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ABSTRACT
MSc Thesis

THE EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE
STRUCTURAL PERFORMANCE OF A 3D RC FRAME BUILT USING ARC
FORMWORK SYSTEM

Quy Thue NGUYEN

Uludag University
Graduate School of Natural and Applied Sciences
Department of Civil Engineering

Supervisor: Asst.Prof.Dr. Serkan SAGIROGLU

The effect of using reinforced concrete (RC) formwork system on the static and dynamic
structural performance of a three dimensional RC frame is evaluated experimentally and
numerically. A single story RC frame that is symmetric in both directions poured using RC
formworks, called New Frame (NF) is compared to a reference frame built traditionally, namely
Classical Frame (CF). Firstly, the dynamic characteristics of NF is compared with those of CF
based on results obtained by shaker test and by modal analysis using finite element method
(FEM) in Abagqus CAE. There is no significant deviation between two frames in terms of
natural vibration frequencies as well as mode shapes. Secondly, static nonlinear pushover
analysis (SNPA), particularly monotonic pushing, is carried out in order to determine the
performance point of RC frames. Under a considered seismic condition, NF performs a lower
value of spectral acceleration, about 86% of that of CF. Besides that the maximum displacement
of NF exceeds the collapsed point of CF approximately 27%. Thirdly, two surface treatment
methods consisting of steel shear connectors and rectangular shaped asperities are applied in
order to enhance the shear capacity of inter-concrete substrates. The flexural strength of NF is
improved about 12% applying a suitable ratio of shear links, about 0,48%. On the other hand,
the bending capacity of NF using rectangular irregularities (5mm high 37,5mm wide and
37,5mm apart) is equal to 1,206 times the capacity of NF with smooth surfaces. Finally, the
influence of normal load in columns on the inelastic behavior of studied structures is also
examined in the present thesis. It is observed that larger normal force in columns upgrades the
flexural behavior of structures but results in a performance point with a lower spectral
acceleration value.

Key words: concrete-to-concrete interface, modal analysis, pushover analysis, Coulomb
friction theory

2018, xii + 139 pages.



OZET
Yiksek Lisans Tezi

BETONARME KALIP SISTEMI KULLANILARAK INSA EDILMIS BIR 3
BOYUTLU BETONARME CERCEVENIN YAPISAL PERFORMANSININ
DENEYSEL VE SAYISAL OLARAK INCELENMESI

Quy Thue NGUYEN

Uludag Universitesi
Fen Bilimleri Enstitiisii
Insaat Miihendisligi Anabilim Dali

Damsman: Dr.Ogr.Uye. Serkan SAGIROGLU

Betonarme (BA) kalip sisteminin ii¢ boyutlu bir BA g¢er¢evenin statik ve dinamik yapisal
performansina etkisi, deneysel ve sayisal olarak degerlendirilmistir. BA kaliplar kullanilarak her
iki yonde simetrik ve tek katli olarak dokiilen ve yeni g¢ergeve (YC) olarak adlandirilan BA
cerceve, klasik yontemlerle insa edilen ve klasik ¢erceve (KC) olarak adlandirilan referans
cercevesi ile karsilastirilmistir. ilk olarak, YC'nin dinamik karakteristikleri, sarsma testinden
elde edilen sonuglar ve Abaqus CAE'de sonlu elemanlar metodu (SEM) kullanilarak yapilan
modal analizden elde edilen sonuclar kullanilrak, KC ile karsilagtirilmistir. Dogal titresim
frekanslar1 ve mod sekilleri bakimindan iki ¢erceve arasinda énemli bir fark yoktur. kinci
olarak, BA g¢ercevelerin performans noktasini belirlemek igin, dogrusal olmayan statik itme
analizi (DOSIA), 6zellikle monotonik itme, ile gerceklestirilmistir. Gozoniine alinan sismik
kosul altinda, YC, KCmin yaklasik %80'i oraninda daha diisiik bir spektral ivme degeri
vermektedir. Bunun yani sira, YC'nin maksimum yer degistirmesi, KC'nin gd¢me noktasini
yaklasik %27 asmaktadir. Ugiinciisii, beton yiizeyler aras1 kesme kapasitesini arttirmak icin
celik kesme elemanlari ve dikddrtgen sekilli piiriizlendirmeden olusan iki yiizey isleme yontemi
uygulanmistir. YC'nin egilme kapasitesi, ¢elik kesme elemanlarinin yaklasik %0,48 gibi uygun
bir oranda uygulanmasiyla yaklasik %12 oraninda gelistirilebilmektedir. Diger taraftan,
dikdortgen yiizey piiriizleri (3,5 mm yiiksekliginde 35mm genisliginde ve 35mm araliklr)
kullanilarak yapilan YC'nin egilme kapasitesi, diiz yiizeyli YC'nin 1,206 katina esittir. Son
olarak, kolonlardaki normal yiikiin ¢alisilan yapilarin elastik olmayan davraniglari iizerine etkisi
de bu tezde incelenmistir. Kolonlardaki normal kuvvet arttik¢a, yapilarin egilme davranisinin
iyilestigi, ancak daha diisiik bir spektral ivme degerine sahip bir performans noktasi elde
edildigi gbzlemlenmistir.

Anahtar kelimeler: beton-beton arayiizii, modal analiz, itme analizi, Coulomb siirtiinme teorisi

2018, xii + 139 sayfa.
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1. INTRODUCTION
1.1. Classical Kinds of Formwork

Formworks play an important role in forming the shape of structures and supporting
concrete until reaching the required strength. Firstly, the shape and dimensions of
structural elements such as columns, beams, slabs, and walls etc. are flexible so that
they can be formed easily by using wood, steel or plastic formworks (Figure 1.1).
Moreover, reinforced concrete (RC) structures poured in construction sites directly
considered to work more effectively than buildings constructed by prefabricated
elements due to the monolithic property. However, the common method has some

disadvantages.

COLUMN & WALL ALUMINIUM SELF-CLIMBING
ECAF M EN FORMW! K -MOBILE
PECAROR FORM GRE 2 OR FORMWORK SYSTEM PLATFORM (SCP) KEMosl HOUSE

Figure 1.1. Classical kinds of formwork. PLYTEC formwork (2016)

Low quality of workmanship may cause erroneous dimensions in comparison with
designed ones. As a result, the structures behave differently from the original design and
the worst situation is that the built structures can collapse prematurely compared with
the designed strength.  Secondly, for the economic aspect, the cost paid for
workmanship at construction sites as well as for materials used for formwork should be
taken into account. The workmanship comprises formwork installation and dismantling
them. Finally, the workmanship for formwork may lead to some problems relevant to

the environment.



The aforementioned limitation of in-situ poured RC buildings may possibly be solved
using prefabricated products. The method is considered as quick and convenient (Figure
1.2). However, the capacity of a unified structure caused by weak joints is mainly

questionable when using precast elements especially in earthquake prone sites.

Figure 1.2. Prefabricated products. A-Z PREZIP a.s. (2014)
1.2. RC Formwork System

RC formworks (Figure 1.3) not only play the same role as the classical types of
formwork but also possibly solve the previous negative aspects of the traditional
methods while still remaining somewhat of monolithic properties basing on the in-situ
poured frame inside the RC formwork system. First of all, the RC formworks are
prefabricated and controlled under strict conditions, especially the quality of concrete
and the dimensions. The present method can also keep the quality of formworks at a
certain level and save vast of time wasted for workmanship. Moreover, from the
engineering point of view, only RC formworks are prefabricated while the frame poured
in-situ is considered as a monolithic structure. Examining the integration of RC
formworks with the monolithic frame under working conditions and the contribution of
them to the capacity of structure under earthquake is the main target of the thesis. It is
worth noting that under seismic events, slippage at interface surfaces causes lower

capacity of structural elements as well as whole structures compared to monolithic ones.



Sliding resistance between substrates plays a decisive role in keeping the monolithic
character of the structure. Particularly, the shear strength of the interconnection that is
considered weakest when being left as cast (smooth) is possibly enhanced by applying
surfaces treatment methods such as steel shear connectors and geometrically shaped

asperities. It is worth reminding that the application of surface preparation can be

prefabricated conveniently.

Figure 1.3. An overview of RC formworks



2. THEORETICAL BACKGROUND AND LITERATURE REVIEW
2.1. Theoretical Background

2.1.1. Friction

2.1.1.1. Developments of friction model

The presence of friction force is witnessed at the contact between dry solid surfaces
when getting in touch with or without the occurrence of relative moving on each other.
Leonardo da Vinci (1452-1519) found the first model of friction. The two fundamental
laws of friction written in his notebooks (Figure 2.1) are reminded again by Hutchings
(2016):

e The force of friction acting between two sliding surfaces is proportional to the
load pressing the surfaces together (i.e. the forces have a constant ratio, often
called the coefficient of friction), and

e The force of friction is independent of the apparent area of contact between the

two surfaces.

Re——

Figure 2.1. Assembles of friction in Leonardo da Vinci’s notebooks. Walker (2007)

As previous authors, Walker (2007) divides friction into two regimes, widely known as
static and kinetic friction force (Figure 2.2). Figure 2.2 illustrates step by step about the
process from the appearance of a force, called friction force, and the transition into the

kinetic regime from the static stage of the force. First of all, the friction force is zero in



Figure 2.2.a, the solid box gets balanced between the gravitational force Fy and the
normal force at the surface Fy. In Figure 2.2.b, a lateral force F is applied from the
value of zero in order to make the box moving relative to the surface. It is noted that the
value of F is increased but is still assumed as small to move the box. At this moment,
there is no lateral motion witnessed due to the fact that the box gets balanced not only in
the vertical direction (Fq = Fy) but also horizontally by lateral force F and its opposing
force appearing at the surface consequently, called static friction force f; The static
friction force fs increases in proportion to the increase of laterally applied force F to
sustain the balanced condition of the box. The box breaks away as Figure 2.2.c and
immediately initiates sliding relatively to the surface at the moment the static friction
force fs reaches a maximum value as shown in the ending point of the linear line in

Figure 2.2.e.
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Figure 2.2. Assembles of friction in Leonardo da Vinci’s notebooks. Walker (2007)



Afterward, the box starts usually moving stably with the lower value of the external
applied force F considered as approximately constant throughout the time. The force fg
in the plateau regime of Figure 2.2.e balanced by the horizontal F is called kinetic
friction force, f. It is noted that after accelerated at breakaway the box moves with a
constant velocity as Figure 2.2.d under lower exerting force balancing the resulting
kinetic friction force.

The magnitude of maximum static and approximate constant kinetic friction force at the
interfacial contact between two dry and unlubricated bodies calculated based on

empirical evaluation as:

fs,max = 1Ry (2.1)

If the applied lateral force exceeds the static friction force in equation 2.1, the solid box
starts moving and fall into the kinetic regime that the kinetic force and the magnitude of
force needed to keep the horizontal motion as equation 2.2 is lower than the static peak.
In other words, it is easier to keep the box sliding than attempt to pull it change into

moving.

The coefficient of friction in both regimes, static and kinetic, is dependent on the
property of both of surfaces, particularly the material at the interface substrates, the
quality of surfaces etc. The frictional coefficients are determined by empirical tests. It is
proved that the magnitude of frictional force depends on the magnitude of normal force
perpendicular to the interfacial surface between two bodies according to Coulomb

friction model.

2.1.1.2. Coulomb friction model

Coulomb establishes a simple model, so-called Coulomb friction model (Figure 2.3), in
order to evaluate the friction force at the interface surface between two dry solids.

Coulomb friction model independent on sliding velocity amplitude indicates only one



value of the magnitude of friction force, calculated as Equation 2.3, where the relative

sliding is initiated.

Shear stress

Slipping

Friction force

Terit

- Sticking Sliding velocity

Displacement

Figure 2.3. Basic Coulombic friction model
2.1.1.3. Modified Coulombic friction model

According to the isotropic Coulomb friction model (Figure 2.4), there is no relative
movement until the equivalent shear stress z.q calculated considering two orthogonal
components of shear stress as Equation 2.4 at interface contact reaches a critical value

called critical stress.

2 (2.4)

Teq = 112 +75
(2.5)

Toit = HO
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Figure 2.4. The critical shear stress of Coulomb friction model. (a) without (b) with a
limitation of shear stress. Dassault Systemes (2013)

Drucker (1953) warns a misleading when observing the similarity between the stress-
strain relation for a rigid- or elastic-perfectly plastic material and the force-displacement

relation for the Coulomb friction model (Figure 2.5).



FA }_, F‘ f—»
" _, F<uW o AAS—s F<uW

v

Figure 2.5. Apparent analogy between friction and plasticity. Drucker (1953)

Sticking friction and sliding friction are separated (Figure 2.6). In physics point of view,
friction model accounts for sliding from the first moment of sliding seen. However,
before that, initially, incremental slippage appears immediately with the presence of
shear stress. In other words, although sticking as seen by eyes as the value of shear
stress is less than the critical value as Figure 2.6, the micro slippage is still considered to

initiate at any value of shear stress different from zero.
shear stress
sticking friction

slipping friction
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| K
contact

>
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Figure 2.6. Sticking and slipping friction. Dassault Systémes (2013)



2.1.2. Concrete-to-concrete interface
2.1.2.1. General behavior

From the strength of material point of view, a composite cross section can be considered
as a monolithic section until the shear stress at the interface between substrates reaches
a critical value, tmax (Figure 2.7). The shear stress z, also known as delaminating stress
at interface surface between two different surfaces, is a resultant product of the shear
force V acting on the section according to Equation 2.6 when the interface is acting

elastically.
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Figure 2.7. Delaminating stress. Gromysz (2008)

r= \% (26)
At the moment the shear stress reaches the maximum magnitude zmax COrresponding to
shear force Vmax at the interface surfaces, the elastic regime quits. Gromysz (2008)
indicates that after the moment of breakaway of two substrates, the shear stress at the
interface surface does not exceed the value of rmax regardless of the intensity of shear

force V as shown in Figure 2.7.
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The aforementioned Coulombic friction model is able to be applied to the concrete-to-
concrete interface without or with surface treatments. The value of friction force
representing the shear transferability of at the interfacial surface is dependent on the
quality of surfaces that can be enhanced using surface treatment methods. Generally, the
behavior of structural member including two concrete layers (Figure 2.8) is obviously
different from a completely monolithic one and the deviation between them depends on
the shearing strength, shear transferability in other words, at the concrete-to-concrete
interface. The behavior of a section consisting of concrete substrates possibly
alternatively falls into three situations as depicted in Figure 2.8:
e Unconnected joint, the composite section is divided into independent two
components working separately as Figure 2.8.a,
e Partly connected joint, the composite section acts as two components but shear
stress partially is somewhat transferred at the interface as depicted as Figure
2.8.c, and
e Fully connected joint, the composite section behaves thoroughly similarly to a
monolithic section, it means all of shear stress is transferred completely as
Figure 2.8.b.

1 A Normal stress-strain profiles

I A LAA a) b) c)

Figure 2.8. Strain diagram of a composite section. (a) Unconnected (b) Fully connected
joint (c) Partly connected joint. Thermou (2015)

The shearing strength between concrete substrates decisively contributes to the bending
stiffness of structural elements. Observe the behavior of composite beams focusing on
the value of shear stress at the interface Gromysz (2008) also numerically indicates that

after the initiation of delaminating stress the stiffness of the whole beam is degraded

11



(Figure 2.9). The occurrence of slippage means the loss of shear transferability at inter-
concrete surfaces. Consequently, the structural beams work as composite elements

instead of monolithically until the maximum value of shear stress is reached.

Ak

Kmon When T < Tmax

kcomposite when T = Tmax

v
<

'Vmax Vmax

Figure 2.9. Stiffness degradation of a composite beam. Gromysz (2008)

It is highlighted saying that the shearing strength considered as the backbone of
concrete-to-concrete joints has been improved using surface treatment methods in order
to upgrade the shear transferability of the interface to aim at a monolithic behavior of
structures. Firstly, in case of left as-cast concrete substrates, the stress transferability is
represented by the value of friction coefficient whose value is in proportional to the
quality of the interfacial surface classified as very smooth, smooth, rough, and very
rock. In order to increase the friction coefficient, some surface preparations are applied
such as wire-brushing, sand-blasting, shot-blasting, hydro-demolition, chipping, epoxy
resins etc. In fact, these treatment methods possibly roughen the interface and increase
the shearing strength. The friction coefficient is upgraded corresponding to applied
methods and the intensity of the treatments. Secondly, another method used to upgrade
the shear transferability of composite structural members is using bonding agents,
commonly applied as shear connectors. Steel links crossing the concrete-to-concrete
substrates contribute to the bonding strength through a mechanism, widely known as
dowel action. The mechanical behavior of the concrete-to-concrete interface with or

without the application of surface treatment method appears in literature and current
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codes. Thirdly, the application of geometrically shaped irregularities, triangle or
rectangular etc. at the inter-concrete substrates possibly increasing the monolithic

behavior of composite members has been researched and stipulated in codes.

2.1.2.2. Application of shear connectors

The shear-friction theory assumes that the shearing strength of a concrete-to-concrete
interface subjected simultaneously to shear and compressive stresses is ensured by
friction only according to Santos and Julio (2010). The author indicates that the shearing
strength at interface surface generally depends on the compressive strength of the
weakest concrete, normal stress at the interface, shear reinforcement crossing the
interface, roughness of the substrate surface. The mechanism at the inter-concrete
surface (Figure 2.10) illustrates that the existence of cracking at interface surface
between two substrates results in tension in connectors and the compression is

transferred by friction due to dowel action.

Figure 2.10. Shear-friction mechanism. Thermou (2015)

The shear friction concept also appears in ACI 318-08 (2008). The shear friction
concept assumes that the crack happens at an expected location, particularly at the
planar interface (Figure 2.11). Slippage initiates along the assumed crack. The
roughness of the interface forces the opposing faces of the crack to separate. However,
the shear friction reinforcement tends to prevent the separation. The occurrence of

separation causes tension inside connectors. The tension gets balanced to the normal
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clamping stress acting in its opposite direction. The clamping stress contributes to the
frictional force parallel to the assumed crack to resist further slippage.

Shear Plane
/ (assumed crack)

I I
|

X1
Shear Friction
Reinforcement

Figure 2.11. Shear-friction concept. ACI 318-08 (2008)

As concluded by Eduardo and Fernando (2008) the use of steel connectors does not
significantly increase the interface de-bonding stress, although, after that, the shear
stress is highly dependent on the relation between the cross-section area of steel
connectors and the area of the interface. According to Santos and Julio (2010), the load
transfer mechanism at the concrete-to-concrete interface based on cohesion, friction and
dowel action but the latter one is not explicitly stipulated in any current design codes.
As indicated by Thermou (2007), according to previous researchers and codes, the
mechanism of sliding resistance accounting for the contribution of shear connectors
crossing the interface planes includes:

e Aggregate interlock between contact surfaces, including any initial adhesion of

the jacket concrete on the substrate,
e Friction owing to clamping action normal to the interface, and

e Dowel action of any appropriately anchored reinforcement crossing the sliding

plane.
Vo=V, + Vot Vp = Va+ poy +Vp o @7
Tiot = Tagr T (o, + poy) + 1p
oy=Pp + pf (2.8)

In Equation 2.7, the first component represents the shear resistance of the aggregate

interlock mechanism including any initial adhesive that decreases at low slip values
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while the latter two components are explained as the maximum contribution of frictional
and dowel resistance occurring at different slips. Particularly, the second one caused by
the normal clamping stress acting on the interface, oy, consisting of not only normal
external pressure but also clamping action contributed perpendicular to the interface by
shear links and calculated as Equation 2.8 according to Thermou and Pantazopoulou
(2009). The last contribution brought by dowel action at the interconnection due to the
effectiveness of crossing surface shear reinforcement. It is worth to explain again here
that the occurrence of slippage as well as the increase of interface crack width causes
the tensile behavior , o, of the steel connectors crossing the interface thus the concrete
substrates is compressed and the shear forces, shown in tangential shear stress form, z,
are transmitted by friction mechanism. Dowel action is considered by three alternative
mechanisms, namely, by direct shear and by kinking and flexure of the steel bars

crossing the contact plane according to Thermou (2015).

As required by ACI 318-08 (2008), the contribution of the shear-reinforcement at the
interface is calculated as Equation 2.9 or 2.10 considering the inclination angle of shear
connectors, perpendicularly or obliquely to the shear plane (Figure 2.12). It can be
physically seen that the shear strength of the interface surface can be upgraded if the
inclination of shear links o less than 90°. The optimal value of a is the product of the
optimum of the terms “usina +cosa” in Equation 2.10. As result, the value can be taken
from the product of “fana =y”. It can be concluded that the optimal angle of inclination
of shear connectors is dependent on the value of friction coefficient of the interface
surfaces. In case of moments acting on a shear plane, the flexural tension stresses and
flexural compression stresses are in equilibrium. There is no change in the resultant
compression Ayfy acting across the shear plane and the shear-transfer strength is not

changed.
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Figure 2.12. Inclined shear- friction reinforcement. ACI 318-08 (2008)

Vo= Asfyu (2.9)
Vo= A f, (usina + cosa) (2.10)

2.1.2.3. Application of geometrical irregularities at the interface

Patton (1966) evaluates the interconnection between plaster layers by applying
geometrical irregularities. In the method, plaster surfaces are shaped geometrically such

as “saw teeth”, rectangular shaped and triangle shaped asperities etc. (Figure 2.13).
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Figure 2.13. Different types of irregularities along interface surfaces. Patton (1966)

In fact, the method obeys Coulombs friction model but the whole interface surface now
comprises a lot of small interface surfaces that can be perpendicular, parallel or oblique
to the general surface. It means that the basic shear transferring mechanism does not

change but is applied to each smaller surface. As results of research of Patton (1966) on
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plaster specimens, it can be concluded that in comparison with flat surfaces the
appearance of geometrical irregularities at the interface plays an important role in
upgrading the shearing strength.
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Figure 2.14. Shearing resistance. (a) Flat (b) Teeth shaped surface. Patton (1966)

Figure 2.14 illustrates the enhancement of shearing strength applying triangle “teeth”
shaped irregularities on the interface surfaces compared to a reference specimen left
with flat interface surfaces.

A value shearing strength determined under a constant normal stress and then
graphically enveloped when a range of normal stress is applied. Firstly, the initial slope
¢, of each line graph standing for the friction coefficient in case of flat interface
surfaces (tand,) is upgraded to a higher value ¢,+i when “saw teeth” shaped
irregularities with an inclination of i. Secondly, in case of “saw teeth” shaped surfaces,
with a given normal stress, the failure sliding failure stress is determined based on the
slope ¢u+i until the collapse of “saw teeth” shaped asperities. Afterward, the shearing
capacity performs a lower value. The relationship between the shearing strength and
normal stress is linearly depicted according to a reduced slope, ¢.. The reduced slope ¢,
is known as the angle of residual shearing resistance of materials that initially were

partly and completely intact.
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It can be stated that the deviation between two linear lines is the contribution of
asperities to the shear capacity of the whole shaped surface. Additionally, the value of ¢,
and ¢, are approximately identical to each other with a slight deviation of less than 1,5°.
According to Patton (1966) it can be observed that the line A represents not only the
value of the external frictional resistance along the inclined planes but also the internal
strength of the teeth at the point of failure due to the fact that these two strengths are

equal as the failure occurs.
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Figure 2.15. Failure envelopes for specimens with different inclinations of teeth. Patton
(1966)

When the influence of the intensity of normal stress is considered, Figure 2.15 shows
that the failure strength line of a specific value of angle i is divided into a lower
(primary portion) and an upper (second portion). Initially, the first regime inclines with
an angle of ¢,+iand then is followed by the second part whose inclination is reduced to
#r. It means that the second portion is parallel to the line inclining with the residual
slope. Secondly, it can be observed that the application of irregularities with a higher
value of inclination causes a sooner transmission. As results, the contribution of “teeth”

with higher inclination is higher in case of lower pressure. Conversely, in range of high
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normal stress, asperities inclining with smaller angle perform higher value of shear
strength due to the earlier occurrence of transmission. Finally, it is interestingly
imagining that a cohesion intercept will occur as the value ¢,+i is equal to or greater
than 90°. Follow that, there is no occurrence of sliding until asperities are collapsed and

the shear strength versus normal stress line inclines parallel to the residual line.

Failure plane
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Figure 2.16. Shear mechanisms of rectangular shaped irregularity. (a) dilative failure
(b) non-dilative failure. Kwon et al. (2009)

Focus on rectangular shaped asperities on inter-rock surfaces, Kwon et al. (2009)
indicate two shear mechanisms a dilative failure mode with an inclination of (45-¢4/2)°
where ¢¢ is the peak friction angle and a non-dilative failure mode with shearing of
asperity (Figure 2.16). Due to experimental evaluation Kwon et al. (2009) conclude that
the shear mechanism of small-scale asperities is relevant to not only sliding but also
breakage of the asperities. That conclusion seemly matches the previous statement of
Patton (1966). The authors also claim that contrary to triangular asperities, rectangular
asperities always break with the dilative or non-dilative failure mode. Therefore,
rectangular asperities may more closely reflect the characteristics of a rough joint

surface and get insight into joint shear behaviors even in a small deformation regime.

According to Kwon et al. (2009), the dilative failure occurs when the aspect ratio o
defined as the ratio of asperity height h to asperity length I, is smaller than the critical
aspect ratio obtained by Equation 2.11. It is noted that the value of aspect ratio ranges
from 0,15 to 0,32. The peak shear strength of the interface surface shaped with
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irregularities is determined as Equation 2.12 dependently on the value of the aspect

ratio.

C + o, tang;
critical — ¢ ¢
2c tan (45O + ZfJ +0, tan’ (45O + ZfJ

2c.ctan (45" + Jéj +a.0, tan® [450 + %J JAf a < Ogiticar

(24

Ty =

C+o,tan j; ,otherwise

(2.11)

(2.12)

When stipulating about shear strength at the interface between concrete cast at different

times, the contribution of cohesion in order to account for the interlocking mechanism

between aggregates as Equation 2.13 according to EN 1992-1-1 (2004). Besides that, a

surface treatment method namely indented construction joints introduced by applying

geometrical irregularities. With a surface shaped using indented joint (Figure 2.17), the

friction and cohesion coefficient of the interface is increase from 0,6 (smooth) to 0,9
and from 0,20 to 0,50, respectively. Similar to ACI 318-08 (2008), the inclination of

steel reinforcement, « is limited from 45° to 90°.

Vegi = Cfog + 1o, + pfg(usina + cosa) <0.5vf, (2.13)
45°< o< 90°
h,<10d i Neg
2 C
T d>5mm

T Ve,

- new concrete, [B]- old concrete, [C]- anchorag

Figure 2.17. Indented construction joint. EN 1992-1-1 (2004)

For simplification purpose, the shear strength of a surface that is satisfied specific

conditions can be calculated as aforementioned equations applying simple parameters.
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According to EN 1992-1-1 (2004) a rough surface with at least 3 mm roughness at
about 40 mm spacing, achieved by raking, exposing of aggregate or other methods
giving an equivalent behavior: ¢ = 0,40 and x = 0,70 while ACI 318-08 (2008) the
coefficient p is assumed to equal to 1,0 in case of normal weight concrete, interface

shall be roughened to a full amplitude of approximately 1/4 in (appropriate 6,35mm).

2.1.3. Modal analysis
2.1.3.1. General

Modal analysis is applied to figure out the dynamic characteristics of structures widely
known as natural frequencies, damping, and mode shapes according to Peter (2001).
Modal analysis is alternatively carried out using both mathematical methods and
vibration test. The latter is considered as an effective method to identify dynamic
characteristics and to recognize the unwanted vibrations that are unavoidable and affect
structures under dynamic conditions. Vibration test can help engineers to control
unwanted vibrations that are shown clearly under the motion of structures throughout
vibrating and to find appropriate solutions to reduce the response of structures
effectively. Shaker test is also known as one of the most common vibration methods in
order to measure the frequency response of structures based on the driving acceleration
levels collected from accelerometers that are attached to the considered structures.
Modal analysis can be discussed basically considered a graphical approach (Figure 21).
The response of a considered system or output data is the result of applying arbitrary
input load with certain frequency and amplitude. Generally, there are three kinds of
response:

e An attenuation,

e A free oscillation or vibration, and

e A vibration with amplitude increasing to infinity.
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Figure 2.18. An approach to modal analysis.

Based on the output information, the hazardous responses or unwanted vibrations of the
system, for instance, the third kind of response in Figure 2.18 is able to be predicted.
The response of the system is dependent on dynamic characteristics of the structure,
considered as constant properties, and input data consisting of the frequency and

amplitude of loading.

The important role of the input frequency can be discussed clearly by approaching a
nonmathematical presentation about modal analysis explained by Peter (2001). A
sinusoidal force is applied to a single plate without any boundary condition (Figure
2.19). It is noted that the external force vibrates at a corner of the plate while at another
corner, whose output response, particularly displacement, velocity or acceleration, is
recorded using an accelerometer throughout the excitation. The backbone of this simple
vibration test is that the frequency of the sinusoidal force varies increasingly while the
amplitude keeps constant in order to evaluate the influence of the input frequency on the

response of the plate.
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Figure 2.19. Overview of oscillation. Peter (2001)

increasing rate of oscillation ——>

o m

time

Figure 2.20. Overview of oscillation. Peter (2001)

The response amplitude at the corner is depicted in Figure 2.20. It is interesting noting
that the amplitude of external vibrating force is kept constant whereas the amplitude of
vibration at the considered corner changes remarkably throughout the time. That proves
that the rate of oscillation or the frequency of external load decides the response of
system. When increasing the rate of external vibration the amplitude of corner can
increase or decrease. From Figure 2.20, the most noticed interest is the four amplitudes
performing highly than others. It is interestingly noted that the rate of response tends to
be equal to the rate of external excitation at the time ranges that the amplitude of
response reaches distinguish levels. The event in which the frequency of the external
oscillation and the response is equal to each other is called resonance. The frequencies
of response, determined by Fast Fourier Transform (FFT) method based on the time

data, are known as the natural frequencies or resonant frequencies of the specimen.
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Figure 2.21. Overlay the frequency trace with time trace. Peter (2001)

Frequency response functions (FRFs) (Figure 2.21.a) illustrate the values of response
frequency displayed on the horizontal axis while the vertical axis shows the
corresponding amplitude of the response. The values of the frequency corresponding to
the response amplitudes can be extracted from the overlay of frequency trace on time
trace (Figure 2.21.b). Now, imagine that the response of a lot of points on the plate is
collected during the same process of external vibration. The shape of the system

possibly captured at every moment (Figure 2.22).

MODE 4

% MODE 2

Figure 2.22. FRFs and relative shapes. Peter (2001)

Figure 2.22 displays four mode shapes of the plate at four corresponding moments
resonance happens. At resonance, all of the nodes on plate oscillate with a same natural
frequency and every node reaches its maximum amplitude at the same moment that

builds up mode shapes of the system, mode 1, 2 3 and 4 corresponding to the first,
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second, third and fourth resonant frequency. It is observed that at each moment of
resonance the response frequency and the frequency of the external excitation is
identical to each other, it is called as the resonant frequency. As resonant frequencies,
the shape consisting of the maximum amplitude of all nodes at resonance is considered

as a dynamic characteristic of the system, widely called as mode shape.

In conclusion, the process of figuring out the dynamic characteristics of a structure is
called modal analysis. Modal analysis helps to recognize natural frequencies of a
structure as well as its mode shapes. The dynamic characteristics can be used effectively
for design purposes according to Peter (2001). In the next parts, the theoretical approach

of modal analysis is explained.

2.1.3.2. Theoretical approach

Based on the basic knowledge about vibration of single degree of freedom systems the
motion of multi degree of freedom structures is explained here. In comparison with
simple structures, multi degree of freedom system is more complicated than in terms of
stiffness, damping and mass components (Figure 2.23). These components are now
considered in matrix m, ¢ and k respectively and build the motion of structures up by
the same way done before as seen in Equation 2.14 in case of elastic behavior and

Equation 2.15 for nonlinear behavior.
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Figure 2.23. Example of multi degree of freedom systems. Chopra (2012)

muU + cu + ku = p(t) (2.14)
mu + cu + f (u,u) = p(t) (2.15)
" e dc b a edcha
0 w2 P21 P22
k
Node
2m
O U P11 $12
2k
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Figure 2.24. Mode shapes of a MDOF structure. Chopra (2012)

Imagine a simple system called free vibration of an undamped two degree of freedom
structure. As shown in Figure 27, there are two distinct mode shapes of structures

related to two moments of resonance happens. It is noted that in Figure 2.24, @, = (@,

@z)" (with n =1, 2) is called natural modes of the structure. The motion of masses is

defined as Equation 2.16. In other words, there are two natural frequencies and at each
resonant event, two masses of structure oscillate around the original positions with the
same period T, (n=1, 2) or frequency w, determined based on Equation 2.16. Thus

natural frequencies of MDOF structures can be found easily.

det[ k—wim | =0 (2.16)

2.1.3.3. Experimental method — vibration tests

Frequency response functions (FRFs) is very simply the ratio of the output response of a
structure due to an applied force according to Peter (2001). The response of structure or
output data and input data, external vibration in other words, is collected

simultaneously. Displacement, velocity or acceleration in time domain is digitalized into
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frequency domain using FFT method available in any signal analyzer. In frequency
response functions, magnitude, phase lag, real and imaginary parts are considered as the

result of modal analysis.

Let’s take a 3 DOF beam as a simple example of FRFs (Figure 2.25). In the
experimental test, external vibration is located at point 3 while three accelerometers are
mounted at node 1, 2 and 3. The collected data amplitude varying to time (displacement,
velocity or acceleration) at each point is drawn as the right pictures. In frequency
response functions, these original data then are changed in to magnitude, phase lag, real
and imaginary parts by using Fast Fourier Transfer Method in order to figure out natural
frequencies and mode shapes of the system, as shown in Figure 2.26.a and Figure 2.26.d

respectively.

Figure 2.25. Test setup. Peter (2001)
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(@) (b) c) d)

Figure 2.26. Frequency response function. (a) Magnitude (b) Phase lag c) Real d)
Imaginary part. Peter (2001)

Waterfall plot can be obtained by increasing the number of accelerators along the beam
and adding imaginary parts like Figure 2.26.d into a same graph. Mode shapes of the
beam are can be seen clearly in such a plot as in Figure 2.27. This experimental test for
modal analysis is widely called as shaker test. There is another one method called
impact test measures data at one point by moving external vibration source. In shaker
test, data is collected from every considered point simultaneously when the structure is
vibrated by external force mounted at only one fixed position. However, the impact test
results in the same result as shaker test according to theoretical standpoint explained

before.

In conclusion, dynamic characteristics of structures are able to be acquired using FFT

method analyzer or a data acquisition system with software performing FFT method.
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Figure 2.27. Waterfall plot of beam frequency response functions. Peter (2001)
2.1.4. Concrete damage plasticity model
2.1.4.1. Detailed input material model

In Abaqus, tension stiffening is used to define strain-softening behavior of cracked
concrete and compression hardening behavior outside of elastic state (Figure 2.28). The

parameters in Figure 2.28 can be calculated as from Equation 2.17 to Equation 2.20.
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Figure 2.28. Elastic degradation in tension (a) and compression (b) Dassault Systémes
(2013)

foc = = (2.17)
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2.1.4.2. Selected concrete model

In the present thesis, the uniaxial behavior of concrete is built based on Hsu and Hsu

(1994) whereas the tensile regime is defined following Aslani and Jowkarmeimandi
(2012).

Initially, a complete stress-strain curve under uniaxial compression introduced by Hsu
and Hsu (1994) defining common parameters with physical significance is divided into
two branches. The first one implies an elastic behavior until normal stress reaches a
value of 0,450, In the second regime, the stress-strain curve initiates at the final point
of the first branch and the destination is captured at (0,30cu,eq) (Figure 2.29.a). It is
noted that, the relation between stress and strain in the second part is suitable only for
concrete whose ultimate compressive stress o, is less than 62MPa. The second relation
between stress and strain is shown in equation 2.21 and the necessary component is

calculated as Equation 2.22 which the unit of the compressive strength of concrete oy IS
kip/in®.

_ Be ! &)
c = ,3 14 (gclgo)ﬂ Ocu (221)
3
B = [;Zjej + 2,59 (2.22)
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Figure 2.29. Complete stress-strain behavior of concrete. (a) In compression. Hsu and
Hsu (1994) (b) In tension. Aslani and Jowkarmeimandi (2012)

In order to quantify the effect of compressive strength on the strain an peak &, and initial

tangential modulus Ej; a regression analysis was performed to establish a relationship
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between the compressive strain and these parameters whose value can be determined as

Equation 2.23 and 2.24 the unit of kip/in® is considered.

g, = 8,9x10°0,, + 2,114x10° (2.23)
E, = 1,2431x10%°c,, + 3,28312x10° (2.24)

On the other hand, the stress-strain relation in tension is built based on Aslani and
Jowkarmeimandi (2012) (Figure 2.29.b). A complete relation consists of two regimes, a
linear relation is captured until the failure stress of concrete is achieved and the
descending branch is determined following equation 2.25.

A 0,85
O, = Op| 2 (2.25)

2.1.5. Nonlinear performance of existing structure
2.1.5.1. General

The seismic response of a structure built in areas prone to intense earthquake events is
possibly estimated by a rigorous procedure called nonlinear time history analysis and
nonlinear static pushover analysis known as an approximate method. In the latter
procedure, invariant lateral force calculated based on the predominant frequency is
applied monotonically to the structure until a target displacement is reached. The
concept of NSPA is the single degree of freedom idealization. It can be explained that,
the structure is assumedly just has one lumped mass localized at the top and the
numerous joints and damping are ignored. NSPA results in satisfied seismic demands
and is being under-researched in order to get closer to the time-variant procedure
because the present method just focuses on the fundamental mode kept unchanged even
after yielding. Beside the simplicity and attractiveness of low computational cost,
pushover analysis with incremental step of loading, the behavior of structures from the

elastic range to ultimate and then the final failure mode can be scrutinized easily.
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The simplified nonlinear method consists of the capacity spectrum analysis (CSA), the
displacement coefficient method, and the secant method. The first method estimating
the maximum displacement of structures based on the performance point, intersection of
the capacity curve obtained by pushover analysis and the reduced response spectrum is

considered in the present thesis.

According ATC 40 (1996), three primary elements required for CSA are capacity,
demand (displacement) and performance. Firstly, the capacity of a whole structure is
dependent on the strength and performance each components determined beyond elastic
state by pushover procedure. The lateral force is applied monotonically until the
structure become unstable or a predetermined is reached. Next, demand (displacement)
is the maximum expected response of a considered structure excited by a certain
earthquake event. Finally, performance check verifies that the structure is not damaged
beyond an acceptable limit for force and displacement implied by displacement demand.
The next subsections are to explain step by step from the construction of a demand

spectrum, a pushover procedure and the performance check for a certain structure.

2.1.5.2. Performance point - ATC 40 (1996)

The part explains the procedure stipulated by ATC 40 (1996) to apply a nonlinear static
analysis procedure namely the capacity spectrum method (CPM) that determines the
maximum displacement of structures subjected to a specific seismic condition based on
the intersection point, widely known as performance point, of the capacity curve
obtained by pushover analysis and a reduced response spectrum. In other words, the
performance point is used to evaluate whether the capacity of structures displayed as
pushover curve is able to handle the demand. The capacity spectrum method requires

three necessary elements: capacity, demand (displacement), and performance.

According to ATC 40 (1996) The location of the performance point must satisfy two
relationship: 1) the point must lie on the capacity spectrum curve in order to represent
the structure at a given displacement, and 2) the point must lie on a spectral demand
curve reduced from the elastic 5% damped design spectrum that represents the nonlinear

demand at the same structural displacement. Reducing the first seismic demand from
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5% damped elastic demand spectrum is to account for the effect of energy dissipation. It
is worth noting here that 5% damped demand spectrum is considered as the initial one
because 5% viscous damping inherent in structures assumed to be constant according to
ACT 40 (1996). The reduction factors are given in terms of effective damping that
calculated approximately based on the shape of the capacity curve, the estimated
displacement demand, and the resulting hysteresis loop.

The Acceleration Displacement Response Spectrum (ADRS) merging the top lateral
displacement-base shear curve (Vp-A), obtained by monotonic lateral force and the
response spectrum curve is a concept of pushover analysis. It means that the demand
response spectra and the structural capacity are plotted in a same graph according to the

Capacity Spectra technique.

The Vp-A coordinate is transferred into displacement spectrum versus pseudo-
acceleration spectrum (S4-S;) Cartesian using transforming Equations 2.26 and 2.27
according to ATC-40 (1996) (Figure 2.30). Base shear force versus displacement curve
is resulted by a monotonically and incrementally lateral pushing whose force
determined based on the fundamental modes predominant the response of structures
during ground motions, normally the first mode if the corresponding frequency is about
up to one second according to ATC 40 (1996).

V. /W
Sai = 7 (226)
S, = Aroof (2.27)
di — .
(PFi '¢1,roof )
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Figure 2.30. Transformation from Vp-A to S;-Sq.

Sq

According to ATC 40 (1996), primary ground shaking criteria includes site geology and

soil characteristics, site seismicity characteristics and site response spectra. Firstly, each

site is assigned a soil profile type based on properly substantiated geotechnical data
(Table 2.1).

Table 2.1. Soil Profile Types. ATC 40 (1996)

Average Soil Properties for Top 100 Feet of Soil Profile

Standard
Soil |  Soil Profile . F;e”e”&lat::o”
Profile | Name/ Generic Veleoacri;,;a\\/f ?IIS’ foror Undrained Shearing
Type Description ' VS CcN
yp 'PH (feet/second) cohesionless strength, Sy (psf)
soil layers
(blows/foot)
Sa Hard Rock Vs > 5,000 Not Applicable
Sg Rock 2,500 < Vs <5,000 Not Applicable
Very Dense Soil
Sc and Soft Rock | 1,200 < Vs< 2,500 N > 50 Sy > 2,000
Sp | Stiff Soil Profile | 600 < V < 1200 I5<N<50 | 1,000< Sy < 2,000
SE Soft Soil Profile Vs < 600 N <15 Su < 1,000
Sk Soil Requiring Site-Specific Evaluation

Secondly, seismicity characteristics for a site are based on the seismic zone, the

proximity of the site to active seismic sources, and site soil profile characteristics. Each

structure is assigned a seismic zone factor Z (Table 2.2). The distance between a
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considered site and the place where earthquake initiates is accounted for through near-

source factor (Table 2.3) considering seismic source type (Table 2.4). Following that,

seismic coefficients are determined (Table 2.5 and Table 2.6).

Table 2.2. Seismic Zone Factor (Z). ATC 40 (1996)

Zone 1 2A 2B 3 4
Z 0,075 | 0,15 0,20 0,30 0,40
Table 2.3. Near Source Factor (Na) and (Ny), ATC 40 (1996)
Seismic Closest Distance to Known Seismic Source
Type Na Ny Na Nv Na Ny Na Ny
A 15 2,0 1,2 1,6 1,0 1,2 1,0 1,0
B 1,3 1,6 1,0 1,2 1,0 1,0 1,0 1,0
C 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0
Table 2.4. Seismic Source Type. ATC 40 (1996)

Seismic Source Definition

Seismic Maximum Slip Rate, SR
Source Seismic Source Description Moment (mm /year)1
Type Magnitude, M
Faults that are capable of
producing large magnitude events
A and which have a high rate of | M= SR23
seismic activity
B All faults other than types A and C | Not Applicable | Not Applicable
Faults that are not capable of
producing large magnitude
C earthquakes and that have a | M<6,5 SR<2
relatively low rate of seismic
activity
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Table 2.5. Seismic Coefficient (Ca), ATC 40 (1996)

Shaking Intensity, ZEN
Soil Profile Type | =0,075 | =0,15 | =0,20 | =0,30 | =0,40 >0,40
Sg 0,08 0,15 | 0,20 | 0,30 | 0,40 1,0(ZEN)
Sc 0,09 0,18 | 0,24 | 0,33 | 0,40 1,0(ZEN)
Sp 0,12 0,22 | 0,28 | 0,36 | 0,44 1,1(ZEN)
Sg 0,19 0,30 | 0,34 | 0,36 | 0,36 0,9(ZEN)
Sk Site-specific geotechnical investigation required to determine Ca

Table 2.6. Seismic Coefficient (Cy). ATC 40 (1996)

Shaking Intensity, ZEN
Soil Profile Type | =0,075 | =0,15 | =0,20 | =0,30 | =0,40 >0,40
Sg 0,08 0,15 | 0,20 | 0,30 | 0,40 1,0(ZEN)
Sc 0,13 0,25 | 0,32 | 045 | 0,56 1,4(ZEN)
Sp 0,18 0,32 | 0,40 | 0,54 | 0,64 1,6(ZEN)
Sg 0,26 050 | 0,64 | 0,84 | 0,96 2,4(ZEN)
Sk Site-specific geotechnical investigation required to determine Cy

It is noted that in Table 2.5 and Table 2.6, the value of E used to determine the product,
Z*E*N, should be taken to be equal to 0,5 for the Serviceability Earthquake, 1,0 for the

Design Earthquake and 1,25 (Zone 4 sites) or 1,5 (Zone 3 sites) for the Maximum

Earthquake.

Based on aforementioned parameters, the elastic response spectra for a site now are able

to be constructed (Figure 2.31). The transformation from S,-T to S,-Sq is done rapidly

using Equation 2.28.
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Figure 2.31. Demand spectrum. (a) S,-T (b) S;-Sq. ATC 40 (1996)

ATC40 (1996) builds the 5% response spectrum and then the reduced 5% response

spectrum is depicted (Figure 2.32).

§ Control Periods
= 2.5Ca Ts= C\/2.5Ca
]
3
<
S Cy/T
g @
S & | EPA=Ca
Ta Ts Period (seconds)

Figure 2.32. Construction of a 5 %-damped elastic response spectrum. ATC 40 (1996)

Additionally, spectral reduction factors are used to decrease the elastic (5% damped)

response spectrum to a reduced response spectrum with damping greater than 5% of

critical damping (Figure 2.33).
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Figure 2.33. Original 5% damped and reduced response spectrum. ATC 40 (1996)

The parameters SRx and SRy are calculated as Equation 2.29 and 2.30 according to

ATC 40 (1996) and should greater than the values shown in Table 2.7.

3,21-0,68In(B,; )

N = X" (2.29)
_2,31-0,41In(5q)
SR, = e (2.30)

Table 2.7. Minimum allowable SRa and SRy values, ATC 40 (1996)

Bei;r\llji(z)t:J [I?;/pe SRa SRv
Type A 033 | 050
Type B 044 | 056
Type C 0,56 0,67

The parameter 85 called effective viscous damping is determined by Equation 2.31
while x is known as a damping modification factor (Table 2.8) is determined based on

duration of shaking and the quality of structures (Table 2.9).
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63, 7x(a,dy; -d,ay)

- + 9 (2.31)
o apidpi
_ 63,7(aydpi —dyapi)
o= ad (2.32)

pi~pi

Table 2.8. Values for damping modification factor k, ATC 40 (1996)

Structural B, (percent) K
Behavior Type | ™° P
<16,25 1,0
Type A
0,51(a.d-d.a,;
>16,25 113 ( " p')
apidpi
<25 0,67
Type B
0,446(a d_.-d.a .
>25 0,845 (8ydyi-0y251)
apidpi
Type C Any value 0.33

Table 2.9. Values for damping modification factor k, ATC 40 (1996)

Shaking Essentially New Average Existing Poor EXxisting

Duration Building Building Building
Short Type A Type B Type C
Long Type B Type C Type C

The performance point is defined as the intersection point of the capacity spectrum and
the spectral demand curve that is reduced from the elastic demand spectra. Spectral
reduction factor is determined based on effective damping factor of the structure. A
bilinear representation of the capacity spectrum (Figure 2.34) is needed to estimate the
effective damping and appropriate reduction of spectral demand. Construction of the
bilinear representation requires definition of a, and dy;, the trial performance point

which is estimated by the engineer to develop a reduced demand response spectrum. If
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the reduced response spectrum is found to intersect the capacity spectrum at the
estimated ay; and dy;, then that point is the performance point (Figure 2.34). The trial
performance point must satisfy the condition 0,95d,; < d, < 1,05d, with d, is the

displacement interaction point (Figure 2.35).

Note:

o A— e 1. Ky Initial stiffness
5 S 2. Area A = Area A,
B A,
T A Z |
D A . z .
§ ilinear Representation
£ Capacity Spectrum
z
wn

dy dpi

Spectral displacement

Figure 2.34. Bilinear representation of capacity spectrum for capacity spectrum
method. ATC 40 (1996)

+ Demand Spectrum Note:

c
% 1. Ky: Initial stiffness
% 2. Area A; = Area A,
S
© K, Intersection point of demand
g api : spectrum and capacity spectrum
I<5) e ;
& ay| Az
* Bilinear
. Representation
Capacity
Spectrum
dy di Oy Spectral displacement

Figure 2.35. Performance point determination. ATC 40 (1996)
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According to ACT 40 (1996) lateral deformations at the performance point
displacement are to be checked against the deformation limits stipulated (Table 2.10).

Table 2.10. Deformation Limits, ATC 40 (1996)

Performance Level

Inter-storv Drift Limit Immediate Damage Life Structural
y Occupancy Control Safety Stability
Maximum Total Drift 0,01 0,01-0,02 0,02 0,03Vi/P;
Maximum Inelastic Drift 0,005 0,005-0,015 | no limit | no limit

In Table 2.10, Maximum Total Drift is defined as the inter-story drift at the performance
point displacement. Maximum Inelastic Drift is defined as the portion of the maximum
total drift beyond the effective yield. Immediate Occupancy (IO): there is no occurrence
of structural and non-structural damage and the structure is able to overcome the ground
motion. Damage Control (DC): the structure can be damaged by not be collapsed. Inside
living does not face problems. Life Safety (LS): The structure is still able to withstand
the ground motion and minimum damages are captured. Living is safe. Structural
Stability or Collapse Prevention (CP): The structure is extreme damaged but not

completely collapsed.

2.1.6. Finite element method — ABAQUS CAE
2.1.6.1. Finite element method

According to Robert (1994), the FE method is considered as approximate numerical
solution for a specific problem maybe in stress analysis, in thermal analysis and fluid
flow etc. The method is dividing a structure into a number of small and simple
elements, solving elements separately and then connecting them at nodes holding the
elements together. Versatility is considered as the power of finite element method due to
the ability to analyze a structure with arbitrary shape working under arbitrary loads and
arbitrary boundary condition. An example of model defined by finite element method is

shown (Figure 2.36).
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element
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Figure 2.36. Nodes and elements of a gear tooth. Robert (1994)

Finite element method uses matrix symbolism is K.D = R, where D is an unknown
vector, R is vector of known load and K is a matrix of known constants and in stress
analysis K is called as a stiffness matrix. Commercial software using FEM consists of
matrix manipulations, numerical integration, equation solving and other procedures
applied automatically according to Robert (1994). The user of commercial software
cooperate with pre-processing such as defining the geometry of structures, materials,
loads, boundary conditions, mesh sizes etc. and post-processing including storing output

data, illustrating the data etc.

Before running a software applied FEM, the user should keep in mind that FEM is a
implementing of mathematical theory of physical behavior and the following questions
should be answered in order to avoid mistakes and unrealistic situation.
e What kinds of and how many of elements should be used?
e How small element should be meshed, where is mesh should be fine and where
is maybe coarse.
e Which is suitable model used to define materials?

e The analysis is static or dynamic? etc.
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Figure 2.37. Outline of FE analysis project. Robert (1994)
2.1.6.2. Commercial package Abaqus CAE
Associative
cap | intefaces Abaqus/CAE
Systems — Job control and
.| Elysium direct o monitoring
translators Modeling 1 J, Fisualization
| e .. [Abagus/iewer)

1 _
: Analysis
pr?:lmr?'s::;s ™ I Abaqus/Standard
" Abagus/Explicit

_ Abagus Interface _,  Abaqus/CFD _, Abagus Interface
for Moldflow Abaqus/Aqua for MSC. ADAMS 1

e

AbaqusDesign
Y
Translators
Y Y

Third-party
pPOStprocessors

Figure 2.38. Suite of finite element analysis modules. Dassault Systémes (2013)

Abaqus/CAE incorporates the analysis modules into a Complete Abaqus Environment
for modeling, managing, and monitoring Abaqus analyses and visualizing results.
Abaqus/CAE is evaluated as a powerful tool for structural analysis with tremendous

advantages according to Dassault Systemes (2013).
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e Integrates modeling, analysis, job management, and results evaluation

seamlessly.

e Provides the most complete interface with the Abaqus solver programs

available.

e Uses neutral database files that are machine independent.

e Can be customized to create application-specific systems.

Part

- Create the
part geometry
(and regions for
sections, if
necessary)

Step

+ Define analysis steps
and output requests

- Split
assembly into
meshable

regions and
mesh

Property
« Define materials

- Define additional
part regions

+ Define and
assign sections
to parts or
regions

Interaction

+ Define contact and
other interactions
on regions or
named sets, and
assign them to
steps in the
analysis history

Job

« Submit, manage,
and monitor
analysis jobs

Assembly

« Position parts for
initial configuration.

Load
+ Apply loads, ~—
BCs, and ICs to o
regions or . S
named sets; and %;: )
assign them to AN
steps in the %t,"

analysis history

Visualization

« Examine results

Figure 2.39. A modeling process in Abaqus. Dassault Systémes (2013).

2.2. Literature Review

Abbas et al. (2014) applies reversed cyclic loading history to external column-beam

joint (T shape) in Abaqus program using a 20mm thickness steel plate in order to avoid

stress concentration and premature failure in simulation. In simulative models, the

concrete medium was modelled with a dense mesh of 8-node brick finite elements with

50 mm size meshing. According to the results, in case of cross shape joint, failure in

simulative models occurred earlier than in experimental with lower deformation up to
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20%. It could be explained that in experimental tests, there are some alternative

resistance mechanisms working under vibration that are ignored in analytical definition.

Alhadid and Youssef (2016) evaluate RC jacketed RC beams considering the effect of
interfacial slip effect from elastic stage to nonlinear behavior range. An iterative
calculation algorithm was used for moment-curvature relationship and load deflection of
a bending beam with considering slip distribution, shear stress distribution and the
influence of surface roughness condition. The interfacial-slip model was built based on
the summation of concrete contribution i.e. adhesion, arrogate interlock and friction.
The friction force between two substrates is affected by the roughness of surfaces,
normal pressure. In the proposed calculation algorithm, the author suggested the
initially assumed value of friction coefficient is 0,4 for smooth and 1,4 for intentionally
roughened surface. According to the results, the author concludes that the increasing of
jacket thickness leads to the increasing of capacity and flexural ductility especially for
three side jacketed beams. Increasing the span causes the reduction of ultimate capacity
and stiffness while increases ductility. Consequently, the friction force increases due to
the lager interacting surface and the lower relative displacement between two surfaces is
witnessed consequently. Higher compressive strength results in lower slip reduction rate
in range of elastic as a consequence of the fact that at the surface more surface friction

are witnessed.

Altun (2004) indicates that concrete jacketing method improves the resistance against
seismic conditions and is considered enhancing the durability of structural members.
The study introduced an equation used to calculate ultimate moment considering the
contribution of longitudinal reinforcement in host and cover part of jacketed beams. The
jacketed RC beams behave similarly to the ordinary RC beams from the beginning till
the ultimate failure. 10 cm thickness concrete jacket is commonly used for damaged

structures, the author indicated.
Aslani and Jowkarmeimandi (2012) describe the behavior of concrete applied to

monotonic as well as cyclic loading in compression and tension such an envelope curve

(for monotonic and cyclic loading), an unloading curve, a reloading curve and a
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transition curve. Formulations established to predict the stress-strain relation in
compression and tension in FE environment results in a good fit to experimental results.
Besides that, the author claimed that the tensile strength of concrete members without
premature damage in compression can be assumed equal to 10% of its compressive

strength.

Badoux and Hulsbos (1965) show that there are some important points that were
inherent and developed in terms of interface surface strength. First, shearing strength
decreases when the ratio of shear-span and effective depth of section (a/d) increases
(Mattock and Kaar). Based on empirical tests series, it can be concluded that the
interface joint strength does not depend on a/d ratio as much as obtained by previous
equations for static tests. Then, the authors claimed that the a/d ratio does not influence
on the effectiveness of the joint reinforcement while plays a decisive role in the natural
bond strength that should be considered when evaluating the concrete on concrete
interface surface joint. Second, an increase in concrete strength increases slightly the
ultimate shear stress in the joint according to Saemann and Washa test series. Next,
0,005 in. slip, obtained by Wisconsin test series and known as critical slip causing the
loss of composite action, is considered conservative and is increased to 0,01 in.
(0,254mm) by the proposed study. The study applied cyclic loading with rate of 250
cycles per minute in order to evaluate the fatigue of bending beams, especially interface
surface strength. Under cyclic loading, a residual slip was witnessed when slip never
came back to zero when load was removed. Besides that, the authors indicated that the
strength of interface surface under bending condition is lower than the result obtained
by push-out test. Furthermore, in this study, friction force is considered contributing to
interface surface immediately after the moment of loss of the natural bond strength.
Consequently, the interface surface strength cannot be superimposed the contribution of
the natural bond, of the reinforcement, and of the friction.

Belejo et al. (2012) evaluates the deviation of SAP2000 and SeismoStruct’s results
when applying pushover analysis to a spatial structure. Although there are some types of
plastic hinge model defined in SAP2000 FEMA-356 (FEMA, 2000) or on CALTRANS

(CALTRANS, 2009), none of results, especially base shear versus displacement curve,
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was close to the reference’s result. It could be understood that, lumped mass is defined
in SAP whereas distributed mass is consider in SeismoStruct. Uncoupled M2/M3 hinge
model in SAP2000 underestimates target displacement result possibly because of the
absence of PM effect. Moreover, different hinge models lead to different deviation in
terms of inter story drift rate between them inside SAP2000 and SAP2000 and
SeismoStruct program. To put in the nutshell, the author claimed that the hinge
definition based on FEMA356 in SAP2000 definitely not suitable for 3D RC structure,
especially asymmetric plan building under high PGA level. Conversely, hinge models
defined through fiber elements results in more accurate and satisfactory results and
leads to the most acceptable seismic behavior of structure objected to low PGA

intensities.

Cheong and Macalevey (2000) set up a dynamic test consisting of a static cyclic
pushover test by applying 100,000 or 1,000,000 cycles of dynamic load from 0,2Pult to
0,6Pult, where Py is the theoretically assumed static failure load of an equivalent
monolithic beam, was set up. In general, the jacketed beam behaves in the same way as
monolithic members in terms of the progression of appearance of the first crack,
deflection behavior, strains recorded in the reinforcement, and ductility. Moderate
dynamic loading applied to a jacketed beam does not cause a significant reduction in the
load capacity of jacketed beams. Besides that, partially roughening does not result in

remarkable load capacity in comparison with fully roughened beams.

Genikomsou et al. (2015) indicate that modelling accurate materials, especially
concrete, plays a decisive role in resulting in a realistic results. The dilation angle of
concrete model is considered as a critical aspect affecting the results. The authors
observe punching shear response of slabs by FEA where CDPM is applied with
necessary parameters such dilation angle (y=40°), flow potential eccentricity (¢=0,1),
ratio of strength of concrete under biaxial compression to the strength under uniaxial
compression (fb0/fc0=1,16), ratio of strength of concrete under biaxial compression to
strength under tri-axial compression (K=0,667) and viscosity parameter (u= 0,00001).
The value of the viscosity parameter depending on the time increment step should be set

around 15% of the time increment step in order to get accurate results. Furthermore, a
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limit value of 0,9 is set up for damage parameter in case of compression and tension. A
good agreement is captured when comparing simulative results to test results.
According to the results, the authors conclude that a mesh size of 20mm leads to the
most realistic results while 15mm size is considered to be so small and 24mm size

seems to be to coarse.

Gohnert (2000) introduces a proposed theory to calculate horizontal shear stress at the
interface surface between precast and in-situ concrete of a flexural beam. First, the
maximum shear stress was built theoretically for cracked section and un-cracked section
at the interface surface. Secondly, push-off test was applied by pushing the in-situ part
until shear failure occurrence at the interface surface and an empirical equation was also
set up. Based on experimental results, the two proposed equations predict shear failure
value more accurate than shear resistance at interface surface of concrete carried out by
ACI 318, BS 8100 and SABS 0100.

Gromysz (2008) describes a joint surface model, interface surface, in which after
horizontal critical shear stress is reached, friction force appears as a consequence and
keeps the stress constant even external force increases. Based on numerical test, the
author claimed that the delamination in concrete on concrete joint surface affects
vibration frequency and as well as damping of vibration. The vibration of composite
member is affected by viscous damping factor (c) and damping force (R), however,
viscous damping (c) plays a decisive role. In event of small boundary of frictional
stress, composite member fades slower than monolithic one due to the fact that vibration
period of composite member is higher than monolithic one. Furthermore, it is noted that
with high boundary of horizontal stress at interconnection, the energy in composite

member is dissipated more quickly than in monolithic member.

Hassanean et al. (2013) apply I' shaped 4mm diameter shear connectors with
dimensions of 50mm and 20 mm sides on the concrete-to-concrete interface surface of
strengthened beams using steel fiber strengthened I1 shaped RC jackets. Furthermore,
high tensile steel rivets of 520 N/mmz2 yield strength have end screw with a length of 25

mm. The ratio of shear connectors on surface is about 0,066%. Each I" shaped connector
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Is embedded in the core part with a length of 28mm while the other 20mm long part is
left outside. The effect of the thickness of RC jackets is considered changing the
thickness of the bottom part from 30mm to 50mm while two side parts are kept
constant, 30mm. The specimens are tested using three-point bending scheme where
repeating concentrated load (P) is considered. The maximum load is enhanced 25%,
45%, and 75% for RC jacketed beam with the thickness of bottom layer of 30mm,

40mm, and 50mm respectively.

He et al. (2017) show that mechanical strength of new-to-old bonded concrete
consisting of the tensile splitting strength, the flexural strength and the bond strength is
linearly dependent on the interface roughness. It is evident that mechanical strength
increases when surface is artificial roughness is created due to the increase of interfacial

fractal dimension. Sand-blasting is considered as the best surface preparation procedure.

Hindo (1990) introduces an in-place direct tensile test, called LOK-TEST pullout,
successfully controlling overlay and patch work in situ by using two methods of surface
preparation to achieve high bond strength: pneumatic hammer and hydro-demolition,
also called hydro-blasting or hydro-jetting. According to the experimental data, surface
prepared by using hydro demolition works twice times well compared with one
prepared by pneumatic hammer method due to the fact that no damage was witnessed
when the first one was applied whereas latter technique weakened the zones below the
interface. Bond strength depends on the depth of bruised layers, the type of bond
material, the quality of surface preparation and the type of concrete. ACI committee 503
stipulates that minimum pullout strength of 100 psi (0,69 MP(a) must be developed at

prepared surface to achieve adequate bending.

Hsu and Hsu (1994) set up a series of compression tests using 3x6 in (76,2x152,4mm)
cylindrical specimens to determine the complete stress strain behavior for high-strength
concrete with or without tie confinements. Modulus of elasticity was considered as the
secant slope of the uniaxial stress-strain curve at a stress level of 45% of the

compressive strength. Based on experimental results, the authors concluded that the
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constant values of 0,002 and 0,003 for the strain corresponding to the peak stress and
the ultimate strain, as specified by ACI committee 318, are conservative.

Huang and Gould (2007) assumes that Modal Pushover Analysis (MP(A) is able to
capture the behavior of tall and asymmetric-plan building under two directions of
ground motion. The article indicates that the prevailing effects of the fundamental
frequency and the ignorance of vertical component of ground motion caused the
discrepancy of MPA and nonlinear time history analysis (NTHA) in terms of top

displacement and damaged patterns, particularly the intensity and location.

Ismail (2014) evaluates the seismic response of existing buildings by comparing the
original with the retrofitted one by using full steel jacket, partial steel jacket and RC
jacket. Based on the results, all retrofitted jacketing techniques enhance the strength and
the ductility of structures especially steel jacketing and RC jacketing. Besides that, the
fundamental period of retrofitted building decreased significant and the modification
factor improve remarkably due to the increase of lateral stiffness. Besides that, carbon
fiber reinforced polymer (CFRP) composite is more preferable if the remaining of

elements dimensions is required.

Julio et al. (2004) proves the strongly existent correlation between bond strength in
tension and bond strength in shear at the interface surface of added and substrate
concrete with a correlation coefficient of R2=0,948. The result can be used conveniently
in the future when considering the bond strength in tension and in shear of concrete
layers. In case of bond strength at interconnection, a saturated substrate with a dry
surface was considered to be the best way to achieve strong bond or adhesion in shear
and in tension. Besides that, higher compressive strength of concrete plays an important
role in increase the bond strength. Particularly, the compressive strength of added
concrete is quite higher than that of concrete substrate, monolithic failure maybe
happens. It is worth noted that the more different age between added concrete and
concrete substrate, less strength in bond. For the surface preparation, among roughening
techniques, sand-blasting causes highest bond strength in tension and in shear.
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Julio and Branco (2008) evaluate experimentally and analytically the ultimate bending
moment under cyclic load of a RC jacketed columns. Monolithic behavior of jacketed
elements is the objective of previous studies. The previous authors concluded that, with
thickness of jacket less than 17,5% width jacketed column, if the ration of bending
moment to shear force is greater than 1,0m (3,281 feet), the jacketed column will
behave as a monolithic composite element. It is worth noting that, the out of phase
localizing of the stirrups of jackets and core column is necessary to obtain monolithic
behavior of member. In experimental test, columns were applied to predefined
displacement histogram. It should be noted that the axial load was constantly applied
throughout lateral forcing. The history of imposed displacement is applied based on
recommendation of European Convention for Constructional Steelwork that presents
clearly about the progressively increasing amplitude of displacement in each cycle,
particularly 8 steps. Furthermore, lateral displacement was imposed slowly with
velocity of 0,Amm/s. From the experimental investigation, the author concluded that the
interface preparation does not affect the result too much and models can be considered
working monolithically. In case of analytical test, a delamination model was considered
at the interface surface under the pushover test. The lateral load was applied to using an
epoxy bonded steel disc at the top of core. Based on the load - displacement curve, it
can be concluded that numerical pushover test result is higher capacity than
experimental test at the same column. Besides that, to obtain total adherence between
core and jacket parts, increasing the roughness of the interface surface with
sandblasting, epoxy resins and bonding agent like steel connector were considered.
Besides that, self-consolidating high-strength grout has been applied to reduce the

thickness of jackets.

Kang et al. (2015) examine analytically concrete-to-concrete shear resistance of
specimens consisting of two layers of concrete that the interface is indented with the
height of 6mm and 10mm as stipulated by Eurocode. It is found that in case of smooth
surface as well as application of indented surfaces the shear resistance obtained by
simulative modeling is higher than the results calculated by code, about more than 1,3
times. Moreover, the class strength of concrete layers can affect the shear strength at the

interface. For specimens with 30MPa strength concrete layers, the shear resistance is
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slightly higher for 10mm indented surfaces. However, when the compressive strength is
used differently for the bottom and top substrate, 80MPa and 30MPa respectively, the
shear strength of both situations seem to be identical to each other. Furthermore, girder
specimens are built in order to evaluate the shear strength at the inter-concrete interface
surface between concrete casing and slab with variable of surface rough conditions. It is
noted that shear connectors are applied to all of specimens. The experiment shows that
the specimen not roughened performs higher peak load, about 6%, than the design value
while the one considered as rough as well as the one with 6mm high 40 mm width
40mm distance intentional indents underestimate compared with design load, 8% and
6% respectively.

Khalil et al. (2016) evaluates the beams strengthened by Ultra High Performance Strain
Hardening Cementitious Composites (UHP-SHCC) with the ratio of 0,3 to 0,6% of
reinforced steel and steel reinforcement under both monotonic and cyclic loading. In
Abagqus, for concrete, load strain curves in terms of uniaxial load and compression
consisting of linear range and softening are described as plastic behaviors of concrete
using two plastic variables d; and d. that are functions of plastic strain, temperature and
field variables. Those variables value vary from 0 to 1 corresponding to from elastic or
undamaged to total loss strength events. In the case of reinforcement, embedded region
modelling is chosen. It should be noted that the effect of bond slip is not considered in
the embedded region modelling but somewhat will be defined as tension stiffening
behavior of concrete. The author reminded again that the dissipated energy is the area
enclosed by the hysteresis loop and represents the structural element capacity to
mitigate the repeated loading effect which causes excessive cracking and permanent
deformation. It is worth noting that the energy dissipated in the first circle is greater
than the subsequent due to the fact that the crack development, widening and
propagating occurred in the first cycle. Thereafter, fibers work as energy dissipater and

the crack just opens and closes under alternate cyclic load.
Kothari et al. (2017) evaluates the seismic response of structures observing results

obtained by nonlinear dynamic analysis using shake table and nonlinear static pushover

test compared with time history function. In experimental tests, the capacity curve
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resulted by shake table test is lower than pushover test due to the fact that cyclic loading
causes loss of strength and stiffness of members. Besides that, hysteresis energy
dissipation causes the lower backbone curve of spectral acceleration cyclic analysis than

monotonic loading analysis.

Kwon et al. (2009) analyzes the shear behavior of rectangular-shaped asperities at
asperity-level considering geometry variation and compare the results to experimental
test on artificial rock joints. The dimensions of asperities decide its failure mechanism

such dilative or non-dilative mode.

Lampropoulos and Dritsos (2011) show that shear stress and friction coefficient depend
on the normal stress at interface surface. It is noted that, normal stress is different from
node to node on the surface and hypothesis indicates that friction coefficient is constant.
RC columns strengthened by RC jackets are investigated using FE analyzes under
monotonic and cyclic loading. Shrinkage at the interconnection resulting in lower value
of maximum load and the stiffness of jacketed column was considered through using
two different thickness jackets, 35mm and 75mm. As predicted, the model considering
concrete jacket shrinkage according to ACI 209R-92 reduces the strength capacity of
jacketed columns and is well fit with the experimental capacity curve drawn thorough
cyclic test. Shrinkage effect is more profound for the thicker jacket. According to the
results, moreover, the author concluded that perfect bond models leads to significant
errors. For practical purpose, the capacity can be calculated using monotonic test and
then possibly is transferred for cyclic test by multiplying reduced factor, 0,9 for non-

shrink grout and 0,8 for normal concrete used for jackets.

Lee and Polycarpou (2007) conduct an experimental study to measure the static friction
coefficient under constant normal load. The empirical result was compared with the
theoretical friction coefficient obtained by KE model (Kogut and Etsion) which was
valid for dry interfaces and did not capture any dynamic velocity effects. Based on the
results, the authors concluded that the constant Coulomb friction assumption may be
valid. Besides that, by considering linearly sliding velocity in case of smooth dry

interface, the study indicates that slower velocity causes decrease from static to kinetic
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coefficient of friction, known as static-to-kinetic friction transition, more clearly than
higher velocity as a consequence of the fact that under slow displacement rate, the static
friction force has time to be built up as asperity junction growth resulting in a larger
friction decrement from static to kinetic values. It is worth noting that higher
displacement rate is applied, slower the static coefficient of friction is obtained.
Dynamic effects may play a more significant role in case of faster velocity.

Lee and Fenves (1998) introduce a new plastic-damage model for cyclic loading
developed using the concept of fracture-energy based damage similar to the Barcelona
model. The authors showed that the effect of compressive damage on the yield surface
and the elastic stiffness are not affected considerably by the tensile damage (stiffness
recovery) while the stiffness degradation accumulated by the compressive damage is not
recovered during tensile unloading because the compressive failure mainly is caused by
dilatancy (dilatation), which affects both compressive and tensile strength. It is noted
that the stiffness recovery takes place only when the tensile cracks are closed. The
hysteresis curve in the tensile region is negligible compared with the compressive

regime.

Mahmoud et al. (2013) indicate that the presence as well as the ratio of shear connectors
influences directly the shear transferability at the interfacial surface between composite
concrete decks, particularly between precast beams and cast in-situ slabs. Based on
experimental and analytical results it is proved that concentrating the connectors at the
vicinity of the supports enhances the ductility of the beam due to the fact that the shear
forces increase at areas near supports. Specimens strengthened using 0,2% shear
connectors perform at approximate 46% the ultimate load capacity of the monolithic
one while the value is about 68% when 0,3% ratio of shear links are applied. The
stiffness of beams is enhanced using higher ratio (0,3%) as well as larger diameter
(6mm) of shear links more than applying 4mm diameter connectors and 0,2% surface

crossing reinforcement.

Mazizah and Izni (2015) evaluate the influence of shaped irregularities at and shear

connectors crossing the interface between concrete substrates casted at different times.
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Experimental tests show that in case of specimens applied shear links the shear failure
does not happen suddenly as the one without projecting shear connectors. The amount
of shear friction reinforcement and the surface texture play a decisive role in enhancing
the shear strength of the concrete-to-concrete interface. The clamping stress produced
by dowel action when applying shear connectors increase the shear strength of the
interface in comparison with specimen left with smooth surfaces. The author indicate
that the application of shear friction reinforcement possibly upgrades the friction
coefficient up to 0,87 higher than the value of 0,6 applied for both smooth and surface

strengthened by shear ties as stipulated by Eurocode 2.

McCrum et al. (2016) set up a pushover test on a typical moment resisting frame in
Europe with necessary parameters such as soil type, peak ground acceleration and a
behavior factor. In the study, according to research on CDPM, the constitutive
parameters used to define yield surface and flow potential surface of concrete in Abaqus
are: dilation angle (y=36°), flow potential eccentricity (¢=0,1), ratio of strength of
concrete under biaxial compression to the strength under uniaxial compression
(fo/fe0=1,16), ratio of strength of concrete under biaxial compression to strength under
tri-axial compression (K=2/3) and viscosity parameter (u=10"). It is worth noting that,
according to EC8, the actual collapse of structure based on engineering judgement and
assessment of the stress distribution in the structure at the final time step is estimated
approximately the roof displacement of 350mm known as “pushover ext.” portion of the

curve while the displacement of 238,33mm was obtained using Abaqus.

Minafo (2015) concludes that the simplified analytical method is considered as a useful
tool in investigating strength domain of jacketed columns can be used by hand in
combination with monolithic coefficient and safety factor considering shrinkage effect.
Furthermore, the reduction on the effectiveness of composite column depends on how
the interface surface is roughened, 10% for no surface preparation and can be neglected

in case of well-roughened.

Miinger et al. (1995) claim that reinforcement to cross the bond interface in order for

shear transfer to occur, a necessary condition for the monolithic design of the section. A
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trussed framework analogy segregated into tension and compression lines of action is
used to explain the action of shear connectors whose diameters are less than 20mm at
the concrete-to-concrete interfaces. A tensile force initiates along to the connectors at
the moment of the opening of the bond interface. On the other hand, the shear resistance
of shear links is considered more accountable if the interface surface is smooth. The
effect of surface roughness has an upper limit which is given by fracture of the new or
the old concrete adjacent to the interface zone. A kind of shear connector namely Hilti

Jumbo-Nail is | considered to prevent as well as eliminate de-bonded interconnections.

Najafgholipour et al. (2017) models internal and external column-beam joints in Abaqus
according to some previous empirical experiments. In case of materials, concrete
damage plasticity model is chosen to define for concrete considering nonlinear behavior
of structure. Particularly, dilation angle (y=35°), flow potential eccentricity (£=0,1),
ratio of strength of concrete under biaxial compression to the strength under uniaxial
compression (fb0/fc0=1.16), ratio of strength of concrete under biaxial compression to
strength under tri-axial compression (K=0,667) and viscosity parameter (u= 0,007985).
In load and boundary menu, the compressive axial load was applied to the column top
surface in the initial step propagating constantly throughout the analysis. The
monotonic load was defined in the next step. For meshing, invariant 40mm size
meshing assumed as the optimum choice based on previous tests is applied for both

concrete and reinforcement.

Nasersaeed (2011) says that RC columns retrofitted using RC jackets possibly perform
monolithically when a higher percentage of transverse reinforcement is used,
particularly stirrup distance is set equal to half of the spacing of the original column

transverse reinforcement.

Onate et al. (1998) describe a potential function defined identically to the modified
Mohr—Coulomb yield surface but using a more realistic angle of dilatancy y instead of
the internal friction angle ¢. The typical values of dilatancy y for concrete are assumed

varying from 8°to 15°.
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Poleswara et al. (2017) indicate that Nonlinear Pushover Analysis (NPA) results in
approximate accuracy in case of low rise, stiffer and short period framed structures
where just fundamental mode is considered and the others are neglected. Besides that,
exact selection lateral load distribution plays an important role in leading to acceptable
results. However, with high-rise building or flexible systems the deviation between
NPA and full non-elastic behavior analysis is significant.

Ren et al. (2014) applied CDPM to simulate 3D model of partial-depth precast pre-
stressed concrete bridge decks under increasing static loading. Particularly, dilation
angle (y=38°), flow potential eccentricity (¢=0,1), ratio of strength of concrete under
biaxial compression to the strength under uniaxial compression (f,o/f;o=1,76), The ratio
of the second stress invariant on the tensile meridian, g(TM), to that on the compressive
meridian (K=2/3) and viscosity parameter (u= 0,0005). Based on extensive trials, higher
value of viscosity makes structures harder while lower viscosity parameter is assumed
to result in good convergence and higher accuracy but computational cost increases.
The steel reinforcing bars are embedded into surrounding concrete considered as the
host parts. According to the interactive module, reinforcing bars are only able to
translate and rotate completely equal to the movement of host parts. The deviation of
6% and 10% between simulative results and empirical experiments is captured in case

of failure load and mid-span displacement.

Santos (2009) evaluates bond strength of including substrate surface preparation,
differential shrinkage, interface stiffness and failure mode. Shear-friction theory
considering four fundamental parameters: compressive strength of the weakest concrete,
normal stress at the interface, shear reinforcement crossing the interface and roughness
of the substrate surface was applied. The shear friction theory assumes that the transfer
mechanism of shear forces at a concrete-to-concrete interface subjected simultaneously
to shear and compression forces is ensured by friction only. There are two different
transfer models commonly used: shear transfer across an initially cracked plane and
shear transfer across an initially un-cracked plane. When adhesion maximum load
capacity is reached, de-bonding occurs at the concrete-to-concrete interface and the

shear stresses will be transferred by mechanical interlocking. If the interface is
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subjected to compression, the shear stresses will be transferred by shear-friction. With
the increase of the relative displacement between concrete parts, the reinforcement that
crosses the interface will be tensioned and yielding can occur. Therefore, the shear
reinforcement will induce compression at the interface and the shear load will be
transferred by friction. Due to slippage, the shear reinforcement will also be subjected to
shear, usually named as dowel action. The author introduced different interface surface
failure modes, adhesive failure (interface de-bonding) and cohesive failure (monolithic
behavior) by analyzing slant shear test results based on the Mohr-Coulomb criterion.
The failure models of composite member are possibly changed because of differential
stiffness that should be taken into account. The author noted that the Young modulus of
added layer should not be lower than substrate concrete. The author stipulated that for
left as cast concrete surface, coefficient of cohesion is 0,74 and 0,59 and coefficient of
friction is 1,18 and 1,1 for laboratory and for external conditions respectively. It is
worth noting that under fatigue and dynamic conditions, the values for coefficient of
cohesion ¢ halved according to 6.2.5 note in Eurocode 2 (2004) should be neglected
when calculating design shear resistance at the interface surface. 2D laser roughness
analyzer considered more accurate than TDI method and others was used to determine
the texture of interface surfaces. Wire-brushing, sand-blasting, shot-blasting, hydro
demolition and chipping are some common used method for surface preparation.

Santos et al. (2007) evaluate the roughness profile of the substrate surface in shear and
in tension, measured with slant shear and pull-off tests. Based on slant shear test results,
the author indicated that bond strength in shear of as left concrete layers (50,40 MPa
and 46,22 MPa is 1,30 MPa and bond strength in tension is 0 MPa.

Sengottian and Jagadeesan (2013) claim that it can be noted that the RC jacketing
method is an efficient technique to repair and rehabilitate damaged columns. The
efficiency depends on monolithic behavior of composite section possibly increased by
using epoxy resin for instance. The load carrying is found higher than conventional
columns based on uniaxial stress-strain curve and load-lateral displacement relationship

when considering slenderness of columns.
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Shehata (2009) investigates bending beams strengthened using partial jacketing with
trapezoidal RC formworks and expansion bolts as shear connector. In general, in RC
beams, the shear stress can be transmitted across the connection by adhesion, by shear-
friction at the interface surface and by the dowel action of reinforcing bars. According
to the results, the author concluded that with jacketing the composite section acts
monolithically even until the yielding of reinforcement and enhances the bending
capacity of strengthened beams. Besides that, it is noted that concrete does not provide
any contribution to the shear resistance of the connection that agrees with the modified

Mohr—Coulomb criteria of failure for concrete.

Tahsiri et al. (2015) concludes that RC jacketing enhances flexural capacity by section
enlargement as well as using extra longitudinal bars and ductility of strengthened beams
under seismic condition. The error is about 23% for RC jacketed beams due to the
difference between analytical and experimental in terms of ultimate flexural bending

moment.

Thermou et al. (2014) indicates that RC jacketing is arguably the most appropriate
intervention method for providing uniformly distributed lateral load capacity throughout
the structure. In the study, shear resistance mechanisms were used to describe the
interface surface between old and new concrete layers including aggregate interlock,
friction and dowel action. Friction coefficient was chosen as 0,4 according to the Greek
code for interventions. An analytical algorithm was introduced to calculate the flexural
behavior under reversed cyclic loading. Particularly, in case of analytical model of
slippage, for flexural analysis, the whole section is divided into three layers deforming
with the same curvature and perfect bond between reinforcement and concrete was
assumed in order to avoid more complicated analytical model. Besides that, for flexural
beam, the resultant force on two vertical surfaces was neglected due to the fact that
compression and tension over the height of the segment is almost equal and the resultant
force is close to 0. It is worth noting that differential shrinkage resulting on reduction in
compressive strength of concrete because of biaxial stress at interconnection was
considered as consequence of the fact that the concrete dries out, then tensile stress

appears at and perpendicular to interface and causes cracking eventually. The
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differential shrinkage is indirectly taken into account by utilizing the proposed model by
introducing a reducing value applied for the concrete compressive strength.

Thermou et al. (2007) introduces a calculation algorithm to evaluate the parameters
relevant to composite behavior jacketed RC member through a flow chart. According to
the comparison between analytical an experimental results, the author claims that the
behavior of jacketed members is greatly sensitive to the interface slip definition. The
study claims that increasing friction coefficient leads to higher shear capacity at the
contact surface allowing for the development of higher strength and curvature values.
For practical purpose, the study indicates that the capacity of monolithic member can be
multiplied to a multiplier called monolithic factor, ranging from 0,7 to 1,0 and defined
in some codes, to determine the capacity of composite member. In order to determine
the parameters relevant to monolithic factors for flexural strength, curvature and
ductility, the author adjusted the shear span ratio to have two kinds of bending beam,
known as dominated by moment and dominated by shear force. According to results,
the author indicated that flexural dominated members are more sensitive to the change
of the ratio of longitudinal bars and axial force than members dominated by shear force
in case of yielding. The parameters affecting the monolithic factors are the ratio
longitudinal reinforcement, axial load, confining reinforcement (stirrup). Additionally,
the axial load N applied on the jacketed cross section expressed as a fraction of the
theoretical crushing capacity (Agf’c), cylinder compressive strength, of the jacketed

cross section which varied between 0 and 0,3.

Truong et al. (2017) uses 51 mm thickness reinforced jacket in order to enhance the
initial stiffness, strength and deformation capacity of strengthened columns. Cyclic load
was applied vertically while 1000kN axial load (30% of the axial load carrying
capacity) was constantly applied at the top of specimens. Reversed cyclically load
history was applied to columns built based on ACI 374.2R-13. In general, retrofitting
method improves the hysteresis load-drift capacity curve of column, increases the
dissipated energy, causes ductile failure and increases of initial elastic stiffness

compared to original columns.
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Vandoros and Dritsos (2008) compare 75mm thickness shotcrete and concrete jacketed
and monolithic columns using exactly the same reinforcement to each other by applying
cyclic loading procedure where the amplitude increased 5mm per step. It is indicated
that jacketed columns are able to keep almost monolithic behavior and the stiffness is so
close together under seismic conditions. In comparison with monolithic columns, the
strengthened columns without surface preparation have lower flexural capacity about
35,8% at yielding and 16,3% at ultimate point. Premature failure and lower ductility of
jacketing without surface treatment is the consequence of poor bond. Due to lack of
interface bond and adhesion, the friction force at interface reduces so that columns
jacketed without roughening witness faster degradation of dissipated energy capacity in
comparison with columns strengthened using surface preparation methods. Besides that,
jackets tend to separate the core because of no surface treatment. The failure mechanism
and visible cracking are influenced by jacketing methods. Shotcrete specimen is
considered better than concrete method due to fewer bond slip at interface surface.
However, jacketing without surface preparation causes significant stiffness degradation

even it improves the stiffness of column significantly in comparison with original one.

Wahalathantri et al. (2011) use a material model to simulate flexural cracking in RC
elements in ABAQUS providing the capability of simulating the damage using either of
the three crack models for RC elements: (1) Smeared crack concrete model, (2) Brittle
crack concrete model, and (3) Concrete damaged plasticity model. The Nayal and
Rasheed’s tension stiffening model for RC elements and the modified tension stiffening
model for the present study was presented. The tensile damage parameter, d; is defined
as the ratio of the cracking strain to the total strain. The compressive damage parameter,
dc is defined as the ratio between the inelastic strain and total strain. If damage
parameters are not specified, the model behaves as a plasticity model. The beam is
meshed with approximate element size with 50mm x 50mm x 12,5mm in longitudinal,
transverse and thickness direction respectively. Result section indicates that both
displacement and crack patterns obtained from FEM are well matched with the
experiment results. Therefore, the above material model minimizes the number of tests

needed to develop an accurate material model in FE simulation.
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Wang et al. (2011) set up pure shear test in order to evaluate the shear strength of the
concrete substrates where shear connectors are applied. The bond strength is enhanced
most by using IT shaped steel shear ties compared to I' and I shapes. In general, the
relationship between the lateral applied load versus interfacial slip is describe from an
ascending part up to an ultimate peak load with really small slip followed by an
approximate plateau regime proving that the interface has good ductility behavior due to

the presence of steel ties.

Zhu et al. (2016) experience push-out tests on steel-concrete interface surfaces
strengthened using 16mm diameter 390 yield strength shear connectors whose ratio is
about 0,16%, 0,32%, 0,48%, and 0,64%. It is evident that the change of ultimate shear

capacity per stub is not enhanced obviously with the increase of the ratio of connectors.

Zou and Chan (2005) indicate that there are two same dimensional frames working
under a same pushover analysis combining with different gravity loads. It is noted that
the frame with lighter vertical load led to more plastic hinges and cost more than the
other one. That is because lighter frame causes higher flexural moment at left columns
called net tension on columns that leads to weak story.
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3. METHODOLOGY AND APPROACH

The present thesis is aiming at the behavior of RC shell covered structures built in areas
prone to large earthquake events. Particularly, dynamic characteristics and performance
point of the structures are compared with those of a respective structure built
traditionally as well as some surface treatment methods are applied in order to enhance
the strength of the concrete-to-concrete interface. The first objective is evaluated
experimental using Shaker test and numerically by modeling in finite element
commercial software namely Abaqus. On the other hand, performance point of
structures is obtained by simulative modeling. Moreover, the effect of normal loading

on structure is also evaluated using numerical modelling.

The concrete-to-concrete friction model is built based on Coulombic friction model.
Besides that, in order to increase the shearing strength at the interface, surface treatment
methods are applied such as shear connectors, indented construction joints, and a

combination of them.

3.1. Geometrics of Specimen

The structure formed using RC formworks namely NEW FRAME (NF) built spatially is
evaluated comparing to a relative one namely CLASSICAL FRAME (CF) whose
dimensions are similar to the dimensions of NF. Two single-story symmetric frames,
CF and NF, own the same finished dimensions (Figure 3.1). Particularly, beams section
IS 250x300mm dimensions, and 300x300mm is dimensioned for columns. 30mm
thickness RC formworks cover beam and column components in case of NF. All of
longitudinal re-bars and stirrups have 8 mm diameter. Stirrups are placed at a distance
of 75mm for formworks and 150 mm for core beams and columns in case of NF and for

the elements of CF.
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Figure 3.1. Finished dimensions of symmetric frames and cross sections in mm
3.2. Materials
3.2.1. Concrete

In the present thesis, concrete class B35 with 35MPa strength at 28 day age is applied
(cylinder specimens) (Table 3.1). It is noted that, elastic range is considered when
extracting the dynamic characteristics of structures while pushover analysis causes
nonlinear behavior. Initially, when Poisson's ratio is concerned, Kupfer et al. (1969)
states that within the region of biaxial compression a constant value for Poisson's ratio
of 0,20 was calculated while the corresponding value for region of biaxial tension was
0,18. For combined compression and tension Poisson's ratio ranges from 0,18 to 0,20.
Moreover, the Poison’s ratio value for concrete material is chosen 0,2 according to
Najafgholipour (2017), 0,18 according to Lee et al. (1998).

Table 3.1. Mechanical properties of concrete material

Property B35
Ultimate compressive
strength (o), MPa 35
Tensile capacity (o1,), MPa 35
Density, T/m® 2,4
Elastic modulus (E,), MPa 26987
Poisson’s ratio (v) 0,18
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When pushover analysis is applied, concrete is considered to fall deeply into its inelastic
regime as well as damaged under extreme large deformation of structures. In the present
study, concrete damage plasticity model (CDPM) built based on Kupfer et al. (1939)
and Lubliner et al. (1989). The input data of uniaxial stress-strain relation in
compression is built based on Hsu and Hsu (1994) whereas the tensile regime is defined
following Aslani and Jowkarmeimandi (2012) (Table 3.2). It is noted that, for
simulation converge reason, the softening branch in compression of concrete is

extended in comparison with the model of Hsu and Hsu (1994).

Table 3.2. Proposed Abaqus input parameters of B35 concrete

COMPRESSION
Stress, 6 | Strain, g | Crushing strain, £ | Damage parameter,
(N/mm?) | (mm/mm) (mm/mm) de
15,751 7,03E-04 0,00E+00 0,000
21,930 1,08E-03 2,31E-04 0,000
27,769 1,45E-03 3,01E-04 0,000
31,936 1,82E-03 3,85E-04 0,000
34,292 2,19E-03 4,86E-04 0,000
35,003 2,57E-03 1,27E-03 0,000
32,997 3,31E-03 2,09E-03 0,057
28,898 4,05E-03 2,98E-03 0,174
24,561 4,80E-03 3,89E-03 0,298
20,717 5,54E-03 4,77E-03 0,408
17,523 6,28E-03 5,63E-03 0,499
14,930 7,03E-03 6,47E-03 0,573
12,834 7,77E-03 7,29E-03 0,633
11,133 8,51E-03 8,10E-03 0,682
9,742 9,26E-03 8,90E-03 0,722
8,594 1,00E-02 9,68E-03 0,754
7,662 1,07E-02 1,04E-02 0,781
6,875 1,14E-02 1,12E-02 0,804
6,205 1,22E-02 1,19E-02 0,823
5,631 1,29E-02 1,27E-02 0,839
5,134 1,36E-02 1,34E-02 0,853
4,702 1,43E-02 1,42E-02 0,866
4,323 1,51E-02 1,49E-02 0,876
3,990 1,58E-02 1,56E-02 0,886
3,695 1,65E-02 1,64E-02 0,894
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Table 3.2. Proposed Abaqus input parameters of B35 concrete (Cont.)

3433 | 1,72E-02 | 1,71E-02 | 0,902
TENSION
Stress, 6y | Strain, & Cracking strain, Damage parameter,
(N/mm?) | (mm/mm) | & (mm/mm) d,
3,500 1,30E-04 0,00E+00 0,000
1,569 3,33E-04 2,75E-04 0,552
1,046 5,37E-04 4,98E-04 0,701
0,796 7,41E-04 7,11E-04 0,773
0,647 9,45E-04 9,21E-04 0,815
0,548 1,15E-03 1,13E-03 0,843
0,477 1,35E-03 1,33E-03 0,864
0,424 1,56E-03 1,54E-03 0,879
0,382 1,76E-03 1,75E-03 0,891
0,348 1,96E-03 1,95E-03 0,901
0,320 2,17E-03 2,15E-03 0,909
0,296 2,37E-03 2,36E-03 0,915
0,276 2,57E-03 2,56E-03 0,921
0,259 2,78E-03 2,77TE-03 0,926
0,244 2,98E-03 2,97E-03 0,930
0,230 3,19E-03 3,18E-03 0,934
0,219 3,39E-03 3,38E-03 0,938
0,208 3,59E-03 3,58E-03 0,941
0,198 3,80E-03 3,79E-03 0,943
0,190 4,00E-03 3,99E-03 0,946

The necessary parameters required by Abaqus play an important role in defining the
CDPM as well as calibrating simulative models (Table 3.3). First of all, in case of
dilation angle (y), according to Wu et al. (2006) a parameter chosen to provide proper
the dilatancy parameter o with common range between 0,2 and 0,3 of for concrete
corresponding between 31° and 42°. Furthermore, after applying various values of
dilation angle to simulative models, Najafgholipour et al. (2017) indicates that a value
of 35°of the dilation angle parameter is considered to result in a reasonable the lateral
load-deformation curve and the failure mode after applying different values of dilation
angle to FEA models. Besides that, Ren et al. (2015) applied a value of 35° in order to
define the dilation angle while a value of 40° is chosen by Genikomsou and Polak
(2015). Secondly, Ren et al. (2014) took a small value 0,1 as the flow potential
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eccentricity the rate at which the hyperbolic flow potential approaches its asymptote.
Genikomsou and Polak (2015) also used the same value. Thirdly, the ratio between the
equivalently biaxial and the uniaxial compressive strength is about 1,16 according to
Kupfer et al. (1969). The stress ratio is also recommended as 1,16 by Genikomsou and
Polak (2015) and Wu et al. (2005). Afterward, Ren et al. 2014 and Genikomsou and
Polak (2015) choose the ratio of the second stress invariant on the tensile meridian,
g(TM), to that on the compressive meridian K. was taken as 2/3 similar to the
stipulation of Dassault Systémes (2013). Moreover, after examining the load—
displacement response of the slab-column connection with three values of K, 2/3, 0,9
and 1, Genikomsou and Polak (2015) concluded that there is no significant deviation
among three results and the less value of K, 2/3 causes more realistic results. Finally,
Wosatko et al. (2015), a value 0,01of viscosity parameter is considered to be the best
choice and a premature divergence is witnessed in event of no viscous regularization
while a value of 0,0005 is chosen by Ren et al. (2014) because it leads to results
approximately close to experiments while higher viscosity coefficient would make the

structure of ‘‘harder’’.

Table 3.3. Input parameters for CDPM

Dilation angle | Eccentricity | fyo/fco | K | Viscosity parameter
35 0,1 1,16 | 2/3 0,007985

3.2.2. Steel reinforcement

420 yield strength steel (S420) is applied to reinforcing bars while S520 steel is applied
to shear connectors (Table 3.4). An elastoplastic model is applied in Abaqus (Figure
3.2).
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Figure 3.2. Elastoplastic model of steel

Table 3.4. Mechanical properties of steel

Property S420 and S520
Density, T/m® 7,85
Elastic modulus (Es), MPa 210 000
Poisson’s ratio (v) 0,3

3.3. The Concrete-to-concrete Interface

Coulombic friction model is chosen to define the left as-cast concrete-to-concrete
interface in the present thesis. It is noted that in order to figure out the performance
point of structures, under applied large lateral pushing, materials fall into the inelastic

regime and large slippages between core-to-cover concrete substrates are predicted.

3.3.1. The left as —cast interface

Coulomb friction model consists of tangential and normal behavior at the interface.

3.3.1.1. Tangential behavior

Firstly, in the planar behavior, a constant of friction coefficient is applied due to the fact

that an isotropic friction behavior is assumed on concrete-to-concrete substrates. The
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parameter playing crucial role in evaluating the quality of the interface not only
recommended by researchers but also stipulated in current codes (Table 3.5). In the
present study, a constant friction coefficient of 0,6 applied to smooth surface according
to ACI 318-08 (2008) indicating that concrete placed against hardened concrete not
intentionally roughened 0,62 where 4 = 1,0 for normal weight concrete. A value of 0,6 is
also applied to a free surface left without further treatment after vibration by as EN
1992-1-1 (2004).

Table 3.5. Friction coefficient of concrete-to-concrete interface

Sources Friction coefficient, p
Birkeland and Birkeland (1966) 0,8-1,0
Mattock and Hawkins (1972) 0,8
CEB-FIP Model (2010) 0,5-0,7
EN 1992-1-1 (2004) 0,6
ACI 318-08 (2008) 0,6

Secondly, a critical shear stress is calculated theoretically following Von Mises stress is
applied to the friction model. Assumedly saying that, at the interface surfaces of
elements mostly behaving under flexural conditions as the case in the thesis, the normal
stress is not large enough to initiate the situation in which the materials at the
interconnection yield and the surfaces slide on each other regardless the intense of
normal stress. However, the critical shear stress must be filled out in the Coulomb

friction model as required by Abaqus.

Thirdly, sliding at the interface is divided into two states, elastic and inelastic. In the
elastic range of slippage, the stiffness of concrete-to-concrete joint is chosen equally to

the Young elastic modulus of concrete material in shear, G.
Finally, according to Dassault Systémes (2013), the method of altering the default

elastic slip is convenient if the goal is to increase computational efficiency, in which

case a value larger than the default of 0,005 would be given, or if the goal is to increase
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accuracy, in which case a value smaller than the default would be given. The defaulted
value is chosen in the present thesis.

The crucial parameters defining Coulomb friction model is required (Table 3.6). The
value of shear-transfer stress at the inter-concrete substrates is calculated based on Von

Mises stress.

Table 3.6. Parameters of the modified Coulombic friction model

Friction coefficient 0,6
Shear stress limit (tmax), MPa 9,093
Elastic stiffness (k or G), GPa 11,435
Fraction of characteristic surface
dimension (Fy) 0,005

3.3.1.2. Normal behavior

“Hard contact” and zero-penetration are applied in the normal direction. Surface
separation is accepted in event of no contact is captured. Besides that, when “hard

contact” is applied, tension is not withstand at the interface surface.

3.3.2. Formulation of friction model in Abaqus

Coulomb friction model is chosen to define frictional property at the interface surface.
First of all, “Penalty friction” formulation is chosen because the elastic slip is able to be
applied. Secondly, “surface-to-surface contact” is chosen to describe the interaction
because surface-to-surface discretization provides more accurate stress and pressure
results than node-to-surface discretization if the surface geometry is reasonably well
represented by the contact surfaces according to Dassault Systémes (2013). Contact
pairs are defined separately as master and slave surfaces where master surface belongs
to the stiffer bodies. “Contact” type is chosen in “Interaction Properties” menu to define
the cover-to-core concrete interface. “Contact properties” include tangential and normal
behavior. A constant of friction coefficient is applied “isotropic friction” model in

planar behavior while “hard contact” is applied to the normal direction.
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3.4. Natural Dynamic Characteristics of Structures
3.4.1. Shaker test

The experiment was held at the faculty of Civil Engineering at Uludag University.

Materials as well as necessary equipment were gathered at a construction site.

3.4.1.1. Materials

A 28 day-compressive strength (cylinder) of 35MPa concrete was used for two
specimens while 8mm diameter S420 grade (420 MPa yield strength) steel was chosen
for both longitudinal bars and stirrups. Wooden plate formworks were used to form RC

formworks and the monolithic frame.

3.4.1.2. Specimen preparation

All of RC specimens in the present study are addressed by the methodology-cast-in-
place. First of all, 30mm thickness RC formworks whose dimensions had been
calculated carefully to make the same finished shape as the classical frame (Figures
3.3). It is noted that, the surface of wooden formworks is smooth in order to aim the
smooth interface between concrete substrates. 4 longitudinal bars and 75mm space
between stirrups were applied to both column and beam formworks. Besides that,
rectangular shaped bars were used for a 500mm cuboid feet. After formwork
preparation, concrete was poured inside wooden formworks in-situ to form RC
formworks. After pouring, concrete curing method was applied to keeping new-age
concrete against external factors affecting the quality of concrete until concrete reaches
its strength at the 28™ day age.
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Figure 3.3. RC formworks for bases, columns, and beams. (a) Preparation (b) Products.

Wooden formworks were installed for CF specimen while RC formworks were to form
NF (Figure 3.4). The construction process of the structure using RC formworks was
similar to the traditional method in general. After formwork installation, concrete was
poured to form lower parts such as 4 feet and tie beams. It is noted that the

reinforcement of columns was adapted before pouring concrete inside the lower parts.

Figure 3.4. Pouring concrete into the RC formworks. (a) Formwork installation (b)
Pouring concrete ¢) Product.

After pouring lower components, RC formworks for columns were installed then and

finally, upper parts of structures were fit up (Figure 3.5).
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Figure 3.5. Formwork installation of columns and beams.

Pouring concrete for CF and NF was done at a same time. Observe the finished
specimens the most remarkable difference after pouring concrete is that the workspace
of both frames is so different from the other’s one (Figure 3.6). Everything looks like
finished for the structure that used the integrated formwork system and the environment

around it was cleaner than the site around CF. Curing condition was considered strictly
until the new concrete reached the desirable strength.

Figure 3.6. The working space of two frames when waiting for the age of concrete.

3.4.1.3. Shaker setup

The Shaker test was installed to both of structures to examine the dynamic

characteristics of both structures. The test was done in two perpendicular horizontal

75



directions (x and z) of each structure. Besides that, for accuracy reasons, there were two
sources of digital information collected in every direction by mounting shaker at two
positions, particularly at the top of two columns (Figure 3.7). It is interestingly noting
that, the position of shaker is at one corner of the spatial frames in order to extract the

desired mode shapes of structures that are easily to be predicted.

Figure 3.7. The working space of two frames when waiting for the age of concrete.

At the beginning of the test, some forms of vibrating force such as sine, random,
impulse and pink were applied respectively. The forces that applied to the structures
were controlled by SignalCalc Dynamic Signal Analyzer software and their information
was stored to the computer’s hard disk. In the next step, electronic data is collected from
three accelerometers that were attached to the top of the three other columns. The
accelerometers must be parallel to the considered axis and mounted carefully at the top
of columns to avoid inexact signal. A DSA system collected and computed the

electronic signal completely and saved them to the computer.
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4. RESULTS AND DISCUSSION
4.1. Shaker Test

The electronic signal collected in terms of the magnitude of displacement, velocity or
acceleration from three accelerometers is analyzed using SDSA software throughout
external excitations. In SDSA software, Fast Fourier Transfer function (FFT) is applied
to digitize the input data. Besides that, although both of two frames are symmetric, the
experiment is observed carefully in two perpendicular directions namely x and z in
order to control the results effectively so that there are two results for each direction
corresponding to x and y directions. It is worth reminding here that in one direction,
there are two output data corresponding to two positons of shaker but the deviation is
not meaningful so that there is one output data shown in one direction for simplicity

purpose.

Each colorful line representing digitalized results based on the response of the point
stick to an accelerometer is displayed in a Cartesian coordinates consisting of the value
of magnitudes shown in vertical axis and natural frequency values on horizontal axis.
The overlay of the three colorful lines on the Cartesian coordinates is called the

frequency response functions (FRFs) of structures.

There is no doubt saying that there are three meaningful values of frequency able to be
derived based on the clearly seen by eyes three peaks that in each FRFs ( Figure 4.1 and
Figure 4.2). Then the exact values of natural frequencies are extracted based on the
values of horizontal component of coincided peaks. Base of the FRFs, after the third
peaks, no natural frequency is able to be extracted because no convergence is witnessed
from the three lines as a consequence of the fact the latter external vibrating forces
caused by the shaker are not able to excite the different natural frequencies of the
structures. It strongly suggests that the results taken from shaker test are reliable due to

the approximately identical output data from both of directions, x and z.
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Figure 4.1. The frequency response function of Classical Frame respect to (a) x
direction (b) z direction
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Figure 4.2. The frequency response function of New Frame respect to (a) x direction;
(b) z direction.

4.2. Modal Analysis-FEM

In Abaqus, two simulative models are built according to the realistic ones in terms of
materials as well as dimensions. As applying shaker test, the main objective of
modelling is figuring out the deviation between CF and NF. However, it is noted that,

the simulative models defines perfectly materials models for concrete and steel while in
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practice, there are many reasons affecting the strength of specimen even under strict
curing condition. Consequently, the simulative results maybe deviate from empirical

ones but it is not the major target.

4.2.1. Assembly

Based on the realistic dimensions, two frames CF and NF are modelled in Abaqus
environment (Figure 4.3). First of all, 30mm thickness formworks prepared for beams
and columns are modelled and localized to accurate positions. Besides that, the

positions of longitudinal reinforcement, stirrups are localized accurately (Figure 4.4).

(b)

Figure 4.4. Localization of reinforced steel in NF.
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4.2.2. Step selection

In Abaqus, the procedure type namely “linear perturbation” is chosen to extract the

natural frequencies of structures.

4.2.3. Meshing

3D eight-node solid C3D8 elements are applied to concrete while reinforcement is
defined as T3D2 elements. 50mmx50mm size meshing is applied to solid elements and

50mm is defined for truss elements.

4.2.4. Results of model analysis

The first three natural frequencies as well as corresponding mode shapes obtained by
modal analysis using Abaqus are depicted (Figure 4.5 and Figure 4.6).

It is worth nothing that, the first and second modes of both structures working on lateral
axes, x and z, have the same natural frequency due to the symmetric properties while
the third mode shape rotates around y axis.

(a) (b) 0

Figure 4.5. Mode Shapes for classical frame. (a) Mode 1: 19,88 Hz (b) Mode 2: 19,88
Hz c) Mode 3: 25,02 Hz
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Figure 4.6. Mode Shapes for new frame. (a) Mode 1: 19,85 Hz (b) Mode 2: 19,85 Hz c)
Mode 3: 24,95 Hz

4.3. Discussion of Natural Properties

According to experimental and simulative results, the predominant frequencies
corresponding to Mode 1 is compared together (Table 4.1). It is worth noting that, the
first frequencies obtained from FRFs correspond to Mode 1 or Mode 2 taken from
Abagus. Based on the effective mass (EM) extracted by modal analysis, Table 4.1 only
focuses on the predominant frequency of each structures. Particularly, Mode 1 and
Mode 2 with more than 95% of EM as well as the first frequencies determined by

Shaker test are observed herein.

Table 4.1. A comparison of dynamic characteristics

Modal Analysis Experiment Different rate, %
Sl CF NF CF | NF
3 § A B C D Bvs | Dvs | Cvs | Dvs
a f. [EM, | f [ EM, | T f, Al C | A B

Hz % Hz % Hz Hz

19,88 | 95,99 | 19,95 | 9591 | 15,78 |11497| 0,3 | -51 | -20,6 | -25,0

X
[EY

2 119,88 19599 |19,95| 9591 | 14,59 | 14,72 | 0,3 09 |-26,6 | -26,2

Table 4.1 statistically illustrates a comparison of natural dynamic characteristics
between CF and NF based on simulative and empirical results as well as the deviation

of modeling and experimental results. In both experimental and simulative results, there
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Is no meaningful deviation between CF and NF. However, natural frequencies obtained

by experimental tests are always lower than those derived from simulation.

Natural dynamic characteristics of NF and CF are considered to be approximately
similar to each other with a deviation of 0,3% in both mode shapes in the simulative
environment and different rates of 5,1% and 0,9% in case of experimental tests for
Mode 1 and Mode 2 respectively. It can be concluded that the structure built using RC
formworks results in similar natural frequencies and mode shapes to those of the
monolithic one. First of all, it can be explained that the modal analysis applied in FEA
only considers elastic behavior of materials as well as the interaction between layers.
Secondly, in the empirical experiment, external shaking forces are considered to be low
and not enough to cause large deformation. In other words, the structure covered by RC
jackets is considered to work similarly to the monolithic one. However, the natural
frequencies of NF are slightly higher than those of CF based on simulation. Work under
the elastic regime, the interface between substrates is considered to not effect on the
behavior of elements, columns and beams, as well as the whole structure, NF works
monotonically. Moreover, higher ratio of reinforcement in components results in higher
stiffness of NF compared to CF. A converse trend is witnessed in case of the
experimental test as a probably consequence of the inaccuracy of workmanship when
building CF.

The simulative frequencies are remarkably higher than the empirical results with
divergent rates of more than 20% in general. In case of the predominant frequency,
correspondingly Mode 1, a dissimilar rate of 20,6% and 25% for CF and NF
respectively. The deviations could be caused by the input parameters used to define
materials in numerical analysis causing the frames not comparable completely to the
realistic specimens as expected. Particularly, the quality of materials used in sites, and
unsatisfied curing condition especially for RC formworks etc. are possibly the reasons.
Moreover, the inaccuracy caused by workmanship possibly leads to the different
dimensions of the realistic specimens and simulative models. Furthermore, the weight

of shaker attached to systems is significant smaller than the considered system but still
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effect on the results. Finally, under practical conditions, the structures work with the
contribution of damping while modal analysis ignores this factor.

4.4. Base Shear-Displacement Curve - FEM
4.4.1. Left as-cast concrete-to-concrete interface
4.4.1.1. Step selection

In the present dissertation, “general static” step is chosen for pushover analysis. The
analysis procedure consists of two steps. Step 1 is used to define the constant normal
loading while step 2 is used for monotonic pushing displacement procedure. It is noted
that, step 1 works separately from step 2 in order to account for the effect of normal
loading on columns. After that, step 1 is propagated to step 2, it means that step 2
initiates based on the results caused by normal loading in Step 1.

4.4.1.2. Loads and boundary conditions

Simulative models CF and NF are subjected pushover analysis. The 4 feet are
constrained spatially, normal loading is applied on top of four columns while laterally

pushing displacement is applied on two columns (Figure 4.7).

Figure 4.7. Pushover analysis procedure.
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Firstly, both simulative models, CF and NF, are applied a restraint at four feet using
“encastre boundary condition”. Secondly, during pushover analysis, a value of axial
load equal to 30% of the normal capacity of the structure according to Truong et al.
(2017) is applied constantly at the top of the four columns. It is noted that, in the present
thesis, normal load is laterally contributed on the top of columns using “pressure” type.
It is worth noting that in case of NF, normal load is applied only on core part of
columns due to the fact that, the cross sectional dimensions of columns are smaller than
in. consequently, the value of normal pressure of two frames is different from each
other. Thirdly, a displacement-based load pattern is determined based on the
predominant mode shape of structures obtained by modal analysis done in the above
chapter. It is noted that, the predominant period of structures obtained numerically by
Abagqus is considered in this chapter. Particularly, based on Mode 1, pushover analysis
is established for CF and NF. There are two ways to apply pushover analysis,
displacement and load controlling procedure. The first one is chosen because of the
models are so complicated to predetermine lateral loading pattern. A monotonic pushing
displacement procedure is applied symmetrically at the top of two columns of CF and
NF. The lateral displacement is applied incrementally until the drift ratio is equal to
3,5% as stipulated by ACI Committee 374-05 (2005). In the present thesis, in order to
compare the deviation between CF and NF, a same mass and same lateral displacement
are applied to both structures (Table 4.2). It is noted that the normal load is applied to
the core part of NF whose columns have smaller sectional areas. Consequently, the

normal pressure applied to NF is bigger than the case of CF.

Table 4.2. The parameters of pushover analysis.

Component CF NF
Normal pressure, N/mm? 5,97 9,33
Target lateral displacement, mm 87,75 87,75

When bonding between reinforcement and concrete is concerned, embedded constraint
in which the reinforcement is considered to be embedded the host parts, particularly
concrete elements. In order words, reinforced bars are bounded by and completely obey

the translations and rotations of the host parts. It means that there is no occurrence of
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de-bonding between concrete and steel bar, however the bonding mechanism can be
seen as the damage of concrete interactively surrounding bars.

4.4.1.3. Meshing

It is noting that meshing plays an important role in computational cost. However, the
mesh size dependency does not considerably affect the overall response of the structures
in FEA and it is 40 mm mesh size causes the closest result to experiments due to the fact
that most damage processes, causing concrete cracking propagation usually involve
length scales in the order of two to three dominant aggregate sizes of the base concrete
material according to Najafgholipour et al. (2017). Besides that, Abbas et al. (2014)
modelled concrete with a dense mesh of 8-node brick finite elements with 50 mm size
meshing. Invariant 40mm size meshing assumed as the optimum choice based on
previous tests re applied to both concrete and reinforcement according to
Najafgholipour et al. (2017). In the present study, the mesh size is chosen automatically
by Abaqus with the maximum size as 50mm for 8-node brick in case of concrete and 50
mm length in case of reinforcement defined as truss elements. However, in some special
cases, the maximum mesh size is changed in order to be suitable to the specific
situation, especially when meshing RC formworks applied complicatedly geometrical
irregularities. Ren et al. (2014) used element sizes of 25,4 mm x 38,1 mm x 12,7 mm in
FEA. In the present thesis, 3D eight-node solid (C3D8) elements are applied to concrete
while reinforcement is defined as truss elements (T3D2). Besides that, all of elements

are meshed using 50mm size.

4.4.1.4. Results

Roof-displacement versus base shear force graph of the frame built using RC
formworks and the traditionally constructed frame obtained using monotonically lateral
pushing are plotted (Figure 4.8).
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Figure 4.8. Flexural behavior of CF and NF

The line graph sheds of light on a comparison of the flexural performance of a single
story spatial RC frame formed using RC formworks prefabricated to a reference
monolithic frame. One of the more prominent takeaways of the line graph is that
although two structures surveyed through a same pushover analysis procedure
demonstrate a similar trend of base shear versus top displacement curves, the structure
covered by RC formworks is not only weaker but also less ductile than the monolithic

one.

The product of pushover analysis initiates by a linearly increasing trend at elastic stage
followed by another increasing regime but with continuously reduced stiffness until
hitting peaks starting a declined curve ending up at a base shear-force of 80% of the
peak value. The elastic regime of NF, particularly, ends up at 7,26mm when reaching a
base shear-force of 101,14kN compared with the value of 117,73kN transpiring at
4,92mm for CF. In other words, the bending elastic stiffness of NF is about 58,27% of
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CF. A similar situation takes place in the inelastic regimes, where NF hits a peak of
134,85kN reduced by an amount of 14,1% from the ultimate value of CF and the peak is
captured at 27,08mm later than the latter peak about 7,13mm before tailing off and
completely collapsed at 68,48mm while CF ruptures at 57,29mm. Similarly to the lower
bending capacity, NF is considered as a less ductile structure by performing a ductility
factor of 9,44 compared with 11,64 in case of CF even the destination of the monolithic
structure is reached sooner than. Designed a same sectional dimension as the monolithic
structure and owning a higher value of longitudinal reinforcement, the nonlinear
performance of NF is degraded remarkably compared with the monolithic one as a
consequence of the fact that the occurrence of slippage at the inter-concrete surfaces
between the core and cover parts causes a lower bending stiffness of NF when forced to
experience lateral displacements. Even working under an assumed elastic condition, the
cover concrete parts separate immediately from the base surfaces because there is no
tensile strength is defined at the interface while the peripheral concrete elements of CF
at the tensile sides of columns and beams contribute to the strength of the whole
structure until the tensile strength is reached. The degradation is witnessed more
profoundly when the structures fall into the nonlinear stage. It can be seen that although
the main reinforcing bars at tensile and compressive sides of structural elements as well
as concrete parts of RC formworks contribute to the strength of NF throughout the
process of forming plastic hinges, the contribution is limited because sliding at the
interface leads to the absence of the shear transferability of the interconnection,

especially when the maximum value of shear stress is exceeded.

4.4.2. Application of surface treatment methods

Aim at monolithic behavior the shear strength at interconnection is enhanced using steel
shear-links, shaping geometric irregularities, and a combination of them. For the
purpose of simplicity, an increasingly adjusted friction coefficient is accounted for

corresponding to each surface treatment method.
Besides that, in case of pure concrete-to-concrete interface surfaces, Vandoros and

Dritsos, (2008) concludes that jacketing without surface roughening method leads to

significant stiffness degradation, the separation of jackets, premature failure, and a
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lower ductility because of a poor bond at the interface surface. For the purpose of
simplicity, Lampropoulos and Dritsos, (2011) concludes that the bending capacity of
RC jacketed columns is equal to 80% of the strength of a respective monolithic

specimen. Moreover, the strength is reduced to 70% according to Thermou et al. (2007).

In the present thesis, there are two surface treatment methods that are applied in order to
enhance the shearing strength at the interface as well as the bending capacity of the

structure built using RC formworks.

4.4.2.1. Steel Connectors

Based on an experimental test on jacketed columns, Vandoros and Dritsos (2008)
indicated that the capacity of strengthened specimens applied about 0,29% ratio of 20
mm diameter grade S500 L-shaped dowels of dimensions 150 mm by 100 mm is about
9,1% and 14,9% less than a monolithic one at yield and ultimate point respectively.
Moreover, Mazizah and Izni (2015) set up a “push-off” test in order to compare the
shearing strength at the interconnection of specimens made by two concrete layers.
According to the experimental results, the joint using approximate 0,565% ratio of shear
connectors (6 mm diameter grade S250 II-shape) performs higher shearing strength,
particularly 2,8, 1,12, and 1,59 times, than the left as-cast (smooth) interface in case of
0, 0,5 and 1,5 N/mm? laterally distributed pressure applied on the top parts.
Furthermore, in order to evaluate the effect of the shape of connectors on load-slip
relation at old-new concrete layers, Wang et al., (2011) placed at interface surface three
types of 6,5mm diameter shear link, I, I', and IT shape. Obtained load-slip curves
indicate that the two latter types improve not only the shearing strength capacity but
also the ductile behavior of the interconnection more effectively than | shaped shear
links. In the present study, IT shaped tie connectors placed at concrete-to-concrete
substrates with a variety of ratios are observed using simulative modeling a single story
spatial frame formed using RC formworks in order to figure out the effect as well as the

suitable ratio of shear connectors.

On the other hand, the planar property consisting of concrete-to-concrete smooth

surface and shear links (Figure 4.9 and 4.10). In Figure 4.9, the length of 15mm of
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connectors is placed in the core part while the 20mm part belongs to the RC formworks.
The value of f, used for design of shear friction reinforcement shall not exceed 60,000
psi, approximately equal to 414 MPa, according to ACI 318-08 (2018). 4mm diameter
IT shaped steel connectors of dimensions 35x30x35mm with 520MPa yielding strength
are placed at the concrete-to-concrete substrates with a variety of shear link ratios at the
interaction surface. It is noted that NF_014, NF_028, NF_048 and NF_062 are named
for three RC formworks covered frames corresponding to the ratio of placed shear
connectors, 0,14, 0,28, 0,48, and 0,62% respectively (Table 4.3).

Table 4.3. FE models applied shear connectors

Name Connector ratio (%)
NF 014 0,14
NF_028 0,28
NF_048 0,48
NF_062 0,62

(b)

Figure 4.9. TI shaped steel connectors. (a) Predetermined location (b) Detailed
dimensions in mm.
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®)

Figure 4.10. Application of IT shaped shear links. (a) on columns; and (b) on RC
formwork.

Four structures whose surfaces are treated shear connectors with different ratio on
surface are applied to pushover analysis and base shear versus top displacement curves
are plotted (Figure 4.11) and the enhancement brought by each ratio of shear links are
displayed (Figure 4.12).
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Figure 4.11. Flexural behavior of NF with connectors in compared with CF and NF.
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Figure 4.12. Percentage of enhancement of shear connectors

The graphs in Figure 4.11 and Figure 4.12 shed of light on a comparison of the flexural
strength when falling into nonlinear regime, of a single story spatial RC frame, formed
using prefabricated RC formworks without and with a variety of shear connector ratios
placed at concrete-to-concrete interface to a reference monolithic frame. The surface
treatment method by shear connectors plays a remarkably effective role in improving
the shearing strength at the formwork-to-cover concrete layers, the bending capacity of
whole structures in other words.

Initially, it is evident saying that the shear connectors play an important role in
increasing the bond strength between cover and core parts and possibly upgrade a
composite structure to a monolithic one in terms of bending capacity. Based on the
base-shear force versus top lateral displacement curves, when the ultimate bending
strength is concerned, a series of NF whose interface surfaces are treated placing shear
connectors perform higher peaks than the specimen with left as-cast surfaces, up to
approximate 14,44% as well as 98,315% the bending capacity of the monolithic one.
The ultimate bending moment of NF_014, NF 028, NF_048, and NF_062 are
calculated as 363,345kNm, 368,442kNm, 376,902kNm, and 378,118kNm respectively
that is remarkably enhanced in comparison with the flexural capacity of NF, particularly

330,388kNm. It is assumedly said that bending is considered to be predominant so that
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the substrates tend to slide on each other. However, the shear connectors are able to
prevent the situation of slippage until yield stress in steel connectors is reached sue to a
mechanism called dowel action. Yield stress in connectors, in practice, can be caused by
bending, axial load as well as torsion. However, in simulative modeling, shear
connectors are defined as truss elements due to a simplification purpose so that they

work under tension or compression only.

Due to the benefit brought by dowel action, ductility factor, known as one of the major
parameters when evaluating the nonlinear performance of structures, is also for the
series of NFs. The structures applied the surface treatment using shear connectors
perform more ductile behavior than NF whose ductility factor is about 9,439%.
Particularly, the evaluated factor is upper than 11% for NF_014 and NF_028. Those
values closely approach the 11,642% ductility factor of the monolithic one that is
exceeded by the ductility factor of NF_048 and NF_062 calculated as 11,883% and
12,013% respectively. Graphically saying that the fracture point is prolonged from a
value of 68,482mm belonging to NF to a distance of 84,394mm of NF_062 considered
remarkable compared to the modest maximum journey of CF, about 57,293mm. The
situation can be explained that the higher ratio of bending carrying bars and the
contribution of shear connectors are considered as the backbone of the ductile behavior
of NFs. It is noted that although the bending enhancement of NF_062 is not only
countably higher compared with NF048 but also the ductility is not improved basing
their descending branches after reaching the peaks and the structures seems to be
collapsed at a same lateral displacement, at about 123mm.

Based on aforementioned comparison there is no doubt saying that the improvement in
terms of bending capacity as well as ductility factor profoundly increases in proportion
to the increase the shear connector content on the concrete-to-concrete interface but an
extremely high amount of shear ties seems to not to be effective as expected. Surface
crossing steel shear links contribute tremendously to the overall bending capacity of the
series of NF, particularly 9,975%, 11,518%, and 14,0784% when being applied from a
ratio of 0,14%, 0,28% and 0,48% respectively. Meanwhile a ratio of 0,62% shear links

only possibly improves 14,446% compared with the one working with left as-cast
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surfaces or 0,368% in compared with NF_048 in other words. As a result, a suitable
content of shear connectors placed on concrete-to-concrete surface in case of bending
predominant RC structures should be recommended herein is a value not exceeding
0,48%.

4.4.2.2. Indented construction joints

Patton (1966) introduces geometrical configurations on plaster specimens (2,95 inches
long, 1,75 inches wide, and 2,0 inches high) consisting of two layers. The geometrical
textures, called "teeth"” were shaped as rectangular with different types of inclined teeth
with slopes of 25°, 35°, 45°, and 55°. All of the "teeth" had a height of 0,5 inches (about
5,08mm). Observe the results, it can be concluded that the inclination of “teeth” plays
an important role in increasing the slipping shearing strength at interconnections. In the
range of lower normal stress, irregularities which have inclinations of 55° improve the
shearing strength more effectively than lower ones. Besides that, the enhancement of
shearing strength is more profound by increasing the ratio of geometrical irregularities

on surfaces.

Theoretically assume that in flexural behavior, structural elements as columns and
beams, at any longitudinal layers, the normal stress is zero in event of monolithic
behavior. Following that, in case of composite members, at the interface, the normal
stress is assumed not large so that based on the research of Patton (1966) on plaster
specimens and the stipulation of EN 1992-1-1 (2004), in the present thesis, irregularities
are geometrically shaped in rectangular teeth in order take advantage of cohesion
intercept situation. That means the inclination i defined by Patton (1966) is 90°.
Furthermore, no sliding mechanism is expected in rectangular asperities because the
asperity inclination angle is 90° according to Kwon et al. (2009). In this thesis, the
detailed geometrics of teeth are designed with h =5 mm and a =37,5 mm (Figure 4.13).

It is noted that, the inter-concrete surfaces is left as completely smooth (Figure 4.14).
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Figure 4.13. Properties of irregularities.
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Figure 4.14. View of saw teeth. (a) On elements; (b) On formworks; and (c) On frame.

The performance of NF applied geometrical asperities at the inter-concrete surface is
obtained by subjected the lateral pushing procedure is plotted in order to compare the
improvement resulted by the present method with other models (Figure 4.15).
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Figure 4.15. Flexural behavior of NF with connectors in compared with CF and NF.

The line graphs in Figure 4.15 highlight the flexural capacity improvement brought by
applying geometrically shaped irregularities. Despite working not as a monolithic
structure, the structure formed using RC formworks with the interface surfaces, treated
using asperities with dimensions of 5mm height, 37,5 mm width, and 37,5mm distance,
performs a tremendous flexural capacity equal to 1,206 times and 1,036 times the

performance of the one with smooth surfaces and the monolithic one respectively.

The application of asperities appears as the most effective surface treatment method.
The bending enhancement contributed by 5mm height asperities on the interface
surfaces is about 26,06% and 5,75% compared with NF and NF_048. It indicates that
rectangular shaped irregularities are able to prevent more effectively planar sliding
caused by shear force at the interface than shear connectors. When slippage between
concrete substrates is eliminated strictly, the structural members such as columns and
beams behave monolithically. Shear stress is assumed to be transferred completely at
the interface. It should be noted that the bending capacity of NF_5TEETH is also higher
than the performance of the monolithic structure, CF, about 1,036 times. With a higher
ratio of longitudinal reinforcement, NF_5TEETh hits a higher peak of 162,8kN at a later
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lateral displacement of 28,613mm while the capacity of CF is determined as 156,98kN
at 19,953mm. Notwithstanding the higher performance, NF_5TEETH performs
identically to a series of NF that is considered as less stiff than CF at the elastic regime.
At the first intervals of lateral pushing, the concrete parts at tensile sides contributes to
the capacity of CF until the tensile strength is reached while in case of NFs, the concrete

of cover separates immediately under tension.

4.5. Performance Point
4.5.1. Selection a specific seismic conditions

In the present thesis, a specific seismic condition is chosen in order to figure out the
performance point of each model according to ACT 40 (1996) (Table 4.4). The relative
parameters are taken from Chapter 1 based on the selected specific condition. The 5%
damped elastic response spectrum in terms of S;-T and S,-Sy built based on the
parameters in Table 4.4 is depicted below (Figure 4.16).

Table 4.4. Summary of seismic parameters

Specific Condition Parameter
Seismic Zone Factor (Z2A) 0,15
Near Source Factor (>15km) | Na=1 | Ny=1
for the Design Earthquake E=1,0
Z*E*N product 0,075

Soil Profile Type Sg Ca=0,08 \ Cyv=0,08
Type of structure (Type C:
Average Existing Building) k=0,33
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Figure 4.16. 5% Damped elastic response spectrum of Soil S,. (a) S, versus T; and (b)
ADRS format

4.5.2. Determination of performance point

In order to figure out the performance point of a structure when being applied to the

specific seismic conditions its dynamic characteristics is extracted again here based on
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the modal analysis done using FEM. Besides that, the base shear force versus lateral
displacement (V-A) of the model is transferred into a coordinate of capacity spectrum
(Sa-Sq). Afterward, the performance point of the structure subjected to the specific
seismic condition can be rapidly indicated based on the procedure described in Chapter

2. The relevant parameters used to find out the performance point are listed (Table 4.5).

Table 4.5. Determination of Performance Point

. Model
Parameter Unit
CF NF | NF 048 | NF 5TEETH
Fundamental Period, T S 0,384 | 0,381 | 0,381 0,381
Participation factor, PF 1,003 | 0,933 | 0,933 0,933
Effective mass, o 0,999 0,930 0,930 0,930
Gravitational acceleration, g | mm/s®> | 9810 | 9810 9810 9810
Total mass W Ton 219 219 219 219
Ca g 0,080 | 0,080 | 0,080 0,080
Cv g 0,080 | 0,080 | 0,080 0,080
api g 0,071 | 0,057 | 0,070 0,073
dpi mm 12,062 | 15,086 | 13,856 13,229
ay g 0,056 | 0,037 | 0,045 0,052
dy g 3,679 | 3,179 | 3,410 4,279
Bo % 30,973 | 27,766 | 25,639 24,877
K 0,330 | 0,330 | 0,330 0,330
Bt % 15,221 | 14,163 | 13,461 13,209
SRa 0,641 | 0,664 | 0,680 0,686
SRy 0,723 | 0,741 | 0,754 0,759
Sa g 0,128 | 0,133 | 0,136 0,137
Ts S 0,452 | 0,447 | 0,443 0,442
Sgat Ts mm 6,501 | 6,589 | 6,652 6,676
Performance Point Sa g 0,071 | 0,057 | 0,069 0,072
Sq¢| mm 12,062 | 15,344 | 13,159 12,721
Maximum Total Drift (TD) 0,0049 | 0,0063 | 0,0054 0,0052
Maximum Inelastic Drift
(ID) 0,0029 | 0,0031 | 0,0023 0,0023
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Figure 4.17. To be continued
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Figure 4.17. Performance Point. (a) CF; (b) NF; (c) NF_048; and (d) NF_5TEETH
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Figure 4.18. Drift Comparison.

The graphical presentation in Figure 4.17 and bar chart in Figure 4.18 provide a clear
comparison of the nonlinear performance of structures built using RC formworks with
and without surface treatment method and the monolithic one based on performance
points. Key simulative findings suggest that the structure formed using RC formworks
performing a lower capacity than the reference monolithic one is able to be

tremendously enhanced by using surface treatment methods.

Performance points determined under a same seismic condition indicate that NF is
weaker than its reference specimen CF. NF performs a lower value of spectral
acceleration 0.057g, about 80% of the performance of CF. Besides that it experiences
larger lateral displacement up to 15,344mm compared with the value of 12,062mm for
CF. Slippage between concrete substrates leads to the degradation of stiffness followed

by a lower flexural capacity for NF compared to CF.

The performance of the structure working with RC formworks is enhanced remarkably
when the interface surfaces are treated. Firstly, the structure applied steel shear
connectors with a ratio of 0,48% meets a performance point closer to the one of CF than
NF with left as-cast surfaces. The spectral acceleration of NF_048 is about 0,069g,
about 97,439% of the one of CF, compared to 0,057g of NF. Compare to the
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performance of NF, a tremendous enhancement of about 20,878% benefitted by
applying 0,48% shear connectors is exceeded by the improvement contributed by
shaping rectangular asperities at the interface surface. Irregularities not only enhances
the spectral acceleration of NF_5TEETH up to 26,25% compared with the case of
smooth surface but also behaves as a slightly stronger structure than the monolithic one
CF when performing 0,072g spectral acceleration compared with 0,071g of CF.
Secondly, Performance point is determined at larger value of lateral displacement for
NF in comparison with the performance of the monolithic one but the considered
parameter is shortened remarkably by treating surfaces. NF experiences a maximum
lateral displacement of 15,344mm, 3,282mm larger than the assumed collapsed point of
the monolithic one. The exceedance, however, is shortened to 1,097mm and 0,695mm
in case of NF_048 and NF_5TEETH. It can be concluded from these statistics that
under seismic condition the performance of the structure formed using RC formworks
does not deviate significantly from the monolithic specimen.

When applied to code ATC 40 (1996), particularly 10 level, as seen in Figure 4.18, NF,
the weakest structure, is still able to withstand the certain earthquake condition. The
maximum total drift and maximum inelastic drift are 0,0063 and 0,0031 is smaller than
the relative limitation, 0,01 and 0,005 respectively. The couple parameter is considered
as smaller, 0,0054 and 0,0023, and 0,0052 and 0,023, for NF_048 and NF_5TEETH,
respectively. After applying surface treatment methods, the structure using RC

formworks performs approximately as strong as the monolithic one.

4.6. The Influence of The Intensity of Normal Load on Performance Point

In the present study, the influence of the intensity of normal load on the nonlinear
performance of structures is also evaluated. It is worth noting that in the previous parts,
a mass of 219 Ton has been applied constantly on all of structures during pushover
analysis. In this part, normal loads comparable to 123Ton and 336 Ton are applied on
both of CF and NF. In order to prevent misleading situation, the models names
comprise two parts, letter and number. The first part falls into CF or NF while the latter
is set as 123, 219, or 336 representing to the relative mass that is set in Ton unit us

applied on considered structures.
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4.6.1. Flexural capacity

First of all, recalling the procedure of pushover analysis that has been carried out before,
the base shear versus top displacement curves of six simulative models is determined
(Figure 4.19).
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Figure 4.19. To be continued
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Figure 4.19. Flexural performance. (a) CF series (b) NF series (c) a comparison

Presented for consideration in the line graphs as well as bar charts detailing figures for
the nonlinear behavior of CF and NF during laterally pushing according to pushover
analysis procedure. In both cases of CF and NF, Vpase-Aror CUrves graphically
demonstrate that heavier mass resulting in higher value of flexural capacity observed
occurring more lately leads to a lower ductile performance shown through ductility

factor.
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Although the flexural behavior of three cases of applied normal loads is identical
approximately in the elastic regime, significant deviations initiate at lateral
displacements of about 3,6mm and 4,6mm in case of CF and NF respectively.
Afterward, each curve hits peak whose value increases in proportion to the increase in
the intensity of normal pressure on columns, particularly 121,285kN, 156,979kN, and
191,698kN for CFs and 109,506kN, 134,852kN, and 155,936kN for NF. Increasing
applied mass, in other words increasing normal load, upgrades the flexural behavior of
structures due to the fact that the compressive stress applied on elements on the tensile
side eliminates the negative influence of normal tensile stress. It means that cracking of
concrete and yielding of longitudinal reinforcing bars are prevented somewhat and then
occur later than the elements only working under tensile sides. Besides that the normal
load causes the expansion in its perpendicular direction of all compressed elements.
That leads to the increasing of the contribution of confined concrete parts covered by

stirrups.

The statistics show that the amount of the flexural strength enhancement based on the
increase in normal load is considered is higher than for CF. When comparing to the case
of 123Ton, the bending capacity improvement brought by a mass of 219Ton and
336Ton are about 29,429% and 58,055% for CF while the respective values for NF are
23,146% and 42,399%. It means the normal load upgrades the bending capacity more
effectively for a monolithic structure than a structure with RC formworks. It can be
straightforwardly explained that the normal load is applied on whole areas of columns
surfaces in case of CF while it is only subjected to the core parts surfaces of the
columns of NF. The situation causes larger deviation of the bending capacity between
CF and NF when applying heavier masses. Particularly a downward trend in flexural
behavior of NF compared to those of CF is illustrated by statistic data of 90,288%,
85,905%, and 81,344% when applying masses of 123Ton, 219Ton, and 336Ton

respectively.
Graphically observe that the ultimate value of bending strength of the structure occur

later when a heavier mass is applied. The peak is witnessed at 9,558mm, 19,953mm,
and 30,206mm for CF and 19,666mm, 27,082mm, and 33,131 when applying 123Ton,
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219Ton, and 336 Ton respectively. The prompt descending of a structure carrying
lighter mass compared to the one applied more intense load is the negative influence of
normal stress. The compressive stress brought by applied mass combine with
compressive stress caused by bending results in more premature crushing of element in
compressive sides, especially the element in perimeters. After touching peak, the
descending branch of structures carrying heavier mass is steeper and end up more

promptly. Consequently, the ductility factor of those structures is assumedly smaller.

Carrying lighter mass leads to higher ductile performance. The ductility factor of
CF_123 is 24,5% compared with 11,64% and 6,79% for CF_219 and CF_336
respectively. Similarly to the behavior of CFs, NF performs the highest ductility factor,
14,214%, when being applied to the lightest mass and the value is decreased to 9,439%
and 5,293% corresponding to the increase of mass. Besides that, compared to the
monolithic frame, NF always performs lower value of ductility factor. However, this
deviation is considered to become lighter when higher mass is applied. A mass of
336Ton results in a difference of 1,743% whereas the percentage of 2,203 and 10,286 is

witnessed when decreasing the applied mass to 219Ton and 123 Ton respectively.

It can be said that although the structures carrying lightest mass, 123Ton performs the
lowest flexural capacity, they are considered as the most ductile structures. When
seismic conditions are applied, the ductility factor of a structure plays an important role

in figuring out its performance point.

4.6.2. Performance point

Recalling ACT 40 (1996) from Chapter 2, the capacity spectrum of each structure is
rapidly obtained by conversing from its base shear versus top displacement curve

obtained above.

4.6.2.1. Capacity spectrum

First of all, the capacity spectrum of models is compared to each other (Figure 4.20).
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Figure 4.20. To be continued

108

0.115 -
0.100 -
0.085 -
0.070 -
-, 0.055 -
8
0.040 -
0.025 —— Capacity Spectrum_CF_123
' —— Capacity Spectrum_CF
0.010 —— Capacity Spectrum_CF_336
0005 5 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Sd (mm)
(a)
0.115 4
0.100 +
0.085
0.070 +
_,0.055 -
8
0.040
0.025 - —— Capacity Spectrum_NF_336
—— Capacity Spectrum_NF
0.010 1 —— Capacity Spectrum_NF 123
0005 ¢ 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Sd (mm)
(b)




0.120 -

0.100 - 6.
0.080 - TN
RN S

£0.060 - Tl 7T
n e

0.040 -

- -&- CFs
0020 1 _@- NFs
0.000 T T T T T T T 1
0 50 100 150 200 250 300 350 400
Mass (Ton)

(©)
Figure 4.20. ADRS. (a) CFs; (b) NFs; and (c) an overall comparison

The ADRS of the series of CF and NF in Figure 4.20 shows the remarkable influence of
normal loading on the seismic capacity of RC structures. Contrary to the bending
capacity enhancement brought by the increase of applied mass that has been discussed
before, in both cases of F and NF, heavier masses causes a significant decrease of
spectral acceleration of structure, known as the most important factor to dedicate
whether a structure can stand a specific seismic condition or not. Besides at, the spectral

capacity of NFs is always lower than the performance of CFs at a same level of mass.

RC structures subjected to lighter mass perform strongly than ones carrying higher
intensity of normal load. The maximum value of spectral acceleration is witnessed as
0,101g and 0,098¢g for CF_123 and NF_123. The considered value is reduced to 0,073g,
0,058g for CF and 0,068g and 0,051g for NF corresponding to the application of
219Ton and 336Ton mass respectively.

As discussed before, higher mass causes larger deviation between NF and CF in terms

of flexural capacity and the tendency consequently is witnessed again here in case of

spectral capacity. There is no doubt explaining that the value of spectral acceleration is
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calculated directly from the value of base shear force. In comparison with the

monolithic frame, the spectral acceleration of NF under the loading of 123Ton is
degraded from 96,956%, to 92,235% and 87,332% when the applied mass is levelled up
to 219Ton and 336Ton respectively.

4.6.2.2. Performance point

Afterward, the performance point of structures subjected to the selected seismic

condition can be figured out straightforwardly (Table 4.6, Figure 4.21, and Figure 4.22).

Table 4.6. Performance Points

Parameter Unit MBYC!
CF_123| CF |CF 336 | NF 123 NF | NF_336
T S 0,287 | 0,384 | 0,476 0,285 0,381 | 0,472
PF 1,004 | 1,003 | 1,002 0,932 0,933 | 0,932
a 0,998 | 0,999 | 0,999 0,930 0,930 | 0,931
g mm/s? 9810 9810 9810 9810 9810 9810
W Ton 123 219 336 123 219 336
Ca g 0,080 | 0,080 | 0,080 0,080 0,080 | 0,080
Cv g 0,080 | 0,080 | 0,080 0,080 0,080 | 0,080
api g 0,099 | 0,071 | 0,053 0,089 0,057 | 0,046
dpi mm 8,675 | 12,062 | 15,500 | 10,430 | 15,086 | 20,489
ay g 0,088 | 0,056 | 0,038 0,063 0,037 | 0,026
dy g 3,408 | 3,679 | 3,967 2,868 3,179 | 3,416
Bo % 31,686 | 30,973 | 29,603 | 27,611 | 27,766 | 25,948
K 0,330 | 0,330 | 0,330 0,330 0,330 | 0,330
B % 15,456 | 15,221 | 14,769 | 14,112 | 14,163 | 13,563
SRa 0,636 | 0,641 | 0,651 0,665 0,664 | 0,678
SRy 0,720 | 0,723 | 0,731 0,742 0,741 | 0,752
S, g 0,127 | 0,128 | 0,130 0,133 0,133 | 0,136
Ts S 0,453 | 0,452 | 0,449 0,446 0,447 | 0,444
Sqat Ts mm 6,482 | 6,501 | 6,538 6,594 6,589 | 6,643
Performance | S, g 0,099 | 0,071 | 0,055 0,088 0,057 | 0,045
Point Sq mm 8,408 | 12,062 | 15,413 | 10,026 | 15,344 | 19,848
Maximum Total
Drift (TD) 0,0034 | 0,0049 | 0,0063 | 0,0041 | 0,0063 | 0,0081
Maximum
Inelastic Drift (ID) 0,0022 | 0,0029 | 0,0033 | 0,0021 | 0,0031| 0,0030
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Table 4.6 displays crucial parameters used to determine the performance point of a
series model of CFs depicted in Figure 4.21. A comparison among them is set up herein
in order to evaluate the influence of the rate of normal load on structures prone to
earthquake events. In general, the capacity spectrum of models intersects a demand
spectrum reduced from 5% damped elastic design spectrum multiplying a couple
parameters SRA and SRV considered to be approximately identical to each other.
Besides that, notwithstanding the fact that the energy dissipated by damping Ep to the
maximum strain energy Es, does not change significantly when CF and NF are loaded
by different masses. It can be observed from Table 4.6 that although applied mass
causes structures reach remarkably different performance points but the equivalent
viscous damping B,, around 30% for CF and 27% for NF, as well as the effective
viscous damping B¢ around, 15% for CF and 14% for NF, and spectral reduction factors
SRa and SRy does not significant different from each other in each case of structure. It
can be seen graphically the performance of three structures of CF lie on demand
spectrum approximate close to each other because they are reduced from 5% damped
elastic multiplying approximate same value of SR and SRy. The tendency is witnessed
again in case of NF. However, the effective damping of CF in any case of mass is
higher than those of NF, more than 1%, due to the fact that under seismic conditions,
the monolithic frame, CF dissipates energy more effectively than NF built using RC

formworks.
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Figure 4.21. To be continued
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Figure 4.21. Performance Point. (a) CF_123 (b) CF_219 (c) CF_336
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Figure 4.22. To be continued
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Figure 4.22. Performance Point. (a) NF_123 (b) NF_219 (c) NF_336

After that in order to take an overlook at the performance point of each structure, a

detailed overlay is depicted (Figure 4.23).
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Figure 4.23. A comparison of performance point.

Displayed on Figure 4.22 and 4.23 are data about the performance point of structures
which is determined under the specific seismic condition. One of the more prominent
takeaways of the figure is that heavier mass causes weaker earthquake resisting capacity
of both of CF and NF, as meeting performance point at a lower value of spectral
acceleration and a higher value of spectral displacement. Besides that, remarkable
information pointed out from the figure is that under the same seismic conditions NF is
suffered more significantly when the reduced amount of spectral acceleration at each

level of mass is always more than the factor obtained for CF.

Figure 4.23.a and 4.23.b show clearly about a weakening process of CF and NF when
increasing the level of applied mass. It is straightforwardly understood basing modal
analysis theory that the value of spectral acceleration opposes the applied mass. In case
of CF, when 123Ton mass is applied the value of spectral acceleration is about 0,099¢g
followed by a value of 0,071g corresponding to a reduction of 28,262%, and a degraded
amount up to 44,301% is a consequence of a mass of 336Ton. A similar event
transpired in NF, in which the inclination of 35,069% witnessed when increasing the

mass from 123Ton to 219Ton is accumulated to become 48,325% when applied mass

116




reaches 336Ton. The statistics lead to a conclusion that the strength against earthquake
events of NF decreasingly deviates from the capacity of CF when more intense of mass

is applied.

Nonetheless the performance point of each structure is determined at a lower level than
its capacity in terms of spectral acceleration, particularly a reduced quantity of 2,153.10°
%3g, 2,482.10%g, and 2,913.10%g for CF under a mass of 123Ton, 219 Ton, and 336
Ton respectively. The reduction is more remarkable in case of NF, as 9,880.10%,
1,052.10%%g, and 5,364.10%%g for NF_123, NF_219, and NF_336 respectively. That is a
consequence of selecting a light earthquake motion compared with the capacity of
structures. Observe that, if a more intense of earthquake were applied, the ground

motion resistance of NF could be improved to be closer to the one of CF.

In terms of spectral displacement, a trend of substantial increase is plainly discernible in
CF as well as NF. Based on the performance point where a spectral capacity intersect
demand response spectrum, maximum lateral displacement is about 15,413mm and
19,848mm for CF and NF when working under a mass of 336Ton. A lighter mass
resulting in a higher value of spectral acceleration makes the structure carrying it meets
the corresponding performance point at a smaller distance of lateral journey, as
12,062mm and 8,408mm is witnessed in case of CF while NF always experience larger
distance, particularly 15,33mm and 10,026mm when decreasing the mass to 219Ton and

123Ton respectively.

In order to determine whether a structure is able to survive or not under a specific
ground motion the maximum total drift and maximum inelastic drift are check based on
the deformation limits stipulated by ACT 40 (1996). First of all, based on Figure 4.23.c
it is strongly concluded that the certain ground motion seems to not strong enough to
cause extreme damage of a series model of CFs and NFs. All of structures are able to
withstand the specific ground motion due to the fact that the limitation of maximum
inter-story drift, 0,01 as well as maximum inelastic drift, 0,005 at 10 level are satisfied.
In other words, the structures can be damaged during the ground motion but not be

collapsed and there is no problem for habitation inside. The structures carrying heavier
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mass like CF_336 and NF_336 would fall into dangerous range if more intense ground
motion were applied. As a consequence of the fact that performance point is determined
at larger later displacement, under each value of mass, NF is always closer than to the
limitation of drift. Furthermore, it is foreseeing from Figure 72.c that if more extreme
earthquake motions were applied and then the structures absolutely would perform
higher values of maximum lateral displacements leading to higher value of maximum
drift. Consequently, the performance level of DC would be applied to check the
satisfaction of the structures. Based on the deviation between the value of maximum
total drift and maximum inelastic drift, the structure loaded by heaviest of load, CF_336
and NF_336 possibly would fail the limitation of maximum inelastic drift even though
the condition of maximum inelastic drift is satisfied as a consequence of the fact that the
heavier mass applied on structures leads them fall more deeply into inelastic regime.
That can be seen graphically and numerically the ration of maximum total drift to
maximum inelastic drift is higher for NF, 2,691, 2,027, and 1,923 corresponding to an
applied mass of 336Ton, 219Ton, and 123Ton while the relative statistics of CF is
lower, 1,931, 1,686, and 1,531.

Notwithstanding the fact that the energy dissipated by damping Ep to the maximum
strain energy Es, does not change when a RC structure is loaded by different masses. It
can be shown that mass causes structures reach remarkably different performance points
but the equivalent viscous damping B, (about 30%) as well as the effective viscous
damping B¢ (around 15%) and spectral reduction factors SRa (0,64) and SRy (0,72) in
three structures are considered really close to others. It can be seen graphically the
performance of three structure lie on demand spectrum approximate close to each other
because they are reduced from 5% damped elastic multiplying approximate same value
of SRA and SRV. Following that, the effective damping is about 15% for all of them. It
can be concluded that the influence of the intensity of normal load on the total
dissipated energy is not significant as that has been seen the capacity spectrum as well

as the flexural behavior.
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4.7. Discussion

This thesis contributes an overview of the application of RC formworks on RC
structures. However, the results obtained mostly base on simulation and should be
compared with experimental tests.

The proposed Coulomb friction model possibly is not the perfect model that is fit
completely with real surfaces. First of all, in practice, there are some shear transfer
mechanisms at the concrete-to-concrete interface that cannot be recognized as well as
defined in Abaqus. The ignored mechanisms possibly contribute to the shear strength of
the interface as well as to the nonlinear behavior of the whole structure. Consequently,
the numerical results may underestimate the strength of structures built using RC
formworks. Secondly, a more exact shear resisting mechanism consisting of cohesion is
assumed to play an important role in eliminating the lateral slippage and in increasing

the monolithic behavior of composite elements.

The remarkable improvement due to shear connectors is observed. However it may be
possibly overestimated due to following reasons. According to dowel action
mechanism, in the numerical frictional model, the effectiveness is maximized when the
interface surfaces are considered to be completely smooth. As mentioned before, a
realistic interface cannot be left completely smooth. Consequently, the enhancement
may decrease because of the natural roughness of the inter-concrete layers.

Shear connectors in the present thesis are placed uniformly on the interface surface.
Another inclination of shear links should be tried in order to figure out the most
effective one on dowel action mechanism. For instance, when the friction coefficient is
0,6 as estimated according to ACI 318-08 (2018) an inclination of 31° of shear
connectors considered as the optimal value should be applied in order to make
contribution of shear links most effective. It is noted that, under real earthquake events,
the structure oscillates so that placing shear connectors with an angle different from 90°
should be investigated too. Besides that, the areas placed shear connectors should be

taken into account to avoid wasteful situation.
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An investigation about the optimum ratio of shear links is performed for the studied
frames in the present thesis. The author has recognized that the optimum ratio is
extremely difficult to specify for a purpose of wide application. For instance, the quality
of concrete used for RC formwork as well as for core parts can influence the

effectiveness of shear links.

The thickness of RC formworks in the present study is chosen as 30 mm, with the
presence of longitudinal reinforcement, the height of irregularities is only chosen as 5
mm. Different asperities should be tested in order to determine proper dimensions for
considered frames.
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5. CONCLUSION

The thesis has picturized an overview about the influence of the concrete-to-concrete

interface on the nonlinear behavior of RC structures built using RC formworks. Some of

valuable conclusions are summarized as follows

The RC structure built using RC formworks performs a lower flexural capacity
compared with the monolithic one, about 86%.

Under same seismic conditions, when performance point is concerned, the
structure covered by formworks and the monolithic frame approximately meets
one demand spectrum. The RC formworks covered frame reached a spectral
acceleration of 0,057g equal to 80% of the value of the monolithic one. Besides
that, the fracture point of the weaker frame is about 15,344mm higher than the
maximum lateral displacement of CF, about 12,062mm.

Shear connectors plays a tremendous role in improving the shear strength of the
inter-concrete substrates as well as the nonlinear behavior of whole structures.
The amount of enhancement is proportional to the ratio of shear connectors
placed laterally on the concrete-to-concrete surfaces. However, the improvement
is not profound when applying a high amount of shear ties. The author suggests
a suitable ratio of shear connectors should be around 0,48%.

As required by ACI 318-08 (2008) rectangular shaped asperities whose
dimensions of 5 mm height, 37,5 mm width, and 37,5 mm apart slightly
upgrades the nonlinear behavior of NF to a higher level than the monolithic one.
The flexural strength of structures increase in proportion to the increase of the
axial force applied on columns. A force of 336 ton increases the lateral load
capacity of the structure 58,1% compared to when it is loaded by 123 ton.
However, under a specific seismic condition, heavier mass causes the structure
becomes weaker. A normal force calculated equal to 26% of the normal
compressive capacity of the structure causes a decrease of 44,4% in comparison
with the case of 9,6%, or 123 ton. Besides that, a mass of 336 ton results in a
larger lateral displacement. Its maximum total drift ratio is 0,0063 equal to 1,85

times the value obtained by the structure with 123 ton.
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APPENDIX A. Dynamic Characteristics

The dynamic characteristics of structures including the first 7 modes extracted from

Abagqus are listed herein.

Table A.1 Dynamic Characteristics Without Mass

. Participation
@ | 3 | Frequency | Period Effective Mass FaCF[)OF
5|2 X £ X | z
(Hz) (sec) (Ton) (%) (Ton) (%)
1 19,860 0,050 | 5,0E-06 | 0,000 | 3,2E+00 | 95,982 | -0,002 | 1,222
2 19,883 0,050 | 3,2E+00 | 95,988 | 5,0E-06 | 0,000 | 1,222 | 0,002
3 25,022 0,040 | 9,8E-07 | 0,000 | 3,7E-10 | 0,000 | -0,001 | 0,000
| 4 34,893 0,029 | 7,6E-08 | 0,000 | 9,6E-13 | 0,000 | 0,000 | 0,000
Ols 56,444 0,018 | 4,0e-11 | 0,000 | 9,3E-12 | 0,000 | 0,000 | 0,000
6 82,296 0,012 | 4,1E-09 | 0,000 | 3,1E-11 | 0,000 | 0,000 | 0,000
7 85,453 0,012 | 8,9e-09 | 0,000 | 1,6E-10 | 0,000 | 0,000 | 0,000
1 19,837 0,050 | 3,7E-04 | 0,011 | 3,3E+00 | 95,904 | -0,013 | 1,219
2 19,847 0,050 | 3,3E+00 | 95,911 | 3,7E-04 | 0,011 | 1,219 | 0,013
3 24,949 0,040 | 3,3E-08 | 0,000 | 2,1E-08 | 0,000 | 0,000 | 0,000
w | 4 35,077 0,029 | 2,9e-10 | 0,000 | 1,0E-09 | 0,000 | 0,000 | 0,000
= 57,152 0,017 | 3,3e-14 | 0,000 | 3,2E-11 | 0,000 | 0,000 | 0,000
6 82,623 0,012 | 2,6E-09 | 0,000 | 1,9-09 | 0,000 | 0,000 | 0,000
7 85,864 0,012 | 7,7E-13 | 0,000 | 6,9E-11 | 0,000 | 0,000 | 0,000

Table A.2 Dynamic Characteristics With Mass

. Participation
— ) Eff M
< | & | Frequency | Period ective Mass Factor
o o
S > X Z X 7
(Hz) (sec) (Ton) (%) (Ton) (%)

1 2,605 0,384 | 9,4E-02 | 0,043 | 2,2E+02 | 99,888 | -0,021 | 1,003
w2 2,607 0,384 | 2,2E+02 | 99,888 | 9,4E-02 | 0,043 | 1,003 | 0,021
©13 20,936 | 0,048 | 2,6E-09 | 0,000 | 2,8E-09 | 0,000 | 0,000 | 0,000

4 28,335 | 0,035 | 1,3E-07 | 0,000 | 1,1E-11 | 0,000 | 0,000 | 0,000
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Table A.2 Dynamic Characteristics With Mass (Cont.)

5 | 126,542 | 0,008 | 1,2E-07 | 0,000 | 4,1E-O7 | 0,000 | 0,000 | 0,001
6 | 134,222 | 0,007 | 7,3E-04 | 0,000 | 8,5E-01 | 0,389 | -0,045 | 1,522
7 | 134,237 | 0,007 | 8,5E-01 | 0,388 | 7,3E-04 | 0,000 | 1,522 | 0,045
1 3,481 0,287 | 5,2E-02 | 0,043 | 1,2E+02 | 99,834 | -0,021 | 1,004
2 3,483 0,287 | 1,2E+02 | 99,834 | 5,2E-02 | 0,043 | 1,004 | 0,021
o 3 27976 | 0,036 | 1,6e-09 | 0,000 | 1,7E-09 | 0,000 | 0,000 | 0,000
N4 28,335 | 0,035 | 1,3E-07 | 0,000 | 1,1E-11 | 0,000 | 0,000 | 0,000
L(sl 5 | 126,542 | 0,008 | 1,2E-07 | 0,000 | 4,1E-07 | 0,000 | 0,000 | 0,001
6 | 134,223 | 0,007 | 7,3E-04 | 0,001 | 8,5E-01 | 0,692 | -0,045 | 1,522
7 | 134,239 | 0,007 | 8,5E-01 | 0,691 | 7,3E-04 | 0,001 | 1,521 | 0,045
1 2,099 0,476 | 1,4E-01 | 0,043 | 3,4E+02 | 99,912 | -0,021 | 1,002
2 2,100 0,476 | 3,4E+02 | 99,912 | 1,4E-01 | 0,043 | 1,002 | 0,021
© 3 16,867 | 0,059 | 3,8E-09 | 0,000 | 4,2E-09 | 0,000 | 0,000 | 0,000
S| 4 28,335 | 0,035 | 1,3E-07 | 0,000 | 1,1E-11 | 0,000 | 0,000 | 0,000
L(sl 5 | 126,542 | 0,008 | 1,2E-07 | 0,000 | 4,1E-O7 | 0,000 | 0,000 | 0,001
6 | 134,221 | 0,007 | 7,3E-04 | 0,000 | 8,5E-01 | 0,253 | -0,045 | 1,523
7 | 134,236 | 0,007 | 8,5E-01 | 0,253 | 7,3E-04 | 0,000 | 1,522 | 0,045
1 2,627 0,381 | 1,5E+01 | 6,889 | 2,0E+02 | 93,039 | -0,254 | 0,933
2 2,627 0,381 | 2,0E+02 | 93,039 | 1,5E+01 | 6,889 | 0,933 | 0,254
3 21,074 | 0,047 | 2,6E-09 | 0,000 | 2,9E-09 | 0,000 | 0,000 | 0,000
n | 4 28,220 | 0,035 | 3,8E-11 | 0,000 | 2,6E-10 | 0,000 | 0,000 | 0,000
< | 5 | 126,718 | 0,008 | 1,2E-10 | 0,000 | 8,8E-11 | 0,000 | 0,000 | 0,000
6 | 134,610 | 0,007 | 3,8E-08 | 0,000 | 8,8E-01 | 0,404 | 0,000 | 1,526
7 | 134,638 | 0,007 | 8,8E-01 | 0,404 | 3,6E-08 | 0,000 | 1,526 | 0,000
9 | 148,925 | 0,007 | 3,3E-08 | 0,000 | 5,5E-08 | 0,000 | 0,000 | 0,000
10 | 149,026 | 0,007 | 5,0E-04 | 0,000 | 3,0E-07 | 0,000 | -0,027 | 0,001
o 11 | 149,117 | 0,007 | 3,1E-07 | 0,000 | 5,2E-04 | 0,000 | -0,001 | -0,027
ﬁl 12 | 150,371 | 0,007 | 2,4E-07 | 0,000 | 1,7E-07 | 0,000 | 0,000 | 0,000
L 13 | 153,677 | 0,007 | 3,9E-03 | 0,002 | 3,9E-01 | 0,178 | -0,063 | 0,630
14 | 153,684 | 0,007 | 3,9E-01 | 0,177 | 3,9E-03 | 0,002 | 0,631 | 0,063
15 | 155,363 | 0,006 | 7,8E-07 | 0,000 | 1,0E-06 | 0,000 | 0,001 | 0,001
™ol 1 2,117 0,472 | 2,3E+01 | 6,887 | 3,1E+02 | 93,066 | -0,254 | 0,932
=z 2 2,117 0,472 | 3,1E+02 | 93,066 | 2,3E+01 | 6,887 | 0,932 | 0,254
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Table A.2 Dynamic Characteristics With Mass (Cont.)

3 16,978 | 0,059 | 3,6E-09 | 0,000 | 4,0E-09 | 0,000 | 0,000 | 0,000
4 28,220 | 0,035 | 4,0E-11 | 0,000 | 2,7E-10 | 0,000 | 0,000 | 0,000
5 | 126,718 | 0,008 | 1,2E-10 | 0,000 | 8,8E-11 | 0,000 | 0,000 | 0,000
6 | 134,610 | 0,007 | 3,9E-08 | 0,000 | 8,8E-01 | 0,263 | 0,000 | 1,527
7 | 134,637 | 0,007 | 8,8E-01 | 0,263 | 3,7E-08 | 0,000 | 1,527 | 0,000
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APPENDIX B. Data of Pushover Curve and Capacity Spectrum
In this part, tables not only shows the base shear force versus roof displacement
obtained by pushover analysis of frames but also their relative spectrum capacity curve

calculated follow ACT 40 (1996).

Table B.1. Data of Pushover Curve and Capacity Spectrum of CF and NF

CF NF
Aroof \4 Sd Sa Aroof \4 Sd Sa
(mm) | *N) | (mm) | (9) (mm) | (N) | (mm) | (9)
0,000 0,000 0,000 | 0,000 0,000 0,000 0,000 | 0,000
3,643 | 118,112 | 3,632 | 0,055 0,554 14,597 0,594 | 0,007
3,833 99,778 3,822 | 0,047 1,188 30,989 1,273 | 0,016
3,870 96,611 3,859 | 0,045 1,826 43,499 1,958 | 0,022
4,664 | 114,314 | 4,650 | 0,053 2,443 53,791 2,619 | 0,027
5,350 | 123,414 | 5,335 | 0,058 3,087 63,675 3,310 | 0,032
6,094 | 129,622 | 6,077 | 0,060 3,767 74,256 4,038 | 0,037
6,908 | 134,812 | 6,888 | 0,063 4,445 81,628 4,765 | 0,041
7,556 | 139,226 | 7,534 | 0,065 5,045 85,580 5,408 | 0,043
8,346 | 143,732 | 8,323 | 0,067 5,589 89,378 5,991 | 0,045
8,882 | 145,196 | 8,857 | 0,068 6,198 93,181 6,644 | 0,047
9,542 | 145,695 | 9,515 | 0,068 6,905 98,736 7,401 | 0,049
11,113 | 149,493 | 11,082 | 0,070 7,577 | 103,345 | 8,122 | 0,052
11,961 | 151,664 | 11,928 | 0,071 8,167 | 105,298 | 8,754 | 0,053
12,356 | 151,295 | 12,321 | 0,071 8,707 | 105,636 | 9,333 | 0,053
13,673 | 153,076 | 13,635 | 0,071 9,367 | 108,088 | 10,041 | 0,054
14,538 | 154,300 | 14,497 | 0,072 10,092 | 110,628 | 10,818 | 0,055
15,660 | 154,979 | 15,616 | 0,072 10,846 | 114,149 | 11,626 | 0,057
16,350 | 155,504 | 16,304 | 0,073 11,583 | 117,027 | 12,416 | 0,059
17,518 | 156,296 | 17,469 | 0,073 12,208 | 117,968 | 13,086 | 0,059
18,165 | 156,578 | 18,114 | 0,073 12,803 | 119,605 | 13,724 | 0,060
18,971 | 156,898 | 18,918 | 0,073 13,443 | 120,936 | 14,410 | 0,061
19,953 | 156,979 | 19,897 | 0,073 14,059 | 121,583 | 15,070 | 0,061
20,540 | 156,787 | 20,482 | 0,073 14,756 | 122,921 | 15,818 | 0,062
20,977 | 156,770 | 20,918 | 0,073 15,464 | 124,546 | 16,576 | 0,062
22,072 | 156,646 | 22,010 | 0,073 16,015 | 124,821 | 17,167 | 0,063
22,629 | 156,624 | 22,566 | 0,073 16,634 | 126,136 | 17,830 | 0,063
23,718 | 156,676 | 23,651 | 0,073 17,318 | 127,405 | 18,564 | 0,064
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Table B.1. Data of Pushover Curve and Capacity Spectrum (Cont.)

25,137 | 156,882 | 25,066 | 0,073
26,249 | 156,968 | 26,175 | 0,073
26,855 | 156,687 | 26,779 | 0,073
27,910 | 156,505 | 27,831 | 0,073
29,406 | 155,590 | 29,323 | 0,073
31,121 | 155,014 | 31,034 | 0,072
32,902 | 154,467 | 32,809 | 0,072
33,337 | 154,191 | 33,243 | 0,072
33,886 | 153,474 | 33,790 | 0,072
34,486 | 152,315 | 34,388 | 0,071
35,233 | 151,570 | 35,134 | 0,071
35,962 | 150,751 | 35,861 | 0,070
37,890 | 149,425 | 37,783 | 0,070
39,038 | 148,727 | 38,928 | 0,069
39,297 | 148,550 | 39,186 | 0,069
41,063 | 146,962 | 40,948 | 0,069
41,840 | 146,101 | 41,722 | 0,068
46,383 | 140,442 | 46,253 | 0,066
47,070 | 139,472 | 46,937 | 0,065
47,892 | 138,463 | 47,757 | 0,065
49,108 | 136,919 | 48,970 | 0,064
50,269 | 135,377 | 50,127 | 0,063
51,008 | 134,227 | 50,864 | 0,063
51,440 | 133,579 | 51,295 | 0,062
52,244 | 132,370 | 52,097 | 0,062
52,629 | 131,722 | 52,481 | 0,061
53,216 | 130,963 | 53,067 | 0,061
53,930 | 129,926 | 53,778 | 0,061
54,557 | 129,016 | 54,404 | 0,060
55,254 | 128,057 | 55,098 | 0,060
56,155 | 126,923 | 55,997 | 0,059
57,134 | 125,776 | 56,973 | 0,059
58,159 | 124,534 | 57,995 | 0,058

132

18,037 | 128,785 | 19,334 | 0,065
18,727 | 129,831 | 20,074 | 0,065
19,438 | 131,049 | 20,837 | 0,066
20,187 | 131,849 | 21,639 | 0,066
20,912 | 132,332 | 22,417 | 0,066
21,507 | 132,644 | 23,054 | 0,066
22,233 | 132,857 | 23,833 | 0,067
22,940 | 133,264 | 24,590 | 0,067
23,683 | 133,595 | 25,387 | 0,067
24,343 | 133,775 | 26,094 | 0,067
25,074 | 134,289 | 26,877 | 0,067
25,664 | 134,397 | 27,510 | 0,067
26,346 | 134,499 | 28,241 | 0,067
27,082 | 134,852 | 29,030 | 0,068
27,706 | 134,580 | 29,698 | 0,067
28,387 | 134,702 | 30,429 | 0,068
29,101 | 134,509 | 31,194 | 0,067
29,813 | 134,628 | 31,957 | 0,067
39,431 | 132,387 | 42,267 | 0,066
40,137 | 131,718 | 43,025 | 0,066
40,858 | 130,760 | 43,796 | 0,066
42,330 | 129,488 | 45,374 | 0,065
43,037 | 128,915 | 46,132 | 0,065
46,638 | 126,038 | 49,993 | 0,063
47,342 | 125,491 | 50,747 | 0,063
48,079 | 124,920 | 51,537 | 0,063
58,856 | 116,167 | 63,090 | 0,058
59,509 | 115,277 | 63,790 | 0,058
60,186 | 114,823 | 64,515 | 0,058
60,865 | 114,552 | 65,243 | 0,057
67,284 | 108,822 | 72,124 | 0,055
68,016 | 108,246 | 72,908 | 0,054
68,750 | 107,672 | 73,695 | 0,054




Table B.2. Data of Pushover Curve and Capacity Spectrum of CF_123 and NF_123

CF_123

Aroof \ Sd Sa

(mm) | (N) | (mm) | (9)

0,000 0,000 0,000 | 0,000
3,651 | 113,494 | 3,637 | 0,094
3,832 96,508 3,817 | 0,080
3,916 96,853 3,901 | 0,081
4,886 | 111,190 | 4,866 | 0,092
5,426 | 112,617 | 5,405 | 0,094
5,921 | 114,167 | 5,898 | 0,095
7,002 | 118,112 | 6,975 | 0,098
8,016 | 117,499 | 7,985 | 0,098
8,935 | 120,088 | 8,900 | 0,100
9,558 | 121,285 | 9,521 | 0,101
10,378 | 121,266 | 10,337 | 0,101
10,975 | 120,806 | 10,932 | 0,100
12,629 | 119,974 | 12,580 | 0,100
13,852 | 120,343 | 13,797 | 0,100
15,043 | 121,054 | 14,984 | 0,101
15,941 | 121,005 | 15,879 | 0,101
17,038 | 121,026 | 16,971 | 0,101
18,160 | 121,161 | 18,089 | 0,101
18,543 | 121,215 | 18,471 | 0,101
19,177 | 121,281 | 19,102 | 0,101
19,546 | 121,084 | 19,470 | 0,101
20,039 | 120,442 | 19,961 | 0,100
21,746 | 119,241 | 21,661 | 0,099
22,561 | 119,100 | 22,473 | 0,099
27,017 | 117,655 | 26,912 | 0,098
28,284 | 117,401 | 28,173 | 0,098
29,121 | 117,082 | 29,007 | 0,097
29,450 | 116,711 | 29,335 | 0,097
29,784 | 116,281 | 29,668 | 0,097
30,209 | 115,887 | 30,091 | 0,096
30,874 | 115,767 | 30,753 | 0,096
33,695 | 114,958 | 33,563 | 0,096
35,254 | 114,574 | 35,117 | 0,095
36,151 | 114,279 | 36,009 | 0,095
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NF_123

Aroof \Y Sd Sa

(mm) | (N) | (mm) | (9)

0,000 0,000 0,000 | 0,000
0,284 7,520 0,305 | 0,007
0,602 15,784 0,645 | 0,014
0,919 23,632 0,985 | 0,021
1,236 31,467 1,325 | 0,028
2,571 56,344 2,757 | 0,050
2,862 61,050 3,070 | 0,054
3,221 66,072 3,454 | 0,059
3,565 71,189 3,824 | 0,064
3,941 74,615 4,226 | 0,067
4,290 79,734 4,601 | 0,071
4,641 83,999 4,978 | 0,075
7,583 93,511 8,132 | 0,083
7,946 95,205 8,521 | 0,085
8,321 94,905 8,924 | 0,085
8,677 96,324 9,305 | 0,086
9,044 97,467 9,699 | 0,087
9,403 98,611 | 10,084 | 0,088
9,778 99,838 | 10,486 | 0,089
11,222 | 101,944 | 12,035 | 0,091
11,594 | 102,704 | 12,433 | 0,092
11,967 | 103,593 | 12,834 | 0,092
12,339 | 104,377 | 13,233 | 0,093
12,714 | 104,550 | 13,635 | 0,093
13,080 | 105,088 | 14,027 | 0,094
13,446 | 105,298 | 14,420 | 0,094
14,925 | 106,793 | 16,006 | 0,095
15,293 | 106,792 | 16,400 | 0,095
15,664 | 107,286 | 16,798 | 0,096
16,038 | 107,268 | 17,200 | 0,096
16,410 | 107,663 | 17,598 | 0,096
16,765 | 107,705 | 17,980 | 0,096
17,117 | 108,013 | 18,357 | 0,096
17,483 | 108,294 | 18,749 | 0,097
17,846 | 108,415 | 19,139 | 0,097




Table B.2. Data of Pushover Curve and Capacity Spectrum of CF_123 and NF_123

(Cont.)

41,653

111,725

41,490

0,093

42,294

111,516

42,129

0,093

42,936

111,382

42,768

0,093

44,439

111,142

44,266

0,092

45,756

110,705

45,577

0,092

46,331

110,244

46,150

0,092

46,655

109,877

46,473

0,091

47,094

109,132

46,910

0,091

47,450

108,649

47,264

0,090

48,224

108,199

48,035

0,090

49,044

108,090

48,852

0,090

49,608

107,949

49,414

0,090

50,785

107,624

50,587

0,089

51,711

107,238

51,509

0,089

52,173

107,031

51,969

0,089

52,844

106,679

52,638

0,089

53,527

106,372

53,318

0,088

60,158

103,115

59,923

0,086

60,793

102,371

60,556

0,085

61,606

101,971

61,365

0,085

64,830

100,452

64,577

0,084

66,902

99,162

66,641

0,082

69,042

98,493

68,773

0,082

70,170

97,995

69,895

0,081

70,639

97,788

70,363

0,081

71,767

96,980

71,487

0,081

18,213 | 108,691 | 19,532 | 0,097
18,583 | 108,962 | 19,929 | 0,097
18,946 | 109,018 | 20,318 | 0,097
19,303 | 109,251 | 20,701 | 0,098
19,666 | 109,506 | 21,090 | 0,098
20,007 | 109,442 | 21,456 | 0,098
20,374 | 109,149 | 21,850 | 0,097
20,738 | 108,442 | 22,240 | 0,097
21,102 | 107,825 | 22,630 | 0,096
21,467 | 107,471 | 23,022 | 0,096
21,833 | 107,237 | 23,414 | 0,096
24,759 | 105,771 | 26,552 | 0,094
28,426 | 104,166 | 30,485 | 0,093
35,672 | 101,171 | 38,255 | 0,090
36,014 | 101,034 | 38,622 | 0,090
36,375 | 100,884 | 39,009 | 0,090
41,155 | 98,660 | 44,136 | 0,088
41,523 | 98,499 | 44,530 | 0,088
46,277 | 96,301 | 49,629 | 0,086
46,645 | 96,129 | 50,023 | 0,086
47,742 | 95,603 | 51,199 | 0,085
48,109 | 95,430 | 51,594 | 0,085
53,538 | 92,860 | 57,415 | 0,083
62,291 | 88,328 | 66,803 | 0,079
63,761 | 87,617 | 68,379 | 0,078
64,128 | 87,440 | 68,773 | 0,078

Table B.3. Data of Pushover Curve and Capacity Spectrum of CF_336 and NF_336

CF_336
Aroof \'% Sd Sa
(mm) (kN) (mm) | (9)
0,000 0,000 0,000 | 0,000
3,662 | 115,707 | 3,653 | 0,035
3,873 95,342 3,864 | 0,029
4776 | 114645 | 4,765 | 0,035
5,660 | 126,911 | 5,647 | 0,038
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NF_336
Aroof \% Sd Sa
(mm) (kN) (mm) | (9)
0,000 0,000 0,000 | 0,000
0,574 14,622 0,615 | 0,005
2,537 54,333 2,720 | 0,018
3,224 64,868 3,457 | 0,021
3,901 74,200 4,184 | 0,024




Table B.3. Data of Pushover Curve and Capacity Spectrum of CF_336 and NF_336
(Cont.)

6,417 | 133,747 | 6,402 | 0,041 6,462 92,726 6,930 | 0,030
6,931 | 138,461 | 6,915 | 0,042 7,133 96,464 | 7,650 | 0,031
7,597 | 145,323 | 7,580 | 0,044 7,840 | 101,920 | 8,408 | 0,033
8,262 | 150,539 | 8,242 | 0,046 8,481 | 104,006 | 9,095 | 0,034
8,876 | 155,001 | 8,855 | 0,047 9,086 | 106,023 | 9,745 | 0,035
9,649 | 160,310 | 9,627 | 0,049 11,703 | 117,348 | 12,551 | 0,038
10,599 | 163,810 | 10,574 | 0,050 12,308 | 119,696 | 13,200 | 0,039
11,463 | 168,649 | 11,436 | 0,051 12,917 | 123,114 | 13,852 | 0,040
12,508 | 173,374 | 12,479 | 0,053 13,637 | 126,013 | 14,624 | 0,041
13,333 | 177,232 | 13,302 | 0,054 15,642 | 131,426 | 16,775 | 0,043
14,587 | 180,036 | 14,553 | 0,055 16,359 | 133,076 | 17,544 | 0,043
15,469 | 182,139 | 15,433 | 0,055 16,989 | 135,118 | 18,219 | 0,044
16,221 | 183,905 | 16,183 | 0,056 17,651 | 137,178 | 18,929 | 0,045
16,553 | 184,115 | 16,514 | 0,056 18,291 | 138,745 | 19,616 | 0,045
17,240 | 184,577 | 17,200 | 0,056 18,985 | 141,045 | 20,360 | 0,046
17,943 | 185,252 | 17,902 | 0,056 19,661 | 143,115 | 21,085 | 0,047
18,643 | 186,331 | 18,599 | 0,057 20,246 | 144,442 | 21,712 | 0,047
19,027 | 187,017 | 18,983 | 0,057 20,905 | 145,964 | 22,419 | 0,048
20,117 | 188,692 | 20,070 | 0,057 21,556 | 146,903 | 23,118 | 0,048
20,599 | 189,169 | 20,551 | 0,057 22,824 | 147,753 | 24,477 | 0,048
21,407 | 189,251 | 21,357 | 0,057 23,432 | 148,317 | 25,129 | 0,048
22,109 | 189,448 | 22,057 | 0,057 24,139 | 149,304 | 25,888 | 0,049
22,803 | 189,659 | 22,750 | 0,058 24,804 | 150,322 | 26,601 | 0,049
24,271 | 190,096 | 24,215 | 0,058 25,543 | 151,204 | 27,393 | 0,049
25,610 | 190,686 | 25,551 | 0,058 26,278 | 151,619 | 28,181 | 0,049
26,947 | 191,058 | 26,884 | 0,058 27,737 | 153,101 | 29,746 | 0,050
28,091 | 191,335 | 28,026 | 0,058 28,400 | 153,654 | 30,457 | 0,050
29,284 | 191,560 | 29,216 | 0,058 29,031 | 154,208 | 31,134 | 0,050
30,205 | 191,698 | 30,135 | 0,058 29,765 | 154,737 | 31,921 | 0,050
31,286 | 191,682 | 31,213 | 0,058 30,392 | 155,094 | 32,593 | 0,050
33,654 | 190,368 | 33,576 | 0,058 31,000 | 155,090 | 33,245 | 0,050
34,800 | 189,470 | 34,720 | 0,057 31,662 | 155,450 | 33,955 | 0,051
36,653 | 187,545 | 36,568 | 0,057 32,396 | 155,640 | 34,742 | 0,051
38,197 | 185,643 | 38,108 | 0,056 33,131 | 155,936 | 35,530 | 0,051
38,816 | 184,734 | 38,726 | 0,056 33,730 | 155,909 | 36,173 | 0,051
39,655 | 183,544 | 39,562 | 0,056 34,360 | 155,809 | 36,849 | 0,051
40,915 | 181,595 | 40,819 | 0,055 35,076 | 155,727 | 37,616 | 0,051
41,736 | 180,167 | 41,639 | 0,055 35,794 | 155,582 | 38,387 | 0,051
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Table B.3. Data of Pushover Curve and Capacity Spectrum of CF_336 and NF_336
(Cont.)

43,301 | 177,518 | 43,201 | 0,054 36,458 | 155,416 | 39,098 | 0,051
44,076 | 175,852 | 43,973 | 0,053 37,115 | 155,125 | 39,803 | 0,051
44,929 | 174,006 | 44,824 | 0,053 37,822 | 154,730 | 40,561 | 0,050
45,368 | 173,100 | 45,263 | 0,052 38,524 | 154,283 | 41,314 | 0,050
45,813 | 172,073 | 45,706 | 0,052 39,221 | 153,917 | 42,062 | 0,050
46,124 | 171,313 | 46,016 | 0,052 39,964 | 153,665 | 42,858 | 0,050
46,688 | 169,936 | 46,579 | 0,052 40,541 | 153,427 | 43,478 | 0,050
47,765 | 167,729 | 47,654 | 0,051 41,173 | 152,873 | 44,155 | 0,050
48,354 | 166,508 | 48,242 | 0,050 41,892 | 152,065 | 44,926 | 0,050
48,895 | 165,197 | 48,782 | 0,050 42,446 | 151,465 | 45,520 | 0,049
49,277 | 163,574 | 49,162 | 0,050 43,156 | 150,984 | 46,282 | 0,049
49,706 | 161,938 | 49,591 | 0,049 47,869 | 145,657 | 51,336 | 0,047
50,084 | 160,760 | 49,968 | 0,049 48,580 | 144,982 | 52,099 | 0,047
50,625 | 159,344 | 50,507 | 0,048 49,287 | 144,110 | 52,856 | 0,047
51,143 | 157,962 | 51,024 | 0,048 53,851 | 137,851 | 57,752 | 0,045
51,581 | 156,384 | 51,461 | 0,047 54,575 | 136,873 | 58,528 | 0,045
52,047 | 154,535 | 51,926 | 0,047 61,292 | 125,586 | 65,731 | 0,041
52,457 | 153,153 | 52,335 | 0,046 61,966 | 123,484 | 66,454 | 0,040

Table B.4. Data of Pushover Curve and Capacity Spectrum of NF_5TEETH

NF_5TEETH
Aroof V Sd Sa
(mm) kN mm g

0,000 0,000 0,000 | 0,000

2,256 | 58,538 | 2,418 | 0,029

5,789 | 113,185 | 6,205 | 0,057

7,070 | 125,340 | 7,578 | 0,063

8,062 | 131,562 | 8,642 | 0,066

9,174 | 136,744 | 9,834 | 0,069

9,846 | 138,783 | 10,555 | 0,070

10,666 | 140,128 | 11,433 | 0,070

11,691 | 143,267 | 12,532 | 0,072

12,628 | 145,846 | 13,536 | 0,073

13,990 | 150,014 | 14,996 | 0,075

15,031 | 152,092 | 16,113 | 0,076
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Table B.4. Data of Pushover Curve and Capacity Spectrum of NF_5TEETH (Cont.)

15,948 | 153,546 | 17,095 | 0,077

16,894 | 155,266 | 18,109 | 0,078

17,789 | 156,769 | 19,068 | 0,079

18,927 | 158,288 | 20,288 | 0,079

19,869 | 159,563 | 21,299 | 0,080

21,156 | 160,915 | 22,678 | 0,081

21,980 | 160,989 | 23,561 | 0,081

23,870 | 161,771 | 25,586 | 0,081

25,055 | 162,037 | 26,857 | 0,081

26,692 | 162,516 | 28,612 | 0,081

28,613 | 162,682 | 30,671 | 0,082

30,109 | 162,242 | 32,275 | 0,081

31,799 | 161,973 | 34,087 | 0,081

32,653 | 161,164 | 35,001 | 0,081

33,703 | 160,819 | 36,127 | 0,081

35,124 | 159,964 | 37,650 | 0,080

37,172 | 158,856 | 39,846 | 0,080

39,454 | 156,749 | 42,292 | 0,079

41,340 | 154,533 | 44,313 | 0,077

42,541 | 152,798 | 45,601 | 0,077

43,481 | 151,467 | 46,609 | 0,076

45,063 | 149,304 | 48,304 | 0,075

46,439 | 147,469 | 49,779 | 0,074

47,678 | 145,911 | 51,107 | 0,073

48,934 | 143,985 | 52,454 | 0,072

49,679 | 142,814 | 53,252 | 0,072

50,547 | 141,441 | 54,183 | 0,071

50,998 | 139,860 | 54,666 | 0,070

Besides that, the pushover results of NF strengthened using different ratio of shear

connectors are also added herein.
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Table B.5. Data of Pushover Curves of NF_014, NF_028, and NF_062

NF_014 NF_028 NF_062
Aroof \ Aroof \Y Aroof \Y

(mm) | (kN) (mm) | (kN) (mm) | (kN)

0,000 | 0,000 0,000 | 0,000 0,000 | 0,000

0,158 | 3,937 2,670 | 62,215 2,604 | 61,847
0,158 | 3,937 5,391 | 100,492 4,917 | 97,095
3,939 | 82,978 6,148 | 106,096 5,887 | 106,879
4,914 | 96,251 8,030 | 119,512 7,017 | 115,695
5,484 | 104,224 8,957 | 123,288 10,206 | 132,481
5,542 | 104,037 9,779 | 125,490 11,521 | 136,695
5,800 | 106,687 10,634 | 128,689 12,626 | 140,270
8,689 | 126,202 11,798 | 132,069 13,699 | 143,574
11,949 | 134,204 12,611 | 134,087 15,022 | 146,029
12,002 | 134,235 13,556 | 137,005 16,246 | 147,895
12,105 | 134,484 14,942 | 141,228 17,561 | 149,702
13,798 | 136,983 17,224 | 144,317 18,672 | 150,798
23,428 | 146,666 18,371 | 145,547 20,088 | 152,152
23,826 | 147,061 20,221 | 147,430 21,819 | 152,966
26,446 | 148,212 21,929 | 148,628 23,227 | 154,334
26,557 | 148,277 23,582 | 149,222 25,246 | 153,493
26,702 | 148,003 27,035 | 150,384 36,590 | 149,090
26,914 | 148,126 34,698 | 145,554 42,087 | 147,699
26,933 | 148,100 40,495 | 142,992 43,652 | 146,755
27,161 | 148,177 45,737 | 140,468 46,880 | 145,674
27,422 | 148,173 47,388 | 139,246 49,170 | 145,261
27,683 | 148,304 49,104 | 138,365 50,632 | 144,690
28,230 | 147,589 52,328 | 136,544 54,552 | 143,194
28,501 | 147,449 53,683 | 135,631 56,267 | 142,149
29,142 | 146,523 55,352 | 134,565 61,662 | 139,928
29,410 | 146,346 57,624 | 133,295 64,294 | 138,514
31,751 | 144,939 60,981 | 131,592 65,848 | 137,778
31,858 | 144,830 62,317 | 129,594 67,845 | 136,506
32,251 | 144,630 65,892 | 127,833 70,610 | 135,144
32,387 | 144,546 68,071 | 126,476 74,073 | 132,511
79,331 | 114,225 71,976 | 124,807 76,777 | 130,292
79,377 | 113,925 74,145 | 123,209 79,454 | 127,913
79,830 | 113,715 77,171 | 121,092 81,370 | 125,458
80,001 | 113,474 79,702 | 118,891 84,603 | 123,329
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