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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
possible. Usual practice of “designing on the safe side”, at least for flexural reinforcement
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
Bajić 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 – strain relationships for unconfined concrete are defined in accordance with EN1992-11:2004 [3]. Parabola-rectangle diagram for concrete under compression will be used.

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

3.2

Confined Concrete

Stress – 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 – 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 – 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]

𝜎𝑥 = 𝜎 · cos 𝜙

(3.1)

𝜎𝑦 = 𝜎 · sin 𝜙

(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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𝜋
2

∑ 𝐹𝑥 = 0 ⇔ ∫ 𝜎𝑥 · 𝑠 · 𝑑𝑙 − 2 · 𝐴𝑠 · 𝑓𝑦𝑤

(3.3)

𝜋
−
2

Following transformations may be used to simplify equation (3.3)
𝜎𝑥 = 𝜎 · cos 𝜙 ∧ 𝑑𝑙 =

𝐷𝑐
· sin 𝑑𝜙 ∧ sin 𝑑𝜙 ≈ 𝑑𝜙 ∧ cos 𝑑𝜙 ≈ 1
2

𝜋
2

∑ 𝐹𝑥 = 0 ⇔ ∫ 𝜎 · cos 𝜙 · 𝑠 ·
𝜋
−
2

𝐷𝑐
· sin 𝑑𝜙 − 2 · 𝐴𝑠 · 𝑓𝑦𝑤
2

𝜋

𝐷𝑐
2
∑ 𝐹𝑥 = 0 ⇔ 𝜎 · 𝑠 ·
· ∫ · cos 𝜙 · 𝑑𝜙 − 2 · 𝐴𝑠 · 𝑓𝑦𝑤
2 −𝜋

(3.4)

2

∑ 𝐹𝑥 = 0 ⇔ 𝜎 · 𝑠 ·

𝜋
𝐷𝑐
· sin𝜙| 2 𝜋 − 2 · 𝐴𝑠 · 𝑓𝑦𝑤
−
2
2

∑ 𝐹𝑥 = 0 ⇔ 𝜎 · 𝑠 · 𝐷𝑐 − 2 · 𝐴𝑠 · 𝑓𝑦𝑤
𝜎=

2 · 𝐴𝑠 · 𝑓𝑦𝑤
𝑠 · 𝐷𝑐

(3.5)

(3.6)

(3.7)

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

𝐴𝑠 · 𝜋 · 𝐷𝑐

1
2
4 · 𝐷𝑐 · 𝜋 · 𝑠
𝑓𝑦𝑤
𝜔𝑤 = 𝜌𝑤 ·
𝑓𝑐𝑘

𝜔𝑤 =

4 · 𝐴𝑠 𝑓𝑦𝑤
·
𝑠 · 𝐷𝑐 𝑓𝑐𝑘

(3.8)

(3.9)
(3.10)

It can be observed that:
𝜔𝑤 =

2·𝜎
𝑓𝑐𝑘

(3.11)

And finally:
𝜎 = 0.5 · 𝜔𝑤 · 𝑓𝑐𝑘

(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 α which takes into the account
irregularities in exerted lateral pressure in cross sectional plane αn and across members length αs. Final
expression for lateral pressure is therefore given as:
𝜎 = 𝛼 · 0.5 · 𝜔𝑤 · 𝑓𝑐𝑘

(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:
𝜌𝑤 = 2 · 𝑚𝑖𝑛 (𝜌𝑥 ; 𝜌𝑦 ) = 2 · 𝑚𝑖𝑛 (

𝐴𝑠𝑤𝑥 𝐴𝑠𝑤𝑦
,
)
ℎ0
𝑏0

(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:
𝜎2
),
𝑓𝑐𝑘
={
𝜎2
𝑓𝑐𝑘 · (1.125 + 2.5 · ) ,
𝑓𝑐𝑘
𝑓𝑐𝑘 · (1 + 5 ·

𝑓𝑐𝑘.𝑐

𝜎2 ≤ 0.05 · 𝑓𝑐𝑘
𝜎2 > 0.05 · 𝑓𝑐𝑘

𝑓𝑐𝑘.𝑐 2
)
𝑓𝑐𝑘
𝜎2
= 𝜀𝑐𝑢2 + 0.2 ·
𝑓𝑐𝑘

(3.16)

𝜀𝑐2.𝑐 = 𝜀𝑐2 · (
𝜀𝑐𝑢2.𝑐

(3.15)

(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:
𝑓𝑐𝑘.𝑐

𝛼 · 𝜌𝑤 · 𝑓𝑦𝑤
= 𝑓𝑐𝑘 · [1 + 3.7 · (
)
𝑓𝑐𝑘

]

(3.18)

𝑓𝑐𝑘.𝑐
− 1)]
𝑓𝑐𝑘

(3.19)

𝛼 · 𝜌𝑤 · 𝑓𝑦𝑤
𝑓𝑐𝑘.𝑐

(3.20)

𝜀𝑐2.𝑐 = 𝜀𝑐2 · [1 + 5 · (
𝜀𝑐𝑢2.𝑐 = 0.004 + 0.5 ·

0.86

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

𝑏 = 900𝑚𝑚

Width

ℎ = 600𝑚𝑚

Cover

𝑎0 = 35𝑚𝑚

Flexural RFT

𝜙 = 25𝑚𝑚
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𝑠𝑥 = 𝑠𝑦 = 100𝑚𝑚

Spacing of flexural RFT
Confining RFT

𝜙𝑠 = 8𝑚𝑚

Vertical spacing of confining RFT

𝑠 = 100𝑚𝑚

Spacing of confined flexural RFT

𝑠𝑥.𝑐 = 𝑠𝑦.𝑐 = 200𝑚𝑚

Concrete class

C50/60

Reinforcement

B500 B
Table 1: Section Properties Used in Pparametric Analysis

Concrete Properties
70,00
60,00

Stress - σ [MPa]

50,00
40,00
30,00
20,00
10,00

2,00

3,50

9,62

16,91

0,00
-2,00
0,00
-10,00

2,00

4,00

6,00

8,00

10,00

12,00

14,00

16,00

18,00

Strain - ε [mm/m]
2mm/m

3.5mm/m

UC - EC2 - [C]

CC - EC8 - [C]

Limit CC - EC2

Limit CC - EC8

CC - EC2 - [C]

Figure 7: Effects of Confinement According to Eurocode 2 and Eurocode 8-1 (CC-EC2 – [C]) and Eurocode 8-3 (CC-EC8 – [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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60

Stress - σ [MPa]

50
40
30
20

0,85*fck

10
0
-10 0
-20

0,005

0,01

0,015

0,02

0,025

0,03

Strain - ε [mm/m]
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 further parametric studies to evaluate its use as a “value engineering” measure in design
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: σ-ε behaviour of concrete under cyclic uniaxial compression (adapted from Karsan (1968) [2]

Figure 10: Comparison of the predictions of various conﬁnement models for the enhancement of concrete – ultimate strain
[2]
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3.3

Reinforcing Steel

Ideally perfect elastoplastic stress – 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]

Reinforcement Properties
600,00

Stress - σ [MPa]

400,00

-50,00

200,00
0,00
-40,00

-30,00

-20,00

-10,00

0,00

10,00

20,00

30,00

40,00

50,00

-200,00
-400,00
-600,00
Strain - ε [mm/m]
RFT - Without Hardening [D]

RFT - Without Hardening [C]

RFT - With Hardening [D]

RFT - With Hardening [C]

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:
𝜇𝜙 = 2 ∙ 𝑞0 ∙
𝜇𝜙 = 1 + 2 ∙ (𝑞0 ∙

𝑀𝐸𝑑
− 1| 𝑖𝑓 𝑇1 ≥ 𝑇𝑐
𝑀𝑅𝑑
𝑀𝐸𝑑
𝑇𝑐
− 1) ∙ | 𝑖𝑓 𝑇1 < 𝑇𝑐
𝑀𝑅𝑑
𝑇1

(4.1)
(4.2)

Design Code [1] states that 𝑇1 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 won’t 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 𝑇1 in further text referred to as 𝑇𝑓 should in fact be:
•
•

1st fundamental period of the structure if this value is higher than 𝑇𝑐
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.
“..In ductile walls designed according to Eurocode 8 the lateral force resistance – i.e., the
quantity directly related to the q-factor – depends only on the moment capacity of the base section.
The wall overstrength is the ratio MRd/MEd – 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
corresponding axial force from the analysis. Eurocode 8 allows computing μϕ 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/MEd – ratio
among all combinations of the design seismic action with the concurrent gravity loads. It would had
been more representative – albeit less convenient – to use instead the ratio ΣMRd/ΣMEd, with both
summations extending to all the walls in the system..” [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
centroid, it can be seen that these elements resemble “fictious columns”. 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.

13

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-μ curve, hence author proposed following:
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

𝜇𝜙.𝑐𝑎𝑝 =

𝜇𝑢
𝜇𝑦

(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.
𝜇𝜙 =

𝜇𝜙.𝑐𝑎𝑝
𝜇𝜙.𝑟𝑒𝑞

(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 – 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 that “blackbox” aspect of software is somewhat alleviated on the expense of additional work
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 – 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 won’t 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, each of the “independent” constituent shear wall will have different geometry of
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 – 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

Design Stress - Strain Plot
70,00
60,00

Stress - σ [MPa]

50,00
WR03-01
40,00

WR03-04
WR03-05T

30,00

WR03-05B

20,00

WR03-06T
10,00

WR03-06B

0,00
-2,00

0,00
-10,00

2,00

4,00

6,00

8,00

10,00

12,00

Strain - ε [mm/m]
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 Vulinović et ali [7], this can be utilized as a
value engineering propasl to reduce material quantities.

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

*NOTE: For the sake of brevity explicit calculation will be shown for the case of steel without
hardening – 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 for the most unfavorable combination of resultant forces. For a given “pier” element which
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
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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]
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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 met, hierarchically either
of the following [2] :
•
•

Strain in reinforcing steel reaches the value of εsy (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 εc*
𝜀𝑐∗ = 1.8 ∙

𝑓𝑐
𝐸𝑐

(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.
Author’s proposition: 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 - εsy
and monitor the value of strain in compressed concrete, is:

Yes

Read the value of curvature
𝝁𝒚 from SAP2000 Section
Designer Module

𝜀𝑐 <

1,8𝑓𝑐
𝐸𝑐

No

Search for a value
when 𝜀𝑐 =

1,8𝑓𝑐
𝐸𝑐

END

Read the value of curvature
𝝁𝒚 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:
𝜇𝑦 = 4.103 ∙ 10−4 𝑟𝑎𝑑

4.3.2.1

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

𝜇𝑦 = 4.094 ∙ 10−4 𝑟𝑎𝑑

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
II

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

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

III
IV

Steel Reinforcement reaches its ultimate rupture strain (for confined concrete section)
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 εsu
and monitor the value of strain in compressed concrete, is:

𝜀𝑐 < 𝜀𝑐𝑢

YES

Read the value of curvature 𝝁𝒖 𝑰 and
corresponding moment capacity MRdI
from SAP2000 Section Designer
Module
END

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
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PROCEDURE II

PROCEDURE IV

Start with the model of unconfined
core

Start with the model of the confined
core

Look for a value of
𝜀𝑐 = 𝜀𝑐𝑢

Look for a value of
𝜀𝑐 = 𝜀𝑐𝑢,𝑐

Read the value of curvature 𝝁𝒖 𝑰𝑰 and
corresponding moment capacity MRdII
from SAP2000 Section Designer
Module

Read the value of curvature 𝝁𝒖 𝑰𝑽 and
corresponding moment capacity MRdIV
from SAP2000 Section Designer
Module

Compare the values of
moment capacity from
procedures II and IV,
is?

MRdIV >0 .8·MRdII

NO

𝝁𝒖 = 𝝁𝒖 𝑰𝑰 and MRd=MRdII

YES

Follow PROCEDURE III

END

Figure 35: Procedures II and IV to Calculate Ultimate Curvature and Moment Capacity Of Concrete Core

*NOTE: Those procedures are performed simultaneously, but on different models of concrete
CW!
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Reason for why these two procedures are checked simultaneously is given in Farids et ali [2]:
“..,If this condition is met, MRdIV > 0.8·MRdII, then the conﬁned core of the section recovers from spalling
of the concrete shell around it. It ultimately fails either by rupture of the tension reinforcement or by
disintegration of the extreme compression ﬁbres of the core itself.”
PROCEDURE III
Start with confined model of concrete core. Look for a value of a strain in reinforcing steel εsu
and monitor the value of strain in compressed concrete core, is:

YES

𝝁𝒖 = 𝝁𝒖 𝑰𝑰𝑰 and MRd=MRdIII
END

𝜀𝑐 < 𝜀𝑐𝑢.𝑐

NO

𝝁𝒖 = 𝝁𝒖 𝑰𝑽 and MRd=MRdIV
END

Figure 36: Procedures III to Calculate Ultimate Curvature and Moment Capacity of Concrete CW

*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 𝜀𝑐 = 𝜀𝑐𝑢.𝑐 .
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Figure 37: Numerical Example: Verification of Strains for Procedures I And II

It can be deduced that unconfined concrete core won’t fail by the rupture of tension
reinforcement and hence fore failure mechanisms of procedures II, III, IV must be checked.
𝜇𝑢𝐼𝐼 = 2.128 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝐼 = 381807 ∙ 𝑘𝑁𝑚
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Figure 38 Numerical Example: Verification of Strains for Procedures III and IV

Following conclusions can be made from this check.
•

Reinforcing steel won’t fail by rupture for the case of confined concrete core
𝜇𝑢𝐼𝑉 = 1.962 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝑉 = 378835 ∙ 𝑘𝑁𝑚

By comparing values from procedures II and IV finally moment resistance and ultimate
curvature can be calculated
𝑀𝑢𝐼𝑉 = 381807𝑘𝑁𝑚 > 0.8 ∙ 𝑀𝑢𝐼𝐼 = 0.8 ∙ 378835 𝑘𝑁𝑚 = 303068 𝑘𝑁𝑚
𝑀𝑅𝑑= 𝑀𝑢𝐼𝑉 = 378835 ∙ 𝑘𝑁𝑚
𝜇𝑢 = 𝜇𝑢𝐼𝑉 = 1.962 ∙ 10−3 𝑟𝑎𝑑

Figure 39: Unconfined Concrete Reaches its Ultimate Strain Outside Confinement Zone – Strain Plot
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Finally, value of curvature ductility can be calculated as:
𝜇𝜙.𝑐𝑎𝑝 =

𝜇𝑢 1.962 ∙ 10−3 𝑟𝑎𝑑
=
= 4.78
𝜇𝑦 4.103 ∙ 10−4 𝑟𝑎𝑑

For the numerical example value of behavior factor q0=2 and the fundamental period is Tf=3s
Therefore, required curvature is:
𝜇𝜙.𝑟𝑒𝑞 = (2 ∙ 𝑞0 − 1) ∙ 1.5 = (2 ∙ 2 − 1) ∙ 1.5 = 4.5
Utility ratio for global ductility is:
𝜇𝜙.𝑟𝑒𝑞 4.50
=
= 94% < 100%
𝜇𝜙.𝑐𝑎𝑝 4.78
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 concrete is εcu.c=7.57mm/m, while the value that can be fully utilized is εc.c=3.57mm/m!

Figure 40: Maximal Value of Available Strain in Confined Concrete
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4.3.3.1

Ultimate Curvature with Reinforcement with Steel Hardening - WH

𝜇𝑢𝐼𝐼 = 2.103 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝐼 = 384652 ∙ 𝑘𝑁𝑚

𝜇𝑢𝐼𝑉 = 1.962 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝑉 = 380925 ∙ 𝑘𝑁𝑚
𝑀𝑢𝐼𝑉 = 380925𝑘𝑁𝑚 > 0.8 ∙ 𝑀𝑢𝐼𝐼 = 0.8 ∙ 384652 𝑘𝑁𝑚 = 307721 𝑘𝑁𝑚
𝑀𝑅𝑑= 𝑀𝑢𝐼𝑉 = 380925 ∙ 𝑘𝑁𝑚
𝜇𝑢 = 𝜇𝑢𝐼𝑉 = 1.962 ∙ 10−3 𝑟𝑎𝑑

𝜇𝜙.𝑐𝑎𝑝 =

𝜇𝑢 1.962 ∙ 10−3 𝑟𝑎𝑑
=
= 4.79
𝜇𝑦 4.094 ∙ 10−4 𝑟𝑎𝑑

𝜇𝜙.𝑟𝑒𝑞 4.50
=
= 94% < 100%
𝜇𝜙.𝑐𝑎𝑝 4.79
It can be observed that the difference in the result is negligible. This can be explained by the previous
conclusion that the bulk of compressive force is carried by the outermost placed flanges and that
neither beneficial effect of concrete confinement neither the effects of steel hardening are efficiently
utilized.
This is even more emphasized if one is to look on graphical representations of stress and strain on CW
section.
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Figure 41: Start of Failure of Unconfined Concrete Outside of Confinement Zones -Stress Plot

Figure 42: Progressive Failure of Unconfined Concrete Outside of Confinement Zones -Stress Plot

This inevitably points to the conclusion that if one is to consider concrete core only as a simple
assemblage of shear walls and starts to reinforce it accordingly result will be poor reinforcement
layout and overall bad behavior of the structure. Also confined concrete will never be fully utilized.
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5 Design for Biaxial Bending
After determining moment resistance of concrete core from the Chapter: Achieving Global and
Local Ductility Requirements it is trivial to calculate utility ratio for biaxial bending of concrete core.
𝑀𝐸𝑑 𝑀1.𝐸𝑑 139000 𝑘𝑁𝑚
=
=
= 37% < 100%
𝑀𝑅𝑑 𝑀𝑢 𝐼𝑉 378835 𝑘𝑁𝑚
It can be concluded that for this value of attacking angle concrete core is overdesigned having
in mind flexural reinforcement only! Having in mind conclusions from previous chapter it can be
deduced that reinforcement quantity for both flexural and confinement reinforcement can be
severely decreased if one is to design whole outermost regions as confinement zones!

5.1

Biaxial Bending with Reinforcement with Steel Hardening – WH

𝑀𝐸𝑑 𝑀1.𝐸𝑑 139000 𝑘𝑁𝑚
=
=
= 36% < 100%
𝑀𝑅𝑑 𝑀𝑢 𝐼𝑉
380925 𝑘𝑁𝑚

6 Design for Shear
Design for shear is the only verification which should be done with reducing acting forces on
constituent rectangular parts of concrete CW [5]. Having in mind behavior of steel I girders under
bending, most of the normal stresses will be carried by the section flanges, while most of the shear
stresses will be carried by section web. Note what is already observed by the section analysis in the
Chapter: Achieving Global and Local Ductility Requirements, that bulk of the normal stresses is indeed
carried by the outermost flanges. This implies that shear verification should indeed be cone for each
constituent portion of the concrete core separately, as it was indeed completely independent wall.
Since this is trivial task, it won’t be covered in much detail in this paper for the sake of brevity.
Author’s proposal: Although shear verification is performed separately, since concrete core wall
is an integral section, it only makes sense that the inclination of concrete struts, θ, should be taken
consistent and same value for all of the constituent parts of the concrete core to indeed achieve its
integral action. Also, author proposes the value of this angle to be taken as θ=45ͦ, since it will produce
the largest quantity of shear reinforcement, further decreasing the possibility of brittle failure of
concrete core. Also taking this value to be consistent for all the walls in concrete core greatly simplifies
the design for biaxial bending since it is significantly easier to determine the value of tension shift. Note
that neither EN1992-1-1:2004 [3], neither EN1998-1:2004 [1] give any guidelines as to how this value
should be calculated in the case of varying levels of the angle θ. Worth pointing is that increase in value
of this angle will increase compressive strength of concrete struts in design for shear. However, since
value of normalized axial force in ductile walls is limited to 0.4 (0.35 for DCH structures), it is not likely
that interaction between shear and compression will develop. This effect is reflected via coefficient αcw,
and is worth investigating in secondary seismic members with high ratios of axial force. [5]. It can be
observed that for CW, where axial compression is limited to values mentioned above, there might be
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some beneficial effects of increased shear resistance, however, to prevent brittle failure increasing the
value of coefficient αcw should never be applied!

Figure 43: Shift of Yielding of Tension Reinforcement Along the Member Due to Diagonal Cracking [2]

Figure 44: Interaction Between Shear and Compression In Concrete Members [5]
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7 Miscellaneous Considerations in Design
7.1

Proposal to more Precisely Determine Confinement Zones

If one is to consider minimal geometrical conditions for the length of confinement zones given
in [1] for independent shear walls, some analogy with concrete CW can be made.

Figure 45: Principal Bending Experienced by Single Shear Wall and Minimal Confinement Zones
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First from the very start it is fairly simple to determine principal directions in which resulting
bending moments will take place for concrete core. By the same analogy for single shear wall, one can
assume the zones where highest strains will develop, and those zones should be adequately confined

Figure 46: Proposed Confinement Zones for Concrete Core by the Analogy With Single Shear Wall

It can be observed that proposal from the figure above closely resembles the results from
section analysis covered in chapter Calculating Ultimate Curvature of Concrete Core. This procedure
should be done for remaining values of attacking angles, and envelope of those areas should be
detailed and designed as confined portions. Due to large dimensions of concrete core, value of 1.5bw
as a minimal length of confinement zone is neglected as it should not be governing condition when
designing CW as an integral section.
44

Also, designer should aim to detail confinement zones in such a way that they are never
intersected by the neutral axis, as it completely diminishes lateral pressures exerted on confined
concrete from one edge. This is not covered by the current generations of Eurocode, but it is pointed in
[2] and explored in [7] and [6]. This condition is expected to be seen in columns, but also might occur
in highly irregular concrete core walls.

Figure 47: Reduced Dimensions of Confined Concrete Core if Intersected by Neutral Axis
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7.2

Design for Torsion

Torsion induced in concrete cores is probably not governing criteria for its design, nor should
CW be designed and conceptualized in such a way that any torsional effects other than compatibility
torsion are induced. Special consideration should be given to torsional stiffness of concrete members.
Torsional cracking is likely to precede development of other cracks in concrete members leading to
the conclusion that torsional stiffness of concrete members is heavily degraded. This leads to the
conclusion that unless torsional stiffness is reduced unrealistic values of bending moments and shears
are likely to be obtained, which is not on the safe side
Author’s proposal: Designer should not aim to fully utilize constituents portions of CW in
verification for shear unless more in depth analysis of torsional effects and torsional stiffness is
considered! As a rule of thumb, which is purely engineering judgment by the author, author proposes
upper value of 80% utility ratio when designing for shear, unless more in depth analysis of torsional
effects is considered. Also crushing of compressive struts – VRd.max should not be governing criteria
when designing for shear.

7.2.1 Warping Torsion

By comparing ratio of total height from the base of the CW to the roof, to the usual thickness
of concrete walls, one might notice that this ratio might imply that globally CW is thin-walled section.
By the same analogy with I girders, will CW exhibit same behavior as thin-walled steel sections under
torsion? In general, this should not be the case for reasons which will be explored bellow. However,
in case of extreme geometry, of highly slender and open CW sections i.e. where wall thickness is
reduced by using high classes of concrete, or where CW are highly irregular in plan, or in the most
extreme case where torsional effect in system are necessary for maintaining the equilibrium of a
system designer should aim to investigate this issue further. Designer should in those cases have in
mind that forces should be reduced to shear center, rather than to section centroid. Reader is advised
to look upon this issue further in [8]. This chapter does not aim to fully explain these phenomena,
rather to advise designers not to take heroic steps and design severely slender CW with large openings
and thin walls, without having in mind adverse effects this might have on global behavior of the
structure. CW are forming the “spine” of the structure and therefore should be designed to be as
robust as possible – savings can be made on “less important” structural elements, where there is some
inherent redundancy.
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Figure 48: Analyzed concrete CW in [8]

Figure 49: Stress State in Concrete Box Girder Due to: a) Torsional, b) Distortional Warping [9]
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Author proposes following: In case of structures where there are at least two CW, where CW is
closed section at its base (or closely resembles closed section), and where bending moments are shifted
upwards, increase of normal stresses due to warping torsion might be neglected. This is done on the
account that, as already mentioned, torsional cracking will negate development of large torsional
moments – therefore internal stresses will tend to redistribute toward increasing shear forces and
bending moments. Since section is not fully utilized for shear, as advised previously, there will be some
redundant capacity for increased shear forces. In case of bending moments, increase their intensity in
the analysis is by all accounts only in the academic interest since maximal moments will be already
increased due to tension shift rule. Also, author aims to explore this issue further, so some additional
conclusions are likely to be added to this document.

7.3

Tension Shift Rule for Core Walls

Bending moments from the analysis are shifted for two primary reasons:
•

•
•

To account for the uncertainties regarding the moment distribution along the height of
slender primary seismic walls [1], and looking globally CW is certainly expected to fulfill the
ratio required to be classified as slender primary seismic element
To account for necessary curtailment of longitudinal tension reinforcement [3], due to lagging
of principal tension stresses due to shear forces
Also, as covered in Chapter: Design for Torsion, shifting of bending moments will help capture
the adverse effects of neglecting torsional moments, and subsequent redistribution of
internal forces due to torsional cracking

Figure 50: Design Envelope for Bending Moment in Slender Walls (left: Wall Systems, right: Dual Systems) [1]
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In Eurocode EN1992-1-1:2004 [3] rule for tension shift is given via:
𝑎1 = 𝑧 ∙ (cot 𝜃 − cot 𝛼)

(7.1)

Substituting usual value for the incline of shear reinforcement α=90ͦ, and if one is to follow
recommendation Chapter: Design for Shear for the compressive strut inclination θ=45ͦ from equation
(7.1) transforms to:
𝑎1 = 𝑧

(7.2)

So, what value should designer adopt in case of complex CW, where it is difficult to assess
length of lever arm of internal forces?
Author proposes following: to determine value of tension shift length of lever arm of internal
forces should be taken as the longest diagonal of the rectangle which encloses CW section. This is
somewhat conservative, but not so much that it would require significant increase in flexural
reinforcement. This conservative approach also helps to account for some of the effects of the
neglected torsion in design.

Figure 51: Proposed Length for Lever Arm of Internal Forces

49

7.4

Effective Stiffness to be Used in Design

Eurocode EN1998-1:2004 [1] requires that effects of cracking should be taken into account
when designing structures for seismic actions. It states that unless more in depth analysis, values of
flexural and shear stiffness to be 50% of the uncracked sections may be used. Problem with this
statement is that Eurocode is not purely focused on Force Based Design – FBD, neither on the
Displacement Based Design. So, when one will use one of the linear methods of structural analysis,
i.e., MMRS1 Analysis it will certainly be on safe side to have structure which is as stiff as possible, since
this will give larger values of base shear.
But what about displacements, and inter-story drifts? Those effects would be significantly
underestimated [2] if structure is designed with unrealistically high values of effective stiffness .
Problem will also arise in structures where some of the structural elements are classified as secondary
seismic members. Since governing criteria for this classification is the ratio of stiffness of secondary
members to the primary ones, and since secondary members are usually fully utilized with axial
compression (there is no limit to the normalized axial force), they are less likely to be fully cracked
compared to the primary seismic members where normalized axial force is severely limited. Therefore,
unless rigorous analysis of effective stiffness of primary seismic members is done, one should be very
cautious when assigning them with values of effective stiffness higher than 50% of uncracked section.
Worth pointing out that this inconsistency between stiffness in verification of strength and
displacements is referred to in [2] and it is pointed out that issue is somewhat addressed in EN19921-1:2004 [3] where the stiffness for the calculation of 2nd order effects is given as:
•

•

as equal to the stiffness EsIs of the section reinforcement with respect to the centroid
of the section, plus the minimum of 0.2EcIc and 0.3·ν·EcIc (where ν =N/Acfc is the axial
load ratio),
0.3·EcIc if the reinforcement ratio exceeds 1% (although its exact value is not known in
early of the design)

Even though secondary seismic members are not the topic of this study, reader is urged to look
upon Figure 44 where adverse effects of fully utilizing secondary members is shown.
In Eurocode 1998-1-3:2005 [4] gives an expression for calculating effective stiffness of cracked
concrete sections. However, to determine this value, designer must precisely now how the element
will be detailed, down to the number of lapped of reinforcement bars, which is something generally
not known until the very end of the project. However, all is not lost, if one wants to know effective
stiffness of concrete elements in earlier design stages. Luckily, in paper by Biskins, mentioned in [2]
an empirical expression for effective stiffness for displacement based design of new structures is given
as:
𝐸𝐼𝑒𝑓𝑓
𝐿𝑠
𝑁
= 𝑎 (0.8 + ln [𝑚𝑎𝑥 ( ; 0.6)]) (1 + 0.048 ∙ 𝑚𝑖𝑛 (50𝑀𝑃𝑎; ))
𝐸𝑐 ∙ 𝐼𝑐
ℎ
𝐴𝑐
•
•
•
•
1

(7.3)

a=0.081 for columns
a=0.100 for beams
a=0.115 for rectangular walls
a=0.090 for members with T-, U-, H- or hollow rectangular section

Multi Modal Response Spectrum

50

•
•
•

N/Ac is in MPa
h is section height
Ls is the value of shear span, for preliminary analysis of shear walls it can be taken as 50% of
the total wall height, from base to the roof

Of course, now one is faced with the challenge how should one assess the effective stiffness of
concrete core? By looking just at its constituent rectangles or to evaluate stiffness or should concrete
core as integral unit be assessed? Also, what should be done with varying intensities of axial forces in
seismic design situation?
b

A

Nc.max

Nc.min

Ls

a

[m]

[m]

[m2]

[kN]

[kN]

[m]

[-]

(Nc.max)

(Nc.min)

WR03-01

3,10

0,60

1,86

18000,00

100,00

40,00

0,115

0,57

0,39

WR03-02

3,10

0,20

0,62

5000,00

700,00

40,00

0,115

0,54

0,41

WR03-03

3,10

0,20

0,62

3000,00

2500,00

40,00

0,115

0,48

0,46

WR03-04

3,10

0,60

1,86

15500,00

14000,00

40,00

0,115

0,54

0,53

WR03-05

8,16

0,50

4,08

24200,00

11000,00

40,00

0,115

0,35

0,31

WR03-06

8,16

0,40

3,26

17000,00

6400,00

40,00

0,115

0,34

0,30

0,47

0,40

0,26

0,25

Member

h

AVERAGE
Core

8,72

-

10,864

55000

40000

40

0,090

EIeff/EcIc

Table 3: Analysis of Effective Stiffness of Concrete Members as Given in [2]

It can be observed that by looking at the constituent portions of concrete CW, values of
effective stiffness are somewhat similar to recommendation of Eurocode [1]. Also, due to different
tributary areas of each constituent part of the CW, results obtained for each constituent part of the
CW are in authors opinion closer to the reality.
Author’s proposal: When FBD method is used in design, values of effective stiffness (expressed
as ratio of the cracked to the uncracked section), for CW should be taken as given in Eurocode 8 if
more in-depth analysis is not utilized: 50%, if there are elements classified as secondary members, as
to not underestimate neither the total value of base shear, neither the participation of secondary
elements in seismic behavior of the structure.
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7.5

Shear Lag Effects in Core Walls

Due to significant dimensions of CW, assumption that Bernoulli Hypothesis is valid regardless
of the actual dimensions of CW is sadly unrealistic and need to be taken into an account somehow.
In authors opinion this section is by far the most ambiguous aspect of designing CW as integral
units and as such requires further discussion prior to defining final conclusions.

Figure 52: C-Shaped Wall with Expected Strain Distributions for Bending about: a) Major Axis, b) Minor Axis (with Web in
Tension) [10]

Eurocode EN1998-1:2004 [1] implicitly explores the issue of shear lag in complexly shaped
shear walls, by specifying the effective flange width as:
•
•
•

Minimum of the actual flange width
One-half of the distance to an adjacent web of the wall
25% of the total height of the wall higher than the level considered

Implicitly this leads to the conclusion that more often than not, in high rise buildings whole
of the CW can be utilized at its base, but with considering cross sections on higher stories effective
width of flanges is drastically reduced to absurdly low lengths.
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Figure 53: Idealized Strain Distribution with: a)Bernoulli–Euler Assumption (no shear lag); b) nonlinear distribution due to
shear lag; and c) Bernoulli–Euler with effective width method [10]

Figure 54: Effective Section for Seismic Force in Y Direction
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Figure 55: Effective Section for Seismic Force in X Direction

Numerical example chosen is this study is by pure coincidence section which does not exhibit
significant shear lag effects. Had this not be the case, model which resembles model on Figure 56
should be developed via the previously described method for determining active flange width. In
general, this should be repeated for the other principal direction of seismic force, after which general
model taking into account shear lag effects in both directions can be used, on safe side.

Figure 56: Model of CW if Shear Lag Effects Should be Taken into Account for Seismic Force in X Direction
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Figure 57: Framed System: (a) Perspective View; (b) Stress Distribution Under Lateral Loads. (Adapted From Elnashai, A.S.
And Di Sarno, L. 2008. Fundamentals Of Earthquake Engineering, Wiley, West Sussex, UK.) [5]

More guidelines for capturing effects of shear lag are covered in [5] where it is stated that
provisions of Eurocode are mere suggestion and simplification of the design procedure:

“…Composite wall sections, that is, wall sections of the form L, T, U, I, Z, should be taken as
integral units. In any case, EC8-1/2004 allows the replacement of a composite cross-section by webs
connected with flanges and distribution of the bending moments and the axial forces to these T or I
elements in a uniaxial bending load case. It is the author’s opinion that this simplification cannot
much help the design procedure, at least in flexure, since each load combination corresponds to a
biaxial bending. Therefore, the T or I models should be formed for both main directions, the moment
vectors in each main direction should be distributed to the elements acting in this direction and thus
the number of verifications should be a multiple of 33..” [5].

Figure 58: Biaxial Bending of a Composite Cross-Section: Simplified Procedure Replacing the Composite Cross-Section by
Orthogonal Cross-Sections with Flanges [5]
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7.6

Openings and Discontinuities in Core Walls

To achieve structures functionality, certainly some of the openings must be provided
throughout structural elements, among them even CW. However, layout of openings and their size,
certainly should not be arbitrary defined, neither should be the result of significant compromises
which might endanger some of the design assumptions on which this procedure is based.
“..It is important to note that this structural system (buildings with tube systems) has the
behavior of a perforated tube in response to horizontal actions. When the holes are circular, small, and
limited in number, it behaves like a closed tube and, if the Bernoulli concept holds (aspect ratio H/l
greater than 2), the bending moment at the base is carried by normal forces with almost linear
distribution. If the number of holes increases and they take rectangular form, a large part of the
horizontal forces is transferred to the base by the shear behavior of the frames parallel to the load
direction, that is, through ‘shear lag effect’..” [5]
Also, in region where plastic hinge is expected to develop, designer is urged not to
incorporate any discontinuities or openings which might jeopardize the ductility of the plastic hinge
[2]. Those are all provisions which are important on global level, while the section analysis is local
analysis, and despite what are the results of the procedure described in this paper, global provisions
are governing criteria that must be obeyed. And where local analysis might show that somethings is
possible, one must always have in mind global behavior of the structure.
Therefore, this paper aims to serve as a bulwark against some extraordinary architectural
layouts, with irregular and arbitrary defined openings and discontinuities! Results obtained through
procedure stated in this paper are in no mean intended to justify openings in plastic hinge region,
or to promote discontinuities in confinement zones!

Figure 59: Curvature Distribution along the Wall Height [11]
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Figure 60: Empirical Equations for the Plastic Hinge Length for Rectangular Walls

Figure 61: Large Discontinuity in Shear Wall

On Figure 61 it can be observed large discontinuity in critical region of the wall. Despite that
that an orthogonal wall might be present in perpendicular plane, this detail should be avoided.
Furthermore, one may not justify width of the wall on L1 on the account that its length is now larger
than on Base level, so that normalized axial force will be about the same!
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Reason for that is that actual stress and strain distributions will be governed by the smallest
continuous section of the wall which runs uninterrupted from the base to the roof of the structure!
Section forces are just integrated values of internal stresses, and their intensity in analysis will be
about the same regardless of the actual distributions of internal strains and stresses! Conclusion is
that green colored lines are representing governing strain distributions and providing confinement
zones on the red colored lines is inefficient use of reinforcement and cannot be relied on to do much
to ensure sufficient curvature ductility. Opposite detail is not much better either.

Figure 62: Large Discontinuity in Shear Wall

Once again, the actual behavior of the wall be governed by its smaller continuous constituent
element. Placing confinement zones, or artificially extending the wall significantly and abruptly on one
level, just to ensure that normalized axial force is within the appropriate limits, is not something that
will be reliable achieved. Also circled detail shows the region where high stress concentration is likely
to occur, and it corresponds to the very spot where concrete must behave at its best. Putting an
additional “request” on this region is not, to say the least good engineering practice.
Henceforth, one must closely look at what portion of section can be engaged when
performing section analysis, by monitoring boundary conditions in global model!
Also, one might wonder are those regions with abrupt change in geometry every full activated
as confined concrete? Confining mechanism relies on tri axial stress state, it is obvious that principal
compressive stress, which serves as the “activator of confinement” is likely to be very low in those
regions, because of the flow of internal forces which will “flow away” to the supporting region.
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Figure 63: Region with Questionable Possibility of Tri-Axial Stress State

Figure 64: Region with Questionable Possibility of Tri-Axial Stress State
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Figure 65: Lack of Proper Principal Compressive Stress in Zones of Large Discontinuities

Does this mean that openings are completely forbidden at the base of CW which would
completely render useless use of the basements or low stories since they would be inaccessible to
reach? Certainly not!
This only prompts structural designer to pay more attention to the requests of other
disciplines and vice versa, should prompt other disciplines to cooperate more closely with structural
designer. The basic request of Eurocode 8 is for the complexly shaped CW to be regarded as an integral
unit. Effective way to allow openings in lower stories without compromising structural integrity would
be to design CW as a system of complexly shaped U, T, C, etc walls coupled with coupling beams. This
will be shown on the figures below:

Figure 66: Poor Structural Layout
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Layout on Figure 66 cannot be justified with procedure stated in this paper. Arbitrary
definitions of openings from level-to-level leads to deviant internal forces which are not adequately
captured with reducing internal stresses to the centroid of CW as an integral unit. Stress
concentrations which are induced in this layout leads to excessive strains which are far higher than
those obtained from forces reduced to centroid! Designer must keep in mind global shape and
geometry of CW which is not obvious solely by observing cross sections from one story to another.

Figure 67: Improved Structural Layout
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Figure 68: Improved Structural Layout – Plan View

Each of differently colored rectangles on Figure 68 is considered to be separate, complexly
shaped CW, and for each of them procedure stated in this paper is separately performed. In this
case distribution of internal forces is clear and architectural demands are satisfied without
endangering structural integrity!
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7.7

Curtailment of Longitudinal Flexural Reinforcement

One of the most “attractive” decisions used in practice is to design shear walls above critical
zone only by provisions of Eurocode EN1992-1-1:2004 [3] if strains are below 2mm/m in boundary
regions as this is allowed by EN1998-1:2004 [1]. This is sadly often misunderstood as an allowance
the distribute flexural reinforcement uniformly without staggering it where it is most efficiently used.
This results in poor and inefficient reinforcement layouts. This would be ok layout if someone is
designing ideally axially compressed or tensioned member. However, shear walls, or Core Walls, are
in essence vertical cantilevers subjected to bending, and as such reinforcement layout should
resemble the usual reinforcement layout for elements subjected to bending, i.e., reinforcement
should be placed concentrated in the outermost portions of the section, where it will be utilized most
efficiently. This will be shown on the following two examples. Data for which study is conducted is as
follows:
•
•
•
•

Wall length – 300cm
Wall thickness – 25cm
No axial force, element subjected to pure uniaxial bending
Reinforcement B500B, Concrete C50/60 - Unconfined

Figure 69: Uniformly Spaced Reinforcement – Case 1 – T12/100

Figure 70: Concentrated Reinforcement – Case 2 – T18/100 in flanges, T8/200 in web

CASE

Reinforcement Area
[cm2]

Major Moment
Capacity [kNm]

Ultimate Curvature
[rad]

1

72.38

4106

8.077·10-3

2

73.13

4318

1.269·10-2

Table 4: Comparison of Bending Capacity and Ultimate Curvature for Different Reinforcement Layouts
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Similar bending capacity is achieved in either way, however curvature in significantly, 54%
higher in the second case!!! Results would be even more exaggerated if some, minimal confinement
is provided! The effects of even minimal transverse reinforcement on the confinement of concrete,
even if not all of the rules of Eurocode 1998-1:2004 [1] are obeyed are explored in [6].
Results are even more obvious if one is to consider full interaction surface for the case of major
bending moment.

Interaction Surface
14000

Major Moment Capacity [kNm]

12000
10000
8000
6000
4000
2000
0
-30000

-25000

-20000

-15000

-10000

-5000

0

5000

Axial Force [kN]
Case 1 - Uniform Reinforcement

Case 2 - Concetrated Reinfrocement

Figure 71: Interaction Surface for Different Reinforcement Layouts
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8 Appendix A – Calculation of Constituent Portions of Core
Wall as Single Shear Walls
For the sake of comparison in this chapter with conclusions mentioned in the Chapter: Achieving
Global and Local Ductility Requirements, in this chapter it will be presented what reinforcement layout
is satisfactory if walls are treated as completely independent shear walls.
Comment

Concrete
Grade

Governing
Seismic
Combo

C50/60
C50/60
C50/60

Governing
Seismic
Combo

C50/60
C50/60
C50/60

Governing
Seismic
Combo

C50/60
C50/60
C50/60

Governing
Seismic
Combo

C50/60
C50/60
C50/60

Wall

Combo

lw
[m]

bw
[m]

WR03-01
WR03-01
WR03-01
WR03-01
WR03-04
WR03-04
WR03-04
WR03-04
WR03-05
WR03-05
WR03-05
WR03-05
WR03-06
WR03-06
WR03-06
WR03-06

MAX
Nmax S
Nmin S
Tension Force S
MAX
Nmax S
Nmin S
Tension Force S
MAX
Nmax S
Nmin S
Tension Force S
MAX
Nmax S
Nmin S
Tension Force S

3,10
3,10
3,10
3,10
3,10
3,10
3,10
3,10
8,16
8,16
8,16
8,16
8,16
8,16
8,16
8,16

0,60
0,60
0,60
0,60
0,60
0,60
0,60
0,60
0,50
0,50
0,50
0,50
0,40
0,40
0,40
0,40

NEd
[kN]

ν

18000
100
0

0,34
0,00
0,00

15500
14000
-3200

0,29
0,27
-0,06

24200
11000
0

0,21
0,10
0,00

17000
6400
0

0,18
0,07
0,00

Web RFT

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150

Confined RFT

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

MEd
[kNm]

MRd
[kNm]

1500
1500
0

29648
16219
0

1600
1600
1600

28691
28005
12367

33000
33000
33000

127119
96807
0

22000
22000
0

105254
78605
0

MEd/MRd

9,25
5,06
9,25
0,00
12,94
5,58
5,71
12,94
34,09
25,96
34,09
0,00
27,99
20,90
27,99
0,00

l c.geo
[m]

l c.calc
[m]

Comment

1,00
1,00
-

1,00
1,00
-

Minimal Geometrical
Length

1,00
1,00
-

1,00
1,00
-

Minimal Geometrical
Length

1,30
1,30
-

1,30
1,30
-

Minimal Geometrical
Length

1,30
1,30
-

1,30
1,30
-

Minimal Geometrical
Length

Figure 72: Results of the Analysis if CW are treated as Single Shear Walls

It can be seen that single shear walls are severely overdesigned, since their utility ratios are at
most 35%, even for the non-concurrent combination of acting forces! Furthermore, it can be observed
that in all of the cases only the basic minimum of confinement zone would be necessary. Reason for
this is that actual stress and strain distributions very significantly depending on whether sections are
considered to be separate or integral. [2]
“..If the composite section is modelled in the analysis as an assemblage of (quasi-rigidly
connected) rectangular parts (see Section 4.9.4), this separation should not be retained during its
dimensioning and veriﬁcation in ﬂexure. The nonlinearities in a section analysis at the ULS may lead
to a distribution of strains and stresses in the actual composite section which is vastly different from
that in the artiﬁcially articulated section under the My-Mz-N triplets of its individual parts. So, these
triplets should be composed into a single one for the entire wall section..” [2]
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9 Appendix B – Alternative Calculation of Numerical Example
Based on the suggestion from Figure 46 whole outermost portions of CW will be designed as a
confined elements. In those regions reinforcement will be adopted as T16/100 rather than T25/100 in
corners and T12/150 in “web”, except in the case of two wall portions which are 200mm thick, where
reinforcement is kept as T12/200.

Figure 73: Alternative Layout of Reinforcement in Numerical Example – Unconfined Section
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Figure 74: Alternative Layout of Reinforcement in Numerical Example – Confined Section

Design Stress - Strain Plot
70,00

Stress - σ [MPa]

60,00
50,00

WR03-01

40,00

WR03-04

30,00

WR03-05T

20,00

WR03-05B

10,00

WR03-06T
WR03-06B

0,00
-2,00

-10,00

0,00

2,00

4,00

6,00

8,00

10,00

12,00

Strain - ε [mm/m]
Figure 75: Design Stress-Strain Plot of Alternative Reinforcement Layout

67

Figure 76: Revised Properties of Confined Concrete
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9.1

Calculation of Curvature on the Onset of Yielding

Figure 77: Curvature on the Onset of Yielding

𝜇𝑦 = 4.040 ∙ 10−4 𝑟𝑎𝑑
𝜇𝜙.𝑟𝑒𝑞 = (2 ∙ 𝑞0 − 1) ∙ 1.5 = (2 ∙ 2 − 1) ∙ 1.5 = 4.5

9.1.1 Calculation of Curvature on the Onset of Yielding with Reinforcement with Steel
Hardening – WH

𝜇𝑦 = 3.951 ∙ 10−4 𝑟𝑎𝑑
𝜇𝜙.𝑟𝑒𝑞 = (2 ∙ 𝑞0 − 1) ∙ 1.5 = (2 ∙ 2 − 1) ∙ 1.5 = 4.5
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9.2

Calculation of Ultimate Curvature

9.2.1 Procedure I and Procedure II

Figure 78: Ultimate Curvature obtained from Procedure I and Procedure II

It is obvious that ultimate rupture strain of steel reinforcement is not reached prior to reaching
ultimate strain of unconfined concrete, therefore Procedure III and Procedure IV must be investigated
𝜇𝑢𝐼𝐼 = 2.282 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝐼 = 312026 ∙ 𝑘𝑁𝑚
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9.2.2 Procedure III and Procedure IV

Figure 79: Ultimate Curvature obtained from Procedure III and Procedure IV

It can be observed that tensile rupture of steel reinforcement won’t precede failure of confined
concrete, therefore we obtain following results:
𝜇𝑢𝐼𝑉 = 5.038 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝑉 = 309963 ∙ 𝑘𝑁𝑚
𝑀𝑢𝐼𝑉 = 309963 𝑘𝑁𝑚 > 0.8 ∙ 𝑀𝑢𝐼𝐼 = 0.8 ∙ 312026 𝑘𝑁𝑚 = 249621 𝑘𝑁𝑚
𝑀𝑅𝑑= 𝑀𝑢𝐼𝑉 = 309963 ∙ 𝑘𝑁𝑚
𝜇𝑢 = 𝜇𝑢𝐼𝑉 = 5.038 ∙ 10−3 𝑟𝑎𝑑
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𝜇𝜙.𝑐𝑎𝑝 =

𝜇𝑢 5.038 ∙ 10−3 𝑟𝑎𝑑
=
= 12.47
𝜇𝑦 4.040 ∙ 10−4 𝑟𝑎𝑑

𝜇𝜙.𝑟𝑒𝑞 = (2 ∙ 𝑞0 − 1) ∙ 1.5 = (2 ∙ 2 − 1) ∙ 1.5 = 4.5
𝜇𝜙.𝑟𝑒𝑞
4.5
=
= 32% < 100%
𝜇𝜙.𝑐𝑎𝑝 12.47

Figure 80: Ultimate Strain Distribution

Figure 81: Ultimate Stress Distribution
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It can be easily concluded that with the alternative layout of confined elements far superior
behavior of CW is achieved confinement effects are fully utilized just where they are needed!
Also, if one is to consider relative use of material quantities it is obvious that alternative
solution presented here is more cost effective! Furthermore, relatively low utility ratios in this case
can lead to even more efficient reinforcement layout. However, for the sake of brevity that option will
not be explored in further detail in this paper.
Approach in
Chapter

Confined Reinforcement

“Web Reinforcement”

Total Area of
Reinforcement

4

T25/100

T12/200

92505 mm2

9

T16/100

T16/100

47852 mm2

With 49% less reinforcement 290% higher curvature ductility
may be achieved if designer opts for alternative layout of confined
zones!
9.2.2.1

Calculation of Ultimate Curvature with Reinforcement with Steel Hardening – WH

𝜇𝑢𝐼𝐼 = 2.231 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝐼 = 313578 ∙ 𝑘𝑁𝑚
𝜇𝑢𝐼𝑉 = 4.923 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝑉 = 314532 ∙ 𝑘𝑁𝑚
𝑀𝑢𝐼𝑉 = 314532 𝑘𝑁𝑚 > 0.8 ∙ 𝑀𝑢𝐼𝐼 = 0.8 ∙ 313578 𝑘𝑁𝑚 = 2506862 𝑘𝑁𝑚
𝑀𝑅𝑑= 𝑀𝑢𝐼𝑉 = 314532 ∙ 𝑘𝑁𝑚
𝜇𝑢 = 𝜇𝑢𝐼𝑉 = 4.923 ∙ 10−3 𝑟𝑎𝑑
𝜇𝜙.𝑐𝑎𝑝

𝜇𝑢 4.923 ∙ 10−3 𝑟𝑎𝑑
=
=
= 12.46
𝜇𝑦 3.951 ∙ 10−4 𝑟𝑎𝑑

𝜇𝜙.𝑟𝑒𝑞 = (2 ∙ 𝑞0 − 1) ∙ 1.5 = (2 ∙ 2 − 1) ∙ 1.5 = 4.5
𝜇𝜙.𝑟𝑒𝑞
4.50
=
= 36% < 100%
𝜇𝜙.𝑐𝑎𝑝 12.46
Again, adoption of stress strain relationship for reinforcing steel where there is steel hardening doesn’t
significantly affect the results. Reason is probably that CW sections ultimately fail by the failure of
concrete in compression.
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10 Appendix C – Calculation of Single Shear Wall
Same procedure as for the complex CW section will be now repeated for one, independent single
shear wall. Reinforcement in the shear wall is adopted as to be the minimal one required by the
standard. Similarly concrete dimensions are adopted by the same principle.
General data adopted in numerical example:
•
•
•
•
•
•
•
•
•

T16/200 in confinement zones, T12/200 in unconfined zones
T8/100 as confinement reinforcement – 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
Wall length Lw=3200mm
Wall thickness bw=300mm
Confinement length Lc.min=Lc.calc=600mm

Figure 82: Single Shear Wall used in Example

Stress strain relationships for unconfined concrete and reinforcement are same as in the
previous examples, hence only the stress strain plot for confined concrete will be shown here.

Figure 83: Stress Strain diagram of Confined Concrete
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Comment

Concrete
Grade

Governing
Seismic
Combo

C50/60
C50/60
C50/60

Wall

Combo

lw
[m]

bw
[m]

NEd
[kN]

ν

WK3-301
WK3-301
WK3-301
WK3-301

MAX
Nmax S
Nmin S
Tension Force S

3,20
3,20
3,20
3,20

0,30
0,30
0,30
0,30

4000
2300
0

0,15
0,08
0,00

Web RFT

12
12
12
12

200
200
200
200

Confined RFT

16
16
16
16

200
200
200
200

MEd
[kNm]

MRd
[kNm]

3750
3750
0

7500
6000
0

MEd/MRd

62,50
50,00
62,50
0,00

l c.geo
[m]

l c.calc
[m]

Comment

0,60
0,60
-

0,60
0,60
-

Minimal Geometrical
Length

Figure 84: Results obtained by using semi empirical equations from Eurocode 1998-1:2004 [1]

10.1 Calculation of Curvature on the Onset of Yielding

Figure 85: Curvature on the Onset of Yielding – Single Shear Wall

𝜇𝑦 = 1.061 ∙ 10−3 𝑟𝑎𝑑
𝜇𝜙.𝑟𝑒𝑞 = (2 ∙ 𝑞0 − 1) ∙ 1.5 = (2 ∙ 2 − 1) ∙ 1.5 = 4.5
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10.1.1 Calculation of Curvature on the onset of Yielding with Reinforcement with Steel
Hardening - WH

𝜇𝑦 = 1.087 ∙ 10−3 𝑟𝑎𝑑
𝜇𝜙.𝑟𝑒𝑞 = (2 ∙ 𝑞0 − 1) ∙ 1.5 = (2 ∙ 2 − 1) ∙ 1.5 = 4.5

10.2 Calculation of Ultimate Curvature

10.2.1 Procedures I and II

Figure 86: Ultimate Curvature for Single Shear Wall – Procedures I and II
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𝜇𝑢𝐼𝐼 = 4.615 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝐼 = 8252 ∙ 𝑘𝑁𝑚

10.2.2 Procedures III and IV

Figure 87: Ultimate Curvature for Single Shear Wall – Procedures III and IV

𝜇𝑢𝐼𝑉 = 1.471 ∙ 10−2 𝑟𝑎𝑑
𝑀𝑢𝐼𝑉 = 8122 ∙ 𝑘𝑁𝑚
𝑀𝑢𝐼𝑉 = 8122 𝑘𝑁𝑚 > 0.8 ∙ 𝑀𝑢𝐼𝐼 = 0.8 ∙ 8252 𝑘𝑁𝑚 = 6601 𝑘𝑁𝑚
𝑀𝑅𝑑= 𝑀𝑢𝐼𝑉 = 8122 ∙ 𝑘𝑁𝑚
𝜇𝑢 = 𝜇𝑢𝐼𝑉 = 1.471 ∙ 10−2 𝑟𝑎𝑑
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𝜇𝜙.𝑐𝑎𝑝 =

𝜇𝑢 1.471 ∙ 10−2 𝑟𝑎𝑑
=
= 13.53
𝜇𝑦 1.087 ∙ 10−3 𝑟𝑎𝑑

𝜇𝜙.𝑟𝑒𝑞 = (2 ∙ 𝑞0 − 1) ∙ 1.5 = (2 ∙ 2 − 1) ∙ 1.5 = 4.5
𝜇𝜙.𝑟𝑒𝑞
4.50
=
= 33% < 100%
𝜇𝜙.𝑐𝑎𝑝 13.53
*NOTE: Eurocode 1998-1:2004 allows for the calculation of required ductility curvature for walls with
the usage of overstrength factor. This approach will in fact show even less utility ratios. However this
approach has been heavily commented by Fardis [2], and henceforth has not been implemented here.
“..In ductile walls designed according to Eurocode 8 the lateral force resistance – i.e., the quantity
directly related to the q-factor – depends only on the moment capacity of the base section. The wall
overstrength is the ratio MRd/MEd – 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 corresponding axial
force from the analysis. Eurocode 8 allows computing μϕ 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/MEd – ratio among all
combinations of the design seismic action with the concurrent gravity loads. It would had been more
representative – albeit less convenient – to use instead the ratio ΣMRd/ΣMEd, with both summations
extending to all the walls in the system..” [2]
10.2.2.1 Calculation of Ultimate Curvature with Reinforcement with Steel Hardening – WH

𝜇𝑢𝐼𝐼 = 4.712 ∙ 10−3 𝑟𝑎𝑑
𝑀𝑢𝐼𝐼 = 8224 ∙ 𝑘𝑁𝑚
𝜇𝑢𝐼𝑉 = 1.548 ∙ 10−2 𝑟𝑎𝑑
𝑀𝑢𝐼𝑉 = 8112 ∙ 𝑘𝑁𝑚
𝑀𝑢𝐼𝑉 = 8112𝑘𝑁𝑚 > 0.8 ∙ 𝑀𝑢𝐼𝐼 = 0.8 ∙ 8224 𝑘𝑁𝑚 = 6579 𝑘𝑁𝑚
𝑀𝑅𝑑= 𝑀𝑢𝐼𝑉 = 8112 ∙ 𝑘𝑁𝑚
𝜇𝑢 = 𝜇𝑢𝐼𝑉 = 1.548 ∙ 10−2 𝑟𝑎𝑑
𝜇𝜙.𝑐𝑎𝑝 =

𝜇𝑢 1.548 ∙ 10−2 𝑟𝑎𝑑
=
= 14.24
𝜇𝑦 1.087 ∙ 10−3 𝑟𝑎𝑑

𝜇𝜙.𝑟𝑒𝑞 = (2 ∙ 𝑞0 − 1) ∙ 1.5 = (2 ∙ 2 − 1) ∙ 1.5 = 4.5
𝜇𝜙.𝑟𝑒𝑞
4.50
=
= 32% < 100%
𝜇𝜙.𝑐𝑎𝑝 14.24
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11 Conclusions and Proposals for Further Study
The most important design considerations, arising from conclusions based on reviewed literature
and author’s engineering judgment are as follows:
•

Core Walls should be verified in flexure as integral sections, since analysis based on
individual segments is not on safe side since internal forces vastly vary in those instances.
Also, in investigated example significantly higher demands for local ductility appears
when integral unit is considered.
Core Walls should be verified in shear as an assemblage of individual shear walls, contrary
to their verification in flexure
Designer is urged to identify zones with highest stresses and strains and adequately
confine them to achieve necessary curvature ductility
Confined zones should be without any abrupt change in geometry. Where thickness of
the walls is optimized, that must be done by having in mind actual demands from the
structure, not the arbitrary definition, if the section is in “critical height” or not
Adverse effects, which are hard to capture, i.e., warping torsion, should somehow be
accounted for, either through explicit analysis, either through leaving some redundant
capacity in the concrete core to allow for redistribution of internal forces after cracking
Proper care must be placed on defining actual effective stiffness of the structure.
Overestimating this value in FBD will be on safe side concerning base shear, but the actual
drifts and displacements might be severely underestimated
Sections must be designed in such a way that brittle failure does not govern the design!
This means that arbitrary definitions of the inclination of concrete struts in design for
shear are not the right path to follow! Also, excessive flexural reinforcement might prove
detrimental for the structure!
Shear lag effects, and actual stress distributions arising either from the global dimensions
of the section either from abrupt changes in geometry must be considered

•
•
•

•

•

•

•

11.1 Where Optimizations May be Made
Important question remains, how more efficient structure may be designed? Answer lays either
in more refined methods of analysis or in more depth understanding how the structure actually is
conceived to behave. Based on authors opinion, there are certain areas where structures may be
designed to have better performance, with less material quantities!
•
•
•

•
•

Adoption of better constitutive stress-strain relationships for confined concrete and
reinforcing steel
Promotion of using reinforcing steel B500C instead of B500B
Adequately capturing zones where highest stresses and strains are developed and
properly securing these areas, on the account of decreasing reinforcement quantities
from the areas which are more relaxed
Adequate curtailing of flexural reinforcement, by providing portions of section with
concentrated flexural reinforcement instead of uniformly reinforcing concrete sections
Avoiding abrupt and illogical changes in geometry, which will in the result in poorer
performance with more materials used
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11.2 Proposals for Further Study

This paper was originally conceived to cover only verifications of curvature ductility
requirements, but quickly enough more and more questions have arisen. Certain areas are worth
exploring further as there is potential in designing more efficient and overall, better performing
structures if those areas are explored:
•
•

•

Exploring the influence of torsion and warping torsion and actual redistribution of
internal forces after torsional cracking
Defining the library where the actual effective stiffness of the concrete sections has been
calculated, based on already built and proven structures by following the expression from
Biskins, covered in [2]
Defining more accurate methods to account for shear lag effects, as the paper [10]
questions the validity of the given expressions

Also, in this paper nothing has been mentioned concerning the global second order effects
which might occur in the slender concrete Core Walls. Hopefully, author will have time and still some
enthusiasm left to cover those effects in some of the further revisions.
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