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ABSTRACT

Earthquakes are caused by a sudden release of energy from the movement between
tectonic plates; besides geological faults and volcanism. As Peru is located in a high seismic
hazard zone, it is necessary to improve the seismic response of buildings against earthquakes. In
addition, in recent years, large scale construction of medium-rise building that use low ductility
reinforced concrete (LDRC) walls has become commonplace in Peru. These walls do not have
boundary columns but instead have a small quantity of reinforcing bars at each end and

therefore expected to fail in flexural mode.

LDRC walls do not have a large deformation capacity in comparison with
conventional RC walls, whereby, to improve seismic response of buildings composed by LDRC
walls against earthquakes, might be possible by increasing its deformation capacity through
carbon fiber sheet (CFS) confinement method.

Two verification tests were conducted by using CFS as a retrofitting method in
Toyohashi University of Technology (TUT), Japan. The first test was conducted over three
LDRC walls (Without CFS, full wall retrofitted with CFS and edges retrofitted with CFS). The
second test was conducted over another three similar walls following the same retrofitted
pattern of the first experiment but with a partial height retrofitted with CFS. From those tests, it
was verified that carbon fiber sheets delay the concrete crushing of the wall base that occurs

during flexural failure and that deformation performance was improved.

To verify the confinement effect of CFS, a third experiment was conducted using
concrete samples with CFS by changing the size, shape and number of CFS layers. In total, 39
concrete samples (Circular shape: 8-¢150x300mm, Square shape: 9-150x150x300mm, 2-
150x150x450mm, Rectangular  shape:  4-150x300x300mm,  2-150x300x450mm, 5-
100x300x200mm, 2-100x300x300mm, 5-100x400x200mm, 2-100x400x300mm) were tested
under compressive loading (monotonic and cyclic). From the experiment, it was confirmed that
deformation performance was improved and the strength of the concrete was increased due to
the confinement provided by the CFS. However the stress-strain relationship of concrete with

CFS depends on the geometry of the concrete sample.

A model of stress-strain relationship of concrete with or without CFS confinement was
proposed and compared with the experimental results. The proposed model for the stress-strain

relationship of unconfined concrete under cyclic loading is based on Darwin & Pecknold’s



model, Noguchi’s model, Naganuma’s model, Lam & Teng’s model and Nakatsuka’s model.
This model takes into consideration three linear functions after reaching the maximum strength
of the concrete. Besides, this model considers the plastic strain deformation during the
unloading path and the inner loop during the compressive stage.

Regarding to the monotonic stress-strain relationship of concrete with CFS
confinement, the proposed model is based on Nakatsuka’s model which has two linear functions
after reaching B-point up to the rupture of the CFS. Considering the influence of the parameters
which affects the stress-strain relationship of the concrete confined with CFS, such as sample
shape, aspect ratio and effective confinement ratio of the section, modified Nakatsuka’s model

is introduced for the monotonic stress-strain relationship of concrete with CFS confinement.

For the cyclic hysteresis rules of concrete with CFS confinement, the proposed model
for unconfined concrete was used by using the monotonic stress-strain relationship of concrete
with CFS confinement, and following the same rules to generate the hysteresis loops. By using
the proposed model, a uniaxial test simulation over the samples of the third experiment was
conducted in order to validate the model. Both, monotonic and cyclic simulations gave a good

match with the experimental results.

A software of Finite Element Method, STERA_FEM, was developed taking
consideration: 4 nodes isoparametric planar element, incompatible element, 9 Gaussian points,
the proposed model for concrete with or without CFS confinement, equivalent uniaxial strain of
concrete for each principal direction considering the bi-axial stress-strain relationship of
concrete by using the maximum stress surface of concrete, smeared crack model with the

Menegotto-Pinto hysteresis model for reinforcing steel and an elastic-brittle model for CFS.

Finally, a pushover analysis were conducted and compared with the experimental
results of the six walls (retrofitted with CFS and non-retrofitted).

Further studies on the shape coefficients for circular, square and rectangular shaped
are suggested to improve the non-linear hysteresis of concrete retrofitted with CFS, by
increasing the data with a large range of concrete types, using different amount of CFS as a

confinement method and considering the effective confinement ratio of the section.
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CHAPTER 1: INTRODUCTION
1.1 General background

Earthquakes are caused by a sudden release of energy from the movement between
tectonic plates; besides geological faults and volcanism. As Peru is located in a high seismic
hazard zone, it is necessary to improve the seismic response of buildings against earthquakes. In
addition, in recent years, large scale construction of medium-rise building that use low ductility
reinforced concrete (LDRC) wall has become commonplace in Peru, with rectangular cross-
sections, reinforced with wire mesh and additionally vertical reinforcing bars at boundary ends
[43]. These walls do not have boundary columns but instead have a small quantity of

reinforcing bars at each end and therefore expected to fail in flexural mode.

It is well known that the capacity of any building to resist the seismic forces from a
certain earthquake is due to the energy dissipation; this energy dissipation can be generated
through inelastic deformations of the structure, which means a structural damage that is allowed
by the structural design codes. The principle of the seismic-resistance design is to prevent the
collapse of the structure after an earthquake but is allowed that the building may suffer some
level of structural damage.

Recent experiences such as the Chile Earthquake occurred in February 27, 2010 with
moment magnitude M,, 8.8 drew a huge uncertainty regarded to the response behavior of

medium-rise buildings that use LDRC walls as is shown in Figure 1-1 and Figure 1-2.

Figure 1-1 Damage in a 13 story height building that use LDRC wall



Figure 1-2 Damage in a 22 story height residential building that use LDRC wall

Nowadays in Peru, many buildings have been constructed using LDRC wall, mainly
for residential buildings as is illustrated in Figure 1-3.

B S B S e
B 3 v

Figure 1-3 Buildings in Peru that use LDRC wall

1.2 Problem statement

Buildings that use reinforced concrete (RC) walls, has a typical configuration which
includes boundary columns, those walls may have one or two reinforcing steel layers over the
wall span as is shown in Figure 1-4. On the other hand, buildings that use LDRC do not have
boundary columns but instead have a small quantity of reinforcing bars at each end and
therefore expected to fail in flexural mode; those walls may have one or two reinforcing steel
layers over the wall span as well as is shown in Figure 1-5.
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Figure 1-4 Typical RC wall
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Figure 1-5 Typical RC wall

The expected behavior of RC walls and LDRC wall is shown in Figure 1-6. Where,
RC walls are expected to have higher maximum strength and larger deformation capacity in
comparison with LDRC wall. This expected behavior it is confirmed by several experimental
reports. [20][21][43]

F

RC Wall With
Boundary Columns

RC Wall Without
Boundary Columns

)
Figure 1-6 Typical RC wall

The earthquake force induced in the structure is transformed into elastic energy of
movement and deformation, and energy dissipated. From the principle of the energy
conservation, an energetic equilibrium between the input energy and the sum of elastic energy
and dissipated energy must exist. At the same time, the elastic energy of the structure is

composed of potential energy of elastic deformation and energy of movement.



On the other hand, the structure can dissipate energy through the damping of the
structure and hysteretic energy. The damping of the structure is inherent to its structural
characteristics, while the hysteretic energy is coming from inelastic deformations or structural
damage that the structure suffers during the earthquake.

How to improve the response of buildings that use LDRC walls?. Taking into
consideration that LDRC walls may fail in flexural mode. Therefore, by increasing its
deformation capacity will improve its hysteretic energy dissipation. However, how to improve
the deformation capacity of LDRC wall that already exist?. This investigation will focus on the

retrofitting method by using CFS.
1.3 Obijective and scope of the study
1.3.1 Objectives of the study
The overall goals of this investigation are outlined as follow:

1. To assess the performance of low ductility reinforced concrete walls retrofitted
with carbon fiber sheet under cyclic loading.

2. To propose a formulation to predict the non-linear response of concrete under
cyclic loading.

3. To develop a non-linear finite element software to model the behavior of

reinforced concrete under cyclic loading.
The objectives of this study are drawn below:

1. To verify the deformation capacity improvement of low ductility reinforced
concrete walls retrofitted with carbon fiber sheet.

2. To investigate the confinement effect of concrete with carbon fiber sheet
reinforcement.

3. To develop a non-linear stress-strain relationship for concrete with or without
carbon fiber sheet reinforcement.

4. Toimplement a non-linear finite element software with the proposed model.

5. To validate the proposed models by comparing the experimental result with the

proposed model.



1.3.2 Scope of the study

Deformation capacity of LDRC walls under cyclic loading can be improved by using
different types of retrofitting methods, such us using carbon fiber sheet to confine the concrete
section of the wall. The effectiveness of the retrofitting depends on the retrofitting method used,
and this investigation will focus in the retrofitting with carbon fiber sheet. Two ways of

retrofitting with carbon fiber sheet are used.

Since medium-rise building that use LDRC walls my fail in flexural mode, the
retrofitting method applied is expected to improve the deformation capacity, while the

maximum strength should not be affected.

A model of stress-strain relationship of concrete with or without CFS confinement is
proposed and compared with the experimental results. Parameters which affect the stress-strain
relationship are discussed, such as: sample shape, confinement ratio, etc. Then, the software of
Finite Element Method, STERA_FEM, was developed adapting this new model. STERA_FEM
takes into consideration: four nodes isoparametric elements, 9 Gaussian points, incompatible
element, the modified Darwin and Pecknold hysteresis model for reinforced concrete including
confinement effect of CFS, smeared model and Menegotto-Pinto hysteresis model for
reinforcing steel; and an elastic-brittle model for CFS. The analysis of the wall specimen in the

first and second experiments was conducted using STERA_FEM and compared with test results.
1.4 Outline of the dissertation

The dissertation is organized in eight chapters. Some statements of the expected
performance of LDRC walls and problems related to its behavior are described in the present
chapter. Besides, objectives, scope and outline of this study are listed in the current chapter. The

rest of the chapters are outlined as follow:

Chapter 2: Literature review. This chapter presents the theoretical background of the
material components of the LDRC wall retrofitted with CFS, such as concrete, reinforcing steel
and carbon fiber sheet. Besides, this chapter reviews researches about the stress-strain

relationship for concrete, reinforcing steel and carbon fiber sheet.

Chapter 3: Finite element method — Elastic theory. This chapter summarized the
elastic theory of the finite element method used in this study. Important definitions are
presented in this chapter such us: Interpolation function, Gaussian quadrature rule,

Isoparametric element, Stress and strain at Gaussian points and Incompatible element.



Chapter 4: Experimental tests. This chapter summarizes the three experiments
conducted: LDRC wall retrofitted with full height of CFS under cyclic loading, LDRC wall
retrofitted with partial height of CFS under cyclic loading and confinement effect of concrete
with CFS reinforcement as a retrofitting method under monotonic and cyclic loading.

Chapter 5: Monotonic stress-strain relationship of concrete with CFS confinement.
This chapter review researches about the monotonic stress-strain relationship of concrete with
carbon fiber sheet confinement under compressive loading by comparing with the experimental
result presented in the previous chapter. Besides, a modified Nakatsuka’s model is presented in

this study by changing its shape coefficients.

Chapter 6: Stress-strain relationship of concrete with or without CFS confinement
under cyclic loading. A proposed stress-strain relationship for concrete with or without CFS
confinement is presented in this study; this model is based on Darwin & Pecknold, Noguchi,
Naganuma and Lam & Teng’s model. Moreover a comparison with experimental results

presented in the Chapter 4 is carried out.

Chapter 7: Nonlinear finite element analysis. This chapter presents the theoretical
formulation to conduct a non-linear finite element analysis of reinforced concrete based in the
formulation presented in Chapter 3, taking into account a four nodes isoparametric element,
incompatible element and nine Gaussian points. Besides, biaxial stress-strain relationship of
concrete is considered. This chapter also shows the comparison of experimental wall presented

in Chapter 4 and nonlinear finite element analysis.

Chapter 8: Conclusions and Recommendations. This chapter provides some
conclusions from the experimental and the analytical results obtained in this research, and some

recommendation for further researches.
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CHAPTER 2:: LITERATURE REVIEW

2.1 Material overview

2.1.1 Concrete

Reinforce concrete is the major medium of construction throughout the world. While
in service, reinforce concrete structures are subjected to many cycles of load. In case of
structures located in seismic zones, whereby subjected to seismic loads, the cycles may be of

large magnitude. [9]

Cervanka [6] and Yuzugullu & Schnobrich [42] conducted several test on reinforce
concrete elements such as shear walls, shear panels and flexural member; they modeled those
elements as elasto-plastic materials. From the experimental test, it was determined that the steel
remains elastic and the concrete behaves as an elastic-brittle material. Hence the concrete
behaves in a highly nonlinear manner in uniaxial compression, but in uniaxial tension can be

idealized as a linear, elastic and brittle material. (See Figure 2-1) [9]
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Figure 2-1 Typical Stress-Strain Curve for Plain Concrete under Uniaxial Deformation
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Figure 2-2 Effect of Biaxial Stress State on Behavior for Plain Concrete



The effect of biaxial stresses on the stress-strain behavior and on the strength of plain
concrete is shown in Figure 2-2. Besides, under cyclic loading test, the hysteresis curves and its
envelope curve (Skeleton Curve) are shown in the Figure 2-3. The area enclosed by each loop

represents energy dissipated during each cycle. [12][39]

N Skeleton
Curve

—&

Figure 2-3 Behavior of Concrete Sample under Cycles of Compressive Loading

2.1.2 Reinforcing steel

On the other hand, regarding to the Reinforce Concrete, reinforcing steel behaves as a
linear elastic material until reaches its yielding strength, after that, steel behaves in the plastic
range, then strain hardening occurs, and finally failure (See Figure 2-4). However, Aktan et al.
[3] and Singh et al. [38] found in their investigations, that steel behaves quite different under

cycles of loading (See Figure 2-5). [9]
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Figure 2-4 Typical Stress-Strain Curve of Steel under Monotonic Load
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Figure 2-5 Behavior of Steel under Cyclic Loads



2.1.3 Carbon fiber sheet

Carbon fiber sheet (CFS) is formed by laying out fibers made of carbon, in a single or
multiple directions and embedding them with a protective epoxy resin (See Figure 2-6). CFS
has a higher strength, stiffness, corrosion and fatigue resistance whiting reasonable cost in
comparison with other material such as glass or aramid. An advantage of using CFS is the

negligible increase of the dead load due to its light weight. [19]

Figure 2-6 Carbon fiber sheet

CFS has a very high unidirectional tensile strength. Typical values are between
2500~4600 MPa for tensile strength and 235~260 GPa for Young’s modulus. Essentially, CFS
behavior is linear elastic up to the tensile strength limit where CFS rupture occurs. Once it
reaches the tensile strength, CFS fails suddenly in a perfect brittle mode (Figure 2-7). Fibers are
assumed to have strength and stiffness in the fiber direction but no resistance perpendicular to

the fiber direction is considered. [19]

fi

Figure 2-7 Linear-brittle model of CFS
2.2 Stress-strain relationship

Considering an isotropic element (3D or 2D element), which has the same properties
in all analysis directions (See Figure 2-8), the strain-stress relationship is proportional to the
Young Modulus (E) of the material as is given by: [4][8][31]
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o=Ee (2-1)

Where the stress and strain tensor, in case of 3D element, are defined as follow:

021 032 033 &1 €22 &3
031 032 033 €31 €32 €33

{ T

011 012 013 €11 €12 €13
o= , &=

/
S :

Figure 2-8 3D and 2D element

2.2.1 Constitutive equation

From the Equation (2-2), and applying volumetric deformation to each principal

direction and considering Poisson ratio effect over the strain deformation, the following

equations are given:

o. Oyy o. 1
Exx = %— v— - v% = E(axx —v(ay, + azz))
o o o. 1
Eyy = —v% + % - v% =z (ayy —V(Oxx + O'ZZ)) (2-2)
o Oyy O 1
Ezz = —v% - v? + % = E(O'ZZ - v(axx + ayy))
Besides, shear strain y, is defined as follow:
T
Yey = Vyx = Exy T Eyx = >/ G \L
T
= gyz + gzy = yZ/G (2'3)

Yyz = Vzy
T
Vax = Yxz = Ezx + Exz = Zx/G J

In the same way, Equations (2-2) and (2-3) can be applied for a planar element,
neglecting the third direction.

o o 1
=—- ﬂzg(axx_w’yy)

g.x.x - E v E
_ Oxx  Oyy 1 2-4
gy = v T =5 (0 — Vo) (2-4)

N——

T
Yxy = Yyx = €xy + Eyx = xy/G
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2.2.2  Shear modulus

Considering a planar element subjected under pure shear state stress as is shown in
Figure 2-9.

oL=7

Oy =-T

Figure 2-9 Pure shear on planar element

Where G is the Shear Modulus and the relationship between G, E and v, using
Equation (2-4) as follows:

G=—— (2-5)

2.2.3 Shear strain

Figure 2-10 shows the shear strain deformation of a planar element.

dy

dx

u(x,y)

Figure 2-10 Shear strain deformation
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Where: AB = dx, is the original dimension of the planar element, and A’B’ is the final

dimension after the strain deformation.

2

5= (a2 + (2 29

Taking into consideration very small displacements gradients, Z—Z can be neglected,

thus Equation (2-6) can be written as follows:

Ju
A'B' = dx +—dx (2-7)
0x

Thus, strain deformation in x-direction and y-direction, &, and ¢, respectively, can be

defined as the ratio of variation of the original longitude over the original longitude as follow:

- Ju
A'B _AB:dx+adx—dx

Y- dx
du
& =5
dx
2-
ov (2-8)
Ey = @
Introducing shear strain as the summation of rotational deformation as follow:
Yy =+ B
Jdv dv
“—dx =
tana = axau = axau
dx + adx 1+ Ix
du du
tanf = ayav ayav
dy + 3y dy 1+ ay
For small displacement: Metand L1
dx ay
For small rotations « and §; thus tana = « and tanfs =
_ov _Ou
“Tox ~ dy
_ _ dv N du (2-9)
yxy - yyx - ax ay
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Similarly, we can obtain the shear strain for y-z and z-x planes.

Jv ow \
vz =Vey =5, oy } 2-10
6w+6u ( )
yZX - yXZ - ax aZ )
Going back to Equation (2-1):
o=Ee (2-11)
Where:
_g Vx_y Yaz
€11 €12 €13] yxx 2 YZ
£=|&1 22 E23[=[3F &, F
€31 €&32 €33 Yzx  Yzy J
2 2 Gz
011 012 013] [Oxx  Txy Txz
0 =|021 022 023|=|Tyx Oyy Tyz
031 O3z O33] [ Tzx  Tzy Ozz

For isotropic materials, means that its physical properties are the same in each
direction, therefore:

T
Sxyzsyx = xy/ZG \
gyz = gzy = TyZ/ZG (2-12)
Erx =z = 7/ 2G )
2.2.4 Strain and stress vector
From Equation (2-2) and (2-3), strain vector can be defined as follows:
- 1 — —
/e Vg “V/g 0 0 0
€ - 1 - o.
( gxx] v /E /E v /E 0 0 0 ( O_xx]
yy —v —v 1 0 0 0 yy
Jo o /e e e Ozz (2-13)
Vxy 0 0 o 1 o o ||™
Vyz Tyz
1
Vzx 0 0 0 0 /G 0 sz}
0 0 o o o 1/
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Taking the inverse matrix, stress vector is given by:

Orxy 26 +2 pl p) 0 0 07 (&
(O-yy] l A 2G + 4 A 0 0 O (gyy]
oz _| 2 A 26+2 0 0 O 4622} i
1 Txy } - 0 0 0 G O Ol yxy (2 14)
ef | 0 0 0 0 G 0 Lysz
Tzx 0 0 0 0 0 G \Vax

Where A is the Lame’s first parameter defined as follows:

1= vE
T @A+v)-2v)

(2-15)

2.3 Stress and strain definitions

Basic definitions are introduced for the better understanding of the strain-stress
relationship. [4][8][31]

2.3.1 Volumetric strain

The Volumetric Strain is defined as the total strain in the principal directions:

Evol = Exx t Eyy + &4 (2-16)

Evol = %(Uxx - V(Uyy + azz)) + % (Uyy - V(Uxx + Gzz))

+ % (O'ZZ — v(axx + ayy))

1
Epol = E((a"x + 0yy + 05,) — 2V(0yx + 0y + azz))

(1-2v)

= (2-17)

Evol = (Gxx + oy, + Uzz)
2.3.2 Hydrostatic strain and stress

Introducing the terms: Hydrostatic Strain &, and Hydrostatic Stress a,,,, both of them

are defined as the average value of the principal strain and stress respectively as follow:

_ Oxx + Oyy + 0,,

3
2-18
_ Exx + Eyy +&,, ( )

Em = 3

Om
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2.3.3 Bulk modulus

Using Equation (2-18) into the Equation (2-17):

(1-2v)

=3 2-19
Evol Om E ( )
Where the ratio between a,,, and ¢,,,; is called Bulk Modulus (K):
Om E
K=—=—F—7"77— 2-2
o1 3(1—2v) (2-20)
Therefore:
Om
K= -
3¢, (2-21)

2.3.4 Deviatoric strain and deviatoric stress

Deviatoric strain e;; and deviatoric stress s, is defined as follow (matrix notation):

e;j = €ij — Ojjém (2-22)
Sij = 0ij — 6ijom

Where §;;, called Kronecker Delta is defined as follow:
_(0-i#]
5, = {1 iz (2-23)

Therefore, going back to the Equation (2-11):

£ Y.
[Sxx —&m xy/ xz/2 ] — Onm Txy Txz
yyx/z gyy Em yyz/ | [ yx UYy Om TJ/z
T 0,
L 7ty Yy el T T e

Then, from Equation (2-22):
€xx = Exx — €m

o,
Cxyx = E (axx — v(ayy + O'ZZ)) -(1- ZV)?m

erx = 5 (G0 = V(03 + 022) — (1~ 2V)0y,)
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1

Cyy = E (oxx —Om — v(ayy — Oy +0,, — Jm))

1
exx =% (sxx —v(syy + SZZ))

Now replacing Equation (2-22) into Equation (2-18):

Oxx + Oyy + 0., _

3 Om

Sxx = Oxx —Om » Syy =0yy = Oy, Szz = 0y

Sxx 1 Syy + Sz = Oxx + 0yy + 0, — 301,

Sxx T Syy + Sz, = 0

Thus, going back to the Equation (2-24):

14w _ Sxx
Cxx = Tsxx = E
Similarly:
_ Syy
vy =36
SZZ
€z = %

(2-24)

— O

(2-25)

(2-26)

Now strain can be expressed in function of deviatoric strain and hydrostatic strain as

follow:

Exx = Em t €5

Using Equation (2-21) and Equation (2-25):

Um Sx X

fx T3 T o6

In the same way using Equation (2-26):

e = 0m Sy
YY 3K 2G
g = Om Sz
3K 2G

Writing in matrix notation:
Sij = 6ij£m + el-j

Om | Sij
%3k "o

18
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2.3.5 Octahedral normal and shear strain and stress

The octahedral normal stress and strain is defined by hydrostatic components as
follows:
0y + 0, +o03
3 .
& te + &3 (2-28)
3

0, =

Ep =

The octahedral shear stress and strain in terms of principal stress and strain

respectively is given by:

1
To = 5\/(01 —03)% + (03 — 03)? + (03 — 07)?

1 (2-29)
Yo = g\/(gl —&)% + (g2 — &3)% + (&3 — £1)?
For a biaxial strain-stress state, a; = 0 is considered.
_ 0 top
Oy = 3
Jz (2-30)
Ty = ?\/012 — 010, + 0,2
Similarly than Equation (2-21):
O-O
K= 3e. (2-31)
o
And,
TO
G = ﬁ (2-32)
o

2.3.6 Invariants of stress tensor

Considering a 3D element as is shown in Figure 2-11, the relationship between the
stress vector {a} on the surface of the 3D element and the stress vector {t} on an inclined plane

with a unit-length direction vector {n} is expressed as follows:

ty Ox  Txy Txz](Nx

t, Tzx Tzy 0z [\n,
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o= {t}'{n}
{t

—> Ty

o
Ty |
o) >y
A oy
v
X o7

Figure 2-11 3D element and inclined plane

The relationship shown in Equation (2-33) is called “Cauchy stress tensor”. From

Figure 2-11, considering an inclined plane, where {t} is a normal ¢ with zero shear stress, then:

Zero.

follows:

ty Ox  Txy Txz](Nx Ny
ty = Tyx O'y Tyz ny =0 ny
t, Tzx Tzy 0Oz [\ng n,
or
Ox —0 Ty Tez 1 (My 0
Tyx Oy =0 Ty, [In,l =10 (2-34)
Ty Tzy o, —0c|(n, 0

To have a non-trivial solution, the determinant of the matrix shown above must be

Ox =0  Tyy Tyz
Tyx 0y —0 Ty, | =0
Ty Tyy 0,—0

or

0-3 - 110-2 - 120-_ 13 = 0 (2'35)

Where, I, I, and I are called the “Invariants of the stress tensor” and are defined as
L =0y +0,+0,

— Tox? (2-36)
2

I, = 0,0, + 0,0, + 0,0, — Tyy* — Tp),°

— 2 2
I3 = 040y0, + 2TyyTyyTox — OxTyz” = OyTy” — 05Ty
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The solution of Equation (2-35) has three answers {0y, g,, 05} which are called the
“Principle Stresses”. Since the principle stresses also satisfy the Equation (2-35), the invariants
of the stress tensor can be expressed by the following equation:

I, =01 +0,+0; =30,

12 = 010y + 0,03 + 0301 (2‘37)
I3 = 0,0,03

Where a,, is the hydrostatic stress. Besides it is known that the hydrostatic stress has
no relation with yielding condition for metals, so it is convenient to define the deviatoric stress

as follows:

o' =0, —0op
g, =0, — oy (2-38)
03’ =03 — 0oy

Now by using Equation (2-38), the invariants of the deviatoric stress tensor are

defined as follows:
Jh=0/+0/ +to,/ =0"+0, +03'=0
I, = %((ax’z +0y"2 4+ 0,%) + 2(1y® +7y° + szz))
Jo=—(01/05" + 05'03" + 03'0,) = %(01'2 +0,"% +05'%)
J2 = %((O’x - ay)z + (oy — 02)2 + (0, — 0)* + 6(10y 2 + 1,2 + szz)) > (2-39)
J2= %((0'1 —03)* + (02 — 03)% + (03 — 01)?)

_1 3
J2 =3(1° = 31)
_ 2 2 2
J3 = 0x0y0; + ZTxyTyZTZx — OxTy;” = OyTyx” — O,Tyy
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CHAPTER 3 : FINITE ELEMENT ANALYSIS - ELASTIC THEORY
3.1 Plane analysis

Considering a triangular element for plane analysis, the problem is to obtain the nodal
deformations of the element shown in Figure 3-1. The deform shape of the triangular element

has infinite of variations of deformation patterns as is schematized in Figure 3-2. [4][8][31]

X

Figure 3-1 Triangular element

Figure 3-2 Deform shape of triangular element

Assuming a linear function to represent the deform shape of the triangular element

shown in Figure 3-2 and the deform shape functions are described below:

Uxy) = a1 + a,x + azy }

3-1
V(xy) = U4 + asX + agy (3-1)

aq
i
o (3-2)

The relation between nodal displacement and element deformation by using Equation

In matrix notation:

(3-2) are expressed as follows:
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u 1 » y7, 0 0 O a
() 1 50 0 olf@)
u3¥:|1 x3 y3 0 0 0|{a3¥
vy |0 0 0 1 x1 yillay (3-3)
leJ 0 0 0 1 x, vy, lasJ
s/ o 0 0 1 x5 ysl %
U = A a

From the above equation, coefficients a4, a,, -, as can be obtained as follows:

a=A"1U (3-4)

Substituting Equation (3-4) into Equation (3-2), the relation between nodal
displacement and element deformation is described as below:

B
U3

Uxy) = Hiy,yy u

The constitutive equation at the nodes can be obtained between the nodal force and the

nodal displacement, for example, by using the “Principle of Virtual Work Method”.

Figure 3-4 Coordinates of triangular element
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u

P, (i)
P3 u

=K<{73
Q4 %51 (3-6)
Q2 kvz
Q3 3

F=KU

The process is summarized as follows:
(1) Translate external forces into equivalent nodal force:

F = {Pl; P2; P3I Qll QZ’ Q3}T

(2) Calculate the nodal displacements from the constitutive equation. Where K is called

the stiffness matrix:
U=KF
(3) Obtain the element deformation from the nodal displacement:
Uey) = HapU
3.2 Stiffness matrix for planar element

Stiffness matrix in Equation (3-6) can be obtained from the “Principle of Virtual Work
Method” [4][8][31] which is expressed as follows:

f &lodv=UTF (3-7)
Vv

Where, & is the virtual strain vector, o is the stress vector, U is the virtual

displacement vector and F is the load vector.

In case if a plane element, the strain ¢ is defined as:

ou
dx
SX
{ £ } - (3-9)
X
Vay | ou Jv |
Gz T ax
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Substituting Equation (3-5) into Equation (3-8), the strain vector is calculated from the

nodal displacement vector as follows:

( a_u \ (uq
&y | % 1 0100 0 0 Uy
ov -1) U3

(=9 a2 ([0 0 0 0 0 1pAT (3.9)
x -

Yxy 6u+0v 0O 01 0 1 O lzzJ
Jdx Ox 3
g = B U

In the plane stress problem, the stress-strain relationship is expressed as:

oy 1 v 0 &y
) 17V0 o —| (3-10)
g = D £

Substituting Equation (3-9) into Equation (3-10),

o = DBU (3-11)

From the Principle of the Virtual Work Method,

j (BU) (DBU)dv = U" f BTDBdv |U = UTF (3-12)
14 14

Therefore, the constitutive equation is obtained as follows:

F=KU , K= f BTDBdv (3-13)
Vv

3.3 Interpolation function

Considering one dimensional element under loading, a linear function for the

deformation pattern after loading is assumed as is shown in Figure 3-5. [4][8][31]

Figure 3-5 One dimensional element
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Uy) = Ao + asX

u =0 (%) e

The next step is to obtain the coefficients, ay and a,, from the nodal displacements
from the following relations:

Uy = Qo + aixq

uz = ao + ale
Writing in matrix notation:

@)= D

U = A«a

(3-15)

The coefficients are obtained as a« = A~1U . Then, the relation between the
deformation and the nodal displacements is,

U = (1 A7) (3-16)

Instead of previous procedure, an interpolation function is introduced to express the
deformation directly from the nodal displacements:

U(x) = hl(x)ul + hz(x)uz (3-17)

The interpolation functions h; and h, has the following characteristics:

1, x=u (1, x=u,
Mo = {0 , X F U hay = {0 X E Uy (3-18)
From Equation (3-18), interpolation functions are described below:
X9 — X Xy — X
Ry = ; hoy = ; (3-19)

The advantage of using an interpolation function is to reduce the burden to calculate
the inverse matrix A in Equation (3-16). In the same manner, by introducing a second order
interpolation function for the deformation patter, the deformation can be directly express

following Equation (3-20). A schematic representation of the first order and second order
interpolation function is shown in Figure 3-6.

Uy = higgtis + hagtiz + ha@us (3-20)
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Figure 3-6 Schematic explanation of interpolation function
3.4 Natural coordinate

For an easy understanding, let’s consider the measure of the total weight of the pencil
shown in Figure 3-7, by using two coordinate scales, x-coordinate and t-coordinate. [4][8][31]

(T \
4 x = x(t)
—t—t— = 5
0 1 2 3 4 5 6 4+
. >t —
@ 3 3T Adx
- . 2T /[ T«
w(x) : distribution of weight 1+ |
_ 0 T »
X o t B
Figure 3-7 Natural coordinate relationship
The total weight can be express as follows:
5
W = fW(x) dx (3-21)
0

The relationship between x-coordinate and t-coordinated for the global relationship

and the local relationship are described in Equations (3-22) and (3-23) respectively:
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X = X(t)

(3-22)

dx
dx = —8 gt (3-23)
dt

Where dx/dt represents the first derivative of x., by the variable ¢, which

correspond to the slope of x.) at t. Substituting Equations (3-22) and (3-23) into (3-21), the
total weight can be expressed in t-axis as.

B
dx
W = f W(X(t)) %dt (3_24)
a
By setting « = —1 andf = 1, Equation (3-24) can be written as follows:

1
dx
_ _ ®
W= f fodt . fi) = Worey g (3-25)
-1

3.5 Gaussian quadrature rule

Considering an integration range [-1,1], the integration can be evaluated

approximately by n-point Gaussian quadrature rule [4][8][31], which is generally expressed as
follows:

1

Jf(t)dtzWlf(tl)+W2f(t2)+"'+wnf(tn) (3'26)
-1

Where, wy, w,, -+, w,, are the weighting coefficients. This formula requires a limited

number of functions values, f(;,), f(¢,), =, f(t,): at the sampling points, ¢, t,,

-+, t,, to evaluate
the integration.

This study will use 3 point Gaussian quadrature rule as is shown in Figure 3-8, and the
corresponding weighting coefficients are described below:

1
f fopdt = Wife + Wafie + Wafie,
-1

1
Jf(t)dt = 0'5556f(—0.7746) + 08889f(0) + 0'5556f(0.7746)

-1
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Where:

5 8 5
wi=5=05556 , w,=5=08889 , w;=g=05556

t, = —V0.6=—-07746 , t, =0 , t;=10.6=0.7746

£(0.7746)
f(t)

£(-0.7746)

-1-0.7746 0 +0.7746 +1

Figure 3-8 3 point Gaussian quadrature rule
3.6 Isoparametric element

Considering on dimensional element as is shown in Figure 3-9, the natural coordinate
in introduced to this element. [4][8][31]

7'y X
/ A
Iy uz x(t)
ul |1 2 :
X1 X2 X1
= = > ¢ 1 +1
1 +1

Figure 3-9 One dimensional element

By assuming the linear transfer function x.) between x-axis and t-axis, x(; can be

expressed as follows:

Xty = b1 + hapX2 (3-27)
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Where:

iy =311, hyy = 5(1+1) (3-28)

Equations (3-27) and (3-28) satisfies that x_;) = x; and x(1) = x5.

F 3 I
J/ . _ (b, N ha(t)us s
w1 uy

-1 +1 -1 +1

Figure 3-10 Deformation of one dimensional element

From Figure 3-10, the deformation of one dimensional element can be obtained by

using the interpolation functions hy; and hy as is shown in Equation (3-29).

U = hipta + hyyz (3-29)

The element where both, the coordinate transfer function x; and the deformation
function u ), are expressed using the same interpolation functions on the natural coordinates

called “Isoparametric element”.
The advantages of using isoparametric elements are described below:

(1) The relation u¢y = Y14 hyu; does not require the calculation of inverse matrix.
(2) The relation x(;, = Xi= hi(t)x; enables to use the numerical integration method.

(3) Both functions u . and x(;) are expressed using the same interpolation functions.

3.7 Stiffness matrix for isoparametric element

Taking into consideration 4-nodes two dimensional isoparametric element (see Figure
3-11), the coordinate transfer function and the deformation function are expressed using the

interpolation function as is shown in Equations (3-30) and (3-31) respectively. [4][8][31]
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Node 4

»
>

Xt xu

Figure 3-11 4-nodes isoparametric element

4 4
X(r,s) = Z hi(r,s)xi () Z hi(r,s))’i
i=1 =1

i

X(r,s) = %(1 +7)(1 +5)x; + %(1 —7r)(1 +5s)x; + %(1 —7r)(1—s)x3 + %(1 +7)(1 = 5s)xy

1 1 1 1 (3'30)
Vorsy = A +TIA+$)y; + 21 =+ )y, + 20— (@~ s +2A+ (A - )y
4 4
Ur,s) = z hiroUi » Vs = Z hir,5)Vi
i=1 i=1
Urs) = %(1 +7r)(A+s)u; + %(1 -1 +s)u, + %(1 -1 —-s)uz + %(1 +7)(1—5)u, (3-31)
Virs) = %(1 +7r)(1+s)v; + %(1 -7r)(1+s)v, + %(1 -r)1-s)vs + %(1 +7r)(1—s)v,
Expressing Equation (3-31) in matrix notation:
Uy
U1
Uz
{u(r,s)} |hes 0 haesy 0 g 0 Mg O v,
V(r.s) 0 hl(r,s) 0 hz(r,s) 0 h3(r,s) 0 h4(r,s) U3 (3-32)
V3
Uy
Vs
Urs) = He s U

Stiffness matrix can be obtained from the Principle of Virtual Work Method, which is

expressed in the following form:
f &lodv =UTF (3-33)
14

Where, & is the virtual strain vector, o is the stress vector, U is the virtual
displacement vector and F is the load vector respectively. In case of the 4 nodes two

dimensional isoparametric element, the strain vector ¢ is defined as follows:
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(9 )

Ex | gx |
{ g } - a_” (3-34)
X
Yxy u N ov
Ox Ox

Substituting Equation (3-31) into Equation (3-34), the strain vector is calculated as:

= Oh;
Ox =
V(=3 o r= 9 Z—v- 4
a L
Yay Y =Y
6u+6v 4 4
dy 0x Z%HH‘Z%W
=% =
oh oh oh oh 1001
1 9 == o0 == 0 = 90 lin
£ ox o ox o 0x o ox oh U,
gl=l0o — 0o —2 0o — 0 —|{7}
Vay dy dy dy dy | |Us (3-35)
ldy Ox dy 0dx dy OJx 0dy Ox. kvj
E = B U

In the plane stress problem, the stress-strain relationship is expressed as follows:

oy 1 v 0 &y
) 17V0 o —| U (3-36)
o = D £

Substituting Equation (3-35) into Equation (3-36),

o = DBU (3-37)

From the Principle of Virtual Work Method:

f (BU) (DBU)dv = U” j BTDBdv |U = UTF (3-38)
14 %4
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Therefore, the constitutive equation is obtained as follows:

F=KU , K= f BTDBdv (3-39)
74

By assuming a constant thickness t of the isoparametric element,

K=t f BTDBdxdy (3-40)
V(xy)

The following relationship is also derived from Equation (3-38)

f (BU) {o}dv = U7 f BT{o}dv |U = UF (3-41)
%4 %4

Therefore, the relationship between stress vector and nodal force is as follows:

F= f BT {o}dv (3-42)
\%4

Since this integration is defined in x-y coordinates, we must transfer the coordinate
into r-s coordinate to use the numerical integration method. Introducing the Jacobian Matrix, J:
dx dy
_|or or )
J= ox 0x (3-43)
ds O0s

Now, Equation (3-40) can be expressed in r-s coordinates as follows:

1 1
o(x,y)
— T
kK=t j f Batroyes) PBaeoyes) 3, ¢ 4ds (3-44)
-1-1

Where:
dx dy
ox,y) lor or
= 3-45
a(r,s) |0x Ox (3-45)
ds 0Js
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Summarizing the process:

(1) Evaluation of Jacobian Matrix:

g [~on, oo |
ox o) T ZWH
J = or or|_li=1 i=1
0x dy I ok ok I
R —_— 1 L
o o U LU
505 & o™
(2) Evaluation of B matrix:
From Equation (3-35):
roh, oh, Ohs 0 Ohy, 0 1
dx dx dx dx
polo Mg ey W O
B oy dy dy oy
0h, O0h,y 0h, 0h, 0h; 0h; 0dh, Oh,
ldy O0x Jdy 0dx Jdy 0dx Jy Ox.
Where the derivatives %, ---,%,% . ah“ are calculated as:
ohy ahlar 0h, 0s ah4 Ohy dr  0hy s
dx ordx dsodx '~ 0x  Or dx  Os 0x
6h1 ahlar ahlas c’)h4 6h46r 6h465
dy  or c’)y 9sdy ' dy or c’)y 9s dy
In matrix notation,
[% dhy h; dhy [ar ]ahl dh, 0hs; 0h, ohy
ax 9x ox oOx ox or or or|_,-1|or
|0hy 0h, 0Ohy dhy|™ |Or [|0hs 9h, hs ok, =77 | on,
lay dy dy ayJ lay ayJ ds ds 0ds 0s 0s

(3) Evaluation of partial derivatives of the interpolation functions:

6h1_1 14 ahl_ 14
or _4( s) s _4( )
dah, 1 14 (’)hz_ 14
or 4( s) ds _4( r)
6h3_ 1 L 6h3_ 1 1

or 4( s) ds 4( )
6h4_1 h4_ 1

or _4( s) ds 4( r)
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ohs
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Ohs
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(3-47)

oh,

or
dh,
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(4) Numerical integration:
By using 3 points Gaussian quadrature rule, the stiffness matrix is calculated

numerically as follows:

1 1
_ a(x, y)d p
K=t | |Baroyrs PBaesiyesn 3, 5y s
-1-1

1
_.’;
3 3
K=t Z Z WinF(Ti,S]') (3-49)

Where:

F, =B DB 0x,y)
(rs) — Px(s)y@s) xTr9)yTs) 77 o a(r,s)

5 8 5
wy =g = 0.5556 , w, = 9= 08889 , wz3=g= 0.5556

rL=s,=—+/3/5=—-07746 , T2=5,=0 , 13=5;=4/3/5=0.7746

(5) Assemble of finite element:
The total stiffness matrix can be obtained assembling the stiffness matrix over the area

K= Z K (3-50)

Where m denotes the m-th element.

of all finite elements.

3.8 Stress and strain at Gaussian points

The process to calculate the stress and strain at Gaussian points [4][8][31] is

summarized below:

(1) Stress and strain t Gaussian points:
By using 3-points Gaussian Integration Method in a single 4-nodes isoparametric

element, there are 9 Gaussian points as is shown in Figure 3-12.

36



x : Gaussian points

Figure 3-12 4-nodes isoparametric element with 9 Gaussian points

The stress and strain at the Gaussian points, (r;, s;), is obtained from Equation (3-34)

and Equation (3-36) as follows:

Oy \
O'U={O'y} =DB,;U |
Tey)..
Ery t (3-51)
& ={ey} = B,;U

(2) Principal stress at Gaussian points:
oyt oy, Ox — 0y 2 5
0y = > + \/( > ) + Tyy

gy + oy Ox — Oy\?
02 = —\/( 3 )+‘L’xy2

1 2T
6, = sarctan (¢>
2 Ox — Oy

-

(3-52)

Case 1. 1, > 0and o, > o, (See Figure 3-13). For this case, the range of arctan is [-n/2, n/2],
and 20, is in this range.

Case 2. 14, < 0and oy > o, (See Figure 3-14). For this case, the range of arctan is [-n/2, n/2],
and 26, is in this range.

Case 3: 174, > 0and o, < o, (See Figure 3-15). For this case, the range of arctan is [-n/2, n/2],
and 26, is not in this range. So the angle must be 26, = = — |arctan|.

Case 4. 1, < 0and o, < g, (See Figure 3-16). For this case, the range of arctan is [-n/2, n/2],

and 26, is not in this range. So the angle must be 26, = |arctan| — m.
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Figure 3-14 Case 2: 1, < 0 and o, > g,
T
A
Oy (0y,- %)
A
-<— W
( | * ; O-X —
[oz) o1
—>
Y

(0y,7y)

Figure 3-15 Case 3: 7, > 0 and o, < g,
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<t— W
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— o7} (o7}
Y

(o 77><y)

Figure 3-16 Case 4: 7, < 0 and o, < g,

(3) Displacement at Gaussian points:
After obtaining the nodal displacement, the displacement at the Gaussian point, (r;, s;),

is obtained from Equation (3-31) as follows:

4
Uerysp) = Z Rigry.spiti
=1 (3-53)

4
Vrysp) = Z hi(Ti.Sj)vi
i=1

3.9 Incompatible element

In an ideal situation, a beam under a pure bending moment experiences a curved shape
change. The angle between the curved horizontal dotted line and the straight vertical line
remains at 90 degree after bending as is shown in Figure 3-17. Therefore, no shear strain occurs
inside a material. [4][8][31]

————Ll L

No shear strain

Figure 3-17 Beam under pure bending moment

39



To model the ideal shape change, an element should have the ability to assume the
curved shape. As is shown in Figure 3-18, the second order element with eight nodes enables to
represent the curved shape. On the contrary, the first order element is not able to bend to curves
and all dotted lines remain straight and the angle is no longer than 90 degree. To cause the angle
to change under pure moment, an incorrect artificial shear strain and stress have been introduced.
Therefore, the strain energy of the element is larger than ideal situation. As we demonstrated in
the principle of virtual work method, overestimate of strain energy causes overestimate of
stiffness matrix. This is the reason that the first order element with four nodes becomes overly

stiff under the bending moment. This problem is called shear locking.

(a) Second order element (b) First order element

No shear strain

\ Shear strain

Figure 3-18 First and second order element

To solve the problem in the first order element, we introduce the new displacement

shape functions (Equation (3-54)) to add curved displacement modes as is shown in Figure 3-19.

4
Urs) = Z higrsytti + (1 =12y + (1 = sH)a,

o (3-54)
Virs) = Z higrsyvi + (1 —rHaz + (1 —s?)ay
i=1
s
A
o O
> 1 (1 _ 52)
o O

Figure 3-19 Second order shape function
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It can avoid over stiff in bending; however there might be incompatibility of
deformation at the boundary between two elements. Therefore, this element is called

incompatible element.

' K
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
|
M Q O M
\ |
1
1
1
1
Incompatible !
|
1
Figure 3-20 Incompatible element
Writing Equation (3-54) in matrix notation:
Uars) = Hirs)U + Girs)d (3-55)
Where:

H_[hl 0 h, 0 hy 0 hy O
10 h; O h, O hy O hy
_919200] (12 —(1_ 2
G_[O 0 gl gz ) gl_(l r) ) gz_(l S)

U1
uZ al
_)V2 _jaz
U=Susp » A=1a,
v3 a4

Uy

Vs

Stiffness matrix on incompatible element can be obtained from the Principle of Virtual

Work Method, which is expressed in the following form:

f &lodv =UTF (3-56)
|4
Where, £ is a virtual strain vector, o is a stress vector, U is a virtual displacement

vector and F is a load vector, respectively.
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The strain vector is calculated from the nodal displacement vector as follows:

4
oh; 09, 09,
(o Liox M o T oy
dx Lzl
ix — 6_17 oh; +6g1 +0g2 [
ve) | Loy " F oy T oy
xy i=1
6u+6v 4 4
YLy dh; a a dh; d d
Jdy Ox Z i, 4291 992 Z_l C 292
2 ayu‘+ 3y a, + 3y a2+._1 3 Vit gy % T, e
Ug
[Ph o R Ohs 0 Oha L, (990 992 o (]
. | 9x dx dx 0x [|u,| |ox ox | ra,
x dh dh dh dh a d
et=|0o Z2 o 22 o ZE o ZHpl.io o 28 SR
Vay ay dy ay ady 3 dy 0y |]|%s
dh, oh, dh, 0h, 0Oh; 0hs 0Oh, Oh,||V3 dg, 0g, 0g, 0g,|\a
—_— —_— —_— —_— —_— —_— —_— —_— u —_— —_— —_— —_—
lay dx Jdy 0x dy o0x dy Ox v: lay Jdy Ox 6xJ
€ =BU+GA (3-57)
In the plane stress problem, the stress-strain relationship is expressed as:
oy . 1 v 0 &y
_ 2 —v
Txy 1-v 0 0 > Vxy (3-58)
g = D £
Substituting Equation (3-57) into Equation (3-58):
o = D(BU + GA) (3-59)

From the Principle of Virtual Work Method:

f (BU + GA)' D(BU + GA)dv
\%4

:UTf

jGTDde U+ AT JGTDde A
4

BTDBdv |U +UT JBTDde A+ AT
v 14 14

=U'F (3-60)

Equation (3-60) can be written in matrix notation form as follows:
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f BTDBdv f BTDGdv
Vv 174

o7 i'l= 4] =1 anlf]

GTDBdv f GTDGdv

-V 14
Therefore, the equilibrium equation is obtained as :

Koo oa) U] _[F] s

Where:
KUU = f BTDde ) KUA =
|4

KAU = GTDBdU , KAA =

From Equation (3-61), it is possible to eliminate the incompatible displacement modes

as follows:

KAUU + KAAA =0

(3-62)
A == —KAA_lKAuU
Then, the element stiffness matrix is given by:
F =KU
) (3-63)
K = Kyy — KyaKaa "Kau
The process is summarized as follows:
(1) Evaluation of Jacobian matrix:
Son, ook
ox dy [Z UV _iy,]
o or| |G G
J= =15 = (3-64)
Ox Ox| [ on, <ok |
ds O0s P P
L:1 ds = ds J
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(2) Evaluation of G matrix. From Equation (3-57):

(091 09> 1
o o 0
09, 09
Ll dy dy OJx Ox|
Where the derivatives (aﬂaﬂaﬂaﬂ) are calculated as follows:
ox  0x  0dy 0y
dg, 0g,0r 0g,0s dg, 0g,0r 0g,0s
dx Or dx Ods dx ' dx  Or ox Ods Ox
dg1 _6g16r+6g1 ds 09, 09 6r+6g2 ds
dy ordy dsdy ' dy Or dy 09s dy
In matrix form:
[99:1 992] [Or Os)rdgy 0. 991 992
dx Ox|_|ox odx||ar or|_,-1|0r or N
99, 992~ |or 0s|lag, 3g,| =" |ag: ag. &0
lay ayJ lay ayJ ds Os ds Os
(3) Evaluation of partial derivatives of the interpolation functions:
0 0
9 _ _,.  99_,
ar ds (3'67)
99 _ 992 _ _,
or " 0s

(4) Numerical integration:

Using the 3-points Gaussian quadrature rule, the stiffness matrices are calculated

numerically as follows:

3 3 \
Kyy = tz:z: WiWiFyyrys))

i=1j=1

3 3
Kya = tzz WiWiFyacrys))

e

3 s > (3-68)
KAU =t z WinFAU(Ti,Sj)

i=1j=1

3 3
Kgn = tzz WiWiFaa(rys))

i=1j=1 J
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Where:

d(x,y)
_ T ’
FUU(T,S) - B(X(T',S)ly(T',S)) DB(x(r,s)vY(r,s)) O(r, S)
a(x,y)
_ T ’
F UA(r,s) — B @ 5)Yr,s) D G(x(r,s)J’(r,s)) a(r, s)
a(x,y)
_ T ’
Fay (rs) — G(x(r,s)J’(r,s)) DB (X(r,5)Y (r,9)) a(r, s)

d(x,y)
— T
FAA (rs) — G(x(r,s)ry(r,s)) D G(x(r,s) Y(rs)) 0 (T', S)

5 8 5
wi=g=05556 , w,=;=08889 , ws=;= 05556
rn=5=—- 3/5:_0.7746 ) TZZSZZO , T3:S3:\/3/5:0.7746

Then, the element stiffness matrix is calculated as:

F=KU

. (3-69)
K = Kyy — KyaKaa "Kav
(5) Assemble of finite element:

The total stiffness matrix can be obtained assembling the stiffness matrix over the area

of all finite elements.
K = Z Kin (3-70)
m

Where m denotes the m-th element.
(6) Strain and stress at Gaussian point:

Strain at Gaussian points can be obtained from Equations (3-57) and (3-62):

€=BU+GA=(B—GKyy "Kay)U (3-71)

Similarly, stress at Gaussian points can be obtained from:

o = De = (DB — DGKy4 'Ky )U (3-72)
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CHAPTER 4

EXPERIMENTAL TEST



CHAPTER 4 : EXPERIMENTAL TESTS

In recent years, large scale construction of medium-rise building that use low ductility
reinforced concrete (LDRC) wall has become commonplace in Peru To improve seismic
response of reinforced concrete (RC) buildings against earthquakes, two verification tests were
conducted on LDRC walls, wall with and without carbon fiber sheet (CFS) as a retrofitting
method. The first experiment was conducted in 2013 at the Toyohashi University of Technology
(TUT), Japan on three LDRC walls [13][20][40], the first wall was without CFS reinforcement,
the second wall was wrapped completely with CFS and the third wall was wrapped with CFS at
the edges only. A second experiment was conducted in 2014 at TUT on three LDRC walls,
following the same retrofitted pattern of the first experiment but with a partial retrofitting with
CFS to a specified height. [21][35]

From those tests, it was verified that the carbon fiber sheets delay the concrete
crushing of the wall base that occurs during flexural failure and that deformation capacity was
improved. Moreover, during the test with the retrofitted walls it was observed that the crushing
of the concrete produces bulges at the base corners of the wall. Additionally, when the
maximum strain on the CFS is reached, the carbon fiber sheet over the crushed concrete area

fails suddenly.

In order to verify the confinement effect of the carbon fiber sheet used as a retrofitting
method for concrete, a third experiment was conducted in 2015 at TUT using concrete samples
with or without CFS subjected under compressive loading (monotonic and cyclic), by changing
the size, shape and number of CFS layers. [27][35]

From the third experiment, it was confirmed that deformation performance was
improved and that strength of the concrete was increased due to the confinement provided by
the CFS, however the stress-strain relationship of concrete with CFS depends on the shape of

the concrete sample.
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4.1 LDRC shear walls retrofitted with full height of CFS
4.1.1 Design of specimen

Three LDRC wall specimens were tested. The test specimen characteristics for each
wall are shown in Table 4-1. The material properties of concrete, reinforcing steel and carbon

fiber sheet are shown in Table 4-2, Table 4-3 and Table 4-4 respectively.

Table 4-1 Test specimen characteristics

Wall WF RWF1 RWF2
L, X hy, (mm): 1600 x 1600

Wall thickness, t,, (mm): 80

Vertical reinforcement a‘F 3-D13
boundary ends:

Wall mesh reinforcement: D6@150, single (p,, = 0.27%)

Over wall span  Both boundary ends

Retrofitting Mode (mm):  Non-retrofitted L = 1600 L = 400/side

Table 4-2 Concrete material properties

H Op Ec €co ft Age
Specimen \ymm?)  (Nimmd) (%) (Nmm?)  (days)
WF 335 26800 0.228 3.0 54
RWF1 352 26400  0.256 29 62
RWF2 208 27200  0.215 29 67

og: Compressive strength, E.: Modulus of elasticity
£.0- Strain at compressive strength, f;: Tensile strength by split cylinder test

Table 4-3 Reinforcing steel material properties

Name ay oy Eg
(Property)  (N/mm?)  (N/mm®)  (N/mm?) Usage
D6 Wall mesh
(SD295A) 359 474 174600 reinforcement
D13 Vertical reinforcement
(SD295A) 355 516 182100 at boundary ends

o, Yielding strength, o,,: Ultimate tensile strength, E; Modulus of elasticity

Table 4-4 CFS material properties

Fiber weight: 300 g¢/m’
Sheet thickness: 0.167 mm
Density: 1.80 g/m?
Tensile strength: 3.4 KkN/mm?
Modulus of elasticity: 230 kN/mm?
Rupture strain: 1478 %
Width: 330 mm
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Figure 4-1 shows the arrangement of the reinforcing steel bars for all the specimens
tested. WF corresponds to the wall without CFS, RWF1 corresponds to the wall retrofitted with
CFS by wrapping the entire wall span and RWF2 corresponds to the wall retrofitted with CFS
by wrapping both lateral ends of the wall as is shown in Figure 4-2.

=]
2
Vertical e
reinforcement ©
at boundary end
3-D13
Wall mesh reinforcement .
D6@150 single 32
300 1600 I 300
2200 Unit: mm
1600
‘ D13 D6@150 |
W A 7
| Ty T U | 8
oo 155 | 150 | 150 | 150 | 150 | 150 [ 150 | 150 | 155 4o
404040 155 | 150 | 150 | 150 | 150 | 150 | 150 | 150 | 155 40 40 40
Figure 4-1 Reinforcing bar arrangement
| 1600 | 400 400
Specimen WF Specimen RWF1 Specimen RWF2
200 200 400
_’:E CFS e CFS  Steel plate
| | i ]
325 Bolt (Unit:mm)

Figure 4-2 Test specimens
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To attach the CFS, the corners of the walls were chamfered to a diameter of 24mm,
epoxy resin was first applied to the wall surface, the CFS was then attached while maintaining
tension manually and with a roller, and then epoxy resin was further applied on top with a roller
to impregnate the CFS. Moreover, the top and bottom sheets were overlapped by 12.5mm each.
For specimen RWF2, the CFS was fixed by steel plates (PL-4.5) and threaded bolts (M10) as
shown in Figure 4-2. The threaded bolts were installed into drilled hole after concrete casting
and threaded bolts were tightened without management of tightening torque of bolts.

4.1.2 Outline of loading test

A description of the loading device is presented in Figure 4-3. A horizontal lateral
force applied in cycles over the positive and negative directions was used for the loading. Also,
a constant axial load of 343kN (Equation (4-1)) was applied at the top of the specimen using a
couple of vertical hydraulic jacks. Where, used F. of compressive strength of concrete was 33.5

N/mm? in this calculation.

N = 0.081,,t,,F, (4-1)

Additional moment was applied at the top of the specimen by controlling these
vertical jacks to correspond to the acting shear force, such that the shear span ratio was 1.5,

using the following equations.

(4-2)

Where, Ng: axial force of east side jack, Ny, : axial force of west side jack, N: constant
axial force, Q: lateral load, [: distance between two vertical jacks, h,: assumed height of applied

lateral load, and a: actual height of applied lateral load.

In the experiment, the horizontal displacement 6 measured at the top stub, divided by
the height of the measurement point h (1985 mm), was controlled through the drift angle of the
member R = ¢ / h. The loading cycle started with one cycle of R = 1/800 rad, and then two
cycles each of R = 1/400, 1/200, 1/133, 1/100, 1/67, 1/50 and 1/33 rad, as is shown in Table 4-5.
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Figure 4-3 Loading apparatus

Table 4-5 Loading pattern

R R é Number

(%) (mm) of cycles
1/800 0.125 2.48 1
1/400 0.25 4.96 2
1/200 05 9.93 2
1/133 0.75 14.93 2
1/100 1.0 19.85 2
1/67 15 29.63 2
1/50 2.0 39.70 2
1/33 3.0 60.15 2

4.1.3 Measuring method

In the tests, the horizontal displacement was measured at the top of the wall and along
with the boundary ends of wall. The vertical deformation was measured along the boundary
ends of the wall and over the wall base. The diagonal deformation was measured from the top
corner to the opposite bottom corner of the wall. Horizontal, vertical and diagonal deformation
was measured using displacement transducers as is shown in Figure 4-4. Figure 4-5 shows the
strain gauges distribution of the longitudinal and horizontal reinforcing steel bars of the wall.
Besides, CFS was measured using strain gauges, the strain gauges setup on the CFS is shown in
Figure 4-6. Additionally, the widths of cracks were measured using a crack scale at each loading

cycle.
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Figure 4-5 Strain gauges setup — Reinforcing steel bars
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Figure 4-6 Strain gauges setup - CFS
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414 Testresult

The relationship between lateral load (Shear force) and drift angle for each specimen
is shown in Figure 4-7.
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Figure 4-7 Lateral load and drift angle relationship

53



From experimental hysteretic curves of the three LDRC walls (WF, RWF1, and
RWF2); the envelope curve (skeleton curve) for each specimen was found as is shown in Figure
4-8. Moreover, Figure 4-9 shows the comparison between the envelope curves of the tested
walls.
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Figure 4-8 Experimental envelope curves
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By comparing the envelope curves of the tested walls, it can be observed that the
maximum strength remains about the same level, but most importantly, deformation capacity
got improved, in both retrofitted walls, RWF1 and RWF2, in comparison with the non-
retrofitted wall WF. Also it can be appreciated that wall RWF2 got larger deformation capacity
than the wall RWF1, this could be explained due to the different retrofitted method, were RWF2,
was retrofitted at the ends of the wall while RWF1 was retrofitted by wrapping the CFS over the
entire span; both with full height of the wall retrofitted.

300
200 - /\7
Z 100 7
8
:§ 0 1 1 1 1 1 1
§ -100 2 - WE
5 00 I —RWF1
—RWF2
-300

-4 -3 -2 -1 0 1 2 3 4
Drift angle, R (%)

Figure 4-9 Comparison of experimental envelope curves

For specimen WF, shear cracks appeared at the same cycle that the vertical wall
reinforcement yielded under the R=1/800 rad cycle, while the horizontal wall reinforcement and
the vertical reinforcement at boundary ends yielded under the R=1/400 rad cycle. Afterwards,
maximum capacity was reached at the R=1/133 rad cycle. Large concrete spalling at the lower
part of the wall occurred under R=1/67 rad cycle. At which point the axial load could not be
sustained and the loading was terminated. (See Figure 4-10)

Figure 4-10 Failure of specimen WF
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For specimen RWF1, the vertical wall reinforcement yielded under the R=1/800 rad
cycle while the vertical reinforcement at boundary ends yielded under the R=1/400 rad cycle,
similar to specimen WF. The horizontal wall reinforcement were found to yield at the R=1/200
rad cycle. Afterwards, maximum capacity was reached at the R=1/67 rad cycle; at the R=1/50
rad cycle, concrete swelling at the wall base grew until swelling occurred at the center of the
lower part of the wall as well. (See Figure 4-11)

it |
" el

Figure 4-11 Failure of specimen RWF1

For specimen RWF2, the vertical wall reinforcement yielded under the R=1/800 rad
cycle while the horizontal wall reinforcement and the vertical reinforcement at boundary ends
yielded under the R=1/400 rad cycle, similar to specimen WF. Afterwards, maximum capacity
was reached at the R=1/67 rad cycle; large concrete spalling at the base occurred during the
R=1/33 rad cycle. And then, right after starting with the R=1/25 rad cycle, the axial load could
not be sustained and loading was terminated. Looking at the condition at the base during
R=1/50 rad, it was found that the swelling was not as much as that of specimen RWF1. (See
Figure 4-12)

Figure 4-12 Failure of specimen RWF2
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4.2 LDRC shear walls retrofitted with partial height of CFS
4.2.1 Design of specimen

Three LDRC wall specimens were tested. The test specimen characteristics for each
wall are shown in Table 4-6. The material properties of concrete, reinforcing steel and carbon

fiber sheet are shown in Table 4-7, Table 4-8 and Table 4-9 respectively.

Table 4-6 Test specimens characteristics

Wall WD RWD1 RWD2
L, X hy, (mm): 1600 x 1600
Wall thickness, t,, (mm): 80
Vertical reinforcement a‘F 6-D10
boundary ends:
Hoop at boundary ends: D4@120
Wall mesh reinforcement: D4@120, double (p,, = 0.29%)

Over wall span  Both boundary ends

Retrofitting Mode (mm):  Non-retrofitted L = 1600 L = 400/side

Table 4-7 Concrete material properties

i Op Ec Eco ft Age
Specimen  \/mmd)  (N/mm?) (%) (N/mm?)  (days)
WD 26.7 23700 0.220 2.7 37
RWD1 26.5 23000 0.225 25 42
RWD?2 28.3 23800 0.250 3.0 53

og: Compressive strength, E.: Modulus of elasticity
.. Strain at compressive strength, f;: Tensile strength by split cylinder test

Table 4-8 Reinforcing steel material properties

Name o o, E

y
(Property)  (N/mm?) (N/ﬂlfmz) (N/msmz) Usage

Wall mesh and hoop
reinforcement
D10 371 508 182000 Vertical reinforcement

at boundary ends

o, Yielding strength, o,,: Ultimate tensile strength, E; Modulus of elasticity

D4 365 524 186000

Table 4-9 CFS material properties

Fiber weight: 300 g/m’
Sheet thickness: 0.167 mm
Density: 1.80 g/m?
Tensile strength: 3.4 kN/mm?
Modulus of elasticity: 230  kN/mm?
Rupture strain: 1478 %
Width: 330 mm
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Figure 4-13 shows the arrangement of the reinforcing steel bars for all the specimens
tested. WD corresponds to the wall without CFS, RWD1 corresponds to the wall retrofitted with
CFS by wrapping the entire wall span and RWD?2 corresponds to the wall retrofitted with CFS
by wrapping both lateral ends of the wall as is shown in Figure 4-14. Both RWD1 and RWD2
were retrofitted partially in height with 650mm from the bottom of the wall.

5 ||
3 1600
Vertical
reinforcement |||
8| 8 at boundary end |||
Q19 6-D10 |
Hoop :
2-D4@120
80
Wall mesh reinforcement
8 D4@120 double
[Te]
\ 2200 | | 700 |
6-D10 1600 D4@120

3 ==

FOO —
S—1-
22 3% 22

Z%&lSOJSOJ?OJ 120 J 120 J 120 J 120J 120 J 120 J 120 J 120J 120 J7OJ80J80

Figure 4-13 Reinforcing bar arrangement
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Spesimen WD Specimen RWD1 Specimen RWD2
200 200 CES 400 CFS ol
_‘:‘:ﬂ .1 Steel plate
| | i ]
325 Bolt (Unit:mm)

Figure 4-14 Test specimens

58



To attach the CFS, the corners of the walls were chamfered to a diameter of 13mm,
epoxy resin was first applied to the wall surface, the CFS was then attached while maintaining
tension manually and with a roller, and then epoxy resin was further applied on top with a roller
to impregnate the CFS. Moreover, the top and bottom sheets were overlapped by 10 mm each.
For specimen RWD2, the CFS was fixed by steel plates (PL-4.5) and threaded bolts (M10) as
shown in Figure 4-14. The threaded bolts were installed into drilled hole after concrete casting
and threaded bolts were tightened without management of tightening torque of bolts.

4.2.2 Outline of loading test

A description of the loading device is presented in Figure 4-3. A horizontal lateral
force applied in cycles over the positive and negative directions was used for the loading. Also,
a constant axial load of 273kN (Equation (4-1)) was applied at the top of the specimen using a
couple of vertical hydraulic jacks. Where, used F. of compressive strength of concrete was 26.7

N/mm? in this calculation.
N = 0.081,,t,,F, (4-3)
Additional moment was applied at the top of the specimen by controlling these

vertical jacks to correspond to the acting shear force, such that the shear span ratio was 1.5,

using Equation (4-2).

(4-4)

In the experiment, the horizontal displacement 6 measured at the top stub, divided by
the height of the measurement point h (1985 mm), was controlled through the drift angle of the
member R = ¢ / h. The loading cycle started with one cycle of R = 1/800 rad, and then two
cycles each of R = 1/400, 1/200, 1/133, 1/100, 1/67, 1/50 and 1/33 rad, as is shown in Table 4-5.
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Figure 4-15 Loading apparatus

Table 4-10 Loading pattern

R R é Number

(%) (mm) of cycles
1/800 0.125 2.48 1
1/400 0.25 4.96 2
1/200 05 9.93 2
1/133 0.75 14.93 2
1/100 1.0 19.85 2
1/67 15 29.63 2
1/50 2.0 39.70 2
1/33 3.0 60.15 2

4.2.3 Measuring method

In the tests, the horizontal displacement was measured at the top of the wall and along
with the boundary ends of wall. The vertical deformation was measured along the boundary
ends of the wall and over the wall base. The diagonal deformation was measured from the top
corner to the opposite bottom corner of the wall. Horizontal, vertical and diagonal deformation
was measured using displacement transducers as is shown in Figure 4-16. Figure 4-17 shows the
strain gauges distribution of the longitudinal and horizontal reinforcing steel bars of the wall.
Besides, CFS was measured using strain gauges, the strain gauges setup on the CFS is shown in
Figure 4-18. Additionally, the widths of cracks were measured using a crack scale at each

loading cycle.
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Figure 4-16 Horizontal, vertical and diagonal displacement transducers setup
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Figure 4-17 Strain gauges setup — Reinforcing steel bars
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Figure 4-18 Strain gauges setup — CFS
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424 Testresult

The relationship between lateral load and drift angle for each specimen is shown in
Figure 4-19.
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Figure 4-19 Lateral load and drift angle relationship
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From experimental hysteretic curves of the three LDRC walls (WF, RWF1, and

RWF2); the envelope curve (skeleton curve) for each specimen was found as is shown in Figure

4-20. Moreover, Figure

walls.
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4-21 shows the comparison between the envelope curves of the tested
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Figure 4-20 Experimental envelope curves
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By comparing the envelope curves of the tested walls, it can be observed that the
maximum strength remains about the same level, but most importantly, deformation capacity
got improved, in both retrofitted walls, RWD1 and RWD2, in comparison with the non-
retrofitted wall WD. Also it can be appreciated that wall RWD?2 got larger deformation capacity
than the wall RWD1, this could be explained due to the different retrofitted method, were
RWD2, was retrofitted at the ends of the wall while RWD1 was retrofitted by wrapping the CFS
over the entire span; both with partial height of the wall retrofitted.
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Figure 4-21 Comparison of experimental envelope curves

For specimen WD, flexural crack and flexural shear cracks appeared at the same cycle
that the vertical wall reinforcement yielded under the R = 1/800 rad cycle, while the vertical
reinforcement at boundary ends yielded under the R = 1/400 rad cycle. Afterwards, maximum
capacity was reached at the R = 1/133 rad cycle. Concrete spalling at the lower part of the wall
occurred under the second R = 1/100 rad cycle. Compression failure of concrete at the lower
part of the wall occurred together with steep capacity deterioration under the R = 1/67 rad cycle,
and buckling of vertical reinforcement at the boundary end was observed. (See Figure 4-22)

I\ -
N\
ah

Figure 4-22 Failure of specimen WD
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For specimen RWD1, flexural crack and flexural shear cracks appeared at the same
cycle that the vertical wall reinforcement yielded under the R = 1/800 rad cycle, while the
vertical reinforcement at boundary ends yielded under the R = 1/400 rad cycle, similar to
specimen WD. Maximum capacity was reached at the R = 1/67 rad cycle, the boundary end
wrapped CFS began to swell. In subsequent loading cycles, concrete swelling at the wall base
grew until swelling occurred at the center of the lower part of the wall as well with capacity
deterioration. Fracture of CFS occurred under the R =1/33 rad cycle. (See Figure 4-23)

Cw

Figure 4-23 Failure of specimen RWD1

For specimen RWD2, flexural crack and flexural shear cracks appeared under the R =
1/800 rad cycle, and the vertical wall reinforcement and the vertical reinforcement at boundary
ends yielded under the R = 1/400 rad cycle. Maximum capacity was reached at the R = 1/100
rad cycle. The boundary end wrapped CFS began to swell at the same cycle, afterwards,
concrete swelling at the wall base grew and capacity decreased with progress of loading cycle.
Fracture of CFS occurred under the R =1/33 rad cycle. (See Figure 4-24)

Figure 4-24 Failure of specimen RWD?2
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4.3 Confinement effect of concrete with carbon fiber sheet reinforcement

From the previous tests it was verified that the carbon fiber sheets delay the concrete
crushing of the wall base that occurs during the flexural failure and that deformation capacity
was improved. Moreover, during the test with the retrofitted walls (with full height and partial
height retrofitting) it was observed that the crushing of the concrete produces bulges at the base
corners of the wall. Additionally, when the maximum strain on the CFS is reached, the carbon

fiber sheet over the crushed concrete area fails suddenly.

In order to verify the confinement effect of the carbon fiber sheet that covers the
concrete, a third experiment was conducted in 2015 at TUT using concrete samples with or
without CFS subjected under compressive loading (monotonic and cyclic), by changing the size,
shape and amount of CFS layers. Characteristics of the specimens were decided following Lam
and Teng’s research [16][17] and Nakatsuka’s research. [23]

4.3.1 Design of specimen

In total, 39 concrete samples were tested under compressive loading (monotonic and
cyclic). The specimens have three kinds of cross section shapes: circular (C), square (S) and
rectangular (R); the ratio of each specimen corresponds to the ratio of (w/b)(h/b) , where b,
w and h are the thickness, width and height of the specimen respectively. Table 4-11 shows the

dimensions and quantities of each specimen.

Table 4-11 Dimension of the specimens
b w h

Shape Ratio (mm) (mm) (mm) Quantity
C 2 ¢ 150 300 8
S w B
2w ow W
: s W00 gy
: . I

29 specimens were retrofitted using carbon fiber sheet wrapped over the lateral surface
of the specimen by using chemical epoxy. Table 4-12 shows the materials properties of the
different carbon fiber sheet used to retrofit the concrete samples. Where p; is the density per
unit of area of CFS, t is the thickness of CFS, Ef is the young modulus of CFS, oy, is the

ultimate tensile strength of CFS and Efus is the ultimate tensile strain of CFS.
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Table 4-12 Material properties of CFS with glue

CES Pr t Ey Ofu &fu
(g/m?) (mm) (MPa) (MPa) (%)

1 200 0.111 249000 4283 1.72
2 300 0.167 249000 4681 1.88
3 300 0.163 444000 3241 0.73

All square and rectangular specimens has a chamfer radius, which is the radius at
rounded corners, R = 15mm, except for 4 specimens with R = 30mm. Besides, one circular
and one square shaped specimen where retrofitted using a CFS with higher young modulus
(CFS-3). Finally, 2 specimens where retrofitted by fixing the CFS with steel plates and bolts.

Each specimen was allocated a code which represents the geometry of the specimen,
type of CFS and special conditions. (See Figure 4-25)

XY —WZ —— Specimen code

|—> Special considerations

C : Static reversal loading
R:R=30mm™
E : CFS-3is used instead of CFS-2
B : CFS is fixed with bolts
—— Amount and type CFS reinforcement
0 : Concrete only
2 : 1 Layer of CFS-1 (200g/m?)
3: 1 Layer of CFS-2 (300g/m?)
4 : 2 Layer of CFS-1 (200g/m?)
6 : 2 Layer of CFS-2 (300g/m?)
L Specimen ratio
» Specimen shape
) No character means monotonic test
) R is the chamfer radius of the specimen for other cases R = 15mm

Figure 4-25 Specimen code
4.3.2 Outline of loading test
Two types of test where conducted:

e Monotonic test, where the specimen is under compressive loading until failure.
o Static reversal loading (Cyclic Test), where the specimen is under cyclic loading until
failure. Once the target strain is reached, the unloading stage starts until zero stress,

and then the reloading continues to the next target strain. (See Figure 4-26)
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Figure 4-27 shows the compression loading machine used for the experiment with a
maximum compression loading of 2000kN. Table 4-13 shows the type of loading for each

specimen and condition.

2
18
16
14
T12 —e—C2:3C
£ 0; —=-512:3C
2 —o-C2:0C
04 ] —o-512:0C
02 -
0

Figure 4-27 Compression loading machine

Table 4-13 Loading tests

Wz
XY 0 oC 3 3C 3R 3E 3B 4 6
C2 o o o o o o
S12 o o o o o o o
S13 o o
R22 o o o o
R23 o o
R32 o o o o o
R33 o o
R42 o o o o o
R43 o o
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4.3.3 Measuring method

The vertical displacement of the concrete along the compressive direction was
measured using displacement transducers for all the specimens, as is shown in Figure 4-28. In
the case of the retrofitted specimens with CFS, the horizontal strain of the CFS was measured

using strain gauges. Specimens with CFS and strain gauges are shown in Figure 4-29.

Displacement | ‘

Specimen Transducer

00€
0sv

Figure 4-29 Specimens with and without strange gauges

4.3.4 Test results

4.3.4.1 Circular shaped

The circular shaped specimen C2 is 150mm in diameter and 300mm in height. Figure
4-30 shows the experimental curves for specimens C2 under monotonic loading. The maximum
strength of the concrete, f;, without CFS (C2-0) is 36.03MPa, the strain corresponding to the
maximum strength, €., is 0.0024. Table 4-14 shows the maximum strength and maximum
strain for each specimen C2 under monotonic and cyclic loading.
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Figure 4-30 Stress-strain relationship of concrete — C2 under monotonic loading

Figure 4-31 corresponds to the specimens C2 under cyclic loading, specimen C2-0C
(concrete only) and specimen C2-3C (concrete with CFS confinement). Both, Figure 4-30 and
Figure 4-31 shows the increment in strength and the increment of deformation capacity due to

CFS confinement on the concrete samples.

Table 4-14 Maximum strength and strain for circular shaped specimens

Maximum Strength  Strain at Maximum Maximum Strain

Specimen (MPa) Strength (%) (%)
C2-0 36.03 0.24 154
C2-0C 35.56 0.23 1.19
C2-2 42.96 1.01 1.01
C2-3 53.73 1.44 1.44
C2-3C 55,70 1.94 1.94
C2-3E 43.87 0.50 0.50
C2-4 7411 238 238
C2-6 88.12 287 287

Figure 4-32 shows specimens C2-0 and C2-0C (concrete only) corresponding to the
monotonic curve and cyclic curve respectively; the monotonic curve follows the shape of the
envelope of the cyclic curve. In the same way, Figure 4-33 shows the good match between
specimens C2-3 and C2-3C corresponding to the monotonic curve and cyclic curve respectively

for specimens retrofitted with CFS.
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Figure 4-31 Stress-strain relationship of concrete — C2 under cyclic loading
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Figure 4-32 Comparison between monotonic and cyclic curve — C2 without CFS
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Figure 4-33 Comparison between monotonic and cyclic curve — C2 with CFS

During the failure mode with the circular shaped specimens (C2) retrofitted with CFS
a sudden failure occurs when maximum strength is reached. This can be explained as the

deformation of the concrete applies about the same level of stress on the CFS. Figure 4-34
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shows the failure sequence: (a) shows the state of the specimen before reaching the maximum
strength, (b) shows the state of the specimen when the maximum strength is reached; after this,

the strength drops suddenly (c) shows the remaining core of concrete and (d) shows the state of
the specimen after the crushing of concrete.

s
?

§
;
1

Figure 4-34 Failure mode of circular shaped specimens

4.3.4.2 Square shaped

The square shaped specimen has a cross section of 150mm x 150mm and heights of
300mm and 450mm for S12 and S13 respectively. Figure 4-35 shows the experimental curves
for specimens S12 and S13 under monotonic loading. Both, specimens S12 and S13 show a
discrepancy in terms of the maximum strength of the concrete between the non-retrofitted
sample and the sample retrofitted with CFS; where specimens with CFS have a higher
maximum strength than the non-retrofitted specimen. Besides, specimens retrofitted with CFS
shows an increment of the deformation capacity due to the CFS confinement. Table 4-15 shows
the maximum strength and maximum strain for each specimen, S12 and S13, under monotonic
and cyclic loading.
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Figure 4-35 Stress-strain relationship of concrete — S12 and S13 under monotonic loading
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Table 4-15 Maximum strength and strain for square shaped specimens

. Maximum Strength ~ Strain at Maximum  Maximum Strain
Specimen

(MPa) Strength (%) (%)

S12-0 33.34 0.26 1.58
S12-0C 38.46 0.27 1.16
S12-2 42.21 0.38 1.06
S12-3 43.83 0.38 1.35
S12-3C 39.55 0.42 2.55
S12-3R 43.93 0.50 1.44
S12-3E 43.62 0.43 0.73
S12-4 41.89 0.50 1.79
S12-6 45.55 0.42 2.45
S13-0 38.20 0.24 0.50
S13-3 41.46 0.30 1.44

Figure 4-36 corresponds to the specimens S12 under cyclic loading, specimen S12-0C
(concrete only) and specimen S12-3C retrofitted with CFS. The contribution of the CFS
confinement can be observed by increasing the maximum strain, but not the maximum strength,

which remains about the same.

Figure 4-37 shows a slight discrepancy in terms of the maximum strength between the
monotonic curve (S12-0) and the cyclic curve (S12-0C), where specimen S12-0 has a lower
strength than specimen S12-0C. This occurs because of the relocation of the head of the
compression machine over the top of the specimen during the monotonic compression test. On
the other hand, Figure 4-38 shows the comparison between the monotonic curve (Specimen
S12-3) and the cyclic curve (Specimen S12-3C), where specimen S12-3 has a greater strength
than specimen S12-3C.
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x CFS Rupture

X

» 6 (MPa)

tres:

0.01 0.015 0.02 0.025
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0 0.005

Figure 4-36 Stress-strain relationship of concrete — S12 under cyclic loading
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Figure 4-37 Comparison between monotonic and cyclic curve — S12 without CFS
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Figure 4-38 Comparison between monotonic and cyclic curve — S12 with CFS

In the failure mode with the square shaped specimens (S12 and S13) retrofitted with
CFS, a two-step failure occurs; due to the stress on the CFS concentrated at the rounded corners
of the specimen. Figure 4-39 shows the failure sequence: (a) shows the state of the specimen
before reaching the maximum strength, (b) shows the state of the specimen after the maximum
strength is reached, the strength decreases and the strain deformation capacity is improved, (c)
shows the state of the specimen when CFS fails first at one corner releasing partially the
confinement provided by CFS and (d) shows the state of the specimen when the CFS fails at the

opposite corner. This study will consider the stress-strain relationship until the first CFS failure.
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Figure 4-39 Failure mode of square shaped specimens
4.3.4.3 Rectangular shaped

Figure 4-40, Figure 4-41 and Figure 4-42 corresponds to the experimental curve for
specimens R22 & R23, R32 & R33 and R42 & R43 under monotonic loading. Table 4-16 shows

the maximum strength and maximum strain for each rectangular specimen under monotonic

loading.
Table 4-16 Maximum strength and strain for rectangular shaped specimens
Specimen Maximum Strength ~ Strain at Maximum  Maximum Strain
(MPa) Strength (%) (%)
R22-0 37.74 0.33 0.45
R22-2 36.61 0.38 0.72
R22.3 36.85 0.42 0.63
R22-3R 37.87 0.42 1.68
R23-0 30.02 0.23 0.33
R23-3 36.71 0.40 1.09
R32-0 42.34 0.32 0.41
R32-2 39.80 0.34 4.83
R32-3 39.01 0.54 2.34
R32-3R 49.93 0.68 3.22
R32-B 40.90 0.38 2.32
R33-0 39.10 0.27 0.34
R33-3 39.87 0.32 0.32
R42-0 43.47 0.33 0.39
R42-2 40.05 0.38 1.94
R42-3 38.59 0.51 0.58
R42-3R 46.01 0.58 2.55
R42-3B 40.68 0.37 2.64
R43-0 35.89 0.27 0.34
R43-3 32.60 0.39 1.87
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The failure mode of rectangular shaped specimens (R22, R23, R32, R33, R42 and
R43) retrofitted with CFS occurs in a similar way to the square shaped specimens.

Figure 4-40 show a discrepancy in terms of the maximum strength of the concrete
between the non-retrofitted sample and the sample retrofitted with CFS; where specimens with
CFS have a higher maximum strength than the non-retrofitted specimen. Besides, retrofitted
specimens with CFS show an increment of the deformation capacity.

Specimens R22 and R33, in Figure 4-40 and Figure 4-41 respectively, shows a
relatively close maximum strength in all of the specimens. However, specimens R23, R32, R42
and R43 in Figure 4-40, Figure 4-41 and Figure 4-42, show a discrepancy in terms of the
maximum strength.
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Figure 4-40 Stress-strain relationship of concrete — R22 and R23 under monotonic loading

60

50 A

S
S

Stress, o (MPa)

w
>
L

0

0.01

0.02 0.03

Strain, €

0.04 0.05

0.06

Stress, o (MPa)
o
G

[}
=1
L

—R33-0

wonmens R33-3

0.005

0.01

0.015 0.02
Strain, &

0.025

Figure 4-41 Stress-strain relationship of concrete — R32 and R33 under monotonic loading
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Figure 4-42 Stress-strain relationship of concrete — R42 and R43 under monotonic loading

4.3.5 Analysis of the test results

From the test result, the effect of the parameters such as the shape effect, the amount
of CFS, the chamfer radius, the Young Modulus of the CFS and the usage of bolts for fixing the
CFS is studied in this research.

Figure 4-43 shows the effect of the amount of CFS used to confine the concrete
samples, specimens C2 has an important contribution in terms of maximum stress, strain at
maximum stress and maximum strain, while for square and rectangular shaped specimens, the
maximum stress and strain at maximum stress remains at about the same values with a slight
discrepancy. Specimens C2, S12, S13, R23, R32, R42 and R43 show an increment of the
maximum strain according to the amount of CFS. The clear contribution of CFS on circular
shaped specimens in terms of maximum stress, strain at maximum stress and maximum strain,
occurs because the stress over the CFS tend to be uniform in case of circular shaped specimens

unlike square and rectangular shaped specimens where the stress over the CFS is concentrated at
the rounded corners.
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Figure 4-43 Effect of the amount of CFS
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Figure 4-44 shows the effect of the radius R at the rounded corners of the square and

rectangular shaped specimens tested, by comparing specimens with R=30mm and R=15mm, it

can be observed that a larger radius helps to increase the maximum stress, the strain at

maximum strain and the maximum strain. This occurs because the stress of CFS at the rounded

corners of specimens of R=30mm has improved stress distribution in comparison with

specimens of R=15mm.
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Figure 4-44 Effect of the chamfer radius
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Figure 4-45 shows the effect of the Young Modulus of CFS-2 (249000MPa) and CFS-
3 (444000MPa) and its corresponding ultimate strain 1.88% and 0.73% respectively, where it

displays an important contribution in terms of the maximum strain. This can be explained
because CFS-2 has a larger ultimate strain than CFS-3. Therefore, CFS-3 has a brittle behaviour

in comparison with CFS-2. For circular shaped specimen, the Young Modulus of CFS-2 shows

an improved maximum strength and an improved strain at maximum stress, while for square

shaped specimen remains about the same values.
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Figure 4-45 Effect of the Young Modulus of CFS
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Figure 4-46 shows the effect of using bolts to fix the CFS to the rectangular specimens.

It can be seen that the maximum stress remains about the same in both cases; the strain at

maximum stress is improved without bolts, however the maximum strain is improved when

bolts are used in specimen R42, this may happen because of the axial contribution of the steel
plates attached to the specimens for fixing the bolts during the last stage of the test.
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CHAPTER 5

MONOTONIC STRESS-STRAIN RELATIONSHIP
OF CONCRETE WITH CFS CONFINEMENT



CHAPTER S : MONOTONIC STRESS-STRAIN RELATIONSHIP OF
CONCRETE WITH CFS CONFINEMENT

To study the stress-strain relationship of the concrete retrofitted with CFS under

monotonic loading, two stress-strain models were reviewed:

Lam and Teng [16][17] proposed a stress-strain relationship to model CFS confined
concrete for circular and rectangular shaped specimens. This model consider an envelope curve
with two parts, first part correspond to a parabolic function until a transition point from which

the second part starts following a linear function until the rupture point.

Nakatsuka [23] proposed a stress-strain relationship to model CFS confined concrete
for circular and square shapes. This model considers an envelope with three parts, first part
corresponds to n-grade function, second and third parts follow a linear function.

From the third experiment shown in Section 3.3.4, circular and square shaped
specimens subjected under monotonic loading (6 circular shaped specimens and 9 square
shaped specimens) are chosen to conduct the comparison between both, Lam and Teng’s model
and Nakatsuka’s model [28]. Table 5-1 shows the dimension of the circular and square shaped
specimens and the amount of CFS used.

Table 5-1 Dimension and amount of CFS
b d h o)

SPECIMEN (mm) (mm)  (mm) (%)
C2-0 -
C2-2 0.148
C2-3 0.223
C2-3E ¢150 300 517
C24 0.296
C2-6 0.445
S12-0 -
S12-2 0.148
S12-3 0.223
S12-3E 150 150 300 0.217
S12-4 0.296
S12-6 0.445
S13-0 -
$13-3 150 150 450 0.223
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5.1 Lamand Teng’s model

Figure 5-1 shows the monotonic stress-strain relationship for concrete with CFS
confinement proposed by Lam & Teng [16][17] and reviewed by Benzaid et al. [5], which

consists of a parabolic portion following Equation (5-1) and a linear portion following Equation
(5-2).

E.

— FRP-confined concrete
(Lam & Teng)
- - Unconfined concrete

(Eurocode 2)
> .
¢ N, 0.0035 €ou
Figure 5-1 Lam and Teng’s stress-strain model
E.—E,)?
o. = E.¢, —%83 for 0<e <¢g (5-1)
co
0. = foo + Eye, for & <e.<eéegy (5-2)

From the above equations, E, and &; are defined by Equations (5-3) and (5-4)
respectively.

Ez — fc,c - fc,o (5_3)
Ecu
2o

MG o

Where:

fzo:  Compressive strength of unconfined concrete.
E.:  Elastic modulus of unconfined concrete.

E,:  Slope of linear portion of the envelope.

fe.: Compressive strength of CFS confined concrete.
& Ultimate strain of CFS confined concrete.

&  The strain at the transition point.
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The compressive strength and ultimate axial strain of concrete confined by CFS are

defined by Equation (5-5) and (5-6) respectively.

fC,C fl
L =1+33 (5-9)
feo feo
S 175 412 Lf(gh'”"’) (5-6)
SCO fCO ECO
Ec. te
= frp Rh,rup (5_7)

Where:

€co- Axial strain at the compressive strength of unconfined concrete and is
assumed a constant value of 0.002.
nrup- CFS hoop rupture strain.

fi: Lateral confining pressure provided by CFS jacket at hoop rupture
failure. Equation (5-7)

E¢rp: Elastic modulus of CFS.
t: Thickness of CFS jacket.
R:  Radius of the confined concrete core.

5.2 Nakatsuka’s model
Figure 5-2 shows the monotonic stress-strain relationship for concrete with CFS
confinement proposed by Nakatsuka [23], which consists of an n-degree function, linear

function with slope Egr and a linear function with slope E; following Equations (5-8), (5-9)

and (5-10) respectively.

GB{

>
€ €1 Er &c
Figure 5-2 Nakatsuka’s stress-strain model
& a &g\
o. = E.eg (g - E(g) ) for 0<e <¢gp (5-8)
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SC
UC=UB+EBT€B<__1> fOT SBS&‘CSST
€B

C

& &
O'C=O-B+EBTSB (i_1>+ETRST (;_1) fOT €T S&‘CSSR

Where:

1 (Epr <0)

a= Epr and n=——
(Egr > 0) E.cg — o0p

Ecep

And B, T, R points and the two slopes are defined as follows:

Stress at B : Op prEresp
—=1+4+4C
R e TR,
Strainat B : €p PrEresp
=141 - -
2 + 10C,, Fy
(
. J0.01 1-— (Fy < 60)
B = Lo
d 120 T 1
0.003 (60 < F, < 80)
. _ e
Strainat T S—T = (—0.016F, + 2.7) + (=1075F, + 0.0016)C,,p; Ef
0
StrainatR : £ E
R = (2087, + 1.2) + (1000¢;, — 3)C,, LT
€o Fy
i : E 1.4
First Slope : BT _ o4+
Eopr C PrEy +
BT 0,06 F,>
Second Slope : E 0.55
P R — 025+ =
Eopr C PrEs +1
TR 0,06F,°

Eopr = 1000(6 — 0.43F,) [MPa]

1O 1O

Shape
75 Cepr Cor = {0.6 &) o

Coefficients :  ©

Where:

Eypr: Slope of the concrete after reaching the maximum strength.
Fy:  Compressive strength of the unconfined concrete.

gy  Strain at F, for unconfined concrete.

ps. Ratio of CFS.

Eg: Young Modulus of CFS.

grr:  Rupture strain of CFS.
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5.3 Comparison between studied models and experimental results

From Figure 5-3, the comparison between Lam and Teng’s model, Nakatsuka’s model
and the experimental results for circular shaped specimens, it can be observed that both models
give a good approach in case of circular shaped specimens. This kind of specimens has an
incremental stress in strain until failure, for this reason Lam and Teng’s model can approach the
envelope by using one slope after the transition point. Although Nakatsuka’s model used two
slopes to model the envelope after B-point, also gives a good approach. Both models give an
ultimate point larger than the real one from experimental results, besides due to Lam and Teng’s

model shows a slight over strength, Nakatsuka’s model is chosen to be modified.
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Figure 5-3 Theoretical models vs. experimental test — Circular shaped
Monotonic curves of concrete with CFS confinement
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From Figure 5-4, the comparison between Lam and Teng’s model, Nakatsuka’s model
and the experimental results for square shaped specimens, it can be observed that the envelope
from experimental results has a strength reduction after the transition point (Lam and Teng’s
model) or B-point (Nakatsuka’s model). Lam and Teng’s model use only one slope after the
transition point, for this reason the strength reduction cannot be modeled properly by using this
model. On the other hand, Nakatsuka’s model proposed two-slope model after reaching B-point;
this model can be used to model the strength reduction in case of square shaped specimens.
Nakatsuka’s model needs to be improved due to the model does not have a good approach with

the experimental results, this model will be modified to perform the approach.
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Figure 5-4 Theoretical models vs. experimental test — Square shaped
Monotonic curves of concrete with CFS confinement
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5.4 Proposed modified Nakatsuka’s model
5.4.1 Shape coefficients for circular shaped specimens

Regarding the shape coefficients for circular shaped specimens, the experimental data
were used to find suitable coefficients. Figure 5-5 shows the result comparison between the

experimental parameter of the envelope curve for circular shaped specimens versus the

calculated values by using the proposed parameters.
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Figure 5-5 Modified shape coefficients — Circular shaped

Although the found coefficients are suitable for the circular shape specimen tested,

Nakatsuka proposed a constant coefficient for all the coefficients as 1.00; this is based on the
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procedure to get the formulated equations by Nakatsuka. Therefore the shape coefficients for

circular shape specimen will be considered as the original model.

5.4.2 Shape coefficients for rectangular shaped specimens

Nakatsuka’s model is considered for specimens with a chamfer radius of 30mm. The
specimens used in this research has a chamfer radius of 15mm, this discrepancy is important
when is considered the effective confinement area ratio between the effective confinement area
under compression A, and the section area of the concrete A.. The effective confinement area is
contained by four parabolas as is shown in Figure 5-6; with the initial slopes as the parabolas
begin the same of the adjacent diagonal lines [2][17]. Therefore the effective confinement area
ratio A, /A, is given by Equation (5-18).

[% (b — 2R)? + g d - 2R)2]
1- 34, ~Pg (5-18)
1-py
Ay =bd + (m — 4)R?

:t>|:l>
®

-

(5-19)

Where:

band d: Dimension of the section of sample.

R:  Chamfer radius at corners.

Ag: Gross-section area of the section defined by Equation (5-19).
pg-  Gross-section area ratio of the reinforcing steel.

*-.._ Effective
confinement are;

=

\

Figure 5-6 Effective confinement area of concrete

Table 5-2 shows the shape coefficients (following Nakatsuka’s procedure) for
R=15mm corresponding to A, /A, = 0.57, which are different from coefficients proposed by
Nakatsuka for R=30mm corresponding to A./A. = 0.75. Besides, taking into consideration
circular shaped specimens (150mm of diameter) as an square shaped specimen with the highest

chamfer radius possible R= 75mm corresponding to A,/A. = 1.00, and the minimum effective
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confinement area ratio corresponding to A./A. = 0.33. Using those coefficients, Equations
(5-20) to (5-24) are proposed to calculate the shape coefficients for any chamfer radius with a
range of effective confinement area ratio 0.33 < A4,/A. < 1.00, as is shown in Figure 5-7 to

Figure 5-11 respectively.

Table 5-2 Shape coefficients for different chamfer radius

R (mm)
0 15 30 75
Cy 060 055 0.60 100
Ce 060 0.60 060 1.00
Ce 000 037 060 100
Ce 000 052 040 100
Cegp, 000 022 100 100
Cp., 000 013 040 1.00

a) Shape coefficient C,, and C,.
Range of effective confinement area ratio: 0.33 < A,/A. < 1.00.
Both shape coefficients are considered constant up to A./A. = 0.75, then it is

considered following a linear function up to 4, /A, = 1.00

0.6 if 033< % <0.75
Cop = Cep = 4, | 4 (5-20)

1.61A—C —-061 if 075< A_c < 1.00
1.2 1.2
1 1
0.8 0.8
8 0.6 O 8 0.6
04 0.4
0.2 0.2

°% oz o4 os o8 1 12 °% oz o4 os o8 1 12
Ae/Ac Ae/Ac

Figure 5-7 Effective confinement area of concrete

b) Shape coefficient Cy,..
Range of effective confinement area ratio: 0.33 < A,/A. < 1.00.
The shape coefficient is considered following a linear function from A, /A, = 0.33 up
to A, /A, = 1.00
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A
Cep = 148-5 = 0.49 (5-21)

c
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Figure 5-8 Effective confinement area of concrete

¢) Shape coefficient Cy,.
Range of effective confinement area ratio: 0.33 < A,/A. < 1.00.
The shape coefficient is considered following a linear function from A, /A, = 0.33 up
to A./A. = 0.75, then it is considered constant up to 4, /A, = 1.00

238Ae 0.81 i 033<Ae<075
38— . if 0. s =0

Cep = ¢ AZ (5-22)
1 if 0.75< A_c < 1.00
12
1
058 |
oo
0.4 |
0.2
0 —f-

0 0.2 0.4 0.6 0.8 1 1.2
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Figure 5-9 Effective confinement area of concrete
d) Shape coefficient C,, .
Range of effective confinement area ratio: 0.33 < A,/A. < 1.00.

The shape coefficient is considered following a parabolic function from A,/A. =
0.33upto A,/A. = 1.00
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Figure 5-10 Effective confinement area of concrete

e) Shape coefficient Cy,,.
Range of effective confinement area ratio: 0.33 < 4,/A. < 1.00.
The shape coefficient is considered following a parabolic function from A4,/A. =
0.33upto A,/A, = 1.00

A\’ 5-24
Cepp = 219 (A_c> ~ 143 +0.23 (5-24)

0 — T T .
0 0.2 04 0.6 0.8 1 1.2
Ae/Ac

Figure 5-11 Effective confinement area of concrete
5.5 Comparison between proposed model and experimental results

By using the modified Nakatsuka’s coefficients, the comparison between Nakatsuka’s
model and Modified Nakatsuka’s model is shown in Figure 5-12. From Figure 5-12 can be
observed that modified Nakatsuka’s model gives a better approach to model the experimental

envelope curves for square shaped specimens confined with CFS.
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Specimen S12-2 and S12-3 underestimate the maximum strength of the envelope
curve with a slight discrepancy. On the other hand, specimens S12-3E, S12-4 and S13-3 have a
better approach with the experimental envelope curve in terms of maximum strength. Although
specimen S12-4 has the best approach to the experimental envelope, also has a lower ultimate
strain. Moreover, specimens S12-3 and S12-3E has larger ultimate strain. Other specimens have

a good match of ultimate strain with experimental values.

50 60
40 - 50 1
£ & 40 -
230 =3
b b 30
200 - 7]
<4 e ]
s —s1222 520 —s12:3
10 4 ——Nakatsuka 10 - ——Nakatsuka
——Mod. Nakatsuka ——Mod. Nakatsuka
0 - - - 0 T . . .
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 0.025
Strain, ¢ Strain, ¢
60 80
50 - 70 -
= ,&\60 .
% 40 - % 50
© 30 0 40 -
4 20 KR
& —S12-3E & 20 | —S12-4
10 - ——Nakatsuka ——Nakatsuka
——Mod. Nakatsuka 10 1 ——Mod. Nakatsuka
0 T T 0 - -
0 0.005 0.01 0.015 0 0.01 0.02 0.03
Strain, € Strain, €
120 60
100 - 50 |
£ 80 - £ 40
2 3
b 60 - b 30
£ 40 - —_S12:6 520 1 —513-3
20 - — Nakatsuka 10 - —Nakatsuka
——Mod. Nakatsuka ——Mod. Nakatsuka
0 . . . . 0 - - - -
0 001 0.02 003 0.04 0.05 0 0.005 0.01 0.015 0.02 0.025
Strain, Strain, €

Figure 5-12 Proposed model vs. experimental test — Square shaped
Monotonic curves of concrete with CFS confinement
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CHAPTERG: STRESS-STRAIN RELATIONSHIP OF CONCRETE WITH
OR WITHOUT CFS CONFINEMENT UNDER CICLYC LOADING

6.1 Envelope curve of concrete

The equivalent uniaxial stress-strain curve of concrete in compression and tension
shown in Figure 6-1 is based on the Modified Darwin & Pecknold [9], Noguchi [11][25],
Naganuma [22], Lam & Teng [18] and Nakatsuka’s Model [23]. Although several researches
[7]1[10][26][41] show a good agreement in compression stage until the maximum compressive
strength, Saenz et al. [30] proposal is adopted.

4 Oit J,.
&eu &r ic 0
~Eiu - > té&iu
< >

= A 10.117
E \A /
Es = 01f% = Gic or = 0.5f"
4eo, — € T VA
g Eo
/ h o; =

/ i E & i\
4 / / ¥ Z0 _ S Su
_ Olf c—O0r / ! 1+ (Es 2) Eic + (Sic)
5-2 = :
deqy — €t / o
ic
M L
Eo}"
E _0r — O i Y Es = aic/gic

5-17 o &, -0
&r — &ic !

Figure 6-1 Proposed envelope curve for concrete
The envelope curve is composed by:

e O—M: Suggested by Saenz et al. [30], goes from the origin until the maximum strength of
concrete f’; (M).

e M-—T: Linear portion after reaching the maximum strength of concrete, where the strength
decreases until T-point.

¢ T—R: Linear portion, the strength continues decreasing until R-point (4&,,0.10 f*.).

o R —: Flat portion where the strength remains constant at 0.10 f’; of strength.

e O—N: Linear portion with E, slope until the maximum tensile strength of concrete. [19]

e N —: Decreasing the strength of concrete with the opening crack of concrete. [36][37]
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Where:

Ey:  Tangent modulus of elasticity at zero stress.

Eg: Secant modulus at the point of maximum compressive stress, ojc.
€. Corresponding equivalent uniaxial strain at, .

gqu. Real strain at /. from the compression test.

e+ Equivalent uniaxial strain at oy, where the cracking starts

6.2 Loading, unloading and reloading in compression

The loading, unloading and reloading in compression are described From Level 1 to
Level 5 as is shown in Figure 6-2. For the case in which the reloading takes place during Level
3 and before reaching zero stress (P), the reloading curve goes into Level 4, oriented to the
common point (C) between the unloading curve and the reloading curve. Moreover, in case of
unloading occurring over Level 4 and before reaching the common point (C), the unloading

curve goes over a new Level 3, oriented to the same plastic strain (P). (See Figure 6-3) [29]

+Gi

A

€
by Eic
-~

(5) M OXE ¢ ;{‘;;"{’ ”””””””””””” Cie

-
Figure 6-2 Loading, unloading and reloading in compression

From Figure 6-3, for the case in which a second unloading takes place after the
concrete has been reloaded, and the unloading occurs after passing the common point (C) but
has not yet reached the envelope curve, a new unloading curve is defined based on the projected

point of unloading over the envelope curve. [29]
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Figure 6-3 Internal cycles in compression

o Level 1 - Loading Compressive Stage: O—M

0, = - gquO .
1+ (E—‘S’—z)%+ (?Tz)

e Level 2 — Unloading Compressive Stage: M—C—M (Linear)

200n

E,=— <E
Een — &p

Where:
Plastic Strain, (&,0):
0.145 (8"’—”)2 +0.13 (8’;") Eewr  Een < Eic
&p = Ecu Ecu
(1.437 + 0.01 * 0;.) €y + 0.0023, £,y = &4
Common Point, (&, oc):

(8 O')—— (8 _1Zen 5O' )
cYc en z »zYen
6 E, 6

e Level 3 - Unloading Compressive Stage: C—P

o, =ag™ +be +c
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To define Level 3, the n-degree function must satisfy the stress, strain and slope

conditions at C and P, where the slope at P (Ep) is defined as follow:

E, = —2F
e (6-6)

o Level 4 — Reloading Compressive Stage: P—C (Linear), C—X (Parabolic)

Oc
E4_ =

& — €p (6-7)

Level 4 is defined from the reloading point or plastic point as a linear function

oriented to the common point using a slope E,. For the case in which the strain is larger than the
strain at C and before reaching the envelope curve, Level 4 follow a parabolic function
satisfying the stress, strain and slope conditions at the common point, and the corresponding

point over the envelope (X). [29]

o Level 5-1 — Loading Compressive Stage: M—T (Linear)

or — 0j
Es_y = e — gll: (6-8)
e Level 5-2 — Loading Compressive Stage: T—R (Linear)
e Level 5-3 - Loading Compressive Stage: R— (Flat)
0; = 0.1f', (6-10)

In the case of concrete only, Level 5-3 is considered as it is shown above, for the case

of concrete confined with CFS, Level 5-3 is not considered.
6.3 Loading, unloading and reloading in tension

The loading, unloading and reloading in tension are described from Level 6 to Level 8
as is shown in Figure 6-4. For the case in which the loading tensile stage takes place before
loading compressive stage, then Level 6 will follow E, slope until reach the tensile concrete

strength, f; = ;. [29]
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When the tensile stress of concrete in the principal i-direction exceeds the tensile

concrete strength, o;;, the first crack occur perpendicular to the principal i-direction. Then the

stress decrease while the Crack width is in opening stage. [29]

6.4

Q
-€iu ~FEiu
>

A
Q

Y,
©

Figure 6-4 Loading, unloading and reloading in tension

Level 6 — Loading Tensile Stage: O—N (Linear)

Es =E, (6-11)

Level 7 — Crack Formation and Crack Opening: N—F

o = f, (Sﬂ)a . (a=10) (6-12)

Eiu

Level 8 — Drops linearly until Residual Deformation: F—H—F (Linear)

EcrtTyEFR

ES — EO(Ty+1)£F , (ry — 40) (6'13)

Where the intersection point (1) defined by Level 8 and Level 10 is defined as:

O-I = 090-1:'
(6-14)
g = (07 — op + Egep) /Eg

Transition from compression to tension and vice versa

The transition from compression to tension and from tension to compression is

described by Level 9 and Level 10 as is shown in Figure 6-5. For the case in which an inner

loop occurs in transition from Level 9 to 10 or Level 10 to 9, a linear function was proposed

following a slope E;4; this slope can be obtained by interpolation between slope at J-point and
Eg. (See Figure 6-6) [29]
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@@® 5

Figure 6-5 Transition from compression to tension and vice versa

Figure 6-6 Inner loop in transition

Level 9 — Transition from Tensile Stage to Compressive Stage: H—J (Logarithmic)

0; = (Ln(g; + a) + b)c (6-15)
Where J-point is defined as follow:
& — &cr
o, =Po; , B=10+0.02 (s—) (6-16)
cr

Level 10 — Transition from Compressive Stage to Tensile Stage: P—F (Linear)

g
Eio =

(6-17)

cr —€p

Level 11 — Transition from Compressive Stage to Tensile Stage: RT-—»Zero stress

(Linear)
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cpr — &) (Eg — E
E11=(RT ])(8 /)_I_

E -
P 5t (6-18)

Where ez is the returning point in transition from either Level 9 to Level 10 or Level
10 to Level 9.

6.5 Envelope curve of concrete with CFS confinement

The envelope curve of concrete with CFS confinement is considered following
Nakatsuka’s model described in Section 4.2, considering the modified shape coefficients
presented in Section 4.4. The hysteresis rules to describe the loading, unloading and reloading
of concrete with CFS confinement follows the same rules from Level 1 to Level 11 which are
described above. [29]

6.6 Plastic strain of concrete with CFS confinement

When considering the cyclic behavior for concrete with CFS confinement, the
hysteresis rules are taken as the same as for the concrete only but changing the envelope curve
and the plastic strain (ep) must be taken following Equation (6-19). [29]

Previous studies show the experimental linear relationship between envelope
unloading strain and plastic strain [18][33] (See Table 6-1); including the linear relationship
found in this study, Equation (6-19) shows a proposed expression for plastic strain by modifying
the coefficients of Lam and Teng’s equation for plastic strain of concrete retrofitted with CFS.
The comparison between experimental and calculated plastic strain can be observed in Figure
6-7.

Table 6-1 Linear relationship between envelope unloading strain and plastic strain

Source fc (Mpa) (atcf’) c R?
Reyna et al. 35.56 0.758  -0.0021 0.9982
38.46 0.763  -0.0016 0.9997
Lam and Teng. 38.9 0.714 -0.0016  0.998
41.1 0.703  -0.0014 0.996
Ilki and Kumbasar 32 0.713 -0.0019 0.994
Rousakis 49.5 0.737 -0.002  0.981

65.5 0.601 -0.0015 0.981
68.5 0.603 -0.0015  0.968
95 0.467 -0.0013  0.999
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Figure 6-7 Comparison between experimental and calculated plastic strain

0 , 0<eép,<0.001
ep = {[1.4(0.9 — 0.0045 * Fy) — 0.64] (g, — 0.001) , 0.001 < &, < 0.035  (6-19)
(0.9 — 0.0045 * Fy)e,n, — 0.0016 , 0.035 < &,, < &5

6.7 Experimental results vs. analytical approach
6.7.1 Circular shaped specimens under cyclic test

Figure 6-8 and Figure 6-9 shows a comparison between experimental curves and
analytical hysteresis curves for circular shaped specimens for both concrete only and concrete
with CFS respectively. The comparison shows that proposed model and the experimental result
match pretty well. The strain pattern used to get the analytical curve is shown in Figure 4-26.
The calculated strain level for the rupture of the circular specimen of concrete with CFS is about
the same level as the experimental test. Besides, the plastic strain definition for both, concrete
only and concrete with CFS, has a good agreement between the experimental curve and the
proposed model. [29]
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Figure 6-8 Experimental vs. proposed model — Circular shaped specimen
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Figure 6-9 Experimental vs. proposed model — Circular shaped specimen

6.7.2 Square shaped specimens under cyclic test

Figure 6-10 and Figure 6-11 shows the comparison between experimental curves and
analytical hysteresis curves for square shaped specimens for both concrete only and concrete
with CFS respectively. The strain pattern used to get the analytical curve is shown in Figure
4-26. The comparison shows that proposed model and the experimental result match pretty well.
The analytical model gives a lower strain level for the rupture of the square shaped specimen of
concrete with CFS, but when it is compared with the monotonic curve it has about the same
strain level for the rupture of the CFS during the test. [29]
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Figure 6-10 Experimental vs. proposed model — Square shaped specimen
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Figure 6-11 Experimental vs. proposed model — Square shaped specimen

103



CHAPTER 7

NONLINEAR FINITE ELEMENT ANALYSIS



CHAPTER 7 : NONLINEAR FINITE ELEMENT ANALYSIS

7.1 Material model of concrete under biaxial stress

7.1.1 Constitutive material model

The material behaves as elastic material between each incremental load step. Plain

concrete has been idealized as an orthotropic material is suggested in Figure 7-1.[9][31]

€1

%)

I —€

Figure 7-1 Behavior of Plain Concrete under Biaxial Compression

Thus, considering a planar element: (See Figure 7-2)

cslZ G[
o, —> %(_61 ; 5 o, — ~— O,
c, G,

do; do, do; do,
dey = — de, = — dey = ——v,—
E; E, E; E, (7-1)
doy do, do; do,
dé‘z = —VlE—l d€1 = —VZE—Z d€2 = _V1E_1 E_2
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Where E;, E,, v4, v, are stress-dependent material properties.
{dal} _ 1 [ E, V2E1] {dsl} 7-2)
dO'Z 1-— ViV V1E2 Ez dEZ
From energy considerations:

d0'1d£1 = do'zdgz
1

1_—1/11/2 (E1d£1 + VzEldgz)dgl =

1
1_—1/11/2 (V1E2d€1 + Ezdé'z)dgz

Eldglz + VzEldS]_dSz = V1E2d€1d52 + Ezdgzz

If de « 1thende? = 0

VzEldgldgz = VlEzdgldgz

V.Ey = v E,

Introducing an equivalent Poisson’s ratio: v2 = v;v,

{do’l} _ 1 El V‘I ElEZ {dsl} (7_3)
dop) 1-v2|v /EE, E, |ld&
Including the shear strain into the Equation (7-3):
doy 1 Ey vV E1E, 0 deq
{daz} =12 |"WE:E: E, 0 {dEZ} (7-4)
dtiz 0 0 (1-v?)G) 92

Finally the stress strain relationship is as follow:

do = Dde

. E, v/EE, 0 (7-5)
D= 1=2 [VWE:E2 E, 0
0

0 (1-v2)G

For rotation of principal axes of planar element, considering an element, and assuming
the area corresponding to each lateral plane is 1 and the element rotate an angle 6, then from

force equilibrium in the Figure 7-3, the principal stresses rotated are given by:
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Figure 7-3 Rotation of principal axis of planar element

0] = 0,c05%0 + 0,5in%6 + 21,,5infcosH

oy = 0,5in?0 + 0,c05%0 — 21,,5infcosh (7-6)
T1, = —0,5infcos + o,sinfcosh + 1,,(cos? — sin?6)
Considering a very small element:
doq cos?6 sin’6 2sinfcosb doy
doy ¢ =| sin%6 cos?0 —2sinfcosh |]do; .
dr;, —sinfcosf sinfcosf® cos?6 — sin?61\dty; (7-7)
do' = Ado

Where A4 is the matrix that transform stresses between axes. Also strain vector can be

expressed as follow:

8’1 81
gy L=gl &
1, 1
Y 212
Defining R matrix:
1 0 0 1 0 O
R=[O 1 0] R =010
00 2 00
&1 €'y
8’2 = 8,2
1,
Y 12 5V 12
gy &
e, r=RA 182
V12 212
€ €1
¢, + =RAR™! { ) }
Y12 Y12
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€ cos?6 sin%6 sinfcosb &
gyt = sin%6 cos?6 —sinfcosH &2
! . . 2 y 2 (7_8)
Y12 —2sinfcos6 2sinfcosf cos“0 — sin“01\V12
de' = Bde
Where B is the matrix that transforms strain between axes.
From Equation (7-5), and using Equations (7-7) and (7-8):
A~'de’' = DB ld¢’'
AA™ldo' = ADB™lde
do' = ADB~1d¢’ (7-9)

From Equation (7-9), stress-strain relationship can be expressed using axes rotation as

follows:

do’ = D'de’ (7-10)

Where D' can be defined as follows:

D' = ADB™1
Bl = AT
D' = ADAT (7-11)
Where:
cos?0 sin?6 2sinfcos6
A= sin%0 cos?6 —2sinfcosb
—sinfcosd sinBcosh® cos?O — sin%6

From Equation (7-10) and Equation (7-11), G' is calculated as follow:
dT:,LZ = G,dyllz (7‘12)

v/ E1E, 0 c2 52 —sc
v,/ElEz E2 0 2 2
Z)G

52 —ZSc s c sc
a1-v

1 [cz s*  2sc
—sc c?—s?

2sc —2sc c?—s?

3 sin?6cos?0(E, + E, — Zv,/ElEz)

G’ + (cos?6 — sin?6)%G (7-13)
1—v?
Taking into consideration: G = G’
cog ol (151 + E, — 2v\/E4E,) (7-14)

1—v2
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Going back to the Equation (7-5) and using Equation (7-14):

(7-15)

dO'l 1 [ E1 VW/EIEZ 0 ] d51
{dO'Z} = 1 2[V1/E1E2 EZ 0 J{dgz }
-V

dty, 0 0 XE +E -2 /EE)| W2

Where E;, E, and v are determined as a function of the stress and strain state at each
incremental load step. Finally stress depends on Young’s modulus in each principal directions

and the equivalent Poisson’s ratio only: 0 = f(Eq, E, v).
7.1.2 Equivalent Uniaxial Strain

The concept of Equivalent Uniaxial Strain was developed in order to keep track of the
degradation of stiffness and strength of plain concrete and to allow actual biaxial stress-strain
curves to be duplicated from uniaxial curves. Figure 7-4 shows that may for a single value of
stress correspond to a many values of strain. Therefore, the stiffness and strength of the concrete
has strongly stress-strain dependency. [9][31]

Figure 7-4 Cyclic loading of concrete

For biaxial state of stress, the strain in one direction is a function not only of stress in
that direction, but also of the stress in the orthogonal direction, due to the Poisson ratio effect as
is presented in Equation (7-5).
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Figure 7-5 Equivalent uniaxial strain for linear material

For a linear elastic material, the equivalent uniaxial strain in i-th direction &;,,, is given

by:

i = o (7-16)

Where ¢;, may be thought of as the strain that would exist in i-th direction for zero
stress in j-th direction. Considering a nonlinear material, Equation (7-16) can be written as
follow:

do;
Eiy = f dep = | — (7-17)
E;
Where do; and de;,, are differential stress and uniaxial strain in i-th direction

respectively, and E; is the tangent modulus of elasticity in i-th direction in each incremental step.

Considering a finite numbers of increments Ao, Equation (7-17) can be expressed as follow:

Ao;
fu= ) o (7-18)
l

For every step, the change of the equivalent uniaxial strain, Ag;,,, is given by:

Oinew — Ojold

Agiu = Ei

(7-19)

Figure 7-6 shows the state of stress at the beginning and at the end of each load
increment. Where o; ;4 corresponds to the original i-axis, o; ., corresponds to the new i-axis

and E; represents the tangent modulus in the i-th direction at the start of the load increment.
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Figure 7-6 Rotation of principal stress axis

In addition, the actual equivalent uniaxial strain at loading step “k” will be given by:
Eiu(k) = Eiuk-1) T A& (7-20)

To consider the inelastic behavior, axis rotations must be allowed, thus the tangent
stiffness E; and E,, always represent the modulus corresponding to the principal and maximum
value of stress. It is possible, even through small load increments, for the material axis to rotate
more than 90°, this is undesirable since the stress and uniaxial strain history developed at one
orientation should continue to control the behavior of material in essentially the same
orientation. Therefore, the rotation of the material axis is limited to the 90° regions oriented
with the initial principal axis. If the material axis change the region due to the load increment,
then the material axis are reoriented to coincide with the principal stress axis within their

respective regions, as is shown in Figure 7-7. [9]

_ y
% o,= 0,
2 1/ Rotation of
- "/ Principal Axis
O

~ -

- -

’ Original 90° Region

Original
Axis Orientation

Figure 7-7 Rotation of principal stress axis out of originally defined regions
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7.1.3 Maximum Stress Surface of concrete

For biaxial compression, Kupfer and Gerstle [14] found that the total strength
envelope can be approximated by the following expression:

o 0,\%2 o o
(—,1+—,2) 2 36522 (7-21)
fle e/ fo fe
For compression-compression state, considering o; = o0,, and defining a as the ratio
of o1 and o, (@ = 0,/0,), then Equation (2-34) can be written to give the maximum concrete
compressive strength, oy, as follow:

1+3.65a
03¢ = mf c (7-22)

Besides, the compressive stress in the orthogonal direction will be:

O1c = A0y

143650 (7-23)
O1c = amf c

The values of g, and o, define the shape of the equivalent uniaxial stress-strain curves
for a given value of a. Considering tension-compression state over plain concrete, a;;, Kupfer
and Gerstle suggest [14] the following expression:

0, '
fe
On the other hand, Darwin and Pecknold [9] propose for tension-compression zone,

the compressive stress-strain curve is modeled using the following expression:

1+ 3.28af, < 065F"
T Qrap e =T (7-25)

o1t =f"t

03¢

In case of tension-compression state with o, > 0.65f'. and for tension-tension state,
Kupfer and Gerstle [14] recommended a constant tensile strength, equal to the uniaxial tensile

strength of the material. This is in close agreement with the findings of other investigations
[15][24].

o1t =02t = ¢ (7-26)
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Figure 7-8 Analytical biaxial stress envelope by Darwin and Pecknold
7.1.4 Equivalent uniaxial strain g;, at o;,

To determine ¢;., defined as equivalent uniaxial strain corresponding to the maximum
compressive stress a;., a constant value of Poisson’s ratio (v = 0.2) is assumed. Kupfer,
Hilsdorf and Rusch [15] found that the Poisson’s ratio remained essentially constant up to 80%
of the ultimate load.[9]

When |o;.| = |f'c|, €. is assumed to vary linearly with g;.. as:
€ic
Eic =&yl 7 R—(R—-1) (7-27)
fe

Where ¢, is the strain at peak stress for the real uniaxial curve and f. is the uniaxial

compressive strength of concrete. R is defined as follows:

5ic(a=1) -1
__ Ecu ~ -
R = Gic(a=1) _ ) ~ 3.15 (7-28)
f'e

When |o;.| < If'cl, & is expressed by the following equation:
Eie = Eou| —1.6 (&)3 +2.25 (&)2 +0.35 (ﬁ> (7-29)
fle fle fle
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7.1.5 Effective Poisson’s ratio

The Poisson’s ratio assumed (v = 0.2), proved quite satisfactory for monotonic
loading in tension-tension and compression-compression. Besides, this value proved to be
adequate for uniaxial compression and tension-compression at low values of stress. However for
values of stress above 80% of f”., the Poisson’s ratio assumed is too small. Thus Poisson’s ratio
is assumed to be equal to 0.2 until 80% of f’., after that, Poisson’s ratio of concrete starts to

increase.[9]
For tension-tension and compression-compression state:
v=02 (7-30)

For uniaxial compression and tension-compression state:

o, \* o1 \*
v=02+06 (—) +0.4 (—) < 1.00 (7-31)
f'e O1¢

7.1.6 Cracking

For the proposed model, cracking first occurs when the tensile strength of concrete is
exceeded, thus, a crack is formed perpendicular to the principal direction in tensile state, when

the principal stress in the concrete exceeds the tensile strength in that direction. [9]
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Figure 7-9 Crack in principal tension direction
For one open crack, considering 1-direction reaches the tensile concrete strength,
E; = 0, therefore going back to the Equation (7-15).
do; 0 0 0 de;
{daz} =0 E2 0 {dsz} (7-32)

dty; 0 0 E2/4 dyi2
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Where the crack is perpendicular to the 1-direction.

For the case of two open cracks:
d0'1 0
H{o} 759
dTlZ 0
Just after the crack is formed, the crack width, C,,;, is defined as follow:

Ocri

Cwi =

+ Z (Ag; + vAg))

Load increments
following crack

formation

(7-34)

i

Where a,,; is the stress that cause the crack and E; is the tangent stiffness that was
assumed just prior to the crack formation, Ag; and Ag; are the true strain increments
perpendicular and parallel to the crack respectively, and v = 0.2, unless v = 0 if two cracks are

open.
7.2 Material model of reinforcing steel

7.2.1 Smeared model

Cracks and reinforcing bars are idealized as being distributed or smeared over the
concrete element at a certain angle orientation. The nonlinearity of a cracked RC element is
primarily due to cracking, reinforcement plasticity and bond interaction between concrete and

reinforcement. [31]

It has to be noted that the averaged stress-strain relation for the reinforcement differs
from that of bare bars with no interaction with the concrete. Here the averaged stress-strain
relation of concrete normal to the crack is much different from that of plain concrete with no

interaction with reinforcement. [31]

At cracks, concrete tensile local stress is almost zero but the other local stress of
concrete is still in tension. Thus, the average tensile stress remains non-zero, which is attributed

to the bond between deformed bars and concrete. [31]

In this research, perfect bond between concrete and steel is assumed. In this model, the

reinforcing bars inside a concrete element are replaced by an equivalent steel element with
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distributed uniaxial material properties in a reinforcing direction. The thickness of the

equivalent steel element t, can be obtained as follows:

£, =22 (7-35)

Where:

Ag: Cross-section of a bar.
d: Depth of the member.
b: Spacing of bars.

Considering one-direction reinforcing bar as is shown in Figure 7-10.

Figure 7-10 One-direction smeared model

Since the equivalent steel element has uniaxial properties in the direction parallel to

the axis of the reinforcing bars, the constitutive matrix is defines as follows:

doy E; 0 0](de de;
dle 0 0 0 dy12 d)/12

0
(7-36)
E; 0 0
D;=[0 o 0]
0 0 0

The constitutive matrix needs to be transformed to the global coordinate using the

rotation matrix as shown in Equation (7-11):

do, de, de,

doy + = AD,AT{ dey + = D' { dg,

dtyy AYzy dVy (7-37)
D's = ADAT
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The stiffness matrix is a summation of those of concrete and steel as follows:

K = Keoncrete + Ksteet

K=t, fBTDCdedy+ts fBTD’Sdedy
V(xy) V(xy) (7-38)

_ T Ls ’
K=t, B Dc+t—Ds Bdxdy
V(xy) ‘

From the stress vector, the nodal force vector is calculated as:

F = Feoncrete + Fsteel

F=t, fBT{ac}dxdy+ts fBT{US}dxdy
V(xy) V(xy) (7-39)

t
F=t, j BT ({ac} + t—s{as}) dxdy
vxY) ‘

In general, we have two-direction reinforcing bars in a concrete element as is shown in
Figure 7-11.

~/

Figure 7-11 Two-direction smeared model
Similarly to Equations (7-38) and (7-39):

The stiffness matrix will be expressed as:

t t
K=t j BT (DC + tilz)'s,1 tizu’srz) Bdxdy (7-40)
V() ¢ ‘
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And the nodal force vector is expressed as follows:

t t
Fete [ B (0 + 220 + 22 0], ) drdy (7-41)
V() ‘ ‘

7.2.2 Menegotto-Pinto model

The Menegotto-Pinto model is adopted for the stress-strain relationship for reinforcing

steel bars [1][34]. The envelope curve of the model is expressed as:

(1 —-Ry)e
g = RSS + m (7'42)
E — &
g=—HT (7-43)
&y — &
O¢ — O,
g=-S_CT (7-44)
0y — Op
Esz
Ry =2 (7-45)
S Es

Where:

R;: Strain stiffening factor.

R, Parameter for Baushinger effect.

E: Initial Young’s modulus.

E,: Post yielding Young’s modulus

o5, 0. Stress and strain at reversal point.

0y, €o- Stress and strain at intersection point between asymptotic lines.

A 4

Figure 7-12 Menegotto-pinto model
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Figure 7-12 shows the schematic representation of the Menegotto-Pinto model. This
model uses two asymptotic lines to define the envelope curve, in which intersection as shown in

Figure 7-13, defined by gy, & can be obtained from Equation (7-46).

0 = EgR¢(e5, — €) + a5y
g = Es(ssyr —&)+o,

Figure 7-13 Asymptotic lines

Op = ES(SO - gr) + oy

Osy — 0r t Es(er — ngsy)

E.(1—R,) » &20 (7-46)
SO — S S
{ —0sy — 0 + Es(&r + Rs&sy) £ <0
\ Es(1=Ry) L
Where:
&, Strain increment.
sy, Esy+ Yielding stress and strain.
The parameter R, can be obtained from:
a;§
Ry, = Rpg ———= 7-47
b =R~ 7 (7-47)
g — ¢
;=] (7-48)
Esy

Where: Ry, = 20, a; = 18.5 and a, = 0.15 are usually adopted, and ¢ is defined as
the plastic strain ratio. In the calculation of &, in case of loading from elastic range to yielding

range and loading in reversal direction, &', is defined as follows:

& , & =0
R A (7-49)

Er Tl , £<0
7.3 Material model of CFS

CFS is considered to have a linear elastic behavior until it reaches the maximum
tensile strength characteristic of the material, and then a brittle failure occurs suddenly as it was
described in Section 2.1.3. (See Figure 7-14)
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Figure 7-14 Linear-brittle model of CFS
7.4 Nonlinear finite element numerical simulation
7.4.1 STERA FEM model

STERA _FEM Ver.3.3 [32] was used to carry out the numerical simulation. Figure
7-15 shows the element dimensions of specimens WF, RWF1 and RWF2 described in Section
4.1, defined by: X1=200mm, X2=240mm, X3=160mm, X4=300mm, Y1=200mm, Y2=250mm
and Y3=300mm. Figure 7-16 shows the element dimensions of specimens WD, RWD1 and
RWD2 described in Sections 4.2, defined by: X1=200mm, X2=300mm, Y1=190mm,
Y2=215mm, Y3=2200mm, Y4=250mm and Y5=300mm. Also, Figure 7-15 and Figure 7-16
shows the boundary and loading conditions of the models, where B1 corresponds to a fix
restrain in X and Y direction (Pin support), P1 and P2 represents the loading distribution in X-
direction; and C is the control node for the load application.

(a) Boundary Condition (b) Loading Distribution
Figure 7-15 Geometry, boundary and loading conditions (WF, RWF1 and RWF2)
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(a) Boundary Condition (b) Loading Distribution
Figure 7-16 Geometry, boundary and loading conditions (WD, RWD1 and RWD2)

The material types used in this model can be observed in Figure 7-17, where C1 and
C2 correspond to the material properties of the concrete elements with 80mm and 700mm
thickness respectively; and C3 is considered as a concrete type with high density to simulate the
constant axial load and the additional moment applied during the test, as it is described in
Sections 4.1 and 4.2. Moreover, the steel material S1 corresponds to the wire mesh used in the
whole wall span, S2 corresponds to the additional longitudinal reinforcing bars at the boundary

ends of the wall and S3 corresponds to the reinforcement of the footing and the upper beam.

3 |53 [sa |5 [sg |53 Jsa fs3 s [sa
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SN
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& O

(a) Concrete Material (b) Steel Material

Figure 7-17 Material types model
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LDRC shear walls retrofitted with full height of CFS is shown in Figure 7-18. Where
F1 corresponds to the material properties of the CFS used in specimens RWF1 and RWF2,
which are described in Section 4.1. This element is oriented in X-direction only.

Fi [Fi Fi [Fi
T L -
P P P
i1 P ]
FI[FT |
Fi [F1 HE IR
F1 |F 1 P
(a) RWF1 (b) RWF2

Figure 7-18 CFS retrofitting (RWF1 and RWF2)

LDRC shear walls retrofitted with full height of CFS is shown in Figure 7-19. Where
F1 corresponds to the material properties of the CFS used in specimens RWD1 and RWD?2,
which are described in Section 4.2. This element is oriented in X-direction only.

GG NN o F |
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GG NG N GNNa A F ]
(a) RWD1 (b) RWD2

Figure 7-19 CFS retrofitting (RWD1 and RWD2)
7.4.1 Experimental wall test vs. numerical simulation

The numerical analysis conducted by using STERA _FEM was a pushover analysis

until the strain deformation corresponding to the maximum strength capacity of each specimen.
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7411 WF, RWF1 and RWF2

Figure 7-20 shows the deform shape of the model under a pushover analysis for each
specimen tested. Besides it can be observed the orientation and magnitude of the stress in each
Gaussian point of the elements.

ERENNN] B
B A

]
o

(@) WF (b) RWF1 (@) RWF2
Figure 7-20 Deform shape (WF, RWF1 and RWF2)

The comparison between the experimental envelope curve and the pushover analysis
carried out for specimens WF, RWF1 and RWF2 are shown in Figure 7-21, Figure 7-22 and
Figure 7-23 respectively. The pushover analysis was conducted up to the strain at maximum
strength of each specimen due to the lack to model the strength degradation.

250

200

150

100

Shear force (kN)

50

O 1 1 1 1 1
0 0.5 1 15 2 2.5 3

Drift angle, R (%)

Figure 7-21 Experimental envelope curve WF vs. FEM analysis
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Figure 7-22 Experimental envelope curve RWF1 vs. FEM analysis
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Figure 7-23 Experimental envelope curve RWF2 vs. FEM analysis

As it is described in Section 4.1.4, the envelope curve of the three specimens tested
under pushover analysis remains about the same strength level (See Figure 7-24). Although the
deformation capacity of the specimens got improved due to the retrofitting by CFS, from the
analysis conducted, it cannot be confirmed due to STRERA_FEM is under development.

300

N N
o (o)
o o
T T

Shear force (kN)
=
a
o

100 —WE
50 —RWF1
—RWF2
O 1 1 1 1
0 0.5 1 15 2 25

Drift angle, R (%6)
Figure 7-24 Comparison of the envelope curves (WF, RWF1 and RWF2)
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7.4.1.2 WD, RWD1 and RWD2

Figure 7-25 shows the deform shape of the model under a pushover analysis for each
specimen tested. Besides it can be observed the orientation and magnitude of the stress in each

Gaussian point of the elements.
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(@) WD (b) RWD1 (@) RWD2
Figure 7-25 Deform shape (WD, RWD1 and RWD2)

The comparison between the experimental envelope curve and the pushover analysis
carried out for specimens WD, RWD1 and RWD2 are shown in Figure 7-26, Figure 7-27 and
Figure 7-28 respectively. The pushover analysis was conducted up to the strain at maximum

strength of each specimen due to the lack to model the strength degradation.
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Figure 7-26 Experimental envelope curve WD vs. FEM analysis
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Figure 7-27 Experimental envelope curve RWD1 vs. FEM analysis
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Figure 7-28 Experimental envelope curve RWD?2 vs. FEM analysis

As it is described in Section 4.2.4, the envelope curve of the three specimens tested
under pushover analysis remains about the same strength level (See Figure 7-29). Although the
deformation capacity of the specimens got improved due to the retrofitting by CFS, from the
analysis conducted, it cannot be confirmed due to STRERA_FEM is under development.
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Figure 7-29 Comparison of the envelope curves (WD, RWD1 and RWD2)
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CHAPTER 8 : CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

This investigation was conducted to assess the performance of low ductility reinforced
concrete (LDRC) shear walls retrofitted by carbon fiber sheet (CFS) under cyclic loading. Two
verification tests were conducted on LDRC wall retrofitted with CFS. From the test results, it
can be verified that CFS improves the deformation capacity of the wall under cyclic loading, by
delaying the crushing of the concrete at the base of the wall. Moreover, LDRC wall retrofitted
with CFS does not have influence in the shear strength capacity of the wall, therefore the
strength of remains about the same level as the non-retrofitted wall as it was expected.
Degradation of the post-maximum strength was more gradual for both, LDRC wall retrofitted at
the wall ends with full height and partial height of CFS. Ultimate limit deformation of both
specimens, LDRC wall retrofitted at the wall ends with full height and partial height of CFS was
larger than the specimens with CFS retrofitting along the wall span.

During the failure mode of the non-retrofitted walls, crushing of the concrete at the
wall base corner of the wall and buckling of the steel occurs; so the wall fails in flexural mode
as it was expected. Besides, LDRC wall retrofitted with full height of CFS and LDRC wall
retrofitted with partial height of CFS also fails in flexural mode and shows a swelling at the base
corners on the wall, as well as the sudden failure of the CFS, once the specimen cannot sustain
the applied load. Therefore a third experimental test was conducted in order to study the

confinement effect of concrete retrofitted by CFS.

The third experimental test was conducted over circular, square and rectangular
shaped specimens retrofitted by CFS under compressive monotonic and cyclic loading. From
the test results, stress on the CFS in circular shaped specimens is distributed similarly on the
CFS, while for square and rectangular shaped specimens the stress on the CFS is concentrated at
corners. Therefore it was observed that circular shaped specimens retrofitted with CFS improve
its maximum strength. On the other hand, CFS helps to improve the deformation capacity of the
circular, square and rectangular shaped specimens under monotonic and cyclic loading. In other
words, the ductility and energy dissipation of concrete retrofitted with CFS is improved in
comparison with the non-retrofitted samples. For square and rectangular shaped specimens, a
larger chamfer radius helps to improve the maximum strain and the maximum strain of the

specimens retrofitted with CFS is proportional to the ultimate strain of the CFS.
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Two stress-strain relationship of concrete retrofitted by CFS were studied. Although
Lam and Teng’s and Nakatsuka’s model gives a similar approach for circular shaped concrete
con-fined with CFS, Lam and Teng’s model does not give a good approach for square shaped
concrete confined with CFS because the model uses only one slope after transition point,
therefore it cannot reproduce the strength reduction. On the other hand, Nakatsuka’s model
provides a model for square shaped concrete with chamfer radius of 30mm. This model uses a
two-slope model which can be used to model the strength reduction of the experimental results.
Since the square and rectangular shaped specimens tested have a chamfer radius of 15mm,

shaped coefficients must be modified.

Proposed modified Nakatsuka’s model takes into consideration the chamfer radius and
the ratio of effective area of confined concrete. From the analytical results, proposed modified
Nakatsuka’s model gives a better approach of the experimental envelope curves for circular and
square shaped specimens retrofitted with CFS. Moreover, a stress-strain relationship for
concrete with or without CFS confinement under cyclic loading was proposed, this model is
based on Modified Darwin & Pecknold, Noguchi, Naganuma, Lam & Teng and Nakatsuka’s
Model. Proposed model gives a good approach in comparison with the experimental results of

circular and square shaped specimens under cyclic.

As part of this investigation, a nonlinear finite element method was studied in order to
develop STERA_FEM software, and to conduct a comparison with the experimental results.
STERA _FEM takes into consideration: 4 nodes isoparametric planar element, incompatible
element, 9 Gaussian points, the proposed model for concrete with or without CFS confinement,
equivalent uniaxial strain of concrete for each principal direction considering the bi-axial stress-
strain relationship of concrete by using the maximum stress surface of concrete, smeared crack
model with the Menegotto-Pinto hysteresis model for reinforcing steel and an elastic-brittle
model for CFS.

Finally, a pushover analysis were conducted and compared with the experimental
results of the six walls (retrofitted with CFS and non-retrofitted). The analytical curves show a

good approach in comparison with the experimental curves.
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8.2 Recommendations

Based on the experiments, When using bolts for fixing the CFS to the concrete, even
though it does not have an important contribution in terms of maximum stress, it must be very
careful that the steel plates used to fix the CFS does not provide axial force in the direction of
the applied load.

Further studies on the shape coefficients for circular, square and rectangular shaped
are suggested to improve the non-linear hysteresis of concrete retrofitted with CFS, by
increasing the data with a large range of concrete types, using different amount of CFS as a

confinement method and considering effective confinement ratio of the section

Although the deformation capacity of the walls got improved due to the retrofitting by
CFS as it is reported during the test, from the analysis conducted, it cannot be confirmed due to
STRERA_FEM is under development. STERA_FEM works under compression-tension cyclic
loading, giving a good approach as it was presented in this investigation, but not in case of
lateral reversal loading. Therefore, further research is needed to improve STERA _FEM to
consider the strength reduction and lateral reversal loading.

Finally, it is recommended to conduct further researches considering the bond
mechanism between the reinforcing steel bars and concrete as well as between concrete and
CFsS.
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