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DEPREM GUVENLiIGi YETERSiZ BETONARME CERCEVELERIN
PUSKURTME BETON PANELLER iLE GUCLENDIRILMESI

OZET

Deprem giivenligi yetersiz olan yigma ve betonarme binalarin giiclendirilmesinde
kullanilmakta olan yontemlerden biri, sistemde var olan dolgu duvarlara piiskiirtme
beton uygulamasidir. Bu uygulamadan yola ¢ikarak, piiskiirtme beton ve hasir donati
ile olusturulan panellerin, betonarme cergevelerin giiglendirilmesinde kullanilmasi
konusu bu tez ¢calismasinda ele alinmistir. Calisma, deneysel ve analitik olmak tizere
iki boliimden meydana gelmektedir.

Piiskiirtme beton ile olusturulan panelin ¢ergeve davranisina katkisi, deneysel
calisma ile arastirnlmistir. Ulkemizdeki binalarin ¢ogunlugunu temsil edebilmek
amaciyla, deprem gilivenligi yetersiz, gii¢lii kiris/zayif kolonlardan olusan bir
betonarme c¢ergeve ele alinmis ve bu cergeve yaklasik 2 geometrik Olgekle
kiigiiltiilerek deney numunesinin boyutlart ve kesit ozellikleri belirlenmistir. Bu
betonarme cergeveler, icerisine klasik tugla duvar yerine hasir donati ve 1slak
karigimli piiskiirtme beton ile olusturulmus paneller yerlestirilerek giiglendirilmistir.
Toplam sekiz adet numune iiretilmistir. Numunelerden biri panelsiz birakilan yalin
cergeve, bir digeri ise icerisine geleneksel betonarme perde yerlestirilen perdeli
cercevedir. Bu sekilde iiretilen yalin ¢ergeve ve perdeli ¢erceve referans gercevesi
olarak kullanilmigtir. Numunelerden dort tanesi hasarsiz betonarme c¢ergevenin,
piiskiirtme beton ve hasir donati ile olusturulan paneller ile gili¢lendirilmesi ile elde
edilen standart deney numuneleridir. Son iki numune ise, dnceden hasar verilmis ve
tamir edilmis betonarme ¢ercevenin piiskiirtme beton ve hasir donati ile olusturulan
paneller ile giiclendirilmesi ile elde edilen deney numuneleridir. Numuneler, panelin
cerceveye baglantist bakimindan iki gruba ayrilmaktadir. Birinci grup numunelerde,
panel tiim ¢evresi boyunca cerceveye baglanmustir. Ikinci grup numunelerde ise
panel sadece alt ve dstten kirislere baglanmig, kolonlara mesafeli olarak
yerlestirilmistir. Tek katl, tek aciklikli olarak iiretilen numuneler, kolonlar {izerine
etkiyen sabit eksenel ylikler ile kiris hizasindan etkiyen tersinir tekrarli yatay yiikler
etkisinde denenmistir.

Calismanin kuramsal boliimiinde; yapi sistemlerinin dogrusal olmayan analizini
yapan SeismoStruct programi kullanilarak, deneysel olarak incelenen numunelerin
kuramsal modelleri olusturulmustur. Bu kuramsal modellerde elde edilen kesit ve
sistem davraniglarina ait biiyiikliikler, deneysel sonuglar ile karsilagtirilmis ve
yorumlanmustir.

Deneysel ve kuramsal caligmalar sonucunda; Onerilen giiclendirme yonteminin
betonarme ¢ercevenin yatay ylik tasima kapasitesi, yatay rijitlik ve enerji sontimleme
ozelliklerini 6nemli Olciide arttirdigr goriilmiistiir. Onerilen yontemin, binalarin

xxi



depreme karsi giiclendirmesinde hizli, kolay ve ucuz bir teknik olarak
kullanilabilecegi diistintilmektedir.
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RETROFITTING OF VULNERABLE REINFORCED CONCRETE FRAMES
WITH SHOTCRETE PANELS

SUMMARY

Application of shotcrete concrete on the walls within the existing vulnerable
reinforced concrete and masonry buildings is a known retrofitting technique. As an
alternative to this application, construction of shotcrete infill panels in bare
reinforced concrete frames is aimed in this thesis. The suggested method can be
beneficial against conventional shear wall, when formwork and workmanship is
expensive and accessing to the work area is difficult. The study consists of
experimental and analytical parts.

In the experimental part, to evaluate the effectiveness of this retrofitting technique,
an experimental research program was accomplished. Infill panels made from wet-
mixed shotcrete in lieu of a traditional masonry are used in vulnerable reinforced
concrete frames. The frames were chosen to represent weak column/strong beam
type structures that were very common in Turkey especially for the buildings
constructed before the two latest earthquake codes. The experimental work is
composed of strengthening of four undamaged and two damaged frames with
shotcrete panels and a bare frame and a conventional shear wall specimens as a
reference. Nearly 'z scale, one bay- one story specimens were tested under constant
vertical loads acting on the columns and lateral reversed cycling loads. The infill
panels are connected to the surrounding reinforced concrete frame in two different
ways. In the first case, full integration along four edges of the infill panel is achieved.
In the second case, the infill panel is connected only to the beams of the frame
having a distance between the columns and edges of the infill panel. To evaluate
effectiveness of the proposed technique, response parameters of the retrofitted frame
experiments were compared with those of the bare frame’s and the conventional
shear wall’s.

In the analytical part of the thesis, SeismoStruct, a nonlinear finite element computer
analysis program, has been used to generate the theoretical models of the tested
specimens. The sectional and overall behaviors of the frames obtained from
experimental and analytical works are compared with each other.

The experimental and analytical studies show that the proposed retrofitting technique
for vulnerable reinforced concrete frames increases the lateral load carrying capacity,
the lateral rigidity and the energy dissipation capacity of the system. It is considered
that the suggested technique can be used as an efficient, easy and cost effective
method in retrofitting the existing vulnerable reinforced concrete buildings.
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1. INTRODUCTION
1.1 General

The existence of many vulnerable reinforced concrete buildings in earthquake prone
areas built before the current Turkish earthquake code, presents one of the most
serious problems facing Turkey, especially in Istanbul today. During 1999 Kocaeli
Earthquake, buildings had greater damage than expected at that magnitude of an
earthquake in the city. Since then researchers have been trying to find out cheap and
easily applicable strengthening solutions for the vulnerable reinforced concrete (RC)

and masonry buildings.

The experiments carried on, show that infill walls increase the lateral load carrying
capacity and the lateral stiffness of the structures, (Klingner and Bertero, 1978,
Govindan et al. 1986, Al-Chaar et al. 1996, Lee and Woo 2002). It can be stated that
when the necessary precautions are taken, the infill walls can be used to strengthen
the building against lateral loads, (Sugano and Fujimura, 1980, Zarnic and

Tomazevic, 1984, Altin et al. 1992).

Strengthening a damaged RC frame with forming a thin concrete wall on the existing
masonry walls (Zarnic and Tomazevic 1988, Yuksel et al. 1998a and 1998b) or using
shotcrete on special wall-like structures in lieu of masonry walls (Mourtaja et al.
1998) showed that, these kinds of easily applicable retrofitting techniques increases

lateral load carrying capacity and lateral rigidity of the structure.

Strengthening of infill walls using shotcrete is typically used in strengthening of
damaged and/or undamaged masonry buildings in Turkey as stated in the studies of
Wasti et al. (1997), Celep (1998), Aydogan and Oztiirk (2002). In this thesis, using
shotcrete panels in lieu of traditional masonry walls in reinforced concrete buildings
is proposed and the overall responses of these frames responding in-plane lateral

loading are investigated.



1.2 Objectives and Scope

In this study wet-mixed sprayed concrete is used to form an infill wall within a
vulnerable RC frame. Nearly %2 scale, one story, one bay specimens were tested
under constant vertical loads acting on the columns and lateral reversed cycling
loads. The experimental work is composed of testing one bare frame for reference,
six vulnerable RC frames by forming an infill wall using wet-mixed sprayed concrete
and one conventional shear wall. In four of them, the walls are connected to the
frames through shear studs used at four edges of them to create strong bond between
walls and the members of the frames. In three of them; the walls are connected only
to the beams through shear studs used at two edges of the infill wall, while the other
two edges are distanced to the columns. One of the specimens from each group is
slightly damaged and repairing of cracks has taken place before strengthening with
shotcrete panels. Pre-reverse deflection is applied to the beam during construction of

the shotcrete panel for the other two.
The main objectives of this research are:

1) To find out fast, cheap and adequate retrofitting techniques for vulnerable RC

structures,

2) To set up and conduct a test program to investigate the behaviour of RC
frames infilled with wet-mixed shotcrete panels, and to characterize the
strength and stiffness behaviour of these frames responding to in-plane lateral

loading.

In order to fulfill the objectives stated above, the following summarizes the work

done in this study as undertaken in chronological order:

1) State the need for retrofitting the vulnerable RC frames and the advantages of
using wet-mixed shotcrete (this will be stated in the upcoming literature

review)

2) Select a reasonable testing scale considering the capacities of the testing
facilities in Structural and Earthquake Engineering Laboratory of Istanbul

Technical University (STEEL).

3) Conduct the standard material tests for the four different materials used,

namely: frame concrete, shotcrete concrete, frame steel and panel steel.



4) Perform the main experimental program to investigate the effect of the

shotcrete panel addition to the system.

5) A finite element program, named as SeismoStruct is used to develop an
analytical model which is used for modelling the response of RC frames
retrofitted with shotcrete panels. The experimental results were verified using

the analytical models in the program.

6) Investigate the effects of the proposed retrofitting technique on a
representative frame by using the analytical model developed for the response

of the shotcrete wall,

1.3 Organization of the Thesis

This thesis is composed of seven chapters. Following this chapter, Chapter 2
explores the other retrofitting techniques as well as the types of shotcrete and tries to

state the advantages of using wet-mixed shotcrete that is used in this study.

The experimental program is given in Chapter 3. The geometry and reinforcement
details of the specimens, the data acquisition and loading system, and the results of
material tests are also presented. The experimental results which discuss the effect of
retrofitting the RC frames with wet-mixed shotcrete panels are given briefly in

Chapter 4.

The analytical model used is explained in Chapter 5 and also the proposed model is
verified using the experimental results. By using the analytical models developed, a
parametric study is performed in Chapter 6. The panel thickness, the concrete
compressive strength of the panel, the distance between the frame and the panel are
the parameters that are examined in this study. The effect of the proposed retrofitting
technique on a 2D frame of building representing the typical reinforced concrete
frame type structures in Turkey is also discussed in this chapter. Finally, conclusions

are presented in Chapter 7.






2. SEISMIC RETROFIT FOR REINFORCED CONCRETE BUILDING
STRUCTURES

The ways to enhance the seismic capacity of existing structures are usually considered in
two main ideas. First one is based on increasing the strength and stiffness of the
structural system which can be done by major modifications to it. These modifications
include the addition of structural walls, steel braces. The second way is based on
deformation capacity of the components of the system. Here the ductility of components
with inadequate capacities is increased and their specific limit states are satisfied.
Retrofitting of each component of the system involves methods like the addition of

concrete, steel or fiber reinforced polymer (FRP) jackets to columns for confinement.

2.1 System Strengthening and Stiffening
Strengthening the system increases the total lateral force capacity of the system. When
the seismic capacity of the existing structures is improved, the performance of the

building is moved to a better level by the stiffening of the system.

The retrofitting methods of existing structures are described below briefly. The
influences of these methods on the overall behaviour of the structure are summarized in

Figure 2.1.
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Figure 2.1: Global modification of the structural system, Thermou and Elnashai (2006)



The methods listed below are some of the repair and strengthening methods used for

existing concrete structures.

2.1.1 Shear walls

Placing of reinforced concrete shear walls into an existing building is one of the most
common methods used as repair and strengthening of structures. Although it increases
the strength and stiffness of vulnerable buildings it is necessary to evacuate the habitants

of the building during the construction.

Shear walls are efficient in controlling the overall lateral drifts and thereby reducing
damage in frame members. Application of shear walls involves partial or total infilling
of some of the bays of the frame. Existing infill walls can also be turned into shear walls
and shotcrete can be used instead of regular concrete to increase the adherence between
the existing and new material. To reduce time and cost, precast panels can be used as

well.

Many research on structural walls and results of detailed applications have been
reported, (Sugano and Fujimura 1980, Yuzugullu 1980, Higashi et al. 1980, Altin et al.
1992, Pincheira and Jirsa 1995, Frosh et al. 1996, Lombard et al. 2000, Inukai and
Kaminosono 2000). The results show that the response of panels with the structure
depends mainly on the application details. Proper anchorage of re-bars to beams and
closely spaced mesh increases the deformation abilities and the strength is increased by
full continuity between levels. If there is poor detailing and lack of load transfer between
old and new members, this may lead to brittle failure of infill panels or reduction of

ductility of the system.

One down side of the method is the need to strengthen the foundations. The
strengthening is necessary, so that the foundations can resist the increased weight of the
structure and the overturning moment. The application of this technique is usually

costly, disruptive and unsuitable for building with an insufficient foundation system.

2.1.2 Carbon fiber reinforced polymer (CFRP) applied on the infill wall
Another method used in the rehabilitation of reinforced concrete structures is
strengthening infill walls with fiber reinforced polymers (FRP). This technique improves

the seismic performance of structures in terms of strength, stiffness and energy



dissipation capacity. When it is compared with other techniques, it is very simple and
fast to apply and it is an efficient method because evacuation of the building is not

required during the process, however it is expensive.

Marshall and Sweeney (2004) tested the effect of FRP strengthening. They observed that
the failure mode of wall sections has also been changed by the different FRP
configurations. As can be seen by these tests, FRP composites can be applied to

increase the strength and change the failure mode of masonry walls in shear.

Erol et al. (2004, 2005, 2006 and 2008) performed a series of tests for examining the
differences between the structural behaviour of infilled RC frames strengthened by
CFRP fabric with different connection details. They observed that, the existence of
CFRP keeps the brittle wall to fall apart and hence contributes to the overall in-plane and

out- of-plane stability of structure during the load reversals.

2.1.3 Braced frames

Bracing frames with steel is one of the other methods to strengthen. However it does not
provide as much strength and stiffness as the shear walls method. Mass of braced frames
is less than the shear walls’ and they do not increase the building mass significantly.
Therefore seismic forces induced by the lateral load do not increase. Steel bracings are
usually installed between existing members and an improvement for the foundation

system might not be necessary.

It is difficult to connect bracing steel members to the existing concrete structure and the
connections are vulnerable during earthquakes. The addition of steel bracing is effective
for the strengthening and stiffening of existing buildings. In the selected bays of an RC
frame, to increase the lateral resistance of the structure, concentric or eccentric bracings

can be used.

Successful results of usage of steel bracing to upgrade RC structures have been reported
by several researches; (Sugano and Fujimura 1980, Higashi et al. 1984, Badoux and
Jirsa 1990, Miranda and Bertero 1990, Bush et al. 1991, Teran-Gilmore et al. 1995,
Pincheira and Jirsa 1995, Goel and Masri 1996). After the 1985 Michoacan Earthquake a
series of RC buildings retrofitted with steel bracing have been reported with no

structural damage (Del Valle 1980, Foutch et al. 1988).



Taskin et al. (2007) have examined effects of different types of bracings with different
geometrical characteristics on the behavior of the system. In this study, instead of using
conventional bracing system, a new concept has been tested and compared with the
other systems. This approach is called as "Disposable Knee Bracing" and parametric
analytical studies done giving successful results. As expected bracing has increased the
horizontal load carrying capacity and energy absorption capacity, and most importantly,
reduced the amount of damage on the main structure. After obtaining these promising
results Yorgun et al. (2008) have done the experiments of these analytical models and

come up with close results.

To increase damping; shear links and passive energy dissipation devices may also be
used with bracings (Okada et al., 1992, Martinez-Romero, 1993). The addition of post-
tensioned rods, which will yield at smaller deformations to the system, will allow energy
dissipation at early stage of a large event. The initial brace prestressing induces
additional forces in the structure and the internal force distribution is modified. These

need to be considered for serviceability limit states.

2.1.4 Moment resisting frames

Moment resisting frames placed in buildings improve strength of the structure. Its
advantage is that they occupy minimum floor space. However they have large lateral
drift capacity when compared to the building they are placed in and this limits their use

and cause the main problem for the system.

2.1.5 Diaphragm strengthening

Diaphragm strengthening uses methods such as topping slabs, metal plates laminated
onto the top of the slab surface, bracing diaphragms below the concrete slabs and
increasing the existing nailing in the covering. The covering can be replaced with
stronger material or for buildings with timber diaphragms they could be replaced with

plywood.

2.2 Enhancing Deformation Capacity
To enhance deformation capacity; column jacketing, strengthening and providing
additional supports at places subjected to deformation are used. Below these will be

explained in detail.



The methods to increase the deformation capacity of existing structures are described
below briefly. How these methods affect the behaviour of the structure is summarized in

Figure 2.2.

Base
Shear rehabilitated
structure
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Structure ia—m

-~ . : : b
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Figure 2.2: Local modification of structural components, Thermou and Elnashai (2006).

2.2.1 Column strengthening

For building with strong beam-weak column configurations, column strengthening is
necessary as it will permit larger drifts and story mechanisms to be formed. In the
seismic performance of a structure, column retrofitting is often critical as columns
should not be the weakest components in the building structure. To increase the shear
and flexural strength of columns, column jacketing may be used so that columns will not
be damaged. The welding of the links between the new and existing reinforcement bars
only need specialist knowledge. Rodriguez and Park (1991), Al-Chaar et al. (1996),

Bousias et al. (2005), observed good results in their research.

Confining of columns with continuous steel plates and with fiber reinforced plastic
fibers are the two techniques that jacketing can be made. Recent research has also shown
the applications of composites especially fiber reinforced polymer (FRP) materials used
as jackets when retrofitting columns. As these jackets confine the columns, column
failure due to forming of a plastic hinge zone is prevented. The uncertainty of the bond

between the jacket and the original member is the main disadvantage of this method.

Jacketing up of the slab has to be done before the construction of the jacketing of the

column. If it is not done, then the load sharing does not take place until some large



seismic displacement has occurred. Until then this can cause considerable cracking, even

under small frequent earthquakes.

2.2.2 Local stress reductions

Local stress reductions are applied to the elements which do not effect the performance
of the building primarily. These can be done by demolition of local members that are not
stiff and introducing joints between face of the column and adjacent architectural

elements.

2.2.3 Supplemental support
Supplemental bearing supports are used on the gravity load bearing structural elements

which are not effective in resisting lateral force induced by an earthquake.

2.3 Reducing Earthquake Demands

Reducing earthquake demands involve new and expensive special protective systems
which modify the demand spectrum of the building while other methods improve the
capacity of the building. The special protective systems are appropriate to use for
important buildings such as historical buildings or for buildings which accommodate

valuable equipments and machinery.

Base isolation, energy dissipation systems and mass reduction are the methods used in

reducing earthquake demands will be explained briefly below.

2.3.1 Base isolation

In the upgrading of historical monuments, seismic isolation is accepted because it causes
minimal disturbances. It is also applied in the upgrading of RC structures which are
critical and need to be operational after seismic events. The aim of base isolation is to
isolate the structure from the ground motion during earthquakes. This is achieved by
installing bearings between the superstructure and its foundation. As most bearings have
good energy dissipation characteristics, this method is effective for relatively stiff

buildings with low rises and heavy loads.

Kawamura et al. (2000), applied seismic isolation technique to two middle-rise
reinforced concrete buildings in Japan. One is a 16 story building, which was upgraded
by lead rubber bearings (LRB's) were installed in their mid-height in 22 columns on the

8th story. Due to the reduction of seismic force by isolation, strengthening of the
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structure is not necessary. The other building has 7 stories and is supported on piles,
where base isolation method was adopted. After cutting off the head of piles, rubber and
sliding isolators were installed in parallel. Therefore strengthening of the super structure

has come to be unnecessary.

Base or seismic isolation methods are efficient in reducing response acceleration and

interstorey drift which minimize structural and nonstructural damage.

2.3.2 Energy dissipation systems

Another method is using energy dissipation units (EDUs). These systems are used to
reduce the displacement demands on the structure by the energy dissipation and are most
effective when used in structures with great lateral deformation capacity. Frame
structures are appropriate for these systems. These systems can also be used to protect

critical systems and contents in a building.

Energy dissipation equipments are added to a structure via installing frictional,
hysteretic or visco-elastic dampers as parts of braced frames. Many researchers have
studied these energy dissipation methods, (Gates et al. 1990, Pekcan et al. 1995, Fu
1996, Tena-Colunga et al. 1997, Munshi 1998, Kunisue et al. 2000 and Kawamura et al.
2000). However, these methods are expensive and the application of them to all

structures is costly.

2.3.3 Mass reduction
Mass reduction which decreases the natural period of the building is one of the methods
used to lessen the demand on buildings. It can be done by removing some of the stories

in the building.

2.4 Rehabilitation Methods for Unreinforced Masonry Walls
Various rehabilitation methods for unreinforced masonry walls (URM) exist and they
can be listed as surface treatment, injection grouting, jacketing, internal reinforcement

and mechanical fasteners. They will be explained in detail below.

2.4.1 Surface treatment
Surface treatment can be done by various materials and procedures. The most common
types of surface treatment involve using reinforced plaster, shotcrete and ferrocement

which are applied on top of a metal grid that is anchored to the existing wall. Hutchinson
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et al. (1984) conducted experiments on various surface coatings to determine their
effectiveness in restoring and improving the in-plane strength of a damaged masonry

wall. They have concluded that they are usually effective.

Ferrocement is ideal for low cost housing since it is cheap and can be done with
unskilled workers. It consists of closely spaced multiple layers of mesh of fine rods
placed in a high strength (15-30 MPa) cement mortar layer of 10-50 mm thick. The
reinforcement ratio used is 3-8%. Usage of ferrocement improves both in-plane and out-
of-plane behavior of the wall. In-plane inelastic deformation capacity is improved as the
mesh helps confining the masonry units after cracking. Abrams and Lynch (2001) used
this retrofitting technique in a static cyclic test and observed that the in-plane lateral
resistance is increased by a factor of 1.5. Out-of-plane stability is improved as

ferrocement increases the ratio of the wall height-to-thickness.

Sheppard and Terceli (1980) used a thin layer of cement plaster which is applied over
high strength steel reinforcement for retrofitting. The steel reinforcement is usually
arranged as diagonal bars or vertical and horizontal meshes. This technique improves the
in-plane resistance in diagonal tension and static cyclic tests by a factor of 1.25 to 3. In
this method, the degree of masonry damage, strength of the cement mortar, thickness of
layer, the reinforcement quantity and how it is bonded with the retrofitted wall effect

how much improvement is achieved in strength.

Onto the masonry wall surface, shotcrete is sprayed over a mesh of reinforcement. When
shotcrete is compared with other cast in-situ jackets, it is more convenient and cost less.
Shotcrete thickness changes according to seismic conditions and it is at least 6 cm (Kahn
1984, Hutchison et al. 1984, Karantoni and Fardis 1992, Tomazevic 2000, Abrams and
Lynch 2001). Shear dowels which are 6 to 13 mm in diameter and 25 to 120 mm in
length are fixed into holes in the masonry wall using epoxy or cement grout. These are

used to transfer the shear stresses between shotcrete and masonry.

Some researchers think that epoxy is required to be used on the brick as to develop the
bond between shotcrete and the wall. Kahn (1984) has shown that dowels did not

improve the response of composite panels or the bond between brick and shotcrete. He
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has also observed that wetting the surface of the wall before the application of shotcrete

did not affect the cracking or ultimate load. It slightly effects the inelastic deformations.

Using shotcrete on the retrofitted walls increases its ultimate load considerably. Kahn
(1984) used a 90 mm thick shotcrete on one side of the wall in a diagonal tension test
and found the ultimate load of URM panels to increase by a factor of 6.25. In a static
cyclic test conducted by Abrams and Lynch (2001), the ultimate load of the retrofitted
specimen increased by a factor of 3. They have observed contrary to Kahn (1984) that
the increase in the cracking load was irrelevant in a diagonal tension test after shotcrete

application.

Along with the advantages given above, there are some disadvantages in the application
of the shotcrete such as the need for special equipment, skill and the significant waste in

material due to rebound.

Application of shotcrete on the wall is assumed to resist lateral force applied to a
retrofitted wall and the brick masonry is ignored (Hutchison et al. 1984, Abrams and
Lynch 2001). This is reasonable as the flexural and shear strength of the reinforced
shotcrete can be more than that of the URM wall, but cracking in the masonry can occur
as the strains in the reinforcement in the shotcrete exceed yield. This can compromise
the performance objective for the immediate occupancy or operations to be continued

after a seismic event.

2.4.2 Injection grouting

Injection grouting is another method used as rehabilitation of unreinforced masonry
walls. It is usually applied to repair small cracks or to fill ungrouted cores. The main
purpose of injections is to restore the original integrity of the retrofitted wall and to fill
the voids and cracks, which are present in the masonry due to physical and chemical

deterioration and/or mechanical actions.

Epoxy is used for small cracks or small holes (less than 2 mm wide) and sand cement
mixed grout is used for larger holes (Calvi and Magenes 1994, Schuller et al. 1994). The
results of four clay brick walls which were repaired using injection grouting tested show
that the original strength of the wall prior to its damage was restored (Manzouri et al.

1996).

13



Holes and cracks are present in the masonry walls as it weakens due mechanical actions
or physical and chemical deterioration. Injection grouting is used to fill these and to re-
establish the integrity of the wall. Whether the grout mix can be injected which depends
on it mechanical and chemical properties or the method used affect the success of the

retrofit of the wall.

Schuller et al. (1994) found that a cement based grout injection can restore about 80% of
the compressive strength of the unretrofitted masonry. Other researchers reported that 80
to 110% of in-plane stiffness and 80 to 140% of in-plane lateral resistance of the
unretrofitted wall can be restored with that kind of injection (Sheppard and Terceli 1980,
Calvi and Magenes 1994, Manzouri et al. 1996). Also, the interface shear bond of multi-
wythe stonewalls can be amplified by a factor of 25-40 (Hamid et al. 1999). If epoxy is
used as an injection material, the retrofitted wall is usually stiffer than the unretrofitted
one, then the increase in stiffness which is 10-20% is much less than the increase in

strength. Lateral resistance of the retrofitted wall increases by a factor of 2-4.

2.4.3 Jacketing

Jacketing forms a frame around the damaged wall with cast in-place concrete or external
steel elements. For the existing URM buildings, steel plates or tubes can be used as
external reinforcement which can be attached directly to the existing diaphragm and
wall. Cracking in the masonry structure will occur in a seismic event and when this
reaches sufficient amount, the jacketed steel system will have comparable stiffness and

be effective (Hamid et al. 1994, Rai and Goel 1996).

Taghdi (2000a, 2000b) showed that the lateral in-plane resistance of the retrofitted wall
increases by a factor of 4.5 with the usage of vertical and diagonal bracing. This increase
is limited as the masonry is crushed and the vertical strips are buckled. The external steel

system presents an effective energy dissipation mechanism (Rai and Goel 1996, Taghdi

2000a, 2000b).

2.4.4 Reinforcing bars
Reinforcing bars are usually used in hollow walls where cores will be opened and a steel
bar will be placed inside and grouted. Prestressed tendons can also be used to improve

the performance of the wall (Lissel et al. 1998). The holes opened are vertical which
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extent from the top of the wall to the basement wall. When it is grouted with the
reinforcing bar inside it, it provides a "homogeneous" structural element (Plecnik et al.
1986). This vertical column provides strength to the wall with a capacity to resist both
in-plane and out-of-plane loading and it is anchored to the roof and floors with lateral

ties.

The grout consists of a binder material like cement, polyester or epoxy and a filler
material like sand. Plecnik et al. (1986) have performed shear tests on cement grout
specimens which were 30% weaker than the ones with sand/epoxy or sand/polyester
grouts. When the cost is considered, it is better to use polyester keeping the volume ratio
of sand to polyester 1:1 and 2:1. Shear resistance depends on the volume ratios of the
components for cement-based grout. The best type of grout has a volume ratio of cement

to lime to sand of 1:0.125:1.

Abrams and Lynch (2001) used the reinforcing bars method to double the resistance of
URM wall in a static cyclic test. They have observed that even though the lateral
displacement achieved was high, the energy dissipated was limited. One advantage of
using this system as a retrofit method is that, it will not alter the appearance of wall
surface or the function of the building as it is done externally. The main disadvantage of

this method is that, it creates zones with widely varying stiffness and strength.

2.4.5 Mechanical anchors

Mechanical anchors or ties can be used between the wall and the surrounding structure
to provide better transfer of forces and continuity. Main disadvantage of this method is
that, steel bars corrode. Lissel and Shrive (2003) overcome this problem by introducing

fiber reinforced plastic.

Post-tensioning can be used to retrofit structures like historical monuments. This method
involves a compressive force applied to masonry wall which counteracts the tensile
stresses resulting from lateral loads. In the last ten years, there have been many
researches on post-tensioning globally (Karantoni and Fardis 1992, Ingham et al. 1998,
Lissel et al. 1999, Foti and Monac 2000, Laursen et al. 2002, Lissel and Shrive 2003,
Rosenboom and Kowalsky 2004, Schultz et al. 2003).
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In and out of plane ultimate behaviors of wall, cracking load and distribution improve
when vertical post-tensioning is applied. Some basic calculations of principle stresses
show that the horizontal post tensioning improves the resistance. However the
experimental test performed by Page and Huizer (1994) did not prove these calculations.
Karantoni and Fardis (1992) show that horizontal post-tensioning of spandrels did not
significantly improve the building behavior by a linear finite element model they have
done. They also show that when horizontal and vertical post-tensioning is combined
together, the resulting positive effect is higher than the sum of the individual effects of

the two directions post-tensioning.

The methods discussed in this section need rigorous work and in some cases involve the
use of expert workmanship. They could be disruptive to the normal operation of a
building and some methods can add up to 15 cm thickness to the wall which could
require foundations to be improved. These may increase the inertial forces generated by

an earthquake.

2.5 What is Shotcrete

Spraying of concrete is applied first in the United States as early as 1907 and has been
known since. The product used was named “gunite” which was sprayed with easily
operated compressed air pumps. In some cases, instead of conventional concrete
shotcrete is used for its convenience, cost or time saving. It can be used when formwork
is expensive or not practical and access to the work area is difficult, thin layers or
variable thicknesses are required or normal casting techniques cannot be employed.
Shotcrete requires a small, portable plant for manufacture and placement and can be

applied in areas where limited access is available to make repairs in structures.

When shotcrete is accurately applied, it will show good bonding characteristics to
existing concrete, rock, steel and be a structurally sound and durable construction
material. If physical properties of shotcrete are compared with concrete or mortar with
the same composition, it is similar and sometimes better than them. It has low

absorption, good resistance to weathering and some chemical attacks, and high strength.
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2.5.1 Types of shotcrete according to the application process
Types of shotcrete depend on which technique is used during its application. These are

dry and wet mix processes that will be explained in detail below.
a) Dry-mix process:

The dry-mix process is a method where the cement and aggregate are mixed either at a
site-based plant or pre-mixed and filled dried into silos or bags. This mixed material is
placed into a dry-mix sprayed concrete pump and by the help of compressed air, it is
brought to the nozzle. At the nozzle, the water necessary for hydration is added

depending on the judgment of the operator.

Dry-mix system is simple and it has been used in the past as there could be few
mechanical and mix design issues which can go wrong. The disadvantages of this
method are the dust generated from the system which has an impact on the environment,
the cost of wear of components of the machine used and the rebound of the material. The
rebound from the surface can be between 15% to 40%, and it can be reduced with the
usage of additives and admixtures. The capacity of machines effect the performance and
the properties of the sprayed concrete vary. The reason is the materials may not be
mixed properly, the cement-water ratios are unknown and changes and the mix might be

hydrated before it is brought to the pump.

b) Wet-mix process

As in the case of conventional concrete, a ready-mixed concrete is used. Therefore it is
possible to control the ratio of cement and water mixed, and the quality. The concrete
from the ready mix plant is placed into the pump, pushed through with pressure and at
the nozzle air is added at a rate between 7 to 15 m’/min, and the pressure used is 7 bars.
To achieve good compaction and adherence to the surface, the air is added to increase

the speed of the concrete.

The advantages of this method are 5 to 10% of aggregate rebound occurs, as low dust is
produced the working environment is better, and as admixtures are used, thick layers are
produced. Ratio of water to cement is controlled and can be as low as 0.37, and the
concrete can be considered as a permanent element of the structure. As the materials are

mixed before, change in quality is minimized and the effect of the operator is reduced.
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Capacity of the output varies from 4 to 25 m’/hr, it is possible to add steel/synthetic

fibres and additives. The listed advantages make this method economical.

The disadvantages of the wet-mix are that the cleaning costs, limited conveying distance
which is maximum 300 m and the need for mix design. Also if it is not mixed on site,
the mixing plant has to be given the volumes of the mixtures and it has to be controlled

thoroughly.

2.5.2 Usage of shotcrete
Shotcrete can be used in other applications like repair of buildings, bridges, in

underground excavations, slope and surface protection, and in new structures.

Shotcrete is commonly used for repair of fire and earthquake damage and deterioration
and encasing structural steel for fireproofing. The repair of structural members such as
beams, columns, strengthening walls and connections is common for structures damaged
by an earthquake. It can also be used to repair the damaged surface of steel, wood or

concrete structures if the surfaces can be reached.

Shotcrete can be used to save time when thin sections and large areas are present in the
construction of new structures. These structures are pools, tanks, floors, walls and
domes. Zynda (2007) published a report about constructing a four-story parking garage
using shotcrete and precast beams, columns, and architectural walls. The project was
completed in record time with shotcrete application. Shotcrete was used throughout the
project, starting with the original shoring needed, the structural shear walls, and the 9.1
m-high retaining walls. Shotcrete is also used in forming and construction of structural

shotcrete walls and foundation walls, (Robbins 2004 and Von der Hofen 2008).

2.5.3 Types of shotcrete
There are different types of shotcrete like fiber-reinforced, silica-fume, polymer-

modified and accelerated. These will be explained briefly below.

a) Fiber-reinforced shotcrete
When shotcrete is subjected to tensile stresses or strains, it will crack like the concrete if
it is not reinforced. Therefore fibers are added to the shotcrete mixtures to increase

capacity of energy absorption, impact resistance and ductility of the material. This
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composite material will have an increased ultimate strength. Steel, glass or synthetic

fibers can be used in shotcrete.

e Steel fibers have been used since the late 1950s. Uniform distribution of fibers in
a mixture was caused by problems in mixing and handling them earlier. These
have been minimized by keeping the ratio of length to diameter low of the fibers

produced, surface deformations and improved shape.

e Glass-fibers and a resin binder are used together to obtain glass fiber reinforced
shotcrete. The application of this type of concrete requires a special gun and
equipment. This process is used extensively in the construction of lightweight
panels for building cladding and special architectural features and is usually

applied in a plant production situation.

e Nylon, polypropylene, polyethylene, polyester and rayon make synthetic fibers.
Decreasing the width of shrinkage cracks in the material is the primary benefit of

adding synthetic fibers to shotcrete.

b) Silica-fume shotcrete

Silica-fume which is a fine non-crystalline pozzolanic material that is mostly made up of
silica is used in shotcrete to increase strength. It also decreases permeability and enhance
cohesion and adhesion. Advantages of using silica-fume shotcrete are to improve the
bond strength between shotcrete and applied surfaces and cohesion. Thicker layers of

shotcrete can be applied in a single pass to surfaces whether vertical or overhead.

When silica-fume shotcrete is used, the rebound is significantly reduced and the action
of flowing water is reduced. Also this type of shotcrete can have more resistance to

aggressive chemicals.

Silica-fume shotcrete can be used in polymer modified and accelerated shotcrete
applications. It can be used in many applications instead of ordinary shotcrete due to its

high performance in bonding and strength.

Silica-fume shotcrete is used in construction of tunnels with fibers to control shrinkage

cracking.
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¢) Polymer-modified shotcrete

There are two methods to introduce polymers into shotcrete which are to use polymer
material as a binder and to form a continuous polymer matrix with replacing mixing
water with a polymer. In the first method, the shotcrete becomes a polymer shotcrete and
in the second one which is more common is to add a polymer emulsion to the hydraulic-

cement mixture and it is named as polymer-portland-cement shotcrete.

The polymers used in shotcrete improve tensile and flexural strengths, improve bonding

and reduce absorption.

d) Accelerated shotcrete

Accelerating admixtures are used in shotcrete to rapidly set shotcrete. These are
powdered materials added to dry-mix shotcrete which are called super-accelerators.
They can be powdered or liquid admixtures used in dry and wet-mix shotcrete. In the

wet-mix shotcrete usually the accelerator are added at the nozzle.

Accelerated shotcrete are used in tunnel support and linings, seawalls, dams, roof
construction, slope protection and water-retaining structures such as canals, thick

concrete sections, rapid repairs and sealing leaks.
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3. TEST PROGRAM AND MATERIAL CHARACTERIZATION

This chapter describes the experimental test program that was carried out at STEEL
to evaluate the performance of a structural system consisting of shotcrete panel in
existing vulnerable RC frames. All test specimens are single story, single bay frames.
One bare frame and a conventional shear wall, three fully and three partially infilled
RC frames with shotcrete panels were tested. Description of the test specimens, test-

setup, data acquisition, instrumentation and material properties are presented here.

3.1 Test Specimens

In this study, panels made from wet-mixed shotcrete in lieu of a traditional masonry
are used to form an infill wall within existing vulnerable RC frame as shown in
Figure 3.1 and Figure 3.2. The RC frames were chosen to represent the weak
column/strong beam type structures that were very common in Turkey especially for
the buildings constructed before 1998 Turkish Earthquake Code. The specimens had
non-seismic details such as large spacing of hoops, no hoop in beam-column

connection region and no use of 135° seismic hooks.

Figure 3.1: General view of the fully infilled frame
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Figure 3.2: General view of the partially infilled frame

Tested specimens are summarised in Table 3.1.

Foundations of the specimens are fixed to the adapter foundation through 28 ¢50 mm
holes with ¢$39 mm anchorage bolts as shown in Figure 3.3. Depending on the
experiences obtained from other infilled frame experiments, the rocking and global
sliding of the frame does not occur during the experiments. Therefore the number of
$39 mm anchorage bolts is enough to assume that the connection of foundation of

the specimens is similar to fixed supports.

One story, one bay nearly half-scale RC frames with a portion of slab on top and a
foundation at the bottom has been constructed in the laboratory. The cross sectional
dimensions of columns and beam of the frames are 20 cm by 25 ¢cm and 20 cm by
32.5 cm, respectively. The height and the width of the frames are 152.5 cm and 220
cm, respectively. The height of the shotcrete panel is 170 cm and the width is 170 cm
and 130 cm. The dimensions and the reinforcement detail of the frames are given in
Figures 3.3 and 3.4. The details of panels are given in Figure 3.5. Longitudinal
reinforcement of the frames consist of 16 mm steel bars which have average yield
stress of 270 N/mm?, and the wire mesh used in the panels has a diameter of 4.5 mm
and yield stress of 320 N/mm®. The reinforcement ratio of the column and the panel

are %1.6 and %0.2 respectively.
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Table 3.1: Test specimens (contd.)

28 t
Gap space between ~ Pre-reverse day concrete

Specimen Type Frame condition . compressive
panel and columns deflection strength (MPa)
Undamaged UwEmmma & Frame Panel
repaired
Specimen 2 YES NO NO NO 16 -
|
E £X
Specimen 2S it i) NO YES NO NO 16 35
Wi s
Specimen 4 YES NO NO NO 12
|
o=
Specimen 4S W NO YES YES NO 12 35
x| & X
|
Specimen 8 i i} YES NO NO NO 12 40
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Figure 3.4: Reinforcement details of the frame
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Figure 3.5: Reinforcement details of the panel
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Longitudinal reinforcement of the columns continues to the bottom of the
foundations of the specimens which are 38 cm thick. There is no lap-splice at the

level of foundation.
Specimen 1 is the bare frame which is tested as a reference specimen.

Specimens 2 and 4 are the bare frames which are tested up to a certain damage level,
before constructing the shotcrete panel in Specimens 2S and 4S. These bare frames
are tested till 10.5 cm-displacement which is the displacement level at which the
main reinforcement yield. These damaged bare frames are repaired by injection of
epoxy into the cracks which were formed at different locations of the columns

following the subsequent steps below;
- 10 cm deep holes are drilled at the edge of the cracks,

- the steel dowels are fixed into these holes by using epoxy resin as can be seen

in Figures 3.6b and 3.6¢,

- at least 8 hours later, the epoxy resin are injected into these dowels and all

these cracks are filled with epoxy resin as can be seen in Figures 3.6d and

3.6e.

After that, a wire mesh (Q 106/106) consisting of ®4.5 mm steel bars is placed at the
center axis of the frame. Full contact of the panel is established by lapping the infill
reinforcement to the anchorages placed in the frame members. The anchorages used
are @10 mm steel bars which are placed in the beam of the frame 20 cm apart from
each other in partially infilled frames by epoxy resin. In fully infilled frames, the
anchorages are placed in the beam and the columns 30 cm apart from each other. The
lengths of the anchorages are 35 cm; 25 cm of it is in the panel while 15 cm is in the
beam. By using wet-mixed sprayed concrete, 5 cm thick RC panel is formed as
shown in Figure 3.7. The panel formed is attached to the frame by all sides to form
Specimen 2S while in Specimen 48, the panel is attached only to the beams and the

panel is placed 20 cm to the columns.

Construction of Specimens 3, 5, 6 and 7 are identical except that the RC frames were

not damaged.

Specimen 5 is identical to Specimen 4S in which the shotcrete panel is only

connected to the beams, not connected to the columns and is placed 20 cm away
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from the columns as shown in Figure 3.7. Shotcrete panel is constructed in a non-
damaged frame. While deciding the width of this panel, the region on the beam

where moment is supposed to be small under lateral and vertical loads is taken into

account.

(b) (©)

() (©)

Figure 3.6: Repairing process of the damaged bare frames

Although the construction of Specimens 6 and 7 are similar to the others explained
above, pre-reverse deflection is applied to the beam during construction of the
shotcrete panel as can be seen in Figure 3.8. Before constructing the shotcrete panel,
special screws are placed symmetrically to the right and left side of the beam in the
middle between the foundation and the floor. Pre-reverse deflection applied to both
specimens is 7.4 mm and it was applied with mechanical force which is produced by
the screws. The idea behind the amount of the pre-reverse deflection is that after the
application of the pre-reverse deflection, the cracks that will occur in beams and
columns to be small in width and therefore no special repairing will be needed.
Considering this fact, some calculations are done and the reasonable amount of the

pre-reverse deflection is found to be 1/300-1/250 of the span. In Specimen 6, the
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panel is connected to the surrounding frame by all its four sides, while in Specimen 7

the panel is connected only to the beams.

During the process, the deflection is continuously measured in the middle of the
beam with a displacement transducer. As expected, shear cracks at columns and
flexural cracks at the tension side of the beam occurred during pre-reverse deflection
process. The amount of deflection is 7.4 mm which is almost 1/260 of the span. The

maximum crack width occurred is 0.1 mm on the columns and 0.4 mm on the beam.

By applying the pre-reverse deflection to the beam; the shotcrete panel and the frame
around it, are supposed to work together for a long time ensuring that the lateral

loads are transferred better through the system.

Figure 3.7: Construction of the shotcrete panels
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Specimen 8 is a typical shear wall having the same reinforcement as the shotcrete
panels which can be seen in Figure 3.9. Two layers of formwork are used and the
concrete is poured from right beside the beam. The concrete of the shear wall is
prepared in Construction Materials Laboratory of ITU Civil Engineering Faculty.
After removing the formwork of the shear wall, some gaps were present at the upper

side of the wall where the concrete is poured from. Therefore these gaps are fixed

with “repairing mortar”.

Special screws

Figure 3.9: Construction of Specimen 8
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3.2 Test Setup, Instrumentation and Data Acquisition

Test setup, instrumentation and data acquisition system are described in this section.
Details of the test setup including figures and experimental requirements are given in

the following subsections.

3.2.1 Test setup and loading system

A typical test-setup is shown in Figure 3.10. Axial load which is kept constant
throughout the test is applied on the columns and lateral cycling load imposed as
displacement reversals is applied to the specimen by means of a hydraulic jack and
two MTS 250 kN-capacity hydraulic actuators that are placed at the beam level,

respectively.

Figure 3.10: Test setup

The physical capacities of one actuator for load are £250 kN and for displacement is
1300 mm. Controlling of actuators are force-based or displacement-based. The data
collected during the tests are force and displacement of the actuators, and the
displacements taken by the linear variable displacement transducers (LVDT)

connected to various positions on the specimen. Displacement-based load protocol
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was used during the tests. The high sensitive LVDT which has measured top

displacement of the specimen was assigned as the control displacement.

The axial loading system works independently from the lateral loading system. The
axial loads acting on two columns of the specimen are the support reactions of the
rigid steel beam placed on top of the specimen. The required axial load level is
controlled by a hydraulic jack and a load cell placed on steel beam. The intensity of
the axial load which is kept constant throughout the test is 20 % of the axial load

carrying capacity of columns.

3.2.2 Instrumentation and data acquisition

LVDTs are placed on some critical positions to measure the displacements and
deformations of the specimens. The applied load and displacement of the hydraulic
actuator are also measured and recorded. The LVDTs are connected to a TML ASW
50C switch-box and TDS 302 data logger, which provide AC power, signal

amplification, AC-to-DC conversion and electrical balancing.

The number of LVDTs used, their types and the measurement purpose are listed in
Table 3.2 and their places are shown in Figure 3.11 for bare frame; in Table 3.3 and
in Figure 3.12 for fully infilled frames and in Table 3.4 and in Figure 3.13 for
partially infilled frames. The rotation of the columns and the wall, the relative
displacement of the whole specimen and the frame, the target displacement which is
watched through two channels that is the relative top displacement of the specimen,
the top displacements of the column and the wall, the out of plane behaviour of the
specimen, elongation and shortening of the wall are measured. For the specimens
with pre-reversed beam, six more LVDTs are placed on the specimens. The two of
them are for measuring the displacement of reversely deflected beam and four of

them are for measuring the axial deformation of the columns.
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Table 3.2: LVDTs used for bare frame

Name LVDT type Measurement purpose Attached to
Tl CDP5 Top displacement Reference frame
T2 CDP25  Top displacement Reference frame
T3 CDP5  Displacement of the whole system Reference frame
T4 CDP5  Displacement of the frame Reference frame
T5 CDP25  Column displacement Reference frame
T6 CDP25  Out of plane displacement Reference frame
T7 CDP10  Column lower rotation Specimen
T8 CDP10  Column lower rotation Specimen
T9 CDP10  Column lower rotation Specimen
T10 CDP10  Column lower rotation Specimen
T11 CDP10  Column upper rotation Specimen
T12 CDP10  Column upper rotation Specimen
T13 CDP5 Column upper rotation Specimen
T14 CDP5 Column upper rotation Specimen
Table 3.3: LVDTs used for fully infilled frame
Name Lt\; ;]))eT Measurement purpose Attached to
T1 CDP25  Top displacement Reference frame
T2 CDP100  Top displacement Reference frame
T3 CDP5 Panel displacement Reference frame
T4 CDP25  Column displacement Reference frame
T5 CDP100  Panel front diagonal Specimen
T6 CDP5 Panel back diagonal Specimen
T7 CDP50  Displacement of the frame Reference frame
T8 CDP25  Displacement of the whole system  Reference frame
T9 CDP25  Right column lower rotation Specimen
T10 CDP25  Right column lower rotation Specimen
T11 CDP25  Panel rotation Specimen
T12 CDP25  Panel rotation Specimen
TI13 CDP25  Panel rotation Specimen
T14 CDP25  Left column lower rotation Specimen
TI15 CDP25  Left column lower rotation Specimen
T16 CDPI10  Out of plane displacement Reference frame
T17 CDP10  Right column upper rotation Specimen
TI18 CDPI10  Right column upper rotation Specimen
T19 CDP10  Left column upper rotation Specimen
T20 CDPI0  Left column upper rotation Specimen
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Figure 3.13: Locations of LVDTs on partially infilled frames
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Table 3.4: LVDTs used for partially infilled frame

Name Lt;/ II))eT Measurement purpose Attached to
T1 CDP25 Top displacement Reference frame
T2 CDP100 Top displacement Reference frame
T3 CDP5 Displacement of the whole system Reference frame
T4 CDP5 Displacement of the frame Reference frame
TS5 CDP5 Displacement of the frame Reference frame
T6 CDP100 Column displacement Reference frame
T7 CDP50 Out of plane Reference frame
T8 CDP25 Right column lower rotation Specimen
T9 CDP25 Right column lower rotation Specimen

T10 CDP25 Left column lower rotation Specimen
T11 CDP25 Left column lower rotation Specimen
TI12 CDP25 Right column upper rotation Specimen
T13 CDP25 Right column upper rotation Specimen
T14 CDP25 Left column upper rotation Specimen
T15 CDP25 Left column upper rotation Specimen
T16 CDP10 Panel rotation Reference frame
T17 CDP10 Panel rotation Reference frame
T18 CDP10 Panel rotation Reference frame
T19 CDP10 Displacement of the bottom part of panel =~ Reference frame
T20 CDP25 Displacement of the middle part of panel ~ Reference frame
T21 CDP25 Displacement of the top part of panel Reference frame
T22 CDP10 Panel front diagonal Specimen
T23 CDP10 Panel back diagonal Specimen

3.3 Load Pattern

Since the loading is to simulate the effect of seismic action, reversed cycling loading
is applied to all specimens. Displacement reversals with increasing intensity are
applied to the specimens by actuators. Up to 0.467 mm top displacement, the target
values are applied once on the specimens observing the elastic behaviour of the
specimens. After this step, each displacement cycle is repeated thrice for both

forward and backward cycles. At the end of each displacement target, the occurred

cracks are marked.

The details of the loading protocol are presented in Table 3.5 and Figure 3.14.
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Table 3.5: Steps of the loading protocol

Load level Top displacement Relative Story Drift

[mm] O/H

1 0.035 0.000025

2 0.070 0.000050

3 0.140 0.000100

4 0.280 0.000200

5 0.350 0.000250

6 0.467 0.000300

7 0.700 0.000500

8 1.400 0.001000

9 2.800 0.002000

10 3.500 0.002500

11 4.200 0.003000

12 4.900 0.003500

13 5.600 0.004000

14 7.000 0.005000

15 10.500 0.007500

16 14.000 0.010000

17 28.000 0.020000

18 42.000 0.030000
o S/H=3%
30 1 SIH=2%
51 S/H=1%

AAAAAA AAAAAAAAAAAAAAAAAAAAAAAAAAA

...... vvvvvvvvvvvvvvvvvvvvvvvvvv

Top Displacement (mm)
o

-15 1
30
45
Step
Figure 3.14: Loading protocol
3.4 Material Tests

Samples of materials used in the specimens were tested to determine their
mechanical properties because success of the numerical models is highly dependent

on correctly defining the material characteristics.
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3.4.1 Concrete tests

Mix proportions of concrete used for constructing the frames and the shotcrete panels
are given in Table 3.6 and Table 3.7, respectively. Compressive strengths of the
concrete were obtained from compressive tests on standard cylinders (150 mm*300
mm) taken at various stages of the construction. Minimum of three standard
cylinders were tested for each specimen. The compressive strength of the concrete
used in the numerical models was the average values obtained from these tests.
Results are summarised in Table 3.8 for the frame concrete and in Table 3.9 for the

shotcrete panel concrete.

All cylinders were tested at the Construction Materials Laboratory of ITU Civil
Engineering Faculty using a 5000 kN capacity Amsler compression press. Concrete

cylinders were loaded in compression at a rate of 0.02 mm/min.

Table 3.6: Concrete mix proportions for frame concrete

Material Weight for one cubic meter
Portland Cement 300 kg (32.5R)
Water 140 kg
Sand 690 kg
Gravel 1070 kg (No:1)

Table 3.7: Concrete mix proportions for shotcrete panel concrete

Material Weight for one cubic meter
Portland Cement 400 kg (42.5R)
Water 300 kg
Sand 900 kg
Gravel 600 kg (No:2)

Table 3.8: The average concrete compressive strengths for frames

Name of Number of  Compressive strength
specimen samples [MPa]

1 3 16

2 3 16

3 4 10

4 3 12

5 3 12

6 3 14

7 3 12

8 3 12
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Table 3.9: The average concrete compressive strengths for panels

Name of No. of Compressive strength
specimen samples [MPa]

2S 3 35

3 3 22

4S 3 35

5 3 35

6 3 25

7 3 25

8 3 40

3.4.2 Steel reinforcement tests

Tensile tests were carried out to determine the mechanical characteristics of each
type of reinforcing bar used in the specimens. All the samples were tested at the
Material Testing Laboratory of ITU Civil Engineering Faculty using Amsler testing
machine of 200 kN tension capacity. Free length between the two heads of the
machine was chosen as 10¢. Locations of the bars tested in test specimens are given

below:

1) ¢16 bars are used as longitudinal reinforcement for the columns and the

beams,
2) ¢10 bars are used as longitudinal reinforcement for the slabs and dowel bars,
3) ¢6 bars are used as stirrups for frames.

Three samples were taken from each type of reinforcement. Mechanical properties of
these bars obtained from the tests are summarised in Table 3.10. Values given in the

table are the average of the three samples tested.

Table 3.10: Mechanical properties of steel bars

Diameter [mm)] $16 610 $6
oy [MPa] 270 290 325
O'max [MPa] 420 450 481
€su [Mm/mm] 0.25 0.30 0.35

38



4. EXPERIMENTAL RESULTS

Although there are several measurement points on the specimens, the top
displacements versus base shear relationships and some of the graphs drawn for the
critical sections and damage modes are selected to be presented here. Through
Section 4.1 to 4.9, the results are also compared with Specimen 1 (bare frame)
results. Since some of the specimens don’t have the same concrete compressive
strength unintentionally as presented in Table 3.1; the analytical bare frame, which is
explained in detail in Chapter 5, having identical concrete compressive strength as
the retrofitted specimens are also introduced into the comparison of envelope curve
diagrams. This will help to have a more accurate comparison and evaluation of the
test results. In Section 4.10; all specimens are compared with each other according to
their failure modes, lateral load carrying capacity, initial stiffness, dissipated energy,

ductility and stiffness.

4.1 Test Results of Specimen 1

This specimen is the bare frame used as a reference frame and the effect of the
different strengthening methods is compared and discussed with this specimen’s
results. The types of the LVDTs and what was measured by them on the bare frame

was given in Table 3.2 and Figure 3.11.

The largest displacement applied to the specimen was 42 mm in both pulling and
pushing displacement cycles. The axial load applied on each column was 165 kN

which equals to 20% of the axial load carrying capacity of the column.

Base shear versus top displacement diagram is given in Figure 4.1. The maximum
strengths in tension and compression are 133 kN and 123 kN, respectively, obtained
at 28 mm cycles which correspond to 2% story drift. The envelope curve of the base
shear-top displacement relationship is also given in Figure 4.2. The data of envelope
curve are calculated as the average of the three cycles at each target displacement

levels given in Table 3.5. As it is seen in Figure 4.2, the maximum story drift reached
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is 3% where the lateral load carrying capacities of the frame are 104 kN and 86 kN in

tension and compression, respectively.
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Figure 4.1: Base shear-top displacement curve of Specimen 1
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Figure 4.2: Envelope curve of Specimen 1

Rotation at the critical sections is calculated as the sum of displacement values (A,
A;), measured from the two LVDTs placed at 12.5 cm from the end of the column,

divided by the column width, x, as seen in Figure 4.3.
The rotation is calculated using Equation 4.1;

6 = (A1+A2) / X (4.1)
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Figure 4.3 Calculation of rotation at the ends of the columns

In Figures 4.4, base shear versus bottom end rotation of right (the one that is near to
the actuator) and left columns and in Figures 4.5 base shear versus top end rotation

of the right and left columns are given, respectively.

The maximum rotations obtained at the column sections are about 0.02 radian. At the
top end of the right column when the rotation is 0.01 radian, the corresponding load
at that level is 133 kN. At the bottom end of the right column when the rotation is
0.01 radian, the corresponding load at that level is 106 kN.
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Figure 4.4: Rotation at the bottom end of the right and left column
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Figure 4.5: Rotation at the top end of the right and left column
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Crack pattern of the specimen after test is given in Figure 4.6 and Table 4.1 shows

the width of cracks at specific drift ratios.

3 4 1 2
—— | —
9

\6~ 7

L 18_10]
5

— Push

=== Pull

Figure 4.6: Crack pattern of Specimen 1 at the end of test

Table 4.1: Width of cracks in mm at specific story drifts
Crack no Drift=1%  Drift=2%  Drift=3%

1 1.6 3.0 -

2 0.6 1.4 >3.5
3 0.1 0.1 0.2
4 1.2 2.5 -

5 0.5 0.9 0.9
6 0.2 0.9 -

7 0.15 1.4 3.4
8 0.3 1.0 >3.5
9 0.1 1.4 3.5
10 - 0.2 0.9

4.2 Test Results of Specimen 2

This is a bare frame which is tested up to a certain damage level before strengthening
with shotcrete panel to form Specimen2S. The types of the LVDTs and what was

measured by them on the bare frame was given in Table 3.2 and Figure 3.11.

The specimen was tested up to 10.5 mm which is the displacement level at which the
longitudinal reinforcement of the columns started to yield in previous experiments.
The axial load applied on each column was 162.5 kN which equals to 20% of the

axial load carrying capacity the column.
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Base shear versus top displacement diagram is given in Figure 4.7. The envelope

curve of the hysteretic response of the specimen is given in Figure 4.8.
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Figure 4.7: Base shear-top displacement curve of Specimen 2
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Figure 4.8: Envelope curve of Specimen 2

In Figures 4.9, bottom end rotation of right and left columns and in Figures 4.10, top
end rotation of right and left columns versus base shear are given, respectively.
Inelastic behaviour has started at bottom ends of the columns, while top ends stayed

elastic.
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Figure 4.10: Rotation at the top end of the right and left column

Crack pattern of the specimen after test is given in Figure 4.11. Table 4.2 shows the

width of cracks at specific drift ratios.

Figure 4.11: Crack pattern of Specimen 2 at the end of test
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Table 4.2: Width of cracks in mm at specific story drift

Crack No:  Drift =0.5%
1 0.6

0.2

0.8

0.8

0.9

0.6

0.9

0.5

0N D B~ WD

4.3 Test Results of Specimen 2S

The observed cracks of Specimen 2 was repaired with epoxy resin and retrofitted
with a shotcrete panel and named as Specimen 2S. The types of the LVDTs and what

was measured by them for the specimen are given in Table 3.3 and Figure 3.12.

The largest displacement applied was 28 mm. The axial load applied on each column

was 162.5 kN which equals to 20% of the axial load carrying capacity of the column.

Base shear versus top displacement diagram is given in Figure 4.12. The maximum
strengths in tension and compression are 342 kN and 394 kN, respectively, occurred
at 2% story drift which is also the maximum story drift reached. The ultimate lateral
load carrying capacities corresponding to the maximum drifts of the frame are 166
kN and 249 kN in tension and compression, respectively. The envelope curve of the

hysteretic response of the specimen is given in Figure 4.13.

Base Shear [kN]

-30 -20 -10 0 10 20 30

Displacement [mm]

Figure 4.12: Base shear-top displacement curve of Specimen 2S
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Figure 4.13: Envelope curve of Specimen 2S

In Figures 4.14, bottom end rotation of right and left column and in Figures 4.15, top
end rotation of right and left columns versus base shear are given, respectively. At
the top end of the right column when the rotation is 0.01 radian, the corresponding
load at that level is 250 kN. At the bottom end of the right column when the rotation
is 0.01 radian, the corresponding load at that level is 290 kN.
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Figure 4.14: Rotation at the bottom end of the right and left column
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Figure 4.15: Rotation at the top end of the right and left column
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The observed maximum displacement in the shotcrete panel is 5 mm in pushing and
10 mm in pulling sides as seen in Figure 4.16. Figure 4.17 shows the specimen at the
end of the test and the crack patterns of all specimens at the ultimate state are given

in Figure 4.18.

400
300
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Base Shear [kN]

-30 -20 -10 0 10 20 30
Displacement [mm]

Figure 4.16: Panel displacement

Nominal shear stress of the shotcrete panel is calculated using Equation 4.2,

4.2)

where Q; is the specific load obtained. A is the total area, which is the sum of cross

sections of the panel and columns, which resist the shear forces.

Maximum load that has occurred at the end of the pushing displacement cycles was
342.5 kN and in the pulling displacement cycles was 393.5 kN. The nominal shear
stresses corresponding to these values are 1850 kN/mm? and 2127 kN/mm?. The first
cracks observed in the system were the shear crack at the bottom end of the column
which was closer to the actuators that have been repaired by epoxy injection, the
shear crack at the top of the same column and the separation of this column from
beam. These cracks were observed during the displacement cycle of +0.467 mm. The
load was reported as 107 kN where the nominal shear stress is 578 kN/mm?. The first
separation between the panel and the frame members occurred during the
displacement cycle of +0.7 mm. The load was reported as 132 kN where the nominal

shear stress is 713 kN/mm?” at that state. The first diagonal crack was observed on

47



the panel during the -0.467 mm cycles. In that cycle, the load was 55 kN. Maximum
displacement of the panel recorded was 5 mm in the positive displacement cycles and
10 mm in the negative ones. The widths of the cracks observed are given in Table

4.3.

Figure 4.17: Specimen 28 at the end of test

S VN

Tw

Figure 4.18: Crack pattern of Specimen 28 at the end of test
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Table 4.3: Width of cracks in mm at specific story drifts
Crack No: Drift=1%  Drift=2%

1 1.4
2 0.3 >3.5
3 >3.5 >3.5
4 1.6
5 >3.5 >3.5
6 1.6
7 >3.5 >3.5
8 >3.5 >3.5
9 >3.5 >3.5

Comparison of the results of the retrofitted frame with shotcrete panel with the bare
frames’ are given below. In Figure 4.19 and Tables 4.4 and 4.5, the comparison of
the load carrying capacity; in Table 4.6 the comparison of initial stiffnesses, in
Figure 4.20 and 4.21 the comparison of energy dissipation capacities of both frames

are summarised.

Drift
4060.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04
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200

1 |
|~ Specimen 1
]—e— Specimen 2S

Base Shear [KN]
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56 42 28 -14 0 14 28 42 56
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Figure 4.19: Comparison of envelope curves of Specimen 2S and Specimen 1

Table 4.4: Effect of strengthening in general

SpeCimen Failure mode +P max +A max P inax —A max +Pyy -Pu At
name (kN) (mm) (kN) (mm) (kN) kN) (mm)
Specimen 1 Bending + Shear failure at 133 28 -123 28 104 -86 42

column ends

Specimen 2S  Shear failure at column ends 342 28 -394 28 166 -249 28
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In Table 4.4, +P . and —P, indicates the maximum loads occurred during pushing
and pulling cycles, while +Ap.x 1s the displacement corresponds to +Ppax and -Amax
the displacement corresponds to -Pp.x during the experiment. +P,; and —P,; are
residual lateral load carrying capacity of the system at the end of the test. Ay is the

displacement level at which the experiment ends.

Table 4.5: Maximum base shears recorded during the tests

Maksimum Proportion
Specimen name load [kN] ratio
Push  Pull Push Pull
Specimen 1 133 -123 1.0 1.0
Specimen 2S 342 -394 2.6 3.2

Table 4.6: Initial stiffness of the specimens

Specimen name Initial stiffness ~ Proportion
p [KN/mm] ratio
Specimen 1 22.0 1.0
Specimen 2S 231.0 10.7
S 80000
=
= 600001
=
=
i 400004 . E— Spec%men 1
&g —e— Specimen 2S
: /
= ¢
@ 20000+ o - EeS
§ :/ X =
SN,
= 0 2 T T T T T T T T T
© 0 10 20 30 40 50

Displacement [mm]

Figure 4.20: The comparison of cumulative energy dissipation capacities of
Specimens 1 and 2S
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Figure 4.21: Cumulative energy dissipation capacities of Specimens 1 and 28 at
various story drifts

The results are summarised below:

e The lateral stiffness of the frames, right before the first cracks occurred in the
system, increased by 10.7 times for Specimen 2S compared with the bare frame’s

as seen in Table 4.6.

e The lateral load carrying capacity increased by between 2.6 to 3.2 times for the
specimens with shotcrete panel compared with the bare frame’s as seen in Figure

4.19 and Table 4.4 and 4.5.
e Comparison of Figures 4.14 and 4.15 with Figures 4.4 and 4.5,

e At the top end of the right column when the rotation is 0.01 radian, the
corresponding load at that level for Specimen 1 is 133 kN while for

Specimen 28 is 250 kN which is almost 1.9 times of the bare frame’s,

e At the bottom end of the right column when the rotation is 0.01 radian,
the corresponding load at that level for Specimen 1 is 106 kN while for
Specimen 28 is 290 kN which is almost 2.7 times of the bare frame’s,

e The cumulative energy dissipation of the Specimen 2S at 1% story drift are 10
times, at 2% story drift are 5.5 times compared to the bare frame’s shown in

Figure 4.20 and 4.21.
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4.4 Test Results of Specimen 3

This is the RC frame retrofitted with shotcrete panel which is connected to frame at
all four sides. The types of the LVDTs and what was measured by them for

Specimen 3 are given in Table 3.3 and Figure 3.12.

The largest displacement applied was 14 mm. The axial load applied on each column

was 112.5 kN which equals to 20% of the axial load carrying capacity the column.

Base shear versus top displacement diagram is given in Figure 4.22. The maximum
strengths in tension and compression are 291 kN and 279 kN, respectively, obtained
at 10.5 mm cycles which correspond to 0.75% story drift. The maximum story drift
reached is 1%. The lateral load carrying capacities corresponding to maximum story

drift reached are 165 kN and 136 kN in tension and compression, respectively.

The envelope curve of the hysteretic response of the specimen is given in Figure

4.23.

Base Shear [kN]

-30 -20 -10 0 10 20 30
Displacement [mm]

Figure 4.22: Base shear-top displacement curves of Specimen 3
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Figure 4.23: Envelope curve of Specimen 3

In Figures 4.24, bottom end rotation of right and left columns and in Figures 4.25,

top end rotation of the right and left columns versus base shear are given,

respectively.
400 400
300 300
E 200 5 200
— 1001 — 100+
g 5
s o 2 0
% -100- 3 -100-
& 2001 & 200
23004 -300+
~400 | | ; -400 ‘ ‘ ‘
004 002 000 0.02 0.04 -0.04  -0.02  0.00 0.02 0.04
Rotation Rotation

Figure 4.24: Rotation at the bottom end of the right and left column
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Figure 4.25: Rotation at the top end of the right and left column
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Figure 4.26: Panel displacement

Maximum load that has occurred at the end of the positive displacement cycles was
290 kN and in negative displacement cycles was 279 kN. The nominal shear stresses
corresponding to these values are 1568 kN/mm® and 1508 kN/mm’. The first
separation between the panel and the frame members and also the first diagonal crack
observed during the +1.4 mm cycles. The load was reported as 85 kN where the
nominal shear stress corresponds to 460 kN/mm? at that state. In the later cycles,
several cracks occurred parallel to this crack. The first shear crack occurred at the
upper end of the right column during +2.8 mm cycles. The load was reported as 147
kN where the nominal shear stress corresponds to 795 kN/mm’ at that state.
Maximum displacement of the panel recorded was 6 mm in the positive displacement

cycles and 5.5 mm in the negative ones shown in Figure 4.26.

The specimen after test can be seen in Figure 4.27. Cracks occurred in the pulling
and pushing cycles are seen in Figure 4.28. Table 4.7 shows the width of cracks at

specific drift ratios.
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Figure 4.27: Specimen 3 at the end of test
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Figure 4.28: Crack pattern of Specimen 3 at the end of test
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Table 4.7: Width of cracks in mm at specific story drift

Crack no: Drift= 1%
1 >3.5
2.0
>3.5
0.8
>3.5
0.9
>3.5
1.0

(e BN I e NV, [N SR UV I O

Comparisons of the results of the retrofitted frame with shotcrete panel with the bare

frames’ are given below.

In Figure 4.29 and Tables 4.8 and 4.9, the comparison of the load carrying capacity;
in Table 4.10 the comparison of initial stiffnesses, in Figure 4.30 and 4.31 the
comparison of energy dissipation capacities of both frames are summarised. Since
Specimen 1 and 3 don’t have the same concrete compressive strength, an analytical
calculation is done to interpret the behavior of Specimen 3 as a bare frame

introduced in Figure 4.29 and named as “analytical bare 3”.

Drift
40-00.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04

300 -
200 £\ ]

| |
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|—*— Specimen 3

Base Shear [kN]

56 42 28 -14 0 14 28 42 56
Displacement [mm]

Figure 4.29: Comparison of envelope curves of Specimens 3 and 1 with analytical
bare 3
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Table 4.8: Effect of strengthening in general

Specimen Failure Mode P max +A max P inax —A max +Pur -Pur Ayri
Name : - (kN) (mm) (kN) (mm) (kN) (kN) (mm)
Specimen | DN Sheur Wlte 133 280 -123 280 104 86 42
Specimen St atcolimn 991105 279 -10.5 165 -136 14
Table 4.9: Maximum base shears observed during the tests
Maksimum Proportion
Specimen name load [kN] ratio
Push  Pull Push  Pull
Specimen 1 133 -123 1.0 1.0
Specimen 3 291 -279 2.2 2.3
Table 4.10: Initial stiffness of the specimens
Specimen name Initial stiffness ~ Proportion
p [KN/mm] ratio
Specimen 1 22.0 1.0
Specimen 3 184.0 8.5
80000
60000 -
|
— Specimen 1
40000 ~ —e — Specimen 3

20000

Cumulative Energy Dissipation [KNmm]

Displacement [mm]

50

Figure 4.30: The comparison of cumulative energy dissipation capacities of

Specimens 1 and 3
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Figure 4.31: Cumulative energy dissipation capacities of Specimens 1 and 3 at
various story drifts

The results are summarised below:

The lateral stiffness of the frames, right before the first cracks occurred in the
system, increased by 8.5 times for Specimen 3 compared with the bare frame’s as

shown in Table 4.10.

The lateral load carrying capacity increased by between 2.2-2.3 times for the
specimens with shotcrete panel compared with the bare frame’s shown in Figure

4.29 and Table 4.8 and 4.9.

Comparison of Figures 4.24 and 4.25 with Figures 4.4 and 4.5, it can be seen that
at the top and bottom end of the right column the rotation did not reach 0.01

radian like the specimens.

The energy dissipation of the Specimen 3 at 1% story drift is 10 times compared

to the bare frame’s shown in Figure 4.30 and 4.31.

4.5 Test Results of Specimen 4

This is a bare frame which is tested up to a certain damage level before strengthening

with shotcrete panel to form Specimen 4S. The types of the LVDTs and what was

measured by them for Specimen 4 are given at Table 3.2 and Figure 3.11.

The largest displacement applied was 7 mm. The axial load applied on each column

was 132.5 kN which is 20% of the axial load carrying capacity of the column.
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Base shear versus top displacement diagram is given in Figure 4.32.
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Figure 4.32: Base shear-top displacement curve of Specimen 4

In Figures 4.33 bottom end rotation of right and left columns and in Figures 4.34 top

end rotation of right and left column versus base shear are given, respectively.

Cracks occurred in the pulling and pushing cycles are seen in Figure 4.35.
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Figure 4.33: Rotation at the bottom end of the right and left column
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Figure 4.34: Rotation at the top end of the right and left column
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Figure 4.35: Crack pattern of Specimen 4 at the end of test
4.6 Test Results of Specimen 4S

The observed cracks of Specimen 4 are repaired with epoxy resin and retrofitted with
a shotcrete panel that is not connected to the columns and named as Specimen 48S.
The types of the LVDTs and what was measured by them for the specimen are given

in Table 3.4 and Figure 3.13.

The largest displacement applied was 42 mm. The axial load applied on each column

was 132.5 kN which equals to 20% of the axial load carrying capacity the column.

Base shear versus top displacement diagram is given in Figure 4.36. The maximum
strengths in tension and compression are 236 kN and 190 kN, respectively, obtained
at 28 mm cycles which correspond to 2% story drift. The maximum story drift
reached is 3%. The ultimate lateral load carrying capacities of the frame are 120 kN

and 118 kN in tension and compression, respectively.

The envelope curve of the hysteretic response of the specimen is given in Figure

4.37.
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Figure 4.36: Base shear-top displacement curve of Specimen 4S
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Figure 4.37: Envelope curve of Specimen 4S

In Figures 4.38, bottom end rotation of right and left columns and in Figures 4.39,
top end rotation of the right and left column versus base shear are given,
respectively. At the top end of the right column, the rotation did not reach 0.01
radian like the other specimens. At the bottom end of the right column when the

rotation is 0.01 radian, the corresponding load at that level is 150 kN.
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Figure 4.38: Rotation at the bottom end of the right and left column
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Figure 4.39: Rotation at the top end of the right and left column
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Figure 4.40: Panel horizontal displacement at top
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Figure 4.41: Panel horizontal displacement at middle

300
200+
100+

0-

Base Shear [kN]

-100

-200

'300 T T T T T T T T T T T T T T T T T T T
-50 -40 -30 -20 -10 O 10 20 30 40 50

Displacement [mm]

Figure 4.42: Panel horizontal displacement at bottom

Maximum load observed at the end of the positive displacement cycles was 290 kN
and in negative displacement cycles was 285 kN. The nominal shear stresses
corresponding to these values are 1758 kN/mm” and 1727 kN/mm?®. The first shear
crack occurred at lower end of the left column and the beam during -2.8 mm cycles.
The load was reported as 116 kN where the nominal shear stress corresponds to 703
kN/mm?” at that state. Bottom-right corner of the panel has crushed during + 7.0 mm.
The load was reported as 124 kN where the nominal shear stress corresponds to 670

kN/mm? at that state. Diagonal cracks of the panel occurred during + 28.0 mm.
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Maximum displacement of the panel recorded was 10.5 mm in the positive
displacement cycles and 14 mm in the negative ones can be seen in Figure 4.40. In
Figure 4.41 and 4.42, the displacements occurred at the middle and at the bottom of
the wall can be seen. The specimen after test can be seen in Figure 4.43. The
observed cracks in the pulling and pushing cycles are seen in Figure 4.44. Table 4.11

shows the width of cracks at specific drift ratios.
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Figure 4.43: Specimen 4S at the end of test
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Figure 4.44: Crack pattern of Specimen 4S at the end of test
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Table 4.11: Width of cracks in mm at specific story drifts

Crack no: Drift=1% Drift=2%

1 1.2 >3.5
2 0.6 0.9
3 0.4 0.9
4 1.0 1.0
5 0.3 1.2
6 0.7 1.0
7 - 1.4

Comparisons of the results of the retrofitted frame with shotcrete panel with the bare

frames’ are given below.

In Figure 4.45 and Tables 4.12 and 4.13, the comparison of the load carrying
capacity; in Table 4.14 the comparison of initial stiffnesses, in Figure 4.46 and 4.47
the comparison of energy dissipation capacities of both frames are summarised.
Since Specimen 1 and 4S don’t have the same concrete compressive strength, an
analytical calculation is done to interpret behavior of Specimen 4S as a bare frame

introduced in Figure 4.45 and named as “analytical bare 4S”.
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Figure 4.45: Comparison of envelope curves of Specimens 4S and 1 with analytical
bare 4S

Table 4.12: Effect of strengthening in general

Specimen . TP omax A max P inax —A max +Pyi -Pure Ay
Name Failure Mode (N) (mm) *N)  (mm) (N) (kN)  (mm)

. Bending + Shear failure at
Specimen | e + Shear 133 28 123 -28 104 -86 42

Specimen 4S Shear failure at column ends 236 28 -190 28 120 -118 42
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Cumulative Energy Dissipation [KNmm]

Table 4.13: Maximum base shears observed during the tests

Maksimum Proportion
Specimen name load [kN] ratio
Push  Pull Push  Pull
Specimen 1 133 -123 1.0 1.0

Specimen 4S 236 -190 1.8 1.5

Table 4.14: Initial stiffness of the specimens

Initial stiffness Proportion

Specimen Name (kN/mm] Ratio
Specimen 1 22.0 1.0
Specimen 4S 223.0 10.3
80000
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[ o .
400004 Specimen 1
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Figure 4.46: The comparison of cumulative energy dissipation capacities of
Specimens 1 and 4S
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Figure 4.47: Cumulative energy dissipation capacities of Specimens 1 and 4S at
various story drifts

The results are summarised below:

e The lateral stiffness of the frames, right before the first cracks occurred in the
system, increased by 10 times for Specimen 4S compared with the bare frame’s

as shown in Table 4.12.

e The lateral load carrying capacity increased by between 1.8 to 1.5 times for the
specimens with shotcrete panel compared with the bare frame’s Figure 4.45 and

Table 4.12 and 4.13.
e Comparison of Figures 4.38 and 4.39 with Figures 4.4 and 4.5;

e At the top end of the right column, the rotation didnot reach 0.01 radian

like the other specimens.

e At the bottom end of the right column when the rotation is 0.01 radian,
the corresponding load at that level for Specimen 1 is 106 kN while for

Specimen 48 is 150 kN which is almost 1.4 times of the bare frame’s,

e The energy dissipation of the Specimen 4S at 1% story drift are 4.9 times, at 2%
story drift are 2.7 times, at 3% story drift are 1.7 times compared to the bare

frame’s shown in Figure 4.46 and 4.47.
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4.7 Test Results of Specimen 5

This specimen is an undamaged RC frame retrofitted with a shotcrete panel that is
connected only to the beams. The types of the LVDTs and what was measured by
them for the Specimen 5 are given in Table 3.4 and Figure 3.13.

The largest displacement applied was 42 mm. The axial load applied on each column

was 132.5 kN which equals to 20% of the axial load carrying capacity the column.

Base shear versus top displacement diagram is given in Figure 4.48. The maximum
strengths in tension and compression are 217 kN and 207 kN, respectively, obtained
at 28 mm cycles which correspond to 2% story drift. The maximum story drift
reached is 3%. The ultimate lateral load carrying capacities of the frame are 77 kN
and 89 kN in tension and compression, respectively. The envelope curve of the

hysteretic response of the specimen is given in Figure 4.49.
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Figure 4.48: Base shear-top displacement curve of Specimen 5
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Figure 4.49: The envelope curve of Specimen 5
In Figures 4.50 bottom end rotation of right and left columns and in Figures 4.51 top
end rotation of the right and left column versus base shear are given, respectively. At
the top end of the right column when the rotation is 0.01 radian, the corresponding
load at that level is 200 kN. At the bottom end of the right column when the rotation
is 0.01 radian, the corresponding load at that level is 200 kN.
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Figure 4.50: Rotation at the bottom end of the right and left column
300 300
200 2001
Z 100 Z 100]
] ]
R CE
= =
«n »n
Q) Q)
g -100- g -100-
-] -]
-200- -200
-300 ‘ ‘ ‘ ‘ ‘ -300 : : ‘ ‘ ‘
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Rotation Rotation

Figure 4.51: Rotation at the top end of the right and left column
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The maximum force response that has occurred at the end of the positive
displacement cycles was 217 kN and in negative displacement cycles was 207 kN.
The nominal shear stresses corresponding to these values are 1173 kN/mm?” and 1119
kN/mm®. The separation at the ends of the right column and the shear crack at the
right end of the beam occurred during the +2.8 mm cycles. In that cycle, the load was
118 kN where the nominal shear stress corresponds to 715 kN/mm®. The first
diagonal crack observed on the panel, the separation at the ends of the left column
and the shear crack at the left end of the beam occurred during the —2.8 mm cycles.
In that cycle, the load was 131 kN where the nominal shear stress corresponds to 794

kKN/mm>.

The specimen after test can be seen in Figure 4.52. Cracks occurred in the pulling
and pushing cycles are seen in Figure 4.53. Table 4.15 summarises the width of

cracks at specific drift ratios.

Figure 4.52: Specimen 5 at the end of test
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Figure 4.53: Crack pattern of Specimen 5 at the end of test

Table 4.15: Width of cracks in mm at specific story drifts

Crack No: Drift=1% Drift=2% Drift = 3%

1 2.5 2.5 2.5
2 1.3 1.8 2.5
3 >3.5 >3.5 >3.5
4 1.7 1.8 >3.5
5 0.4 1.6 3

6 0.3 1.0 2.5
7 0.7 1.8 >3.5
8 0.7 3.0 >3.5
9 0.7 0.8 2.5
10 0.6 0.8 0.9
11 - 0.9 2.7
12 - - 3.5

Comparisons of the results of the retrofitted frame with shotcrete panel with the bare
frames’ are given below. In Figure 4.54 and Tables 4.16 and 4.17, the comparison of
the load carrying capacity; in Table 4.18 the comparison of initial stiffnesses, in
Figure 4.55 and 4.56 the comparison of energy dissipation capacities of both frames
are summarised. Since Specimen 1 and 5 don’t have the same concrete compressive
strength, an analytical calculation is done to interpret behavior of Specimen 5 as a

bare frame introduced in Figure 4.54 and named as “analytical bare 5.
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Figure 4.54: Comparison of envelope curves of Specimens 5 and 1 with analytical
bare 5

Table 4.16: Effect of strengthening in general

Specimen Failure mode P inax FA max P max —A max +Pyre ~Pure Auy
name (kN) (mm) (kN) (mm) (kN) (kN) (mm)
. Bending + Shear failure at
Specimen 1 column ends 133 28 -123  -28 104 -86 42

Specimen 5 Shear failure at column ends 217 28 =207 -28 77 -89 42

Table 4.17: Maximum base shears observed during the tests

Maksimum Proportion
Specimen Name Load [kN] Ratio
Push  Pull Push  Pull
Specimen 1 133 -123 1.0 1.0

Specimen 5 217 -207 1.6 1.7

Table 4.18: Initial stiffness of the specimens

. Initial stiffness Proportion
Specimen name

[kKN/mm] ratio
Specimen 1 21.6 1.0
Specimen 5 188.5 8.7
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Figure 4.55: The comparison of cumulative energy dissipation capacities of
Specimens 1 and 5
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Figure 4.56: Cumulative energy dissipation capacities of Specimens 1 and 5 at
various story drifts

The results are summarised below:

e The lateral stiffness of the frames, right before the first cracks occurred in the
system, increased by 8.7 times for Specimen 5 compared with the bare frame’s,

Table 4.18.

e The lateral load carrying capacity increased by between 1.6 to 1.7 times for the
specimens with shotcrete panel compared with the bare frame’s, Figure 4.54 and

Table 4.16 and 4.17.
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e Comparison of Figures 4.50 and 4.51 with Figures 4.4 and 4.5;

e At the top end of the right column when the rotation is 0.01 radian, the
corresponding load at that level for Specimen 1 is 133 kN while for

Specimen 5 is 200 kN which is almost 1.5 times of the bare frame’s,

e At the bottom end of the right column when the rotation is 0.01 radian,
the corresponding load at that level for Specimen 1 is 106 kN while for

Specimen 5 is 200 kN which is almost 1.9 times of the bare frame’s,

e The energy dissipation of the Specimen 5 at 1% story drift are 5.2 times, at 2%
story drift are 2.7 times, at 3% story drift are 1.7 times compared to the bare

frame’s shown in Figure 4.55 and 4.56.

4.8 Test Results of Specimen 6

This is the undamaged RC frame, retrofitted with shotcrete panel that is connected to
frame at all four sides after a pre-reverse deflection applied to the beam. The types of
the LVDTs and what was measured by them for the Specimen 6 are given at Table
3.3 and Figure 3.12.

The largest displacement applied was 28 mm. The axial load applied on each column

was 147 kN which equals to 20% of the axial load carrying capacity the column.

Base shear versus top displacement diagram is given in Figure 4.57. The maximum
strengths in tension is 374 kN obtained at 28 mm cycles which correspond to 2%
story drift and in compression is 359 kN obtained at 10.5 mm cycles. The maximum
story drift reached is 2%. The ultimate lateral load carrying capacities of the frame
are 132 kN and 110 kN in tension and compression, respectively. The envelope curve

of the hysteretic response of the specimen is given in Figure 4.58.
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Figure 4.57: Base shear-top displacement curve of Specimen 6
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Figure 4.58: The envelope curve of Specimen 6

In Figures 4.59 bottom end rotation of right and left columns and in Figures 4.60 top
end rotation of the right and left columns versus base shear are given, respectively.
At the top end of the right column when the rotation is 0.01, the corresponding load
at that level for Specimen 6 is 330 kN. At the bottom end of the right column when
the rotation is 0.01 radian, the corresponding load at that level for Specimen 6 is 386

kN.
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Figure 4.59: Rotation at the bottom end of the right and left column

400 400
300 300
= 200 Z 20|
=) 2=
= 100- = 100
g g
2 o Z o
% -100] % -100]
& 200 2 -200-
23001 2300
-400 | . . -400
2004 -002 000 002 004 20.04

Rotation

-0.02

Rotation

Figure 4.60: Rotation at the top end of the right and left column
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Figure 4.61: Panel displacement

Maximum load that has occurred at the end of the positive displacement cycles was

374 kN and in negative displacement cycles was 358.5 kN. The nominal shear

stresses corresponding to these values are 2022 kN/mm? and 1938 kN/mm?. The first
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separation between the panel and the frame members and the first shear crack
occurred at lower end of the right column happened during the +0.467 mm cycles.
The load was reported as 71.4 kN where the nominal shear stress corresponds to 386
kN/mm?” at that state. The first diagonal crack was observed on the panel during the —
0.467 mm cycles. The load was reported as 70.5 kN where the nominal shear stress
corresponds to 381 kN/mm?® at that state. Maximum displacement of the panel
recorded was 10.5 mm in the positive and negative displacement cycles in Figure

4.61.

The specimen after test can be seen in Figure 4.62. Cracks occurred in the pulling
and pushing cycles are seen in Figure 4.63. Table 4.19 summarizes the width of

cracks at specific drift ratios.

Figure 4.62: Specimen 6 at the end of test
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Figure 4.63: Crack pattern of Specimen 6 at the end of test

Table 4.19: Width of cracks in mm at specific story drifts
Crack Crack
no:

Drift= 1% Drift =2% Drift=1% Drift = 2%

no:
1 1.6 2.5 11 0.4 >3.5
2 1.6 1.6 12 1.2 1.8
3 <3.5 13 1.2 3.5
4 1.2 >3.5 14 0.8 >3.5
5 2.5 >3.5 15 0.3 2.0
6 1.2 1.2 16 1.0 <3.5
7 2.5 >3.5 17 0.7 2.0
8 0.7 >3.5 18 0.3 3.5
9 3.0 >3.5 19 - 2.5
10 0.3 <3.5 20 - 2.0

Comparisons of the results of the retrofitted frame with shotcrete panel with the bare
frames’ are given below. In Figure 4.64 and Tables 4.20 and 4.21, the comparison of
the load carrying capacity; in Table 4.22 the comparison of initial stiffnesses, in
Figure 4.65 and 4.66 the comparison of energy dissipation capacities of both frames
are summarised. Since Specimen 1 and 6 don’t have the same concrete compressive
strength, an analytical calculation is done to interpret behavior of Specimen 6 as a

bare frame introduced in Figure 4.63 and named as “analytical bare 6”.
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Figure 4.64: Comparison of envelope curves of Specimens 6 and 1 with analytical

bare 6

Table 4.20: Effect of strengthening in general

Specimen Failure mode P nax A max P max —A max +Pyre ~Pure Auy
name (kN) (mm) (kN) (mm) (kN) (kN) (mm)

Specimen | Dending fShen Blweat 133 28 <123 280 104 -86 42

Specimen 6 Shear failure at column ends 374 28 -359 -10.5 132 -110 28

Table 4.21: Maximum base shears observed during the tests

Maksimum Proportion
Specimen name load [kN] ratio
Push  Pull Push  Pull
Specimen 1 133 -123 1.0 1.0
Specimen 6 374 -359 2.8 2.9

Table 4.22: Initial stiffness of the specimens

. Initial stiffness Proportion
Specimen name [kN/mm] ratio
Specimen 1 21.6 1.0
Specimen 6 249.9 11.6
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Figure 4.65: The comparison of cumulative energy dissipation capacities of
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Figure 4.66: Cumulative energy dissipation capacities of Specimens 1 and 6 at
various drifts

The results are summarised below:

e The lateral stiffness of the frames, right before the first cracks occurred in the
system, increased by 11.6 times for Specimen 6 compared with the bare frame’s,

Table 4.22.

e The lateral load carrying capacity increased by between 2.8-2.9 times for the
specimens with shotcrete panel compared with the bare frame’s, Figure 4.64 and

Table 4.20 and 4.21.
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e Comparison of Figures 4.59 and 4.60 with Figures 4.4 and 4.5;

e At the top end of the right column when the rotation is 0.01 radian, the
corresponding load at that level for Specimen 1 is 133 kN while for

Specimen 6 is 330 kN which is almost 2.5 times of the bare frame’s,

e At the bottom end of the right column when the rotation is 0.01 radian,
the corresponding load at that level for Specimen 1 is 106 kN while for

Specimen 6 is 386 kN which is almost 3.6 times of the bare frame’s,

The energy dissipation of the Specimen 6 at 1% story drift are 9.7 times, at 2%
story drift are 5.2 times compared to the bare frame’s shown in Figure 4.65 and

4.66.

4.9 Test Results of Specimen 7

This is the undamaged RC frame, retrofitted with shotcrete panel that is connected
only to the beams after a pre-reverse deflection applied to the beam. The types of the
LVDTs and what was measured by them for the Specimen 7 are given in Table 3.4

and Figure 3.13.

The largest displacement applied was 42 mm. The axial load applied on each column

was 132.5 kN which equals to 20% of the axial load carrying capacity the column.

Base shear versus top displacement diagram is given in Figure 4.67. The maximum
strengths in tension is 209 kN obtained at 28 mm cycles which correspond to 2%
story drift and in compression is 211 kN obtained at 10.5 mm cycles. The maximum
story drift reached is 3%. The ultimate lateral load carrying capacities of the frame
are 45 kN and 42 kN in tension and compression, respectively. The envelope curve

of the hysteretic response of the specimen is given in Figure 4.68.
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Figure 4.67: Base shear-top displacement curve of Specimen 7
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Figure 4.68: The envelope curve of Specimen 7

In Figures 4.69 bottom end rotation of right and left columns and in Figures 4.70 top
end rotation of the right and left column versus base shear are given, respectively. At
the top end of the right column when the rotation is 0.01 radian, the corresponding
load at that level for Specimen 7 is 205 kN. At the bottom end of the right column
when the rotation is 0.01 radian, the corresponding load at that level for Specimen 7

is 210 kN.
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300 300
200+ 200+
z
1001 2 100+
S
]
04 2 0-
wn
-3
-100 | 2 -100-
[=-]
22004 -200+
-300 ‘ ‘ ‘ ‘ ‘ -300 ‘ ‘ ‘ ‘ ‘
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Rotation Rotation

Figure 4.70: Rotation at the top end of the right and left column
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Figure 4.71: Panel horizontal displacement at top
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Figure 4.72: Panel horizontal displacement at middle
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Figure 4.73: Panel horizontal displacement at bottom

The maximum force response that has occurred at the end of the positive
displacement cycles was 209 kN and in negative displacement cycles was 211 kN.
The nominal shear stresses corresponding to these values are 1267 kN/mm? and 1279
kN/mm®. The separation at the end of the left column occurred during the -0.7 mm
cycles. In that cycle, the load was 54 kN. The shear crack at the upper end of the
right column occurred during the +4.2 mm cycles. In that cycle, the load was 131 kN

2

where the nominal shear stress correspond to 794 kN/mm®. The first diagonal crack

observed on the panel occurred during the +2.8 mm cycles. In that cycle, the load
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was 106 kN where the nominal shear stress correspond to 642 kN/mm’. Maximum
displacement of the panel recorded was 25 mm in the positive displacement cycles
and 25 mm in the negative ones can be seen in Figure 4.71. In Figure 4.72 and 4.73,

the displacements occurred at the middle and at the bottom of the wall can be seen.

The specimen after test can be seen in Figure 4.74. Cracks occurred in the pulling
and pushing cycles are seen in Figure 4.75. Table 4.23 summarizes the width of

cracks at specific drift ratios.

1 B /8

— Push
- == Pull

Figure 4.75: Crack pattern of Specimen 7 at the end of test
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Table 4.23: Width of cracks in mm at specific story drifts

Crack no: Drift=1% Drift=2%
1 1.8 3.5
2 2.0 3.5
3 1.4 0.8
4 2.5 3.5
5 3.5 >3.5
6 3.0 >3.5
7 0.7 3.5
8 2.5 >3.5
9 0.7 >3.5
10 0.3 1.4
11 2.0 >3.5
12 - 3.5
13 - 1.8
14 - 1.8

Comparisons of the results of the retrofitted frame with shotcrete panel with the bare
frames’ are given below. In Figure 4.76 and Tables 4.24 and 4.25, the comparison of
the load carrying capacity; in Table 4.26 the comparison of initial stiffnesses, in
Figure 4.77 and 4.78 the comparison of energy dissipation capacities of both frames
are summarised. Since Specimen 1 and 7 don’t have the same concrete compressive
strength, an analytical calculation is done to interpret behavior of Specimen 7 as a

bare frame introduced in Figure 4.76 and named as “analytical bare 7.
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Figure 4.76: Comparison of envelope curves of Specimens 7 and 1 with analytical
bare 7
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Table 4.24: Effect of strengthening in general

Specimen Failure mode P nax FA max <P max —A max Py -Pu Ay
name (kN) (mm) (kN) (mm) (kN) (kN) (mm)
Specimen 1 Bending + Shear failure at 133 28 -123 2280 104 -86 42

column ends

Specimen 7 Shear failure at column ends 209 28 211 -10.5 45 -52 42

Table 4.25: Maximum base shears recorded during the tests

Maksimum Proportion
Specimen name load [kN] ratio
Push  Pull Push  Pull
Specimen 1 133 -123 1.0 1.0

Specimen 7 209 -211 1.6 1.7

Table 4.26: Initial stiffness of the specimens

Initial stiffness Proportion
[KN/mm] ratio
Specimen 1 21.6 1.0
Specimen 7 179.3 8.3
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Figure 4.77: The comparison of cumulative energy dissipation capacities of
Specimens 1 and 7
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Figure 4.78: Cumulative energy dissipation capacities of Specimens 1 and 7 at
various story drifts

The results are summarised below:

e The lateral stiffness of the frames, right before the first cracks occurred in the
system, increased by 8.3 times for Specimen 7 compared with the bare frame’s,

Table 4.26.

e The lateral load carrying capacity increased by between 1.6-1.7 times for the
specimens with shotcrete panel compared with the bare frame’s, Figure 4.76 and

Table 4.24 and 4.25.
e Comparison of Figures 4.69 and 4.70 with Figures 4.4 and 4.5;

e At the top end of the right column when the rotation is 0.01 radian, the
corresponding load at that level for Specimen 1 is 133 kN while for

Specimen 7 is 205 kN which is almost 1.5 times of the bare frame’s,

e At the bottom end of the right column when the rotation is 0.01 radian,
the corresponding load at that level for Specimen 1 is 106 kN while for

Specimen 7 is 210 kN which is almost 2.0 times of the bare frame’s,

e The energy dissipation of the Specimen 7 at 1% story drift are 4.3 times,
at 2% story drift are 2.6 times, at 3% story drift are 1.7 times compared to

the bare frame’s shown in Figure 4.77 and 4.78.
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4.10 Test Results of Specimen 8

This specimen is a conventional shear wall used as a reference frame and the effect
of the different strengthening methods is compared and discussed with this
specimen’s results. The types of the LVDTs and what was measured by them for

Specimen 8, are given at Table 3.3 and Figure 3.12.

The largest displacement applied was 14 mm. The axial load applied on each column

was 132.5 kN which equals to 20% of the axial load carrying capacity the column.

Base shear versus top displacement diagram is given in Figure 4.79. The maximum
strengths in tension is 329 kN obtained at 10.5 mm cycles which correspond to
0.75% story drift and in compression is 275 kN obtained at 3.5 mm cycles. The
maximum story drift reached is 1%. The ultimate lateral load carrying capacities of
the frame are 261 kN and 129 kN in tension and compression, respectively. The

envelope curve of the hysteretic response of the specimen is given in Figure 4.80.
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Figure 4.79: Base shear-top displacement curve of Specimen 8
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Figure 4.80: The envelope curve of Specimen 8

In Figures 4.81 bottom end rotation of right and left columns and in Figures 4.82 top
end rotation of the right and left column versus base shear are given, respectively. At
the top and bottom end of the right column, the rotation didnot reach 0.01 radian like

the other specimens.
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Figure 4.81: Rotation at the bottom end of the right and left column
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Figure 4.82: Rotation at the top end of the right and left column
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Maximum load that has occurred at the end of the positive displacement cycles was
329 kN and in negative displacement cycles was 275 kN. The nominal shear stresses
corresponding to these values are 1778 kN/mm’® and 1486 kN/mm®. The first
separation between the panel and the frame members happened during the +0.7 mm
cycles. The load was reported as 191 kN where the nominal shear stress corresponds
to 1032 kN/mm?” at that state. The first diagonal crack and the first shear crack at the
upper end of the left column was observed on the panel during the —0.467 mm
cycles. Maximum displacement of the panel recorded was 5 mm in the positive

displacement cycles and 0.4 mm in the negative ones shown in Figure 4.83.

The specimen after test can be seen in Figure 4.84. Cracks occurred in the pulling
and pushing cycles are seen in Figure 4.85. Table 4.27 shows the width of cracks at

specific drift ratios.
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Figure 4.84: Specimen 8 at the end of test
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Figure 4.85: Crack pattern of Specimen 8 at the end of test

Table 4.27: Width of cracks in mm at specific story drift

Crack no: Drift= 1%
>3.5
>3.5
>3.5
1.0
>3.5
0.9
>3.5
>3.5
1.2

—

O 00O Nk~ W

Comparisons of the results of the retrofitted frame with shotcrete panel with the bare

frames’ are given below. In Figure 4.86 and Tables 4.28 and 4.29, the comparison of
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the load carrying capacity; in Table 4.30 the comparison of initial stiffnesses, in
Figure 4.87 and 4.88 the comparison of energy dissipation capacities of both frames
are summarised. Since Specimen 1 and 8 don’t have the same concrete compressive
strength, an analytical calculation is done to interpret behavior of Specimen § as a

bare frame introduced in Figure 4.86 and named as “analytical bare 8.
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Figure 4.86: Comparison of envelope curves of Specimens 8 and 1 with analytical
bare 8

Table 4.28: Effect of strengthening in general

Specimen Failure mode FPoax A max P —A ax +Puy -Pu A
name (kN) (mm) (kN) (mm) (kN) (kN) (mm)
Specimen 1 Bending + Shear failure at 133 28 -123 28 104 -86 42

column ends

Specimen 8 Shear failure at column ends 329 10.5 275 35 261 -129 14

Table 4.29: Maximum base shears observed during the tests

Maksimum Proportion
Specimen name load [kN] ratio
Push  Pull Push  Pull
Specimen 1 133 -123 1.0 1.0

Specimen 8§ 329 -275 2.5 2.2

Table 4.30: Initial stiffness of the specimens

: Initial stiffness Proportion
Specimen name

[kKN/mm] ratio
Specimen 1 21.6 1.0
Specimen 8 444.0 20.5
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Figure 4.87: The comparison of cumulative energy dissipation capacities of
Specimens 1 and 8
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Figure 4.88: Cumulative energy dissipation capacities of Specimens 1 and 8 at
various story drifts

The results are summarised below:

e The lateral stiffness of the frames, right before the first cracks occurred in the

system, increased by 20.5 times for Specimen 8 compared with the bare frame’s,

Table 4.30.
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e The lateral load carrying capacity increased by between 2.5-2.2 times for the
specimens with shotcrete panel compared with the bare frame’s, Figure 4.86 and

Table 4.28 and 4.29.

e Comparison of Figures 4.81 and 4.82 with Figures 4.4 and 4.5; at the top and
bottom end of the right column, the rotation did not reach 0.01 radian like the

other specimens.

e The energy dissipation of the Specimen 8 at 1% story drift is 10.8 times

compared to the bare frame’s shown in Figure 4.87 and 4.88.

4.11 Evaluation of the Test Results

The comparison of results of the six test specimens with shotcrete panel and one
shear wall specimen to the bare frame (Specimen 1) and within each other are
explained briefly below. Each specimen is evaluated according to the parameters
stated in Table 3.1. Failure modes, load carrying capacities, initial stiffnesses, energy

dissipation capacities and lateral stiffnesses are discussed here.

4.11.1 Failure modes

Table 4.31 summarizes the maximum loads, the ultimate loads frames carried in pull
and push cycles and the failure modes occurred. These data are taken from the
experimental study. As can be seen in the table; bending and shear failure at column
ends occurred in the bare frame, while generally shear failure at column ends
observed in the retrofitted frames. This is because the specimens have low shear
strength properties to represent the building stock of Turkey. No matter how strong
wet-mixed sprayed concrete panels were, the ultimate failure mode of the systems
were controlled by the existing shear capacity of the outer frames. All of the
strengthened frame experiments were ended due to severe shear cracks occurring at

the end of the columns.

On the web of short beams which exist on the right and left side of the panel in the
case of partially infilled specimen, some 0.2 mm-width shear cracks are observed.
The cracks are seen first at 0.2% story drift. At the end of the tests, the width of these
cracks increased to 0.5 mm. However these kinds of cracks are not observed at the

same region of the fully infilled specimens.
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Table 4.31: Effect of retrofitting on general quantities

M@OOWBQS ‘Hv\@o m,NZCH@ EOQ@ +P max +A max -P max ID max +Hu=: Lu:: D::
(kN) (mm) (kN) (mm) (kN) (kN) (mm)
1 Bending + Shear failure at column ends  133.0 28.0  -123.0 -28.0 1040 -86.0 42.0
L 1
3 Shear failure at column ends 291.0 105 -279.0 -105 1650 -1360 14.0
B §
5 Shear failure at column ends 217.0 28.0 -207.0 -28.0 77.0 -89.0 42.0
"
6 i Shear failure at column ends 3740 280 -359.0 -10.5 1320 -110.0 28.0
7 Shear failure at column ends 209.0 28.0 -211.0 -10.5 45.0 -52.0 42.0
Lt
2S x Shear failure at column ends 342.0 28.0 -3940 -280 166.0 -249.0 28.0
b L
4S § y Shear failure at column ends 236.0 28.0 -190.0 -28.0 120.0 -118.0 42.0
L "7
8 Shear failure at column ends 3290 105 2750 35 2610 -1290 140
B ]
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4.11.2 Lateral load carrying capacity

Table 4.32 summarizes the maximum loads carried by the retrofitted RC frames in
push and pull cycles. The lateral load carrying capacity increases are also calculated

and presented in proportion ratios compared with that of the bare frame’s.

Table 4.32: Maximum base shears observed during the tests

Maximum load [kN] Ratio to Specimen 1

Specimen

Push Pull Push Pull
1 133 -123 1.0 1.0
3 291 -279 2.2 2.3
5 217 -207 1.6 1.7
6 374 -359 2.8 2.9
7 209 =211 1.6 1.7
2S 342 -394 2.6 3.2
4S 236 -190 1.8 1.5
8 329 -275 2.5 2.2

The lateral load carrying capacity increased between 2.2 to 3.2 times for the
specimens with shotcrete panel that were fully connected to the frame, and between
1.6 to 1.8 times for the specimens with shotcrete panel with a gap between the panel
and the columns compared with the bare frame’s. Because the frames were pre-
damaged, the capacity differences between push and pull cycles both for Specimen
2S and 4S has occurred. The specimen with the shear wall shows the same amount of
increase with the fully connected shotcrete panel ones. Pre-reverse deflection seems
to make a 30% increase in the lateral load carrying capacity of the specimen for the
specimens with shotcrete panel fully connected to the frame and no significant effect

on the specimens which have shotcrete panels that are connected only to the beams.

The comparison of the envelope curves of the hysteretic responses of the two fully

connected shotcrete panel specimens to the bare frame’s are given in Figure 4.89.
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Figure 4.89: The comparison of envelope curves of Specimens 1, 2S and 3
Although Specimen 2S was a representative of a damaged frame, its performance
was higher than Specimen 3. It is attributed to the higher compressive strength of
outer frame and wet-mixed sprayed concrete panel. For this reason in Figure 4.90,
the analytical solution of Specimen 3 with using the frame and the shotcrete panel
concrete compressive strength of Specimen 2S, named as “analytical 3 2S”, are

sketched with Specimen 2S and 3.

Drift
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04
400 T T T T T T T T f*"’* T T T T T T
3001 2 \ .
1 i —3 <EE EX
—  200- f’\. . i i
— 1004 i MM M
3 ] {—=— Specimen 2S
= 0 ’ 1T Analytlcal 328
% -100- d |—*— Specimen 3
=] . o« & .
-200+ P - i i
4 *. .‘.:'l 4 - =i
-300- >< u - R
i *,* i
_400 T’ T T T T T T T T

56 42 28 -14 0 14 28 42 56
Displacement [mm]

Figure 4.90: The comparison of envelope curves of Specimens 2S and 3 with
analytical 3_2S
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The two shotcrete specimens, which are connected only to the beams, are given in

Figure 4.91.

Drift
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04
400 T T T T T T T T T T T T T T T
300 + i -
% 200—_ ) ]
— 1004 . \—1
S ] {— Specimen 1
= 0 - —e— Specimen 5
% _100_' _'***Specimen4S
/M . maEs
-200 - - e
-300 - - L ]
'400 T T T T T T T T T T T T T T T
56 42 28 -14 0 14 28 42 56 X X

[T ]
Displacement [mm]

Figure 4.91: The comparison of envelope curves of Specimens 1, 4S and 5

The pre-reverse effect on the load carrying capacities can be seen in Figure 4.92 for
fully connected shotcrete panel specimens. Since the concrete compressive strengths
of Specimen 3 and 6 are not the same, Specimen 3’s behaviour is predicted
analytically using Specimen 6’s concrete strengths, named as “analytical 3 6, and
introduced as an envelope curve in Figure 4.93. In Figure 4.94 for shotcrete
specimens, which are connected only to the beams are presented. In Figure 4.95 only

the pre-reversed beam specimens are compared within each other.
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Figure 4.92: The comparison of envelope curves of Specimens 1, 3 and 6
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Figure 4.94: The comparison of envelope curves of Specimens 1, 5 and 7
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Figure 4.95: The comparison of envelope curves of Specimens 1, 6 and 7

The comparison of shotcrete walls with the shear wall (Specimen 8) is given in
Figure 4.96. Since the concrete compressive strengths of Specimen 1, 3 and 8 are not
the same, Specimen 1 and 3’s behaviours are predicted analytically using Specimen

8’s concrete strengths and introduced as envelope curves in Figure 4.97.

101



Drift
4060.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04

300 i T -

> 2001 | e
E ] [T 7" ]
— 100+ 41— Specimen 1
§ 04 = Spec?men 8
% : |—*— Specimen 5
é’ -100 - +—4— Specimen 3

-200 - i L L

-3001 1 R

400 —m7———7—-—v————T—7— 4 -

56 42 28 -14 0 14 28 42 56 SHEEEH

Displacement [mm] L |
Figure 4.96: The comparison of envelope curves of Specimens 1, 3, 5 and 8
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Figure 4.97: The comparison of envelope curves of Specimens 1, 3, 5 and 8 with
analytical 3_8 and analytical 1 _8

4.11.3 Initial stiffness

Table 4.33 compares the initial stiffness of the eight specimens in this study and the
increases given as proportion ratios to that of the bare frame’s are also presented. The
initial stiffness values are calculated as the slope of the line joining the points of the

maximum loads in push and pull cycle occurred during initial stages.
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Table 4.33: Initial stiffness of the specimens

Specimen Initial stiffness Ratio to
[kKN/mm] Specimen 1

1 21.6 1.0
3 183.9 8.5
5 188.5 8.7
6 249.9 11.6
7 179.3 8.3
2S 230.9 10.7
4S 2233 10.3
8 444.0 20.5

The damaged and undamaged frames strengthened in this study yield the following
results: The lateral stiffness of the frames right before the first cracks occurred in the
system increased by 10 times for the damaged frames Specimen 2S and 4S, and 8.5
times for undamaged frames Specimen 3 and 5 compared with the bare frame’s. The
pre-reversed shotcrete panel specimens also showed almost the same amount of

increase in stiffness while the shear wall has increased the stiffness of the frame 20

times.

In Figure 4.98 initial stiffness of the specimens are compared in graphic format.
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Tw| [T
%300
g 200
£ 100
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Specinmen 3
Specimen 5
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Specimen 7
Specimen 2S
Specimen 4S
1 Specimen 8

Figure 4.98: Initial stiffnesses of the specimens

4.11.4 Cumulative energy dissipation

As shown in Figure 4.99, the cumulative energy dissipation of the specimens with
shotcrete walls that are fully connected to the frame; are 10 and 5 times higher than
the bare frame’s at 1% and 2% story drift, respectively. For the specimens with gaps;

cumulative energy dissipation values are 4, 2.5 and 1.7 times higher than the bare
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frame’s at 1%, 2% and 3% story drift, respectively. The specimen with the shear wall
shows the same amount of energy dissipation with the fully connected shotcrete

panel one and could only make 1% story drift.

B Specinen 1
& Specimren 3
Speciren 5
& Speciren 6
Speciren 7
Specinen 2S
Specinen4S
O Speciren 8

R ]

Cumulative Energy Dissipation

29 3%
Drift
Figure 4.99: Cumulative energy dissipation capacities at various story drifts
The comparison of the cumulative energy dissipation capacities of the two fully
connected shotcrete panel specimens to the bare frame’s are given in Figure 4.100
and for the two shotcrete specimens, which are connected only to the beams are

given in Figure 4.101.
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Figure 4.100: The comparison of cumulative energy dissipation capacities of
Specimens 1, 2S and 3
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Figure 4.101: The comparison of cumulative energy dissipation capacities of
Specimens 1, 4S and 5

The pre-reverse effect on the load carrying capacities can be seen in Figure 4.102 for
fully connected shotcrete panel specimens and in Figure 4.103 for shotcrete
specimens, which are connected only to the beams, with and without pre-reverse of
the beam and in Figure 4.104 only the results of pre-reversed beam specimens are

given.
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Figure 4.102: The comparison of cumulative energy dissipation capacities of
Specimens 1, 3 and 6
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Figure 4.103: The comparison of cumulative energy dissipation capacities of
Specimens 1, 5 and 7
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Figure 4.104: The comparison of cumulative energy dissipation capacities of
Specimens 1, 6 and 7

The comparison of shotcrete walls with the shear wall is given in Figure 4.105.
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Figure 4.105: The comparison of cumulative energy dissipation capacities of
Specimens 1, 3, 5 and 8

4.11.5 Equivalent damping characteristics

Hysteretic damping, Cpysereiic, has been determined for the specimens through the
hysteresis lateral load-top displacement curves. Paying attention on the stabilized
loops, some average equivalent viscous damping ratios which can be used in the

rehabilitation design stage of existing structures were obtained.

The lower and upper limits suggested above have been calculated through the

formula which is given in Equation 4.3.

geq =0.05+ Bahysteretic =0.05+ B 8 { WD ] (4.3)

4nW,

where £ is a coefficient between 0.33—1.0 in FEMA 273 (1997) and W) and Wy are
indicating the energy dissipated in one cycle of preferably stabilized displacement
and the strain energy at the corresponding displacement given in Figure 4.106 as

Priestley et al., 2007 suggessted.
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Figure 4.106: Dissipated and strain energy

The constant value of 0.05 in Eq. 4.3 represents the viscous damping of reinforced
concrete building inherently exist in the structure and Chygereic can be taken
approximately as 10% of critical damping depending on the tests results summarized
and the diagrams that are given in Figure 4.107. One can easily find by the
corresponding factors for these damping ratios to define the redesign demand curves
referring the standard one, which may have some minor differences from source to

source, FEMA 273, 1997, NEHRP, 2000.
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0.20 ! I |
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—@ Dbare frame
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Figure 4.107: Equivalent damping for various tests
It can be concluded that the damping ratio can definitely be taken as higher than 5%
of critical damping which is being suggested by current codes, TEC 1997 and 2007.

The suggested equivalent viscous damping for rehabilitation design stage is between

108



8-16% of critical damping depending on the type of modification. At 1% story drift,
the observed percentage of critical damping values are 10.5% and 13.5% for without

and with pre-reverse deflection on the beam, respectively

4.11.6 Lateral stiffness

The comparison of the lateral stiffness of the two fully connected shotcrete panel
specimens to the bare frame’s are given in Figure 4.108 and for the two shotcrete

specimens, which are connected only to the beams are given in Figure 4.109.
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Figure 4.108: The comparison of lateral stiffnesses of Specimens 1, 2S and 3
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Figure 4.109: The comparison of lateral stiffnesses of Specimens 1, 4S and 5
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The pre-reverse effect on stiffness can be seen in Figure 4.110 for fully connected
shotcrete panel specimens and in Figure 4.111 for shotcrete specimens, which are
connected only to the beams, with and without pre-reverse of the beam and in Figure

4.112 only the results of pre-reversed beam specimens are given.
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Figure 4.110: The comparison of lateral stiffnesses of Specimens 1, 3 and 6
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Figure 4.111: The comparison of lateral stiffnesses of Specimens 1, 5 and 7
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Figure 4.112: The comparison of lateral stiffnesses of Specimens 1, 6 and 7

The comparison of shotcrete walls with the shear wall is given in Figure 4.113.
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Figure 4.113: The comparison of lateral stiffnesses of Specimens 1, 3, 5 and 8

The lateral stiffness is almost the same for all the test specimens after 1% drift ratio.

The pre-reverse is not very effective on the stiffnesses.
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4.11.7 Rotation of the panels

The panel base rotations of Specimens were obtained using the measuring system
given in Figure 4.114. In the figure; A; and A; correspond to the measured shortening

and elongation of the related cross section, while x is the distance between them.
The rotation is calculated using Equation 4.4;

0=(A1+Ay) /X 4.4

before JRRRREEEERE 7.V
deformation

<&
<

v

Figure 4.114: Calculation of rotation of the shotcrete panel

Base rotation of the shotcrete panel versus base shear relations are given for
Specimens 3, 5 and 8 in Figures 4.115, 4.116 and 4.117, respectively. The graphs are
drawn and compared for 1% story drift. From the figures, it can easily be concluded
that the response of Specimens 3 and 8 are similar and linear elastic. However in the

case of Specimen 5, stable hysteretic loops were observed.

For the 1% story drift level, in Specimens 3 and 8 rotation amplitudes are relatively
small, while in Specimen 5 the amplitude of the rotation is relatively higher

compared to the others and response shows inelastic excursion.
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Figure 4.115: The rotation of the panel for Specimen 3
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Figure 4.116: The rotation of the panel for Specimen 5
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Figure 4.117: The rotation of the panel for Specimen 8
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5. ANALYTICAL STUDIES USING THE FINITE ELEMENT METHOD

There are several suggested numerical models to represent the effect of the infill
walls on the behaviour of the infilled frames which are adapted in several computer
programs. ANSYS, ABAQUS, DIANA, SAP2000, OpenSees, IDARC, SeismoStruct
are some of these programs. In this study, the overall effect of the shotcrete wall on
the system behavior is investigated. For this reason, SeismoStruct which has a macro
approach for the problem considered is preferred. SeismoStruct models the infill wall
with some diagonal braces which is a new approach that gives the opportunity to
obtain a more acceptable result compared with the experimental studies, (Crisafulli,

1997).

This chapter presents detailed information about the program used to model the
experiments tested during the course of this research analytically. The analyses were
carried out to predict the load versus drift relations and the failure modes of the
specimens. Smyrou et al. (2006), Casarotti and Pinho (2007), Pinho et al. (2007),
Cattari and Lagomarsino (2006), Mellal et al. (2003), Kutanis et al. (2007), Crowley
and Pinho (2006), Negulescu et al. (2003), Nogueiro et al. (2003), Calvi et al. (2006),
Priestley et al. (2007) have studied SeismoStruct and have achieved success in

modelling analytically reinforced concrete and steel structure behaviour.

In SeismoStruct, the diagonal braces representing the infill wall and the parameters
for defining these braces are designed originally for modelling the brick walls. The
model is developed by Crisafulli (1997) and adopted to SeismoStruct by Blandon
(2005). In this model, the hysteretic behaviour of masonry in compression is defined
by Sargin’s (1971) equation which is originally proposed for concrete. The behaviour
in tension is assumed to be linear. Since there is not sufficient experimental data
related to the cyclic axial behaviour of masonry, Crisafulli used experimental data
obtained from concrete specimens to calibrate the model. He also tested concrete
specimens under cyclic compression to obtain experimental data and used these
results to calibrate the analytical model of inner loops of the hysteretic behaviour in

compression.
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In this study, the parameters of the diagonal braces which are used to model the
shotcrete panel are taken from the material tests which were presented in Chapter 3.
While deciding on these parameters, several, necessary discussions have been done
with the developer of SeismoStruct, namely Assist.Prof.Dr. Rui Pinho (2006). Since
global response is aimed in this study rather than the local effects of the infill wall,

by correct calibration of the parameters, the analysis can be valid.

One of the advantages of SeismoStruct is that the interaction between the wall and
the surrounding frame can be modelled by defining extra nodes both in the beam and

the columns.

5.1 Nonlinear Static Analysis Using SeismoStruct

Inelastic beam-column elements are used in the program. To allow more accurate
evaluation of structural damage distribution, material inelasticity is assumed to
spread along the member length and across the cross section. This is explicitly

represented by implementing a fibre modelling approach as shown in Figure 5.1.

@ 3 o

RC uncanfined canfined steel
Section cancrete fires cancrete fibres fires

Figure 5.1: Fibre analysis approach

The loading pattern of the experiments is applied in static time-history analysis. In
static time-history analysis, the applied loads (displacement, force or a combination
of both) can vary independently in the pseudo-time domain, according to a
prescribed load pattern. The applied load P; in a nodal position i is given by
P, = 1) Pio, i.e. a function of the time-dependent load factor /;(#) and the nominal
load P,”. This type of analysis is typically used to model static testing of structures

subjected to various force or displacement patterns.

In the finite element analysis of the tested specimens that are the single story, single

bay RC frames infilled with shotcrete panels, strut modelling is used.
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5.2 Description of Element Types Used

Inelastic frame elements were used for modelling the RC frame. These are the 3D
beam-column elements capable of modelling members of space frames having
geometric and material nonlinearities. The sectional stress-strain state of beam-
column elements is obtained through the integration of the nonlinear uniaxial
material response of the individual fibres in which the section has been subdivided.
Local geometric nonlinearity (beam-column effects) is also comprised within the

formulation of this element.

If a sufficient number of fibres (200-400 in spatial analysis) are employed, the
distribution of material nonlinearity across the section area is accurately modelled,
even in the highly inelastic range. Two integration Gauss points as shown in Figure
5.2 per element are then used for the numerical integration of the governing
equations of the cubic formulation. If a sufficient number of elements are used such
as 5-6 per structural member, the spread of inelasticity along member length can be

accurately estimated.

Gauss node B
Sectionb )

Figure 5.2: Gauss integration points in beam column elements
5.3 Material Models

Some of the defined parameters which are used in the material models are taken from
the tests done to get the characteristic values of the materials. The average values of
several tests are used both for concrete and reinforcement. For those parameters
which cannot be determined from the tests, these values are taken from the interval

given in the manual of the program itself.
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5.3.1 Material model used for steel reinforcement

Monti-Nutti steel model is used to model the reinforcement in the frame. It is a
uniaxial steel model initially programmed by Monti et al. (1996). It uses the
Menegotto and Pinto (1973) stress-strain relationship together with the isotropic
hardening rules proposed by Filippou et al. (1983). An additional memory rule
proposed by Fragiadakis (2001) is also introduced, for higher numerical

stability/accuracy under transient seismic loading.

Eleven model-calibrating parameters summarised in Table 5.1 must be defined in

order to fully describe the mechanical characteristics of steel reinforcement.

Table 5.1: Input parameters for steel reinforcement

Parameter Definition

Es Modulus of elasticity

fy Yield strength

u Strain hardening parameter
Ry Transition curve initial shape parameter

aj Transition curve shape calibrating coefficients
a Transition curve shape calibrating coefficients
P Kinematic/isotropic weighing coefficient

r Spurious unloading corrective parameter

L Transverse reinforcement spacing

D Longitudinal bar diameter

Y Specific weight

These are:

1- Modulus of elasticity — E;: This is the initial elastic stiffness of the material. The

value is taken from Table 3.10 which summarises the material test results.
2- Yield strength — f,: This is the stress at yield. The value is taken from Table 3.10.

3- Strain hardening parameter - u: This is the ratio between the post-yield stiffness
(Esp) and the initial elastic stiffness (E;) of the material. The former is defined as
Eo=(fur - £,)/(&ur - //Es), where f,; and &, represent the ultimate or maximum
stress and strain capacity of the material, respectively. This value is calculated

from the reinforcement material test results.

4- Transition curve initial shape parameter - Ry: This is the initial (first loading
cycle) value of the parameter R, that controls the shape of the transition curve

between initial and post-yield stiffness, necessary to accurately represent
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Baushinger effects and pinching of the hysteretic loops. The default value is 20.

The default value is taken into account during the analysis.

5- Transition curve shape calibrating coefficients - a; & a,: These are the two
coefficients used to calibrate the changes that must be applied to parameter R, in
order to obtain the updated transition curve shape parameter R,. Whilst a; is
usually adopted with an invariable value of 18.5, a, might range between 0.05 and
0.15. The default values are 18.5 and 0.15 for coefficients a; and a,, respectively.

The default value is taken into account for a; and 0.05 for a, during the analysis.

6- Kinematic/isotropic weighing coefficient — P: This is the weighing coefficient
used in this model to define the degree to which kinematic and isotropic hardening
are introduced in the stress-strain cyclic response characteristics of the material. A
value close to unity implies a kinematic-dominated hardening behaviour, whilst a
value close to zero is employed when isotropic hardening controls the response of

the material. P is taken as 0.9 during the analysis.

7- Spurious unloading corrective parameter — r: This is the threshold for small
strain reversals, defined as a percentage of the strain measured at the end of a
loading cycle, used to prevent the occurrence of spurious strain unloading cycles.
Typical values of » vary between 2.5 and 5 percent. r is taken as 2.5% during the

analysis.

8- Transverse reinforcement spacing and longitudinal bar diameter - L & D: These
two parameters are required for the definition of the slenderness ratio (L/D) of the
longitudinal reinforcement which in turn is used to calibrate the buckling
behaviour of this steel model. L is the spacing between the transverse
reinforcement and D is the diameter of the longitudinal bars. L is 200 mm and D is

16 mm as shown in Figure 3.4.
9- Specific weight — y. This is the specific weight of the material.
Ey, f,, u, L and D are taken from the material test results for the reinforcement given
in detail in Chapter 3, while Ry, a;, a,, P and r are predicted from the test results.
5.3.2 Material model used for concrete

Nonlinear constant confinement concrete model is used to model the concrete

surrounded by stirrups. This is a uniaxial nonlinear constant confinement model,
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initially programmed by Madas (1993) that follows the constitutive relationship
proposed by Mander et al. (1988) and the cyclic rules proposed by Martinez-Rueda
and Elnashai (1997). The confinement effects provided by the lateral transverse
reinforcement are incorporated through the rules proposed by Mander et al. (1988)
whereby constant confining pressure is assumed throughout the entire stress-strain

range.

Five model-calibrating parameters summarised in Table 5.2 must be defined in order

to fully describe the mechanical characteristics of confined concrete:

Table 5.2: Input parameters for concrete

Parameter Definition
fe Compressive strength
fi Tensile strength
€ Strain at peak stress
k. Confinement factor
Y Specific weight

These are:

1- Compressive strength — f.: This is the cylinder compressive strength of the
material. The value is taken from Table 3.8 which summarises the material test
results for frame concrete.

2- Tensile strength — f: This is the tensile strength capacity of the material. Usually it

can be estimated as f;= ki(f;)"”

, Where k; varies from 0.5 (concrete in direct tension)
to 0.75 (concrete in flexural tension), as suggested by Priestley et al. (1996). When
this value is reached, the concrete is assumed to abruptly lose its tensile resistance,

without any sort of tension softening. This values is taken as 0.1*f..

3- Strain at peak stress - &: This is the strain corresponding to the point of
unconfined peak compressive strength, f.. This value is taken from the material test

result of frame concrete.

4- Confinement factor — k.: This is the constant confinement factor, defined as the
ratio between the confined and unconfined compressive stress of the concrete, and
used to scale up the stress-strain relationship throughout the entire strain range. Since
the unconfined compressive stress of the concrete is known, the confined

compressive stress of the concrete is calculated from equation proposed by Mander

et al. (1988).
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5- Specific weight - y. This is the specific weight of the material.

f., f: and &, are taken from the material test results conducted for concrete given in

detail in Chapter 3.

5.4 Inelastic Infill Panel Element

The effect of infill materials on the overall structural behavior of infilled frames was
investigated previously by many researchers. There are mainly two approaches to
model infilled frames. In the first approach the infill panel is modelled by plane
stress, shell elements which are interconnected at their nodes using a series of
nonlinear springs and struts to represent the shear and normal stresses interaction
between the blocks along the mortar head and bed joints. In the second approach, the
infill wall is modelled by diagonal struts with equivalent properties determined from
experimental tests. Several variations of the diagonal strut modelling have been
proposed including the use of multiple struts or truss-shaped struts in lieu of a single
strut, nonlinear properties, varying effective areas throughout the loading history and

the use of actual load-deflection paths.

Inelastic infill panel element is a four-node masonry panel element developed and
initially programmed by Crisafulli (1997) and implemented in SeismoStruct by
Blandon (2005), for the modelling of the nonlinear response of infill panels in
framed structures. Each panel is represented by six strut members; each diagonal
direction features two parallel struts to carry axial loads across two opposite diagonal
corners and a third and a fourth one to carry the shear from the top to the bottom of
the panel. This latter strut only acts across the diagonal that is on compression; hence
its "activation" depends on the deformation of the panel. The axial load struts use the
masonry strut hysteretic model, while the shear strut uses a dedicated bilinear

hysteretic rule.

Four internal nodes are employed to account for the actual points of contact between
the frame and the infill panel (i.e. to account for the width and height of the columns
and beams, respectively), whilst four dummy nodes are introduced with the objective
of accounting for the contact length between the frame and the infill panel as can be
seen in Figure 5.3. These dummy nodes with 2 translational degrees of freedom per

node are required to define one end of the strut members, which is not connected to
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the corners of the panel. All the internal forces are transformed to the exterior four

nodes.
Compression/Tension Struts Shear Strut
Kni
Yni% ,.r“\ | e —— — Active [cornpression) py
D d
drn urnmy node

A
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»

Dre-active (tension)
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Figure 5.3: Strut model used

In order to fully characterise this type of element, the following parameters need to
be defined:

- Strut Curve Parameters, employed in the definition of the masonry strut hysteretic
model as shown in Figure 5.4, which is modelled with the infill panel strut response

curve.

ey |
12|

\ Rule

number

Axial stress, f

—G—-"_'_—-_-

|3| l/@“ Axial strain, €,

Figure 5.4: General characteristics of the proposed model for cyclic axial behaviour
of infill wall, Crisafulli (1997)

The model which defines the cyclic axial behaviour of the wall is composed by five

hysteretic rules which are:

* Envelope curve in compression (Rule 1)
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* Unloading from the envelope curve (Rule 2)

* No stress (Rule 3)

* Reloading after complete unloading (Rule 4 and 5)

* Unloading and reloading from inside loops (small hysteretic cycle)

These rules are explained in detail in Crisafulli (1997).

Input parameters needed for the infill model are summarized in Table 5.3. Below,

these will be explained in detail.

Table 5.3: Input parameters for the infill model

Parameter Definition
En Initial young's modulus
fino Compressive strength
fi Tensile strength
€m Strain at maximum stress
Sult Ultimate strain
el Closing strain
£ Strain of initial reduction of area for the strut
€ Strain for the residual of strut's area
Yun Factor to calculate E,;, (unloading stiffness)
Olre Strain reloading factor
Och Factor to calculate u,
Ba Factor to calculate uy,
Beh Factor to calculate f,
Yplu Factor to calculate epiyi, €pi
Yplr Factor to calculate ep,
ex1 Exponent to calculate e,
€x2 Exponent to calculate fgy,

Seventeen parameters are needed in order to fully characterise this response curve.

These are:

1- Initial Young modulus — E,,: The elastic modulus represents the initial slope of
the stress-strain curve. It is related to the compressive strength of the material
(fme), and the values can range: 400f,,,<E, <1000/, as summarised in Crisafulli
(1997). E,, is taken as approximately as 1000f,,¢ in the analysis. Since the wall is

reinforced concrete, the maximum limit value for E,, is taken.

2- Compressive strength - f,e This compressive strength refers to the diagonal
capacity of the infill panel, that is, it refers to the capacity of the masonry in the

direction of the principal stress f;, which, typically, is assumed to coincide with
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the diagonal that links two opposite corner. If no diagonal compression test
results are available, then the resistance of the masonry in the normal direction f,,,
is defined by adapting the failure theory proposed by Mann and Miiller (1982),
Crisafulli (1997) whom developed the following equation: f,,9 = f; / sin’6. The
value is taken from Table 3.9 which summarises the material test results for

shotcrete concrete.

Tensile strength — f;: The tensile strength represents the tensile strength of the
masonry or the bond-strength of the interface between frame and infill panel. f; is

taken as 0.01 for the analysis.

Strain at maximum stress -&,: This parameter represents the strain at maximum
stress and influences, via the modification of the secant stiffness, the ascending
branch of the stress-strain curve. This value is taken from the material test result

of shotcrete concrete.

Ultimate strain -&,,: This strain is used to control the descending branch of the
stress-strain curve, modelled with a parabola so as to obtain better control of the
strut's response (Crisafulli, 1997). For relative large values, the decrease of the
compressive strength becomes smoother and the analyses more stable. This value

is taken from the material test result of shotcrete concrete.

Closing strain -&;. This parameter defines the strain after which the cracks
partially close allowing compression stresses to develop. Its values may vary
between 0 and 0.003, as suggested by Crisafulli (1997). & is taken as 0.003 for
Specimen 3, 6, 5 and 7 during the analysis.

Strut area reduction strain and Residual strut area strain -&; and & These are
the two strains associated to the reduction of the strut area. These parameters are
difficult to find experimental supporting evidence for considering the empirical
nature of the strut area reduction scheme. Reasonable values of ¢; may be in the
range of 0.0003 to 0.0008 whilst for &, values in between 0.0006 and 0.016 may
be considered. &; and & are taken as 0.004 and 0.005 for Specimen 3, 0.01 and
0.02 for Specimen 6, 0.05 and 0.07 for Specimen 5 and 0.01 and 0.02 for

Specimen 7 during the analysis, respectively.
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8- Empirical parameters: The masonry infill strut model requires nine empirical
curve-calibrating factors to be defined, as proposed by Crisafulli (1997). Table

5.4 summarizes the suggested and limit values for these parameters.

- starting unloading stiffness factor (y,,), is used to define the starting unloading
stiffness modulus as a proportion of its loading counterpart. Its value may
typically vary between 1.5 and 2.5 (though any value above unity constitutes a
valid entry). y,, is taken as 1.7 for Specimen 3 and 6, 1.5 for Specimen 5 and 7

during the analysis.

- strain reloading factor (a,.), is employed to predict the strain at which the loop
reaches the envelope after unloading. Its typical value ranges from 0.2 and 0.4
(though any value above zero constitutes a valid entry). a,. is taken as 0.2 for

Specimen 3, 6, 5 and 7 during the analysis.

- strain inflection factor (o), utilised in the computation of the strain at which
the reloading curve should feature an inflection point, effectively controlling, in
this way, the loops’ fatness. Its value may be found within the interval of 0.1 to
0.7. ac 1s taken as 0.35 for Specimen 3 and 6, 0.3 for Specimen 5 and 7 during

the analysis.

- complete unloading strain factor (f3,), used in the definition of the plastic
deformation after complete unloading. Its values typically range between 1.5 and
2.0 (though any value above zero constitutes a valid entry). £, is taken as 2 for

Specimen 3, 6, 5 and 7 during the analysis.

- stress inflection factor (f.;), employed in the computation of the stress at which
the reloading curve should feature an inflection point. Its value may be found
within the interval of 0.5 to 0.9. £, is taken as 0.6 for Specimen 3 and 6, 0.9 for

Specimen 5 and 7 during the analysis.

- zero stress Sstiffness factor (y,u), utilised to define, as a proportion of its initial
counterpart (E,), the stiffness at zero stress, after complete unloading has taken
place. Its value may be found within the interval of 0 to 1. y,, is taken as 1.0 for

Specimen 3 6, 5 and 7 during the analysis.

- reloading stiffness factor (y,), used to define, as a proportion of its loading

counterpart, the reloading stiffness modulus, after complete loading has taken
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place. Its value may typically vary between 1.1 and 1.5 (though any value above
unity constitutes a valid entry). y,,, is taken as 1.1 for Specimen 3 and 6, 1.5 for

Specimen 5 and 7 during the analysis.

- plastic unloading stiffness factor (ey;), employed to define, as a proportion of its
loading counterpart, the unloading tangent modulus corresponding to the plastic
strain. Values ranging from 1.5 and 3.0 have been used (though any value above
zero constitutes a valid entry). e,; is taken as 3 for Specimen 3 6, 5 and 7 during

the analysis.

- repeated cycle strain factor (e;), utilised in the computation of the strain that
the envelope curve should reach after inner cycling. Its value may typically vary
between 1.0 and 1.5 (though any value above zero constitutes a valid entry). e, is

taken as 3 for Specimen 3 6, 5 and 7 during the analysis.

En fwo, foo €m €un €, €1, €2 Were taken from the material test results for the
shotcrete concrete given in detail in Chapter 3. oy, i, fa, Ben Vplu Vpirs Vun » €xis €x2
are also predicted from the values taken from the interval given in the manual

depending on the test results.

Table 5.4: Suggested and limit values for empiric parameters

Constant  Suggested Values  Limit Values

Ore 0.2-0.4 >0
Geh 0.3-0.6 0.1-0.7
Ba 1.5-2.0 >0
Ben 0.6-0.7 0.5-0.9
Yolu 0.5-0.7 0-1.0
Yoir 1.1-1.5 >1.0
Yan 1.5-2.5 >1.0
et 1.5-2.0 >0
o 1.0-1.5 >0

- Shear Curve Parameters, employed in the definition of the masonry strut

hysteretic model, which is modelled with the infill panel shear response curve.

Cyclic shear behaviour of the shear struts are implemented in order to represent the

shear behaviour of the infill panel when the failure is given by the loss of bonding

along the mortar joints given in Figure 5.5. The model consists of two simple rules

and includes the axial load in the masonry as a variable in the shear strength. These

rules are
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e Elastic response — Rule 1,
e Sliding — Rule 2.

These rules are explained in detail in Crisafulli (1997).

@ T—ﬂ ‘ Bond failure @

e
L

O
.
G 0

—
L J

Figure 5.5: Analytical response for cyclic shear response of mortar joints

Table 5.5 gives the input parameters needed for modelling the shear spring.

Table 5.5: Input parameters of the shear spring

Parameter Definition
To Shear bond strength
v Friction coefficient
Trax Maximum shear resistance
Ols Reduction shear factor

Four parameters need to be defined in order to fully characterise this response curve:

1- Shear bond strength - 1): A range of 0.1 to 1.5 MPa values can be found in the
literature from the experimental studies done to find out shear bond strength.
From these research initiatives, several empirical expressions have been
proposed, dependent on different parameters, but their use must be cautious
considering the numerous variables that affect the shear bond strength. u is taken

as 1.0 for Specimen 3 6, 5 and 7 during the analysis.

2- Friction coefficient -u: Different researchers presented values of p that range

from 0.1 to 1.2.). w s taken as 0.3 for Specimen 3 6, 5 and 7 during the analysis.
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3-

Maximum shear strength - T, This is the largest shear stress that may be
mobilised by the infill panel and, as stated above, it will depend on the failure
mechanism (shear friction failure, diagonal tension failure, compression failure)
developed in the latter. In the absence of additional and more precise
information, users may assume this value to be equal to the sum of 7j and the
product of x by the normal compressive strength of the masonry units. The value
is taken from Chapter 3 which summarises the material test results for shotcrete

panel.

Reduction shear factor -a,: This empirical parameter represents the ratio between
the maximum shear stress and the average stress in the panel, and may range
between 1.4 and 1.65 (Crisafulli, 1997). « is taken as 1.4 for Specimen 3, 6, 5

and 7 during the analysis.

Tmax 1S taken from the material test results for the shotcrete concrete given in detail in

Chapter 3. 7,, u and a4 are also predicted from the values taken from the interval

given in the manual depending on the test results.

- Infill panel thickness (t), which may be considered as equal to the width of the

panel bricks alone or also include the contribution of the plaster.

- Out-of-plane failure drift, introduced in percentage of storey height, and which
dictates the de-activation of the element (i.e. once the panel, not the frame,
reaches a given out-of-plane drift, the panel no longer contributes to the
structure's resistance nor stiffness, since it is assumed that it has failed by means
of an out-of-plane failure mechanism). This value is taken as 0.1% for all the

specimens.

- Strut area 1 (A;), defined as the product of the panel thickness and the
equivalent width of the strut (b,,), which normally varies between 10% and 40%
of the diagonal of the infill panel (d,,), as concluded by many researchers based
on experimental data and analytical results. 4; is predicted from the behaviour of

the wall during the test.

- Strut area 2 (A;), introduced as percentage of 4;, and which aims at accounting
for the fact that due to cracking of the infill panel, the contact length between the
frame and the infill decreases as the lateral and consequently the axial

displacement increases, affecting thus the area of equivalent strut. It is assumed
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that the area varies linearly as function of the axial strain as given in Figure 5.6,
with the two strains between which this variation takes place being defined as

input parameters of the masonry strut hysteretic model.

2o 4
A1
iy K

21 = A

Figure 5.6: Change in the strut area

- Equivalent contact length (h;), introduced as percentage of the vertical height of
the panel, effectively yielding the distance between the internal and dummy
nodes, and used so as to somehow take due account of the contact length between
the frame and the infill panel. Reasonable results are obtained for values of 1/3 to
1/2 of the actual contact length (z), defined by Stafford-Smith (1966) as equal to
0.5.7z27"', where A is a dimensionless relative stiffness parameter computed by the
Eq. 5.1 given below, in which E,, is the Elastic Modulus of the masonry, ¢, is the
thickness of the panel, @ is the angle of the diagonal strut with respect to the
beams, E /. is the bending stiffness of the columns, and 4, is the height of the
infill panel.

P E t, sin(26) 5.1)
AE 1.h,

- Horizontal and Vertical offsets (x,; and y,;), introduced as percentage of the
horizontal and vertical dimensions of the panel, and which obviously represent
the reduction of the latter due to the depth of the frame members. In other words,
these parameters provide the distance between the external corner nodes and the

internal ones.

- Proportion of stiffness assigned to shear (y), representing the proportion of the
panel stiffness (computed internally by the program) that should be assigned to
the shear spring. In other words, the strut stiffness (K4) and the shear stiffness

(Ks) are computed in Eq. 5.2 and Eq. 5.3 as follows:
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A E

K, =(1-y,)2mEn 5.2
A ( 7/5) 2dm ( )
K, =y, A’:;icos2 0 (5.3)

- Specific weight (), representing the volumetric weight of the panel.

Xoi» Voir h- and t,, are taken from the material test results for the shotcrete concrete
given in detail in Chapter 3, while 4; and 4 is predicted from the behaviour of the
wall during the test. j is also predicted from the values taken from the interval given

in the manual depending on the test results.

5.5 Comparison of the Results of Analysis with Experimental Results

The analytical model prepared in SeismoStruct is shown in Figure 5.7 and 5.8.

Columns and beam are divided into 8 and 10 pieces, respectively as shown in Figure
5.9. The frame is idealized to have fixed type support. Three degrees of freedom, the
translational displacements, u, v and the rotation, &, are considered at each node of

the frame and of the external and internal nodes of the wall.

For modelling the frame with the wall which is not connected to the columns, the x,;
and y,; are defined according to geometric properties of the wall. Although these
parameters are originally used to define the dimensions of the wall depending on the
depth of the frame elements, the obtained results show that it can also be used to

model these types of infill walls as well.

The analytical model was subjected to constant vertical point loads on the columns
and lateral displacement pattern which is acting at the centre of the loading beam as

shown in Figure 5.9.

Analytical studies start with modelling the bare frame first and then move onto the
shotcrete panel specimens. In the cross sections of the frame, unconfined and
confined concrete properties are taken into account by using existing models in the
program. A nonlinear response model existing in the program is assigned to the
reinforcements. Longitudinal reinforcement properties such as quantity, diameter and
coordinates and diameter and spacing of lateral reinforcement are introduced. The

shotcrete panel is modelled by diagonal braces corresponding to the infill wall model
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in the program. Although there are several parameters existing in the program to
define the response of infill walls, the three parameters namely compressive strength,

tensile strength and shear resistance are the most effective ones.

The comparisons of the experimental and analytical results are presented only for
retrofitted non-damaged type frame specimens because the program is not capable of

modelling pre-damaged type frames.

T

Figure 5.7: Frame model used in SeismoStruct

Figﬁre 5.8: Infilled frame models used in SeismoStruct
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Figure 5.9: Definition of frame element names and the loadings in the mathematical
model used in SeismoStruct

Damage states for structural members defined in Turkish Earthquake Code (TEC,
2007) are introduced to the program. Strain limits used to define damage states in
structural members are given in Table 5.6. At the end of the analysis, the program
produces reports about the damage states of the sections, which material inside this
section has reached the limit strain and at what stage of loading does the damage

occurred.

Table 5.6: Limit strain values to define damage states in structural members

according to TEC 2007
Damage States in . .
Structural Members Strain Limit Place of Deformation
Minimum Damage < 0.0035 The outer-most fibre of the concrete of the
Limit (MNc) ’ section
Minimum Damage Sy .
>0.01 Longitudinal reinforcement

Limit (MNs)

Safety Limit (GVc) < .0.0085 The outer fibre of the'concrete within the
transversal reinforcement
Safety Limit (GVs) > 0.040 Longitudinal reinforcement

The outer fibre of the concrete within the

Collapse Limit (GCc) <-0.011 transversal reinforcement

Collapse Limit (GCs) > 0.060 Longitudinal reinforcement

¢ = concrete, s = steel,

compression (-), tension (+) in strain limits
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5.5.1 Specimen 1

The displacement history applied to Specimen 1 (bare frame) in the experimental
study is given in Figure 5.10. This loading protocol was applied to the analytical

model as well.
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Figure 5.10: The displacement pattern applied to Specimen 1

The comparison of the experimental and analytical results for Specimen 1 is given as
hysteretic loops in Figure 5.11 and as envelope curves in Figure 5.12. The envelope
curves are obtained by taking the average of load values corresponding to the three

cycles of the target displacements.
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Figure 5.11: Comparison of the hysteretic curves of the experimental and analytical
results of Specimen 1
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Figure 5.12: Comparison of the envelope curves of the experimental and analytical
results of Specimen 1

As seen from Figure 5.11 analytical study overestimates strength values at the initial
displacement cycles. The maximum load occurred in the system is captured quiet
well in the analysis. But the descending branch slope of the analytical results is

steeper than the experimental results.

Table 5.7 summarizes the damage states observed in the analytical work. The table
summarizes the location of damage and which type of material is damaged. The
strain values are also given at the state of the damage. The bold lines in the table
match with the experimental result. The analytical results show almost the exact step

and position of damage like it has been observed during the experiment.

Figure 5.13 shows the damage states obtained at drift levels. For the pushing cycles,
“yield” has occurred first at the bottom and top end of the right column at 0.35% drift
levels. Unconfined concrete has reached “minimum damage limit” first at the bottom
and top end of the right and the left columns at 0.75% drift level. Reinforcement has
reached “minimum damage limit” first at the bottom end of the right column at
1.00% drift levels. Unconfined concrete has reached “safety and collapse limit” first
at the bottom end of the left column at 2.00% drift level. For the pulling cycles, at
0.35% drift level, yield occurred at the bottom and top end of the left column.
Unconfined concrete has reached “minimum damage limit” first at the bottom end of
the right column at 1.00% drift level. Reinforcement has reached “minimum damage

limit” at the bottom part and top end of the left column, and also at end of the beam
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at 2.00% drift levels. At the same drift level unconfined concrete has reached “safety

and collapse limit” at the bottom end of the right column.

Table 5.7: Damage levels for Specimen 1

Target Displacement [mm] Per'i)eri/rfljnce Eilzr;eent l;;arflzgs Damage type Strain
At the end of 2nd cycle of +4.9 yield 1 Bottom end Steel 0.002404
At the end of 3rd cycle of +4.9 yield 8 Top end Steel 0.002373
At the end of 1st cycle of +5.6 yield 1 Top end Steel 0.002116
At the end of Ist cycle of -5.6 yield 26 Bottom end Steel 0.002114
At the end of 1st cycle of -5.6 yield 26 Top end Steel 0.002279
At the end of 2nd cycle of -5.6 yield 18 Right end Steel 0.002161
At the end of 3rd cycle of -5.6 yield 18 Left end Steel 0.002270
At the end of 1st cycle of +7.0 yield 8 Bottom end Steel 0.002203
At the end of 1st cycle of +10.5 MNc 26 Bottom end Unc Conc  -0.003720
At the end of 1st cycle of +10.5 MNc 1 Top end Unc Conc  -0.003510
At the end of 1st cycle of +10.5 MNCc 8 Top end Unc Conc  -0.003650
At the end of st cycle of -10.5 yield 19 Top end Steel 0.002301
At the end of st cycle of -10.5 yield 19 Bottom end Steel 0.002406
At the end of 3rd cycle of +10.5 MNc 19 Top end Unc Conc  -0.003630
At the end of st cycle of +14 MNs 1 Bottom end Steel 0.010224
At the end of 1st cycle of +14 MNCc 26 Top end Unc Conc  -0.003710
At the end of 1st cycle of -14 MNc 1 Top end Unc Conc  -0.003500
At the end of 1st cycle of +28 MNs 1 Top end Steel 0.010800
At the end of 1st cycle of +28 MNs 8 Top end Steel 0.010119
At the end of 1st cycle of +28 MNs 26 Bottom end Steel 0.010309
At the end of 1st cycle of +28 MNc 8 Top end Unc Conc  -0.003550
At the end of 1st cycle of +28 MNs 8 Top end Steel 0.010418
At the end of 1st cycle of +28 MNc 19 Bottom end Unc Conc  -0.003580
At the end of 1st cycle of +28 GVc 26 Bottom end Unc Conc  -0.008640
At the end of st cycle of +28 MNs 26 Top end Steel 0.010137
At the end of 1st cycle of +28 MNs 19 Top end Steel 0.010674
At the end of 1st cycle of +28 GCc 26 Bottom end Unc Conc  -0.011280
At the end of st cycle of -28 GVce 1 Bottom end Unc Conc  -0.008980
At the end of 1st cycle of -28 GCc 1 Bottom end Unc Cone  -0.012110
At the end of st cycle of -28 MNs 19 Bottom end Steel 0.010281
At the end of 2nd cycle of +28 MNc 7 Top end Unc Conc  -0.003520
At the end of 2nd cycle of -28 MNc 25 Bottom end Unc Conc  -0.003530
At the end of 2nd cycle of -28 MNs 18 Right end Steel 0.010040
At the end of 3rd cycle of -28 MNs 18 Left end Steel 0.010046
At the end of 1st cycle of -42 yield 25 Bottom end Steel 0.002105
At the end of 2nd cycle of +42 MNc 2 Bottom end Unc Conc  -0.003510
At the end of 2nd cycle of +42 MNc 2 Top end Unc Conc  -0.003510
At the end of 3rd cycle of -42 MNc 25 Top end Unc Conc  -0.003520
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Figure 5.13: Damage states obtained at drift levels at certain drift levels at
Specimen 1

Figure 5.14 shows the frame at the end of loading history. The “collapse limit” is

attained at the bottom ends of the columns.
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Figure 5.14: Damages occurred at the end of the analysis of Specimen 1

5.5.2 Specimen 3

The displacement history applied to Specimen 3 (fully infilled frame) in the
experimental study is given in Figure 5.15. This loading protocol was used for the

analytical model as well.
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Figure 5.15: The displacement pattern applied to Specimen 3
The comparison of the experimental and analytical results for Specimen 3 is given as

hysteretic loops in Figure 5.16 and as envelope curves in Figure 5.17.
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Figure 5.16: Comparison of the hysteretic curves of the experimental and analytical
results of Specimen 3
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Figure 5.17: Comparison of the envelope curves of the experimental and analytical
results of Specimen 3

As seen from Figure 5.16, analytical study predicts strength values at the initial
displacement cycles quiet well. The maximum load occurred in the system is
underestimated in the analysis. But the ultimate strength values are captured by

analytical results agrees well with the experimental results.

Table 5.8 summarizes the damage states observed in the analytical work. The table
summarizes the location of damage and which type of material is damaged with
strain value at the damage. The bold line in the table, match with the experimental
result. The analytical results show almost the exact step and position of damage like

it has been observed during the experiment.

Figure 5.18 shows the damage states obtained at drift levels. For the pushing cycles,
“yield” has occurred first at the bottom and top end of the right column at 0.25% drift
levels. Unconfined concrete has reached “minimum damage limit” first at top ends of
the right and the left columns at 0.40% drift level. Reinforcement has reached
“minimum damage limit” first at the bottom end of the right column at 1.00% drift
levels. For the pulling cycles, at 0.25% drift level, “yield occurred” and unconfined
concrete has reached “minimum damage limit” at the top end of the left column.
Reinforcement has reached “minimum damage limit” at the bottom end of the left
column at 1.00% drift levels. At the same drift level confined concrete has reached

“safety limit” at the bottom end of the right column.
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Table 5.8: Damage levels for Specimen 3

Target Displacement Performance Element Place of Damage Strain
Level Name Damage type
At the end of 2nd cycle of +3.5 yield 1 Bottom end Steel 0.002102
At the end of 2nd cycle of +3.5 yield 8 Top end Steel 0.002101
At the end of 3rd cycle of +3.5 yield 8 Bottom end Steel 0.002138
At the end of 3rd cycle of -3.5 MNc 19 Top end Unc Conc  -0.003531
At the end of 3rd cycle of -3.5 yield 19 Top end Steel 0.002113
At the end of 1st cycle of +4.9 yield 1 Top end Steel 0.002202
At the end of 1st cycle of -4.9 yield 19 Bottom end Steel 0.002305
At the end of 1st cycle of +5.6 MNc 20 Bottomend  Unc Conc  -0.003554
At the end of 1st cycle of +5.6 MNc 8 Top end Unc Conc  -0.003742
At the end of st cycle of -5.6 yield 26 Bottom end Steel 0.002222
At the end of 1st cycle of -5.6 yield 26 Top end Steel 0.002107
At the end of 2nd cycle of -5.6 MNc 2 Top end Unc Conc  -0.003524
At the end of 3rd cycle of -5.6 MNc 2 Bottomend  Unc Conc  -0.003545
At the end of 3rd cycle of -5.6 MNc 19 Bottomend  Unc Conc  -0.003503
At the end of 1st cycle of +7.0 MNc 1 Bottomend  Unc Conc  -0.003639
At the end of st cycle of +7.0 MNc 20 Top end Unc Conc  -0.003733
At the end of 1st cycle of -7.0 MNc¢ 7 Bottomend  Unc Conc  -0.003511
At the end of 1st cycle of +10.5 MNc¢ 8 Bottomend  Unc Conc  -0.003511
At the end of st cycle of +10.5 MNc 25 Top end Unc Conc -0.003514
At the end of 1st cycle of +10.5 MNc 26 Bottomend  Unc Conc -0.003697
At the end of 1st cycle of -10.5 MNCc 7 Top end Unc Conc  -0.003530
At the end of 1st cycle of -10.5 yield 20 Top end Steel 0.002963
At the end of 2nd cycle of -10.5 MNc 25 Bottomend  Unc Conc  -0.003628
At the end of st cycle of +14.0 MNc 26 Top end Unc Conc  -0.003511
At the end of 1st cycle of +14.0 MNc 1 Top end Unc Conc  -0.003508
At the end of 1st cycle of +14.0 MNs 1 Bottom end Steel 0.010083
At the end of 1st cycle of -14.0 MNc 3 Bottomend  Unc Conc  -0.003571
At the end of 1st cycle of -14.0 MNs 26 Bottom end Steel 0.010039
At the end of 2nd cycle of +14.0 MNc 24 Bottomend  Unc Conc  -0.003523
At the end of 3rd cycle of -14.0 GVe 1 Bottom end Conf Conc  -0.008617
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Figure 5.18: Damage states obtained at drift levels at certain drift levels at
Specimen 3

Figure 5.19 shows the frame at the end of loading. The “safety limit” is reached at

the bottom end parts of the columns.
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Figure 5.19: Damage occurred at the end of the analysis at Specimen 3

5.5.3 Specimen 5

The displacement history applied to Specimen 5 (partially infilled frame) in the
experimental study is given in Figure 5.20. This loading protocol was applied to the

analytical model as well.
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Figure 5.20: The displacement pattern applied to Specimen 5

The comparison of the experimental and analytical results for Specimen 5 is given as

hysteretic loops in Figure 5.21 and as envelope curves in Figure 5.22.
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Figure 5.21: Comparison of the hysteretic curves of the experimental and analytical
results of Specimen 5
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Figure 5.22: Comparison of the envelope curves of the experimental and analytical
results of Specimen 5

As seen from Figure 5.21, analytical study predicts strength values at the initial
displacement cycles quiet well. The maximum load occurred in the system is
captured quiet good in the analysis as well. But the descending branch slope of the

analytical results is steeper than the experimental results.

Table 5.9 summarizes the damages states observed in the analytical work. The table
summarizes the location of damage and which type of material is damaged with
strain value at the damage. The bold lines in the table match with the experimental
result. The analytical results show almost the exact step and position of damage like

it has been observed during the experiment.

Figure 5.23 shows the damage states obtained at drift levels. For the pushing cycles,
“yield” has occurred first at the bottom end of the right column at 0.25% drift level.
Unconfined concrete has reached “minimum damage limit” first at top end of the
right and the bottom end of the left column at 0.40% drift level. Reinforcement has
reached “minimum damage limit” first at the bottom and top end of the right column
at 1.00% drift levels. Confined concrete has reached “safety and collapse limit” at the
bottom ends of the right and left column at 2% drift level. Reinforcement has reached
“safety limit” at the bottom end of the left column at 3% drift level. For the pulling
cycles, at 0.3% drift level “yield” occurred at the end of the beam. Unconfined
concrete has reached “minimum damage limit” first at top ends of the right and the

left column at 0.50% drift level. Reinforcement has reached “minimum damage
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limit” at the bottom end of the left column and at the end of the beam at 1.00% drift

level. At the same drift level confined concrete has reached “safety limit” at the

bottom end of the right column. Confined concrete has reached “collapse limit” at

the bottom end of the left column at 2.00% drift level. Reinforcement has reached

“safety limit” at the top end of the left column at 3.00% drift level.

Table 5.9: Damage levels for Specimen 5

Performance

Element

Place of

Damage

Target Displacement [mm] Level Name Damage type Strain

At the end of st cycle of +3.5 yield 1 Bottom end Steel -0.002110
At the end of 1st cycle of +4.2 yield 1 Top end Steel 0.002105
At the end of st cycle of -4.2 yield 18 Top end Steel 0.002182
At the end of st cycle of -4.2 yield 18 Bottom end Steel 0.002335
At the end of 3rd cycle of +4.9 yield 8 Top end Steel 0.002256
At the end of 3rd cycle of -4.9 yield 26 Bottom end Steel 0.002114
At the end of 1st cycle of +5.6 yield 8 Bottom end Steel 0.002186
At the end of st cycle of -5.6 yield 26 Top end Steel 0.002123
At the end of 3rd cycle of +5.6 MNc 8 Top end Unc Conc  -0.003720
At the end of 3rd cycle of +5.6 MNc 25 Top end Unc Conc  -0.003566
At the end of 1st cycle of +7.0 MNc 19 Bottomend  Unc Conc  -0.003553
At the end of 3rd cycle of -7.0 MNc 19 Top end Unc Conc  -0.003561
At the end of 3rd cycle of -7.0 MNc 7 Bottomend  Unc Conc  -0.003514
At the end of 1st cycle of +10.5 MNc 25 Bottomend ~ Unc Conc  -0.003518
At the end of 1st cycle of +10.5 MNc 26 Bottomend ~ Unc Conc  -0.003719
At the end of 1st cycle of -10.5 MNc 1 Bottomend  Unc Conc  -0.003705
At the end of 2nd cycle of -10.5 yield 19 Bottom end Steel 0.002180
At the end of 3rd cycle of +10.5 MNc 8 Bottomend  Unc Conc  -0.003570
At the end of 1st cycle of +14.0 MNc 20 Bottomend  Unc Conc  -0.003606
At the end of Ist cycle of +14.0 MNs 8 Bottom end Steel 0.010086
At the end of 1st cycle of +14.0 MNs 1 Bottom end Steel 0.010204
At the end of 1st cycle of -14.0 yield 9 Bottom end Steel 0.002149
At the end of Ist cycle of -14.0 yield 9 Top end Steel 0.002245
At the end of 1st cycle of -14.0 yield 19 Bottom end Steel 0.002198
At the end of 1st cycle of -14.0 MNs 26 Bottom end Steel 0.010101
At the end of 2nd cycle of -14.0 MNs 18 Bottom end Steel 0.010428
At the end of 3rd cycle of +14.0 MNc 7 Top end Unc Conc  -0.003643
At the end of 3rd cycle of -14.0 GVc | Bottomend Conf Conc  -0.008574
At the end of 3rd cycle of -14.0 MNs 18 Top end Steel 0.010508
At the end of st cycle of +28.0 MNc 20 Top end Unc Conc  -0.003528
At the end of st cycle of +28.0 MNs 8 Top end Steel 0.010191
At the end of st cycle of +28.0 MN¢ 26 Top end Unc Conc  -0.003513
At the end of 1st cycle of +28.0 MNs 1 Top end Steel 0.010049
At the end of st cycle of +28.0 GVc 26 Bottomend ConfConc  -0.008906
At the end of 1st cycle of +28.0 GCc 26 Bottom end (Conf Conc -0.011526
At the end of 1st cycle of +28.0 yield 20 Top end Steel 0.002292
At the end of 1st cycle of +28.0 MNc¢ 1 Top end Unc Conc -0.003579
At the end of st cycle of +28.0 MNs 20 Top end Steel 0.010176
At the end of 1st cycle of -28.0 GCc 1 Bottom end ConfConc -0.011495
At the end of 1st cycle of -28.0 MNs 26 Top end Steel 0.010212
At the end of st cycle of -28.0 MNc 9 Bottomend  Unc Conc  -0.003527
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Table 5.9: Damage levels for Specimen 5 (contd.)

Target Displacement [mm] Peri)er\r]r;almce Ell\?gli::t ]glai?a;ef D?}r]rllaaege Strain
At the end of 1st cycle of -28.0 MNs 19 Top end Steel 0.010350
At the end of 1st cycle of -28.0 MNs 19 Bottom end Steel 0.010220
At the end of 2™ cycle of +28.0 MNc 2 Bottomend  Unc Conc  -0.003567
At the end of 2™ cycle of +28.0 MNc 2 Top end Unc Conc  -0.003542
At the end of 2™ cycle of +28.0 yield 2 Bottom end Steel 0.002189
At the end of 2" cycle of -28.0 MNc 9 Top end Unc Conc  -0.003511
At the end of 2" cycle of -28.0 yield 20 Bottom end Steel 0.002104
At the end of 3rd cycle of +28.0 yield 7 Top end Steel 0.002105
At the end of 3" cycle of +28.0 GVc 2 Bottomend  Conf Conc  -0.008507
At the end of 3rd cycle of -28.0 yield 25 Bottom end Steel 0.002154
At the end of 3rd cycle of -28.0 MNs 9 Bottom end Steel 0.010117
At the end of 3rd cycle of -28.0 MNs 9 Top end Steel 0.010173
At the end of 1st cycle of +42.0 yield 7 Bottom end Steel 0.002100
At the end of 1st cycle of +42.0 MNs 7 Bottom end Steel 0.010385
At the end of Ist cycle of -42.0 GVs 8 Top end Steel 0.040009
At the end of st cycle of -42.0 GVe 26 Top end ConfConc  -0.008519
At the end of 2nd cycle of -42.0 GVs 19 Bottom end Steel 0.040078
At the end of 2nd cycle of -42.0 GCc 26 Topend  ConfConc -0.011038
At the end of 3rd cycle of +42.0 yield 2 Top end Steel 0.002102
At the end of 3rd cycle of +42.0 GCc 2 Bottomend ConfConc -0.011014
At the end of 3rd cycle of +42.0 GVc 2 Top end Conf Conc  -0.008707
At the end of 3rd cycle of +42.0 GCc 2 Topend  Conf Conc -0.011108
At the end of 3rd cycle of +42.0 MNs 2 Top end Steel 0.010352
At the end of 3rd cycle of +42.0 GVs 26 Bottom end Steel 0.040103
At the end of 3rd cycle of -42.0 yield 25 Top end Steel 0.002336
At the end of 3rd cycle of -42.0 GVc 25 Bottomend  Conf Conc  -0.008544
At the end of 3rd cycle of -42.0 MNs 25 Bottom end Steel 0.010253
At the end of 3rd cycle of -42.0 GVs 1 Bottom end Steel 0.040083
At the end of 3rd cycle of -42.0 MNs 25 Top end Steel 0.010413
At the end of 3rd cycle of -42.0 GVc 25 Top end Conf Conc  -0.008577
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Figure 5.23: Damage states obtained at drift levels at certain drift levels at

Specimen 5
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Figure 5.24 shows the frame at the end of loading history the “collapse limit” and the
“safety limit” are reached at the bottom ends of the columns and at the top ends of

the columns, respectively.
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Figure 5.24: Damage occurred at the end of the analysis at Specimen 5
5.5.4 Specimen 6

The displacement history applied to Specimen 6 (fully infilled frame with pre-reverse
deflection on the beam) in the experimental study is given in Figure 5.25. This

loading protocol was applied to the analytical model as well.
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Figure 5.25: The displacement pattern applied to Specimen 6

The comparison of the experimental and analytical results for Specimen 6 is given as

hysteretic loops in Figure 5.26 and as envelope curves in Figure 5.27.
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Figure 5.26: Comparison of the hysteretic curves of the experimental and analytical
results of Specimen 6
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Figure 5.27: Comparison of the envelope curves of the experimental and analytical
results of Specimen 6

As seen from Figure 5.26, analytical study captured strength values at the initial
displacement cycles, maximum load occurred in the system and the descending

branch slope of the analytical results quiet well.

Table 5.10 summarizes the damages states observed in the analytical study. It also
gives the location of damage and which type of material is damaged with strain value

at the damage. The bold lines in the table match with the experimental result. The
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analytical results show almost the exact step and location of damage like it has been

observed during the experiment.

Table 5.10: Damage levels for Specimen 6

Target Displacement [mm] Performance Element  Place of Damage Strain
Level name damage type
At the end of 2nd cycle of +1.4 yield 19 Bottom end Steel 0.002146
At the end of 3rd cycle of -1.4 yield 8 Bottom end Steel 0.002124
At the end of 3rd cycle of +2.8 MNc 19 Bottomend Unc Conc  -0.003520
At the end of 2nd cycle of +3.5 yield 26 Bottom end Steel 0.002137
At the end of 2nd cycle of -3.5 MNc 1 Bottomend Unc Conc  -0.003550
At the end of 3rd cycle of -3.5 yield 1 Bottom end Steel 0.002123
At the end of 1st cycle of +4.2 MNs 19 Top end Steel 0.010015
At the end of 1st cycle of +4.2 yield 26 Top end Steel 0.002193
At the end of 1st cycle of -4.2 yield 9 Left end Steel 0.002111
At the end of 1st cycle of -4.2 yield 9 Right end Steel 0.002174
At the end of 2nd cycle of +4.2 MNc 26 Bottomend Unc Conc  -0.003530
At the end of 3rd cycle of -4.2 MNs 14 Left end Steel 0.010047
At the end of 1st cycle of -5.6 MNs 14 Right end Steel 0.010047
At the end of 2nd cycle of +5.6 MNc 26 Top end Unc Conc  -0.003600
At the end of 1st cycle of +7.0 yield 1 Top end Steel 0.002264
At the end of 3rd cycle of -7.0 MNs 9 Left end Steel 0.010232
At the end of 3rd cycle of -7.0 MNss 9 Right end Steel 0.010072
At the end of 1st cycle of +10.5 MNc 1 Top end Unc Conc  -0.003510
At the end of st cycle of -10.5 yield 16 Left end Steel 0.002141
At the end of st cycle of -10.5 MNc 2 Bottomend Unc Conc  -0.003580
At the end of 1st cycle of +14 GVce 26 Bottomend Conf Conc  -0.008560
At the end of 1st cycle of +14 MNc 8 Bottomend Unc Conc  -0.003560
At the end of 1st cycle of -14 yield 16 Right end Steel 0.002286
At the end of 2nd cycle of +14 MNc 20 Top end Unc Conc  -0.003670
At the end of 2nd cycle of +14 yield 20 Top end Steel 0.002236
At the end of 3rd cycle of +14 GCc 26 Bottom end Conf Conc -0.011080
At the end of 3rd cycle of -14 MNc 9 Left end Unc Conc  -0.003530
At the end of 3rd cycle of -14 MNc 9 Rightend  Unc Conc  -0.003530
At the end of st cycle of +28 MNs 26 Bottom end Steel 0.010484
At the end of 1st cycle of +28 MNss 1 Bottom end Steel 0.010091
At the end of 1st cycle of +28 MNc 7 Top end Unc Conc  -0.003510
At the end of 1st cycle of +28 MNs 1 Top end Steel 0.010088
At the end of 1st cycle of +28 MNs 8 Bottom end Steel 0.010336
At the end of 1st cycle of +28 MNs 8 Top end Steel 0.010287
At the end of 1st cycle of +28 GVc 1 Bottom end Conf Conc  -0.008690
At the end of st cycle of +28 MNc 7 Bottomend Unc Conc  -0.003540
At the end of st cycle of -28 MNc 25 Bottomend Unc Conc  -0.003520
At the end of 1st cycle of -28 yield 25 Bottom end Steel 0.002188
At the end of 1st cycle of -28 GCc 1 Bottom end Conf Conc -0.011070
At the end of 1st cycle of -28 GVce 25 Bottom end Conf Conc  -0.008950
At the end of 1st cycle of -28 GCc 25 Bottom end Conf Conc -0.011850
At the end of 1st cycle of -28 MNs 25 Bottom end Steel 0.010252
At the end of 2nd cycle of +28 yield 7 Top end Steel 0.002283
At the end of 2nd cycle of +28 MNs 7 Top end Steel 0.010898
At the end of 3rd cycle of +28 GVce 1 Topend  ConfConc -0.008910
At the end of 3rd cycle of -28 MNc 25 Top end Unc Conc  -0.003510
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Figure 5.28 shows the damage states obtained at drift levels. For the pushing cycles,
“yield” has occurred first at the top end of the left column at 0.10% drift levels.
Unconfined concrete has reached “minimum damage limit” first at top end of the left
columns at 0.20% drift level. Reinforcement has reached “minimum damage limit”
first at the bottom end of the left column at 0.30% drift levels. Confined concrete has
reached “safety and collapse limit” at the bottom end of the left column at 1.00%
drift level. For the pulling cycles, at 0.10% drift level “yield” occurred. Unconfined
concrete has reached “minimum damage limit” at the bottom end of the right column
at 0.25% drift level. Reinforcement has reached “minimum damage limit” at the
middle of the beam at 0.30% drift level. Confined concrete has reached “safety and
collapse limit” at the bottom end of the left column and “collapse limit” at the bottom

end of the right column at 2% drift level.
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Figure 5.28: Damage states obtained at drift levels at certain drift levels at
Specimen 6

Figure 5.29 shows the frame at the end of loading history. The “collapse limit” is

reached at the bottom ends of the columns.
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Figure 5.29: Damage occurred at the end of the analysis at Specimen 6

5.5.5 Specimen 7

The displacement history applied to Specimen 7 (partially infilled frame with pre-
reverse deflection on the beam) in the experimental study is given in Figure 5.30.

This loading protocol was applied to the analytical model as well.
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Figure 5.30: The displacement pattern applied to Specimen 7

The comparison of the experimental and analytical results for Specimen 7 is given as

hysteretic loops in Figure 5.31 and as envelope curves in Figure 5.32.
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Figure 5.31: Comparison of the hysteretic curves of the experimental and analytical
results of Specimen 7
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Figure 5.32: Comparison of the envelope curves of the experimental and analytical
results of Specimen 7

As seen from Figure 5.31, analytical study captured strength values at the initial
displacement cycles, maximum load occurred in the system and the descending

branch slope of the analytical results quiet well.

Table 5.16 summarizes the damages states observed in the analytical work. It also
gives the location of damage and which type of material is damaged with strain value
of the damage. The bold lines in the table match with the experimental result. The

analytical results show almost the exact step and position of damage like it has been

observed during the experiment.
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Table 5.11: Damage levels for Specimen 7

Target Displacement [mm] Peri);rlr:{nce EIllzr;lnznt Eiﬁigoef Damage type Strain
At the end of 1% cycle of +2.8 yield 19 Bottom end Steel 0.002136
At the end of 1¥ cycle of -2.8 yield 8 Bottom end Steel 0.002114
At the end of 2™ cycle of +3.5 yield 26 Bottom end Steel 0.002113
At the end of 3rd cycle of -3.5 MNc 1 Bottomend  Unc Conc -0.003570
At the end of 3rd cycle of -3.5 yield 1 Bottom end Steel 0.002359
At the end of 3rd cycle of -3.5 MNc 8 Bottomend  Unc Conc -0.003540
At the end of st cycle of +4.2 MNc 26 Bottomend  Unc Conc -0.003540
At the end of 1st cycle of +4.2 yield 26 Top end Steel 0.002115
At the end of 1st cycle of -4.9 MNc 1 Top end Unc Conc -0.003600
At the end of 2nd cycle of +4.9 MNc 19 Bottomend  Unc Conc -0.003510
At the end of st cycle of -5.6 yield 16 Right end Steel 0.002154
At the end of 1st cycle of -5.6 yield 16 Left end Steel 0.002165
At the end of 1st cycle of +7.0 MNs 19 Top end Steel 0.010120
At the end of 1st cycle of +7.0 MNc 26 Top end Unc Conc -0.003520
At the end of 2nd cycle of +7.0 MNc 2 Bottomend  Unc Conc -0.003540
At the end of 2nd cycle of -7.0 MNc 2 Top end Unc Conc -0.003550
At the end of 3rd cycle of +7.0 yield 1 Top end Steel 0.002135
At the end of 3rd cycle of +7.0 yield 11 Left end Steel 0.002108
At the end of 3rd cycle of +7.0 yield 11 Right end Steel 0.002104
At the end of 3rd cycle of -7.0 MNs 16 Left end Steel 0.010023
At the end of 3rd cycle of -7.0 MNs 16 Right end Steel 0.010015
At the end of 1st cycle of -10.5 yield 17 Left end Steel 0.002222
At the end of 1st cycle of -10.5 yield 17 Right end Steel 0.002111
At the end of st cycle of -10.5 MNs 8 Top end Steel 0.010023
At the end of 3rd cycle of -10.5 GVce 26 Bottomend ConfConc  -0.008690
At the end of Ist cycle of -14.0 yield 18 Right end Steel 0.002148
At the end of 1st cycle of -14.0 yield 18 Left end Steel 0.002188
At the end of 1st cycle of -14.0 GVc 1 Bottomend ConfConc  -0.008800
At the end of 1st cycle of -14.0 MNc 25 Bottomend  Unc Conc -0.003530
At the end of 1st cycle of -14.0 yield 25 Bottom end Steel 0.002133
At the end of 2nd cycle of +14.0 GCc 26 Bottom end ConfConc -0.011170
At the end of 3rd cycle of +14.0 MNs 26 Bottom end Steel 0.010239
At the end of 3rd cycle of -14.0 GCc 1 Bottom end ConfConc -0.011030
At the end of 3rd cycle of -14.0 yield 25 Bottom end Steel 0.002105
At the end of st cycle of +28.0 yield 10 Right end Steel 0.002127
At the end of 1st cycle of +28.0 yield 10 Left end Steel 0.002135
At the end of 1st cycle of +28.0 MNc 20 Top end Unc Conc -0.003530
At the end of 1st cycle of +28.0 yield 2 Bottom end Steel 0.002114
At the end of 1st cycle of +28.0 MNs 1 Top end Steel 0.010109
At the end of st cycle of +28.0 MNs 1 Bottom end Steel 0.010389
At the end of st cycle of +28.0 yield 7 Top end Steel 0.002125
At the end of 1st cycle of +28.0 MNc 7 Top end Unc Conc -0.003540
At the end of 1st cycle of -28.0 MNc 25 Top end Unc Conc -0.003520
At the end of 1st cycle of -28.0 MNss 26 Top end Steel 0.010168
At the end of 2nd cycle of -28.0 MNc 3 Bottomend  Unc Conc -0.003520
At the end of 2nd cycle of -28.0 MNs 17 Right end Steel 0.010034
At the end of 2nd cycle of -28.0 MNs 17 Left end Steel 0.010000
At the end of 3rd cycle of +28.0 yield 2 Top end Steel 0.002135
At the end of 3rd cycle of +28.0 MNs 7 Top end Steel 0.010071
At the end of 1st cycle of +42.0 yield 7 Bottom end Steel 0.002155
At the end of 1st cycle of -42.0 GVs 8 Top end Steel 0.040107
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Table 5.11: Damage levels for Specimen 7 (contd.)

Performance Element Place of

Target Displacement [mm] Damage type Strain

Level name damage
At the end of 1st cycle of -42.0 GVce 26 Top end Conf Conc  -0.008570
At the end of 2nd cycle of +42.0 GVs 26 Bottom end Steel 0.040135
At the end of 2nd cycle of -42.0 MNs 18 Right end Steel 0.010168

Figure 5.33 shows the damage states obtained at drift levels. For the pushing cycles,
“yield” has occurred first at the top end of the left column at 0.20% drift levels.
Unconfined concrete has reached “minimum damage limit” first at bottom end of the
left columns at 0.35% drift level. Reinforcement has reached “minimum damage
limit” first at the top end of the left column at 0.50% drift levels. Confined concrete
has reached “collapse limit” at the bottom end of the left column at 1.00% drift level.
Reinforcement has reached “safety limit” at the top end of the right column at 3.00%
drift level. For the pulling cycles, at 0.25% drift level “yield” occurred. Unconfined
concrete has reached “minimum damage limit” at the bottom end of the right column
at 0.30% drift level. Reinforcement has reached “minimum damage limit” at the end
of the beam at 0.50% drift level. Confined concrete has reached “safety limit” at the
bottom end of the left column at 0.75% drift level. Confined concrete has reached
“collapse limit” at the bottom end of the right column at 1.00% drift level.
Reinforcement has reached “safety limit” at the top end of the right column at 3.00%

drift level.
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Figure 5.33: Damage states obtained at drift levels at certain drift levels at
Specimen 7
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Figure 5.34 shows the frame at the end of loading history. The “collapse limit” and
the “safety limit” are reached at the bottom ends of the columns and the upper end of

the column where the lateral load is applied.
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Figure 5.34: Damage occurred at the end of the analysis at Specimen 7
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6. PARAMETRIC STUDIES

In this chapter, the model produced for analysing the specimens in experimental
study is used to understand the effect of the change in panel thickness, the effect of
the concrete compressive strength of the panel and the gap between the panel and the

frame on the overall behaviour of the system.
6.1 The Effect of Panel Thickness

The panel thickness is changed proportional to the column width as shown in Table
6.1, the bold line corresponds to the thickness of the specimen in the experimental
study. By using the models produced for Specimen 3 (fully infilled frame) and
Specimen 5 (partially infilled frame), the effect of change in the panel thickness is
studied.

Table 6.1: The change in the thickness of the panel

Case Column width Thickness of the panel =~ Thickness
[cm] [cm] proportion
1 20 5 0.25
2 20 10 0.50
3 20 15 0.75
4 20 20 1.00

Figure 6.1 shows the change in the lateral load carrying capacity of Specimen 3
according to the thickness change in the panel. The envelope curves of base shear
versus displacement relations are only given for the pushing cycles in Figure 6.2. The
points on the envelope curves are calculated as the average of the three cycles at each

target displacement levels.
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Figure 6.1: Base shear-top displacement curves for the infill panel thickness changes
in Specimen 3
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Figure 6.2: Envelope curves for the thickness changes in Specimen 3

The lateral load carrying capacity of the frame increases as the thickness of the

shotcrete panel increases. This behaviour is valid until the thickness is 15 cm. The
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frames having 15 cm and 20 cm (which is the width of the column) thick panels

seem to have almost the same lateral load resistance.

The lateral load carrying capacity of the frames;

e When t=10 cm, it is 4.8 times more at 7 mm (0.5% story drift), it is 3.4 times
more at 14 mm (1% story drift),

e When t=15 cm, it is 6.4 times more at 7 mm (0.5% story drift), it is 5.3 times
more at 14 mm (1% story drift),

e  When t=20 cm, it is 5.6 times more at 7 mm (0.5% story drift), it is 5.0 times
more at 14 mm (1% story drift)

compared with the bare frame’s.

Initial stiffness changes depending on the thickness change is given in Figure 6.3.
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Figure 6.3: Initial stiffness of Specimen 3 for the change in panel thickness

Energy dissipation capacities depending on the thickness change in panel are given

in Figure 6.4.
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Figure 6.4: The comparison of cumulative energy dissipation capacities of Specimen
3 for the change in panel thickness

The dissipated energy of the specimens;

e When t=10 cm, it is 5.0 times more at 7 mm (0.5% story drift), it is 3.5 times
more at 14 mm (1% story drift),

e When t=15 cm, it is 8.0 times more at 7 mm (0.5% story drift), it is 4.7 times
more at 14 mm (1% story drift),

e When t=20 cm, it is 10.4 times more at 7 mm (0.5% story drift), it is 5.5

times more at 14 mm (1% story drift),
compared with the bare frame’s.

As can be seen in Figure 6.1, the system behaviour of the frames with 15 and 20 cm
thick panels are almost the same. It is predicted that this behaviour is due to the high
difference between the concrete compressive strengths of the frame and the shotcrete
panel. For investigating the correctness of this prediction, Specimen 3 is studied
analytically for the case where the concrete compressive strengths of both frame and
panel are identical. The concrete compressive strengths are taken as 25 MPa and the
hysteretic and envelope curves of base shear versus top displacement obtained for
this case are shown in Figure 6.5 and 6.6, respectively. As can be seen in these
figures, the general response obtained is different for 15 and 20 cm thick panel cases

which prove the prediction.
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Figure 6.5: Base shear-top displacement curves for the infill panel thickness changes
in Specimen 3
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Figure 6.6: Envelope curves for the thickness changes in Specimen 3

Figure 6.7 shows the change in the lateral load carrying capacity of Specimen 5
according to the thickness change in the panel. The envelope curves are given in

Figure 6.8 for the pushing cycles.
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Figure 6.7: Base shear-top displacement curves for the infill panel thickness changes
in Specimen 5
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Figure 6.8: Envelope curves for the thickness changes in Specimen 5

The lateral load carrying capacity increased by 1.6 times more for 10 cm-thick panel,
2.2 times more for 15 cm-thick panel and 2.8 times more for 20 cm-thick panel at 14

mm (0.01 story drift); 1.8 times more for 10 cm-thick panel, 2.5 times for 15 cm-
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thick panel and 3.2 times more for 20 cm-thick panel at 28 mm (0.02 story drift); 2.0
times for 10 cm-thick panel and 2.8 times for 15 cm-thick panel at 42 mm (0.03 story

drift) compared to the specimen in the experiment with 5 cm-thick panel..

The lateral load carrying capacity of the frames;

e When t=10 cm, it is 3.3 times more at 7 mm (0.5% story drift), it is 3.2 times
more at 14 mm (1% story drift), it is 3.7 times more at 28 mm (2% story
drift), it is 4.8 times more at 42 mm (3% story drift),

e When t=15 cm, it is 4.5 times more at 7 mm (0.5% story drift), it is 4.3 times
more at 14 mm (1% story drift), it is 5.1 times more at 28 mm (2% story
drift), it is 6.6 times more at 42 mm (3% story drift),

e  When t=20 cm, it is 5.5 times more at 7 mm (0.5% story drift), it is 5.4 times
more at 14 mm (1% story drift), it is 6.4 times more at 28 mm (2% story
drift),

compared with the bare frame’s.

Initial stiffness changes depending on the thickness change are given in Figure 6.9.
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Figure 6.9: Initial stiffness of Specimen 5 for the change in panel thickness

The initial lateral stiffness of the frames;
e increased by 3.9 times for t=10 cm,
e increased by 5.0 times for t=15 cm,
e increased by 6.0 times for t=20 cm,

compared with the bare frame’s.
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Energy dissipation capacities depending on the thickness change in panel are given

in Figure 6.10.
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Figure 6.10: The comparison of cumulative energy dissipation capacities of
Specimen 5 for the change in panel thickness

The energy dissipation of the specimens with 10 cm-thick panel and 15 cm-thick
panel compared to the test specimen (5cm-thick panel) are 1.6 and 2.0 times more at
0.005 story drift, 1.5 and 1.9 times more at 0.01 story drift, 1.4 and 1.7 times more at
0.02 story drift, 1.4 and 1.5 times more at 0.03 story drift respectively as shown in
Figure 6.8. The 15 cm-thick and 20 cm-thick panels have almost the same energy
dissipation capacity. Since the analysis for 20 cm-thick panel did not converge until
the end of the load pattern; it seems that they have the same energy dissipation
capacity at 0.02 story drift. But 20 cm-thick panel has only done two cycles of 28
mm target displacement. So actually the 15 cm-thick and 20 cm-thick panels don’t

have the same energy dissipation at 0.01 story drift.
The energy dissipation of the specimens;

e When t=10 cm, it is 3.7 times more at 7 mm (0.5% story drift), it is 2.6 times
more at 14 mm (1% story drift), it is 2.0 times more at 28 mm (2% story
drift), it is 1.9 times more at 42 mm (3% story drift),

e When t=15 cm, it is 4.8 times more at 7 mm (0.5% story drift), it is 3.3 times
more at 14 mm (1% story drift), it is 2.5 times more at 28 mm (2% story
drift), it is 2.0 times more at 42 mm (3% story drift),
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e  When t=20 cm, it is 5.6 times more at 7 mm (0.5% story drift), it is 3.7 times
more at 14 mm (1% story drift), it is 2.5 times more at 28 mm (2% story
drift),

compared with the bare frame’s.

6.2 The Effect of the Distance between the Panel and the Frame

The gap, a, is changed proportional to the distance between the inside face of the
columns, L, as shown in Figure 6.11. The calculated gap size according to the
proportional ratio, a/L, and panel widths are given in Table 6.2 to be used in the
models produced for Specimen 5. The bold line in the table shows the thickness of

the specimen used in the experimental study.

a a
<> I |@|
|
Figure 6.11: The gap, a, and the distance between the inside face of the columns, L,
in the model used

Table 6.2: The change in the distance between the column and the panel

L, Frame width a; Gap between panel

Case a/L  Panel width

[cm] and column [cm]
1 170 1.7 0.01 166.6
2 170 8.5 0.05 153.0
3 170 17.0 0.10 136.0
4 170 20.0 0.12 130.0
5 170 25.5 0.15 119.0
6 170 34.0 0.20 102.0
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Figure 6.12 shows the change in the lateral load carrying capacity of Specimen 5
according to the distance change between the column and the panel. The envelope

curves are given in Figure 6.13 for the pushing cycles.
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Figure 6.12: Base shear-top displacement curves for the gap size changes in
Specimen 5
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Figure 6.13: Envelope curves for the gap size changes in Specimen 5

The analytical study shows that when a/L ratio changes from 1% to 15%, the lateral
load carrying capacity of the system is almost the same. While a/L ratio is 20% or
more, the panel does not have any effect on the lateral load carrying capacity and the

frame acts like a bare frame.
The lateral load carrying capacity of the system,;

e  When a/L=0.01, it is 2.6 times more at 7 mm (0.5% story drift), it is 2.4 times
more at 14 mm (1% story drift), it is 2.4 times more at 28 mm (2% story
drift), it is 3.8 times more at 42 mm (3% story drift),

e  When a/L=0.05, it is 2.5 times more at 7 mm (0.5% story drift), it is 2.3 times
more at 14 mm (1% story drift), it is 2.5 times more at 28 mm (2% story

drift), it is 3.4 times more at 42 mm (3% story drift),

e  When a/L=0.10, it is 2.2 times more at 7 mm (0.5% story drift), it is 2.0 times
more at 14 mm (1% story drift), it is 2.3 times more at 28 mm (2% story
drift), it is 2.6 times more at 42 mm (3% story drift),

e  When a/L=0.15, it is 2.0 times more at 7 mm (0.5% story drift), it is 2.0 times
more at 14 mm (1% story drift), it is 2.2 times more at 28 mm (2% story
drift), it is 2.7 times more at 42 mm (3% story drift),
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e When a/L=0.20, it is 0.96 times less at 7 mm (0.5% story drift), it is 0.94
times less at 14 mm (1% story drift), it is 0.92 times less at 28 mm (2% story
drift), it is 1.3 times more at 42 mm (3% story drift),

compared with the bare frame’s.

The initial lateral stiffness of the frames;

increased by 2.9 times for a=1.7 cm,
e increased by 2.9 times for a=8.5 cm,
e increased by 2.8 times for a=17 cm,
e increased by 2.5 times for a=25.5 cm
e no increase for a=34 cm

compared with the bare frame’s.

Energy dissipation capacities depending on the distance change between the panel

and the frame are given in Figure 6.12.

When a/L ratio varies between 1% to 15%, the energy dissipation of the specimen is
almost the same at all story drift levels. When a/L is 20%, the energy dissipation
capacity is 33%, 33%, 43% times less than the energy dissipation capacity of the test
specimen at 0.01, 0.02 and 0.03 story drift levels, respectively as shown in Figure

6.14.
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Figure 6.14: The comparison of cumulative energy dissipation capacities of
Specimen 5 for the gap size changes
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The energy dissipation of the specimens;

When a/L=0.01, it is 2.7 times more at 7 mm (0.5% story drift), it is 2.0 times
more at 14 mm (1% story drift), it is 1.7 times more at 28 mm (2% story

drift), it is 1.5 times more at 42 mm (3% story drift),

When a/L=0.05, it is 2.7 times more at 7 mm (0.5% story drift), it is 2.0 times
more at 14 mm (1% story drift), it is 1.7 times more at 28 mm (2% story
drift), it is 1.5 times more at 42 mm (3% story drift),

When a/L=0.10, it is 2.6 times more at 7 mm (0.5% story drift), it is 2.0 times
more at 14 mm (1% story drift), it is 1.6 times more at 28 mm (2% story
drift), it is 1.3 times more at 42 mm (3% story drift),

When a/L=0.15, it is 2.3 times more at 7 mm (0.5% story drift), it is 1.8 times
more at 14 mm (1% story drift), it is 1.5 times more at 28 mm (2% story

drift), it is 1.2 times more at 42 mm (3% story drift),

When a/L=0.20, it is 0.98 times less at 7 mm (0.5% story drift), it is 1.0 times
less at 14 mm (1% story drift), it is 1.0 times less at 28 mm (2% story drift), it
is 0.92 times less at 42 mm (3% story drift),

compared with the bare frame’s.

6.3 Panel Concrete Compressive Strengths

To investigate how the panel concrete compressive strength effects the general

response of the system, an analytical study was carried on Specimen 3. The concrete

compressive strength of the panel was 22 MPa for the experiment. In the analytical

work, it is taken as 30 MPa and 40 MPa and the results are compared as hysteretic

loops, envelope curves and initial stiffness.

Figure 6.15 shows the change in the lateral load carrying capacity of Specimen 3

according to the concrete compressive strengths change in the panel. The envelope

curves are given in Figure 6.16 for the pushing cycles.
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Figure 6.15: Base shear-top displacement curves for the infill panel concrete
compressive changes in Specimen 3
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Figure 6.16: Envelope curves for the infill panel concrete compressive changes in
Specimen 3
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The lateral load carrying capacity of the frames;
e When 6=30 MPa,, it is 4.3 times more at 7 mm (0.5% story drift), it is 2.5
times more at 14 mm (1% story drift),
e When 6=40 MPa,, it is 5.3 times more at 7 mm (0.5% story drift), it is 3.0
times more at 14 mm (1% story drift),

compared with the bare frame’s.

Initial stiffness changes depending on the infill panel concrete compressive changes

are given in Figure 6.17.
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Figure 6.17: Initial stiffness of Specimen 3 for the infill panel concrete compressive
changes

The initial lateral stiffness of the frames;
e increased by 3.8 times for 6=30 MPa,
e increased by 4.6 times for =40 MPa,
compared with the bare frame’s.

Energy dissipation capacities depending on the concrete compressive changes in

panel are given in Figure 6.18.
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Figure 6.18: The comparison of cumulative energy dissipation capacities of
Specimen 3 for the infill panel concrete compressive changes

The energy dissipation of the specimens;

e When 6=30 MPa, it is 3.5 times more at 7 mm (0.5% story drift), it is 2.6

times more at 14 mm (1% story drift),

e When 6=40 MPa, it is 4.4 times more at 7 mm (0.5% story drift), it is 3.1
times more at 14 mm (1% story drift),

compared with the bare frame’s.

6.4 Application of the Retrofitting Technique to a Representative Frame

In this section, the proposed retrofitting technique is applied on a 2D frame of a
building representing the typical RC frame type structures in Turkey, (Girgin 1986,
Yildiz 2008). The elevation of the frame can be seen in Figure 6.19. The frame has
six storeys with a total height of 21 m. Storey heights are identical and equal to 3.5 m

and span lengths are 5 m. The slabs have a thickness of 15 cm.

Two outer spans of the frame, namely AB and DE, are filled with 15 cm thick
shotcrete panels as can be seen in Figure 6.20 for retrofitting purpose. Since the
geometry of the representative frame is almost 3 times bigger than the tested

specimens, the panel thickness is chosen as 15 cm.

170



Steel quality is S420a and concrete quality for frame and shotcrete panel are C16 and
C20, respectively. The dimensions and longitudinal reinforcement data of columns
are presented in Figure 6.21 and Table 6.3. The dimensions and longitudinal
reinforcement data of beams are presented in Figure 6.22 and Table 6.4. All the
beams are 300 mm in width and 600 mm in depth. The concrete cover of beams and
columns are selected as 40 mm. The lateral reinforcement of columns and beams are

$10/200.

Figure 6.20: Retrofitting of the frame by shotcreted walls
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b
Figure 6.21: Cross section of the column

Table 6.3: The dimensions and reinforcement of the columns

Axes
t
Story A B C
5.6 a/b=300/400 mm a/b=300/400 mm b/a=400/300 mm
4D18 +4d16 4P16 +4D16 4D16 +4D14
3.4 300/400 mm 300/500 mm 500/300 mm
4D18 +4d16 4020 + 4020 4020 + 4020
1.2 300/400 mm 300/600 mm 600/300 mm
4D18 +4d16 4d22 + 4020 4D20 + 4020
| 600 mm |
[ |
© g 150 mm
600 mm
1 o 0 @
300 mm
Figure 6.22: Cross section of the typical beam
Table 6.4: The reinforcement of the beams
A — B Beam B — C Beam
Story Place of Rioht Tont Riaht
reinforcement  Left support ~ Span su}if)o ot Supi)o ot Span su}l)f)o ot
s Top 201242018 2012 201242018 201242918 2612 2¢12+2¢14
Bottom 3916 316 3916 316 3016 3016
43 Top 201443020 2014 201443020  2014+3¢20 2614 2¢14+2¢20
- Bottom 4916 4416 4916 4916 4916 4916
5 Top 301442022 3914 31443022 391443922 3914 3¢14+1¢22
B Bottom 4916 4416 4916 4916 4916 4916

Analytical study is conducted by using SeismoStruct to evaluate the effect of the
retrofitting technique on the response of the frame. The response parameters defined

for shotcrete panel in Chapter 5 are adapted here. Since the shotcrete panel used in
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this demonstrative example is aimed to be fully connected to outer frames, the

parameters obtained for Specimen 3 is used.

Two types of analysis have been carried out; pushover and nonlinear dynamic time
history analysis (NDTHA). The frame is idealized to have fixed type support in the

analysis.

Bilinear steel model is used to model the reinforcement given in Figure 6.23a. This is
a uniaxial bilinear stress-strain model with kinematic strain hardening, whereby the
elastic range remains constant throughout the various loading stages, and the
kinematic hardening rule for the yield surface is assumed as a linear function of the

increment of plastic strain.

Uniaxial nonlinear constant confinement concrete model is used for confined

concrete seen in Figure 6.23b.

o5 [Mpa]
6001
o [Mpa]

400 )
200 16

0 - 121
2004 -8
4001

£ €c

-600 T 0.002 0.002 -0.004 -0.006 -0.008 -0.010

-0.20 -0.16-0.12 -0.08-0.04 0.00 0.04 0.08 0.12 0.16 0.20 - 4l 0002 -0. : : :

a) Steel b) Concrete

Figure 6.23: Constitutive models used in analytical study

Sum of the dead loads and 30% of the live loads are taken into account in the
calculation of seismic weight. The mass values used in the analysis are given in

Table 6.5 for two cases.

Table 6.5: Concentrated mass values at each floor levels

)
Storey Storey mass [kNsec™/m]

Bare frame Shotcreted frame
6 49.0 55.6
5 78.7 92.0
4 79.7 93.0
3 80.3 93.6
2 81.2 94.6
1 80.9 94.2
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The building is assumed to be constructed on firm soil (Z2 type) at seismic zone 1

defined in TEC, 2007.

The first natural vibrational periods for the bare frame and the shotcreted frame are
T;= 0.992 sec and T,= 0.430 sec, respectively. First mode shapes of both cases can

be seen in Figure 6.24.

- —

Figure 6.24: First mode shapes of bare and retrofitted frame

In Table 6.6, the lateral load ratios to be used in the push-over analysis are
calculated. They are obtained from the static moments of the storey seismic weights
to the ground. The obtained lateral load distribution is close to 1* vibration mode of
the frames. The base shear-top displacement relation determined by the analysis is
presented in Figure 6.25. The stiffness and the maximum strength of the retrofitted
frame are expectedly much larger. In the case of the bare frame and the retrofitted
frame, maximum strength is about 0.16W and 0.39W, respectively. The displacement

capacity of the retrofitted frame decreased by 2.8 times compared to the bare frame.

Table 6.6: Forces applied during pushover analysis

a) Bare frame
Storey Wi (kN) Hi (m) Wi*Hi (Wi*Hi)/ Z(Wi*Hi)

6 480.87 21.0 10098.27 0.197
5 772.25 17.5 13514.38 0.264
4 782.01 14.0 10948.14 0.214
3 787.73 10.5 8271.16 0.162
2 796.60 7.0 5576.20 0.109
1 793.38 3.5 2776.83 0.054
> 4412.84 5217.63 1.000
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Base Shear [KN]

Table 6.6: Forces applied during pushover analysis (contd.)
b) Retrofitted frame

Storey \\ (kN) H; (1’1’1) Wi*H; (Wi*Hi)/ Z(Wi*Hi)
6 546.50 21.0 11476.48 0.193
5 903.50 17.5 15811.25 0.266
4 913.26 14.0 12785.65 0.215
3 918.98 10.5  9649.25 0.162
2 927.85 7.0 6494.96 0.109
1 924.63 3.5 3236.20 0.054
y 5134.72 6060.53 1.000

Displacement/Total Height [m/m]

0.0000  0.0025 0.0050 0.0075 0.0100 0.0125
2940 - . : . : T - . - 0.6

1960 {04z
b
§ — — Bare Frame
= Retrofitted Frame
980 102 &
p -
- - g
- - - :
- @
- 3
0 —_— 0.0 &
0.0000 0.0525 0.1050 0.1575 0.2100 0.2625

Displacement [m]
Figure 6.25: Base shear-top displacement and base shear/total weight-top
displacement/total height diagram

Nonlinear dynamic time history analysis (NDTHA) is also performed. Three

earthquake records were taken from PEER (2007) data bank to generate artificial

accelerograms. The detailed information about the earthquakes is given in Table 6.7.

The original earthquake acceleration records are drawn in Figure 6.26, 6.27 and 6.28.

Table 6.7: Earthquake records

Station /
Earthquake Date Direction M PGA (g)
Erzincan 13.03.1992  Erzincan/EW 6.9 0.496
[zmit 17.08.1999 [zmit / 090 7.4 0.220
Diizce 12.11.1999 Bolu /090 7.1 0.822
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Figure 6.26: The acceleration record of Erzincan Earthquake
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Figure 6.27: The acceleration record of Izmit Earthquake

— Duzce 1999

Acceleration [mysec2]
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Figure 6.28: The acceleration record of Diizce Earthquake

The original acceleration records of the three earthquakes given above are modified
respect to the acceleration spectra defined for Z2 type soil given in TEC, 2007. Two
versions of the earthquakes are produced named as “service” and “design”

earthquakes, (Y1ildiz, 2008).

The modified earthquake records obtained are given in Figure 6.29 as “service” and

in Figure 6.30 as “design” earthquakes.
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Figure 6.29: “Service” type acceleration records
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Figure 6.30: “Design” type acceleration records
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The mean spectrum of the modified design earthquakes is drawn with the design

spectrum for Z2 type soil in Figure 6.31.

12

— 72 Design Spectra

10 pty - - - Mean Spectra

Sae [misec2]
@)

0 0.5 1 1.5 2 2.5 3 3.5 4
Time [sec]
Figure 6.31: Design spectrum defined in TEC, 2007
In NDTHA, the direct integration of the equations of motion is accomplished using
the numerically dissipative a-integration algorithm Hilber et al. (1977) with

automatic time-step adjustment for optimum accuracy and efficiency.

For each increment, several iterations are carried out until convergence is achieved.
If convergence is not reached within the specified maximum number of iterations,
the load increment (or time-step) is reduced and the analysis is restarted from the last
point of equilibrium (end of previous increment or time-step). This step reduction,
however, is not constant but rather adapted to the level of non-convergence verified.
At the end of a solution step or increment; a convergence ratio indicator, defined as
the maximum of ratios between the achieved and the required displacement/force
convergence factors is computed. Then, depending on how far away the analysis was
from reaching convergence, a small, average or large step reduction factor is adopted
and employed in the calculation of the new step factor. The product between the
latter and the initial time-step or load increment, defined by the user at the start of the
analysis, yields the reduced analysis step to be used in the subsequent increment,

(SeismoStruct, 2007).

Top displacement-time graphs for the bare and retrofitted frame under service and
design earthquakes are given in Figure 6.32 and 6.34, respectively. The displacement
demand for bare frame is 0.18 m under service earthquake. After retrofitting, the

displacement demand decrease to 0.04 m. Under design earthquakes the

178



displacement of the bare frame increases to 0.32 m. After infilling of two spans with

shotcrete panels, this demand decreases to 0.09 m.

Base shear-time graphs for the bare and retrofitted frame under service and design
earthquakes are given in Figure 6.33 and 6.35, respectively. The shear force demand
for bare frame is 592 kN wunder service earthquake. After retrofitting, the
displacement demand becomes 1562 kN. Under design earthquakes the shear force
demand of the bare frame increases to 715 kN. After infilling of two spans with

shotcrete panels, this demand becomes 1963 kN.

0.20
0.15
0.10
0.05
0.00 §
-0.05 ;
-0.10
-0.15
-0.20

Top Displacement [m]

Time

a) Bare frame

0.20
0.15
0.10 A

-0.10 -
-0.15 -
-0.20

Top Displacement [m]

0 10 20 30 40 50 60

Time
b) Retrofitted frame

Figure 6.32: Time versus top displacement graphs for bare and retrofitted frame
under service earthquakes
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Figure 6.33: Time versus base shear force graphs for bare and retrofitted frame
under service earthquakes

From NDTHA displacement, interstorey drift ratio and shear force demands of
shotcreted frames are compared with the bare frames’. In Figure 6.36, 6.37 and 6.38,
the comparisons of the results obtained for service and design earthquake are given.

The results given in the figures are the average of results of the three earthquakes.

The displacement demands of the bare frame under service and design earthquakes
are 0.17 m and 0.29 m, respectively. After placing shotcrete panels in the two spans,
these values decrease to 0.04 m and 0.12 m. The interstorey drift ratio is below 1%
under service and design earthquakes. Under design earthquakes, it is slightly higher
than 1% only at the 1%
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Figure 6.34: Time versus top displacement graphs for bare and retrofitted frame
under design earthquakes

The nominal shear stress obtained for the design earthquake is 1026 kN/m” at the 1%
floor, which is lower than the nominal shear stress, 2130 kN/mz, obtained in the

experimental study.

The behaviour of the shotcrete panel predicted from the experimental study in
Chapter 4 and adapted to the numerical study in Chapter 5, applied to on a 2D frame
of a building representing the typical RC frame type structures in Turkey.

Two outer spans of the bare frame are retrofitted with shotcrete panels. Pushover and
NDTHA analysis are performed using SeismoStruct. The frame’s resistance and

rigidity has increased significantly after retrofitting with shotcrete panels given in
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Figure 6.25. The effect of retrofitting is also studied with NDTHA and the results are
compared according to displacement, interstorey drift and interstorey shear force

demand in Figure 6.36, 6.37 and 6.38.

Under these results it can be concluded that; after the retrofitting of the typical RC
frame with shotcrete panels, this frame can carry the design loads defined in TEC

2007.
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Time

b) Retrofitted frame

Figure 6.35: Time versus base shear force graphs for bare and retrofitted frame
under design earthquakes
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Figure 6.36: Comparison of the maximum story displacements of the frame with and
without shotcrete panel for service and design earthquakes
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Figure 6.37: Comparison of the maximum interstorey drift of the frame with and
without shotcrete panel for service and design earthquakes
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Figure 6.38: Comprasion of the maximum interstorey shear force of the frame with
and without shotcrete panel for service and design earthquakes

The observed sectional performances of the bare and retrofitted systems in the case
of the design earthquakes are illustrated in Figure 6.39. Various colours used in this
figure correspond to performance levels defined in Table 5.6. It can be concluded
that in the case of the bare frame, vulnerability of the ground floor is relatively
higher than the upper floors. The story mechanism for the ground floor is the

common damage pattern observed for the used earthquake records.

After introducing the shotcrete panels to the outer spans; even though yielding of
reinforcement for some critical section has been observed, both beams and columns

stayed in performance level named as Minimum Damage State.

For the bare and retrofitted cases, the strain history of the main reinforcement and the
confined concrete at the bottom section of the column, which is located in Axis C at

1* floor, is given for design earthquakes in Figures 6.40 and 6.41, respectively.
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Figure 6.39: Performance of the bare and retrofitted systems under design
earthquakes
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Figure 6.40: Comparison of the reinforcement strains with and without shotcrete

panel for design earthquakes
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In the case of bare frame, the performance level of the reinforcement is attained to
the Collapse State for Diizce Earthquake. However for Erzincan and Izmit
Earthquakes the performance levels correspond to Safety State. After introducing the
shotcrete panels to the system, the reinforcement performs in the Minimum Damage

State for all design earthquakes.
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Figure 6.41: Comparison of the confined concrete strains with and without shotcrete
panel for design earthquakes
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In the case of bare frame, the performance level of the confined concrete is attained
to the Collapse State for all design earthquakes. After introducing the shotcrete

panels to the system, the confined concrete performs in the Minimum Damage State

for all design earthquakes.
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7. CONCLUSIONS

Application of shotcrete directly on the partition walls or creating conventional shear
walls in the vulnerable masonry and reinforced concrete structures are commonly
used retrofitting techniques in Turkey. Usage of shotcrete is fast, easy and cost
effective compared with the other retrofitting techniques. Construction of shotcrete
infill panels in reinforced concrete frames is studied here in experimental and

analytical manner.

The experimental test program to evaluate the performance of a structural system
consisting of shotcrete panel in existing vulnerable frames was described in Chapter

3 in detail.

The test specimens were chosen to represent the vulnerable low-rise low-cost
reinforced concrete structures in Turkey especially constructed before the validation
of the last two earthquake codes. All test specimens are single story, single bay
frames. The shotcrete panels made from wet-mixed shotcrete in lieu of a traditional
masonry wall are used as an infill within the frames. The study is composed of
testing four undamaged and two damaged frames with shotcrete panels. A bare frame
and a conventional shear wall type frame were also tested in the study to be used as

reference frames.

The main aim of this study is to adapt the shotcrete panel systems to reinforced
concrete structures to find a fast, cheap and effective retrofitting technique. To
understand the effectiveness of this retrofitting technique, experimental and
analytical researches were carried out. The results obtained are emphasized in the

following section.

7.1 Conclusions

The comparison of the experimental results of the six test specimens with shotcrete
panel and one shear wall specimen to the bare frame specimen are explained briefly

here and were described in Section 4.11 in detail. Failure modes, lateral load carrying
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capacities, initial stiffness, energy dissipation capacities, stiffness degradations and

equivalent damping characteristics are discussed.

Failure mode: The bare frames had bending and shear type cracks at column ends,
while the retrofitted frames had shear cracks at column ends. No matter how strong
wet-mixed sprayed concrete panels were, the ultimate failure mode of the systems
were controlled by the existing shear capacity of the main frames. All of the
strengthened frame experiments were ended due to severe shear cracks occurring at
the end of the columns. During the experiments of specimens with partially infilled
shotcrete panel, shear cracks are observed on the webs of the short beam that are on
the left and right side of the panel. These cracks width are 0.4 mm at the end of the
tests. These types of cracks were not observed during the experiments of specimens

with fully infilled shotcrete panel.

Lateral load carrying capacity: As summarized in Table 4.32, the lateral load
carrying capacity increased between 2.2 to 3.2 times for the specimens with shotcrete
panel fully connected to the frame (Specimens 2S and 3) and between 1.6 to 1.8
times for the specimens with shotcrete panel with a gap between the panel and the
columns (Specimens 4S and 5) compared with the bare frame’s (Specimen 1). The
specimen with the shear wall (Specimen &) shows the same amount of increase with
the fully connected shotcrete panel ones given in Figure 4.96. Pre-reverse deflection
seems to make a 30% increase in the lateral load carrying capacity of the specimen
for the specimens with shotcrete panel fully connected to the frame (Specimen 6)
given in Figure 4.92, but it does not make an increase for the specimens with
shotcrete panel with a gap between the panel and the columns (Specimen 7) given in

Figure 4.94.

Initial stiffness: The lateral stiffness of the frames, right before the first cracks
occurred in the system, increased by 10 times for the damaged frames Specimens 2S
and 4S and 8.5 times for undamaged frames Specimens 3 and 5 compared with the
bare frame’s. The pre-reversed shotcrete panel specimens also showed almost the
same amount of increase in stiffness while the shear wall (Specimen 8) increased the

stiffness 20 times as can be seen in Table 4.33.

Cumulative energy dissipation capacity: At 1% story drift level, the cumulative

energy dissipation capacities of Specimen 2S and Specimen 3 are 10 times, while
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Specimen 4S and Specimen 5 are 4 times greater than Specimen 1. At 2% story drift
level, the ratios become 5 and 2.5 times, respectively. At 3% drift ratio, only
Specimen 4S and Specimen 5 are increased by 1.7 times compared to Specimen 1, as
shown in Figure 4.98. Specimen 8 shows the same amount of energy dissipation with

Specimen 3 and could only get to drift level of 1%.

Equivalent damping characteristics: The achieved equivalent viscous damping
ratios for retrofitted specimens vary between 8-16% of critical damping at increasing
drift levels. Particularly at 1% story drift, 10.5% and 13.5% of critical damping
observed for without and with pre-reverse deflection on the beam, respectively. It
can be concluded that the observed damping ratios are definitely higher than 5% of
critical damping which is commonly used in the design process of reinforced

concrete structures.

The analytical works which were conducted by using the finite element program of
SeismoStruct, initiated with the calibration of some parameters in the response
models with the tested specimens. The analytical results agree well and give quiet
close results with the experimental ones and are able to catch not only the maximum
forces, which had occurred at the target displacements, but also the similar damage
propagation that is observed during the test given in Figures 5.14, 5.19, 5.24, 5.29
and 5.34.

The calibrated models have been used in the parametric study which includes
understanding the effect of the panel thickness, the concrete compressive strength of
the panel and the gap size between the panel and the frame. Various illustrations
have been presented to evaluate the effect of the defined parameters. The analytical
studies showed that the lateral load carrying capacity of the frame increases as the
thickness of the shotcrete panel increases; and when the ratio between the gap and
distance between the inside face of the columns (a/L) changes from 1% to 15%, the
lateral load carrying capacity of the system is almost the same. While a/L ratio is
20% or more, the panel does not have any effect on the lateral load carrying capacity

and the frame acts like a bare frame.

The investigated retrofitting technique has been applied on a planar frame of a
building representing the typical RC frame type structures in Turkey presented. Two

outer spans of this frame are retrofitted with shotcrete panels through the height of
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the frame continuously. The models, which represent the inelastic behaviour of
shotcrete panel used in this study, are adapted from the calibrated models that were
developed for the test specimens. Pushover and nonlinear dynamic time history
analysis have been performed on the bare and the retrofitted frames. Depending on
the capacity curves attained in the pushover analyses, maximum base shear capacity
of the frame is increased from 16% to 39% of the seismic weights at bare and
retrofitted cases. On the other hand, the displacement capacity of the retrofitted

frame decreased by 2.8 times compared to the bare frame.

The nonlinear time history analyses performed for the selected earthquake records
yield out in terms of strains of confined concrete and longitudinal reinforcement, that
several cross sections of the bare frame have attained the collapse state defined in
TEC 2007, however the retrofitted frame performs within the minimum damage
state. The interstory drift ratios obtained for the retrofitted specimens are around 1%
which is the value observed from experimental study that corresponds to minor
damages on the system. The nominal shear stress calculated by using the maximum
base shear resulted from the design earthquakes are around 1026 kN/m® which is

lower than the nominal shear stress, 2130 kN/m?, obtained in the experimental study.

Results of the experimental and analytical works prove that the retrofitting technique
improves the earthquake response of reinforced concrete frames having insufficient

safety.

7.2 Research Needs

Depending on the experiences obtained from this study, the following research topics
are suggested to be investigated experimentally: Performing full scale tests, testing of
the various shotcrete panel thicknesses, testing of various pre-reversing amount, the
variation of gap size between shotcrete panel and columns and its effect on the short
beam behavior, testing of specimens in which shear behavior of the columns and

beam-column joints are improved before construction of shotcrete panel.
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