® OdzNIISZ KSy OS | dzi K2 NJ LINR LJ2 &4 SF

Author proposes followingDue touncertainties in software and other computational tools in
defining postultimate behavior of sections, advice is to take value of curvature which corresponds to

section capacity, since this is on safe side.

ultimate curvature
x10 3 Curvature
400
360 J—
l_.-4"
85% of My, —20 ff'
280 |'I
240 || =
] ]
20073 | 3
|I -
160
F
120
80
40 — /
__\_'_——_\___ {)‘
IlIIIIIbIlIIIllIIiIIIIbllllIllllllllllblllbllllll
080 160 240 320 400 480 560 640 720 800x10-3
Select Type of Graph Moment-Curvature W
Specify Scales/Headings... (2,077E-03 , 349691,25 )

Figurel3: DefinitionsOf Ultimate and PostUltimate SectionQurvature

, @.3)

Verdict whether sufficient curvature ductility is achieved will be done by compariiigy ra
between equation4.3) and equation(4.1) or (4.2) , whichever applies.

‘ 8 (4.4)

8
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4.3 Calculatingsupply Value of Section Curvature

Due to complex geometry use of computational tools is unavoidable. Of course, desidragm
spreadsheets is significantly better option, however this requires significantly more time and effort on
the side of the designer, so commercial software (2AP221.2.0) will be utilized in this study. Other
computational tools such are NOUS, FAGUS or CSi ETABS, etc might also be utilized.

Coreassumption in this study is that sections are remaining plane so that Bernoulli Hypothesis
is applicableand analysis with linear distributions of strains across whole concrete core is viable
Special case for considering shear lag effects is described in Ch&itear Lag Effects in Core Walls

For reasons which will be covered in more detail in the followsrggraphstwo separate models
of concreteCWmust be utilized. One which has full concrete section, where concrete cover has not
spalled and has chacteristics of unconfined concrete, and the other where concrete cover has
spalledbut, in those zoneg;onfined concrete ifully activated.

Namely SAP2000 v21.2.0 indeed have the ability to automatically calculate characteristics of
confined concrete, bwever it is limited in its abilities. It can only work with equations developed by
Mander and it can only calculate confinement effects in sections of fairly simple geogatoular
sections or simple rectanglebhis severely complicates modeling asigefor local analysis and one of
the ways to overcome this issue is for the designer to manually input sitegia plots for constituent
materials. This also gives designer more of a sense what is actually being calculated so the additional
benefitisK | G aof | Ol 02E¢é¢ | aLSOG 2F &a2Fi6FNB A& az2YSo6KI
required.

Having in mind what is previously stated designer when using SAP2000 v21.2.0 must make two
different models of CW, one where unconfined concrpteperties are utilized and the other one
where confined concrete parameters are considerédso, it is important to have in mind that
Eurocode 2 explicitly demands its constitutive relations for materials to be used rather than relations
proposed by Mander.

Certanly, other software or other version of SAP2000 might treat modeling aspects differently
and this somewhat cumbersome procedure might not be necessary. However as to this day author is
not aware of a simpler method.
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*NOTE Zones whergartition thinner partition walls intersect with maiwalls have not been
confined as it is expected that on these areas, strains in congréte/sQrpass value of ultimate
concrete strairfior unconfined concretdEngineering judgment should be made wteniding to which
zones this might be applicable
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Figurel6: Geometry of the CW used in numerical example

This paper will also investigate what results are obtairfi¢lde portions of CW are treated as
completely independent shear walls, hence confined zones will be determined as a minimally
geometrically required for independent shear walls.

Walls WR032 and WR0O®3 are located somewhat close to the assumed locatibneutral axis and

as such are not expected to be significantly engaged in lateral resistance. Also, if on their edges
ultimate strains are higher than those for unconfined concrete that would lead to the conclusion that
limit strains are exceeded alotige whole length of walls WR@3 and WR0®6 which is absurd.

18



Henceforth, for all intents and purposéisese segmentsvill be considered as secondary
seismic members in local analysis.

a0 130 90
WR03-04; W60
S S
z s
g R03=03: W20 E
S &
= o
= =
WR03-02: W20
WR03-01: W60
a0 130 . a0

Figurel7: ConfinecElements Determirteas Constituent Portions 6Ware Independent Shear Walls

19



IngeneralSI OK 2F G(GKS GAYRSLISYRSyi(Gé¢ 0O2yaiAaiddsSyi

confined area and henceforth different material properties of confined concrete. To overcome this
isste, confining effects will be calculated for each confined portion of the section, but finally the
minimal beneficial effects will be assigned for every confined element as this is on the safe side and
significantly ease the calculation. Since Eurocodeg8iresequations from Eurocode 2 to be used to
calculate enhancing properties this approach will be followed despite what is shown in CB2pler

General data added in numerical example:

9 T25/100 in confinement zones, TI1&Oin unconfined zonesB5008except for portions whit
200mm thickness where reinforcement is T12/200)
9 T8/100 as confinement reinforcemegtB500B
M C50/60 as base concrete material
1 Fundamental behavior factorg2
9 Fundamental period of the structure=Bs
9 Corner period at the upper limit of the constant acceleration region of the elastic spectrum
T=0.5s
Design StressStrain Plot

70,00

60,00

50,00
- ——WR03-01
% 40,00 WR03-04
5 30,00 WR03-05T
o WR03-05B
= 20,00
N WRO03-06T

10,00 WR03-06B

0,00

-2,00 0,00 2,00 4,00 6,00 8,00 10,00 12,00

-10,00

Strain- & [mm/m]

Figurel8: Design StresStrainPlot for Constituent Confined Concrete Elements

In this particular example it is obvious thainfining effects are similar for every constituent

confined element hence the inherent error of simplification will not be significant.

The minimal effects are obtained for the constituent portion designated as \WFJ&nd

these valuewill be used in local analysis.
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Material properties which will be utilized in numerical example are as follows:

TF T T TR
|csomchz-rd |Cmru'ete |Isdrup|c
x10 2 Strain (m/m) Plot Control Parameters
- Axial Curve Color B
[] show Shear Curve [
24, [¥] Add Left and Right Borders
20 [¥] Add Top and Bottom Borders
' = [¥] Reverse Piot Axes Direction
16, i [7] Disable Snap
12
a’ E
4.
0.
-4
-3. IIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIII|IIII|IIII|IIII
1. 05 0. 05 1. 15 2. 25 3 35 -4 xip 2
< [l * Units KN, m, C -

Mouse Pointer Location  Strain -3 554E-03 Stress | 31866.22

Figurel9: Desgn Stress3rain Curvefor UnconfinedConcrete C5@0

Material Name Material Type Symmetry Type
CS0/80 ECB - fd |Cuncmte |lsulmp|c
«in 3 Strain  (mim) Plot Control Parameters
%, Background _
12 Axial Curve Color
[] show Shear Curve |_
28, [] Add Left and Right Borders
o4 [+] Add Top and Bottom Borders
I - [+] Reverse Fiot Axes Direction
20, % [] Dizable Snap
16,
%

12, £

aI

4

0,

-4, [ | I [ B | | [ | | [ B | I [ | [ | I [ B | | [ | | [ B | I [

1,2 0, 12 24 35 -48 6, 72 -84 96 -108x10 -3

< [ Units KN, m, C w
Mouze Pointer Location Strain  |-9,624E-03 Stress |2?511 254

Figure20: DesignStress3rain Qurvefor WnfinedConcrete C5M0
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*Note: Stressstrain for confined concrete has been calculategarately for each rectangular
section. Since this is fairly simple task, it will be omitted from this document for the sake of. brevity
Length of confinement sections has been assumed to be the minimal geometrical value proposed by
EN19981:20041] for constituent rectangular sections. Minimal value of confinement enhancing
properties has been assigned to all confinement zones since this is on a safe side

Authors proposal Confinement enhancing properties for each confinement zone can be
calculated more precisely via procedures stated in paper Vuinovs [7], thist cAn be utilized as a
value engineering propasl to reduce material quantities.

3{_ Material Stress-5train Curve Plot *
File
Material Hame Material Type Symmetry Type
B500 - fd - WOH Rebar Uniaxial
xi0 3 Strain  (m/m) Plot Control Parameters
500, Background Auto w
-IDD_: Axial Curve Color .
E [] show Shear Curve
300, [] Add Left and Right Borders
ZDD: [] Add Top and Bottom Borders
I 2 - [[] Reverse Piot Axes Direction
100, g [] pisable Snap
0,2 =
- ]
] ]
-100, 5 ﬁ
-200, 5
-300, 5
-400, =
—SDDI L [ B | (BN | | [ | [ | | [ | [ BN | [ | [ | | (BN | [
-50, -40, 30, -20, 10, 0, 10, 20, 30, 40, 50, x10 -3
< > Units KN, m, C ~

Mouse Pointer Location Strain I:I Stress

Figure21: DesignStressrain Qurvefor ReinforcingSeel B500B; WCH
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13 Material Stress-Strain Curve Plot *
File
Material Name Material Type Symmetry Type
B500 - fd - WH Rebar Uniaxial
%10 3 Strain (mim) Plot Control Parameters
) S
400, Hodal Curve Color B
[] show Shear Curve |_
300, [] Add Left and Right Borders
200, [] Add Top and Bottom Borders
= [[] Reverse Plot Axes Direction
100, % [] Disable Snap
0|
2
-100, 5
-200,
=300,
-400,
-Sm, [ B B | [ [ [ I [ I [ | | [ | [ I [ I [ |
-50, , 230, -20, -10, 0, 10, 20, an, 40, 50, x10 -3
< > Units KN, m, C v
Mouse Pointer Location  Strain Stress |

Figure22: StressStrain Curve for Reinforcing Steel B5QORBH

*NOTE: For the sake of brevity explicit calculation will be shown for the case of steel without
hardening¢ WOH. In the case of reinforcement withegl hardening only numerical results will be

shown.
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4.3.1 Calculating Acting Forces on Concrete Q¢aé

Due to use of separate software for global analysis (Radimpex Tower) and local analysis

(SAP2000) it is necessary to transform forces from one softwea@adther which is the focus of this

chapter. This procedure in some form is necessary even if only one software is used, i.e. SAP2000, and
designer should minthe assigned directions of local pier axes regardless of which software is used.

From the FEAmalysis it is fairly easy to obtain resultant forces acting on the concrete core, by
reducing all of the forces from the constituent wall elements to the centroid of concrete core. Usually,

SRSS method of combining seismic forces is applied. This hamptivation that it is not usually clear
which obtained triplets of acting forces {M-My) are concurrent. To be on safe side design must be

done¥2NJ GKS Y2ail

corresponding acting angles can be derived:

dzy ¥l 92N> 0f S O2YoAylGAz2Yy
represents whole concrete core as an integral unit, following resultant bending moments and their

27

*Note that moment sigs / positive local coordinate axes of pier might diffecaseto-casebasis.
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Figure23: Resultant Momen@orrespondingo @mbinationff Max M, and Max Mg
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Figure24: Resultant Momen@orrespondingo @mbinationof Max M, and Min Ms
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Figure25: Resultant Momen@orrespondingo @mbinationof Min M, and Min Mz
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M4.Ed
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Figure26: Resultant Momen@orrespondingo @mbinationof Min Mz and Max Ms

FEM Analysis
M2.max M2.min M3.max M3 min
[kNm] | [kNm] | [kNm] | [kNm]
16500 -31000 138000 -99500
Axial ForcdkN]
Nracc | -55000 | Nminc | -4000
Calculation
M1 M2 Ms Ma
[KNm] | [KNm] | [KNm] | [KNm]
1 2 3 4
[°] [°] [°] [°]
SAP2000
M1 ed M2.eq Ms.eq Ma.ed
[kNm] | [kNm] | [kNm] | [kNm]
139000 101000 105000 142000
1 2 3 4
[°] [°] [°] [°]
6,82 170,58 197,30 347,34

26



Table2: ActionValueswhich Will Be Useith NumericalExample

In general procedure must be followddr each corresponding resulting moment and its
attacking angle. Also. it must be noted that procedure must be followed separately for the maximum
value of compression force for the concrete core (on safe side for verifying local and global ductility
demands) and for the maximal value of resultant axial tension, or minimal axial compression since this
will be on safe side for the design for biaxial bending. Numerical example will show calculation in detail
for just one of the resultant bending moments aode value of axial force in concrete core, since all
of the steps for other attacking angles and moments are repetitive.

Figure28: Determinationof GonfinementZonesto Achieve ®bal Ductility of Goncrete CW[5]
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4.3.2 Calculating Curvature on the Onset of Yielding

To determine this criterion, one of the following conditions must be mit;archicallyeither
of the following[2] :

9 Strain in reinforcing steel reaches the valuesgf(in general this equals 2.175mm/m for
common reinforcing steel B500B or B50@x),

1 For sections with signifimt amount of reinforcementstrains in compressed concrete
reach characteristic value bf

-4 pR=— (4.5)

Unless concret€Wis severely overdesigned with flexural reinforcement, or lower classes of
concrete are utilized, this criterion is not expected to be reached before reinforcing steel starts to
yield.

| dzii K 2 N & : JdoeR iskEndafelsileanyien designing for légiobal curvature ductility
to specify onset of yielding as late as possibie safe to calculate equati@a.5) without using partial
safety coefficients for materials.

This verification is done on a model of a concrete core without spalling of concrete and with
the characteristics of the unconfined concrete only

Figure29: Modelof GoncreteCWto Determine Grvatureon the hsetof Yielding
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Algorithmadopted from[2] can be shown below:

Look for a value of a strain in reinforcing steel,

and monitor the value of strain in compressed concrete, is:

Yes |¢—— L No
\ 4 l
Read the value of curvature Search for a yalue
H, from SAP2000 Section when-  —"—
Designer Module

END l

Read the value of curvature
H, from SAP2000 Section
Designer Module

END
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Figure30: CSBAP2000 Section Designer User Interface

Moment Curvature Curve (Limits: P(comp.) = -308636.024, P(ten.) = 43750.481)
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Figure31: Curvatureon the nsetof Yieldingof GoncreteCW
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Forthis resultant bending moment and its corresponding attacking angle reinforcement steel

yields before significant nonlinear strains in compressed concrete are developed. Value of curvature

on the onset of yielding which can be read is:

‘ TR MP T IdQ

4.3.2.1 Curvature on thénset of Yieldingith Reinforcement witbteel HardeningWH

‘ TSTwPpmi OQ

It can be observed that curvatures on the onset of yielding are fairly similar.
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4.3.3 Calculating Ultimate Curvature of Concrete Core

Failure of section might occur either on unconfined or confined concrete section. Following
procedures- failure criteria and its corresponding models of concrete core are sobyedhe
descending order of governance, where first one to be reached is taken to be the governing:

I Reinforcement steel reaches its ultimate rupture strain (for unconfined concrete section)
Il Concrete reaches its ultimate strain (for unconfined concreteigejt

Figure32: ConcreteCWModelUsedto VerifyULS CriteriaAndll

Il Steel Reinforcement reaches its ultimate rupture strain (for confined concrete section)
IV Concrete reaches its ultimate strain (for confined concrete section)

Figure33: ConcreteCWModelUsedto VerifyULS Criteria lAnd IV
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Algorithm adopted fronj2] can be shown below:

/

-

and monitor the value of strain in compresseaghcrete, is:

PROCEDURE |

Start with unconfined model of concrete core. Look for a value of a strain in reinforcingste

~

)

YES |[¢——

Y

\_

Read the value of curvatutd, tand
corresponding moment capacityrd
from SAP2000 Section Designer
Module

END

)

Kresistance are /

4 o)

Follow PROCEDURE

Note: In most casdhis
implies that all the
remaining procedures
need to be checkec
simultaneously before
conclusion can be give
as to what ultimate
curvature and moment

Figure34: Procedure | For Determining Ultimate Curvature and Moment Resistance
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-

PROCEDURE I

Start with the model ofinconfined
core

Look for a value of

)

-

.

\
Read the value of curvatuid, “and

corresponding moment capacityird'
from SAP2000 Section Designer

4 )

Start with the model of theonfined
core

PROCEDURE IV

Look for a value of

- “h

\
Read the value of curvatuid, “and

corresponding moment capacityird”
from SAP2000 Section Designer

. J

-

Module Module
2N /
Compare the values of
moment capacity from
—»| procedureslland IV, | ——

Is?

NO

Hp Hp L bnd MreM RJI
END

l

Mgrd¥>0 .8Mgd'

YES

Follow PROCEDURE llI

Figure35: Procedures Il and IV to Calculate Ultimate Curvature and Moment Capacity Of Concrete Core

*NOTE: Those procedures are performed simultaneouslpniditferent models of concrete

Cw!
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Reason for why these two procedures are checked simultaneously is given in Faridig] et ali
& 4 thiZ condition is metyrdY>0.8-M:d, (1 KSYy (G KS O2yUySR O2NB 2F (KS
of the concrete shell around it. It ultimately fails either by rupture of the tension reinforcement or by
RA&AAYGSAINI GA2Y 2F GKS SEGNGY¥S O2YLINBaarzy U6 NB

PROCEDURIE |
Start with confined model of concrete core. Look for a value of a strain in reinforcing steel

and monitor the value of strain in compressed concrete core, is:

YES |[¢—— —> NO

i |

Ho H, © “dndMrEMed"
END

Ho H, “Tand MreMadY
END

Figure36: Procedures lll to Calculate Ultimate Curvature and Moment Capacity of Concrete CW

*Note that for PROCEDURE IV sometinagslyeven in the case of a model of a concrete core
with spalled concrete cover, unconfined concrete might fail before ultimate strain is reached in the
extreme fibeof confined concrete, leading to the conclusion that confinement zone is underestimated
in itslength. This would be reflected on a momentvature curve which is significantly degraded on
area which corresponds to strain in concrete - g.
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Moment Curvature Curve (Limits: P(comp.) = -308636.024, P(ten.) = 49750.481)
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Figure37: NumericaBxample: Verification oftrainsfor Procedures And 11

It can be deduced that unconfined concrete cafe? y f@iliiby the rupture of tension
reinforcement and hence fore failure mechanisms of procedures Il, 11l IV must be checked.

‘ PP i 00

0 oypydey d
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Moment Curvature Curve (Limits: P(comp.) = -300839.082, P(ten.) = 49537.003)
Curves
Curvature Strain Diagram
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Figure38 Numerical Example: Verification of Strains for Procedures Il and IV
Following conclusionsan be made from this check.

T wSAYy T2 NDA yial byanipters for thée Bagedficonfined concrete core
‘ PP M i 0wQ
0 o X Y ydfo a

By comparing values from procedures Il and IV finally moment resistance and ultimate
curvature can be calculated

0 oyp iy m@d @0 X P Y@lud o o TT@OY

c:
C

o X WydRo a

‘ ‘ PP T i 0wQ

Figure39: UnconfineddoncreteReachests Ultimate Srain OutsideGonfinementZone¢ Srain Plot
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Finally, value of curvature ductility can be calculated as:

‘ PROP T ©OQ

B C Tzﬁ)na)n‘ld)’QT&w

For the numerical examplealue of behavior factorg2 and the fundamental period is=Bs

Therefore, required curvature is:

‘8 ¢ pPd X p P 1B

Utility ratio for global ductility is:

8 ® T
‘8 - QU]
Steps need to be repeated for other values of attacking angle, however it is obvious that

sufficient curvature ductilitjust barelyachieved and some changes in detailing need to be done. What
are possible and optimadteps to mitigate this issue?

wTibpnomnb

First, one can observe that attacking angles of resulting moments for this case are close to 0
or 180 degrees, refer tbable2. This implies that in all cases bulk of compressive strains will be indeed
carried by the outermost constituent parts of concrete core. Also, it is obvious fromegudts that
confinement zones are not fully utilized since the failure is ultimately achieved by the failing of
concrete outside confinement area. Obvious solution is to design whole outermost flanges as
confinement zones! Furthermore, it can be observéitht values of transverse, confining
reinforcement can be decreased as it is not necessary to increase the value of ultimate strain of
confined concrete, rather just to expand confinement zone. Current available value of ultimate strain
of confined concré S (W AFa57¥ YK YEZ GKAETS GKS @I f dzS.BK/mOF Yy 0S5

Moment Curvature Curve (Limits: P{comp.) = -300839.082, P(ten.) = 49537.003)
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Figure40: MaximalValueof Available Straiin Confined Concrete
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