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2 Foreword 
 

Latest Design Code in European practice, EN1998-1:2004 [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 given in the same 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 core walls, in further 

text referred to as CW, of complex geometry be designed and conceptualized.  

Usually in practice, constituent parts of CW of complex geometry are designed separately, 

neglecting their integral behavior. Stresses and strains obtained in such a way might fundamentally 

differ from the actual behavior of integral concrete CW [2]. Since concrete CW usually control seismic 

/ lateral behavior of the structure, it is of great importance to capture those effects as closely as 

ǇƻǎǎƛōƭŜΦ ¦ǎǳŀƭ ǇǊŀŎǘƛŎŜ ƻŦ άŘŜǎƛƎƴƛƴƎ ƻƴ ǘƘŜ ǎŀŦŜ ǎƛŘŜέΣ ŀǘ ƭŜŀǎǘ ŦƻǊ ŦƭŜȄǳǊŀƭ ǊŜƛƴŦƻǊŎŜƳŜƴǘ 

paradoxically might not be on safe side in case of those structural elements, since excessive flexural 

reinforcement might change the behavior of the structure from whose failure is controlled by bending 

(ductile failure mechanism) to the one whose failure is controlled by shear (brittle failure mechanism). 

[2]  

Although primary objective is to identify which portions of concrete CW need to be adequately 

confined to achieve energy dissipation, comments will be given on design for shear, biaxial bending 

and other miscellaneous areas of interest. Therefore, following topics will be investigated 

¶ Achieving Global and Local Ductility Requirements: 

¶ Design for Biaxial Bending 

¶ Design for Shear 

¶ Special, Miscellaneous Design Considerations 

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 some other software modeling aspects might 

differ but the overall procedure stays the same. 

Comments and personal opinions by author on many clauses of relevant technical literature and 

proposals for further investigation will be given in blue italic font.  

Should this paper prove any worth whatsoever I would like to dedicate it to my best friend Nevena, 

who I miss very much. Certainly, some mistakes have found their way to this paper, anyone willing to 

contribute with opinions, suggestions, corrections, proposals for further studies, cooperation, or by any 

other mean is more than welcome to contact the author via: 

¶ pbajic92@gmail.com 

¶ petar.a.bajic@gmail.com 

¶ Linkedin 

 

To Nevena, forever in loving memory 

Bajiŏ tŜǘŀǊ 

mailto:pbajic92@gmail.com
mailto:pbajic92@gmail.com
mailto:petar.a.bajic@gmail.com
https://www.linkedin.com/in/bajic-petar/
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3 Defining Material Properties 
 

In this chapter focus will on the stress-strain relationships of materials used in local strength and 

ductility verifications. Special modeling aspects of materials for structural analysis are briefly given in 

Eurocode 2  [3].  

3.1 Unconfined Concrete 

 

Stress ς strain relationships for unconfined concrete are defined in accordance with EN1992-1-

1:2004 [3]. Parabola-rectangle diagram for concrete under compression will be used. 

 

Figure 1: Stress ς Strain Diagram for Unconfined Concrete In Compression [3] 

 

3.2 Confined Concrete 

 

Stress ς strain relationships for confined concrete will be adopted from EN1992-1-1:2004 [3], since 

this is required by EN1998-1:2004 [1] in clause 5.4.3.2.2 7(P). However, in various literature, most 

notably Fardis et ali, [2] it is stated that stress ς strain relationships for confined concrete which are 

given in Eurocode 1998-3:2005 [4] are better representative of the behavior of confined concrete 

under cyclic loading and is generally less conservative. This will be shown in the following example 

 

Figure 2: Stress ς Strain Diagram for Confined Concrete in Compression [3] 
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3.2.1 Parametric Analysis of Confining Effects in Eurocode 2 [3] and Eurocode 8 [1] 

 

There are number of different parameters that influence the level of lateral stress and 

confinement in concrete sections. The most important are: 

¶ Geometry of confined area 

¶ Vertical and horizontal spacings of confining reinforcement 

¶ Diameter of  confining reinforcement 

¶ Material properties (characteristic) strength of materials 

Expressions which show the value of lateral stresses exerted on confined concrete core may be 

developed by observing necessary equilibrium of forces in the cross-sectional plane, which is why all 

the expressions are multiplied by the value of vertical spacing of confining reinforcement - s. Easiest 

example is to consider circular section as shown below. 

 

Figure 3: Equilibrium of forces in the cross-sectional plane [5] 

 „ „ ÃÏÓ‰ 
(3.1) 

 
„ „ ÓÉÎ‰ (3.2) 

It is obvious that due to rotational symmetry equilibrium of forces in the Y direction is 

identically satisfied. Therefore, only the equilibrium of forces in the X directions is considered: 
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 Ὂ πᵾ „ ίὨὰςὃ Ὢ  
(3.3) 

Following transformations may be used to simplify equation (3.3)  

 „ „ ÃÏÓ‰ ᷈ Ὠὰ
Ὀ

ς
ÓÉÎὨ‰ ᷈ ÓÉÎὨ‰ Ὠ‰ ᷈ ÃÏÓὨ‰ ρ  

 Ὂ πᵾ „ ÃÏÓ‰ ί
Ὀ

ς
ÓÉÎὨ‰ ςὃ Ὢ   

 
Ὂ πᵾ„ ί

Ὀ

ς
ÃÏÓ‰ Ὠ‰ ςὃ Ὢ  

(3.4) 

 
Ὂ πᵾ„ ί

Ὀ

ς
ÓÉÎ‰ȿ ςὃ Ὢ  

(3.5) 

 
ВὊ πᵾ„ ίὈ ςὃ Ὢ   

(3.6) 

 
„
ςὃ Ὢ

ίὈ
 

(3.7) 

For further simplification of equations volumetric percentage and the mechanical volumetric 

percentage of confining reinforcement are defined: 

 ”
ὃ “ Ὀ

ρ
τὈ “ ί

 
(3.8) 

  ”
Ὢ

Ὢ
 (3.9) 

 


τὃ

ίὈ

Ὢ

Ὢ
 

(3.10) 

It can be observed that: 

 
ς„

Ὢ
 

(3.11) 

And finally: 

 „ πȢυ Ὢ  
(3.12) 

Since there confining reinforcement (usually stirrups or hoops) are not placed adjacent to each 

other and have some vertical spacing lateral pressure will differ across the length of the member. To 

account for this lateral pressure is modified by the coefficient  h which takes into the account 

irregularities in exerted lateral pressure in cross sectional plane hn and across members length hs. Final 

expression for lateral pressure is therefore given as: 

 „  πȢυ Ὢ  
(3.13) 
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Figure 4: Irregularities in Exerted Lateral Pressure on Confined Concrete [2] 

In general, section of CW are usually rectangular so some 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 are exerted on concrete. In this study approach by Fardis et ali. will be followed [2]. 

This requires definition of fictive volumetric percentage of confining reinforcement as:  

 
” ςάὭὲ ”Ƞ” ςάὭὲ

ὃ

Ὤ
ȟ
ὃ

ὦ
 (3.14) 

 Equation (3.14) is then used in expressions (3.12) and (3.13).  

 

Figure 5: Confining Reinforcement in X direction (Bold Red Lines) 
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Figure 6: Confining Reinforcement in Y Direction (Bold Red Lines) 

Eurocode 2 [3] provides following expressions to calculate influence of the lateral pressure on 

enhancing material properties of concrete: 

 

Ὢ Ȣ

Ὢ ρ υ
„

Ὢ
ȟ „ πȢπυὪ

Ὢ ρȢρςυςȢυ
„

Ὢ
ȟ „ πȢπυὪ  

 
(3.15) 

 
‐ Ȣ ‐

ὪȢ

Ὢ
 (3.16) 

 ‐ Ȣ ‐ πȢς
„

Ὢ
 (3.17) 

On the other side Eurocode 8-3 [4] provides following expressions to calculate influence of 

the lateral pressure on enhancing material properties of concrete: 

 
ὪȢ Ὢ ρ σȢχ

 ” Ὢ

Ὢ

Ȣ

 
(3.18) 

 
‐ Ȣ ‐ ρ υ

ὪȢ

Ὢ
ρ  (3.19) 

 
‐ Ȣ πȢππτπȢυ

 ” Ὢ

ὪȢ
 (3.20) 

Differences in obtained results via those two sets of equations are significant. Equations 

adopted by Eurocode 2 [3] and later Eurocode 8-1 [1] are often criticized as overly conservative [2], 

alternative approach given by Eurocode 8-3 and [2] show much better effects of confinement on 

concrete properties. This is most easily observed graphically and will be shown below.  

Length ὦ ωππάά 

Width Ὤ φππάά 

Cover ὥ συάά 

Flexural RFT ‰ ςυάά 
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Spacing of flexural RFT ί ί ρππάά 

Confining RFT ‰ ψάά 

Vertical spacing of confining RFT ί ρππάά 

Spacing of confined flexural RFT ίȢ ίȢ ςππάά 

Concrete class C50/60 

Reinforcement B500 B 

Table 1: Section Properties Used in Pparametric Analysis 

  

Figure 7: Effects of Confinement According to Eurocode 2 and Eurocode 8-1 (CC-EC2 ς [C]) and Eurocode 8-3 (CC-EC8 ς [C]) 

It is obvious that Eurocode 8-3 shows vastly superior effects of enhancement of mechanical 

properties than its counterpart Eurocode 8-1. Ultimate strain is 75% higher in this case! 

 Following notes must be made in this chapter: 

¶ 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 obtain design strength of 

confined concrete [5] 

¶ Stress-strain diagram of confined concrete in sets of used equations (either from Eurocode 2 

or Eurocode 8-3) are adopted as a parabolic up to the peak stress and afterwards as 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 ultimate strain would become tensile 

stress. [6]. Modeling of concrete after reaching its peak stress as a linearly descending until 

reaching its ultimate strain is fairly common method with references in [5]. 
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Figure 8: Numerical Instability In Case ff High Confinement Effects [6] 

Author proposes following: Stress-strain relationships for confined concrete from [4] may be 

adopted in furtƘŜǊ ǇŀǊŀƳŜǘǊƛŎ ǎǘǳŘƛŜǎ ǘƻ ŜǾŀƭǳŀǘŜ ƛǘǎ ǳǎŜ ŀǎ ŀ άǾŀƭǳŜ ŜƴƎƛƴŜŜǊƛƴƎέ ƳŜŀǎǳǊŜ ƛƴ ŘŜǎƛƎƴ 

of new concrete structures. Papers [7] and [6] point to the same conclusion of better enhancing 

properties if equations from [4] are used. 

 

Figure 9: ̀ -ʶ ōŜƘŀǾƛƻǳǊ ƻŦ ŎƻƴŎǊŜǘŜ ǳƴŘŜǊ ŎȅŎƭƛŎ ǳƴƛŀȄƛŀƭ ŎƻƳǇǊŜǎǎƛƻƴ όŀŘŀǇǘŜŘ ŦǊƻƳ YŀǊǎŀƴ όмфсуύ [2] 

 

Figure 10Υ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ ǇǊŜŘƛŎǘƛƻƴǎ ƻŦ ǾŀǊƛƻǳǎ ŎƻƴŬƴŜƳŜƴǘ ƳƻŘŜƭǎ ŦƻǊ ǘƘŜ ŜƴƘŀƴŎŜƳŜƴǘ ƻŦ ŎƻƴŎǊŜǘŜ ς ultimate strain 
[2] 
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3.3 Reinforcing Steel 

 

Ideally perfect elastoplastic stress ς strain relationship for reinforcing steel, with steel hardening 

will be adopted from EN1992-1-1:2004 [3]. Two cases will be evaluated, in first case (WOH) steel 

without hardening will be used and in the second numerical example steel with strain hardening will 

be used (WH). 

 

Figure 11: Stress-Strain Relationship for Reinforcing Steel [3] 

 

Figure 12: Stress-Strain Relationships for Reinforcing Steel 
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4 Achieving Global and Local Ductility Requirements 
 

4.1 Demand Value of Curvature 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 semi-empirical methods given in Design Code [1]. 

Required curvature ductility is given in Design Code [1] (5.2.3.4) via equations: 

 ‘ ςϽήϽ
ὓ

ὓ
ρ ὭὪ Ὕ Ὕ (4.1) 

 ‘ ρ ςϽήϽ
ὓ

ὓ
ρϽ
Ὕ

Ὕ
 ὭὪ Ὕ Ὕ 

(4.2) 

Design Code [1]  states that  Ὕ is the fundamental period of the building taken within the 

vertical plane in which bending takes place. However, CW in reality will be subjected to biaxial 

bending, furthermore in many cases some of the higher modal shapes will probably be torsional, and 

this only increases complexity of this clause of Eurocode, since it usually ǿƻƴΩǘ be clear which 

fundamental period most closely corresponds to the plane in which resulting moment in case of biaxial 

bending takes place. 

Author proposes following: To stay on safe side Ὕ in further text referred to as Ὕ should in fact be: 

¶ 1st fundamental period of the structure if this value is higher than Ὕ 

¶ Either 3rd fundamental period of the structure, either first one which corresponds to torsional 

modal shape, whichever results in larger value of required curvature ductility. 

Also reference in book published by professor Farids, page 453, can be found on the influence 

of the value of wall overstrength factor which lowers curvature ductility factor.  

άΦΦIn ductile walls designed according to Eurocode 8 the lateral force resistance ς i.e., the 

quantity directly related to the q-factor ς depends only on the moment capacity of the base section. 

The wall overstrength is the ratio MRd/M Ed ς where MEd is the bending moment at the base from the 

analysis for the design seismic action and MRd the design value of moment resistance under the 

ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŀȄƛŀƭ ŦƻǊŎŜ ŦǊƻƳ ǘƘŜ ŀƴŀƭȅǎƛǎΦ 9ǳǊƻŎƻŘŜ у ŀƭƭƻǿǎ ŎƻƳǇǳǘƛƴƎ ˃ at the base of individual 

ductile walls using in Eqs. (5.2) the value of qo divided by the minimum value of the wall MRd/M Ed ς ratio 

among all combinations of the design seismic action with the concurrent gravity loads. It would had 

been more representative ς albeit less convenient ς to use insteŀŘ ǘƘŜ Ǌŀǘƛƻ ʅaRdκʅaEd, with both 

summations extending to all the walls in the system..έ [2] 

Author proposes following: If 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 

ŎŜƴǘǊƻƛŘΣ ƛǘ Ŏŀƴ ōŜ ǎŜŜƴ ǘƘŀǘ ǘƘŜǎŜ ŜƭŜƳŜƴǘǎ ǊŜǎŜƳōƭŜ άŦƛŎǘƛƻǳǎ ŎƻƭǳƳƴǎέΦ Therefore, overstrength 

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 Supply Value of Curvature Ductility   

 

Available curvature ductility factor of concrete CW can be expressed as a ratio of post-ultimate 

curvature which corresponds to 85% of Ultimate Moment Resistance [1], MRd divided by the curvature 

which corresponds to the yielding of core section. However, this post-ultimate curvature, will be 

plotted on a heavily degraded part of the M-˃ ŎǳǊǾŜΣ ƘŜƴŎŜ ŀǳǘƘƻǊ ǇǊƻǇƻǎŜŘ ŦƻƭƭƻǿƛƴƎΥ 

Author proposes following: Due to uncertainties in software and other computational tools in 

defining post-ultimate behavior of sections, advice is to take value of curvature which corresponds to 

section capacity, since this is on safe side. 

 

Figure 13: Definitions Of Ultimate and Post-Ultimate Section Curvature 

 ‘Ȣ
‘

‘
 (4.3) 

 Verdict whether sufficient curvature ductility is achieved will be done by comparing ratio 

between equation (4.3) and equation (4.1) or (4.2)  , whichever applies. 

 ‘
‘Ȣ

‘Ȣ
 (4.4) 
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4.3 Calculating Supply Value of Section Curvature 

 

Due to complex geometry use of computational tools is unavoidable. Of course, design of in-house 

spreadsheets is significantly better option, however this requires significantly more time and effort on 

the side of the designer, so commercial software (SAP2000 v21.2.0) will be utilized in this study. Other 

computational tools such are NOUS, FAGUS or CSi ETABS, etc might also be utilized. 

Core assumption in this study is that sections are remaining plane so that Bernoulli Hypothesis 

is applicable and analysis with linear distributions of strains across whole concrete core is viable. 

Special case for considering shear lag effects is described in Chapter: Shear Lag Effects in Core Walls 

For reasons which will be covered in more detail in the following paragraphs, two separate models 

of concrete CW must be utilized. One which has full concrete section, where concrete cover has not 

spalled and has characteristics of unconfined concrete, and the other where concrete cover has 

spalled but, in those zones, confined concrete is fully activated. 

Namely SAP2000 v21.2.0 indeed have the ability to automatically calculate characteristics of 

confined concrete, however 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 geometry ς circular 

sections or simple rectangles. This severely complicates modeling aspects for local analysis and one of 

the ways to overcome this issue is for the designer to manually input stress-strain plots for constituent 

materials. This also gives designer more of a sense what is actually being calculated so the additional 

benefit is tƘŀǘ άōƭŀŎƪōƻȄέ ŀǎǇŜŎǘ ƻŦ ǎƻŦǘǿŀǊŜ ƛǎ ǎƻƳŜǿƘŀǘ ŀƭƭŜǾƛŀǘŜŘ ƻƴ ǘƘŜ ŜȄǇŜƴǎŜ ƻŦ ŀŘŘƛǘƛƻƴŀƭ ǿƻǊƪ 

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 concrete properties are utilized and the other one 

where confined concrete parameters are considered. Also, 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. 

Certainly, 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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Figure 14: Concrete CW ς Unconfined Concrete Without Spalling of Concrete Cover 
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Figure 15: Concrete CW: Confined (Highlighted) and Unconfined Concrete, Concrete Cover Has Spalled in Confinement Zones 

*NOTE: Zones where partition thinner partition walls intersect with main walls have not been 

confined as it is expected that on these areas, strains in concrete ǿƻƴΩǘ surpass value of ultimate 

concrete strain for unconfined concrete. Engineering judgment should be made when deciding to which 

zones this might be applicable 
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Figure 16: Geometry of the CW used in numerical example 

 

This paper will also investigate what results are obtained if the 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 WR03-02 and WR03-03 are located somewhat close to the assumed location of neutral 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 along the whole length of walls WR03-05 and WR03-06 which is absurd.  
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Henceforth, for all intents and purposes these segments will be considered as a secondary 

seismic members in local analysis.  

 

Figure 17: Confined Elements Determined as Constituent Portions of CW are Independent Shear Walls 
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In general, ŜŀŎƘ ƻŦ ǘƘŜ άƛƴŘŜǇŜƴŘŜƴǘέ ŎƻƴǎǘƛǘǳŜƴǘ ǎƘŜŀǊ ǿŀƭƭ ǿƛƭƭ ƘŀǾŜ ŘƛŦŦŜǊŜƴǘ ƎŜƻƳŜǘǊȅ ƻŦ 

confined area and henceforth different material properties of confined concrete. To overcome this 

issue, 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 Eurocode 8 requires equations from Eurocode 2 to be used to 

calculate enhancing properties this approach will be followed despite what is shown in Chapter 3.2.1. 

General data adopted in numerical example: 

¶ T25/100 in confinement zones, T12/150 in unconfined zones - B500B (except for portions whit 

200mm thickness where reinforcement is T12/200) 

¶ T8/100 as confinement reinforcement ς B500B 

¶ C50/60 as base concrete material 

¶ Fundamental behavior factor q0=2 

¶ Fundamental period of the structure Tf=3s 

¶ Corner period at the upper limit of the constant acceleration region of the elastic spectrum 

Tc=0.5s 

 

 

Figure 18: Design Stress-Strain Plot for Constituent Confined Concrete Elements 

In this particular example it is obvious that confining 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 WR03-05T and 

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

 

Figure 19: Design Stress-Strain Curve for Unconfined Concrete C50/60 

 

Figure 20: Design Stress-Strain Curve for Confined Concrete C50/60 
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*Note: Stress-strain for confined concrete has been calculated separately 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 

EN19981:2004 [1] 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 Vulinoviŏ Ŝǘ ŀƭƛ [7], this can be utilized as a 

value engineering propasl to reduce material quantities.  

 

Figure 21: Design Stress-Strain Curve for Reinforcing Steel B500B ς WOH 
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Figure 22: Stress-Strain Curve for Reinforcing Steel B500B ς WH 

 

*NOTE: For the sake of brevity explicit calculation will be shown for the case of steel without 

hardening ς WOH. In the case of reinforcement with steel hardening only numerical results will be 

shown.  
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4.3.1 Calculating Acting Forces on Concrete Core Wall 

 

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

(SAP2000) it is necessary to transform forces from one software to another 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 mind the assigned directions of local pier axes regardless of which software is used. 

From the FEA analysis 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 has the implication that it is not usually clear 

which obtained triplets of acting forces (N-Mz-My) are concurrent. To be on safe side design must be 

done ŦƻǊ ǘƘŜ Ƴƻǎǘ ǳƴŦŀǾƻǊŀōƭŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ǊŜǎǳƭǘŀƴǘ ŦƻǊŎŜǎΦ CƻǊ ŀ ƎƛǾŜƴ άǇƛŜǊέ ŜƭŜƳŜƴǘ ǿƘƛŎƘ 

represents whole concrete core as an integral unit, following resultant bending moments and their 

corresponding acting angles can be derived:  

*Note that moment signs / positive local coordinate axes of pier might differ on case-to-case basis. 

 

Figure 23: Resultant Moment Corresponding to Combination ff Max M2 and Max M3 
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Figure 24: Resultant Moment Corresponding to Combination of Max M2 and Min M3 

 

 

Figure 25: Resultant Moment Corresponding to Combination of Min M2 and Min M3 
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Figure 26: Resultant Moment Corresponding to Combination of Min M2 and Max M3 

FEM Analysis  

M2.max M2.min M3.max M3.min 

[kNm] [kNm] [kNm] [kNm] 

16500 -31000 138000 -99500 

Axial Force [kN] 

Nmax.c -55000 Nmin.c -40000 

Calculation 

M1 M2 M3 M4 

[kNm] [kNm] [kNm] [kNm] 

139000 101000 105000 142000 

1 2 3 4 

[°] [°] [°] [°] 

6,82 170,58 197,30 347,34 

    

SAP2000  

M1.Ed M2.Ed M3.Ed M4.Ed 

[kNm] [kNm] [kNm] [kNm] 

139000 101000 105000 142000 

1 2 3 4 

[°] [°] [°] [°] 

6,82 170,58 197,30 347,34 
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Table 2: Action Values Which Will Be Used in Numerical Example 

In general procedure must be followed for 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 and one value of axial force in concrete core, since all 

of the steps for other attacking angles and moments are repetitive. 

 

Figure 27: Concrete CW Under Biaxial Bending [5] 

 

Figure 28: Determination of Confinement Zones to Achieve Global Ductility of Concrete CW [5]  



28 
 

4.3.2 Calculating Curvature on the Onset of Yielding 

 

To determine this criterion, one of the following conditions must be met, hierarchically either 

of the following [2] : 

¶ Strain in reinforcing steel reaches the value of sʁy (in general this equals 2.175mm/m for 

common reinforcing steel B500B or B500c), or 

¶ For sections with significant amount of reinforcement, strains in compressed concrete 

reach characteristic value of ʁc
* 

 ‐ᶻ ρȢψϽ
Ὢ

Ὁ
 (4.5) 

 

Unless concrete CW is 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.  

!ǳǘƘƻǊΩǎ ǇǊƻǇƻǎƛǘƛƻƴ: Since it is on safe side when designing for local / global curvature ductility 

to specify onset of yielding as late as possible, it is safe to calculate equation (4.5)  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 

 

Figure 29: Model of  Concrete CW to Determine Curvature on the Onset of Yielding 
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Algorithm adopted from [2] can be shown below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Look for a value of a strain in reinforcing steel - ʁ sy 

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

 

‐
ρȟψὪ

Ὁ
 Yes No 

Read the value of curvature 

Ⱨ◐ from SAP2000 Section 

Designer Module 

END 

Search for a value 

when ‐
ȟ

 

Read the value of curvature 

Ⱨ◐ from SAP2000 Section 

Designer Module 

END 
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Figure 30: CSi SAP2000 Section Designer User Interface 

 

Figure 31: Curvature on the Onset of Yielding of Concrete CW 
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For this 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: 

 ‘ τȢρπσϽρπ ὶὥὨ  

  

4.3.2.1 Curvature on the Onset of Yielding with Reinforcement with Steel Hardening - WH 

 

 ‘ τȢπωτϽρπ ὶὥὨ  

 

 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 sorted by the 

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) 

II Concrete reaches its ultimate strain (for unconfined concrete section) 

 

Figure 32: Concrete CW Model Used to Verify ULS Criteria I And II 

III Steel Reinforcement reaches its ultimate rupture strain (for confined concrete section) 

IV Concrete reaches its ultimate strain (for confined concrete section) 

 

Figure 33: Concrete CW Model Used to Verify ULS Criteria III And IV 
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Algorithm adopted from [2] can be shown below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PROCEDURE I 

Start with unconfined model of concrete core. Look for a value of a strain in reinforcing steel sʁu 

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

‐ ‐  YES NO 

Follow PROCEDURE II 

Note: In most cases this 

implies that all the 

remaining procedures 

need to be checked 

simultaneously before 

conclusion can be given 

as to what ultimate 

curvature and moment 

resistance are 

Figure 34: Procedure I For Determining Ultimate Curvature and Moment Resistance 

Read the value of curvature Ⱨ◊ 
╘and 

corresponding moment capacity MRd
I 

from SAP2000 Section Designer 

Module 

END 
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*NOTE: Those procedures  are performed simultaneously, but on different models of concrete 

CW! 

 

PROCEDURE II 

Start with the model of unconfined 

core 

Look for a value of                                                                             

‐ ‐  

PROCEDURE IV 

Start with the model of the confined 

core 

Look for a value of                                                                                 

‐ ‐ ȟ  

Read the value of curvature Ⱨ◊ 
╘╘and 

corresponding moment capacity MRd
II 

from SAP2000 Section Designer 

Module 

Compare the values of 

moment capacity from 

procedures II and IV, 

is? 

 MRd
IV >0 .8·MRd

II 

Read the value of curvature Ⱨ◊ 
╘╥and 

corresponding moment capacity MRd
IV 

from SAP2000 Section Designer 

Module 

Ⱨ◊ Ⱨ◊ 
╘╘ and MRd=MRd

II  

END 

Follow PROCEDURE III 

NO YES 

Figure 35: Procedures II  and IV to Calculate Ultimate Curvature and Moment Capacity Of Concrete Core 
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Reason for why these two procedures are checked simultaneously is given in Farids et ali [2]: 

άΦΦΣIf this condition is met, MRd
IV > 0.8·MRd

II, ǘƘŜƴ ǘƘŜ ŎƻƴŬƴŜŘ ŎƻǊŜ ƻŦ ǘƘŜ ǎŜŎǘƛƻƴ ǊŜŎƻǾŜǊǎ ŦǊƻƳ ǎǇŀƭƭƛƴƎ 

of the concrete shell around it. It ultimately fails either by rupture of the tension reinforcement or by 

ŘƛǎƛƴǘŜƎǊŀǘƛƻƴ ƻŦ ǘƘŜ ŜȄǘǊŜƳŜ ŎƻƳǇǊŜǎǎƛƻƴ ŬōǊŜǎ ƻŦ ǘƘŜ ŎƻǊŜ itself.έ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Note that for PROCEDURE IV sometimes, rarely even 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 fiber of confined concrete, leading to the conclusion that confinement zone is underestimated 

in its length. This would be reflected on a moment-curvature curve which is significantly degraded on 

area which corresponds to strain in concrete ‐ ‐ Ȣ.  

 

 

 

 

 

 

 

 

 

PROCEDURE III 

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

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

‐ ‐ Ȣ YES 

Ⱨ◊ Ⱨ◊ 
╘╘╘ and MRd=MRd

III  

END 

NO 

Ⱨ◊ Ⱨ◊ 
╘╥ and MRd=MRd

IV  

END 

Figure 36: Procedures III to Calculate Ultimate Curvature and Moment Capacity of Concrete CW 
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Figure 37: Numerical Example: Verification of Strains for Procedures I And II 

It can be deduced that unconfined concrete core ǿƻƴΩǘ fail by the rupture of tension 

reinforcement and hence fore failure mechanisms of procedures II, III, IV must be checked. 

 ‘ ςȢρςψϽρπ ὶὥὨ  

 ὓ σψρψπχϽὯὔά  
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Figure 38 Numerical Example: Verification of Strains for Procedures III and IV  

Following conclusions can be made from this check.  

¶ wŜƛƴŦƻǊŎƛƴƎ ǎǘŜŜƭ ǿƻƴΩǘ fail by rupture for the case of confined concrete core 

 ‘ ρȢωφςϽρπ ὶὥὨ  

 ὓ σχψψσυϽὯὔά  

By comparing values from procedures II and IV finally moment resistance and ultimate 

curvature can be calculated 

 ὓ σψρψπχὯὔά  πȢψϽὓ πȢψϽσχψψσυ Ὧὔά σπσπφψ Ὧὔά  

 ὓ ὓ σχψψσυϽὯὔά  

 ‘ ‘ ρȢωφςϽρπ ὶὥὨ  

 

Figure 39: Unconfined Concrete Reaches its Ultimate Strain Outside Confinement Zone ς Strain Plot 
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Finally, value of curvature ductility can be calculated as: 

 ‘Ȣ
‘

‘

ρȢωφςϽρπὶὥὨ

τȢρπσϽρπ ὶὥὨ
τȢχψ  

For the numerical example value of behavior factor q0=2 and the fundamental period is Tf=3s 

Therefore, required curvature is:  

 ‘Ȣ ςϽή ρϽρȢυ ςϽς ρϽρȢυ τȢυ  

Utility ratio for global ductility is: 

 
‘Ȣ

‘Ȣ

τȢυπ

τȢχψ
ωτϷρππϷ   

Steps need to be repeated for other values of attacking angle, however it is obvious that 

sufficient curvature ductility just barely achieved and some changes in detailing need to be done. What 

are possible and optimal steps to mitigate this issue? 

First, one can observe that attacking angles of resulting moments for this case are close to 0 

or 180 degrees, refer to Table 2. 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 from the results 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 observed that 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 concreǘŜ ƛǎ ʶcu.c=7.57ƳƳκƳΣ ǿƘƛƭŜ ǘƘŜ ǾŀƭǳŜ ǘƘŀǘ Ŏŀƴ ōŜ Ŧǳƭƭȅ ǳǘƛƭƛȊŜŘ ƛǎ ʶc.c=3.57mm/m! 

 

Figure 40: Maximal Value of Available Strain in Confined Concrete 






























































































