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SUMMARY

Investigation of a Reverse Engineering Method for Determination of Material

Properties of Damaged or Collapsed Reinforced Concrete Building

In this thesis, a reverse engineering technique is investigated to predict the real
properties of materials of collapsed or damaged reinforced concrete structures caused by
severe earthquakes. For this purpose, two full scale laboratory tested structures were used
for verifying of the technique. First structure is a two dimension three bay and four story
reinforced concrete bare frame that tested in European Laboratory for Structural
Assessment. Other structure is also reinforced concrete tall bridge pier that tested in Pacific
Earthquake Engineering Research Center. The numerical solutions are obtained by using
Fiber Element Approaches based on displacement and force. The material properties for
the reinforced concrete elements are defined according to American Concrete Institute
code (ACI-318) and Turkish Standard 500 (TS500). The comparisons are evaluated in
terms of story displacement and damaged regions obtained from experimental and
numerical results. The material classes of the structures are determined by numerical

solution the best compatible with experimental response.

Keywords: Reverse engineering method, Reinforced concrete structures, Material classes,

Fiber element approaches based on displacement and force.



OZET

Hasar Gormiis Veya Yikilmis Betonarme Binalarin Malzeme Ozelliklerinin

Belirlenmesi I¢in Bir Tersine Miihendislik Metodunun Incelenmesi

Bu tezde, siddetli depremlerden dolayr yikilmis veya hasar gérmiis betonarme
yapilarin ger¢cek malzeme oOzelliklerinin tahmini i¢in tersine bir miihendislik teknigi
incelenmistir. Bu amagcla, teknigin dogrulamasinin yapilmasi i¢in laboratuvarda testleri
yapilmis iki tam Olgekli yapt kullanilmustir. Ilk yapi Avrupa Yapisal Degerlendirme
Laboratuvarinda test edilmis olup iki boyutlu {i¢ agiklikli ve dort katli sadece betonarme
cergevelerden olugmaktadir. Diger yapi ise Pasifik Deprem Arastirma Merkezinde test
edilmis olup betonarme uzun bir koprii ayagidir. Niimerik sonuglar yer degistirmeye ve
kuvvete dayali Fiber eleman yaklagimlar1 kullanilarak elde edilmistir. Betonarme
elemanlarin malzeme 6zellikleri Amerikan Beton Enstitiisii 318 ve Tiirk Standartlar1 500
standartlarina goére belirlenmistir. Karsilastirmalar, deney ve niimerik sonuclardan elde
edilen kat yer degistirmeleri ve hasar bolgeleri acisindan degerlendirilmistir. Yapilarin
malzeme smiflart deney sonuglariyla en uyumlu olan numerik sonuglar yardimiyla

belirlenmistir.

Anahtar Kelimeler: Tersine miihendislik metodu, Betonarme yapilar, Malzeme siniflari,

Yer degistirme ve kuvvete dayali Fiber eleman yaklagimlari
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1.INTRODUCTION

Engineering is widely used in manufacturing, maintaining, constructing and
designing of structures, products and systems. Generally engineering can be divided in two
main types: Forward engineering (conventional engineering) and Reverse engineering
Figure 1.1. Forward engineering is the process or journey starting from an idea then ending
with a physical implementation of a system. Reverse engineering (RE) is known as the
process of copying of an object, sub assembly of a product without any documentation,
technical drawings. The RE method is not only a copy of a product, but it is an analysis in
order to deduce some features of the product when sufficient information and enough
documentations involved in the original production process are not available [4]. Reverse
engineering method is widely used in many engineering disciplines as mechanical designs,
entertainment automotive, microchips, electronics, software and chemical engineering [5-
9]. For instance, competing manufacturers learn how a new device was built and works,
when a new device comes to market, they buy and disassemble one to research on it [8].
The reverse engineering may be employed by chemical companies to win a manufacturing
process patent on their competitor’s, furthermore catastrophic failure can be decreased and
prevented in civil engineering projects, when a specific design copied from previous

successes [7, 9].

Design

Figure 1.1. Reverse engineering concept

For the first time, term of the reverse engineering was used by Miriam Webster in

1973 [10], RE was defined as the process of disassembling and analyzing a device or a




product for understanding the concepts involved in the manufacturing process in order to
making improvement in the original product or to produce something similar [10].

Reverse engineering of buildings (from historical castles, churches to villas and
modern palaces) as well as weapons, furniture, clothes and vehicles has a long history.
Political leaders and professional military are always trying to reverse engineer opponent
plans and plots, rhetoric, diplomacy and arming programs of the allies. Engineers can learn
by reading publication, attending conference, working on projects, as well as by reverse
engineering products. RE and copying from the past is a preferable action as Newton
saying “If T have seen further it is by standing on the shoulders of giants”. Publication,
patenting and the method almost equally contribute to the progress of science and
knowledge [10].

RE sometime called re-engineering, retro-engineering or reverse analysis, the
produced object by using RE is detail studied of its construction, function and operation
aspects, the process can be of software program, mechanical or electrical device, cultural
monument or buildings [11]. The method is an operating procedure to revealing the
principals of how devices and systems are working, as opposed to the concept of design
engineering [12].

In this study a novel reverse engineering method was proposed for determination of
material properties of damaged structures. Two full scale laboratory tested structures were
used for performing the process, first; a two dimension three bay four story bare frame that
tested in (European Laboratory for Structural Assessment-ELSA) [1], second; a 7.32m tall
bridge pier that was tested in (Pacific Earthquake Engineering Research Center-PEER) [2].
The structures were tested up to collapse limit and their responses in terms of story
displacements, base shear and damage regions were observed step by step. The above
mentioned structures were modelled numerically based on fiber element approach FEA
and using both displacement based and force based formulations, they were analyzed under
several nonlinear dynamic time history analysis trails, in the numerical cases analysis all
material properties treated constant, but elasticity modulus, tensile strength and
compressive strength gradually increased according to ACI-318 and TS 500 codes. By
using a reverse engineering technique, top displacements and damage region results of the
experimental tests and numerical model cases are compared then a calibration study was
obtained to determine best numerical case modelling, which its results showed better

agreement with the experimental studies.



Older analysis and design procedures based on equivalent elastic methods showed
insufficient approximation to describe the behavior of structures during earthquakes, the
necessity for using more accurate methods, which explicitly account for geometrical
nonlinearity and material inelasticity to evaluate seismic demand on structures became
evident [13]. FEA is a widely used method to performing nonlinear analysis, two nonlinear
algorithms are currently being used with different level of complexity and computational
efforts; nonlinear static analysis and nonlinear dynamic analysis. It is widely recognized
that the latter one is the most accurate method to represent the response of a building
subjected to a strong earthquake. Nonlinear analysis of reinforced concrete frames by using
of solid finite elements is the most accurate and versatile method. However, it becomes too
expensive, in the computational sense. In this case, the most economical models are
lumped plasticity and distributed plasticity methods, in the first type two zero length
nonlinear rotation springs are connected by an elastic beam/column element that the spring
computes nonlinearity, the second type discretizes the element section into fibers and the
length into integration points. FEA method has two main principle formulations,
displacement based (DB) stiffness approach and force based (FB) flexibility approach [14].
In the current work also a comparison study was presented between displacement based
and force based modelling approaches, to evaluating their suitability and to determine that
which of them responds more realistically to the real life structures under earthquake

excitations.



2.NUMERICAL MODELLING OF THE RC STRUCTURAL ELEMENTS

Structures are experience different level of damage under earthquake excitations in
their usable life, because they will not respond elastically to moderate and strong
earthquakes. For evaluating the response of reinforced concrete (RC) structures to an
earthquake, determination of the structural properties is first step. However, soil interaction
and earthquake characteristics are complementary steps. Due to the complexity of
interaction between various components of the structures, several models for the nonlinear
response analysis of RC structures have been proposed to date. According to the degree of
freedom and complexity these models are divided in to three categories: Global models,
Discrete finite element models and Microscopic finite element models[15].

Global models; the structure which consist of several members and multi degree of
freedom is idealized to very few of degree of freedoms. The nonlinear response and
hysteretic behavior are concentrated at these degrees of freedoms of the idealized structure.
Such models are only used to predict the response of structures approximately because an
accurate prediction of global displacements with this limited degree of freedom is
impossible [15]. Discrete finite element models; the structure consists of interconnected
elements that are able to represent the hysteretic behavior, constitutive nonlinearity can be
defined at the section state or at the element state in an average manner. In this type of
modelling, there are two formulations procedures as lumped plasticity and distributed
plasticity method [15].

Microscopic finite element models; structural members and joints are meshed into a
large number of finite elements, constitutive and geometric nonlinearity are introduced.
Analysis of reinforced concrete structures by means of this modelling method is most
versatile approach. Moreover, bond deterioration between concrete and steel, creep,
thermal phenomena are physical nonlinearities can be defined with this modelling type.
Since this method is computationally expensive for nonlinear analysis, it could be limited
only to the research for critical parts of large frames and structures [15].

Best compromise between accuracy and simplicity among models is the discrete
finite element model for evaluating the inelastic seismic response for the structures. A
survey of existing researches on discrete finite element models is presented in the

following sections.



2.1. Lumped Models

Based on the fact that the inelastic behavior of RC structures often concentrated at
the end of structural elements Thus, the first method to analyzing nonlinear problems is by
using of zero length plastic hinges, that located at the end of elements [16]. Lumped
plasticity models are widely proposed in the most design codes and guide lines [17]. The
earliest model that introduced by Clough and Johnston [18] was consist of two parallel
components, one elastic perfectly plastic to represent yielding and the other perfectly
elastic to represent strain hardening. The model allowed a bilinear moment-rotation
relation. The stiffness matrix of the member is the sum of stiffness values of the
components. A series model was proosed by Giberson [19] although it had been reportedly
used earlier. The model original form consists of two zero nonlinear rotational spring
connected by an elastic beam/column element that the spring computes nonlinear behavior
of the structure [14]. This model is more capable than the Clough’s model since it
represents more complex hysteretic behavior of reinforced concrete members. Takizawa
[20] developed the Clough’s model to allowing for the effect of cracking. Lumped
plasticity models which include cyclic stiffness degradation in shear and flexure were
proposed by Clough and Benuska, Takida et al., Brancaleoni et al. [21-23]. Banon et al.
and Brancaleoni et al. developed a model which including “pinching effect” under reversal
loads [22, 24]. Otani, Filippou and Issa [25, 26] proposed a model that takes into account
fixed end rotations at the beam column joining point due to the pull out effect between the
reinforcing steel and concrete.

Multi linear constitutive models that include cracking and cyclic stiffness
degradation were suggested by Takayanagi and Schnobrich [27]. Advantages in lumped
plasticity models are reduce storage requirements and computational costs because of its
simplicity which improves numerical stability to the mathematical model. However, it has
some limitation and deficiencies. Propagation of inelasticity deformation region into the
member is defined as a function of loading in lumped plasticity models to simplify and
overcome the actual complex behavior of reinforced concrete structures. This case is a
source of inaccuracy [28, 29]. Various researchers studied plastic hinge length calibrated
from experimental data, the researchers have agreed that plastic hinge length L, is a
function of the members length, reinforcement ratio and/or axial force [30]. A
comprehensive survey of plastic hinge developments was covered by Fedak et al. and

Hines et al. [30, 31]. Moreover, lumped plasticity models has another defect, it is their



inability to describe completely the deformation softening behavior of RC members. Lai et
al. [32] proposed a fiber hinge model which consists of an elastic element extending over
the entire length of the RC member and has one inelastic element at each end, each
inelastic elements is made up of one inelastic spring at each corner that represent the
reinforcement and one another spring at the center which represent the concrete that is

effective in compression only.

2.2. Distributed nonlinearity Models

Distributed model is a more accurate method for modelling and analyzing of inelastic
for RC structures. In this approach, the nonlinear behavior of structural element is
distributed along its length Figure 2.1. Therefore, material inelasticity can occur at any
point [33]. The constitutive behavior of the cross-section is either derived from the stress-
strain which formulated by using classical plasticity theory or is explicitly derived by
subdividing the cross-section into fibers. In the Fiber Element Analysis FEA, the length of
the element is discretized into cross sections which located on element integration points

and cross-sections are also divided into fibers.

NOAE 1 g e — g NOCE |
integration points for
monitoring inelastic behavior

Figure 2.1. Distributed Plasticity Approach Schematic of a typical Element [30].

A beam-column element model was introduced by Otani [26] the model consist of
two cantilever beams fixed at point of contra flexure of the member. The interaction of
bending moment and axial force was neglected. The global behavior of the model was
derived by integration of the curvatures along the two cantilever components Figure 2.2.
The deficiency of the proposed model is the assumption of a fixed point of contra flexure
in the element.

Soleimani et al. [34] introduced a model which include an inelastic zone of
deformation, the zone gradually spread from the beam-column contact as the load
increased. This deformations are depending on loading history. A hinge was added at the
ends of the member to describe the fixed-end rotations. The rest of the structural element

behaviors as elastic. These hinge points were related to the curvature through an “Effective



Length” factor which remains constant during the analysis. A similar model was
introduced by Meyer et al. [35]. Takeda et al. [21] proposed a model for calculating the
stiffness of the plastic zone during reloading and for describing the hysteretic moment-
curvature relation. Empirical rules of this model was extended by Roufaiel and Meyer [36]
for calculate the effect of axial force on the flexural hysteretic behavior. However, no it
concerned with variation of the axial load due to overturning moments. A simpler and
similar model that calculates end inelastic deformations by means of a trilinear moment-

curvature relation was proposed by Darvall and Mendis [37].
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Figure 2.2. Otani’s model, a) moment distribution, b) element deformation, c) equivalent

inelastic rotational spring [15].

Takayanagi and Schnobrich [27] proposed a model which divides the member into
several numbers of short segments. Each element was idealized with a nonlinear rotational
spring which depending on the bending moment at midpoint of segment. It was assumed
that the segment length to be constant. The multi-spring model was reduced to a single
beam-column element by using static condensation techniques. The model is shown in
Figure 2.3. To consider for the interaction between bending moment and axial force, the
model was first employed in the study of the seismic analysis of coupled shear walls. In the

model, it was observed that significant variation of axial force. The model belongs to the



family of distributed nonlinearity and it has ability to consider inelasticity that takes place

at any point.

Takayanagi and Schnobrich
Muitiple Spring Model

Nonlinear rotational spring

(A J/
(8)

Segment with uniform stiffness
©) /

Figure 2.3. Takayanagi and Schnobrich multiple spring representation, a) structural

element, b) diagram of the distributed moment and c) distribution of section stiffness [15].

Filippou and Issa [25] subdivided the structural member into sub-elements. Each
sub-element represents that effects such as inelastic behavior to bending, shear and bond-
slip behavior at the beam-column joint. The model allows the hysteretic behavior of the
individual sub-element to be simpler. The structural members exhibit a complex hysteretic
behavior due to the interaction of the different sub-elements. Many researchers have
successfully formulated the distribute nonlinearity method for modelling RC structures in
the nonlinear analysis based on Timoshenko and Euler —Bernoulli beam theory [38-48].
Other studies [49-58] focused on taking into account the axial force — bending moment —

shear force interaction.

2.3.Fiber Element Approach (FEA)

FEA has been widely employed in the past two decades for the nonlinear analysis of

framed structures. In the method, the element length is divided into segments or integration



points and the cross-section is discretized into fibers. The geometric characteristics of the
fibers are their area and the position in y, z coordination system as seen Figure 2.4. A
uniaxial constitutive relation is assigned to each fiber and sectional stress-strain state is
obtained by the integration of the nonlinear response of each fiber [3, 15, 59]. Most
popular material models for steel are the selected one of bilinear, the Menegotto-Pinto [60]
and Monti-Nuti [61], whilst concrete may be defined by tri-linear, Scott et al. [62] and

Mander et al. [63]. In the literature there are many other material constitutive laws [59].
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Figure 2.4. Fiber element schematic of a typical RC member [59].

Fiber element method is subdivided into two approaches as “Displacement Based”
and “Force Based”. The first model of fiber element modelling based on flexibility was
introduced by Kaba and Mahin [41]. These researchers used the flexibility that it based on
only uniaxial bending. Fiber strains are determined by using section deformations based on
the assumption of the plane sections remain plane. The stresses and stiffness of each fiber
were established from the stress-strain relation of each fiber.

Zeris and Mahin (1988 and 1991) [43, 64] improved the formulation of Kaba-
Mahin model for the biaxial case. Softening behavior of a cantilever beam which observed
in Figure 2.5 was investigated by Zeris and Mahin (1988) [43]. When the cantilever was
displaced beyond the point of ultimate resistance, Section 1 at the fixed base entered into
softening region. Sections 2 to 5 were in the elastic region. Classical stiffness-based

models failed to represent the real behavior of the member, due to the assumption of the



linear curvature distribution. The actual curvature distribution during the element softening
was deviated from the distributed curvature assumption. In the formulations of FEA which
are based on Euler-Bernoulli hypothesis the effect of shear is neglected as in Taucer et al.
[15]. Contrary in the formulations based on the Timoshenko beam theory the effect of

shear included as in Ceresa et al. and Mullapudi et al. [65, 66].
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Cantilever Beam

’
A X
Figure 2.5. Softening cantilever model behavior, a) loading of the member, b) moment

distribution, ¢) curvature distribution, d) relation of moment-curvature [15].

2.4. Displacement based formulation

The displacement based (DB) formulation is the first elements with distributed
nonlinearity. This elements were formulated with the classical stiffness method based on
linear interpolation functions for the axial displacements and cubic interpolation functions
for transverse displacements of the element [67]. The three-dimensional element with axial
and flexural degree of freedom was presented in Figure 2.6 in the local coordinate system,
the element degree of freedoms were also given in Figure 2.7. The torsional behavior was
assumed to be elastic in these formulations. q and q are the nodal displacement vectors of
the element with rigid body modes and without rigid body modes, respectively and these

are given as follow,

q:{(_h d2 qds Qde Q7 (_llo}T (2.1)
q=1{q: 9 QS}T (2.2)
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ay(x) is a matrix that contains the linear interpolation functions for the axial
displacements and cubic interpolation functions for the transverse displacements and it is
given in Eq. (2.3).

dm=ﬁgﬁ=MMﬁ (2.3)

where u(x) is the axial displacement, v(x) is the transverse displacement and d(x)
is a matrix that contains both axial and transverse displacements. a,;(x) in the Eq. (2.3) can

be written as,

P 0 0 Y 0 0

U= 0 @ 0 5@ @ax) .
e =1-7 =
Yo (x) = % (20
x3 x
©,(x) = zL—3— 3?+1 7
3 2
@z(x) = %— fo+x =
x? x
@3 (x) = —25+ 37 29)
x3 x
_ 7 2.10

It was the assumed that deformations are small and the plane section remains plane

after loading. The section deformations d(x) are related to the nodal displacements by

d(x) = {;Z((?)} - {ZE’S} = 3(x).§ @.11)

where, €(x) and x,(x) are the axial strain and the curvature about the z-axis, respectively.

a(x) is derived from the displacement interpolation functions and it can be written as,

ae = [V 0 0 Yo 0 0

0 @@ @@ 0 @5() @) (-12)
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Figure 2.6. Beam element with rigid body modes in local coordinate system [15].
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Figure 2.7. Beam element without rigid body modes in local coordinate system [15].

The stiffness matrix of beam-column elements, K can be derived by the principle of
minimum potential and the principle of virtual work. This matrix obtained by using each

section stiffness matrix, k(x). Thus, the element stiffness matrix, K can be derived by

L
K= JET(x).k(x).ﬁ(x).dx (2.13)

0
The relation between section stiffness Kk(x), section forces D(x) and section

deformations d(x) are:
D(x) = k(x).d(x) (2.14)
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where, N(x) and M,(x) are axial force and bending moment for section at the x
coordinate, respectively. Due to the virtual displacement principle, the element resisting

forces Qg are determined by the integration of the section resisting forces, Dg (x)

L

Qr = f al(x).Dp(x).dx (2.16)

0

The classical finite element modelling based on the stiffness method has successfully
used [42, 68-70]. Due to the cubic interpolation functions are poor in representing the
curvature distribution at the ends of the elements, Menegotto and Pinto [69] studied on the
interpolating both section deformations and section flexibilities variables. The assumption
of cubic interpolation functions are the main limitation of the displacement based methods
by reason of leads to linear curvature along the element. The assumption has satisfactory
results for elastic and near elastic response. However, when the significant yielding
occurred at the ends of the element, the curvature distribution becomes highly nonlinear in
the inelastic regions. To overcome the deficiency a fine discretization or a higher order
polynomial interpolation functions are required in the inelastic regions. Moreover, due to
the above mentioned limitation the DB method should be used with care and more

experienced user is required.

2.5.Force based formulation

Contrary to the stiffness based method, researchers have focused on flexibility-
dependent shape functions that allow to a more accurate representation of the force
distribution in the element. The force based (FB) formulation was proposed by
Mahasuverachai [39] for the first time. In this research, the flexibility dependent shape
functions were used. These functions are continuously updated during the analysis
depending on the plastic strains into the member. In the proposed formulation, deformation

increments are used rather than total deformation.

Ad(x) = f(x).b(x).F~1.Aq = a(x).Aq (2.17)
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where, A denotes the increment of the corresponding vector, d(x) is section
deformation, f(x) is section flexibility matrix, b(x) is a matrix containing force
interpolation functions, F is element flexibility matrix and q is element deformations. The

vector of element forces without rigid body modes,

Q= {Q1 Q; QS}T (2.18)

It is assumed that the axial force distribution inside the member is constant and the
bending moment distribution is linear. The interpolation functions of the force can be
written as,

D(x) = b(x).Q (2.19)

where D(x) is the section force matrix.

b(x) =

0 0 1
l (2.20)

-1 @) o

where, L is element length. The element flexibility matrix is obtained by the application of

the virtual work principle,
L

F= ] bT(x). £(x). b(x). dx 221)

0

d(x) is section deformation vector can be calculated as,
d(x) = f(x).D(x) (2.22)
As long as no element loads applied, the element equilibrium is satisfied by the force
interpolation functions in Egs. (2.18) and (2.19). In other words, the assumed internal force

distributions are exact, whatever the material nonlinearities take place and even as the

element starts softening when deformed beyond its ultimate resistance.
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2.6. Constitutive law of concrete

To reproduce the real behavior of RC structures are likely to undergo inelastic
response an accurate stress-strain material model is needed.

Sinha et al. [71] published the first attempt to characterize the cyclic behavior of
plain concrete. 48 concrete cylinders were tested and an analytical expression in the study
was developed by using the yielded data. They assumed that the stress strain relationship
of concrete is uniqueness (uniqueness means that unloading and reloading curves of stress-
strain relationship is independent to its previous cycle), the hypothesis of uniqueness was
refuted later by subsequent experimental evidence.

Another formula was proposed for the stress-strain relation of concrete by Karsan
and Jirsa [72], the results are obtained through testing 46 short columns under cyclically
varying axial loads Figure 2.8. The authors reported that the stress-strain paths do not
exceed the envelope curves; furthermore, the unloading and reloading curves starting from
a point within the stress strain domain were not unique. To estimate the next response

cycle the value of stress and strain at the peak of the previous cycle had to be known.
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Figure 2.8. A cyclic compression typical result [72]

A stress strain representation was proposed by Yankelevesky and Reinhardt [73]
geometrical properties of the loading was used to derivation of the model in the uniaxial
stress strain plane. The loading/unloading cycles are modeled by a multi linear curve
defined by six focal points in the stress strain plane.

Mander, Priestley and Park [63] proposed a stress-strain model for concrete

subjected to uniaxial reversed compressive and tension loading for members confined by
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transverse reinforcement. The authors used a modified equation of Popovics [74] for
monotonic compressive loading. The unloading curves were derived by the parameter
adjustment based on selected experimental unloading curves for confined and unconfined
concrete. For the reloading curve, a linear stress-strain relation constructed between the
point of zero stress and the unloading strain, a parabolic transition curve is used between
the unloading strain and the return to the monotonic stress strain. Martinez-Rueda and
Elnashaai [75] modified the model for taking account the effect of degradation in stiffness

and strength due to cyclic loading.
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Figure 2.9. Concrete model for Mander et al. [63]

Chang and Mander [76] defined a stress-strain model for confined and unconfined
concrete Figure 2.9, the model includes both cyclic tension and compression for ordinary
and high strength concrete. The proposed model also calculates the effect of degradation.

Bahn and Hsu [77] introduced a model for concrete under cyclic compression
loading. The model was developed based on theoretical and experimental results for
unconfined concrete. A power type equation was developed for unloading curve and a
linear relationship for reloading.

Palermo and Vecchio [78] proposed a constitutive model for concrete for both cyclic
compression and tension. The model considers stiffness degrading.

An unloading and reloading model presented by Sakai and kawashima [28, 79-81]
for confined concrete with transverse reinforcement. The model derived based on tests
results on reinforced concrete column specimens. In this model the effect of the degree of
confinement, concrete strength, unloading/reloading, repeated unloading/reloading, and

partial loading included.
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2.7. Constitutive law of steel

Modelling of reinforced steel strain-stress behavior has a significant influence on the
response of reinforced concrete members under cyclic and dynamic loading. Steel exhibits
a loss of linearity prior to the attainment of the yield strength in the opposite direction
under cyclic loading, this phenomenon is known as Bauschinger effect. Several models
have been proposed for steel material, the models are taking into account the Bauschinger
effect and other characteristics of steel behavior, among others (Park et al. [82], Aktan et
al. [83], Ma et al. [84], Stanton and McNiven [85], Filippou et al. [86], Monti and Nuti
[61], Chang and Mander [76], Hoehler and Stanton [87]).

Menegotto and Pinto [60] proposed a model for steel material under cyclic loading
Figure 2.10. The steel model that used in this study, was developed by Yassin [88] based
on the model proposed by Menegotto and Pinto [60], and coupled to the isotropic
hardening rules proposed by Filippou et al. [86].

Ale,,a.)

Figure 2.10. Menegotto and Pinto [60].
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3.APPLICATIONS FOR THE REVERSE ENGINNERING METHOD

Numerical analyses were obtained by using Seismo-Struct software. The software
can solve static and dynamic analysis of reinforced concrete and steel structure, distributed
plasticity and lumped plasticity methods are included. In this thesis, distributed plasticity
method was selected for analysis of the reinforced concrete buildings. For verification of
numerical results, experimental test results were used as (a) a bare frame with full scale,
four story building and (b) a 7.32m tall bridge pier. In the proposed numerical solution
scheme, different material properties are predicted. The data for the numerical models was
changed gradually for different cases according to the reverse engineering method by using
ACI-318 and Turkish standard (TS 500) equations. The Mander et al. model is employed
for defining the concrete material and The Menegotto-Pinto steel model is employed for

defining the steel material. HHT-a method was used for dynamic integration method.
3.1. Dynamic Solution Algorithm of the Structure

Equation of motion for the building can be written as,
(M }{a} + [C1{v} + [K]{u} = {F;} (3.1)

where {a} , {v} and {u} are the relative acceleration, velocity and displacement
vectors for the building, respectively. [M] , [C] and [K] is mass matrix, damping matrix

and stiffness matrix of the building, respectively. {F p } is external load vector occurs due to

ground acceleration. In the nonlinear behavior, improved form of Equation (1) according to
HHT — « integration method can be written as,

[M] {a}i+1 + (1 + )[C] (V}iq — alCT (v} + (A + D){F}is1 — alFipq =
(1 + O {F e — afF}, (3.2)
where, o« 1s a parameter controlling the numerical dissipation. To ensure second-order
accuracy and unconditional stability, these parameters should be chosen such that,

ae[—%,o} B=%(l—oc)2; y=%—a

In this study, o is selected as -0.10. [C] matrix is obtained by
[C] = ac[M] + B [K] (3.3)



where, @, and [, are the mass matrix and the stiffness matrix coefficients for Rayleigh

damping, respectively. These cofficients are defined by natural frequencies of two
effective modes. Damping matrix calculation can be also calculated by using only mass
matrix or only stiffness matrix. In this case, these cofficients are calculated by natural

frequency of first effective mode.

3.2. A Bare Frame of a Full-Scale, Four Story Building

Pinto et al. [1] had tested a bare frame of a full-scale, four story building in the ELSA
laboratory (Joint Research Centre, Ispra) in the framework of the ICONS project. The
building is a reinforced concrete 4-storey with 3-bays which one of 2.5 m span and two of
5 m span Figure 3.1. Thickness of the slab is 0.15 m and inner-story height is 2.7 m.
Elevation and plan of the building were given in Figure 3.2. Geometric properties of the
columns and the beams were also shown in Figure 3.3, Figure 3.4, Figure 3.5, Table 3.1

and Table 3.2. This test is called as ELSA-JRCI in this thesis.

Figure 3.1. Reinforced concrete frame, 4-storey with 3-bays [1].

The characteristic reinforced concrete material properties of the frame were
determined by using experimental tests. Uniaxial compressive strength (f.), uniaxial

tensile strength (f.) and elasticity modulus (E.) of the concrete are determined as 16.3
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MPa, 1.9 MPa and 18975 MPa, respectively. Yield strength (fy) and elasticity modulus (Ey)
of the steel were specified as 343 MPa and 200000 MPa, respectively.

In the numerical analysis, two different models were established as Model-A and
Model-B. In the Model-A, columns and beams were modelled through 3D force-based
inelastic frame element with 4 integration sections (points). The number of fibers used in
section was selected as 200. In the Model-B, columns and beams were modelled through

3D displacement-based inelastic frame element. The number of fibers used was assigned as

200.
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Figure 3.2. Four-story, three-bay RC frame geometry [1].

Table 3.1. The columns reinforcement and geometrical details.

Story Coll Col2 Col3 Col4

3tod 0.4x0.2 (6012) 0.25x0.5 (4916 +2012) 0.4x0.2 (6012) 0.3x0.2 (6012)

1to2 0.4x0.2 (6012) 0.25x0.6 (8016 +20312) 0.4x0.2 (8012) 0.3x0.2 (6012)
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The masses of the stories can be assumed as distributed or lumped at floor levels. In
this numerical investigation, masses were assumed as lumped and distributed masses for

ELSA-JRCI frame and, were computed as Table 3.3.

Table 3.2. The beams geometrical details.

Floor Beam
R
4 0.5x025x 1.05x0.15 *
3
2
Height of beam x width x effective width of slab x thickness of slab

4 6012 @12
| 6912
1016+2012
04
03
0.2 ‘ 05 ‘ 02 02
2 Stirrup @ 6 @ 0.15 Stirup @ 6 @ 0,15 Stirup @ 6 @ 0.15 Stirup @ 6 @ 0.15
2 @12
6012
8Pl16+2012
04
025 03
- —_—— = e - -— - K + .
0.2 0.6 02
Stirrup @ 6 @ 0.15 Stirup @ 6 @ 0.15 Stirrup @ 6 @ 0.15 Stirrup @6 @ 0.15
0

Figure 3.3. Reinforcement detail of column sections
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Table 3.3. Distributed and lumped masses assigned to the frame members and joints (ton).

Floor Columnl Column2 Column3 Column4 Distributed
Mass
Roof 4.5 7.8 6.1 29 1.295
2,3and 4 5.7 9 7.4 4.1 1.539
s PR - ;
Ve R

1.539 ton/m

0 W N Y 0 £ D
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1.53% ton‘m
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Figure 3.6. Distribution of loads to the Finite Element (FE) Model.
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Figure 3.7. Time history acceleration loading for 475yrp (Acc-475yrp).
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All base nodes were assumed as fixed support Figure 3.6. All another nodes were
restrained to transition in y direction and rotation about x and z axes because the analysis is
performed in 2D, x-z plane. In nonlinear time-history analysis, two time-acceleration data
were used as Acc475 (475 years return period) and Acc975 (975 years return period)
Figure 3.7, Figure 3.8. These integration records are artificial earthquake acceleration data
and the time integration step in the dynamic analysis was selected as 0.005 sec for
numerical convergence providing.

In the reverse engineering method which this thesis proposed, firstly, it is assumed
that material properties of structural steel class is known. However, five different material
class cases for concrete predicted. At the same time, these predictions were depended on
the regional design codes, Turkish Standard Code (TS 500) and, American Standard Code
(ACI-318). Elasticity modulus (E.) and uniaxial tensile strength (f.) of concrete are
depending on the uniaxial compressive strength (f..) of concrete according to TS 500 and
ACI-318 codes. E. and f. according to TS 500 code are calculated by using equations
(3.4) and (3.5).

foe = 0.35/fcc (MPa) (3.4)
E. = 3250,/f. + 14000 (MPa) (3.5)

E. and f, values according to ACI-318 code are defined by using equations (3.6) and (3.7).
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foe = 0.5563/fc (MPa) (3.6)
E. = 4700,/ (MPa) (3.7)

Predicted five material classes according to both codes were given in Table 3.4 and Table

3.5.

Table 3.4. Concrete material properties according to TS 500 Code.

Compressive Strength | Tensile strength of Modulus of
of concrete (MPa) concrete (MPa) elasticity (MPa)
Case-1 10.0 1.106 24277.402
Case-2 12.0 1.212 25258.330
Case-3 14.0 1.309 26160.386
Case-4 16.0 1.400 27000.000
Case-5 18.0 1.485 27788.582

Table 3.5. Concrete material properties according to ACI-318 Code.

Compressive Strength | Tensile strength of Modulus of

of concrete (MPa) concrete (MPa) elasticity (MPa)
Case-1 10.0 1.759 14862.705
Case-2 12.0 1.927 16281.277
Case-3 14.0 2.081 17585.789
Case-4 16.0 2.225 18800.000
Case-5 18.0 2.360 19940.411
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a) Cracking Zones b) Relative rotations

Figure 3.9. Cracking zones and relative rotation values of the frame [1].

Comparison for top displacements between the experimental and numerical results
obtained for 475 year return period (475yrp) acceleration loading, sixteen maximum peak
displacement points in the time history graphs for each case were selected. In this research,
damage regions obtained from numerical analysis were not compared with experimental
result because slight damage regions were seen in laboratory test under 475yrp loading
type. Thus, these results were neglected. Important damages were observed under 975yrp
acceleration loading and the test was terminated after around 7.5 seconds in order to
prevent total collapse of the structure and because the failure of the 3™ storey was
imminent in this time. Therefore, the comparison for damage regions for the experimental
and numerical model results was studied for the first 7.5 seconds under the 975yrp loading.

Damage regions were determined by using cracking cases and relative rotations
which obtained from inclinometer devices Figure 3.9. Damage regions of lower and upper
sides of Column-2 at third story and lower side of Column-2 at first story were defined as
heavy, severe and severe damage in the report of ELSA test, respectively. Additionally, it
was determined that relative rotations of lower and upper sides of Column-1 and Column-2
at third story were in heavy damage region. Damages occurred at upper side of Column-4
at third story were assumed as moderate. Other frame elements were in the no damage,
light damage and minor damage regions. Categorized damage regions of the frame were

given in Figure 3.10.
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Light damage

Minor damage

Moderate damage

Heavy damage

Severe damage

Figure 3.10. Damage regions defined from experimental results.

3.2.1.Comparison of Model-A according to ACI-318

Top story displacement time history graphs of numerical and experimental results for
Case-1, Case-2, Case-3, Case-4 and Case-5 according to ACI-318 were shown in Figure
3.11-Figure 3.15. Differences between displacements obtained from experimental and
numerical results were determined and mean of the differences were given in Table 3.6.
Mean differences between experimental and the Case-1, Case-2, Case-3, Case-4, Case-5
numerical solutions were calculated as 97.1%, 58.5%, 20.3%, 15.6% and 19.1%,
respectively. Minimum difference was obtained for Case-4 solution.

Damage regions obtained from Model-A according to ACI-318 under earthquake
loading with 975 years return period were given in Figure 3.16. Differences between
damage ratios obtained from experimental and numerical results were determined and
mean of the differences were given in Table 3.7. Mean differences between experimental
and the Case-1, Case-2, Case-3, Case-4, Case-5 numerical solutions were calculated as
19.4%, 16.3%, 16.9%, 13.1% and 14.4%, respectively. Minimum difference was obtained
for Case-4 solution.

Comparison of material properties obtained from Model-A according to ACI-318 by
using reverse engineering and, from experiment test were given in Table 3.8. Differences
for compressive strength and elasticity modulus of concrete are determined as 1.84% and
0.92%, respectively. However, difference for tensile strength of concrete was founded as

17.1%. The result of Case 4 has the best agreement with the ELSA test results.
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Figure 3.11. Top story displacement of numerical and experimental results for Case-1

according to ACI-318.
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Figure 3.12. Top story displacement of numerical and experimental results for Case-2

according to ACI-318.
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Table 3.6. Comparison maximum peak displacements obtained from Model-A according to ACI-318 and from experiment tests.

Mean
Differences (%) Differences
(%)
Time (sec) 3.05 | 3.56 3.96 4.51 5.05 5.78 6.41 7.07 7.66 8.19 8.73 9.23 9.66 | 10.16 | 10.69 | 1135 |  -—--
Case 1 7.76 | 17.90 | 18.64 | 43.04 | 39.37 | 2243 | 183.6 | 136.6 | 345.7 | 186.9 | 43.63 | 86.58 | 87.23 | 48.26 | 14.52 | 69.48 97.1
Case 2 832 | 13.88 | 14.78 | 21.88 | 22.24 | 152.8 | 88.08 | 81.16 | 184.8 | 102.2 | 83.79 | 5.54 | 44.15 | 50.86 | 24.60 | 36.85 58.5
Case 3 7.67 9.69 7.51 232 | 31.84 | 63.84 | 51.22 | 1043 | 37.28 | 17.13 | 2942 | 0.73 9.39 | 10.02 | 0.02 36.75 20.3
Case 4 3.49 9.35 1.40 1.93 | 3434 | 55.51 | 4993 | 1047 | 20.25 | 6.89 | 11.55 | 241 3.08 0.38 6.53 32.42 15.6
Case 5 0.22 1433 | 4.44 4.75 3194 | 6548 | 63.54 | 13.32 | 32.65 | 23.66 | 4.33 5.94 0.46 0.56 7.89 31.29 19.1
Table 3.7. Differences of damaged ratio obtained from Model-A according to ACI-318 and from experiment tests.
Mean
Differences (%) Differences
(%)
Coumn | = |2 | 2|2 | 2|22 272|232 F222 723 RF2]F 272|222 F|=
— — N ()] [sg} N <t <t i — N N (g on <t <t i — o o (o) on < <t = — [o\] [\l o o < <t
No. |C |C|TC|C|0|0|0|0|C|8]0|0|0|C|0|C|8|C|8|TC|8|TC|C|T|3|T|D|T|D|T|T|3D
Case 1 0 0 [20]20 40|60 | O | 20|20 |20|40|(40|20]20(20]| O 0 0 (20120140 (40| O |20 O 0 20120140 ]20]40]| O 194
Case 2 0 0 [20] O {4040 | O | 20|40 |20 (40 (40| O 0120] O 0 0 [20]120]20(20| 0 |20 O 0 20120140 ]20]40]| O 16.3
Case 3 0 0120|2040 (40| 0 {2020 (2040 |40|20| O {20 O 0 0201202020 0 |20 O 0]20(20(60| O |40 O 16.9
Case 4 0 0|20 0 |40 40| 0 | 2020 |20 (40|40 | 20| O 0 0 0 0 0 0 0 0 0 [20] O 0 201201 60] O |40 | O 13.1
Case 5 0 0 [20] 0 {40 (40| O | 2020|2040 (40| 20| O 0 0 0 0 0 0 [20]120] 0 |20 O 020120160 ] O |40 | O 14.4
Table 3.8. Comparison of material properties obtained from Model-A according to ACI-318 by using reverse engineering and from
experiment test.
Compressive Tensile Strength Elasticity Modulus
Strength (MPa) (MPa) (MPa)
Reverse Engineering 16.0 2.225 18800
Laboratory Test Results 16.3 1.90 18975
Difference 1.84% 17.1% 0.92%
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Figure 3.13. Top story displacement of numerical and experimental results for Case-3

according to ACI-318.

& 8

S

8

Top displacement (mm)
& o

s 8

o

5 10 15
Time (Sec.)

Figure 3.14. Top story displacement of numerical and experimental results for Case-4

according to ACI-318.
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Figure 3.15. Top story displacement of numerical and experimental results for Case-5

according to ACI-318.
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a) Case-1 b) Case-2

c) Case-3 d) Case-4

e) Case-5

Figure 3.16. Damage regions obtained from Model-A according to ACI-318 for all cases.
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3.2.2.Comparison of Model-A according to TS 500

Top story displacement time history graphs of numerical and experimental results for
Case-1, Case-2, Case-3, Case-4 and Case-5 according to TS 500 were shown in Figure
3.17-Figure 3.21. Differences between displacements obtained from experimental and
numerical results were determined and mean of the differences were given in Table 3.9.
Mean differences between experimental and the Case-1, Case-2, Case-3, Case-4, Case-5
numerical solutions were calculated as 97.1%, 63.5%, 45.5%, 28.6% and 30.5%,
respectively. Minimum difference was obtained for Case-4 solution.

Damage regions obtained from Model-A according to TS 500 under earthquake
loading with 975 years return period were given in Figure 3.22. Differences between
damage ratios obtained from experimental and numerical results were determined and
mean of the differences were given in Table 3.10. Mean differences between experimental
and the Case-1, Case-2, Case-3, Case-4, Case-5 numerical solutions were calculated as
18.8%, 16.3%, 15.6%, 11.88% and 13.12%, respectively. Minimum difference was

obtained for Case-4 solution.
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Figure 3.17. Top story displacement of numerical and experimental results for Case-1

according to TS 500.

Comparison of material properties obtained from Model-A according to TS 500 by
using reverse engineering and from experiment test were given in Table 3.11. Difference

was defined as 1.84% for compressive strength. However, differences for tensile strength
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and elasticity modulus were found as 26.3% and 42.3%, respectively. The results of Case 4

showed best agreement with the ELSA test results.
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Figure 3.18. Top story displacement of numerical and experimental results for Case-2

according to TS 500.
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Figure 3.19. Top story displacement of numerical and experimental results for Case-3

according to TS 500.
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Figure 3.20. Top story displacement of numerical and experimental results for Case-4

according to TS 500.
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Figure 3.21. Top story displacement of numerical and experimental results for Case-5

according to TS 500.
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Table 3.9. Comparison maximum peak displacements obtained from Model-A according to TS 500 and from experiment tests.

Mean
Differences (%) Differences
(%)
Time (sec) 3.05 | 3.56 3.96 4.51 5.05 5.78 6.41 7.07 7.66 8.19 8.73 9.23 9.66 10.16 | 10.69 | 1135 | -
Case 1 7.67 | 17.39 | 26.75 | 45.86 | 35.28 | 205.0 | 161.6 | 134.5 | 3248 | 167.2 | 74.88 | 73.19 | 97.99 | 67.54 | 31.05 | 83.43 97.13
Case 2 5.80 | 14.22 | 16.01 | 34.48 | 23.76 | 160.0 | 103.5 | 9491 | 1958 | 118.4 | 88.15 8.53 | 4397 | 50.71 | 25.25 | 32.06 63.47
Case 3 5.62 | 20.34 | 14.56 | 32.87 | 26.73 | 129.5 | 72.53 | 70.26 | 111.6 | 71.22 | 71.28 | 19.37 | 21.07 | 22.42 3.05 35.92 45.52
Case 4 1.05 | 20.06 | 9.98 | 27.68 | 29.84 | 1049 | 35.07 | 43.02 | 57.69 | 33.61 | 45.36 | 24.91 0.07 3.72 7.78 12.35 28.57
Case 5 1.83 | 24.59 8.39 31.05 | 32.71 | 111.2 | 76.30 | 29.83 | 7543 | 1595 | 27.15 | 21.48 7.71 5.65 15.54 3.50 30.52
Table 3.10. Differences of damaged ratio obtained from Model-A according to TS 500 and from experiment tests.
Mean
Differences (%) Differences
(%)
Coumn | = |2 [ 2| R | 2|2 F |27 2R|3|R|22F2 7R3 R|2F|2]F2[72R2=2R]22R|F=
— - | a8 « el | | | ||l I | =] =|la|la|la|lao|lt| | = —=|laalaloa|loa| S| <
No. |5 |C|o|C|C|o|0|o|O|8|C|C|0|C|0|C|38|8|T|T|0|3|T|T|3|3|0|3|S|d|T|I
Casel | O | 0 [20[20|60|40| O | 20|40 20|40 [40| 0| 0|20 0| 0| 0|20[20[40|40| 0 [20] 0 | 0 [20]20]40[20[40] 0 18.8
Case2 | O | 0 [20] O [40|40| 0 | 20|40 |20|20[40[20| 0 [20] 0| 0| 0 ]20[20[20]20] 0 [20] 0] 01]20[20/[60| 0 [40] 0 16.3
Case3 | 0 | 0 |20] 0 [40 40| 0 |20]20[20]20[40|20] 0 |20 0 | 0 |0 [20[20][20{20| 0|20 0| 0]20|20{60| 0 |40] 0 15.6
Cased | 0 | 0 |20]20[40 40| 0 |20]|20| 0 |40|40|20] 0| O0O|O0O[O0O|O]O|O|O|O|O|2[0]0]0/|0]60|0]20]20 11.88
Case5 | 0 | 0 |20] 0 [40|20] 0 |20 O [20]40[40|20] 0| O |20({0 | 0] 0|O0O|O0|0|0|20[0]|0]0/|0/]8[20]|40]20 13.12
Table 3.11. Comparison of material properties obtained from Model-A according to TS 500 by using reverse engineering and from
experiment test.
Compressive Tensile Strength Elasticity
Strength (MPa) (MPa) Modulus (MPa)
Reverse Engineering 16.0 1.4 27000
Laboratory Test Results 16.3 1.90 18975
Difference 1.84% 26.3% 42.3%
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Figure 3.22. Damage regions obtained from Model-A according to TS 500 for all cases.
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3.2.3.Comparison of Model-B according to ACI-318

Top story displacement time history graphs of numerical and experimental results
for Case-1, Case-2, Case-3, Case-4 and Case-5 according to ACI-318 were shown in
Figure 3.23-Figure 3.27. Differences between displacements obtained from experimental
and numerical results were determined and mean of the differences were given in Table
3.12. Mean differences between experimental and the Case-1, Case-2, Case-3, Case-4,
Case-5 numerical solutions were calculated as 35.24%, 15.74%, 11.94%, 13.95% and
15.71%, respectively. Minimum difference was obtained for Case-3 solution.

Damage regions obtained from Model-B according to ACI-318 under earthquake
loading with 975 years return period were given in

Figure 3.28. differences between damage ratios obtained from experimental and
numerical results were determined and mean of the differences were given in Table 3.13.
Mean differences between experimental and the Case-1, Case-2, Case-3, Case-4, Case-5
numerical solutions were calculated as 21.3%, 20.6%, 20%, 23.1% and 22.5%,

respectively. Minimum difference was obtained for Case-3 solution.
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Figure 3.23. Top story displacement of numerical and experimental results for Case-1

according to ACI-31
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Table 3.12. Comparison maximum peak displacements obtained from Model-B according to ACI-318 and from experiment tests.

Mean
Differences (%) Differences
(%)
Time (sec) 3.05| 3.56 3.96 4.51 5.05 5.78 6.41 7.07 7.66 8.19 8.73 9.23 9.66 | 10.16 | 10.69 | 1135 | = -
Case 1 11.55 | 21.76 | 14.75 | 28.29 | 15.10 | 120.6 | 39.64 | 67.46 | 68.21 | 63.04 | 42.33 | 31.80 | 2041 | 4.73 4.33 9.78 35.24
Case 2 10.81 | 12.12 | 9.48 6.74 | 1394 | 69.79 | 16.15 | 7.46 | 2457 | 4.59 5.36 7.04 9.56 5.13 15.21 | 33.81 15.74
Case 3 7.84 6.97 6.06 4.86 7.97 | 32.89 | 5.46 8.41 377 | 12,18 | 0.60 | 16.74 | 3.01 9.31 | 22.15 | 42.87 11.94
Case 4 1.53 9.46 1.81 1657 | 7.03 | 17.04 | 17.29 | 1.08 | 14.52 | 23.78 | 6.32 | 23.09 | 1.24 | 10.68 | 24.87 | 46.94 13.95
Case 5 418 | 2261 | 230 | 21.44 | 11.88 | 36.31 | 17.39 | 2.28 | 10.52 | 14.77 | 10.35 | 3.98 2.25 9.18 | 26.07 | 55.79 15.71
Table 3.13. Differences of damaged ratio obtained from Model-B according to ACI-318 and from experiment tests.
Mean
Differences (%) Differences
(%)
Coumn | = | 2| 2| 2R | 2|22 R 222|222 F|222R 2222222222222 R
— — N S\ o o < < — — N N [\ ¢} < < — — N N o) ) < <t hary — [\ N [sa) o = <
N. |S|T|C|o|C|o|o|o|C|0|8|0|0|8|0|0|8|0|8|8|8|0|8|8|S|T|3|d|2|3|0]|3T
Case 1 0] 0 |[20]20|60]|60|20| 0 |40|20|40]|40|40|20]|20| 0O | O | 0O |20]20(40 40|20 O | O | O |20]20|20]|40|40| O 21.25
Case 2 0] 0 |[20]20|60|60| O | O |40|20(40]|40|40| 0O |20 0| O | 0O ]20]20|(60|40|20| O | O | O |20]20|40]|20|40| O 20.625
Case 3 0] 0 [20]20|60]|60|20| 0 |20|20(40|40|40| 0 |20 0 | O | 0O ]|]20]20(40| 40|20 O | O | O |20]20|20]|40|40| O 20
Case 4 0] 0 [20]20|60|60|20| 0 |20|20 (40|40 |40 |40]|20| 0 | O | O |20]20|60 | 60| O |20 O | 20|20 |20 |20]|40 |40 O 23.125
Case 5 0] 0 ([20]20|60|60| O [20] O [20|40|40|40|40]|20| 0 | O | O |20]20|60]|60| O [20| O |20]20 20|20 40|20 |20 22.5

Table 3.14. Comparison of material properties obtained from Model-B according to ACI-318 by using reverse engineering and from

experiment test.

Compressive Tensile Strength Elasticity
Strength (MPa) (MPa) Modulus (MPa)
Reverse Engineering 14 2.08 17585.79
Laboratory Test Results 16.3 1.90 18975
Difference 14.11% 9.53% 7.32%
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Comparison of material properties obtained from Model-B according to ACI-318 by using
reverse engineering and from experiment tests were given in Table 3.14. Difference was defined
as 14.11% for compressive strength. However, differences for tensile strength and elasticity
modulus were computed as 9.53% and 7.32%, respectively.
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Figure 3.24. Top story displacement of numerical and experimental results for Case-2 according

to ACI-318.
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Figure 3.25. Top story displacement of numerical and experimental results for Case-3 according

to ACI-318.
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Figure 3.26. Top story displacement of numerical and experimental results for Case-4 according

to ACI-318-318.
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Figure 3.27. Top story displacement of numerical and experimental results for Case-5 according

to ACI-318.
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Figure 3.28. Damage regions obtained from Model-B according to ACI-318 for all cases.
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3.2.4.Comparison of Model-B according to TS 500

Top story displacement time history graphs of numerical and experimental results for
Case-1, Case-2, Case-3, Case-4 and Case-5 according to TS 500 were shown in Figure 3.29-
Figure 3.33. Differences between displacements obtained from experimental and numerical
results were determined and mean of the differences were given in Table 3.15. Mean differences
between experimental and the Case-1, Case-2, Case-3, Case-4, Case-5 numerical solutions were
computed as 39.33%, 16.71%, 17.39%, 15.85% and 18.01%, respectively. Minimum difference
was obtained for Case-4 solution.

Damage regions obtained from Model-A according to ACI-318 under earthquake loading
with 975 years return period were given in Figure 3.34. Differences between damage ratios
obtained from experimental and numerical results were determined and mean of the differences
were given in Table 3.16. Mean differences between experimental and the Case-1, Case-2, Case-
3, Case-4, Case-5 numerical solutions were calculated as 19.4%, 19.4%, 20%, 20% and 19.4%,
respectively. Minimum difference was obtained for Case-1, Case-2 and Case-5 solutions. In the
solutions obtained from Model-B according to TS 500, no agreements were observed for the
differences between numerical and experimental results with regard to top displacement and

damage ratio.
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Figure 3.29. Top story displacement of numerical and experimental results for Case-1 according

to TS 500.
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Table 3.15. Comparison maximum peak displacements obtained from Model-B according to TS 500 and from experiment tests.

Mean
Differences (%) Differences
(%)
Time (sec) | 3.05 3.56 3.96 4.51 5.05 5.78 6.41 7.07 7.66 8.19 8.73 9.23 9.66 | 10.16 | 10.69 | 11.35 | -
Case 1 227 | 1241 | 8.44 | 21.27 | 16.88 | 125.7 | 41.23 | 7474 | 92.15 | 80.99 | 55.51 | 45.11 | 20.44 | 6.53 3.18 22.44 39.33
Case 2 1.83 6.80 4.44 9.56 | 14.74 | 91.59 | 31.99 | 5.34 0.55 5.24 8.75 7.55 7.03 9.79 | 18.60 | 43.59 16.71
Case 3 7.02 7.25 1.01 8.07 | 11.81 | 76.12 | 18.68 | 22.84 | 28.89 | 9.18 | 12.21 1.86 6.72 8.71 19.92 | 3793 17.39
Case 4 9.02 | 1292 | 2.17 | 17.68 | 1279 | 69.57 | 591 | 13.75 | 9.89 0.59 8.79 4.85 3.38 9.71 | 2295 | 49.72 15.85
Case 5 13.12 | 16.66 | 5.43 | 26.96 | 10.87 | 48.66 | 3.73 043 | 1821 | 2148 | 592 | 11.09 | 1.40 | 12.67 | 28.05 | 63.46 18.01
Table 3.16. Differences of damaged ratio obtained from Model-B according to TS 500 and from experiment tests.
Mean
Differences (%) Differences
(%)
Coumn | = |2 2[R [ 2|22 R[22 2222 F|2|FR] 32222222222 FR
— — ] N o o < < - — N N I\ o < < — — [\ [\ ) ) < <t hary — o\ o\ an) [aa) = <
N. |5 |TC|C|C|o|o|o|o|8|0|0|8|0|0|8|0|8]8|8|0|3|0|8|8|3|0|3|3|S|T|T|D
Case 1 0 0 [2020]60|60| O [20|40| O [40|40]|20(20 (20| O | O | O |20]{20]40 40| 0 |20 O | O |20]20 (2020|401 O 19.375
Case 2 0 0 [2020(60|60| 0 [20|20]20(40 40|20 O (20| O | O | O |20]{20]40|40|20| O | O | O |20|20|40|20|401] O 19.375
Case 3 0 0 [2020]60|60| 0 [20|20]20|40 402020 (20| 0 | O | O |20]{20]40 40| 0O |20 O | O |20]20 |40 | 20|40 O 20
Case 4 0 0 [2020(60 60| 0 [20|20]20|40 4020|2020 O | O | O |20 204040 200 0| 0 [2020]40|20(40 | O 20
Case 5 0 0 [2020(60|60| O [20| O |20[40 4020|2020 O | O | O |20]20]40 (40| O |20 O | O | 20|20 |20 |40 2020 19.375
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Figure 3.30. Top story displacement of numerical and experimental results for Case-2

according to TS 500.
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Figure 3.31. Top story displacement of numerical and experimental results for Case-3
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Figure 3.32. Top story displacement of numerical and experimental results for Case-4

according to TS 500.
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Figure 3.33. Top story displacement of numerical and experimental results for Case-5

according to TS 500.

45



a) Case-1 b) Case-2

c¢) Case-3 d) Case-4

e) Case-5

Figure 3.34. Damage regions obtained from Model-B according to TS 500 for all cases.
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3.2.5.Fiber Element Number Effect on the Numerical Solution

In this subsection, the effect on numerical solution of fiber element number was
investigated. In the numerical analyses, Case-3 for Model-A and Model-B according to
ACI-318 were used. 16 peak points of top displcement time history graph were selected for
comparison of numerical and experimental results Figure 3.35, Figure 3.36. This
comparison were given in Table 3.17 and Table 3.18. Each cross section was divided as
100, 200, 300, 400, 500, 600, 700 and 800 fiber element number for the Model A. In this
model, mean differences were determined as 21.56%, 20.33%, 18.98%, 17.87%, 17.59%,
17.25%, 17.38% and 17.40% for fiber element number 100, 200, 300, 400, 500, 600, 700
and 800, respectively. Optimum fiber element number was obtained for 600.

Additional solutions were obtained for the Model B and each cross section was
divided to 100, 200, 300, 400 and 500 fiber element number. In numerical results of the
model, mean differences were determined as 12.07%, 11.94%, 11.26%, 11.74% and
11.84% for fiber element number 100, 200, 300, 400 and 500, respectively. Optimum

difference was obtained as 11.26% for solution with 300 fiber element number.

60

20 - Lo

Top displacement (mm)

=N
[

e
S

o
o
L]
(4]
ol
o

10
Time (Sec.)

Figure 3.35. Numerical Model-A according to ACI-318, Case-3
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Table 3.17. Comparison between experimental data and Model-A, Case-3

Mean
Fiber No. Differences (%) Differences
(%)
Time (sec) 3.05 | 3.56 3.96 4.51 5.05 5.78 6.41 7.07 7.66 8.19 8.73 9.23 9.66 | 10.16 | 10.69 | 11.35
100- fiber | 6.71 8.95 6.41 1.60 | 32.96 | 62.80 | 52.11 | 12.63 | 41.44 | 20.07 | 32.21 | 1.50 | 11.88 | 11.76 | 1.44 | 40.50 21.56
200- fiber 7.67 9.69 7.51 232 | 31.84 | 63.84 | 51.22 | 1043 | 37.28 | 17.13 | 2942 | 0.73 9.39 | 10.02 | 0.02 | 36.75 20.33
300- fiber | 7.10 | 10.14 | 6.36 1.33 | 3191 | 62.35 | 50.02 | 6.51 | 32.18 | 13.83 | 25.22 | 8.24 8.76 4.51 0.21 | 35.05 18.98
400- fiber | 6.88 | 10.25 | 6.30 144 | 31.80 | 61.61 | 51.71 | 6.12 | 11.38 | 12.65 | 24.49 | 8.86 8.78 491 1.00 | 37.73 17.87
500- fiber 6.84 | 10.20 | 6.17 1.27 | 31.76 | 61.16 | 51.52 | 5.60 | 11.22 | 12.18 | 24.13 | 8.86 8.82 4.56 0.98 | 36.18 17.59
600- fiber 6.80 | 10.08 | 6.14 0.88 | 31.87 | 60.79 | 51.22 | 4.83 | 10.52 | 11.30 | 23.33 | 8.86 8.41 4.05 1.21 | 35.72 17.25
700- fiber | 6.58 9.80 5.98 0.72 | 3198 | 60.19 | 50.82 | 6.21 | 10.75 | 13.18 | 2443 | 8.24 9.04 4.65 0.21 | 35.31 17.38
800- fiber | 6.62 9.80 5.95 0.77 | 3198 | 60.04 | 50.72 | 5.99 | 11.77 | 12.95 | 24.53 | 8.42 8.67 4.38 0.77 | 35.05 17.40
Table 3.18. Comparison between experimental data and Model-B, Case-3
Mean
Fiber No. Differences (%) Differences
(%)
100- fiber | 7.49 7.37 5.98 2.65 9.89 | 3936 | 1.54 | 11.29 | 6.44 9.71 2.03 | 1426 | 3.23 9.36 | 21.76 | 40.71 12.07
200- fiber | 7.84 6.97 6.06 | 4.86 7.97 | 32.89 | 5.46 8.41 377 | 12.18 | 0.60 | 16.74 | 3.01 9.31 | 22.15 | 42.87 11.94
300- fiber 6.62 6.40 6.11 5.47 7.10 | 28.87 | 6.81 7.54 0.71 | 14.13 | 1.03 | 17.51 | 3.32 8.76 | 20.77 | 39.06 11.26
400- fiber 6.32 6.86 5.59 5.80 793 | 31.70 | 591 9.61 141 | 13.13 | 0.27 | 16.89 | 2.82 9.14 | 21.99 | 42.56 11.74
500- fiber | 6.45 7.08 5.59 9.94 7.93 | 30.13 | 6.56 9.66 1.02 | 13.83 | 0.10 | 16.96 | 3.08 9.04 | 22.07 | 39.99 11.84
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3.3. Investigation of a Bridge Pier with Reverse Engineering Method

A full scale 7.32m tall bridge pier was selected as second case study for verification
of the numerical models validity in this thesis. Diameter of the circular pier was 1.22m
Figure 3.37. The bridge pier was tested in Pacific Earthquake Engineering Research Center
(PEER) under ten consequent artificial accelerations respectively by using shaking table
dynamic testing. The response of the pier bridge was recorded in terms of top
displacement, base shear, etc. Damaged regions with the level of damage also recorded
after each acceleration loading. For verification of the numerical models, the results of the
3" earthquake test was used because in that test significant damage occurred [2].

In the proposed numerical solution scheme, different material properties are
predicted. The data for the numerical models was changed gradually for different

numerical cases according to the reverse engineering method for ACI-318 and TS-500.

Figure 3.37. General layout of the tested bridge pier [2].

Two numerical models verified by using SeismoStruct-2016 software package,
Model-A force based and Model-B displacement based. Mander et al. model is used for
uniaxial reversal response of the concrete material. The Menegotto-Pinto steel model is

selected for nonlinear behavior of the steel material.
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3.3.1.Reverse Engineering Approach for The Bridge Pier.

In the reverse engineering method proposed in this thesis, firstly, it is assumed that
material properties of structural steel is known, However, four different material class
cases for concrete predicted to Model-A and six different material class cases predicted for
Model-B. At the same time, these predictions were obtained according to the American

Concrete Institute (ACI-318) and the Turkish Reinforced Concrete Design Code (TS 500).

Elasticity modulus (E_ ) and uniaxial tensile strength (f, ) of concrete are depending on the

uniaxial compressive strength (f ) of concrete for both codes. E, and f, values according

to TS 500 and ACI-318 codes are defined by using equations (3.4)-(3.5) and equations
(3.6)-(3.7), respectively. Predicted material properties of concrete for both codes were
given in Table 3.19, Table 3.20, Table 3.21 and Table 3.22 according to Force Based
Approach (Model A) and Displacement Based Approach (Model B), respectively.

Table 3.19. Concrete material properties according to ACI-318 for Model-A.

Compressive Strength | Tensile strength of Modulus of
of concrete (MPa) concrete (MPa) elasticity (MPa)
Case-1 26 2.84 23965
Case-2 28 2.94 24870
Case-3 30 3.05 25743
Case-4 32 3.15 26587

Table 3.20. Concrete material properties according to TS 500 for Model-A.

Compressive Strength | Tensile strength of Modulus of
of concrete (MPa) concrete (MPa) elasticity (MPa)
Case-1 26 1.78 30572
Case-2 28 1.85 31197
Case-3 30 1.92 31800
Case-4 32 1.98 32384

Table 3.21. Concrete material properties according to ACI-318 for Model-B

Compressive Strength | Tensile strength of Modulus of
of concrete (MPa) concrete (MPa) elasticity (MPa)
Case-1 25 2.78 23500
Case-2 26 2.84 23965
Case-3 27 2.89 24421
Case-4 28 2.94 24870
Case-5 29 2.99 25310
Case-6 30 3.05 25743
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Table 3.22. Concrete material properties according to TS 500 for Model-B

Compressive Strength | Tensile strength of Modulus of
of concrete (MPa) concrete (MPa) elasticity (MPa)
Case-1 25 1.75 30250
Case-2 26 1.78 30572
Case-3 27 1.82 30887
Case-4 28 1.85 31197
Case-5 29 1.88 31502
Case-6 30 1.92 31800

Comparison for top displacements between the experimental and numerical results
obtained for the bridge pier, four maximum peak displacement points in the time history
graphs for each case were selected. In the example, damage regions obtained from
numerical analysis were not compared with experimental results because same damage

level (severe damage) was observed for all numerical models.

3.3.2. Comparison of Model-A according to ACI-318

Top story displacement time history graphs of numerical and experimental results for
Case-1 to Case-4 according to ACI-318 are shown in Figure 3.38-Figure 3.41. Differences
between displacements obtained from experimental and numerical results are determined
and mean values of the differences are given in Table 3.23. Mean differences between
experimental with numerical solutions of the Case-1, Case-2, Case-3 and Case-4 were
obtained as 4.2%, 3.2%, 2.4% and 3.0%, respectively. Minimum difference is determined
for Case-3 solution. Differences between experimental and numerical result of C30
concrete class for compressive strength and elasticity modulus of concrete are 0.0% and

7.2%, respectively Table 3.24.

Table 3.23. Comparison maximum top displacement obtained from Model-A according to

ACI-318 and from experiment tests.

Difference % Mean
f. (MPa)
Point-1 | Point-2 | Point-3 | Point-4 | Difference %
26 0.2 1.5 9.3 5.9 4.2
28 0.5 0.0 5.6 6.8 3.2
30 0.5 1.5 0.8 6.9 2.4
32 2.0 2.8 4.5 2.8 3.0
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Table 3.24. Comparison of material properties obtained from Model-A according to ACI-

318 by using reverse engineering and from experiment test.

Compressive Strength (MPa)

Elasticity Modulus (MPa)

Reverse Engineering

30.0

25742.0

Laboratory Test Results

30.0

24000.0

Difference

0.0%

7.2 %
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Figure 3.38. Top story displacement of numerical and experimental results for 26 MPa

according to ACI-318.
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Figure 3.39. Top story displacement of numerical and experimental results for 28 MPa

according to ACI-318.
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Figure 3.41. Top story displacement of numerical and experimental results for 32 MPa

according to ACI-318.

3.3.3.Comparison of Model-B according to ACI-318

Top story displacement time history graphs of numerical and experimental results for
Case-1, Case-2, Case-3, Case-4, Case-5 and Case-6 according to ACI-318 are shown in
Figure 3.42-Figure 3.47. Differences between displacements obtained from experimental

and numerical results were determined and mean of the differences were given in Table
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3.25. Mean differences between experimental and the Case-1, Case-2, Case-3, Case-4,

Case-5, Case-6 numerical solutions are 4.53%, 3.65%, 3.19%,3.66%, 3.76%, 3.88% and

3.98%, respectively. Minimum displacement difference is obtained for Case-3 solution.

Table 3.25. Comparison maximum top displacement obtained from Model-B according
to ACI-318 and from experimental results.
Difference % Mean
f. (MPa)
Point-1 | Point-2 | Point-3 | Point-4 | Difference %
25 2.2 1.1 4.5 10.4 4.53
26 24 0.3 1.9 10.0 3.65
27 24 0.5 0.4 9.5 3.19
28 2.2 1.2 24 8.8 3.66
29 2.5 2.2 2.6 7.7 3.76
30 3.6 3.4 1.6 7.0 3.88
Table 3.26.  Comparison of material properties obtained from Model-B according to

ACI-318 by using reverse engineering and from experiment test.

Compressive Strength Elasticity Modulus
(MPa) (MPa)
Reverse Engineering 27.0 24422.0
Laboratory Test Results 30.0 24000.0
Difference 10 % 1.76 %

Differences between experimental and numerical result of C27 concrete class for

compressive strength and elasticity modulus of concrete are 10.0% and 1.76%, respectively

Table 3.26. The Force Based Fiber Element Method with regard to compressive strength of

concrete is better than Displacement Based Fiber Element Method. The Displacement

Based Fiber Element Method with regard to elasticity modulus of concrete is also given

excellent result.

55




200 , \ , .
ﬂ — Em.

100+

o
)
Il

Top displacement (mm)
=
o
T

200+ ]
300+ 1
400’ : ‘ ' '
0 5 10 15 2 P 20 3 40
Time (Sec.)

Figure 3.42. Top story displacement of numerical and experimental results for 25 MPa

according to ACI-318.
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Figure 3.43. Top story displacement of numerical and experimental results for 26 MPa

according to ACI-318.
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Figure 3.45. Top story displacement of numerical and experimental results for 28 MPa

according to ACI-318.
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Figure 3.46. Top story displacement of numerical and experimental results for 29 MPa

according to ACI-318.
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Figure 3.47. Top story displacement of numerical and experimental results for 30 MPa

according to ACI-318.

3.3.4.Comparison of Model-A according to TS 500

Top story displacement time history graphs of numerical and experimental results for
Case-1, Case-2, Case-3, and Case-4 according to TS 500 are shown in Figure 3.48-Figure
3.51. Differences between displacements obtained from experimental and numerical results

were determined and mean of the differences were given in Table 3.27. Mean differences
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between experimental and the Case-1, Case-2, Case-3, Case-4 numerical solutions are
3.9%, 3.3%, 4.6% and 5.5%, respectively. Minimum difference was obtained for Case-2

solution.

Table 3.27.  Comparison maximum top displacement obtained from Model-A according

to TS 500 and from experimental results.

Difference % Mean
f. (MPa)
Point-1 | Point-2 | Point-3 | Point-4 | Difference %
26 2.0 2.0 3.6 8.1 3.9
28 3.0 3.3 2.3 4.4 33
30 3.4 4.3 6.5 4.4 4.6
32 4.8 5.6 7.9 3.9 5.5

Table 3.28. Comparison of material properties obtained from Model-A according to TS

500 by using reverse engineering and from experiment test.

Compressive Strength Elasticity Modulus
(MPa) (MPa)
Reverse Engineering 28 31197
Laboratory Test Results 30 24000
Difference 6.7 % 29.9 %

Differences between experimental and numerical result of C28 concrete class for
compressive strength and elasticity modulus of concrete are 6.7% and 29.9%, respectively

Table 3.28.
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Figure 3.48. Top story displacement of numerical and experimental results for 26 MPa

according to TS 500.
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Figure 3.49. Top story displacement of numerical and experimental results for 28 MPa

according to TS 500.
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Figure 3.51. Top story displacement of numerical and experimental results for 32 MPa

according to TS 500.
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3.3.5.Comparison of Model-B according to TS 500

Top story displacement time history graphs of numerical and experimental results for
Case-1, Case-2, Case-3, Case-4, Case-5 and Case-6 according to TS 500 are shown in
Figure 3.52-Figure 3.57. Differences between displacements obtained from experimental
and numerical results were determined and mean of the differences were given in Table
3.29. Mean differences between experimental and the Case-1, Case-2, Case-3, Case-4,
Case-5, Case-6 numerical solutions are 2.82%, 3.42%, 4.57%, 4.59%, 5.20% and 4.39%,

respectively. Minimum displacement difference is obtained for Case-1 solution.

Table 3.29. Comparison maximum top displacement obtained from Model-B according

to TS 500 and from experiment tests.

f. (MPa) Difference % . Mean
¢ Point-1 | Point-2 | Point-3 | Point-4 | Difference %
25 1.8 0.5 3.7 5.3 2.82
26 3.0 2.0 1.2 7.5 3.42
27 5.1 34 3.1 6.8 4.57
28 5.3 3.7 3.5 5.9 4.59
29 5.3 4.3 3.0 5.2 5.20
30 5.6 5.0 2.3 4.7 4.39

Table 3.30. Comparison of material properties obtained from Model-A according to TS

500 by using reverse engineering and from experiment test.

Compressive Strength Elasticity Modulus
(MPa) (MPa)
Reverse Engineering 28 30250
Laboratory Test Results 30 24000
Difference 16.7 % 26.0%

Differences between experimental and numerical result of C28 concrete class for
compressive strength and elasticity modulus of concrete are 16.7% and 26.0%, respectively
Table 3.30. The Force Based Fiber Element Method with regard to compressive strength of
concrete is better than Displacement Based Fiber Element Method. The Displacement
Based Fiber Element Method with regard to elasticity modulus of concrete is also given

good result.
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Figure 3.53. Top story displacement of numerical and experimental results for 26 MPa

according to TS 500.
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Figure 3.55. Top story displacement of numerical and experimental results for 28 MPa

according to TS 500.
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Figure 3.57. Top story displacement of numerical and experimental results for 30 MPa

according to TS 500.

3.3.6.Comparison of Damage Regions

Schoettler et al. [2] indicated that after the 31 earthquake acceleration loading,
significant cracking developed at the base of the bridge pier and spalling at pier concrete
occurred Figure 3.58. Severe damage regions at the base of the bridge pier were obtained

from the analysis results of all numerical modelling approaches. No significant difference
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between damaged regions determined from experimental and numerical results were

observed.

Figure 3.58. The damage regions at the base of the pier in different sides.

3.3.7.Fiber Element Number Effect on the Numerical Solution

In this subsection, the effect on numerical solution of fiber element number was
investigated. In the numerical analyses, Case-3 for Model-A and Model-B according to
ACI-318 were used. Four peak points of top displcement time history graph were selected
for comparison of numerical and experimental results Figure 3.59, Figure 3.60. This
comparison were given in Table 3.31 and Table 3.32. Each cross section was divided as
50, 75, 100, 150, 200, 250 and 350 fiber element number for the Model A. In this model,
mean differences were determined as 8.01%, 3.39%, 1.66%, 1.59%, 2.37%, 2.45% and
2.65% for fiber element number 50, 75, 100, 150, 200, 250 and 350, respectively.
Optimum fiber element number was obtained for 150.

Additional solutions were obtained for the Model B and each cross section was
divided to 50, 100, 200, 250, 350, 400 and 500 fiber element number. In numerical results
of the model, mean differences were determined as 6.21%, 3.27%, 3.19%, 2.91%, 3.0%,
3.16% and 3.19% for fiber element number 50, 100, 200, 250, 350, 400 and 500,
respectively. Optimum difference was obtained as 2.91% for solution with 250 fiber

element number.
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Figure 3.59. Numerical Model-A according to ACI-318, Case-3

Table 3.31. Comparison between experimental data and Model-A, Case-3

f. (MPa) Difference % Mean
Point-1 | Point-2 | Point-3 | Point-4 | Difference %
50-Fiber 5.8 7.7 15.4 3.1 8.01
75-Fiber 0.7 2.4 1.9 8.6 3.39
100-Fiber 0.1 0.6 0.8 5.2 1.66
150-Fiber 0.0 1.1 0.5 4.8 1.59
200-Fiber 0.4 1.6 0.7 6.8 2.37
250-Fiber 0.7 1.6 0.5 7.1 2.45
350-Fiber 0.4 1.5 1.0 7.7 2.65

Table 3.32. Comparison between experimental data and Model-B, Case-3

f. (MPa) Difference % . Mean
Point-1 | Point-2 | Point-3 | Point-4 | Difference %

50-Fiber 6.9 7.3 4.5 6.2 6.21
100-Fiber 1.6 0.5 0.4 10.5 3.27
200-Fiber 2.2 0.5 0.4 9.7 3.19
250-Fiber 2.4 0.4 0.3 8.6 2.91
350-Fiber 2.4 0.5 0.4 8.7 3.0
400-Fiber 2.4 0.5 0.3 9.5 3.16
500-Fiber 2.4 0.5 0.4 9.5 3.19
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Figure 3.60. Numerical Model-B according to ACI-318, Case-3
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4.CONCLUSION

In this thesis, in order to predict the actual characteristics of materials of collapsed or
damaged reinforced concrete buildings induced by serious earthquakes, a novel reverse
engineering technique is investigated. Two full-scale laboratory structures are used to
verify the technique for this purpose. First structure is a two dimensional three bay and
four story reinforced concrete bare frame that tested in European Laboratory for Structural
Assessment (ELSA). Other structure is also reinforced concrete tall bridge pier that tested
in Pacific Earthquake Engineering Research Center (PEER). The numerical solutions are
obtained by using Fiber Element Approaches based on displacement and force. The
material properties for the reinforced concrete elements are defined according to American
Concrete Institute 318 code (ACI-318) and Turkish Standard 500 (TS 500) code. The
comparisons are assessed from the experimental and numerical outcomes in terms of story
displacement and damage zones. The material classes of the structures are determined by
numerical solution the best compatible with experimental response. Finally, following
conclusion can be drawn:

e [t is observed that in comparison of material properties obtained from force based
Fiber element approach according to ACI-318 with the ELSA test results by using
reverse engineering, differences for compressive strength, tensile strength and
elasticity modulus of concrete are determined as 1.84%, 17.1% and 0.92%,
respectively. In the comparison of material properties obtained from displacement
based Fiber element approach according to ACI-318 with the ELSA test results by
using reverse engineering, differences for compressive strength, tensile strength
and elasticity modulus of concrete are determined as 14.11%, 9.53% and 7.32%,
respectively.

e [t is determined that in comparison of material properties obtained from force based
Fiber element approach according to TS 500 with the ELSA test results by using
reverse engineering, differences for compressive strength, tensile strenght and
elasticity modulus of concrete are determined as 1.84%, 26.3% and 42.3%,
respectively. In the comparison of material properties obtained from displacement
based Fiber element approach according to TS 500 with the ELSA test results by
using reverse engineering, no agreements were observed for the differences

between numerical and experimental results.



Minimum differences between top displacement time history graph for force based
and displacement based Fiber element approaches are obtained as 17.25% for
solution with 600 fiber and as 11.26% for solution with 300 fiber, respectively, for
the numerical Case-3 according to ACI-318.

It is noted that in comparison of material properties obtained from force based
Fiber element approach according to ACI-318 with the PEER test results by using
reverse engineering, differences for compressive strength and elasticity modulus of
concrete are determined as 0.0% and 7.2%, respectively. In the comparison of
material properties obtained from displacement based Fiber element approach
according to ACI-318 with the PEER test results by using reverse engineering,
differences for compressive strength and elasticity modulus of concrete are
determined as 10.0% and 1.76%, respectively.

It is estimated that in comparison of material properties obtained from force based
Fiber element approach according to TS 500 with the PEER test results by using
reverse engineering, differences for compressive strength and elasticity modulus of
concrete are determined as 6.7% and 29.9%, respectively. In comparison of
material properties obtained from displacement based Fiber element approach
according to TS 500 with the PEER test results by using reverse engineering,
differences for compressive strength and elasticity modulus of concrete are
determined as 16.7% and 26.0%, respectively.

Minimum differences between top displacement time history graph for force based
and displacement based Fiber element approaches are obtained as 1.59% for
solution with 150 fiber and as 2.91% for solution with 250 fiber, respectively.

Force based Fiber element method is given the better results than displacement
based Fiber element methods according to numerical results.

ACI-318 code results are better than the numerical results obtained from TS500
code.

For the future study, the proposed reverse engineering method can be investigated

according to design codes of different countries.
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