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ABSTRACT

SEISMIC RETROFITTING OF R/C FRAMES WITH DEFICIENT
LAP SPLICES

Many of the existing reinforced concrete frame buildings in use today may not have
adequate seismic resistance due to detailing deficiencies including inadequate anchorage of
longitudinal reinforcement, inadequate lap splices in the columns, lack of confinement in
potential plastic hinge regions, inadequate joint shear strength, and absence of the strong
column—weak beam condition. A significant amount of research has been devoted to the
study of various strengthening techniques to enhance the seismic performance of such
frame systems with detailing deficiencies. An alternative strengthening method consists of
using externally applied carbon fiber reinforced polymers (CFRP), the effect of which has

been investigated in this study on frames with inadequate lap splices.

Within the scope of this work, 2/3-scale one-bay, one-story frames (portal frames)
were constructed and tested under lateral loads for investigating the effect of inadequate
lap splices on the frame response, as well as to propose a novel strengthening methodology
to mitigate the negative effects. One specimen was constructed with continuous
longitudinal reinforcement and according to detailing provisions specified by the latest
seismic code, whereas two other specimens were constructed with inadequate lap splices
on the column longitudinal reinforcement just above the footing, as well as insufficient
transverse reinforcement in the lap splice regions. An original strengthening technique,
using a combination of CFRP materials and steel anchorage rods, was developed and
applied on one of the lap splice specimens for improving its lateral load behavior. In this
technique, the CFRP sheets were installed both in the longitudinal direction of the columns
for increasing their flexural capacity, as well as the in transverse direction to induce
confinement effects. The test results showed a significant improvement in the lateral load

capacity of the strengthened specimen, with no negative influence on its ductility.
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OZET

YETERSIZ BINDIRME BOYU BULUNAN BETONARME
CERCEVELERIN DEPREME KARSI GUCLENDIRILMESI

Gliniimiizde kullanilmakta olan mevcut betonarme cergeve binalarinin ¢ogu, boyuna
donatisindaki yetersiz ankraj, kolonlarda yetersiz bindirme boyu, olasi mafsallasma
bolgesinde etriye eksikligi, birlesim bolgesinde yetersiz kesme kuvveti dayanimi ve giiglii
kolon zayif kiris durumunun olmamasi gibi detaylandirma eksiklikleri sebebiyle, yeterli
deprem dayanimina sahip olmayabilir. Bunun gibi eksik detaylandirilmig g¢ergevelerin
sismik performansini arttirmak i¢in, 6nemli sayida arastirma yapilmistir. Bu caligmada
alternatif bir giliglendirme metodu olarak distan CFRP uygulamasinin, yetersiz bindirme

boyuna sahip cergeve iizerindeki etkisi incelenmistir.

Bu calisma kapsaminda, olumsuz etkileri ortadan kaldiracak yeni bir giliclendirme
yontemi Onerilmesinin yani sira yetersiz bindirme boyunun cergeve davranisi iizerindeki
etkisini incelemek amaciyla, 2/3 Olgekli bir kathi bir agiklikli betonarme cerceveler
tiretilmis ve yatay yiikler altinda test edilmistir. Bir numune, siirekli boy donatist
kullanilarak ve en son sismik yonetmeligin hiikiimlerine uygun olarak {iretilmis, diger iki
numune ise temelin hemen {iizerinde, yetersiz bindirme boyu kullanilarak ve bu bdlgede
daha az etriye kullanilarak tretilmistir. Yatay yiik davraniglarim iyilestirmek amaci ile
bindirme boyu olan numunelerin birinde, CFRP ve c¢elik ankrajlarin birlikte
kullanilmastyla orijinal bir giiclendirme teknigi gelistirilmis ve uygulanmistir. Bu teknikte,
sargilama etkisinin arttirilmasi i¢in yatay yoniin yani sira, kolonlarin egilme kapasitesini
arttirmak amaci ile kolonlarin her iki tarafinda, boyuna yonde de CFRP uygulamasi
yapilmistir. Test sonuglari, giiclendirilen numunenin siinekliginde olumsuz bir etki

olmaksizin, yatay yiik kapasitesinde 6nemli bir artis oldugunu gostermistir.
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1. INTRODUCTION

1.1. General

Turkey experienced five devastating earthquakes in the last decade, namely the
Erzincan (1992), Dinar (1995), Adana-Ceyhan (1998), Kocaeli (1999) and Diizce (1999).
These earthquakes have caused thousands of deaths due to collapse of numerous reinforced
concrete (RC) buildings, and have illustrated the vulnerability of the existing RC building
stock to strong ground motion. Poorly detailed RC frames with poor construction quality,
constituting a majority of the existing building stock in Turkey, have been identified as
critical structural systems that fail in a non-ductile manner during a severe earthquake.
Unfortunately, many of the existing RC buildings in use still possess such deficiencies and
are susceptible to collapse during an expected high-intensity earthquake. Since
demolishing and reconstruction of all of these buildings is not economically feasible (or
possible for that manner), structural rehabilitation of such buildings has been discussed and
investigated for some time, for the purpose of ensuring, at the least, the life safety of the

occupants.

Structural rehabilitation can be defined as the operation to bring the structural system
or some of the structural members to a desired performance level. Depending on the state
of (or damage on) the existing structure, structural rehabilitation can be divided into two
categories; (a) repair, and (b) strengthening. Structural repair is the rehabilitation of a
damaged structure or structural member with the objective of bringing the performance
level (e.g., load and / or deformation capacity) back to the pre-damage level or possibly to
a higher level. Structural strengthening, on the other hand, is improving the performance of
an undamaged, yet deficient structure or structural member to a higher performance level
[1]. Reinforced concrete buildings located in seismic zones are strengthened or repaired for
three principal reasons: to satisfy the owner’s concern for financial protection and occupant
safety; to comply with local building codes and regulations; and to repair earthquake

damage and obtain improved performance during future events [2].



Strengthening of non-ductile RC frame systems is a challenging task that poses
major practical difficulties. A variety of strengthening techniques have been investigated
for RC frames, with the most common methodologies being the construction of RC or steel
jackets [3]. Reinforced concrete jackets and special forms of steel jackets, namely steel
“cages”, require intensive labor and artful detailing during application. Moreover, concrete
jacketing increases the dimensions and therefore the weight of the structural members. Use
of plain or corrugated steel plates has also been investigated [4]; however, in addition to
corrosion vulnerability, these elements require special attachment through the use of either

epoxy adhesives combined with bolts or special grouting.

A relatively new technique for strengthening of RC structural members involves the
use of Carbon Fiber Reinforced Polymer (CFRP) materials as externally-bonded
reinforcement in critical regions of the members. CFRP materials, which are available
today in the form of strips or in situ resin impregnated sheets, are being used to strengthen
a variety of RC elements, including beams, slabs, columns, and shear walls, to enhance the
flexural, shear, and axial (through confinement) capacity of such elements. CFRP materials
have a number of favorable characteristics including ease of installation, functionality of
the building during installation, immunity to corrosion, high stiffness-to-weight and
strength-to-weight ratios, availability in convenient “to apply” forms, and the ability to
control the material’s behavior by selecting the proper orientation of the fibers. All of these
features make CFRP a highly engineered material suitable for strengthening applications,
in spite of the fact that the cost of carbon fibers is much higher than the cost of

conventional construction materials.

Accordingly, this study investigates a novel strengthening methodology, which
consists of using externally applied CFRP sheets, to improve the seismic response of RC
frames with inadequate lap splice length on column longitudinal reinforcement, which
happens to be one of the commonly observed detailing deficiencies in existing RC frame
buildings in Turkey. The background, motivation, and scope of this work are presented in

the following sections of this chapter.



1.2. Literature Review

1.2.1. Overview

A number of repair and strengthening techniques are currently in use for reinforced
concrete structures. However, the majority of these techniques are costly, time-consuming,
and cause disruption to the function of the structure during the time which the construction
work is conducted. Hence, there is still a need for the development of improved,
economical, and less disruptive techniques, which would make seismic rehabilitation of

structures economically viable and cause minimal disturbance to the occupants

A widely-used technique for overall strengthening of a structural system is the
addition of new structural elements including structural walls, or different types of steel
bracing. The addition of new RC structural walls to an existing structure is one of the most
common methods of strengthening for improved seismic performance. Braced steel frames
can also be added to an existing structure, provided that the existing reinforced concrete
system and the added steel bracings are designed to respond in a compatible manner in the
event of an earthquake excitation. Compared to structural walls, braced steel frames are

lighter, however, they possess relatively low lateral strength and stiffness attributes.

On the other hand, strengthening of individual structural components (including
beams, columns and beam-column connections) to improve seismic response of structure
was investigated by numerous researchers. Reinforced concrete and steel jacketing were
studied as the most common techniques for local (member) strengthening and ductility
improvement. Reinforced concrete jacketing techniques involve enlarging the existing
cross section of a member, typically a column, with a new layer concrete that is reinforced
with both longitudinal and transverse reinforcement [3,5]. Based on available local space
conditions, jacketing can be applied on one, two, three or four column sides. Reinforced
concrete jacketing was identified as the most reliable and durable technique for member
strengthening of frame structures. However, it poses the disadvantages of significant time
and labor consumption, as well as costly interruption of the building’s use and construction
procedures that cause disturbance to occupants [6]. Steel profile jacketing of a column, on

the other hand, typically consists of installing four longitudinal angle profiles at column



corners connected to transverse steel straps, forming a skeleton around the column. Gaps
between the steel profiles and the column surface must be filled in with cement resign

grout, and the straps pre-stressed [6].

Another technique (proposed by Wu et al. [7]) uses composite partial interaction to
improve the strength and ductility of rectangular RC columns. The compressive strength of
the column concrete is supplemented via bolting a steel plate to the compression face of
the column. Test results have shown that this technique delays concrete crushing in the
plastic hinge zone. In addition, the strength and ductility properties of columns can be
increased by providing active confinement with the use of pre-stressing cables wrapped

around the column [8].

In addition to using concrete or steel jacketing techniques for member rehabilitation
of RC frames, relatively new Carbon Fiber Reinforced Concrete (CFRP) materials possess
great potential of usage for retrofitting and strengthening of RC columns — circular
columns in particular — since the circumferential pressures are equally exerted on a circular
column by the CFRP material, which is very strong in tension, although it has negligible
compressive or flexural stiffness. CFRP is therefore preferred for its high tensile strength,
light weight, high resistance to corrosion and versatility [9]. However, it is important to
mention that its use is often limited to improving confinement effect and shear strength

only, and ultimate care is needed during installation of CFRP for strengthening purposes.

1.2.2. Inadequate Lap Splice Effect

Presently, many of the existing RC frame buildings in Turkey have inadequate
seismic resistance due to inadequate lap splice length on the longitudinal reinforcement of
columns. For ease of construction, in old buildings, longitudinal column bars are typically
spliced just above the floor level (in the potential plastic hinge region), with the lap splice
length being only 20 times the column bar diameter or even less, and the lap splice region
not adequately confined with transverse reinforcement. Columns with such lap splice
deficiencies are expected to experience splice failure (splitting type bond slip failure)
before the column bars develop yield strength or even before yielding (plastic hinge

formation) in the beams, which results in a very a non-ductile failure of the frame system.



To investigate the effectiveness of various types of steel jacketing for improving the
seismic performance (lateral load behavior) of damaged RC columns with lap splice
failure, six large scale columns were tested by Aboutaha et al. [10]. The efficiency of
different steel jacketing techniques, including rectangular jackets with and without
adhesive anchor bolts and with unbonded through rods was investigated in the study. One
of the column specimens tested was repaired by welding of the column longitudinal
reinforcement in the lap splice region. It was concluded from the results of these tests that
rectangular steel jackets used together with unbonded through-rods were highly effective

in the repair of damaged columns with lap splice failure.

Paulay et al. carried out an experimental research program to see the influence of
confinement on the performance of columns with deficient lap splices [11]. Twelve
specimens with rectangular (16 in. x 12 in.) and square (16 in.) cross sections and with
inadequate lap splice length (I yrovided / Ls,requirea = 0.82 to 0.95) were tested in this program.
The test results revealed that although the lap splice lengths were inadequate,
well-confined splices were able to develop the tensile yield stress of the column
reinforcement and such columns maintained their lateral load capacity up to a displacement
ductility level of four. It was concluded that increasing the splice length did not have a
significant effect on the lateral load capacity of a column; however, closely-spaced
transverse reinforcement substantially improved the ductility and cyclic response of a
column by preventing splitting of concrete in the lap splice region and maintaining the

bond stress transfer along the splice.

The observed beneficial effect of confinement on the behavior of members with
inadequate lap splices directed researchers to investigate increasing confinement effect as a
rehabilitation measure to improve the performance. Several different methods of providing

improved confinement to deficient lap splice regions were evaluated [12].

Valluvan et al. conducted a study on strengthening of the lap splice region of RC
columns. They constructed and tested twelve, approximately two-thirds scale columns
under cyclic lateral loads. In order to examine the behavior of the strengthened lap splice

region, several different strengthening methodologies were considered. These



methodologies included welding of the spliced rebars, confinement of the region with steel
angles and straps, and providing external and internal transverse ties in the splice region.
The specimens were subjected to reversed, cyclic loads. According to the tests results, the
unstrengthened specimen exhibited poor behavior under cyclic loading, with a sudden loss
in the lateral load capacity at approximately two-thirds the nominal moment capacity of the
critical section. External confinement (with steel elements or ties) improved the strength in
the splice region, and adding internal ties alone to the splice region was found to be not an
effective technique for strengthening, because spalling of the cover concrete surrounding

the ties resulted in concrete cracking reducing the bond strength [13].

Lynn et al. tested 3 pairs of identical column specimens with pre-1970s construction
details to evaluate the influence of lap splices on their lateral load response. Eight, 18 in.
square columns with eight longitudinal reinforcing bars and #3 hoops/ties at either 12 in. or
18 in. spacing on center were constructed. Longitudinal reinforcement consisted of either
#8 or #10 diameter bars. In each specimen pair, one specimen was reinforced with
continuous bars and the other specimen was detailed with a 20 and 25-bar diameter long
lap splice at the end region of the column. The specimens were subjected to reversed cyclic
lateral displacements while the axial load was held constant resulting in axial stress levels
either 0.12 /. or 0.35 f°. throughout the duration of the tests. The test results indicated that
all specimens exhibited lateral strength degradation due to shear failure. Specimens with
low axial load and longitudinal steel ratio exhibited fairly ductile response compared with
other specimens. The lap splice did not have an adverse effect on the performance of shear-
critical columns with high longitudinal reinforcement ratios (3.0 %). However, the capacity
of columns with lower reinforcement (not shear critical) deteriorated due to the presence of

the lap splice [14].

Chai and Priestley conducted tests on circular columns, retrofitted with steel jackets
installed on plastic hinge regions. Six large scale columns with 610 mm diameter were
prepared, and tested under constant axial load and reversed cyclic lateral load. In this
study, lap splice effects and the influence of the steel jackets effects on column behavior
were investigated as the main parameters. The test results showed that the steel jacketing

increased column stiffness by 10 % to 15 %, and the strength deterioration due to bond-slip



failure was rapid in columns with lap spliced bars compared with the columns with

continuous longitudinal bars [15].

Aboutaha et al. investigated the use of steel jackets on RC columns with square and
rectangular cross sections [4]. The experiments revealed that reference specimens, with 20
bar diameter lap splice lengths, experienced bond deterioration prior to reaching the
nominal moment capacity at the critical column section. The reference specimens exhibited
bond deterioration around 1.0 % and 1.5 % lateral drift ratio, and lap spliced specimens
experienced substantial lateral strength degradation after the bond failure. These test results
clearly indicated that the columns with 20 bar diameter lap-splice length showed non-
ductile responses and required rehabilitation. Different variations of steel jacketing and
bonding techniques were used on other test specimens. An evaluation of these test results
presented by Aboutaha discussed that use of a steel jacket is an effective method for
improving the cyclic response of the columns with inadequate lap splice lengths. The
confining of the lap splice region allowed a more ductile response of the column under
monotonic loading, as test specimens with added confinement successfully developed yield
stress in the reinforcement, reached the nominal moment capacity, and were able to
maintain their lateral load carrying capacity up to relatively large displacements for
subsequent larger drift levels. Upon evaluation of the test parameters, it was concluded that
rehabilitation of lap splices in columns with rectangular cross sections requires steel
jacketing along a distance longer than the lap splice length as well as use of adhesive

anchor bolts on all faces of the column.

Coffman et al. also investigated the effectiveness of using external ties as a
rehabilitation measure on bridge columns with 35 bar diameter lap splice lengths. Four,
one-half scale, circular reinforced concrete columns with construction details
representative of those used in the 1950s through the mid-1970s were tested. The splice
regions of the specimens were confined with pre-stressed external hoops along the lower
1220 mm (4 ft) of the column. The size and spacing of the external hoops were varied to
evaluate the effectiveness of adding pre-stressed hoops. Columns were subjected to cyclic
lateral loads and constant axial load (0.10 A;f’.). The control specimen, with a 35 bar
diameter lap splice length, was able to maintain the lateral load capacity up to a

displacement ductility of four and longitudinal reinforcing strains of five times the yield



strain. The response of specimens strengthened with pre-stressed hoops indicated that the
external hoops did not increase the lateral strength of specimens appreciably; however, the
energy dissipation capacity for each cycle was improved and the displacement ductility
increased (the lateral load capacity was maintained for an increased number of cycles to

higher drift ratios) [16].

Panahshahi et al. tested seven full-scale RC specimens with compression lap splices.
The specimens consisted of three columns and four beams. The scope of the research was
to determine the response of compression lap splices under cyclic loading. Column
specimens were loaded axially with an eccentricity of 1.5 inches to apply a combination of
axial and flexural effects on the lap splice provided at the specimen mid-span. Grade 60 #8
and #11 reinforcement bars were used as longitudinal reinforcement and lap splice lengths
were varied between 30 and 32 bar diameters. Test results revealed that the provided
compression lap splices were able to develop yield stress along the splice length and
sustain a minimum of 12 cycles of loading in the nonlinear deformation range. It was
suggested to use closely spaced ties to prevent premature compression-induced failure due

to buckling of longitudinal bars or concrete crushing [17].

1.2.3. Axial Load Effect

Axial load on RC columns may vary depending on location of the column in the
structure. The axial load is higher in the lower stories, and decreases gradually towards
upper floors. A representative axial load level is generally around 30 % of the axial load
capacity of a column. The stresses at any section of the column must be calculated under
the combined effects of axial compression and flexure; therefore, axial load level

influences the response of RC columns subjected to lateral loading.

Sheikh et al. tested 12 circular columns to investigate the effects of axial load level,
spacing of spirals, thickness and type of Fiber Reinforced Plastics (FRP) used to strengthen
the columns. Column specimens were subjected to constant axial load and cyclic lateral
load. The test results indicated that, Carbon FRP and Glass FRP can be used effectively to
strengthen deficient columns to improve the strength, ductility and energy absorption

capacity attributes. To characterize the influence of axial load on column response, one of



the columns was tested under an axial load of 0.54 4, f°. and another identical other one
subjected to an axial load of 0.27 4, f".. Increase in axial load resulted in reduced ductility
(deformation capacity) of the column, as expected. The energy dissipation capacity of the
column under lower axial load was found to be more than 10 times that of the column

subjected to higher axial load [18].

Bayrak conducted tests on high strength concrete columns. Two of the specimens
tested were identical, yet subjected to different levels of axial load. Both of the specimens
contained the same amount of longitudinal and transverse reinforcement; however, one
was tested under a constant axial load level of 36 % of its axial load capacity, whereas the
other 50 %. The increase in the axial load resulted in substantial reduction in the measured
curvature ductility. Moreover, as a result of increased axial load level, the cumulative
energy dissipation showed significant reduction. Higher axial load also resulted in an

increase in the rate of stiffness degradation with every load cycle [19].

1.2.4. Strengthening with Fiber Reinforced Polymers

Fiber reinforced polymer (FRP) composites are increasingly used in the construction
industry. One of the areas of their application is repair and strengthening of reinforced
concrete columns. This is achieved by encasing of columns with FRP composite jackets
which provides lateral confinement on the concrete and, as a result, enhances the strength
as well as ductility of RC columns. A number of techniques have been developed to
fabricate FRP composite jackets, the most commonly used ones being wrapping of fabric,

bonding of prefabricated shells [20-21].

Experimental and analytical studies on the compressive behavior of reinforced
concrete blocks with square cross-sections and externally wrapped with CFRP sheets were
carried out by Campione. The effects of local reinforcement at the corners, use of
horizontal and vertical discontinuous CFRP strips, and number of CFRP layers, and the
length of specimens were investigated as test parameters. An analytical model was
proposed to estimate the compressive capacity of concrete members with square cross-
section externally wrapped with FRP. Results of the proposed analytical model showed

good agreement with the experimental data [22].
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Antoniades et al. conducted cyclic tests on eleven wall specimens for investigating
the cyclic lateral load responses of RC structural walls. Specimens were first tested under
lateral loads until the failure, and then repaired by removing the heavily cracked and
crushed concrete, lap splicing of the fractured steel bars by welding of new short bars, and
placing of new transverse web reinforcement. The specimens were then strengthened using
FRP sheets, strips, and bonded metal anchors in order to increase flexural strength as well
as the shear strength and the ductility. The test results indicated that FRP-strengthening of

RC walls was effective in preventing development of unfavorable failure mechanisms [23].

Yalcin et al. carried out five tests to investigate the CFRP strengthening techniques
on columns with deficiencies including use of plain reinforcing bars, inadequate
lap splicing of longitudinal reinforcement, and use of low-quality concrete. One of the
columns was repaired by welding of the lap splice prior to strengthening with CFRPs. The
test results showed that strengthening of columns with CFRP sheets in the transverse
direction was effective for columns with continuous reinforcing bar (without lap splices).
However, only a slight improvement was obtained in the performance of the strengthened
lap spliced column, since the confinement effect of the CFRP in the transverse direction
did not significantly improve the anchorage of the plain bars in the lap splice region.
However, for a column specimen that was retrofitted by welding of dowel rebars with
longitudinal reinforcement in the splice region and then wrapped with CFRP sheets,
strength, ductility and energy dissipation capacity properties improved significantly [24-
26].

In the study of Val, the behavior of FRP-confined short columns with circular cross
sections was investigated experimentally. Based on the test results, a relationship between
the strength reduction factor and the confinement ratio was proposed for FRP-confined
columns in axial compression and axial compression combined with flexure. The influence
of longitudinal reinforcement ratio, live-to-dead load ratio, and eccentricity on the response

of FRP-confined columns was also investigated [27].

In the study of Sheikh, circular columns with 356 mm-diameter were subjected to a

constant axial load and reversed cyclic lateral load. The main variables investigated were
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axial load level, spacing of spirals, and the thickness and type of the FRP material. The test
specimens were divided into three groups. The first group of specimens, which had four
columns, had conventional longitudinal and spiral reinforcement. The second group,
including six columns, was strengthened with carbon fiber reinforced polymers (CFRP), or
glass fiber reinforced polymers (GFRP) prior to testing. In the third group, which includes
two specimens, the columns were damaged to a certain extent, repaired with FRPs while
the axial load was maintained, and then tested under lateral loads. It was observed from the
test results that the strength, ductility, energy dissipation capacity of the FRP-strengthened
columns was improved. It was concluded that the FRP composites were very effective for

the rehabilitation of damaged RC columns [18].

Saadatmanesh conducted a series of tests on four columns in order to observe the
effects of type of column geometry and FRP wrapping methodologies on the behavior.
Two circular and two rectangular columns were prepared and tested until failure under
reversed cyclic loading. The columns were repaired and strengthened with prefabricated
FRP wraps, and re-tested. The tests results showed that all of the repaired columns
performed extremely well under lateral loading. The repaired columns were observed to
exhibit relatively larger lateral displacement at low load levels compared to the control
specimens. For all of the repaired specimens, the rate of stiffness degradation under large

levels of reversed cyclic load was lower than that of the corresponding original columns

[9].

Fiber orientation of FRP sheets has been observed to influence the load-carrying
capacity of a structural member, as well as of its mode of failure. It was suggested by
numerous researchers that fiber orientation should be determined in order to increase the
effect of FRP-strengthening for a desired response improvement. The study by Chaallal,
and Shahawy investigated the effects of the orientation of the confining fibers on the
performance of RC columns, and showed that the optimum angle of fiber orientation for
axially loaded columns would range between 0 and 15 degrees. A parametric study was
conducted on fiber orientation involving five different winding angles (0, 15, 30, 45 and
60 degrees). As a result of this study, it was concluded that the axial compressive strength
of a RC columns decreases as the winding angle increases, its flexural capacity increases

with the winding angle up to 45 degrees, and further increase in the winding angle reduces
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the flexural capacity of the column in the tension-controlled portion of the interaction

diagram [28].

The bond between the concrete surface and the FRP sheets is critical for FRP-
strengthening applications as in every retrofitting procedure involving externally attached
materials to existing members. Researchers have investigated the effects of mainly two
different surface preparation techniques, namely wire brushing and water jetting, on the
effectiveness of FRP applications. Superior performance has been achieved by water
jetting of the concrete surface and using a high strength adhesive which results in improved
bonding between the FRP composite and the concrete surface. In order to achieve the
desired bond between the FRP and the concrete surface, Engindeniz et al. have pointed that
the concrete surface should be thoroughly cleaned, a penetrating epoxy primer should be

applied, and each ply should be placed between two coats of resin [29].

In tests conducted by Ghobarah and El-Amoury, the influence of using FRP sheets
for improving the behavior of anchorage - deficient RC beams were investigated.
“L-shaped” FRP sheets were installed with one leg of the “L” attached on the beam bottom
surface and the other on the column to overcome the anchorage deficiency of beam bottom
reinforcement. In addition, the shear deficient joint region was wrapped with FRP sheets.
In order to prevent debonding of the FRP sheets, steel plates were installed in critical
locations. This rehabilitation technique was found to be effective in eliminating the brittle
joint shear and beam bond-slip failure modes. Importantly, Ghobarah and El-Amoury
underlined the importance of an adequate anchorage system for the FRP application in

order to maintain the efficiency of this strengthening technique [30].

Sheikh and Yau performed column tests on circular columns having 356 mm
diameter, for evaluating the effectiveness of FRP as external reinforcement to strengthen
deficient columns and repair damaged columns. 12 column specimens were tested under
constant axial load and reversed cyclic lateral loads for investigating the effects of axial
load level, spacing of spiral reinforcement, and the thickness and type of the FRP material.
Four of the columns had conventional longitudinal and spiral transverse reinforcement and
were tested without FRP wrapping. Six columns were strengthened with carbon FRP or

glass FRP before testing, and the remaining two were tested to a certain damage level,
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repaired with FRP and tested again to failure. FRP was used only in the transverse
direction of the columns for confining the concrete. Test results showed that use of FRP
resulted in remarkable improvement in the performance of the columns, resulting in

significant increase in strength, ductility, energy dissipation capacity [31].

A theoretical study on the behavior of reinforced concrete columns externally
confined with high-strength fiber composites straps was conducted by Saadatmanesh et al.
Both GFRP and CFRP confining straps were wrapped around the column to improve the
strength and ductility of existing RC columns. The results of this study showed that that the
concrete compressive strength and strain ductility increased substantially when the
columns were wrapped with GFRP or CFRP. In addition, the behavior of concrete
columns, their strength and ductility in particular, were found to be significantly improved

when wrapped with FRP straps [32].

Harajli and Rteil performed tests for evaluate the lateral load behavior of RC
columns confined using FRP or containing steel fiber reinforcement. A total of 12 column
specimens were tested in this study. The specimens were grouped into two series. In each
series, six specimens were tested: one control specimen, two specimens confined with
FRP, two specimens containing steel fiber reinforcement, and one confined with the
minimum amount specified for conventional transverse reinforcement. The test results
showed that CFRP confinement increased the strength of the columns and reduced the
level of concrete spalling (crushing) and bond deterioration in the lap splice region.
Similarly, internal confinement of concrete using steel fiber reinforcement was observed to

reduce bond deterioration and improve the column behavior [33].

Iacobucci et al. investigated the prospect of strengthening deficient columns and
repairing damaged columns with CFRP jackets. 8 specimens were constructed and tested
under constant axial load and reversed cyclic lateral load. The test results showed that
confinement with CFRP at critical locations enhances the ductility, energy dissipation
capacity and strength of RC columns. It was observed that repaired columns behaved better
as more layers of CFRP were used. Also, the level of damage before repair influenced the

behavior of the repaired column specimens [34].
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In the study of Mirmiran and Shahawy, columns of hybrid construction with FRP
and concrete were tested to investigate their performance. The column specimens were
produced by casting of concrete into an FRP tube. The tube acted as a formwork, a
protective jacket, as well as confinement, shear and flexural reinforcement, all at the same
time. For the study, 30 cylindrical specimens of 152.5 x 305 mm were tested under
uni-axial compression. The results indicated that the FRP tubes, when used in this manner,
significantly increase both the compressive strength and ductility of concrete subjected to

axial loading [35].

Berthet et al. investigated the compressive behavior of short RC columns externally
confined by carbon and E-glass FRP jackets. The influence of different parameters such as
the confinement level, the mechanical properties of the jackets, and the compressive
strength of the concrete core were studied. The results showed that external confinement
can significantly improve the ultimate strength and ductility of the column specimens. The
stress-strain response of confined concrete in compression was found to be almost bilinear:
in the linear region, the behaviors of plain and confined concrete specimens were similar,
whereas in the plastic region, the behavior of the confined concrete was found to depend
mainly on the mechanicals properties of the FRP material. The test results demonstrated
that the plastic region of the stress-strain response of concrete in compression depends on
the stiffness of the jacket, and that the ultimate strength of the FRP jacket and the
unconfined concrete strength are the most influential factors affecting the compressive
strength and strain at compressive strength of the confined concrete. Also, the study
indicated that the effectiveness of the confinement effect of the FRP jacket is reduced

when the compressive strength of the concrete core increases [36].

1.3. Research Significance, Objectives and Scope

As outlined in the previous section, numerous experimental programs have been
conducted by prior researchers for investigating the behavior of reinforced concrete
members strengthened using various methodologies, some of which involve the use of
Fiber Reinforced Polymers (FRPs) in different configurations. The effects of inadequate

lap splices on reinforced concrete column behavior and retrofitting of lap splice-deficient
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columns using FRP materials (oriented in the transverse direction) for confinement has

also been previously investigated to some extent.

1.3.1. Research Significance

The significance of this study in particular is that it focuses on the effect of lap splice
deficiency on the behavior of a reinforced concrete system, as opposed to the behavior of
an individual member (column), as is mostly the case in the literature. The experimental
study is conducted on a simple one-story one-bay frame system (portal frame) with
inadequate lap splice length in the columns, in order to investigate how bond-slip
deformations in the lap splice regions of the columns can influence the failure mechanism
of such a simple frame system. As well, a new strengthening methodology is proposed,
which involves the use of CFRP materials oriented both in longitudinal and transverse
directions of the column, in order to improve not only the confinement properties, but also
the flexural capacity of the column in the deficient lap splice region, for the intention of
changing the failure mode of splice-deficient frames from bond-slip in the lap splice region
to plastic hinge formations in beams. The experimental work was conducted on relatively
large scale specimens, for a more reliable assessment of the efficiency of the strengthening

methodology proposed.

1.3.2. Objectives

The primary objective of the study is to determine the effectiveness of a novel
strengthening technique using Carbon Fiber Reinforced Polymers (CFRP) on RC frames
with inadequate lap splices. The effects of lap splice deficiency on the behavior of one-bay
one-story frames (portal frames) under reversed cyclic lateral loading will be investigated.
The strength, ductility, energy dissipation capacity, and failure types / locations will be
investigated in detail for the frame specimens tested. The improvements on the response,

provided by the strengthening technique will also be discussed.
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1.3.3. Scope

In order to reach the objectives mentioned above, an experimental program was
conducted at the Bogazi¢i University Structural Engineering Laboratory. Due to limitations
on the experimental set up, this study includes only 2/ 3 scale two dimensional (plane)
one-story one-bay frame specimens. The effects of infill walls on the response were not
considered in this study. Two main deficiencies, including inadequate lap splice length on
column longitudinal reinforcement and inadequate transverse reinforcement the in
lap splice region, were selected as the key parameters to be investigated throughout the

experimental study.

1.4. Report Outline

The scope and findings of an experimental study on the lateral load behavior and
CFRP-strengthening of lap splice-deficient RC frames is presented in this thesis. In the
first chapter, an introduction and a literature review, as well as the objectives and scope of
this study were provided. The experimental setup, including design of the test specimens
based on provisions of the latest Turkish Earthquake Code (TEC2007), specimen
properties and parameters, the strengthening methodology used, instrumentation, and the
testing methodology are described in Chapter 2. Experimental results and test observations
are presented in Chapter 3. Details on test measurements (local deformation data) are also
presented in Chapter 3. A discussion of the experimental results is provided in Chapter 4.
Chapter 5 presents a summary of findings and recommendations for further research in this

arca.
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2. EXPERIMENTAL SETUP

2.1. Introduction

Strengthening of RC frames with CFRP is a noteworthy issue because of ease of
application and time-savings. Furthermore, the buildings can remain functional during the
strengthening process. In order to find the effective strengthening technique, the
deficiencies in the existing reinforced concrete frame elements must be identified correctly
and improvements should be implemented to mitigate the negative effects of such
deficiencies. In this study, the effect of inadequate lap splices on column longitudinal
reinforcement at the bottom of the column was investigated, and a methodology was

proposed to strengthen deficient lap splice regions.

Three large scale (2 /3 ) reinforced concrete frames were constructed for the study.
The first specimen, which is the control specimen, was designed and detailed according to
the provisions of the Turkish Earthquake Code 2007. For the second specimen, the column
longitudinal reinforcement was spliced over a length of 280 mm (20 bar diameter) at the
bottom, and the spacing of transverse reinforcement was increased. The last specimen was
identical with the second one, and was strengthened with CFRP application prior to testing.
The strengthening methodology was determined to mitigate bond-slip failure in the
deficient lap splice region and to migrate the location of nonlinear behavior (damage) to

the beams, in the form of plastic hinge formation.

2.2. Design of the Test Specimens

In this section, the rules applied for the design and detailing of the test specimens are
presented, in connection with provisions of the 2007 Turkish Earthquake Code. The frame
specimens were detailed following the provisions for “high-ductility level” frame systems
specified by the code. It should be noted that the size of the frame specimens, member
dimensions, and longitudinal reinforcement ratios (influencing capacity) were selected also

considering the limitations of the testing facility.
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2.2.1. Turkish Earthquake Code (2007)

The general principle of earthquake resistant design provisions specified in
TEC-2007 [37] is to prevent structural and non-structural elements of the buildings from
any damage in low-intensity earthquakes, to limit the damage in structural and
non-structural elements to repairable levels in medium-intensity earthquakes, and to
prevent the overall or partial collapse of buildings in high-intensity earthquakes in order to

avoid the loss of life.

2.2.2. Design Rules for Columns of High Ductility Level:

For rectangular columns, the minimum dimension is 250 mm and minimum cross-
sectional area is 75000 mm’. For the frame specimens, column dimensions were
selected as 250 mm, resulting in a cross-sectional area of 250x250 = 62500 mm®.
This does not satisfy the minimum cross-sectional area requirements specified in the
code; however, it must be noted that the specimens were not intended to be

full-scale, but 2 / 3 scale.
The gross sectional area of columns, should satisfy the following equation:

A >N, /(050 f,) (2.1)
where A. is the gross section area of column, N, is the maximum axial force
calculated by using load factors, and £ is the characteristic compressive strength of

concrete.

Table 2.1 indicates the required concrete cover from external surface of outermost

reinforcing bar in TS 500 [38].
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Table 2.1. Concrete cover requirements

In members which are in direct contact with the soil ¢c.> 50 mm
Exterior columns and beams open to the atmosphere Cc>25 mm
Interior columns and beams not open to external effects ¢. > 20 mm
In shear walls and slabs ¢c.> 15 mm
In shells and folded plates c.> 15 mm

The concrete cover was selected as ¢, =20 mm for all members of the frame

specimens.

The longitudinal reinforcement ratio should not be less than 1.0 % and more than
4.0% of the gross area of the column. Accordingly, column longitudinal
reinforcement ratio was selected to be larger than p=0.01 for the test specimens,

which results in a reinforcement area larger than 4 p = (250x250)x0.01 = 625 mm’

The minimum longitudinal reinforcements are 4¢16 or 6¢14 for rectangular columns.
Accordingly, the longitudinal reinforcement of the columns of the test specimens

was selected as 8¢ 14 ( 1232 mm?).

At the upper and lower ends of the columns, the code defines column confinement
zones. Each of the confinement zones should be greater than 1/ 6 of the clear height
of the column, and greater than 500 mm. Column mid-span zone is the zone between

the two confinement zones.

Lap splices of column longitudinal reinforcement should be made, as much as
possible, within the column central zone. In this case the splice length shall be equal
to the development length ¢, given in TS 500 for tension bars. The development

length ¢} is calculated from;

£, =012(f,, /f.g ) > 200 (22)
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where; f,4 1s design yield strength of longitudinal reinforcement and f.; is design

tensile strength of concrete.

Based on the equation above, for the test specimens, the development length is

calculated as; ¢, =41¢ > 20¢

In the case where more than 50 % of longitudinal reinforcement is spliced at the

bottom end of column, lap splice length shall be at least 1.5 times £p.

1.5¢, =61.5¢ > 204 (2.3)

Therefore, for the test  specimens, a lapsplice  length  of

1.5, =61.5¢ =61.5x14=861 mm = 87 cm lap splice length should be used. In

order to make the columns of the test specimens lap splice deficient, an inadequate

lap splice length of 204 = 280 mm was used.

Longitudinal reinforcement ratio should not exceed 6.0 % at spliced regions. For the
test specimens, p = 0.0197 is longitudinal reinforcement ratio, and therefore the total
reinforcement ratio for the columns at the lapspliced region is

p=2x1.97% =3.94 % < 6 %, which satisfies the code requirement.

Special detailing (confinement) zones shall be arranged at the bottom and top ends of
each column. Length of each of the confinement zones shall not be less than smaller
of column cross section dimensions (diameter in circular columns), 1/ 6 the clear
height of column (measured upward from floor level or downward from the bottom
face of the deepest beam framing into the column), and 500 mm. Requirements for
transverse reinforcement to be used in confinement zones are given below. Such
reinforcement shall be extended into the foundation for a length equal to at least

twice the smaller of column cross section dimensions.

For the test specimens, the clear height of the column is 1750 mm. Therefore, the

length of the special confinement zones in the columns was calculated as:
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1750/6 =291 mm
Greater of Length of confinement zone = 500 mm
500 mm

The minimum diameter of transverse reinforcement is ¢8 in the confinement zones.
The spacing of transverse reinforcement should not be greater than 1/3 of the
smallest dimension and 100 mm, and not less than 50 mm. Less than ¢8 bars shall
not be used in confinement zones as transverse reinforcement. Lateral distance
between legs of hoops and crossties, a, shall not be more than 20 times the hoop

diameter.

For the test specimens, the smallest column dimension is 250 mm. Therefore, the

spacing of transverse reinforcement should not:

be greater than 250/3 =83 mm Accordingly, the spacing between transverse

be greater than 100 mm reinforcement in confinement zones was

less than 50 mm selected as 80 mm for the columns.

The unsupported tie length a should be smaller

than 20x 8 =160 mm. For this reason either
cross-ties must be used on the side bars, or the

rectangular ties must be supplemented by diamond-

shaped ties. The latter was used for the test

A
v

a=202 mm specimens, as shown below.

¢14 rebars

tie
_'_'_._,_,--
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In the case where N;>0.20 A4, fox for columns with hoops, minimum total area of
transverse reinforcement to be used in confinement zones shall be calculated to
satisfy the more unfavorable of the requirements given in Eq.(2.4). In this
calculation, core diameter of column, b, shall be considered separately for each
direction. Where; Ay, can be defined as along the height corresponding to transverse
reinforcement spacing s, sum of projections of cross section areas of all legs of hoops
and crossties of columns or wall end zones in the direction perpendicular to by
considered, A. 1s concrete core area within outer edges of confinement

reinforcement and f,,,« is characteristic yield strength of transverse reinforcement.
Ash 2 03OS bk [(Ac /Ack)_l](fck /fywk) (24)

Thus, for the test specimens, 4,, /s > 0.30x 202 [(250> /2107 )-1](20/420) = 1.2040

A, 20.755b,(fu ! frr) (2.5)
A, /s >0.75%202(20/420) = 0.725

For a selected spacing of s = 80 mm,;

A, =8x1.2040 = 9.632 mm’ (unfavorable)

A, =378 /4=150.8 mm” (existing)

The existing amount of transverse reinforcement on the columns is therefore

adequate. To check:
150.8 /s > 1.2040 — s should not be bigger than 125 mm.

Column central zone is the region between the confinement zones defined at the
bottom and top ends of the column (Figure 2.1). Transverse reinforcement with a diameter

less than ¢8 shall not be used along the column central zone. Along this zone, spacing of
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hoops and crossties shall not be more than half the smaller cross section dimension and
200 mm. Lateral distance between the legs of hoops and crossties, a, shall not be more than
25 times the hoop diameter. Therefore, for the test specimens, the spacing of the ties in

column central zone:

Shall not be more than;
s=250/2 = 125mm

s =200 mm

Accordingly, s=120mm is selected for

transverse reinforcement in the central zone

2.2.3. Design Rules for Beams of High Ductility Level:

Dimensional requirements of cross-section of beams forming frames together with
columns, or of beams connected to structural walls in their own planes are given

below:

(a) Width of the beam web shall be at least 250 mm. Web width shall not exceed the
sum of the beam height and the width of the supporting column in the perpendicular

direction to the beam axis.

(b) Beam height shall not be less than 3 times the thickness of floor slab and

300 mm, nor shall it more than 3.5 times the beam web width.

(c) Beam height should not be more than 1 / 4 the clear span.

Therefore, for the test specimens, beam dimensions were selected as b,, =250 mm

(width of the beam) and /# = 350 mm (beam height)
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Figure 2.1. Provisions of TEC-2007 for Column Reinforcement Layout
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The requirement given by Eq.(2.6) shall be applied as the minimum ratio of top

tension reinforcement at beams supports.
pZO'Sfctd /fyd (26)

Therefore, for the specimens, p=0.8f,,/f,=0.002 1is the minimum

reinforcement ratio for the beams.

Diameter of longitudinal rebars shall not be less than 12 mm. At least two rebars
each at the bottom and top of the beam shall be continuously provided along the full
span length of the beam. For the specimens, two ¢12 rebars at the bottom and two

¢12 rebars at the top of the beam are used, as shown below.

2012

7
/ i
2%12
|\

At least 1/4 of the maximum of the top reinforcement at the supports of a beam
shall be extended continuously along the full span length. The remaining part of the
top support reinforcement shall be arranged in accordance with TS 500. The
specimens satisfy this requirement since beam reinforcement is continuous across

entire beam span.

In cases where beams framing into columns are not extended to the other side of
columns, bottom and top beam reinforcement shall be extended up to the face of the
other side of the confined core of the column and then shall be bent 90 degrees from
inside the hoops. In this case, total length of the horizontal part of the longitudinal

rebar inside the column and the 90 degree bent vertical part shall not be less than the
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straight development length specified in TS 500. Horizontal part of the 90 degree
bent shall not be less than 0.4 £, and vertical part shall not be less than 12 ¢,
(Figure 2.2). For the test specimens, the beams were anchored into the confined

beam-column joint with adequate hooks satisfying this provision, as illustrated in

— 1/4 the max. support —
l N[ reinforcement [

f (See T5-500 for ather rules of arrangement) |

= E
2, | L 26
Bottom {, Bottom
ent| [T

Figure 2.3.

refnforcem =1 |reinforcement
of adjacent span af adjacent span
(a)
[ e [y T —— ___\-\N‘-\_:—"
::’\ " Wall -\I\l'|
\.I %\ |
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(b)
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- 220410,
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Figure 2.2. Provisions for the Layout of the Longitudinal Reinforcement in Beams
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Joint Hooks Detail

Figure 2.3. Beam Longitudinal Reinforcement Hooks used in the Test Specimens

In the case where beams frame into columns from both sides, beam bottom rebars
shall be extended to the adjacent span from the column face by at least the
development length, €5, given in TS 500. In cases where this is not possible because
of reasons such as the depth difference in beams, development shall be achieved in a
way similar to parameter above, i.e., to the case where beam is not extended to the
other side of the column. This provision does not apply to the test specimens since

the beam frames into the column only on one side.

A region with a length twice the beam depth measured from the column face of a
beam support shall be defined as confinement zone and special seismic hoops shall
be used along this region. In the confinement zone, distance of the first hoop to the
column face shall be maximum 50 mm. Unless a more unfavorable value is obtained,
hoop spacing shall not exceed 1/ 4 the beam depth, 8 times the minimum diameter of
the longitudinal reinforcement and 150 mm (Figure 2.4.). Outside the confinement
zone, minimum transverse reinforcement requirements specified in TS 500 shall be

applied.
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Figure 2.4. Transverse Reinforcement Layout Provisions for a Beam

Therefore, for the beam of the test specimen a length of =350x2 =700 mm should
be confined. Within this confinement zone, the spacing of the stirrups should not

exceed:

h/4=350/4=87.5 mm
&x14 =112 mm within confinement zone
150 mm

Accordingly, a stirrup spacing of s = 80 mm for the confinement zone of the beam

for the test specimens.

On the other hand, outside the beam confinement zone, which corresponds to a span

of 2400 - ( 700 + 700 ) = 1000 mm, the spacing of the stirrups cannot exceed:

S S% from TS — 500

SS3—;5 =157.5 mm =~ 150 mm

Accordingly, a stirrup spacing of 150 mm was selected for the beams of the test

specimens outside of the confinement zones.
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2.3. Properties of Specimens and Test Parameters

Test specimens were designed as one-bay one-story frames (portal frames). The
column lengths were selected as 2500 mm and the cross-section of the columns were
250 mm x 250 mm. The length of the beam from the column face was 2400 mm, and it had
250 mm x 350 mm cross-section. The beam reinforcement was selected based on the
flexural capacity ratio of the column to the beam. In order to satisfy strong column-
weak beam requirements, the flexural capacity ratio was selected to be larger than 1.2. The

dimensional details of the specimen are illustrated in Figure 2.5.

250 mm 250 mm
— —
(4] (5]
(=] =
IE IE
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250 mm
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o
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Figure 2.5. Test Specimen

In the study, 3 RC frame specimens were constructed. The first specimen was
detailed to satisfy the requirements of the TEC-2007, and was called the “Control
Specimen”. The other two specimens were also designed according to the TEC-2007.
However, in order to understand the effects of the inadequate lap splice length on the

behavior, the lap splice length was held shorter than that proposed by the TEC-2007. The
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second specimen was called specimen “LS”. The third specimen, which was named
specimen “LS-FRP” was strengthened with CFRP sheets, as well as CFRP and steel

anchorages to improve the behavior.

2.3.1. Flexural Capacity of Members

During the design process of the test specimens, sectional (moment vs. curvature)
analyses were conducted for the beam and the column (under 30 % A4, f°. axial load)
sections of the test frames, using the software “Response-2000: Reinforced Concrete
Sectional Analysis” [39]. The properties of column and beam cross-sections are given in
Figure 2.6 and the results of the sectional analyses are shown in Figure 2.6. As can be
deducted from the analysis results, the column-to-beam flexural moment capacity ratio for
the test frames exceeds the minimum required ratio of 1.2 specified in the earthquake code.
A relatively larger ratio was used to ensure flexural yielding (plastic hinge formation) in
the beam of the test specimen, prior to yielding at the bottom of the columns, since larger
bending moments were expected to develop at the bottom of the columns, compared to the

top.

8¢ 14 Longitudinal Reinforcement
$8 ties

(a) Column cross-section

4¢12 Longitudinal Reinforcement
$8 ties

(b) Beam cross-section

Figure 2.6. Cross-section Properties of Column and a Beam
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Figure 2.7. Flexural Capacity Analysis of a Column and a Beam
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2.4. Material Properties

2.4.1. Concrete

According to TEC-2007, the design compressive strength of concrete should not be
less than 20 MPa. Therefore, the design compressive strength of the concrete used in the
construction of the specimens was 20 MPa. Ready mixed concrete was used in the
construction. 9 samples of concrete cylinders were taken from each specimen. These
samples were tested on 7t day, 28" day and the day that the experiments were conducted.
Out of 2 cylinder specimens that were tested on the testing day, an average compressive

strength of 30 MPa was obtained.

While concrete is poured, cylindrical test specimens with 150 x 300 mm
dimensions were taken. After a 28 day period, compressive strength tests were conducted
on three specimens. The modulus of elasticity of the concrete was computed according to
uni-axial stress-strain test data. The initial slope of the stress-strain curves was taken as the

modulus of elasticity. The uni-axial compressive test results are given in Table 2.2.

Table 2.2. Concrete Compressive Test Results after 28 Days

Test Specimen Compressive Strength | Modulus of Elasticity
Test 1 28 MPa 26.5 GPa
Test 2 30 MPa 27.4 GPa
Test 3 31 MPa 27.9GPa
Average 30 MPa 27.3 GPa

2.4.2. Reinforcing Bars

Designed yield strength of the reinforcing steel used in the construction of the test
specimens was 420 MPa. Deformed bars were used for both transverse and longitudinal
reinforcement of the columns and the beam. Uni-axial tension tests conducted on these
reinforcing bars revealed an average yield strength of 520 MPa. Table 2.3 indicates the
measured yield strengths of the reinforcement used. In addition, stress vs. strain

relationships for all types of reinforcements are given in Figures 2.8. to 2.11.



Table 2.3. Yield Strengths of Reinforcement

Diameter fy (MPa) Location

¢ 20 500 Pedestal longitudinal reinforcement
¢ 14 510 Column longitudinal reinforcement
612 540 Beam longitudinal reinforcement
¢ 8 500 All transverse reinforcement
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Figure 2.8. Stress-Strain Relationship for ¢$20 Reinforcement
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Figure 2.9. Stress-Strain Relationship for ¢14 Reinforcement
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Figure 2.10. Stress-Strain Relationship for ¢12 Reinforcement
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Figure 2.11. Stress-Strain Relationship for ¢8 Reinforcement
2.4.3. Carbon Fiber Reinforced Polymers (CFRP)
In this research, CFRP materials were used in order to strengthen the deficient lap

splice regions of the frame specimens tested. For the strengthened specimen, CFRP

wrapping orientation was applied considering the damage and crack pattern that occurred
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in the control specimens. Properties of the CFRP used are given in Table 2.4 and its
stress-strain relationship is given in Figure 2.12. Properties of the CFRP sheets were taken

from the manufacturer data sheet.

Table 2.4. Properties of CFRP.

Nominal Thickness 0.117 mm/ply
Ultimate Tensile Strength (0°) 3800 MPa
Tensile Modulus (0°) 240 GPa
Ultimate Rupture Strain (0°) 1.55 %
Weight 230 g/m”
4200
3500 -+
© 2800 -
>
— 2100
¢
& 1400
700 ~
O T T T
0 0,005 0,01 0,015 0,02
Strain (mm/mm)

Figure 2.12. Stress-Strain Relations of CFRP

2.5. Construction of Test Specimens

Three reinforced concrete frame specimens were constructed at the Structures
Laboratory of Bogazici University. The pedestals of the specimens were first constructed,
followed by construction of the columns and the beams. Figure 2.13 shows various stages

of construction of the test specimens.
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Figure 2.13. Production of Test Specimens

2.5.1. Control Specimen

The control specimen was designed according to detailing provisions of the 2007
Turkish Earthquake Code (TEC-2007). The reinforcement detail of the control specimen is
illustrated in Figure 2.14. 8¢14 deformed bars were used for column longitudinal
reinforcement and 4¢12 deformed bars were used for beam longitudinal reinforcement.
The spacing of stirrups was selected as 80 mm in the special detailing regions of the
column and the beam. Outside the special detailing regions, 120 mm and 150 mm spacings
were used for transverse reinforcement of the column and the beam, respectively. Column
longitudinal reinforcement ratio was selected as 1.0 %, which satisfies the minimum

column reinforcement requirements in TEC-2007. The beam longitudinal reinforcement
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was selected to satisfy a strong column-weak beam condition, as also specified by the

code.
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Figure 2.14. Reinforcement Details for Control Specimen

2.5.2. Specimens LS and LS-FRP

The deficient lap splice specimens (specimen LS and specimen LS-FRP) were also
designed according to the requirements of TEC-2007, except for lap splice length.
Dimensions and reinforcing details were identical with the control specimen, with the
exception of lap splice length of 280 mm (20 bar diameter) at the base of the columns, and
inadequate transverse reinforcement (1 stirrup only) in the lap splice region. Figure 2.15
shows the reinforcement details of specimens LS and LS-FRP. Specimen LS was tested as
it is, and specimen LS-FRP was strengthened with the methodology described in next

section.
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Figure 2.15. Reinforcement Details for Specimen LS and LS-FRP
2.6. CFRP Strengthening Methodology

Installation of CFRP sheets need special care and only can only be carried out by
trained technicians. When combined with epoxy, CFRP sheets become very strong in
tension. CFRP wrapping provides excellent passive type of confinement effect to the
reinforced concrete members. Stages of the CFRP application technique used in this study
to strengthen the deficient lap splice regions of the columns is illustrated in Figure 2.16.

The procedure for installing the CFRP sheets is described in detail in the following

subsections.



39

Step 1

Step 2

Step 3

Step 4

Figure 2.16. CFRP Application

2.6.1. Surface Preparation

As a first step, all the faces of the column and pedestal (footing) regions were

smoothened and column corners were rounded. The corners were smoothened at about

20 mm radius, since increasing the radius of corner, increases the confinement effects of

CFRP [40]. All large gaps in concrete were filled with putty (Concressive 1406), large

particles were removed, and the area which is going to be wrapped was cleaned with a wire

brush. The surface was vacuumed to obtain a clean surface.
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A primer (MBrace Primer), which helps the adhesion of the CFRP to the concrete,
was applied to the surfaces with roll brush. A 24-hour curing time was passed prior to

application of the CFRP (Figure 2.17).

Figure 2.17. Primer Application

2.6.2. CFRP Application

After the primer was cured, the two components- epoxy adhesive of CFRP, MBrace
Adesivo (Saturant), was prepared and CFRP fabrics were installed on the lap spliced
region. It was made sure that, no air pockets remained under the CFRP sheets. It should be

noted that the epoxy mix has approximately 30 minute working time before it gets hot and

dense (Figure 2.18)
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e A

Figure 2.18. Epoxy Matrix

The CFRP strengthening methodology used is explained step by step in the

following.

Step 1: Diagonal Steel Anchorages in Column — Footing Interface

In order to prevent debonding of CFRP from the corner of the column-footing
intersection, two 20 mm diameter and 200 mm long holes were drilled diagonally at each
corner (Figure 2.19). Next, 18 mm diameter rods were installed in the holes using high

strength chemical epoxy (Concresive 1495).
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Figure 2.19. Steel Anchorages Holes
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Step 2: Drilling of CFRP Anchorage Holes

In order to prevent debonding of the CFRP from the column surface and the footing
surface, 4 holes with 12 mm diameter were drilled in each column and a total of 16 holes
with 150 mm depth were drilled in the footing. The holes were drilled for the purpose of
installing CFRP anchorages in the columns and footing. Locations of the anchorage holes

are illustrated in Figure 2.20.
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Figure 2.20. CFRP Anchorages Holes

Step 3: “L shaped” CFRP sheets

For increasing the flexural capacity of the columns, in the deficient lap splice region,
three layers of “L shaped” CFRP sheets were applied on the exterior and the interior
surfaces of the column - footing intersections. These “L shaped” CFRP sheets were
intended to act as supplemental longitudinal reinforcement for the columns in the splice

region. Application of the “L shaped” CFRP sheets are shown in Figure 2.21.
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E
Figure 2.21. “L Shaped” CFRP

Step 4: CFRP Anchorages

In order to avoid premature debonding, the “L shaped” CFRP sheets were anchored
in the concrete using CFRP anchors installed into the holes drilled in the footing and the
columns. To produce the CFRP anchors, 150 mm-wide CFRP sheets were rolled into tubes

and were sliced open at one end into four strips, which were spread out (Figure 2.22).

Figure 2.22. CFRP Anchorages
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Step 5: Column Wrapping
In order to induce confinement effect using the CFRP material the lap splice region

of the columns were wrapped with 3 layers of 500 mm wide CFRP sheets (Figure 2.23).

Step 6: Diagonal Steel Anchorages

Finally, as shown in Figure 2.24, the “L shaped” CFRP sheets were anchored to the
column - footing intersection with special steel assemblies that include L-shape steel
plates, semi-circular connectors with slots, and 18 mm diameter high strength steel rods
epoxied into the holes described in Step 1. By this method, the corners of the “L shaped”

CFRP sheets, which are the most critical regions for debonding, were strongly anchored.

Figure 2.24. Steel Anchorages
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2.7. Testing Methodology

The tests were performed according to ACI T1 [41] document. The requirements of

the test procedure can be summarized as follows:

. Test modules shall be subjected to a sequence of displacement-controlled cycles
representative of the drifts expected under earthquake motions for that portion of the

frame represented by the test module. Cycles shall be to predetermined drift ratios.

. Three fully reversed cycles shall be applied at each drift ratio. (Figure 2.25)

. The initial drift ratio shall be within the essentially linear elastic response range for
the module. Subsequent drift ratios shall be to values not less than one and one-

quarter times, and not more than one and one-half times, the previous drift ratio.

. Testing shall continue with gradually increasing drift ratios until the drift ratio equals

or exceeds 0.035.

. Data shall be recorded from the test such that a quantitative, as opposed to
qualitative, interpretation can be made of the performance of the module. A
continuous record shall be made of test module drift ratio versus column shear force,
and photographs shall be taken that show the condition of the test module at the

completion of testing for each sequence of three cycles.

The lateral load was applied based on the displacement control criteria. The loading
cycles are shown in Figure 2.25. Approximately 35-40 reversed cycles, depending on the
behavior of the specimen, were applied throughout the test. All data was collected with a
TML 602, 50 Hz. and 50 channel data acquisition system. Observations on cracks on
concrete surface, CFRP fractures and debonding, and failure modes were recorded in each

of 3-cycle loading set.
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Figure 2.25. Loading Protocol

The loading set up is shown in Figure 2.26 and 3-dimenesional view of test setup is
shown in Figure 2.27. Constant axial load was applied vertically by a load-control loading
system with a 600 kN-capacity hydraulic jack at the top of both columns, connected to the
pedestal of the specimens with steel cables. Horizontal loads were applied by a
displacement-control loading system through a 250 kN-capacity dynamic actuator. Three
cycles of the same amplitude in every story drift level were repeated before displacement
amplitudes were increased. The amount of the axial force applied on each column is 30 %
feAy (30% of column axial load capacity) where f°. is the compressive strength of

concrete and A, is the gross cross-sectional area of each column.

A total of 16 strain gauges, which are shown in Figure 2.28, were mounted on the
column longitudinal bars in the lap-splice region to gather the strain values during the tests.
All of these strain gauges were connected to the data acquisition system. In addition to the
strain gauges, lateral displacement of the beam, shear deformation in the beam column
joint, and curvature readings on the beam and columns at or close to the maximum moment
regions were monitored and measured by Linear Variable Differential Transducers
(LVDTs), and their data was also transferred to the same data acquisition system. Overall,
each data was recorded with 4-second intervals. The locations LVDTs are shown in

Figure 2.29.
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Figure 2.26. Test Setup

Figure 2.27. 3D Sketch of Test Setup
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Figure 2.28. Location of Strain Gages for specimen LS and specimen LS-FRP
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Figure 2.29. Location of LVDTs
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3. EXPERIMENTAL STUDY

3.1. Test Observations

This chapter describes the observed behavior of the specimens tested and presents
the data obtained from the experiments. In the explanation of the behavior of the
specimens, the location of the cracks and observations are referenced according to the

nomenclature depicted in Figure 3.1.

Axial Load Axial Load

| |

Lateral Load

—

LEFT RIGHT
JCOLUAMN COLUMMN|

FOOTING

Figure 3.1. Nomenclature of the Structural Members

3.1.1. Control Specimen

At the first drift level, which is 0.10 %, when the specimen was forced in the pull
direction with a peak force of 35.5 kN, a 200 mm long- flexural crack formed at the top of
the beam, at 90 mm distance from the right column (Figure 3.2). The second flexural crack
developed symmetrically at the top of the beam, at a distance of 180 mm from the left
column. The length of the crack was measured at about 90 mm. During subsequent drift
levels, up to 0.30 %, existing flexural cracks were extended and new cracks were formed

on the beam.
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Figure 3.2. The first Flexural Cracks on Beam in Control Specimen

The first column flexural cracks were observed during the cycles of 0.30 % drift
levels when the applied load was 66 kN in the push direction. The locations of the cracks
were 150 and 240 mm from the footing on the exterior face of the right column. Similar
cracks were observed on the interior face of the same column in the pull direction of
loading (Figure 3.3). A vertical crack on the column was observed at the right joint region
at this drift level. Vertical cracks were observed on both left and right beam joint

interfaces.

Figure 3.3. Column Flexural Cracks (exterior and interior)



51

The maximum lateral load, measured as 163 kN, was obtained during loading to
3.00 % drift cycles in the pull direction of loading. Up to the 3.50 % drift level, existing
cracks elongated and the widened and new flexural cracks were formed at the maximum
moment regions of the columns and the beam. During 3.50 % drift cycles, the cover
concrete at the bottom of the columns crushed and spalled off. The cover concrete at the
beam ends also crushed at a drift level of 4.00 %. At this drift level, the maximum lateral

load, which was 176 kN, was reached in the push direction of loading

The first joint shear cracks were formed at a drift level of 5.00 % at the right beam-
column joint region (Figure 3.4). Also, beam longitudinal reinforcement buckled at the
maximum moment region. During the final cycles to 5.00 % drift level, the top

longitudinal reinforcement of the beam fractured.

Figure 3.4. Joint Shear Cracks and Beam Crushing

The Figure 3.5 and 3.6 present the measured lateral load vs. displacement and

lateral load vs. story drift relationships of the specimen, respectively.
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Figure 3.5. Lateral Load vs. Displacement Relationships of Control Specimen
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Figure 3.6. Lateral Load vs. Drift Relationships of Control Specimen

3.1.2. Specimen LS

Specimen LS had a 280 mm (20 bar diameter) lap splice at the bottom of the column
longitudinal reinforcement. During loading, the first flexural crack formed at the bottom of
the beam and 30 mm distant from the left column at a drift level of 0.15 %. A second crack

also developed at a close location, 320 mm distant from the left column (Figure 3.7). The
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length of both cracks was almost 200 mm. During loading to cycles to 0.20 % drift,

symmetrical flexural cracks observed on the right column side of the beam.

Figure 3.7. The First Flexural Cracks on the Beam in Specimen LS

Up to a drift level of 1.50 %, existing flexural cracks elongated and widened, and
new flexural cracks were formed on beam and columns. During the 1.50 % drift cycles,
vertical cracks were observed in the lap splice region of columns, indicating bond-slip
behavior along the lap splice. Bond-slip behavior was also evident due to significant
widening of flexural cracks at the column - footing intersections. Also, as seen in

Figure 3.8, the bottom of the column started to crush at a drift level of 2.00 %.

A vertical crack was formed at the beam column joints during the 3.00 % drift
cycles. The crack initiated from the bottom interior corner of the right joint. A flexural
crack also formed at the bottom region of the right column, at a distance of 260 mm from

the footing.
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Figure 3.8. Column Cracks of Specimen LS

During loading to 3.00 %, 3.50 % and 4.00 % drift levels, the new vertical cracks
developed in the columns lap splice regions. The horizontal cracks at the column - footing
interfaces widened up to 8 mm, which also indicated significant bond-slip deformation.
The width of the cracks on the beam reached 3.0 mm (Figure 3.9). The lateral load
capacity, which was 140 kN for both the push and pull directions of loading was reached at
a drift level of 3.00 %. The lateral load vs. top displacement and lateral load vs. story drift

relationships for the specimen are shown in Figures 3.10 and 3.11 respectively.

Figure 3.9. Crackings of Beam and Column at the end of the Test for Specimen LS
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Figure 3.11. Lateral Load vs. Story Drift Relationships of Specimen LS

3.1.3. Specimen LS-FRP

On the specimen strengthen with CFRP in the lap splice region, the first crack

observed was flexural and it formed at the interface of the beam and left beam column joint

during loading to 0.10 % drift level. The first joint shear crack was observed in the left

joint region at a load of 40 kN (Figure 3.12).
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The first flexural crack on a column formed at a drift level of 0.75% on the right
column and at a distance of 100 mm from the beam bottom surface. A symmetrical crack

developed on the left column at the same drift level in opposite direction.

No damage was observed on CFRP in the lap splice region up to a drift level of
2.50 %. During the 2.50 % drift cycles, the CFRP material started to make cracking
sounds. During subsequent cycles to 3.00 % drift, the CFRP was started to rupture when
the lateral load reached a maximum level of 180 kN in the pull direction. 180 kN was the
lateral load capacity of the specimen in both push and pull directions of loading. After
3.00 % drift level, the lateral load capacity of the specimen started to degrade due to
progressive rupture of the CFRP (Figure 3.13). At the same time, the flexural cracks in the

beam column joint interfaces continued to widen; however, no fracture of the beam

reinforcement was observed.

Figure 3.12. Beam Flexure Crack and Joint Crack of Specimen LS-FRP
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Figure 3.13. Rupture of CFRP in Specimen LS FRP
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The lateral load vs. displacement and lateral load vs. story drift relationships for the

specimen LS-FRP are shown in Figure 3.14 and 3.15 respectively.

Lateral Load (kN)

Figure 3.14. Lateral Load vs. Displacement Relationships of Specimen LS FRP
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Figure 3.15. Lateral Load vs. Drift Relationships of LS FRP Specimen
3.2. Local Deformation Measurements

3.2.1. Load versus Curvature Relationships

As defined in section (2.7) on instrumentation, average curvature readings were

taken at three different locations on each column and two locations on the beam.

The placement of displacement sensors close to the maximum tensile and
compressive strain regions of the column allows an average curvature measurement along
the gauge length of the sensors. Placement of the LVDTs for curvature measurement is

shown in Figure 3.16. . The curvature is described schematically in Figure 3.17 and can be

calculated by using Eq (3.1).

A A
4= /hl+ %2251+52

3.1
b+L1+L2 YL G-l

where; A;, 4, are relative longitudinal displacements readings taken from the displacement
sensors, &; and h, are the gauge lengths of the displacement sensors, b is the width of the

member (column or beam), and L; and L; are the distances shown in Figure 3.17.
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Figure 3.17. Schematic View of Curvature Calculation

By using the equation above, experimental load vs. curvature relationships were
obtained. These relationships can be obtained at the base of each column, just above of the
each column, at the top of each column and at each end of the beam. The relationships are
presented in Figures 3.18 to 3.25 for the control specimen, Figures 3.26 to 3.33 for
specimen LS, and Figures 3.34 to 3.41 for specimen LS-FRP. The reason that moment vs.
curvature relationships cannot be presented is because each specimen is a statically
indeterminate and therefore, bending moments on the sections cannot be measured

experimentally.
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Figure 3.18. Load vs. Curvature at the Base Location of Left Column for Control Spec.
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Figure 3.19. Load vs. Curvature at the Base Location of Right Column for Control Spec.
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Figure 3.21. Load vs. Curvature just above the Base of Right Column for Control Spec.
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Figure 3.30. Load vs. Curvature at the Top of Left Column for LS
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Figure 3.33. Load vs. Curvature at the Right end of the Beam for LS
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Figure 3.41. Load vs. Curvature at the Right end of the Beam for LS-FRP

For all three specimens, shear deformations were also measured at the beam column

joint panel region using two diagonal LVDTs installed as shown in Figure 3.42. Using the
readings from these LVDTs, the shear deformation of the joints can be calculated

3.2.2. Load versus Shear Deformations Relationships

according to Eq (3.2)
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Figure 3.42. Shear Deformation Measurement

(3.2)

L tan_l[«/mz —y? —D2* —¥? J

2Y

where, y is shear deformation (rad); D/ and D2 are gauge lengths of diagonally placed
displacement sensors, and X and Y are the dimensions of undeformed joint panel. In this
relationship, it is assumed that the dimensions of shear panel do not change due to small

shear deformations.

By using the given equation, lateral load vs. shear deformation relationships of the
right and left joint panels were obtained. These relationships are presented for the control,

LS, and LS-FRP specimens in Figures 3.43 to 3.48.
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3.2.2.1. Control Specimen
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Figure 3.43. Load vs. Shear Deformations at the Left Joint Panel for Control Specimen
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Figure 3.44. Load vs. Shear Deformations at the Right Joint Panel for Control Specimen
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Figure 3.45. Load vs. Shear Deformations at the Left Joint Panel for LS Specimen
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Figure 3.46. Load vs. Shear Deformations at the Right Joint Panel for LS Specimen
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3.2.2.3. LS-FRP Specimen
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Figure 3.47. Load vs. Shear Deformations at the Left Joint Panel for LS-FRP Specimen
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Figure 3.48. Load vs. Shear Deformations at the Right Joint Panel for LS-FRP Spec.
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4. DISCUSSION OF TEST RESULTS

This chapter presents interpretation and comparison of the experimental results
obtained from frame specimen tests. Lateral load behavior of frame specimens is evaluated
in terms of lateral load vs. top displacement response, lateral load capacity, stiffness,

energy dissipation characteristics, and local deformation behavior.

4.1. Lateral Load Capacity and Lateral Load vs. Story Drift Response

The envelopes of the hysteretic lateral load vs. story drift responses for the control,
LS, and LS-FRP specimens are compared in Figure 4.1. The control specimen, which was
designed to satisfy detailing provisions of the Turkish Earthquake Code (TEC-2007)
behaved in a ductile manner, with no significant degradation in the lateral load capacity
until a drift level of 5.00 % both in the push and pull directions of loading. Due to the
inadequate lap splice, the capacity of the specimen LS reduced to 140 kN, which is
approximately 20 % lower than that of the control specimen. However, using the
strengthening methodology proposed, the lateral load capacity of the lap splice deficient
frame reached, and even exceeded, that of control specimen, In addition, no significant
degradation was observed in the lateral load capacity of the strengthened specimen at
5.00 % drift, which was the maximum drift level that can be applied by the experimental
setup, indicating that ductility capacity of the strengthened specimen is not less compared

to that of the control specimen.
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Figure 4.1. Comparison of Backbone Curves (envelopes)
4.2. Stiffness Degradation

The secant stiffness of peak points of the measured lateral load vs. top displacement
response was also used for investigating the behavior of the specimens, in terms of
stiffness degradation under cyclic lateral loads. The secant stiffness, K, is defined as the
slope of the line that passes from the origin to a displacement reversal point of interest on
the lateral load vs. story drift loops. Figure 4.2 illustrates the definition of the secant

stiffness.
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Figure 4.2. Calculation of Stiffness of Hysteresis Loops
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Measured story drift vs. stiffness relationships for the test specimens are presented in
Figure 4.3. As observed from the Figure 4.3, as well as Figure 4.1, the initial stiffness of
the strengthened specimen (LS-FRP) is higher than that of both the control specimen and
Specimen LS. The rate of stiffness degradation was, however, faster in the strengthened

specimen compared with the control.
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Figure 4.3. Comparison of Stiffness Degradation
4.3. Energy Dissipation and Ductility

To characterize the response of the frame specimens, one way to define the
cumulative dissipated energy is the cumulative area under hysteresis loops of the lateral
load vs. top displacement response. Figure 4.4 illustrates the calculation of dissipated

energy for one hysteresis loop.

Accordingly, the cumulative dissipated energy vs. story drift relationships for the
specimens is presented in Figure 4.5. As observed from the figure, the cumulative
dissipated energy is highest in the control specimen. This is expected since the control
specimen was detailed as a high-ductility-level frame and exhibited wide load vs.
displacement loops, as evident in Figure 3.5. Specimen LS showed 40 % less cumulative
energy dissipation compared with the control specimen, since the load displacement loops

were not nearly as wide and followed a more origin oriented pattern (Figure 3.10). Even
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though the shape of the load vs. displacement loops of specimen LS-FRP (Figure 3.14)
were similar to those of specimen LS, due to its higher lateral load capacity, it dissipated

only 25 % lower cumulative energy than the control specimen (Figure 4.5).
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Figure 4.5. Comparison of Dissipated Cumulative Energy
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4.4. Failure Modes, Local Deformations, and Distribution of Damage

4.4.1 Control Specimen

The test observations have revealed that for the control specimen, progressive
damage was initiated in the form of flexural cracking at the beam ends, followed
subsequently by flexural cracking at the bottom and top of the columns, flexural yielding
(plastic hinge formation) at the beam ends, and flexural yielding (plastic hinge formation)
at the base of the columns, ultimately resulting in the formation of a collapse mechanism.
The lateral load of the specimen experienced significant degradation when one of the top
bars of the beam fractured, at 5.00 % drift level, at which time testing was terminated. This
behavior was desired and expected, since the specimen was designed and detailed to

experience such form of progressive damage and ductile response.

Flexural yielding was not experienced at the top of the columns of the control
specimen, since the beam-column joint was designed to satisfy the strong column — weak
beam condition. For the columns, it was interesting to observe that flexural damage was
concentrated at the very bottom (base), along the gauge length of the lowermost
displacement sensors for measuring curvature. The curvature sensors placed just above the
base did not measure significant curvature values (Figure 3.20 and 3.21). This observation
was contrary to the expectation that nonlinear flexural deformations (inelastic curvatures)
would be distributed along a larger distance (plastic hinge length) at the base of the
columns. Similarly, the curvature readings taken from the displacement sensors placed at
the beam ends were also very small in magnitude (Figure 3.24 and 3.25), although flexural
yielding was obvious at the beam ends. The reason for this discrepancy is that nonlinear
flexural deformations at the beam ends were also localized and concentrated at locations
very close to the intersection of the beam and the joint region (a single wide flexural crack
developed at these locations), which fell outside of the gauge length of the beam curvature
sensors. It would have been more desirable to place the beam curvature sensors to include

the beam-joint interface within their gauge length.

The shear deformation sensors installed in the beam column joint regions of the

control specimen did not measure significant amount of shear deformation (Figure 3.43
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and 3.44), which was consistent with visual observation of the joint damage during the test.
Diagonal cracking was not significant in the joint regions, and the few diagonal cracks that

have formed did not widen throughout the entire test.

4.4.2 Specimen LS

For the deficient lap splice specimen that was not strengthened (Specimen LS),
progressive damage was initiated in the form of flexural cracking at the beam ends,
followed subsequently by flexural and longitudinal (bond-slip) cracking at the bottom of
the columns, and progressive flexural yielding (plastic hinge formation) at the beam ends
together with increasing bond slip deformations at the base of the columns. Bond slip
deformations across the lap splice region were visually observed in the form widening of
the longitudinal splitting cracks and of significant widening of a single horizontal crack at
the column-footing interface. This behavior was also expected, since the specimen
incorporated an inadequate lap splice length (approximately one-third of that required by
the code). It was interesting to observe that although the lap splice length was very
inadequate, the effect of the presence of the lap splice reduced the lateral load capacity of
the specimen to only 80 % of that of the control specimen, and the overall response was
still ductile, although the shape of the lateral load vs. displacement loops of the specimen

WEre narrower.

This finding is important in pointing out that bond-slip failure in columns with
inadequate lap splices may not influence the lateral load behavior of a frame system, as
much as it would influence the behavior of a single column, due to internal redistribution
of the bending moments in the frame when bond-slip failure is initiated. Due to such
redistribution, the failure mode of specimen LS was a combination of bond-slip
deformations in the lap splice region, together with flexural hinging in the beam. The
reduction of the capacity might have been much more severe and the response much more

non-ductile, if single columns were tested instead of frames.

Similar to the control specimen, flexural yielding was not experienced at the top of
the columns of the specimen LS, since the beam-column joint was designed to satisfy the

strong column — weak beam condition. The curvature sensors placed just above the base
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did not measure significant curvature values (Figure 3.28 and 3.29). The curvature
readings taken from the displacement sensors placed at the beam ends were also very small
in magnitude (Figure 3.32 and 3.33), since nonlinear flexural deformations at the beam
ends were again localized and concentrated at locations very close to the intersection of the
beam and the joint region. Shear deformations in the beam column joint regions of the

specimen were again, small in magnitude (Figure 3.45 and 3.46).

4.4.3 Specimen LS-FRP

For the deficient lap splice specimen strengthened with the CFRP-strengthening
methodology proposed (Specimen LS-FRP), progressive damage was initiated in the form
of flexural cracking at the beam ends, followed subsequently progressive flexural yielding
(plastic hinge formation) at the beam ends together with progressive flexural deformations
at the base of the columns (in the strengthened lap splice region), ultimately resulting in
rupture of the CFRP sheets. Damage at the base of the columns was not visually observed
due to obstruction of the view by the CFRP material; however, curvature readings taken
from the displacement sensors at column base indicated large flexural deformations
(Figure 3.34 and 3.35). The lateral load capacity of the strengthened specimen reached, and
even exceeded the capacity of the control specimen, whereas deformation capacity of the
strengthened specimen was not lower than that of the control specimen, and the initial
stiffness was considerably higher. The shape of the load vs. displacement loops for the

specimen were, however, not as wide as those of the control specimen.

The behavior of specimen LS-FRP demonstrated, for the most part, that the CFRP-
strengthening technique proposed in this study was very effective. The significant increase
in the lateral load capacity, compared with that of the unstrengthened specimen, as well as
the rupture of the CFRP, all indicate that the “L-shaped” CFRP sheets worked effectively
in the longitudinal direction of the column, increasing its flexural capacity. Importantly, no
debonding of the CFRP was observed, indicating that the “L-shaped” steel plates were very
effective in anchorage of the “L-shaped” sheets at the critical location, which is the
column-footing intersection. As well, the CFRP anchors efficiently prevented debonding of
the CFRP sheets from the column surface. It can be stated that the CFRP strengthening

technique proposed is very effective for increasing the flexural capacity of a column at a
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critical region, such as an inadequate lap splice region. It is speculated that if more layers
of “L-shaped” CFRP sheets were used in the longitudinal direction of the column, the
lateral load capacity of the strengthened frame would have reached even higher values,

although additional tests are required to qualify this statement.

Similar to the control specimen and the unstrengthened lap splice deficient specimen,
flexural yielding was not experienced at the top of the columns of specimen LS-FRP. The
curvature readings taken from the displacement sensors placed at the beam ends were also
very small in magnitude (Figure 3.40 and 3.41), since nonlinear flexural deformations at
the beam ends were again localized at locations very close to the intersection of the beam
and the joint region. Shear deformations in the beam column joint regions of the specimen

were also small (Figure 3.47 and 3.48).
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5. SUMMARY, CONCLUSIONS, AND FUTURE WORK

This study investigated the effectiveness of a novel strengthening technique using
Carbon Fiber Reinforced Polymers on reinforced concrete frames with inadequate
lap splices on the columns. An experimental program was conducted at the Bogazici
University Structural Engineering Laboratory to investigate the effects of lap splice
deficiency on the behavior of one-bay one-story frames (portal frames) subjected to
reversed cyclic lateral loads, as well as to discuss the improvements on the response,
provided by the CFRP strengthening technique proposed. Strength and ductility attributes,
failure modes, and damage distributions were investigated in detail for the frame
specimens tested. The following conclusions can be drawn on the basis of the results

obtained in this study:

e RC portal frame specimens designed and detailed to satisfy the provisions of
the latest Turkish Earthquake Code were found to exhibit a desirable and
ductile response reversed cyclic lateral loads, with the intended progressive
damage sequence of plastic hinge formation in the beams followed by the
columns, with no premature shear, joint shear, or bond-slip failure, provided
that the column longitudinal reinforcement is continuous. However, nonlinear
flexural deformations may be concentrated at locations very close to the beam

and column ends, as opposed to being distributed across a plastic hinge length.

e The lateral load capacity of such frames are susceptible to noticeable reduction
due to the presence of deficient lap splices in the columns, although the
reduction may not be as severe as it would be for a single column, due to
internal redistribution of the bending moments in a frame when bond-slip
failure is initiated. In this study, presence of inadequate lap splices with a length
of 20 bar diameters reduced the lateral load capacity of the test frame by only
20 % compared to that of the frame with continuous column reinforcement.
However, for the same specimen, the hysteretic energy dissipation capacity
(defined in this case as the cumulative area under the load-displacement

response) was influenced to a more undesirable extent, and was reduced by as
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much as 40 % compared to the frame with continuous column reinforcement.
The reason for this was that the load displacement loops of the lap splice
deficient frame are significantly narrower and follow a more origin-oriented

pattern.

The CFRP-strengthening technique proposed in this study noticeably improved
the behavior of the lap splice deficient frame. The lateral load capacity of the
test frame strengthened with the proposed methodology reached the capacity of
the control specimen, whereas the deformation capacity was maintained and the
initial stiffness was noticeably increased. The cumulative energy dissipated by
the strengthened frame was approximately 20 % more than that of the
unstrengthened specimen; however, this was mainly due to increase in the
lateral load capacity, since the shape of the load vs. displacement loops were

not significantly different.

It can be stated that the CFRP strengthening technique proposed in this study
can be used efficiently for increasing the flexural capacity of a member at a
critical region, such as an inadequate lap splice region. Importantly, no
debonding of the CFRP was observed prior to rupture of the CFRP under
longitudinal stresses, indicating that anchorage attributes of the proposed

technique are adequate.

Based on findings of this study, the following investigations are recommended as future

research topics in this area:

Experimental investigations on the assessment of the behavior and influence of
the proposed CFRP strengthening technique on lap splice deficient frame

systems with multiple stories and multiple spans,

Application of the proposed CFRP strengthening technique on interior, exterior,
and corner joints of frames with other types of detailing deficiencies (e.g.,
strong beam—weak column condition, inadequate beam anchorage, inadequate

transverse reinforcement in plastic hinge regions and beam column joints, etc.),
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also considering the prospect of using the diagonal steel anchorage rods to

improve joint shear response,

e Analytical modeling studies to simulate the contribution of the “L-shaped”

CFRP sheets to the flexural capacity of a reinforced concrete member.
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