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ABSTRACT

Nonlinear 3-D finite element models were developed to investigate the cumulative
damage of composite columns subjected to cyclic loading by comparing the effects
of different levels of axial loads on the cyclic capacity of steel, reinforced concrete,
and composite beam-columns. The beam-column specimens were modeled as fixed
cantilever beam-columns with an axial load level of 10%, 15%, and 20% of their
axial load capacity as well as cyclic loading similar to that suggested by Applied

Technology Council (ATC) guidelines (ATC 1992 - ATC 24).

The FEM output was then examined to determine the effect of different levels of
axial loads on behavior of beam-columns under cyclic loading. Assessing whether
the prototype elastic stiffness had changed, identifying the high stress and strain
zones, and evaluating the effects of the level of axial load on stiffness, strength, and

ductility of beam-column prototypes were facilitated.

The finite element analysis results demonstrate that the encased composite beam-
columns reached the highest ductility among beam-columns specimens due to
confinement effect of concrete. The results indicate that local buckling plays a
crucial role in curvature ductility for the cyclic beam columns whereas extensive
local buckling of steel section leads to significant reduction in stiffness and strength
(softening damage). Moreover, the elastic flexural stiffness as well as ductility

decreases significantly with an increase in the axial loads level.



Keywords: Cyclic Capacity, Confinement Effect, Finite Element Method, Local

Buckling, Ductility
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Oz

Dogrusal olmayan ii¢ boyutlu kompozit kolon modelleri sonlu elemanlar yontemi
olusturularak dongiisel yiikler ve farkli eksenel yiikler altinda analiz edilmis ve
sonuclar ¢elik ve betonarme kolon modelleri ile karsilastirilmustir. Kiris-kolon
modeli bir ucu tam ankastre diger ucu serbest olacak sekilde modellenmis (konsol
kolon) ve ATC24 raporunda belirtildigi sekilde eksenel yilik kapasitelerinin %10,
%15 ve %20 degerlerine tekabiil eden diisey yiik ve dongiisel yatay yiik uygulanarak

¢Oziimlenmistir.

Dongusel yik uygulanan Kiris-kolon sonlu elemanlar modellerinden elde edilen
sonuglar, eksenel yilik oran1 da dikkate alinarak incelenmis ve farli eksenel yiik
oranlarmin dongiisel yatay yiik kapasitesine olan etkisi degerlendirilmistir. Bu
calismada modellerin farkli eksenel yiikler altinda elastik rigitlik, yiiksek gerilme ve
yiiksek birim sekil degistirme bolgeleri, dayanim ve siineklik diizeyleri incelenmis ve

sonuclar sunulmustur.

Sonlu elemanlar yontemi uygulanarak elde edilen sonug¢lardan kompozit kiris-
kolonun, betonun celik profil etrafinda olusturdugi sargi etkisi nedeniyle,
stinekliginin digerlerine gore daha yiiksek oldugu goriilmiistiir. Ayrca sonuglar
gostermistir ki dongiisel yiliklerden dolayr olusan bdlgesel burkulma siinekliligi
etkiledigi, bu baglamda ¢elik kiris-kolonda gorilen bolgesel burkulma nedeniyle bu
elemanda ciddi bir rigitlik kayibina neden olmustur. Buna paralel olarak tiim

modellerde egilme rigitliginde ve siineklikte eksenel yiik artis1 ile diisiis goriilmiistiir.
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Chapter 1

INTRODUCTION

1.1 General Introduction

During the last few years, steel-concrete composite structures have become popular
system in tall buildings construction due to their higher load-carrying capacity and
stiffness which results from combining the rigidity of reinforced concrete with
structural steel sections. The use of composite structures has become widespread in
the Middle East, with Dubai today housing some of the highest buildings in the
world, in Japan and China. Also, there are extensive interests of using composite

systems for the seismic resistance design.

Comparing with steel structure or traditional concrete, composite steel-concrete
construction has gained more advantages from being system with: high load carrying
capacity, admirable structural integrity, and excellent structural and dimensional

stability etc. (Kwan & Chung, 1996).

Most of composite structures consist of structural steel frame with steel-concrete
composite columns to satisfy the requirements of strength and serviceability under all
probable condition of loading. These composite columns provide the required
stiffness to limit the total drift of the building to acceptable levels of the lateral
displacement, resist the lateral seismic and wind loads very effectively, and speed up

the construction process by advancing the erection of the structural steel formwork to



support several floors at time before casting the concrete column encasement which

produce an economic structure.

1.2 Types of Composite Columns
Two basic types of composite columns are mostly used in buildings: those with the
steel section encased in concrete and those with the steel section filled with concrete,

examples of which are shown in Figures 1.1 and 1.2 respectively.

(a) { be { (b) (c)
C b C -
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\\ ‘\ e |
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Figure 1.1: Typical Cross-Section of Composite Columns with Fully or Partially

Concrete-Encased H-Section
(Source: Buick Davison, 2012)

Zz

Figure 1.2: Typical Cross-Section of Composite Columns with Fully or Partially

Concrete-Filled Hollow Sections
(Source: Buick Davison, 2012)



1.2.1 Concrete-encased Composite Columns

One of the common and popular columns is the encased steel profile (Figure.1.1)
where a steel H-section is encased in concrete. Sometimes, structural pipe, tube, or
built up section is placed instead of the H-section. In addition to upholding a
proportion of the load acting on the column, the concrete encasement enhances the
behavior of the structural steel core by and horizontal bar reinforcement, and so
making it more effective against both local and overall buckling. The load-bearing
concrete encasement performs the additional function of fireproofing the steel core.
The cross sections, which normally are square or rectangular, must have one or extra
longitudinal bars placed in every single corner and these have to be tied by lateral
ties at regular vertical intervals in the manner of a reinforced concrete column. Ties
are effective in rising column strength, confinement and ductility. Furthermore, they
stop the longitudinal bars from being displaced during construction and they resist
the tendency of these same bars to buckle outward under load, which would cause
spalling of the outer concrete cover even at low load levels, remarkably in the case of
eccentrically loaded columns. It will be noted that these ties will be open and U-
shaped. Otherwise, they might not be installed, because the steel column shapes will

have always been erected at an earlier time.

1.2.2 Concrete -filled Composite Columns

In this type of composite columns, a steel pipe, steel tubing, or built up section is
filled with concrete (Figure.1.2). The most common steel sections used are the
hollow rectangular and circular tubes. Filled composite columns may be the most
efficient application of materials for column cross sections. It provides forms for the
inexpensive concrete core and increases the strength and stiffness of the column. In

addition, because of its relatively high stiffness and tensile resistance, the steel shell



provides transverse confinement to the concrete, making the filled composite column

very ductile with remarkable toughness to survive local overloads.

1.3 Scope and Objectives of the Study

It is the purpose of this study to investigate the cumulative damage of composite
columns subjected to cyclic loading by comparing the effects of different levels of
axial loads on the cyclic capacity of steel, reinforced concrete, and composite beam-

columns.

Version 6.12 of the finite element program ABAQUS (ABAQUS, 2012) was utilized
to model the three prototype beam-columns; steel, reinforced concrete, and
composite columns subjected to a cyclic loading similar to that suggested by Applied
Technology Council (ATC) guidelines (ATC 1992- ATC 24). Each prototype beam-
column was modeled under an axial load level of 10%, 15%, and 20% of their axial

load capacity.

The objective of this study can be cast into the following points:

1) Determining the lateral load capacity of beam-column prototypes.

2) Determining the yield level lateral capacity by measure the elastic
stiffness of each prototype.

3) Evaluating whether the prototype elastic stiffness had changed.

4) ldentifying the high stress and strain zones.

5) Evaluating the effects of the level of axial load on stiffness, strength, and

ductility of beam-column prototypes.



1.4 Outline

This thesis is structured as follows:
Chapter I is the general introduction to the concept of this research and the objectives

that need to be achieved in the process of the study.

Chapter Il presents a literature review on the behaviors of composite column under
cyclic loading, as well as a detailed review of Eurocode (Eurocode 4. , 2004) for

composite, Reinforced concrete, and steel beam-column design.

Chapter 11l presents an overview of preliminary design of beam-column prototypes,
materials definition, and loading protocols. In this chapter also information and
details on the finite element models and analysis procedures to evaluate the behavior
of prototypes are provided, and verification of the finite element part of this research

is presented.

Chapter IV summarizes the result of the finite element analysis of the three prototype
beam-columns; steel, reinforced concrete, and composite, and comparison between
the results in order to understand the behavior of the beam-columns under variation

of axial load level.

In Chapter V presents summary and conclusions of this thesis for composite

columns. This chapter is followed by references.



Chapter 2

LITERATURE REVIEW

2.1 General Introduction

As main components of the composite frame system, the beam-columns are
commonly adopted as most important components which resist lateral seismic loads
especially in the regions of high seismic ground motion. They are subjected to both

axial compressive force and moment.

After extensive review in literature, the overall performance of such a system has
been investigated by many studies; Mirza et al. (1996), EI-Tawil & Deierlein (1999),
Lee & Pan (2001), Chen et al. (2001), Chicoine et al. (2002), Chicoine et al. (2003),
Spacone & El-Tawil (2004), Mirza & Lacroix (2004), Chen et al. (2005), Tikka &
Mirza (2005), Chen & Lin (2006), Begum et al. (2006), Begum et al. (2006), Mirza
S. A. (2006), Ellobody et al. (2010), Ellobody & Young (2010), Denavit et al.
(2011), Shim, Chung, & Yoon (2011), Cho et al. (2012), etc.. Most of them have
focused on the ultimate strength of composite columns under axial loads. Various
analytical models and design formulas have been proposed to describe the overall

response.

A lot of experiments have been carried out to investigate the parameters that affect
the axial capacity of composite columns. It was found that there are various

parameters, including shape of steel section, longitudinal steel reinforcement,



material properties of the concrete, the confinement effect of the concrete,
slenderness ratio of the column, and concrete and steel strength. (Ellobody & Young,

2011).

Ellobody et al. (2010) studied the responses of concrete encased steel composite
columns to eccentrically load acting along the major axis. Many variables that
influence this response such as the concrete strength, the steel section yield stress,
eccentricities, column dimensions, and structural steel sizes were investigated. A
three-dimensional finite element analysis using ABAQUS has been developed and it
has been validated against experimental result. Eccentric Load—concrete strength
curves, axial load-moment curves, and ultimate capacity were obtained. The results
showed that the increase in steel section yield stress has significant effect on the
strength of eccentrically load composite column with small eccentricity with
concrete lower than 70 MPa compressive strength. A conclusion was drawn after
compared the results with Eurocode 4 (Eurocode 4. , 2004) that the eccentric load

were predicted correctly but the moment values were overestimated.

On the other hand, Ellobody & Young (2010) investigated the effect of varied
slenderness ratios, concrete strength and steel yield stress on strength and behavior of
pin-ended axially loaded concrete encased steel composite columns. To establish this
effect, the 3D nonlinear finite element analysis and their results have been validated
against actual tests results. The results demonstrated that the effect of increase in
steel yield stress on the composite strength for slender column is less pronounced

because of the flexural buckling failure mode.



Considering the researchers that investigated the confinement effect of the concrete
in composite columns, Chen & Lin (2006) developed analytical model for
anticipating the force-deformation response. Three different shapes of the structural
steel section were used; I-, H-, T- and cross-shaped sections. The analytical model
took into account the relationships between variables for materials used such as
structural steel section, confined and unconfined concrete, and longitudinal
reinforcing bar. In their analytical model, they evaluated the confinement factor for
confined areas and they concluded that the steel shapes, the diameter and spacing of
the lateral and longitudinal reinforcement, as well as layout of section effect the
confining stress which have high pronounced enhancement in the axial capacity and

ultimate strength.

Furthermore, Dundu (2012) conducted an experimental study to investigate the
behavior of concrete-filled steel tube (CFST) columns, which consisted of the test of
24 Specimens loaded concentrically in compression to failure. In this study,
slenderness ratio and the strength of materials were considered as main variables.
The results have shown that the columns having larger slenderness ratio failed by
overall flexural buckling. Whereas the composite columns that have lower
slenderness ratio failed by crushing of the concrete and yielding of the steel tube.
Moreover, the test results compared with Eurocode 4 and the South African code, so

the conclusion was drawn that the codes are conservative.

The overriding point that was noticed during the review in literature was the cyclic
behavior of the composite beam-columns has not received the same level of attention
as monotonic behavior, especially for concrete-encased steel composite columns. A

limited number of studies have been made on this behavior because it is expensive



regarding the cost of research; preparing a full-scale testing is expensive and time
consuming. However, a remarkable number of researchers tried to capture and
monitor the composite columns seismic behavior by means of strength, stiffness,
ductility, and energy dissipation. For instance, Varma et al. (2004) investigated the
seismic behavior of square concrete-filled steel tube beam-columns. Cyclic load tests
conducted on eight beam-column specimens having different width-to-thickness
ratio, different yield stress of the steel tube, and different level of axial load. The
results indicate that in the plastic hinge zone, where the stress concentrations highly
increase, most of the flexural energy was dissipated. Moreover, it was shown that the
increase in axial load level has inverse effect on the cyclic curvature ductility. Also at
lower axial load levels, the ductility is reduced for beam-columns having higher
width-to-thickness ratio or yield stress of the steel tube. On the other hand,
Gajalakshmi & Helena (2012) tested sixteen specimens of concrete-filled steel
circular columns, which consisted of two types of in-fills; plain cement concrete and
steel fiber reinforced concrete. The influences of cross-section details; the diameter-
to-thickness ratio, as well as the types of in-fills on the columns strength, stiffness,
ductility, failure mode and energy absorption capacity were investigated. Their tests
confirmed that the steel fiber reinforced concrete-filled steel columns provide
increase in strength, ductility and energy dissipation capacity compared to plain
cement concrete-filled columns which are required for use in seismic moment

frames.

From the detailed literature mentioned above, it should be noted that there is
necessity to direct an effort towards for gaining a better understanding of the cyclic
behavior of concrete-encased steel composite beam-columns to be able to represent

the behavior by analytical models.



2.2 Composite Column Design via the Eurocode 4

For satisfaction of the main aim of this study; investigate the cumulative damage of
composite columns subjected to cyclic loading by comparing the effects of different
levels of axial loads on the cyclic capacity of steel, reinforce concrete, and composite
beam-columns, it is first necessary to review the design procedures that will be used
for composite, steel, and reinforce concrete beam-columns to be able to used them in

preliminary design.

In fact, Eurocode presents the most recent rules and comprehensive review among
other design codes and specifications. As a result, Eurocode 2, 3, and 4 were chosen
for design of reinforce concrete, steel, and composite beam-columns, respectively.
This section elucidates on the design procedure of composite columns according to
Eurocode 4 (EN 1994) to resist axial loads and moments. Whereas the design
procedures of reinforce concrete and steel columns, which will be used for the

comparison purposes, are summarized in appendix A.

To begin with, there are two design methods mentioned in Eurocode 4 for composite
columns design; the general method which appropriate for non-symmetrical or non-
uniform columns and the simple method for members of doubly symmetrical and

uniform over the member length.

For the composite columns design, Eurocode has mentioned some limitations which
shall satisfy; Slenderness parameter of the column should be less than 2%, the
longitudinal reinforcement which can be used should be no more than 6% and not
less than 0.3% of the concrete area, 0.2 and 0.5 are given as limits for the depth to

width ratio of the composite cross-section.
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2.2.1 Composite Section Design
In order to calculate the plastic resistance of composite columns, the plastic
resistance of its components; the structural steel, the concrete and the reinforcement,
should be adding. The plastic resistance equation for encased-composite column is:
N = A, fyg +0.85A f, + AT 2.1)
where
Aa  the cross-sectional area of the structural steel
Ac  the cross-sectional area of the concrete
As  the cross-sectional area of the reinforcement
f.g  Design value of the cylinder compressive strength of concrete
fsa  Design value of the yield strength of reinforcing steel

fya  Design value of the yield strength of structural steel

For filled-composite column, the coefficient 0.85 may be replaced by 1.0. The plastic

resistance of circular cross-section equation is:

t f
NPl,Rd = 77aAa 1:yd + Ac fcd {1+ 1. af_y:| + As fsd
oK 2.2)

where

fy  Nominal value of the yield strength of structural steel

fo«  Characteristic compressive cylinder strength of concrete at 28 days
d Is the outside diameter of the steel tube

t Is the wall thickness of the steel tube

May, Me Factors related to the confinement of concrete

11



When the eccentricity of loading, €, equal to 0, the values of 77, = 7740 and #¢ = 7, are

given by the following expressions:

N, =025(3+21) but<1 (2.3)

_ _ 2
Mo =4.9-1851+174% but>0 (2.4)

where
a0, o Factors related to the confinement of concrete

A General slenderness parameter

When eccentricity to outside diameter ratio, e/d, falls between 0 and 0.1, the values

na and n. should be determined from (Equation 2.5) and (Equation 2.6);

MNa =Mao T (1_77ao )(10%)

(2.5)
=n,{1-10€
77(; 7700( A) (26)
Fore/d>0.1, n,=1.0and 5. = 0.
The eccentricity of loading, e, is defined as
M Ed
e= (2.7)
NEd
where

Mgy Design bending moment

Neq  Design value of the compressive normal force

12



The steel contribution ratio, d, is defined as

f
5= b (2.8)
N plrd
The relative slenderness, 4, is defined by:
N
1= p1,Rk 29
N, (2.9)
where

Npl,rk the characteristic value of the plastic resistance to compression given by
(Equation 2.1)
Ner the elastic critical normal force for the relevant buckling mode, calculated

with the effective flexural stiffness (El)es

(EI )eff 72'2
= 2.10
(KLY (2.10)
where
L buckling length of the column (effective length)
(ENes Effective flexural stiffness given by (Equation 2.11)
(El)eff =Ea|a+Es|s+KeEcm|c (211)

where

Ke correction factor that should be taken as 0.6

I the second moment of area of the structural steel section
I the second moment of area of the un-cracked concrete section
Is the second moment of area of the reinforcing steel

13



Ea Modulus of elasticity of structural steel
Ecn  The secant modulus of concrete, (Equation 2.12)

Es Design value of modulus of elasticity of reinforcing steel

f 0.3
£ - 22[ﬂ}
10 (2.12)

fo=f +8 (2.13)

m

For simplification for members in axial compression, the design value of the normal

force Neg ought to satisfy:

el <10 (2.14)

where

Npi,rd The plastic resistance of the composite section but with fyq determined
using the partial factor ym1 which is equal 1 for buildings

4 The reduction factor for column slenderness

1

7 <1.0 (2.15)

where

$=05[+a(1-02)+ 7] (2.16)

a imperfection factor which can consider as 0.21 for concrete-filled circular
and rectangular hollow sections, 0.34 for completely or partly concrete-
encased I-section with bending about the major axis of the profile, and
0.49 for completely or partly concrete-encased I-section with bending

about the minor axis of the profile

14



The relevant buckling curves for cross-sections of composite columns are given in

Table 2.1, where ps is the reinforcement ratio, As / Ac.

In order to find the value of the reduction factor, y, the relative slenderness, A,
should be calculated first according to (Equation 2.9) then Figure 2.1, or Table 2.2

can used.

15



Table 2.1: Buckling Curves and Member Imperfections for Composite Columns

(Source: Eurocode 4, 2004)

Cross-section Limits Axis of Buckling Member
buckling curve imperfection
concrete encased section
y-v b L/200
an (= B
z zZ-Z C L/150
partially concrete encased
section y-y b 1200
| !
v z-Z C L/150
circular and rectangular
hollow steel section 0.<3% any a 1/300
y
any b L/200
z 3%<ps=6%
circular hollow steel
sections y-y b 1200
with additional I-section
& |
\ z-7 b L/200
.
+
Z
partially concrete encased
section with crossed I-
sections
any b L/200

I
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Table 2.2: Buckling Reduction Factor, y
(Source: Eurocode 4, 2004)

Buckling curve

a b c d
0.00 1.00 1.00 1.00 1.00
0.10 1.00 1.00 1.00 1.00
0.20 1.00 1.00 1.00 1.00
0.30 0.98 0.96 0.95 0.92
0.40 0.95 0.93 0.90 0.85
0.50 0.92 0.88 0.84 0.78
0.60 0.89 0.84 0.79 0.71
0.70 0.85 0.78 0.72 0.64
0.80 0.80 0.72 0.66 0.58
0.90 0.73 0.66 0.60 0.52
1.00 0.67 0.60 0.54 0.47
1.10 0.60 0.54 0.48 0.42
1.20 0.53 0.48 0.43 0.38
1.30 0.47 0.43 0.39 0.34
1.40 0.42 0.38 0.35 0.31
1.50 0.37 0.34 0.31 0.28
1.60 0.33 0.31 0.28 0.25
1.70 0.30 0.28 0.26 0.23
1.80 0.27 0.25 0.23 0.21
1.90 0.24 0.23 0.21 0.19
2.00 0.22 0.21 0.20 0.18
2.10 0.20 0.19 0.18 0.16
2.20 0.19 0.18 0.17 0.15
2.30 0.17 0.16 0.15 0.14
2.40 0.16 0.15 0.14 0.13
2.50 0.15 0.14 0.13 0.12
2.60 0.14 0.13 0.12 0.11
2.70 0.13 0.12 0.12 0.11
2.80 0.12 0.11 0.11 0.10
2.90 0.11 0.11 0.10 0.09
3.00 0.10 0.10 0.10 0.09

17
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Figure 2.1: European Buckling Curves
(Source: Eurocode 3, 2005)

2.2.2 Eurocode 4 Beam-Column Design

3.5

The behavior of column subjected to axial load and bending moment can be given by

interaction curve showing the reduction of ultimate load with increasing moment. An

approximation to this curve can be obtained by considering fully plastic sections for

different arbitrary positions of the neutral axis. The values of the moment and axial

compression calculated from the stress block will give the points to construct the

curve. Generally, the numbers of points required for drawing the interaction curve

depend on moment application about which axis; if the end moment about major

axis, four key points from A-D are required (see Figure 2.2). Otherwise, one

additional key point is required at end of structural steel section if the end moment

about minor axis; five key points from A-E.

18
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Figure 2.2: Simplified Interaction Curve and Corresponding Stress Distributions
(Source: Eurocode 4, 2004)

The maximum internal moment at point D is:

M =Z.f +17.f, +2Z.1, (2.17)

s 'yd 2ccd

where
Zs plastic modulus of steel cross-section
Z; plastic modulus of overall concrete cross-section.

Z plastic modulus of reinforcement

The plastic modulus of the reinforcement can be calculated as:

Z, :iAiei (2.18)

where

Ari area of one reinforcing bar
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ei distance to the bending axis considered

For the region equal twice the distance between centroid axis and neutral axis, 2h,

the plastic moment can be calculated as:

1
My =Zg Foy + 220 Fog + 2,0 f (2.19)

sn ' yd 2 cn 'cd m "sd

where
Zsn Plastic section modulus of steel section within 2hn region
Zm Plastic section modulus of reinforcing steel within 2hn region

Zen Plastic section modulus of concrete within 2hn region

For concrete incased I- steel section, the plastic modulus about major axis can be

taken from the design tables (Table 2.3), or the following equation can be used:

d-2t, )t
zsz(Tf)betf(d-tf) (2.20)
where
d Overall depth of the structural steel section

by Width of the flange of a steel section
s Thickness of a flange of the structural steel section

tw Thickness of a web of the structural steel section

The plastic modulus of the concrete is:

7 _hh, 5 5 (2.21)

c S r

20



where

hi, h, Dimension of the section

There are three possible zones to look into position of the neutral axis; neural axis in
the web (h, < d/2-t;), neural axis in the flange (d/2 —t; < h, <d/2 ), and Neutral Axis
outside the steel section (d/2 < h, < h,/2). For finding the location of the neutral axis,
assume h, is located on a certain region, then use (Equations 2.22 to 2.26) to find
new value for h,. If the value of hj is inside the supposed region, the assumption was

correct. Otherwise, select another region and repeat the procedure.

The distance h, and plastic modulus can be calculated according to possible position

as follow:

a) Neutral Axis in the web (h, < d/2-t;)

Npm - Arn(2fsd - fcd)

= 2.22
"2h f 2,26, - f) (2.22)
Z, =t,h: (2.23)
where
A Is the sum of reinforcement inside within the 2hn region
Npm  Axial force resistance of concrete portion of cross-section
b) Neutral Axis in flange (d/2 —t; < h, <d/2)
h — Npm-Arn(Zfsd-fcd)+(bf -tw)(d-th)(nyd_fcd) (2 24)
" 2h, oy +2b, (2f, - f.y) '

21



2
Z, =bh?- b 'tW)gd -2) (2.25)

c) Neutral Axis outside the steel section (d/2 < h, < hy/2)

_ Npm 'Arn(z fsd - fcd)_As(nyd - fcd)

h 2.26

" 2h, T, (2.26)

Z, =2, (2.27)
The plastic modulus of the concrete in the region of 2h, is given as

ch = hlhr? - an - Zrn (228)

The following table (Table 2.3) demonstrates the previous procedure which leads to a

better understanding.
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Table 2.3: Stress Distributions at each Point of Interaction Curve (Major AXis

Bending)
(Source: Kim, 2005)

Section

Stress Distribution

Equation

Pm#

085,

F, Fy

N= Ppl =A,-fy +As-fyd +A Ty

fog = 0.85-Fc/ve. fyg =F, /7o frg =Fye /%,
Yoo VssYr © partial safety factors

A.=h; hy—A - A,

M=0

N=0

h]l _)hl'a'fcd:(hz 2a)-ty, - yd
1
M =Mpn = an'fyd+3'zcn'fcd+zm “fr

2 . 2
Zgy =ty -hy”™ ch =h;-h, 72‘51172m

N= Npm =A. Ty

h]‘l —)hl 'a'fcd :(hz—za)'tw 'fyd

1
M =Mpn =Zg 'fyd"'a'zcn Feg + Zp Ty

|
M =M pax :Zs'fyd"'E'Zc'fcd +Z, 'frd

. 2
=(dz#+bf.tf .(d,tf)

2
Zc:ﬂ_zs_zr
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In case the end moment about minor axis, the plastic modulus can be taken from

Table 2.4, or it calculates as:

(d-2t, )t2 L2

= w 2.29

s 2 2 (2.29)
For the concrete, the plastic modulus is obtained from:

Z = hfz -Z,-Z, (2.30)

Here, for the location of the neutral axis, two regions need to be considered; neural
axis in the flanges (t,/2 < h, < b;/2), and neural axis in the flanges (bs/2 < h, < h,/2).
The same iterative procedure should be used. The following equations explain the

way for finding the distance h, and plastic modulus.

a) Neutral Axis in the web (t,/2 < h, < b/2)

_ Npm -Am(2 fsd - fcd)_tw(th _d)(z fyd - fcd)

h = 2.31

" 2h, fo +4t (27, - ) (23D
d-2t, K

Z, =2t +w (2.32)

b) Neutral Axis in the flanges (bi/2 < h, < h,/2)
_ Npm _Arn(2 fsd B fcd )_AS(nyd B fcd)
h, = (2.33)
2hl fcd
Ly =1, (2.34)
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The plastic modulus of the concrete in the region of 2h, is given as

Z, =hh>-7_ -7 (2.35)

m

The axial force at point E is given as

NE = hz(hE _hn)fcd +2tf(hE _hn)(nyd - fcd)+ ArE(2 fsd - fcd)+ Npm (236)

where

A reinforcement area within region between the distances h, and hg

he Distance from centroidal axis to neutral axis for point E

Finally, the moment Mg is obtained as

M =M, —AM; (2.37)
where
1
AM; =74 fyd +§ZCE fq+2ZcFy (2.38)

Mmax  The maximum internal moment
Ze  Plastic section modulus of concrete within 2hg region
Z Plastic section modulus of reinforcing steel within 2he region

Ze Plastic section modulus of steel section within 2hg region

Which the terms Zs, Zcg, and Zg can be calculated from the appropriate above

equations by substituting he instead of h.,.
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Table 2.4: Stress Distributions at each Point of Interaction Curve (Minor Axis

Bending)

(Source: Kim, 2005)

Section | Stress Distribution

Equation

*
=

085, F

I\- = P])l = 1’\‘: . l‘cd - 1’\5 - 1‘).J T AI. . i‘rd

AD = Ill . ]l:} —A,‘ - .r\r

1‘&:&l =085-f e f}'d - F}' / Ts» t‘rtl - r}'r / Ve
M=0

¥y
) | ]
02-3) %

N=0

hy > hy-afy=2-(hy=2a)-tp fg+(d=2-tp) -t Ly

M=M

“pn

. . 1. . .
=Ly 1_\'1.‘1 +3'£‘m Fea Ly fvd

d-2-1)1,°

)
Z =2t b+

7‘cn - I'll 'hu; - 7‘511 - 7'111

N=N

pm Ac ) fcd

. 1 . .
N':Mpn =Z 'lyd+?'zcn'[cd +zr'[rd

sn

Z, — oty b
5 4 2 1 f
hy -h,?
7. _IT-_;-'_&_zr

1
N= ?'(Ppl + Npm]

B
M = My =AM, AM g = Zp - fyg + - Zep - fea + Zg By

(d=-2-1)-1,°

Z.\‘.F :Z'It"11]:j“+ 1

Zag =hyhg’=Zg -7
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Chapter 3

PRELIMINARY DESIGN AND FINITE ELEMENT

MODELING

3.1 Preliminary Design

Examining the cyclic behavior of concrete-encased steel composite beam-columns
under different levels of axial loads will be carried out by performing a preliminary
design of steel, reinforced concrete and composite beam-columns of a suggested
frame, developing an efficient 3-D finite element model for each beam-columns

prototype, and then comparing their behaviors.

In this study, the preliminary design was performed through the analysis of the
suggested frame (Figure 3.1) subjected to conservative dead and live loads, as well as
earthquake load. The earthquake parameters are set according to Eurocode 8
(Eurocode 8., 2004). Thus the following parameters are set for the design as; Ground
acceleration, ag = 0.4, Solil Type A (rock and very stiff soil as classified by the code)
and the behavior factor, g=2 (see also Figure Al in Appendix A). The frame is
designed according to Eurocode 2 for reinforced concrete column (Eurocode 2. ,
2004), Eurocode 3 for steel column (Eurocode3, 2005), and Eurocode 4 for
composite column (Eurocode 4. , 2004). For the comparison to be persuasive, the
stress ratios resulted from loading were kept in range of 88% to 90%. The load cases
that have been adopted in this study are given in Table 3.1. Throughout the analysis

and design step ETABS (Non-Linear Version 9.7.2) is used. The maximum moment,
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shear and axial values was obtained as shown in Figure 3.2-3.4, respectively.

Cross-sections resulting from design are shown in Figure 3.5 and detailed in Table
3.2. All detailed information, properties and governing parameters and equations are

provided in Appendix A.

Dead load = 30 kN/m Live load = 20 kN/m

YV Y Y YV Yy

Column to be

4.0 m considered

I~ - X 6.0 m

]
le
A

A
Figure 3.1: Suggested Frame with Conservative Loads

Table 3.1: Load Combinations

Combination Factor
DSTLS1 1.35 DEAD
DSTLS2 1.35 DEAD+1.5 LIVE
DSTLS3 1 DEAD+0.3 LIVE+1 EQ
DSTLS4 1 DEAD+0.3 LIVE -1 EQ
DSTLS5 1 DEAD+1 EQ
DSTLS6 1DEAD-1EQ
DSTLD1 1 DEAD
DSTLD2 1 DEAD+1 LIVE
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113.945 v 113.945

-49.379
X -49.379

Figure 3.2: Maximum Bending Moment Values Resulting from Load Cases

-63.73 7 6373

(kN)

-63.73 X _1-63.73

o

Figure 3.3: Shear Force Values for Maximum Moment Load Case

-217.3 -217.3

-225.24 X -225.24

Figure 3.4: Axial Force Values for Maximum Moment Load Case
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Figure 3.5: Cross-Sections Resulting from Design ( all the unites in mm).

Table 3.2: Detailed Cross-Sections and Materials Properties

Dimensions Material Properties
Beam-Column B D Steel Reinforcement  stirrups
Type (mm) (mm) Section Bars fys fyr
Steel 300 540 HE 550 A - - 275 -
Reinforced 400 400 4020 and 4216 @8@100mm 450
Concrete ) an i
Encased 310 310  HE200B 49710 @8@100mm 275 450
Composite

*where fys and f,, Design value of the yield strength of structural steel, Design yield

strength of reinforcement bars respectively

3.2 Finite Element Modeling

3.2.1 Introduction

Finite Element Method (FEM) can provide significant perception into the likely
behavior of columns under cyclic loading comparing with preparing full-scale testing
which consider as expensive and time consuming alternative. Although finite
element can reduce the cost of research, such analysis has significant limitation

which can substantially impact on the main behavior. Some of these limitations can
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be summarized as material imperfections and nonlinearity, residual stresses and
strain especially for steel column, unilateral effect which related to concrete behavior
under cyclic loading. Furthermore, the difficulties resulting from adopted a cyclic
loading similar to that suggested by Applied Technology Council (ATC) guidelines

(ATC 1992- ATC 24) which is really time consuming and computationally costly.

Version 6.12 of the finite element program ABAQUS (ABAQUS, 2012) was utilized
to model the three prototype beam-columns as described in chapter 2; SC-(10P, 15P,
and 20P), RC-(10P, 15P, and20P), and CC-(10P, 15P, and 20P) where 10P for
example represents 10% of axial load capacity. The main objectives here were to
evaluate and compare the effects of different axial loads levels on the cyclic capacity
of steel, reinforced concrete, and composite beam-columns. These main objectives

were facilitated by

1) Determining the lateral load capacity of beam-column prototypes

2) Determining the yield level lateral capacity by measure the elastic
stiffness of each prototype

3) Evaluating whether the prototype elastic stiffness had changed

4) Identifying the high stress and strain zones,

5) Evaluating the effects of the level of axial load on stiffness, strength,

and ductility of beam-column prototypes.

This section elucidates on the materials definition and loading protocols as well as

the details of the finite element models and analysis procedures.
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3.2.2 Modeling Approach

The FEM of the concrete-encased steel composite beam-columns was carried out by
modeling the reinforcement bars, stirrups and defining the companion interfaces.
Then, the unconfined concrete which consists the concrete cover were modeled.
After that, steel section and their companion interfaces, highly confined concrete and
their companion interfaces, and partially confined concrete and their companion

interfaces were defined, see Figure 3.6. (Ellobody & Young, 2011)

For steel and reinforced concrete beam-columns, the approach was similar as earlier
approach but steps were less depending on the number of parts which include in

modeling.

Figure 3.6: Modeling Parts that Used for Beam-Column Prototypes

3.2.3 Material Definition
The material definition is an important part of finite element analysis, and each
component should be defined carefully and all parts should be defined with

appropriate material parameters.
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3.2.3.1 Confined Concrete

The confinement of the concrete by stirrups has been recognized in early research.
This confinement can provide a confining pressure which leads in an enhancement in
the strength and ductility of concrete (Chen & Lin, 2006). Moreover, Mander et al.
(1988) have demonstrated that confinement is also affected by other factor, such as
the spacing between the transverse reinforcement, existing of additional
supplementary overlapping hoops or cross ties with several legs crossing the section,
the distribution of longitudinal bars around the perimeter, the volume of transverse
reinforcement to the volume of the concrete core or the vyield strength of the
transverse reinforcement, and loading type. Furthermore, they proposed a unified
stress-strain approach for confined concrete applicable to different shape of cross-

sections.

|
=<

|
-

Figure 3.7: Effectively Confined Core for Rectangular Cross-Section
(Source: Mander et al., 1988)
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As shown in Figure 3.7, the arching action occurs horizontally between longitudinal
bars and vertically between the layers of the transverse reinforcement. This action
assumed to act in the form of second-degree parabolas with an initial tangent slope of

45° (Mander et al., 1988).

The total plan area of unconfined concrete at the level of the stirrups when there are

n longitudinal bars is

n 2
W,
A = Z(T) (3.1)
i=1
where
Wi the clear distance between adjacent longitudinal bars (see Figure 3.7)

The confinement effectiveness coefficient, which is the ratio of area of effectively

confined concrete core to the area of concrete core, can be expressed as

“~ 6b.d_ 2b, 2d,
K (3.2)

e

1_pcc
where
bc is core dimensions to centerlines of perimeter hoop in x direction
dc is core dimensions to centerlines of perimeter hoop in y direction
S' is clear vertical spacing between hoop bars

pcc IS ratio of area of longitudinal reinforcement to area of core of section
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Ratio of the volume of transverse confining bars to the volume of confined core in

the x and y directions may be expressed as

A A

sd, "7 s (3:3)

Px

C
where
Asx ,Agythe total area of transverse bars running in the x and y directions

S Vertical spacing between spirals from center to center

The lateral confining stress on the concrete (total transverse bar force divided by

vertical area of confined concrete) is given in the x direction and in the y direction as

fo = Px fyh or fLy = py fyh (34)

The effective lateral confining is

f = f,K (3.5)

e

The compressive strength of confined concrete equation is

fl = fc'o(-l.254+ 2.254, [1+ 7'9f4fL —2:—%] (3.6)

where

f'.o IS unconfined concrete compressive strength

The longitudinal compressive concrete stress f; is given by
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f :fcc—;(rr (3.7)
r-1+y

e is compressive strength of confined concrete (will be defined later)

&
x=—= (3.8)
where
€ is the longitudinal compressive concrete strain, and
¢
Ee =Eq| 145 f°.° - (3.9
where

f'eo is the unconfined concrete strength

&o is the strain corresponding to unconfined concrete (& ¢, =0.002)

. E 3.10
Ec - Esec ( )
where
E, =5000,/f, MPa (3.12)
feo
E, = e (3.12)
&

For encased composite beam-columns, the amount of the confining pressure depends
on the steel section shape and its yield strength in addition to the factors that
mentioned earlier. As a result, a highly confined zone occurs resulting from arching

action formed by steel section (Figure 3.8).
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\

Structural Steel
Figure 3.8: Confinement Regions in a Concrete Encased Steel Composite Column
(Source: Chen & Lin, 2006)

Stress-strain curves for reinforced concrete column and encased composite column
are shown in Figure 3.9 and Figure 3.10 respectively. All detailed information and

calculations are provided in Appendix B as well.

70
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Comprossive Strain, €,

Figure 3.9: Stress-Strain Curves for Unconfiend and Confined Concrete in Reinforced
Concrete Column
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Figure 3.10: Stress-Strain Curves for Unconfiend, Partially, and Highly Confined
Concrete in Encased Composite Column

The concrete damaged plasticity model, which implemented in ABAQUS
(ABAQUS, 2012), was used to simulate the inelastic behavior of concrete. This
model is based on the assumption of scalar (isotropic) damage and it has capability
for modeling plain and reinforced concrete which is subjected to all types of loading
conditions under low confining pressures. The model accounts the degradation of the
elastic stiffness and stiffness recovery effects under cyclic loading induced
(ABAQUS, 2012). In addition to initial yield surface and hardening rule, the model

has a flow rule which describe the plastic strain increments.

The definition of concrete damaged plasticity model was started by defined the
dilation angle of concrete which assumed to be 15° (Begum et al., 2006). Then, the
uniaxial compressive stress-strain of concrete curve (Figure 3.9 or Figure 3.10) was
assigned in term of the true plastic strain. After that, the uniaxial tensile strength of
concrete model proposed by Li et al. (2002), which represents the post-peak response

as an exponential function of the ratio of crack width (Equation 3.13), was used to
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define the uniaxial tensile response (Figure 3.11) which is set at 10% of the uniaxial
compressive strength. Finally, the damage variables d; and d., which characterize the
degradation of the elastic stiffness, were defined as functions of the plastic strains.

For more details see (ABAQUS, 2012).

The damage variables can take values from zero, representing the undamaged

material, to one, which represents total loss of strength (ABAQUS, 2012).

13

0.5
o=f/{1-exp -| <X (3.13)
Wi
where
f't the tensile strength of concrete
W the crack width in (mm)

Wi the final crack width in (mm)

4.5

4 essmmThe final crack width chosen —|
35 which is equivlate to 0.12
' N/mm of fracture energy

2.5

Tensile stress. f, (Mpa)

1.: \
05 1 N\

.o gl—l—l—l_

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Crack width, w (mm)
Figure 3.11: Stress-Crack Width Curve Proposed by Li et al. (2002)
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3.2.3.2 Steel Section and Reinforcement Bars

The structural steel section and the reinforcement bars are modeled as an elastic—
plastic material in both tension and compression as given in (Eurocode 3, 2005) and
(Eurocode 2, 2004). The stress—strain responses in compression and tension are
assumed to be the same. This response exhibits a linear elastic portion followed
strain hardening stage until reach the ultimate stress. The metal plasticity model in
ABAQUS was used to define the non-linear behavior of materials. The “ELASTIC”
option was used to assign the value of 2.09 x 10° N/mm? for the Young’s modulus
and 0.3 for the Poisson’s ratio. The “PLASTIC” option also used to define the plastic
part of the stress—strain curve. According to ABAQUS manual (ABAQUS, 2012),
true stress and true strain should be used to define the non-linear behavior of material
properties. So, the true stresses were assigned in ABAQUS as a function of the true

plastic strain.

Mechanical properties for the steel section and reinforcement bars that are used in

these simulations are given in Table 3.3.

Table 3.3: Mechanical Properties of the Steel Section and Reinforcement Bars
Yield Ultimate . Young’s .
Density Poisson
Part stress stress (Kg/m®) modulus ratio
(N/mm?) | (N/mm?) g (KN/mm?)
Steel section 275 430 7850 209 0.3
Re'”f%fr‘;eme”t 450 560 7850 200 0.3

3.2.4 Loading Definition
The specimens were modeled as fixed cantilever beam-columns (Figure 3.12) with
an axial load level of 10%, 15%, and 20% of their axial load capacity, Table 3.4

summarizes the axial load capacity for each specimen with flexure stiffness in x and
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y direction. A horizontal load was cyclically applied to the free end of the specimen

with increasing amplitudes.

The cyclic loading history was applied in accordance with the ATC 24 guidelines for
cyclic seismic testing of components of steel structures (ATC 24, 1992). The loading
history consisted of elastic cycles (under load control) and inelastic cycles (under
displacement control) as shown in Figure 3.13 and 3.14, respectively (Varma et al.,

2004).

M=HL+PA

P

Figure 3.12: Undeformed and Deformed Fixed Cantilever Beam-Column
(Source: Varma, et al.2004)
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Table 3.4: Specimens Matrix with Axial Load Capacity
Specimens | Test length | Capacity | Axial El
P/P, Elx Y
#) (mm) (kN) load (kN)
SC-10P 4000 582.3 0.10
SC-15P 4000 5823 873.45 0.15 2.35E+14 | 2.27E+13
SC-20P 4000 1164.6 0.20
RC-10P 4000 296.404 0.10
RC-15P 4000 2964.04 | 444.606 0.15 8.01E+12 | 8.01E+12
RC-20P 4000 592.808 0.20
CC-10P 4000 332.131 0.10
CC-15P 4000 3321.31 | 498.1965 0.15 2.59E+13 | 1.88E+13
CC-20P 4000 664.262 0.20
0.75
) A A I
A 025 A A
" :
3 ! |
. /
0.25 * ’ V V /
0.5 L .
nl-n2 =k n3-nd Sl n5-né V\
“Ih- “h ] L)
0.75
Cycle

Figure 3.13: The Loading History of Elastic Cycles
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Figure 3.14: The Loading History of Inelastic Cycles

The first part of the analysis was performed to determine the lateral load capacity of
the cyclic beam-column specimens, Hy,. Risk Analysis in ABAQUS was used for
this matter. It is generally used to predict buckling, or unstable post-buckling
response of a structure. The load-displacement curve resulting from risk analysis for
composite beam-columns; CC-10P, CC-15P, and CC-20P, is shown in Figure 3.15
which shows the lateral load capacity for each specimen. For steel and reinforced

concrete beam-columns, the values of Hy., are listed in Table 3.5.

43



120000

H,, = 99396| N
100000 o)
’H,,=96142 [N

/

80000 H,p= 92170 N
Z 60000 =—==20% Axial Load __ |
'c'g —e—15% Axial Load
-
—a=—10% Axial load
40000 |
=@=Hu-p
20000 +
0 T T T T
0 50 100 150 200 250

Displacement (mm)

Figure 3.15: The Load-Displacement Curve for Composite Beam-Columns; CC-10P,
CC-15P, and CC-20P

The second part of the analysis was performed to determine the yield displacement,
Ay, based upon H,,. Two complete cycles (Figure 3.13) were completed at a peak
lateral load of 0.25 Hy.p, 0.50 Hy.p, and 0.70 Hy.p. The displacement 4, was computed
using the recorded secant flexural stiffness from the first cycle at 0.70 Hy., and pre-

determined Hy.p. The values of 4, that are found are listed in Table 3.5.

Once 4, was determined, two complete inelastic cycles of 1.0 4y, 1.5 4, and 2.0 4
were performed. Once these cycles were completed, three complete inelastic cycles
of 3.0 4y, 4.0 4, 5.0 4y, and 6.0 4, were performed. At the end of each inelastic
displacement level, a half-elastic cycle was performed (Figure 3.14).The specimen
was cycled until the specimen capacity had dropped below 50% of its maximum

value (Varma et al., 2004).
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Table 3.5: The Lateral Load Capacity and the Yield Displacement of the Cyclic
Beam-Column Specimens

P, Hup Kee | Ay

(N) (N) | (N/'mm) | (mm)
SC-10P | 340090 | 390298 | 9721.0 | 40.15
SC-15P | 351079 | 401287 | 9641.7 | 41.62
SC-20P | 361722 | 411930 | 9562.0 |43.08
RC-10P | 21690.9 | 70231.8 | 3289.9 | 21.35
RC-15P | 22130.7 | 75464.3 | 3284.0 | 22.98
RC-20P | 22378 | 80913 | 3258.7 | 24.83
CC-10P | 11346.4 | 92170.1 | 1418.6 | 64.97
CC-15P | 17044.4 | 961415 | 1401.9 | 68.58
CC-20P | 16999 | 99395.8 | 1343.8 | 73.97

Specimens

3.2.5 Finite Element Type and Mesh

ABAQUS software contains a large variety of elements, but in finite element
analysis the current ABAQUS library suggests a number of hexahedron elements.
All the beam-columns components were modeled using the element C3D8 that is
three dimensional 8-noded brick element (Table 3.6).The element has three degrees

of freedom per node and suitable to all column components (Ellobody et al., 2011).

Since the stress distribution and plastic deformation are is very important at plastic
hinge zone, the model should have enough mesh density (ABAQUS, 2012). The
critical zone is near the base of beam-columns. As a result, the mesh density

increased in critical zones. It goes to reduce the analysis cost in this simulation.
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Table 3.6: Various Elements Used in ABAQUS (ABAQUS inc, 2012)
Element Description D.O.F. Element shape
f?e2 felx:eS
8 ~ 7
I face 6 E4 il
Hexagona € o S 3
C3D8 Element 24 . .- : 6/ L —toces
Hexagonal
C3D20R Element 60
Tetrahedral
C3D4 12
Element
Tetrahedral
C3D10M 30
Element

3.2.6 Verification of FEM of the Encased Composite Beam-Columns

The finite element models of encased composite beam-columns developed in this
study were verified against tests detailed in (Ellobody & Young, 2011). Three tests
were used in this research to verify the finite element modeling approach. The details
of the specimens, geometry and materials properties of encased composite beam-

columns are shown in Table 3.7. Figure 3.16 shows the principal stress contour at

failure.
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Table 3.7: Specimen Dimensions and Materials Properties (Ellobody & Young, 2011)

Dimensions Reinforcement Material properties

Concrete

Test * Steel section
> b Kle Long. | Transverse | strength

(mm) | (mm) | (mm)

fys

fyr

(MPa) (MPa) | (MPa)
1 | 160 | 160 | 924 | H 100x100x6x8 | 426 g";n%75 185 | 306 | 376
2 | 160 | 160 | 2309 | H 100x100x6x8 | 426 g";n%75 214 | 208 | 376
3 | 160 | 160 | 3464 | H100x100x6x8 | 46 g";n%75 225 | 304 | 376

*where k and I is effective length factor, effective length of column respectively

Figure 3.16: Specimens Layout and Stress Contour at Failure for Specimen 1

The ultimate axial capacity resulting from finite element model, Pyg, is compared
with reference results (Ellobody & Young, 2011) in Table 3.8. It can be seen that
there are good agreement between ultimate axial capacity from the test (Piest), FEM

of (Ellobody & Young, 2011), and Pye.

Table 3.8: Comparison between Test, FE (Ellobody & Young, 2011), and Modeling

Results
Test | Py Ptest | Pecs Pee Pue/Prest Pye/Pee
1 1096 | 996 | 951 | 1009 1.1 1.08
2 892 | 974 | 759 | 868 0.91 1.02
3 792 | 874 | 567 | 800 0.90 0.99
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Chapter 4

THE RESULTS AND DISCUSSION

4.1 General

The main purpose of this study was to determine the effects of different levels of
axial loads on the cyclic capacity of steel, reinforced concrete, and composite beam-
columns. To achieve this, a finite element analysis was conducted with all
appropriate parameters considered and data was collected. This data was then
analyzed to provide insights into encased composite columns behavior under cyclic
loading. Factors explored included strength, ductility, and stiffness. Observations are
made through the aid of plots of reduced data and photographs in developing
relationships between parameters and behavior. Next sections provide a summary of

key specimen results.

4.2 Cyclic Behavior of Specimens

4.2.1 Encased Composite Beam-Columns
Specimens CC-10P, CC-15P, and CC-20P were axially loaded of 332.13 kN, 498.19
KN, and 664.262 kN respectively. Then, they were cyclically loaded. Figure 4.1-4.3

are diagrams of the lateral load-displacement response of these specimens.

During cyclic loading of encased composite beam-column specimens, significant

events were noticed which are as follow:
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1)

2)

3)

4)

5)

6)

7)

Lateral Load (kN)

Unconfined concrete cracking was observed throughout the first cycle of 0.25

Hu_p.

Unconfined concrete in compression zone was reached ultimate strain (&, =

0.002) at 0.5 Hyp cycles.

Highly confined concrete in compression zone was reached ultimate strain

(&cu = 0.0093) during 0.7 Hyp cycles.

Yielding of reinforcement bars was observed throughout the first cycle of

1.0 4,.

Yielding of steel section was noticed during the first cycle of 1.5 A4,.

During 5.0 4y cycles, buckling of reinforcement bars was observed.

No local bucking of steel section was noticed during the cycle loading

history.
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Figure 4.1: Lateral Load-Displacement Response of CC-10P
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Figure 4.2: Lateral Load-Displacement Response of CC-15P
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Figure 4.3: Lateral Load-Displacement Response of CC-20P
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4.2.2 Reinforced Concrete Beam-Columns
Specimens RC-10P, RC-15P, and RC-20P were axially loaded of 296.4 kN, 444.61
kKN, and 592.81 kN respectively. Then, they were cyclically loaded. Figure 4.4-4.6

are diagrams of the lateral load-displacement response of these specimens.

During cyclic loading of reinforced concrete beam-column specimens, significant

events were noticed which are as follow:

1) Unconfined concrete cracking was observed throughout the first cycle of 0.25
Hy-p.

2) Unconfined concrete in compression zone was reached ultimate strain (& =
0.002) throughout the first cycle of 1.0 4,.

3) Yielding of reinforcement bars was observed throughout the second cycle of
1.5 4.

4) Partially confined concrete in compression zone was reached ultimate strain
(&cu = 0.0138) during 0.7 Hyp 2.0 4.

5) During first cycle of 11.0 4y, buckling of reinforcement bars was observed.
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Figure 4.5: Lateral Load-Displacement Response of RC-15P
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Figure 4.6: Lateral Load-Displacement Response of RC-20P

4.2.3 Steel Beam-Columns
Specimens SC-10P, SC-15P, and SC-20P were axially loaded of 582.3 kN, 873.45
kN, and 1164.6 kN respectively. Then, they were cyclically loaded. Figure 4.7-4.9

are diagrams of the lateral load-displacement response of these specimens.

During cyclic loading of steel concrete beam-column specimens, significant events

were noticed which are as follow:

1) Yielding of steel section flanges and part of web were observed throughout
the first cycle of 1.0 4,.

2) Local buckling of steel section flange was noticed throughout the first cycle
of 3.0 4.

3) Fracture of steel section was observed throughout the last cycle of 3.0 4.
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Figure 4.9: Lateral Load-Displacement Response of SC-20P
4.3 Strength

An important factor in member design is its strength. For evaluating the effects of
cyclic loading on maximum beam-column specimen's capacity, the moment capacity,
M-, for specimens were plotted against axial load level (Figures 4.10). Moreover,

stress contour at maximum force and displacement level were assessed (Figures

4.11-4.19). Conclusions drawn from the results plotted include:

1) As axial load in relation to capacity, P/P,, increased, the ultimate moment

capacity, My.c , reduced for the cyclic beam-column specimens.

2) Steel

comparing with the reinforced concrete and composite sections specimens.

This due to having a higher stiffness.
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The highly stressed regions are more evenly distributed over the lower
portion of specimen, which termed as plastic hinge zone.

For the purpose of getting the plastic hinge length, the equivalent plastic
strain contour, PEEQ, which is a measure of ductility at local level, were used
(Appendix C, Figures C.1-C.9). The plastic hinge lengths which measured
from the base are as follow: (210- 260 mm) for encased composite beam-
columns, (260- 270 mm) for reinforced concrete beam-columns, and (410-
460 mm) for steel beam-columns. These discrepancies are attributable to the
higher level of axial load. The specimens with higher axial load are subjected

to more shortening and buckling.
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Figure 4.11: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of CC-10P
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Figure 4.12: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of CC-15P
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Figure 4.13: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of CC-20P

59



S, Mises

{(Avg: 75%)
154.00
30.00
25.00
20.00
15.00
10.00

5, Mises
(Avg: 75%0)
659.00
435.00
400.00
350.00
300,00
250,00
200.00
150.00
100,00
75.00
50.00
25.00
0.00

(b) (d)

Figure 4.14: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of RC-10P
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Figure 4.17: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of SC-10P
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Figure 4.18: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of SC-15P
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Figure 4.19: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of CC-20P
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4.4 Ductility

Another important factor in member design is the ductility, especially the rotation
capacity for earthquake loading. To explore the effects of axial load level on member
ductility, the load-displacement and moment-curvature were computed and
evaluated. Figures 4.20 through 4.22 are the moment curvature envelopes for all nine
specimens. Each point on the envelope corresponds to the peak displacement of the

last cycle for each displacement level.

The curvature, ¢, was computed as the change in rotation over the segment height of

the specimen:

p==" (4.1)

Where: A6 and h are the difference in rotation values at the ends of the segment and
the height of the segment, respectively. The curvature was computed at failure
segment (plastic hinge location) of the column, using the differential of rotation
values at the base and at distance equal to two times the plastic hinge lengths above
the base. The curvature was computed over this length since most of the inelastic

deformation and concrete damage occurred.

The moment was computed at plastic hinge location according to Equation 4.2,
which includes the bending moment caused by H and second order moment caused

by axial load P (Figure 3.12).

M=H(-L,)+Pu (4.2)
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where

H The lateral load

h The length of column

Lp The length of plastic hinge measured from base
u In-plane displacement of plastic hinge location

P The axial load

The curvature ductility, p,, was defined as the ratio of the ultimate curvature, ¢y, to

the yield curvature, ¢y, i.e.:

“, :Z_u (4.3)

<

The yield curvature was defined as the point where the secant stiffness, Ko.s-c, taken
though 60% of the ultimate moment capacity, M. intersected the ultimate moment
capacity (Varma et al., 2004). The ultimate moment capacity is considered to be the
average in the two loading directions. The ultimate curvature, ¢, is considered to be
the point where the envelope ends and it is considered as the average value of the
two loading directions. The curvature ductility calculations for all specimens are

detailed in Appendix C.

As noted in Table C.1 in Appendix C, the curvature ductilities were 10.4, 11.8, 9.3,
34, 44,43, 2.1, 2.2, and 1.7 for Specimens CC-10P, CC-15P, CC-20P, RC-10P,

RC-15P, RC-20P, SC-10P, SC-15P, and SC-20P CBC, respectively. Comparisons of
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the moment-curvature envelope plots between specimens that have same axial level

are shown in Figures 4.20 through 4.22.
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Based on these results and comparisons, the following observations can be made:

1)

2)

3)

4)

The comparisons of p, for steel specimens with RC and composite section
specimens in Table C.1 indicate that the ladder have much less curvature
ductility than the latter. In same while, they have a higher My.. This is
attributed to extensive local buckling of steel section which led to significant
reduction in stiffness and strength (softening damage). In other words, losing

stability during applying lateral load protocol.

It is quite clear that the curvature ductilities for encased composite beam-
columns are 2.2-3 times higher than that of reinforced beam-columns and 5-
5.5 times that of steel beam-columns. This shows that confinement effect of

concrete provides enhancement of strength and ductility.

With an increase of P/Po from 0.10 to 0.20 a significant drop in curvature
ductility occurs.

It appears that the effect of confinement effect on curvature ductility is more
pronounced for encased composite beam-columns compared to reinforced

beam-columns tubes specimens.

Table C.2 in Appendix C displays the displacement ductilities calculations based

on the envelopes of lateral load-displacement. Displacement ductility was

computed in a similar manner as curvature ductility exchanging lateral load for

moment and specimen top displacement for curvature. As summarized there, the

specimens had displacement ductilities of 8.5, 8.7, 7.2, 3.8, 4.1, 4.4, 4.2, 2.5, and

3.0 for Specimens CC-10P, CC-15P, CC-20P, RC-10P, RC-15P, RC-20P, SC-
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10P, SC-15P, and SC-20P CBC, respectively. Clearly, similar observations,

which mentioned earlier, can be made.

4.5 Stiffness

Another important factor in member design is its stiffness. As mentioned earlier, in
order to evaluate the change of the elastic stiffness of the specimen, half-elastic cycle
was imposed after each set of inelastic cycles (Figure 3.14). The elastic stiffness
degradation of specimens due to cyclic loading was illustrated clearly in Figure 4.23.
Moreover, stresses contour at failure stage were also shown in Figure C.10 - C.18 in

Appendix C. The following observations can be made according to this figure:
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Figure 4.23: Elastic Stiffness Degradation of Specimens due to Cyclic Loading
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1)

2)

3)

4)

Specimens with a P/P, of 0.10 have higher initial stiffnesses than with a P/P,
of 0.15 or 0.20. There appears to be reduction in initial stiffness as long as
there is increase of axial load level.

In general, it is clear that there are discrepancies in slopes especially for
encased composite and reinforced concrete specimens. These discrepancies
occur owing to stiffness recovery effect. In the cyclic experiments, direction
and load was repeatedly alternated which involves opening and closing of
micro cracks. For instance, when the load changes from tension to
compression, tensile cracks force to close. As a result, there is some stiffness
recovery effect.

It has been shown that concrete subjected to cyclic loading experiences a
reduction in stiffness (Mander et al., 1988). This reduction in concrete cyclic
stiffness and strength imposes a greater demand on the steel section to carry
the load. When the concrete fails, this steel section has a large percentage of
loads to bear. This explanation describes why encased composite specimens
have not significant change in stiffness values during inelastic cycles.

For steel specimens, it should be noted that the stiffness values dramatically
decrease during inelastic cycles of 3.0 4. This is attributed to extensive local

buckling of steel section as discussed earlier.
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Chapter 5

CONCLUSIONS

5.1 Summary

The purpose of this study was to investigate the cumulative damage of composite
columns subjected to cyclic loading by comparing the effects of different levels of
axial loads on the cyclic capacity of steel, reinforced concrete, and composite beam-
columns. A nonlinear 3-D finite element models were developed to model the three
prototype beam-columns; SC-(10P, 15P, and 20P), RC-(10P, 15P, and20P), and CC-
(10P, 15P, and 20P). These beam-column specimens were modeled as fixed
cantilever beam-columns with an axial load level of 10%, 15%, and 20% of their
axial load capacity. Then, they were analyzed under cyclic lateral load. The lateral
loading was imposed under load control until 70% of the predetermined specimen
capacity. The recorded secant flexural stiffness and predetermined axial capacity
were used to determine the yield displacement. Loading then continued under

displacement control, following a set displacement history until failure occurred.

The FEM output was then examined to determine the effect of different levels of
axial loads on behavior under cyclic loading. Assessing whether the prototype elastic
stiffness had changed, identifying the high stress and strain zones, and evaluating the
effects of the level of axial load on stiffness, strength, and ductility of beam-column

prototypes were facilitated.
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5.2 Conclusions

On the basis of this study the following conclusions may be drawn:

1.

It is apparent from results and comparisons that confinement effect of
concrete provides enhancement of strength and ductility. Whereas, the
encased composite beam-columns reach the highest ductility among beam-
columns specimens.

Under cyclic loading, having a higher ultimate moment capacity does not
mean that the specimen has the highest ductility. This represented in steel
beam-column specimens which lost their stability because of extensive
local buckling in steel section.

The elastic flexural stiffness as well as ductility decreases significantly with
increases in the axial load level.

It is quite clear that the stiffness recovery effect, which resulting from
opening and closing of micro cracks when direction and load alternated,
gives the concrete amount of ductility before it fails.

It is proposed that local buckling plays a crucial role in curvature ductility
for the cyclic beam columns because of concrete strength and stiffness
degradation due to cyclic loading.

The finite element method is an effective and cheap way to predict the

cyclic behavior of composite columns.

5.3 Recommendation for Further Study

1. The effects of shape of steel section, longitudinal steel reinforcement,

material properties of the concrete, the confinement effect of the concrete,

slenderness ratio of the column, and concrete and steel strength on the
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behavior of encased composite beam-columns under cyclic loading should be
investigated.

Finite element models should be developed to predict the behavior of encased
composite beam-columns under various loading conditions.

A moment resisting frame with encased composite columns should be
experimentally tested under cyclic loading to evaluate the effect of member
proportioning on overall system behavior and the interaction with the various
components of the system.

Results of the frame experiments should be combined with monotonic and
cyclic beam-column experiments to develop seismic design guidelines for

encased composite beam-columns.
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Appendix A: Design of Composite, Steel, and Reinforced Concrete

Columns
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Composite column design sheet

Hight
Width
Concrete cover
Column Length

Section used
Yield Strength of Shape Fyd=
Area of Steel Section Aa =

Elastic modulus of steel shape=
Section Geometric Properties:

d= 200 mm
tw = 9 mm
Ix = 5.70E+07 mm*
Ix = 6.43E+05 mm?

Yield Strength of bars Fyr=

Elastic modulus of reinforcing steel =

Area of Longitudinal Reinforced bar Ab =
No. of Longitudinal Reinforced bars n =

area of reinforcing steel Ar=

Moment of inertial of reinforcing steel Ir=

concrete strength f’cube =
cylinder strength f'cylinder =
ch

Ecm =

area of concrete Ac=

|cx=

ley=

Section Geometry

310 mm
310 mm
35 mm
4000 mm

Steel Section

HE200B
250 Mpa
7810 mm2
210000 MPa
bf= 200 mm
tr= 15 mm
ly = 2.00E+07 mm*
Zy= 3.06E+05 mm®

Reinforcing Steel

391.30435 Mpa

210000 Mpa

78.54 mm?’
4

31416 mm’

4523904 mm*

Concrete:

30.86 Mpa
16.66666667 Mpa
24.66666667

30500 Mpa

8797524 mn?

7.08E408 mm*
745046929.3 mm’



THE PROCEDURE FOR DESIGN

1- Plastic resistance of the section:

Npl,Rd=Aa fyd+ 0,85 Acfcd+ Asfud 3321756.574 Mpa
2- Effective elastic flexural stiffness of the section

about the major axis

(E1)eff=Ealax+Eslsx+ KeEcmlcx 2.59E+13

about the minor axis

(E1)eff=Ealay+Eslsy+ KeEcmlcy 1.88E+13

3-Non dimensonal slenderness

2

Ne= (El)efT 1.60E+07
(L)’

Ney= (ET)e > 1.16E+07
(L)?

&= |NpLEK 0.456241549
MNer

M= | NplERE 0.535331938
Ner

4-resistance of the composite column under axial compression

aong < 10

about the major axis

¢ =05[1+ a(i—02) + 7] 0.647639239

X = sge=s X< 10 0.90310453

Ned =xNpl,Rd 2999.893408 KN

about the minor axis

¢ =05[1+ a(i-0.2)+ 4% 0.725446467
Ao *=
Ned = xNpl,Rd 2733.887936 KN
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5-Resistance of the composite column under axial compression and uniaxial bending

Zr=27 An e 37699.08

Zs= 6.43E+05
h1h2

Zc= ; —-Z5-2Zr 6767550.92

Check that the position of neutral axis is in the flang

Neutral Axis in flange: d/2 —tf < hn<d/2

Npm= Ac fcd 1466264

— Npm—Adrn(2frd—fed)+(bf—tw)(d—2efI(2fyd —fed) 84.25579705
Th1fed+ 2bf( 2fyd —fed)

it come between the 85 < 85.10 < 95 so the neutral axis is in the flang
Section modulus about neutral axis

mm®
mm®

mm?

mm

Zm = 0 (As there is no reinforcement with in the region of 2hn from the middle line of the cross section)

(bf — tw) (d — 2tf)?
4 39832.86744
Zen = 2 - Zoy— Z 2160869.327

Zsn = bfhn?

Plastic moment resistance of section
Med=(Zs - Zsn) fyd+1/2 (Zc - Zcn) fed+(Zr - Zrn) frd 203807610.3

for interaction curve

point A

NA = NpiRd 3321.756574
MA=0 0
point B

N8 =0 0

Mg =Zsn fyd+1/2 Zcn fcd+Zrn frd 27.96546125
point C

Nc = Ac fed 1466.264
Mc =Zsn fyd+1/2 Zcn fed+Zrn frd 42.71727517
point D

ND =0.5 Ac fcd 733.132
Mp = Zs fyd+1/2 Zc fcd+Zr frd 231.7730716
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Figure A.2: The Interaction Curve for Composite Column
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Steel column design according to Eurocode 3

In order to calculate the plastic resistance of steel columns, the design compression

resistance is taken as the design plastic resistance. The plastic resistance equation for

Class 1, 2, 3 cross-sections is

_ y
Nc,Rd -
7'M,

The plastic resistance of Class 4 cross-section equation is

Ay f
ff 'y
Nc,Rd =
V' m,
where
A Cross-sectional area

Act  The area of the effective cross-section
fy Yield strength of steel section
M2 Resistance of cross-section whatever the class

w1 Resistance of members to instability

(A1)

(A2)

The design value of the compression force Ngq at every cross-section should satisfy

The non-dimensional slenderness A is given by

A= |—1L for class 1, 2 or 3 cross-sections
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/ f
A= A;\flf Y. for class 4 cross-section (A.5)

Ner the elastic critical force for the relevant buckling mode

where

N, = (A.6)

ler The buckling length
E Modulus of elasticity

I Second moment of area

A compression member should be verified against buckling as follows

B <10 (A7)

where:
Neq  is the design value of the compression force

Npra IS the design buckling resistance of the compression member

The design buckling resistance of a compression member should be taken as

IAF, )
Npra = For class 1,2 and 3 cross-section (A.8)
M,
f
Ny s = 2P ¥y For class 4 cross-section (A.9)
M,
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where:

X the reduction factor for the relevant buckling mode
Z—; But x <1 (A.10)
¢+ [¢2 _/12 -

where

$=05[1+a(1-02)+ 2] (A.11)

a An imperfection factor, the imperfection factor corresponding to the
appropriate buckling curve should be obtained from Table A.1 based on the
selection from Table A.2

Table A.1: Imperfection Factors for Flexural Buckling Curves
Buckling curve a b c d
Imperfection factor a 0.21 0.34 0.49 0.76

The value of, y, for the appropriate non-dimensional slenderness, A, may alternatively

be determined from Figure 2.1 or Table 2.2
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Table A.2: Selection of Buckling Curve for a Cross-Section

Cross section type

Rolled open section
b

{]

h |

Hollow sections

OO

1N LRI

Limits

h/b>1,2
t<40mm

40mm < flange thickness <
100mm

h/b <1,2
flange thickness < 100mm

flange thickness > 100mm

hot rolled

cold formed
see 5.5.1.4(4) and figure 5.5.2

none

Buckling
about axis

y-y
zz
y-y

y-y
zz
y-y

any
any

any

Buckling curve

o o O T

borc

Steel Beam-Column Design

The behavior of column subjected to axial load and bending moment can be given by
interaction curve showing the reduction of ultimate load with increasing moment. An

approximation to this curve can be obtained by considering fully plastic sections for

different arbitrary positions of the neutral axis.

There are twopossible zones to look into position of the neutral axis; neural axis in

the web (y, <(h—t;)/2), and neural axis in the flange (y, > (h—t,)/2).

a)Neutral Axis inthe web (y, <(h-t;)/2)

Ny, = 2fytwyn
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h-2t,\
My = bt (=t )+ £, | =] —yi f, (A.13)

where

Yn The distancefrom centriod axis to neutral axis

b) Neutral Axis in flange (y, > (h—t;)/2)
h
Ny =f,|t,(h—2t;)+2D| t, _E+ Y, (A.14)

M, = fyb[g—ynj(h—yn)tf (A15)
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=3

(b) y, > (h—2t)/2

Figure A.3: The Stress Distribution and Neutral Axis Location
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Steel column design SHEET (EN 1993-1-1)

Column and loading details

Column details

Column section; HE 550 A
System length for buckling about y axis; L, =;4000; mm
System length for buckling about z axis; L, =;4000; mm;
Column loading
Axial load; Ngg = 225 kN; (Compression)
Moment about y axis at end 1; My g1 = 0.0 KNm
Moment about y axis at end 2; My.eqz = 0.0 KNm
Moment about z axis at end 1; M, a1 = 160.5 KNm
Moment about z axis at end 2; M_ g2 = 69.6 KNm
Single curvature bending about z axis
Shear force parallel to z axis; V,ea = 0 kN
Shear force parallel to y axis; Vyed = 64 kN
Material details
Steel grade; S275
Yield strength; f, = 275 N/mm®
Ultimate strength; f, = 430 N/mm?
Modulus of elasticity; E = 210 kN/mm?
Poisson’s ratio; v=0.3
Shear modulus; G =E/[2x (1 +v)]=80.8 kN/mm?
Buckling length for flexural buckling about y axis
End restraint factor; K, =2.000
Buckling length; Le y = Lyx Ky, = 8000 mm

Section classification
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Web section classification (Table 5.2)
Coefficient depending on f,;

Depth between fillets;

Ratio of c/t;

Length of web taken by axial load;

For class 1 & 2 proportion in compression;
Limit for class 1 web;

Flange section classification (Table 5.2)
Outstand length;
Ratio of c/t;

e =(235 N/mm?/ f,) = 0.924
Cw=h-2x(t+r)=438.0 mm
ratio, = ¢, / t, = 35.04
lw = min(Ngq / (fyx t,), ¢y) =65.5 mm
a=(cy/2 +1,/2) I ¢, =0.575
Limity, = (396 xg) / (13 xa. - 1) = ;56.56

The web is class 1

c=(b-ty)/2-r=;116.7; mm
ratios = ¢/ t; = 4.86

Conservatively assume uniform compression in flange

Limit for class 1 flange;
Limit for class 2 flange;
Limit for class 3 flange;

Overall section classification

Resistance of cross section (cl. 6.2)

Shear parallel to y axis (cl. 6.2.6)
Design shear force;

Shear area;

mm?

Plastic shear resistance;

Limitys = 9 xe = 8.32
Limitys = 10 x¢ = 9.24
Limity = 14 x¢ = 12.94
The flange is class 1

The section is class 1

Vyeq = 63.7 kN
Ay =2%xbxte-(t,+2xr)xt=,;12804;

Voiyra = Agx (F, 1 V(3)) / ymo = 2032.9 kN

PASS - Shear resistance parallel to y axis exceeds the design shear force

Vy ea<= 0.5%V, rq - NO reduction in f, required for bending/axial force

Compression (cl. 6.2.4)
Design force;
Design resistance;

Neqg = 225 kN
Nerd = Npira = A x Ty / ymo = 5823 kN

PASS - The compression design resistance exceeds the design force

Bending about z axis (cl. 6.2.5)
Design bending moment;

kNm

Section modulus about z axis;
Design resistance;

M; gq = max(abs(M; gq1), abs(M, gq2)) = 160.5

W, = W, =;1106.9; cm’
Mc,z,Rd = W,x fy /ymo = 304.4 kNm

PASS - The bending design resistance about the z axis exceeds the design moment

Combined bending and axial force (cl. 6.2.9)
Ratio design axial to design plastic resistance; N = abs(Ngg) / Npira = 0.039

Ratio web area to gross area; a=min(0.5, (A-2xbxt)/A)=0.320

Bending about z axis (cl. 6.2.9.1)
Design bending moment;
kNm

M; eq = max(abs(M; gq1), abs(M;, gq2)) = 160.5
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Plastic design resistance;
Modified design resistance;

Mpizrd = Wiizx fy / ymo = 304.4 KNm
Mn,zrd = Mp|,z,Rd =:304.4; KNm

PASS - Bending resistance about z axis in presence of axial load exceeds design moment

Buckling resistance (cl. 6.3)

Yield strength for buckling resistance;

Flexural buckling about y axis
Elastic critical buckling force;
Non-dimensional slenderness;
Buckling curve (Table 6.2);
Imperfection factor (Table 6.1);
Parameter @;

Reduction factor;

Design buckling resistance;

f, = 275 N/mm®

Nery = 2% E x I, / Le; = 36249 kN

Ay = V(A x £, / Ngr) = 0.401

a

ay=0.21

@, = 0.5 x [1 +ayx (4 - 0.2) +1,%] = 0.601
%y = min(1.0, 1/ [®, + V(®,” -1,%)]) = 0.953
Npyra = Xyx A x f, /yw1 = 5547.1 kN

PASS - The flexural buckling resistance about the y axis exceeds the design axial load

Flexural buckling about z axis
Elastic critical buckling force;
Non-dimensional slenderness;
Buckling curve (Table 6.2);
Imperfection factor (Table 6.1);
Parameter @;

Reduction factor;

Design buckling resistance;

Ner, =% E x I,/ Ly ;> = 3504 kN

A= V(A x f, / N, ,) = 1.289

b

0, =0.34

®,= 0.5 x [1 + 0% (A - 0.2) +1,°] = 1.516
v, = min(1.0, 1 / [@, + V(D,? -1,9)]) = 0.432
Npzrd = X% A x Ty /vy = 2516.4 kN

PASS - The flexural buckling resistance about the z axis exceeds the design axial load

Torsional and torsional-flexural buckling (cl. 6.3.1.4)

Torsional buckling length factor;

Effective buckling length;

Distance from shear ctr to centroid along y axis;
Distance from shear ctr to centroid along z axis;

Elastic critical torsional buckling force;

21114 kN

Elastic critical torsional-flexural buckling force;
Ner1/Nery)® + 4% (Yolio) Ner 7/Nery 1]

Non-dimensional slenderness;
Buckling curve (Table 6.2);
Imperfection factor (Table 6.1);
Parameter ®@;

Reduction factor;

Design buckling resistance;

KT =1.00
Le 1= Kyx max(Ly, L;) = 4000 mm

Yo =:0.0; mm

Zo=0.0 mm

io = V(iy? + i,2 + yo? + z5°) = 240.8 mm
Br=1-(Yo/i0)*=1.000

Nerr =170 (G x I+ % E x Ly [ Ly 1) =

Ner,e = Ncr,y/(2>< Br)x [1+Ncr,T/Ncr,y'\/[(1'

Ne e = 21114 kN
At = V(A x f, / min(Ne; 7, Ner 76)) = 0.525

b

or=0.34

®1=0.5x[1 +0arx (A1 - 0.2) +A1%] = 0.693
yr=min(1.0, 1 / [®r + V(D% -A9)]) = 0.873
Np,1rd = x> A x T, /ym = 5083.2 kN

PASS - The torsional/torsional-flexural buckling resistance exceeds the design axial load
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Minimum buckling resistance
Minimum buckling resistance;
kN

Np,rd = MiN(Npyrds Nbz,rdr Nb.1Ra) = 2516.4

PASS - The axial load buckling resistance exceeds the design axial load

Combined bending and axial compression (cl. 6.3.3)

Characteristic resistance to normal force;
Characteristic moment resistance about y axis;
Characteristic moment resistance about z axis;
Moment distribution factor about y axis;
Moment factor about y axis;

Moment distribution factor about z axis;
Moment factor about z axis;

Moment distribution factor for LTB;

Moment factor for LTB;

Interaction factor kyy;

Nrk / Ym1)] = 0.605

Interaction factor k,;

0.25)*(%2% Nri/ym1)) = ;0.974

Interaction factor k;;;

(%% Nrk/ ym1)] =;0.870

Interaction factor ky,;

Section utilisation;

(M Rk / Ym) = 0.316

(M_re/ Ym1) = 0.548
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N = A x f, = 5823 kN

My g = Wix £, = 1271.0 kNm

M, = Wi f, = 304.4 kNm

Wy = My gg1 / My e =;,0.000

Cuny = Max(0.4, 0.6 + 0.4 xy,) = 0.600

V2 = Mged2 / Mg gar =;0.433

Cry = Max(0.4, 0.6 + 0.4 xy,) = 0.773

Wit = My ggr / My g =;0.000

Cntr = Max(0.4, 0.6 + 0.4 xy 1) = 0.600

Kyy = Cany [1 + min(0.8, - 0.2) x Nea / (3%

kzy =1- l’l’lll’l(Ol, 0.1 X)\,Z)XNEd / ((CmLT -
Ky, = g [1 + min(1.4, 2 ¥\, - 0.6)xNgg /

Kye= 0.6 x ki = 0.522
URg 1 = Neg / (xyx Nri/ Yma) + Kyzx Mygq /

URg 2 = Ngg / (2% Nric/ Ym1) + Kezx Mg /

PASS - The buckling resistance is adequate



Reinforcement concrete column design
In order to calculate the design compressive strength for reinforced concrete

column

f, =, x—% (A.16)

where

Ve the partial safety factor for concrete

a.c  the coefficient taking account of long term effects on the compressive
strength

The total amount of longitudinal reinforcement should not be less than Asmin

A in = % Or 0.002A, whichever is greater (A.17)

yd

where:
Fyd the design yield strength of the reinforcement

Neq  the design axial compression force

The nominal cover shall be specified on the drawings. It is defined as a minimum

cover, Cmin, Plus an allowance in design for deviation, Acgey

Cnom = Cmin + ACdev (A18)

The greater value for, cmin, satisfying the requirements for both bond and

environmental conditions shall be used

Cmin = rna‘X{Cmin,b ’ Cmin,dur } (Alg)
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where
Cminp Minimum cover due to bond requirement

Cmindur Minimum cover due to environmental conditions

A rectangular stress distribution may be assumed. The factor, A, defining the
effective height of the compression zone and the factor, n, defining the effective

strength, follow from:

A = 0.8for fy < 50 MPa (A.20)

A= 0.8 - (fy -50)/400 for 50 <f < 90 MPa (A.21)
And

n = 1.0 for fe« <50 MPa (A.22)

n=1.0 - (f4 -50)/200 for 50 <fy <90 MPa (A.23)

Note: If the width of the compression zone decreases in the direction of the extreme

compression, fibre, the value, 7/, should be reduced by 10%.
The slenderness ratio is defined as follows:

a=ly/ (A.24)

where:

lo The effective length

I the radius of gyration of the uncracked concrete section
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Figure A.4: Examples of different buckling modes and corresponding effective
lengths for isolated members
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RC column design SHEET (EN1992-1)

4 no. 20°mm diameter longitudinal bars

g 4 no. 16 mm diameter longitudinal bars

8 mm diameter links

Max link spacing 400 mm generally, 240 mm for

400 mm above and below slab/beam and at laps

<+—400—>

Column input details

Column geometry

Overall depth; h =400 mm
Overall breadth; b =;400; mm
Concrete details

Concrete strength class; C25/30
Partial safety factor for concrete (2.4.2.4(1)); vc=1.50
Coefficient o (3.1.6(1)); o = 0.85
Maximum aggregate size; dg =20 mm

Reinforcement details

Nominal cover to links; Cnom = 30 mm

Longitudinal bar diameter; ¢ =20 mm and 16 mm

Link diameter; dy =8 mm

Total number of longitudinal bars; N=8

No. of bars per face parallel to z axis; N, =;3

No. of bars per face parallel to y axis; Ny =3

Area of longitudinal reinforcement; As =( Axmx20° | 4)+(4xn ><162/4)
=2060.88 mm®

Characteristic yield strength; fy =450 N/mm?

Partial safety factor for reinft (2.4.2.4(1)); vs = 1.15

Modulus of elasticity of reinft (3.2.7(4)); Es = 200 kN/mm?

Fire resistance details

Fire resistance period; R =60 min

Exposure to fire; Exposed on more than one side
Ratio of fire design axial load to design resistance; uq = 0.70

Calculated column properties
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Concrete properties
Area of concrete;

Characteristic compression cylinder strength;

Design compressive strength (3.1.6(1));

Mean value of cylinder strength (Table 3.1);

Secant modulus of elasticity (Table 3.1);
31.5 kN/mm?

Rectangular stress block factors
Depth factor (3.1.7(3));
Stress factor (3.1.7(3));

Strain limits
Compression strain limit (Table 3.1);
Pure compression strain limit (Table 3.1);

Design yield strength of reinforcement
Design yield strength (3.2.7(2));

A.=h x b = 160000 mm?

fo = 25 N/mm?

fog = e fox / v = 14.2 N/mm?

fom = fo + 8 MPa = 33.0 N/mm?®

Eem = 22000 MPa x (fom / 10 MPa)°? =

7\'sb =0.8
n=1.0

£cus = 0.00350
g3 = 0.00175

f,a = fi/ vs = 391.3 N/mm?

Check nominal cover for fire and bond requirements
Min. cover reqd for bond (to links) (4.4.1.2(3)); Cminp = Max(¢dy, ¢ - o) =;12; mm;
Min axis distance for fire (EN1992-1-2 T 5.2a); az = 40 mm

Allowance for deviations from min cover (4.4.1.3);

10 mm

Min allowable nominal cover;
=22.0mm

ACgey =

Cnom_min = max(as - ¢ / 2 - oy, Cminp + ACgev)

PASS - the nominal cover is greater than the minimum required

Effective depths of bars for bending about z axis

Area of per bar;

mmz

Auar Of 20 mm = nix¢? / 4 = 314 mm?
Aparz Of ¢ 16 MM = nx¢p? / 4 = 201.1

Spacing of bars in faces parallel to y axis (c/c); sy = (h - 2 x (Cnom + ¢v) - ¢) / (Ny - 1) = 152

mm

Layer 1 (in tension face);

Layer 2;

Layer 3;

2nd moment of area of reinft about z axis;
3831.1 cm*

Radius of gyration of reinft about z axis;
Effective depth about z axis (5.8.8.3(2));

d;1=h-Chom-¢v-9¢/2=352mm
dy2 = dy; - sy =200 mm
d;3=dyp-s, =48 mm

lsz = 2 X(2 Avar* Avar2) % (dz1-h/2)° =

isz = V(s / Ag) = 136.3 mm
d,=h/2+i,=336.3 mm

Effective depths of bars for bending about y axis

Area per bar;

Apary = ©x20° / 4 = 314 mm?

Aparp = 1167/ 4 = 201.1 mm?

Spacing of bars in faces parallel to z axis (c/c); s, = (b - 2 x (Crom + ¢v) - §) / (N, - 1) = 152

mm
Layer 1 (in tension face);
Layer 2;
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dy1=b-cCrom-¢v-9/2=352mm
dy, = dys - S, =200 mm



Layer 3;

2nd moment of area of reinft about y axis;
3831.1 cm*

Radius of gyration of reinft about y axis;
Effective depth about y axis (5.8.8.3(2));

Axial load capacity with zero moment

Strain with uniform compression (Fig. 6.1);
Stress in reinforcement;

Axial load capacity;
2964.04 kN

Axial and bending capacity with zero strain

dys =dy, -5, =48 mm
|sy =2x (2 Abarl+ Abarz) X (dyl'blz)2 =

isy = V(lsy / As) = 136.3 mm
dy=b/2+i5 =336.3 mm

€0 = €3 = 0.00175
66 = Min(gox Es, f,q) = 350.0 N/mm?

Nrdo = (Asxcg) + (Ac - Ag) xnx feq =

in tension face reinforcement

(bending about z axis)

Moment of resistance of concrete
Depth to neutral axis;

Concrete compression force;
Concrete moment of resistance;
kNm

Moment of resistance of reinforcement
Strain in layer 1;

Force in layer 1,

Moment of resistance of layer 1;
Strain in layer 2;

Force in layer 2;

kN

Moment of resistance of layer 2;
Strain in layer 3;

Force in layer 3;

324.43 kN

Moment of resistance of layer 3;

Z1 =d; =352.0 mm
Fre1= (T]X fcd) X (ksbx 21) x b =1599.5 kN
Mgz = Faeax (h /2 - (Aepx 21) [ 2) = 94.7

€711 = €cuax (1 - dy1 / z1) = 0.00000

Fa11 = Npx Agarx min(fyg, Esxez11) = 0.0 kN
Merazs = Fyux (h /2 - dyr) = 0.0 KNm

€221 = €euzx (1 - dpn / z5) = 0.00151

Fro1 = 2 x Aparx Min(fyq, Esxez) = 121.46

Mrazz1 = Fzoix (N /2 - dy) = 0.0 kKNm
€231 = €cusX (1 -dg/ Z]_) =0.00302

Fz31 = (2 Aparit Aparz) % min(fydy Esxgz31) =

MRazz1 = Fzaix (h /2 - dy3) = 49.3 kNm

Combined axial load and moment resistance

Axial load capacity;
Moment of resistance about z axis;

NRle = 2045.37 kN
Mggz1 = 144 kNm

Axial and bending capacity with concrete at ultimate strain and tension steel at

vield (bending about z axis)

This is often referred to as the ‘balance failure point’.

Moment of resistance of concrete
Strain in tension reinforcement; €212 = fyg / Es = 0.00196

Depth to neutral axis; Zy = A% (gcuz / (Ecuz * €212)) = 225.64 mm
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Concrete compression force(3.1.7(3));
kN

Concrete moment of resistance;

kNm

Moment of resistance of reinforcement
Strain in layer 1;

Force in layer 1;

325 kN

Moment of resistance of layer 1;
Strain in layer 2;

Force in layer 2;

kN

Moment of resistance of layer 2;
Strain in layer 3;

Force in layer 3;

324.4 kN

Moment of resistance of layer 3;

Faco = (Mx feg) x (hebx Z2) x b =1025.31

Myeo = Fyeox (W /2 - (hspx 25) 1 2) = 112.52

€212 = €cusX (1 -dy / Zz) =-0.00196
Fa12 =(2 Aparr+ Apar2)x min(fyda Esxgz1) = -

Mrazi2 = Foox (N /2 - dy) = 49.4 kNm
€222 = €cuax (1 - dz2 / 2,) = 0.00040
Fr2o = 2 x Aparx mMin(fyq, Esxezp) = 32.18

Mgazo2 = Fooox (h /2 - d,5) = 0.0 KNm
€232 = €cusX (1 -dys/ Zz) =0.00276

Fi32 =(2 Aparn+ Avar2)x min(fyda Esxgs30) =

Mrazsz = Fzz2x (W / 2 - d;3) = 49.3 KNm

Combined axial load and moment resistance

Axial load capacity;
Moment of resistance about z axis;

Niaz = 1056.89 kN
Mpaz2 = 211.22 kNm

Moment capacity with zero axial load (about z axis)

Moment of resistance of concrete
By iteration:-

Position of neutral axis;

Concrete compression force(3.1.7(3));
kN

Moment of resistance;

=60.1 kNm

Moment of resistance of reinforcement
Strain in layer 1;

Stress in layer 1;

min(fyg, Esx€x3)) = -391.3 N/mm?
Force in layer 1,

Moment of resistance of layer 1;
Strain in layer 2;

Stress in layer 2;

min(fyg, Esx€,23)) = -391.3 N/mm?
Force in layer 2;

Moment of resistance of layer 2;
Strain in layer 3;

Stress in layer 3;

min(fyg, Esxgas)) = 272.0 N/mm?
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23 =78.5 mm
F,e3 = nx fegx min(Agpx 23, h) x b = 356.7

Mgdzcz = Fzeax [N/ 2 - (Min(Aspx 23, h)) / 2]

€213 = €cuzx (1 - dz1 / z3) =-0.01219
G213 = if(€13 < 0, max(-1xfyqy, Esxex3),

Fas= (2 Apannt AbarZ)XGzB =-324.43 kN
Mgaziz = Fz3x (h /2 - d;;) = 49.3 KNm
€223 = €cusX (1 - dzz / 23) =-0.00542

Gz23 = if(€223 < 0, max(-1xfyq, Esxe,23),

Fi23 = 2 X AparaxGy03 = -157.4 kN
Mrazzz = Fzo3x (N /2 - dy) = 0.0 kKNm
€233 = €cusX (1 -dg/ 23) =0.00136

G233 = if(€233 < 0, max(-1xfyq, Esxez3),



Force in layer 3;
Moment of resistance of layer 3;
Resultant concrete/steel force;

F33 = (2 Aparit Apar2)x0z33 = 225.5 kN
MRdzss = Fzasx (/2 - d;3) = 34.3 kNm
F,; =100.4 kN

PASS - This is approximately equal to zero (< 0.1% of Ngrqo)

Combined moment of resistance
Moment of resistance about z axis;

Mgags = 143.7 kNm

Axial and bending capacity with NA depth 1.25 times that for zero strain in

tension facereinf (bending about z axis)

Moment of resistance of concrete
Depth to neutral axis;

Concrete compression force(3.1.7(3));
1999.36 kN

Concrete moment of resistance;

=48 KNm

Moment of resistance of reinforcement
Strain in layer 1;

0.00064

Force in layer 1,

106.46 kN

Moment of resistance of layer 1;
Strain in layer 2;

0.00175

Force in layer 2;

kN

Moment of resistance of layer 2;
Strain in layer 3;

0.00286

Force in layer 3;

kN

Moment of resistance of layer 3;

2, =1.25 x d;; = 440.0 mm
Fzea = (Mx fea) x min(h, (Aspx z4)) x b =

MZC4 = FZC4X (h /2 - min(h, (7\,sz 24)) / 2)

€214 = 83X Zax (L-dpn [ 24) [ (24 - hI2) =

Fz14 = (2 Avarit Aparg) X min(fydn Esx€z1a) =

Mrdz14 = Fz4x (N /2 - dy;) =-16.2 KNm

€200 = 83X Zax (L-dpo/ 24) [ (24 - hI2) =

Foou = 2 x AparX min(fyd, ESX8224) = 140.77

Mrdz2a = Fzo4x (N /2 - d) = 0.0 kKNm

€230 = 83X Zax (L -dg/ 24) [ (24 - hI2) =

Fzas = Npx Aparx min(fydy Esxezaq) = 324.4

MRdzza = Fzaax (N / 2 - d,3) =49.3 KNm

Combined axial load and moment resistance

Axial load capacity;
Moment of resistance about z axis;

Nrgya = 2570.99 kN
MRdZ4 =81.1 KNm

Axial load and bending capacities for bending about y axis

The column is square and is doubly symmetrically reinforced, therefore the interaction

diagram for bending about the y axis will be the same as that about the z axis.

Zero strain in tension face reinft;

Concrete and tension steel simultaneously at yield;

NRdzZ = 1056.89 kN

Zero axial load;

107

NRdyl = Nrgz1 = 2045.37 kN
MRdyl = MRle =144 kNm

Nray2 =

MRdyZ = MRy =211.22 kNm
Mgays = MRgzs = 143.7 kNm



NA depth 1.25x that for no strain in tension reinft.; Nrays =
NRraza = 2570.99 kN
MRdy4 = MRdZ4 =81.1 KNm
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Interaction diagram for bending about z axis

400 mm x 400 mm column,4 no. 20 mm longitudinal bars and 4 no. 16 mm

longitudinal bars

3250
NRdO

3000

2750 MRdzA ’ NRd24

2500

2250
MRdzl 1 NRdzl

2000

1750

2

1500

1250
MRdZZ NRdzZ

X 3o

1000

750
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250

25 50 75 100 125 150 175 200 225 250

MRsz

Moment (KNm)

Interaction diagram for bending about y axis

Meaz
Meaz
Meazs
Megzs

Newo = 2964.04kN
= 144kNm  Neex = 2045.37kN
=211.22kNmMNeezz =1056.89kN
=143.7kNm Neez = 100.4 kN
=81.1kNm MNees = 2570.99kN

400 mm x 400 mm column,4 no. 20 mm longitudinal bars and 4 no. 16 mm

longitudinal bars
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Appendix B: The Calculation of Confined Concrete

For unconfined concrete substituting, f; =0 and &,= 0.002 for composite, and

reinforced concrete columns.

Plain Concrete (Unconfined Concrete)

h = 400 mm area of core of section 85264 mm?2
b = £Fo— 25 MPa
the reinforcement 4@20 and 4@ 16
the link is @8 Eco = 0.002
S= 100 mm Ec= 25000 MPa
dc=bc = 340 mm
s'= 92 mm
fyh= 450 MPA
Asx ASY
Px=Py Tgg - 7 s
Ay = A, = 2[7[2402}{”1462] 829.3805 mm?2
0.024394
Px =Py =
10.97709
fiy =fu=pdp or pfy,
n 2
A=Y (W(i;) 25392
i=1
1_2”:(Wi)2 sy, s
Lhd, | 2 ) 2, 0.589209
K, =
1_pcc
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pcc =ratio of area of longitudinal reinforcement to area of core of section

pcc=

f, = f K

e

fo = f;{-1.254 +2.254 |1+ 7-2& _ ZI_L]

Ee =Eu|1+5 ;—O,C— ]

f.
E, =—=
CcC
Ec
r=
Ec_Esec
x ="
ga:
f_ar
fc — (I:Z
r—1+ »°'

Comprossive stress, f.

30

25

20

15

10

0.009727

0 MPa

25

0.002

12500

0

T
0.002

T T
0.004 0.006

T
0.008

Compressive strain, &,
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T
0.01

1
0.012



Composite Column

condined for composite column
partially confined concrete

h= 310 mm As= 314.15 mm?2
b= 310 mm area of core of section 48400 mm?2
the reinforcement 4910 f ' = 25 MPa
(e8]
the link is @8
S= 100 mm Eco = 0.002
dc =bc = 258 mm Ec= 25000 MPa
s'= 92 mm
fyh= 450  MPA
2
7710
Ay = Ay =2 4 157.08 mm2

= = 0
Px = Py sd, Sh, 0.0061
fy="Ff.=pf4 or pf, 2.7397
A = Zn: (w, )] 32267
S
n 2 1 1
5) wf |, sy, s
¢ L 6b.d. 20, 2d, 0.3502
e 1_pcc
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pcc =ratio of area of longitudinal reinforcement to area of core of section

pcc= 0.0065

f = f.K

foo = foo| -1.254+2.254 |1+ 7'?“ —2:_% 31.09

Epx =Ep|1+5 ——-1 0.0044
co
£
C
Ee =— 7006.1
g(I;
o B 1.3894
Ec o Esec
gC
X =
8(1:
far
fC — r
r—1+ »
35

e 0.9594 MPa

)

/

/

Comprossive stress, f.
o
== ——

e
10
5
0 T T T T T T T 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Compressive strain, &,
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Highly confined concrete

fy,="Ffu=p1f4 or p f, 2.73968

Area of parabola's (Ae) = 9633.333

< _[1_2 ex(rgzo?] (1_251'7& [1_251'70]{1_;65?7)202]

- Y 1.258221
poc= 0.18825
£ K, 3.447124
o 7.941, f,
foe = fco(-1.254+2.254\/?2f—m} 43.31362
f 0.009325
gcc = gco 1+ 5 ' -1 .
co
fo
E, =—%
£, 4644.669
r= L
E _E_ 1.228179
gC
X =
g(I:
Fo_ far
S or—1+ 4"
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=&y {1+5 fc,c -1

0.0093

4644.7

1.2282

[7Y]
L0
P—

w
o

]
o

Comprossive stress, f,
= N
(5] (4]

=
o

o

o

0 0.02 0.04 0.06 0.08

Compressive strain, &,
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¢ Reinforced Concrete Column

h= 400 mm As= 2060.824 mm?2
b= 400 mm area of core of section 85264 mm?2
the reinforcement 4@20 and 4916 f = 25  MPa
the link is @8 «®
S= 100 mm €co= 0.002
dc=bc= 340 mm Ec= 25000 MPa
s'= 92 mm
fyh= 450 MPA
Asx ASY
Px =Py = or ——
X ¥ sd . Sh,
720° 7162
Ay = ASy =2 +
4 4 829.3805 mm?2
Px =Py = 0.024394
fy=fu=pfn orpf, 10.97709
" (w; )’
A-3
- 6 25392

¢ ¢ 0.597929
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pcc =ratio of area of longitudinal reinforcement to area of core of section

pcc= 0.02417
f, = f K, 6.563527 MPa
. . 7.94f, f, :
o= f-1254+2258 14 L2 o T | 5449023
fCO fCO
foo
Ep =Ex|1+5 T 0.013796
Cco
E. = —foc
sc 3949.686
g(I:
ro_ Ee 1.187631
Ec - Esec
gC
Z —_—
goc
fo'C ar
fo = r
r—1+ »
60
<0 /\\
<ull
< 40
Ll
2 30
S !
g 20
£
S 10
0 L] L] L] L} 1
0 0.02 0.04 0.06 0.08 0.1

Compressive strain, g,
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Appendix C: PEEQ Contour Presentations, Ductility Calculations,

and Stress Contour at Failure
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Figure C.1: PEEQ Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of CC-10P

118



A
A =

N TNORIND

(g o o o o e J o Y o f o o e e}

£ W

NN
N NN

F Ay
F I T,
i
FFrEry

TOARTNOMAND
e O OO

(d)

(b)

Figure C.2: Stress Contour at Maximum Force Level (a, and b) and at Maximum

Displacement Level (c, and d) of CC-15P
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Figure C.3: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of CC-20P
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Figure C.4: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of RC-10P
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(b) (d)

Figure C.5: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of RC-15P
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Figure C.6: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of RC-20P
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Figure C.7: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of SC-10P
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PEEQ
(Avg: 75%)

(c) (d)

Figure C.8: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of SC-15P

125



PEEQ
(Avg: 75%)
0.870
0.650
_ 0.550

g

0.300
0.150
0.070
0.050
0.030
0.020
0.005
0.000

(<) (d)

Figure C.9: Stress Contour at Maximum Force Level (a, and b) and at Maximum
Displacement Level (c, and d) of CC-20P
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Table C.1: The Curvature Ductilites Calculation

q KO 6-s-c M ucl M uc2
Specimen ’

P N.mm2 kN.m kN.m fus Guz Lz Hy

SC-10P 1E+11 1507.48 1530.29 | 0.032 | -0.032 0.015 | 2.1
1518883786.52 0.032

SC-15P 1E+11 1491.79 1522.37 | 0.035 -0.031 0.015 2.2
1507082848.51 0.033

SC-20P 1E+11 1313.25 -1371.9 | 0.024 -0.023 0.013 1.7
1342571780.34 0.023

RC-10P AE+10 653.86 -631.05 | 0.055 -0.055 0.016 3.4
642455127.98 0.055

RC-15P AE+10 647.96 -608.73 | 0.069 -0.069 0.016 4.4
628345100.78 0.069

RC-20P AE+10 619.42 596.053 | 0.074 | -0.057 0.015 | 4.3
607738885.49 0.066

74.51 72.874 .197 -0.192

CC-10pP 2E+10 374.5 372.8 0.19 0.19 0.019 | 10.4

373693835.27 0.194
. 18.567 1 -0.194

CC-15P 2E+10 339.33 318.56 0.195 0.19 0.016 | 11.8
328950511.15 0.195

CC-20P 2E+10 326.46 313.344 | 0.156 -0.141 0.016 9.3
319903880.38 0.148
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Table C.2: The Displacement Ductilites Calculation

specimen Ksec-c Hu1 Hu2 Au-cl Au-cz Ayc
N/mm kN kN mm mm mm Ha
SC-10P 9721.6 469.59 463.022 | 200.31 | 199.71 47.966 4.2
466306 200.01
SC-15P 9641.7 447.422 500.818 | 124.60 | 123.10 49.174 25
474120 123.85
SC-20P 9562 402.293 -416.05 | 128.16 | 128.16 42.791 3.0
409171.5 128.16
RC-10P 3289.9 199.613 203.044 | 234.69 | 234.58 61.196 3.8
201328.5 234.64
200.43 . . .
RC-15P 3284 205.786 | 252.18 | 251.38 61.848 4.1
203108 251.78
RC-20P 3258.7 199.548 208.463 | 272.73 | 272.68 62.603 4.4
204005.5 272.71
115.502 120.781 | 714.54 2
CC-10p | 14186 | o002 | 12078 > | 69823 | 53980 | 8.5
118141.5 706.39
119.757 122.722 | 750.7 747.
cc-15p | 1019 | 97 2073 | 74765 | 6482 | 8.7
121239.5 749.19
118.811 115.522 77 81
cc-20p | 13438 | 188 2522 | 665.77 | 58981 | 67100 | 7.2
117166.5 627.79
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8, Mises
(Avg: 75%)

Step: Inelastic cycie

Increment 734: Step Time = 0.9492
Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.00e+00

Figure C.10: Stress Contour at Fracture Stage for CC-10P

S, Mises
(Avg: 75%)

Step: Inelastic cycle
Increment 746! Step Time = 0.9506

Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.00e+00

Figure C.11: Stress Contour at Fracture Stage for CC-15P
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8, Mises
(Avg: 75%%)

Step: Inelastic

Increment 680: Step Time = 0.9099
Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.00e+00

Figure C.12: Stress Contour at Fracture Stage for CC-20P

8, Mises
(Avg: 75%)

Step: Inelastic cycle
Increment 956: Step Time = 0.9100

Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.00e+00

Figure C.13: Stress Contour at Fracture Stage for RC-10P
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8, Mises
(Avg: 75%)

Step: Inelastic cycie

Increment 1156: Step Time = 0.9501%
Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.00e+00

Figure C.14: Stress Contour at Fracture Stage for RC-15P

S, Mises
(Avg: 75%)

Step: Inelastic cycle

Increment 1227: Step Time = 0.9501 e
Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.00e+00

Figure C.15: Stress Contour at Fracture Stage for RC-20P
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S, Mises
(Avg: 75%)
1488.32

Step: Inelastic cycle
Increment 829: Step Time = 0.55699

Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.00e+00

Figure C.16: Stress Contour at Fracture Stage for SC-10P

Step: Inelastic cycle .

Increment 683: Step Time= 05598
Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.00e+00

Figure C.17: Stress Contour at Fracture Stage for SC-15P
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Step: Inelastic cycle

Increment 568: Step Time= 05014 d
Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.00e+00

Figure C.18: Stress Contour at Fracture Stage for SC-20P
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