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SEISMIC BEHAVIOR OF FIFTEEN YEARS OLD RC
FRAME

Abstract

It is known that during the construction process of significant part of RC structure
stock, mild steel and aggregates coming from sea bed used before the existing
code proposals and standards in Turkey. Low concrete quality, mild-nonribbed
reinforcement and sea type of aggregates are some of the under design features
of those structures. This study mainly focused on seismic behaviour of this type

of RC frame as experimentally and analytically.

Especially in humid environments, reinforcement corrosion probably occurs when
the concrete quality is low and it includes aggregates coming from sea bed. The
reinforcement corrosion can cause a lot of structural problems such as cracking
of concrete, bond lost and decreasing of effective cross sectional area of rebar
during the service life of RC structure. These destructive corrosion results limit
the service life of existing structure stock. Depending on the degree of natural
corrosion attack, the adherence between the reinforcement and concrete is ad-
versely affected, the effective reinforcement cross section is reduced as a function
of time and the cracking of the concrete cover can be seen as the main structural

damages.

Within the scope of this study, the fifteen years old RC frames were tested to rep-
resent the structures which are naturally corroded and constructed before recent
earthquake codes and standards. Nearly 1/3 scale one RC frames and one refer-
ence frame (15 years ago) were tested under the cyclic horizontal loads and con-
stant axial forces in the Istanbul Technical University Building and Earthquake
Engineering Laboratory. The seismic behavior of reinforced concrete frames has
been tried to be explained by analysing the strength development, displacement
capacity, ductility, lost of effective cross sectional area of reinforcement, stiffness,
moment-curvature relations and displacement components obtained under cyclic
load procedures. The poisson ratio of fifteen years old confined and unconfined
concrete in descending branch of stress-strain diagrams was another topic for

which only limited amount of literature is available.
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In the theoretical part of this study; non-linear pushover analysis of the structurdl
frame was investigated using by DC2B-v2 which include distributed plasticity the-
ory, Sap2000 and SeismoStruct that are based on concentrated plasticity theory
computer programs. The outputs obtained from these programs by using theoret-
ical models and the results of the experimental behavior are compared. There is
a special purpose computer program has been developed for finding the buckling

load parameters of a frame with and without plastic hinges.

According to the experimental and analytical results; strength development, lat-
eral and vertical displacement capacity, ductility and moment curvature relation-
ships have been measured, evaluated and compared. The tested frame specimen
did not reach its theoretical load capacity and drift level due to decrement of
effective cross sectional area of reinforcement and decrement of adherence be-
tween the concrete and rebar. Displacement capacity of tested corroded frame
was reduced visibly when compared with uncorroded reference frame. Some of
the reinforcing bars of stirrups which are closer to the outer joints were ruptured
at 4% story drift that indicate a loss in displacement capacity and shear capacity

due to high corrosion attack on those outer stirrups reinforcements.

Keywords: Natural corrosion, Seismic Behaviour, Poisson’s ratio



ONBES YILLIK BETONARME CERCEVELERIN
DEPREM DAVRANISI

(")zet

Ulkemizde bir cok kontrollii ve kontrolsiiz yap: iiretilmis ve iiretilmeyede devam
etmektedir. Gilintimiizde yonetmelik ve standartlarindan once iiretilen bu beton-
arme yapi stokunun onemli bir kisminin ingsaasi esnasinda diiz ylizeyli yumusak
betonarme celigi ve beton tiretiminde tuz muhtevasi yiiksek deniz kumu kul-
lanildig1 bilinmektedir. Bu ozellikleri tagiyan betonarme malzeme ile insaa edilen
mevcut yapi stokunun bir kismi ise 6nemli depremlerde yapisal zarar gormiis

veyahut kullanilamaz hale gelmigtir.

Ozellikle rutubetli ortam sartlarinda, kullanilan beton kalitesinin diigiik oldugu
hallerde veya beton igeriginde kullanilan su veya agreganin korozyon tetikleyici
bilegenleri icermesi durumunda ortaya ¢ikan yapisal korozyon ve siire¢ esnasinda
betonda meydana gelen ¢ekme catlaklar1 ve dayanimdaki azalig yapmin servis
omriini etkileyen hasarlarin arasinda en onemlilerinden bazilaridir. Korozyon
evresine bagl olarak betonarme eleman bilegenleri arasindaki aderans bagini azalt-
masi, etkili donati kesit alaninin azalmasi ve beton oOrtiisiiniin zarar gormesi
basglica yikici etkili donat1 kesit alaninin azalmasi ve beton ortiistintin catlayarak

ayrilmasi baglica yikici yapisal etkiler olarak goriilebilir.

Caligmamiz kapsaminda tilkemizdeki var olan bu yapi stokunu temsil edebilmesi
amaciyla yaklagik 15 yillik siire¢ ve dogal dig ortam kosullar igerisinde korozyon-
a ugramis diiz yiizeyli yumusak betonarme donatisi ve deniz kumu kullanilarak
ige bir olcekte tiretilmis betonarme gergevelerin yatay yiikler altindaki davranis
analitik ve deneysel olarak irdelenmistir. Istanbul Teknik Universitesi Yapi ve De-
prem Miihendisligi Labratuvarinda gerceklestirilen deneysel ¢aligmalar igin 15 yil
once tretilen ve dogal korozyon siirecine maruz birakilan 3 adet numune ve 15 yil
once ayni deney diizenegi ile denenmis olan referans numunesi kullanilmistir. Be-
tonarme numuneler, kolon tepe noktalarina ayni anda etkiyen sabit diisey yiikler
ve her iki yonde etkitilen ¢evrimsel yilikleme ile deneye tabi tutulmugtur. Kul-
lanilan numuneler, tlkemizdeki yap1 rezervinde siklikla karsilagilan, standart ve
yonetmeliklere uygun olmayan sekilde ingaa edilmis; beton mukavemeti yeter-

siz, nervirsiiz yumusak celik, deniz kumu ve agregasi, yetersiz enine donati gibi

v



ozellikleri tagiyan yapi sistemlerini temsil etmektedir. Sargi ekisinin gézetﬂdg‘{
onbegyillik beton /betonarme numune setleri ise gerilme-gekildegistirme bagimtilarindan
yararlanmak maksadi ile deneysel caligma kapsaminda denenmis, inig kolunda
Poisson oraninin davranigi gozlemlenmigtir. Deneysel caligma ile elde edilen
yapisal dayanim, deplasman kapasitesi, yapisal ve eleman siinekligi, donat1 ve
beton gerilme-sekil degistirme bagintilari, moment-egrilik ve acgisal yerdegistirme
verileri ile dogal korozyon stirecine maruz birakilmig betonarme elemanlarin de-

prem etkisi altinda yapisal davranigi irdelenmistir.

Bu caligmanin kuramsal boliimiinde ise; yapisal sistemin dogrusal olmayan analizi
DC2B(v2), Sap2000 ve SeismoStruct programlari kullanilarak incelenmistir. Ku-
ramsal modeller kullanilarak bu programla ¢alisilan yapisal davraniga ait veriler,

labaratuvar ¢aligmasiyla elde edilen sonuclar ile kargilagtirilmig ve irdelenmistir.

Sonug olarak, onbes yillik dogal korozyon siirecinin yapisal davranigta biiyiik
onem derecesinde etki etmedigi, net beton oOrtiisiiniin az oldugu sargi donatisi
kisimlarinda daha etkili oldugu goriilmiigtiir. %4 kat 6telemesi oranina ulasildiginda
bu sarg1 donatilarindaki etkili capin azalmasi ve kesme kuvvetini kargilayamadigindan
yapisal go¢gmeler olustugu goriilmiigtiir. Analitik caligmalar ile deneysel calismalarin
sonuclarinin uyum igerisinde oldugu goriilmiigtiir. Gerilme seklidegigtirme bagintilar-
inda inig kolu esnasinda beton numuneler tizerindeki yanal sekildegistirmenin
biiyiik mertebelere ulagmasi ve kabuk betonunun ¢atlama/ezilme suretiyle ayrigmasin-

dan dolay1 Poisson oraninin elde edilmesini olumsuz yonde etkilemistir.

Anahtar kelimeler: Dogal korozyon, Deprem davranisi, Poisson orani



Acknowledgements

First of all, I would like to thank to Prof. Dr. Faruk KARADOGAN hereby his
interest and guidance in each part of our master study. This was great honor to

achieve the master study with him.

Besides, I would like to thanks to Prof. Dr. Esin INAN, Prof. Dr.Hilmi
DEMIRAY, Assist. Prof. Dr. Cihan BAYINDIR, Assist. Prof. Dr. Ali Ser-
can KESTEN and Isik University for their supports.

Also, I would like to thanks to Prof. Dr. Ercan YUKSEL, Ms.C.E. Hakan
SARUHAN, Staff of STEELab for kind interest and technical support.

Specially, I want to thanks to my dear family members for their meaningful

supports.

vi



To. ..



Table of Contents

Abstract
ézet

Acknowledgements

List of Tables
List of Figures
List of Abbreviations

1 Introduction
1.1 Objectives and Scope of the Thesis . . . . . ... ... ... ...
1.2 Organization of the Thesis . . . . . .. ... ... ... .....

2 Literature Surveyo on Corrosion Behavior of Reinforced Con-

crete Structures

2.1 Corrosion . . . . ...
2.1.1 Corrosion Formation and RC Structures . . . ... .. ..
2.1.2  Formation of Reinforcement Corrosion . . . . ... . . ..
2.1.3 Natural Corrosion . . . . . . .. ... ... ... .....
2.1.4 Accelarated Corrosion . . . . . . .. ... .. ... ....
2.1.5 Literature Survey . . . . . . ... ...

2.2 Studies on the Effects of Corrosion on Concrete . . . .. . .. ..

2.3 Studies on the Effects of Corrosion on Mechanical Properties of
Reinforcing Bars . . . . . . .. ..o

ii

iv

vi

xi

xii

XVi

co 3o O

16

2.4 Studies on the Effects of Natural Corrosion on RC Structure Behavior 18

2.5 Studies on the Effects of Natural Corrosion on Bond Behavior
2.6 Studies on the Effects of Sea Sand on Natural Corrosion . . . . .
2.7 Studies on Real Site Natural Corrosion and Prediction . . . . . .

3 Literature Survey On Poisson Ratio
3.1 Poisson Ratio of Concrete . . . . . . . . . . . ... ... ...
3.2 Studies on the Poisson Ratio of Concrete . . . . . . . . . . . . ..

20
25



3.3 Studies on the Confinement Effect on Poisson Ratio of concrete . 36
3.4 Studies on the Stress-Strain relatonship of concrete in terms of

Poisson’s ratio . . . . . . . ... 38
3.5 Studies on the Loading and Mix Proportion Effects of Concrete on
Poisson Ratio . . . . . . ... .. ... .. ... ... 40
4 Experimental Works 42
4.1 Fifteen Years Old RC Frame Specimens . . . . . . ... ... ... 42
4.1.1 Specimens Features . . . . . . .. .. ... L. 48
4.1.2 Test Setup . . . . . . . . 48
4.1.3 Instrumentation and LVDT’s . . . . .. ... .. .. ... 51
4.1.4 Induced Displacement Protocol . . . . . . ... ... ... 54
4.2 Test Results . . . . . . . .. ... 57
4.2.1 Test Results of Materials . . . . . . ... ... ... .... 57
4.2.2 15 years old Concrete Test Results . . . . .. .. ... .. Y
4.2.3 Natutally Corroded RC Bars Test Results . . . . . .. .. 68
4.2.4 Reinforcement Bars Corrosion Cleaning and Surface Crack-
ing Process . . . . . . ... oL 70
4.2.4.1 Reinforcement Corrosion Surface Cracking Pro-
CESS  + v v e e e e e e 70
4.2.4.2 Reinforcement Bars Corrosion Cleaning . . . . . 73
4.2.5 Test Results of the Reference Frame . . . . . . . . .. . .. 76
4.2.6 Test Results of Specimens RCF-2 . . . . . ... ... ... 83
4.2.7 Evaluation of the Results . . . . . ... ... ... .... 92
4.3 Poisson’s ratio related test . . . . . ..o o000 94
4.3.1 Specimens . . . . . ... ... 95
432 Test Setup . . . . . . . . 96
4.3.3  Instrumentation and LVDT’s . . . . ... ... ... ... 97
4.4 Test Results . . . . . . . . . ... 100
4.4.1 Test Results of the Specimens without Confinement . . . . 101
4.4.2 Test Results of the Poisson Ratio of Confined and Uncon-
fined Concrete . . . . . . . . . . ... .. ... ... ... 105
5 Analytical Studies 107
5.1 Nonlinear Static Analysis Using DC-2B . . . . . . ... ... ... 107
5.1.1 Moment-Curvature Relations of Frame . . . . . . . . . .. 109
5.2 Analytical Studies with SAP2000 . . . . . ... .. .. ... ... 119
5.3 Analytical Studies with SeismoStruct . . . . . . . ... ... ... 122
5.4 Design of a computer program for buckling load parameter . . . . 129
6 Conclusion 132

A Computer program code for buckling load 135



B Computer program file DC2B for buckling load 142

Reference 144



List of Tables

2.1 Advantages and disadvantages of natural vs. accelerated corrosion
behavior. . . . ...

2.2 The volume of the corrosion product rust relative to original vol-
ume of the rebar. . . . . . . ... oo

4.1 LVDTs established frame and measurements purpose. . . . . . . .
4.2 Step of the displacement protocol. . . . . . . . .. ... ... ...
4.3 Mix composition of RC frame concrete. . . . . . . ... ... ...
4.4 The compressive strength of standard cylinder specimens for 28th
days and 5420th days. . . . . . .. .. ...
4.5 Mechanical properties of reinforcement bars 15 years ago *[P.T]
4.6 Mechanical properties of naturally corroded reinforcement bars . .
4.7 Corrosion cleaning specimens and corrosion rate according to the
weight loss . . . . . . . . .
4.8 Cracks width of referance frame at specific drift level . . . . . ..
4.9 Mix composition of specimens . . . . . ... .. ...
4.10 LVDT’s used for cylindrical concrete specimens . . . . . . . . ..

5.1 LVDT’s used for cylindrical concrete specimens . . . . . . . . ..

x1



2.1
2.2
2.3
24
2.5
2.6
2.7

2.8

3.1
3.2
3.3

3.4
3.5

3.6
3.7

4.1

4.2
4.3
4.4
4.5

4.6
4.7

4.8
4.9

List of Figures

Natural corrosion process and cover concrete cracking. . . . . . . 7
Natural corrosion process of reinforcement steel bar. . . . . . . .. 8
Concrete cover effect for natural corrosion attack in RC structures. 10
Accelarated corrosion test setup with DC power supply. . . . . . . 13
Variables of bond model interpretationt,, t;, u, and u. . . . . . . 23
Permeability coefficient of concrete with using sea water. . . . . . 26
Epoxy Coated Steel, carbon fiber rod and standard reinforcement

steel . . L 27
Capacity curves for non-corroded and corroded building with time
dependency. . . . . . ... 31
Poisson’s ratio of a concrete specimen example. . . . . . . .. .. 33
Mechanical features of concrete as a function of hydration time. . 35
Relationship between Poisson’s ratio and porosity ofunslaked con-

crete. . . . L e 36
Stress-strain response for FRP confined specimens (*source: [28] . 37
Schematic confinement modelling for FRP confined concrete (*source:
(28] . 38
Concrete specimens during the compression and after test . . . . . 39
Horizontal strain versus vertical stress for Poisson ratio test . . . 40

General view of preparation of the RC frame specimens at I.T.U.

Laboratory. . . . . . . . . ... 43
Geometry of the specimens. . . . . . . ... ... ... ... ... 44
(a) Node section, (b) Mid span section of the T-beam. . . . . .. 45
(c) Bottom section, (b) Upper section of the columns. . . . . . . . 46

Beam cross section and beam-column connection reinforcement de-
tall. .o 47
Column, beam- column upper section and slab reinforcement detail. 47
Preparation of RC Frame specimen for the test: (left) Mirror and
holes for LVDTSs (right) Mirror for foundation slippage measure-
ment surface (bottom) Anchorage of the specimens to the adaptor

ground. . ... 49
Test setup of the experimental works. . . . . . .. ... ... ... 50
LVDTs connected and 2"d step (+0.07 mm) of the experiment

achieved. . . . . . . .. Lo 52

x1i



4.10
4.11
4.12
4.13
4.14

4.15
4.16

4.17

4.18

4.19
4.20
4.21

4.22
4.23
4.24

4.25
4.26
4.27
4.28

4.29
4.30
4.31
4.32
4.33
4.34
4.35
4.36
4.37
4.38
4.39

4.40

LVDTs used in test setup-view of specimen front side. . . . . . . . 53
LVDTs used in test setup-view of specimen back side. . . . . . . . 53
Loading protocol applied on the frame specimen. . . . . ... .. 55
Standard cylinder specimen tests 28th days and 5420th days. . . . 59
Relationship between compressive strength and age for clinker min-

erals and cement [14]. . . . . . ... oL Lo 60
Concrete strength variation with age. . . . . . . . ... ... ... 61
Stress-Strain relationship of confined and unconfined concrete (a)

Mander Model (b) TEC-2007. . . . . . .. ... ... ... .... 63
Relationship between compressive strength -strain with age for

concrete cylinder specimens. . . . . . . ... ... 63
Relationship between compressive strength -strain with age for

concrete cylinder specimens and TEC-2007 [32] proposal for un-

confined concrete. . . . . . ... ..o 64
Taken of core specimens from tested RC frame with core holes. . . 65
Core specimens and testing equipment of press tool. . . . . . . .. 66
Eliminated core specimens results and schmidt hummer readings

relationships. . . . . .. ..o o 67
Core specimens results and schmidt hummer readings relationships. 68
Tensile test of corroded reinforcement bars. . . . . . . . . . .. .. 69
Surface cracks due to natural corrosion process (a) Al, (b) A3, (c)

Ad. 71
Bottom part of the corroded and buckled rebar after test. . . . . . 73
Solution for the corrosion cleaning process and corroded rabar. . . 74
Corroded bars and cleaning process by special solution. . . . . . . 75
(a) Rotation of the beam column connection joint, (b) calculation

of the rotation at the beam and column element . . . . . . . . .. 78
Rotation of the left and right column at the bottom end . . . . . 79
Rotation of the left and right column at the topend . . . . . . . . 79
Top displacement- base shear curve of the reference RC frame . . 80
Cumulative energy dissipation capacities of reference frame at stage

of all cyclic loop up to failure . . . . ... ... ... ... .... 81
Crack formation of reference frame at the last stage of the ex-

periement . . . ... 82
Crack pattern of RCF-2 before the experiment . . . . . . . . . .. 84
Crack scheme of RCF-2 specimen at the end of the test . . . . . . 85
Base shear versus target displacement graph of the RCF-2 . . .. 86
Base shear versus target displacement graph of the reference frame

and RCF-2 . . . . . .. ... . 87
Base shear versus target displacement graph of the reference frame,

RCF-1and RCF-2 . . .. ... ... ... ... .. ........ 87
Base shear versus target displacement graph of the reference and

tested specimens . . . . .. ... 88
Envelope curve of the reference frame, RCF-1, RCF-2 and RCF-3 88



4.41

4.42

4.43

4.44

4.45
4.46

4.47
4.48
4.49
4.50
4.51

4.52
4.53

4.54
4.55

4.56
4.57

4.58
4.59

5.1
5.2
2.3
0.4
2.5
0.6
5.7
0.8

2.9

Energy dissipation capacities of RCF-1 at stage of all 75 cylic loop

up to failure . . . . . ..o 90
Energy dissipation capacities of RCF-2 at stage of all 59 cylic loop

up to failure . . . . . ... 90
Energy dissipation capacities of RCF-3 at stage of all 56 cylic loop

up to failure . . . . . ..o 91
Energy dissipation capacities of reference frame, RCF-1, 2 and 3

at 0.03 story drift . . . . . ..o 91
Demolished part of the specimen RCF-2 at the end of the test . . 92
(a) Failure mode of the specimen RCF-2 at the end of the test, (b)

stirrups failure due to corrosion . . . . . . ... ... ... ... 93
Typical cylindrical specimens for Poisson’s ratio test. . . . . . . . 95
Typical test-setup for cylindrical specimens. . . . . . . . .. ... 96
Testing instrument of the Poisson’s ratio measurements. . . . . . . 99
Failure mode of specimens S/30-2 under axial loading. . . . . . . 100
Vertical and horizontal strain versus stress diagram of specimen

S2/29-1. . . . 101
Poisson’s ratio versus stress diagram of specimen S2/29-1. . . . . 102
Vertical and horizontal strain versus stress diagram of specimen

S2/29-1. . . . 102
Poisson’s ratio versus stress diagram of specimen S2/29-1. . . . . 103
Vertical and horizontal strain versus stress diagram of specimen

S2/34-1. . . . 103
Poisson’s ratio versus stress diagram of specimen S2/34-1. . . . . 104
Vertical and horizontal strain versus stress diagram of specimen

S2/34-3. . L 104
Poisson’s ratio versus stress diagram of specimen S2/34-3. . . . . 105
Confined cylindrical concrete specimens. . . . . . ... ... ... 106
Model for analytical study in DC-2B(s2) program . . . . . . . .. 108

Moment-curvature relation of a RC section and strain distrubution. 109
Steel material model used in analysis and TEC-2007 comparision. 110
Concrete material behavior utilized in analysis. . . . . .. .. .. 110
moment and curvature relationships of bottom column part of 15
years old frame. . . . . . . ..o 111
Moment and curvature relationships of upper column part of 15
years old frame. . . . . . . . ... L 112
Moment and curvature relationships of T-shaped beam node part
of 15 years old frame. . . . . . . . . ... 113
Moment and curvature relationships of T-shaped beam node part
of 15 years old frame. . . . . . . . . ..o 114
Force — Displacement curves of the computer program versus ex-
perimental. . . . ... Lo 118



5.10

5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19

5.20

5.21
0.22
5.23
5.24

Force — Displacement curves of the computer program versus ex-

periement with 5 and 400 pieces for RC members. . . . . . . . .. 119
Frame model and hinges used in SAP2000. . . . . .. ... .. .. 120
Pushover curve of the frame with SAP2000 and experimental. . . 121
Force versus period diagram with capacity curve. . . . . . . . .. 122
Integration points in RC frame elements and fibre modelling. . . . 123
Frame model used in SeismoStruct front view. . . . . . . ... .. 123
Frame model used in SeismoStruct side view. . . . . . . . . . . .. 124
Material models used in analytical study. . . . . . . ... ... .. 124
The displacement pattern applied to RC frames. . . . . . . . . .. 125
Hysteretic curves of the bare frame experimental and analytical

results. . . ..o 126
Hysteretic curves of the RCF-2 frame experimental and analytical

results. . . . .. 127
Damage shape of analytical work of RCF-2 at push cyle. . . . . . 128
Damage shape of analiytical work of RCF-2 at pull cyle. . . . .. 128
Modes of buckling for the RC frame. . . . . . ... .. ... ... 129
P-Delta curve assesment for buckling load. . . . . . ... ... .. 129



List of Abbreviations

RC Reinforced Concrete

FEMA Federal EM Agency

LVDT  Linear Variable Displacement Transducers

TEC Turkish Earthquake Code

STEEL ITU Structural and Earthquake Engineering Laboratory
DC Direct Current

Xvi



Chapter 1

Introduction

1.1 Objectives and Scope of the Thesis

There are a lot of vulnerable RC buildings in earthquake zones built many years
ago using the available materials at that time and referring to existing engineer-
ing codes in the time of design and construction. Especially in Turkey, during
the recent destructive earthquakes such as 1992 Erzincan, 1999 Diizce&Kocaeli
and 2011 Van earthquakes many structures had greater damage then expected.
Turkey has very high seismicity due to active faults and huge amount of existing
low-rise RC structure stock around the fault zones. There are many crucial mis-
takes done to come up with these unexpected damages observed on those build-
ings. Inadequate static design based on the early version of codes, insufficient
concrete compressive strength obtained in the site, poor workmanship and other
negative factors caused the unexpected damages on the structures. Reinforce-
ment corrosion is another crucial point which causes this type of unpredictable
collapses of RC structures. Because of that, natural corrosion of rebar has rising
attention in widespread occurrence at RC structures such as buildings, viaducts,

concrete covered roads etc.

Natural corrosion process has many destructive effects on decrement in capacity
of structures and expected service life. It is known that rust which has been

developed around the reinforcement bars causes increment in the size of original



bars and simply because of that high tensile stresses causes cracks in the concrete
which will be another reason to increase the corrosion of bars. Also the effective
cross sectional area of the reinforcement reduces due to this formation of rust and
the bond between reinforcement and concrete is lost in corroded RC structures
[1]. There are some studies carried on corrosion effets on RC structures, says
that corrosion deterioration process of reinforcement bar that can affect the bond
relations behavior and anchorage capacity of reinforcing bars with concrete [2].
These studies indicate that significant loss of bond strength observed between
concrete and reinforcement during the corrosion process and the longitudinal

cracks effects the bond behavior of reinforcing bars in concrete.

RC structures designed for the same seismic capacity could have different lifetime
seismic performance and service life depending on their structural features at that
time and environmental conditions. It is known that rebar corrosion leads to lost
of bond between rebar and concrete, decrement in effective cross sectional area of
reinforcement bars and decrement of total load bearing capacity at corroded sec-
tions rather than uncorroded sections. Consequently, corrosion reaction process
effects the structural behavior of the RC structures that’s why the RC structures
designed for the same seismic capacity could have different seismic performance

especially during the earthquakes.

Reinforced concrete 1/3 scale frame specimens were prepared and released by a
team fifteen years ago at the main campus of Istanbul Technical University. Sev-
eral of them were tested for some other purposes and rest of them were exposed
to natural environment conditions to observe corrosion formation behavior on RC
structures. In this study three of the one story-one bay, fifteen years old and nat-
urally corroded specimens were tested by three different master students under
constant vertical loads acting on the top of the both columns and lateral reversed
cyclic loads which represents the earthquakes. The RC frame specimens have spe-
cial structural features such as their concrete mixture which includes aggregate
and sand coming from sea bed and non-ribbed mild steel used. This type of RC

structures was widely constructed in Turkey before the existing earthquake codes



and standards. This study is composed of primarily the theoretical and analytical
works mainly based on experimental works. 15 years old RC frame exposed the
corrosion were tested and confined /unconfined concrete cylinder specimens were
tested as well. The confined and unconfined concrete cylinder specimens were
tested for working on poisson ratio and stress strain relationships in descending
branch. Concrete core and reinforcement bar specimens were tested to have an
idea about the material mechanical properties. By the help of this additional ma-
terial tests, characteristics of actual concrete and reinforcement model behaviour
defined and used in analyses to obtain the analytical results in the second stage
of the main study. Different computer programs were used to analyse the struc-
ture and compare the overall results in some parameters such as ductility and

displacement capacity in terms of natural corrosion time effect.

The main objectives of this study defined as fallows:

1. A comprehensive literature survey has been completed for the topic natural
and accelerated corrosion which is an important topic as the rehabilitation
of existing RC building which are poorly designed and poorly constructed

in our country,

2. To learn how tests can be carried out in Structural Mechanics Labs: Prepa-
rations of specimens to test, instrumentation and measuring systems, load-

ing schedule, interpretation of the data collected etc.

3. The main experimental program covers the test of one of the three 15 years
old one story one bay 1/3 scale RC frame which is made from mild steel

and aggregates obtained from sea bed to find out the earthquake behavior,

4. To observe the effect of natural corrosion on the earthquake behaviour of
an RC frame first experimentally and then theoretically;Theoretical part
will contain not only the material nonlinearity but also the geometrical
nonlinearity to observe the loss of safety margin against buckling due to the

material nonlinearity,



5. For doing that a lot of tests on 15 years old cylindrical 15/30 ¢cm specimens
has been conducted first. The results have been compared by code propos-
als, the stress-strain relationships of confined/unconfined specimens have

been compared paying attention on the descending branches,

6. The poisson ratio of fifteen years old confined and unconfined concrete in
descending branch of stress-strain diagrams was another topic for which

only limited amount of literature is available,

7. Several computer programs such as Sap2000, SeismoStruct and DC2B(v2)
were used to analytical works of modelling the corroded RC frame and a
special purpose computer program has been developed for finding the buck-

ling load parameters of a frame with and without plastic hinges.

1.2 Organization of the Thesis

This study include six chapters, list of references and appendices. The first chap-
ter include the objectives with an introduction and scope of the thesis. In chap-
ter two and three, corrosion in reinforced concrete structures, corrosion effects
on structures, timeline, accelerated corrosion, natural corrosion, and natural cor-
rosion evaluation techniques are explained. In those chapters, literature survey
related to the topics of corrosion, destructive effects of natural corrosion process
on structural features of RC structures, previous experimental and theoretical
works on different bond behavior models, studies on corrosion analysis of rein-
forced concrete systems and reinforcement corrosion related codes are explained.
Poisson ratio of confined and unconfined concrete related literature survey also

introduced in those chapters.

In chapter four, experimental works are introduced. The preparation of RC frame
and cylindrical specimens, the special characteristics of tested frame and speci-
mens, the testing procedures and loading protocol, test setup with its instrumen-

tation and test results are introduced in this chapter. Test results of corroded



reinforcement and core concrete specimens, RC frame specimens with compared
reference frame, moment-curvature relationships and results of uniaxial tension

tests are reported. Poisson ratio related test results are also given in this chapter.

In chapter five, the description and numerical representation of the prepared
analytical model is submitted, respectively. This section also includes information
on comparison of the theoretical and experimental outputs. Three different type
of analytical study was performed with three different computer program to work
on the destructive effect of corrosion process on RC structures. The conclusions,

references and appendices are given, respectively.



Chapter 2

Literature Surveyo on Corrosion Behavior of Reinforced

Concrete Structures

2.1 Corrosion

Corrosion reaction can be explained as an deteriation process of a metallic type
of materials. Corrosion of reinforcing steel occurs due to several environmental
reasons such as ingress of corrosion causing substances and causing material inside

the concrete proportion.



Figure 2.1: Natural corrosion process and cover concrete cracking.

2.1.1 Corrosion Formation and RC Structures

There are a lot of destructive damages process effects the RC structures such
as corrosion of rebar. RC structures include two main components which are
concrete and reinforcement steel. There is a layer between them which has high
PH zone features in the natural environment of concrete. This layer protect
rebar from external effects by covering with an passive zone. Corrosion process
can initialize by several reasons such as concrete permeability level, aggregates
coming from sea bed and sea water inside the concrete. Also another effect can be
given as RC structures may not designed and constructed suitable enough for the
natural environment conditions to resist from corrosion attack such as insufficient

concrete clear cover.

The main part of natural corrosion reaction is the formation of rust material on
reinforcement steel as mentioned before. Rebar steel turn into the rust type of

materials when it faced with air and water because of cracks on the concrete



surface. The important stages in corrosion reaction process of steel bars given in
representative Fig 2.2 as below. First of all, air reached to the steel surface with
the help of surface cracks, reinforcement steel begins corrosion chemical reaction
process with the decreasing of pH value of protective layer surrounding as given

Fig 2.2.

Steel

Cathodic site

Wsite

Figure 2.2: Natural corrosion process of reinforcement steel bar.

In figure given above; water is scratched on reinforcement steel, chemical reaction
starts as seen bottom right of the figure. The reaction elapsed time depends on
the corrosion inhibitors amount. There are some other destructive effects such
as chemical composition of aggregates, concrete mix proportion, cure effect and

environmental conditions [1].

2.1.2 Formation of Reinforcement Corrosion

Reinforcement steel corrosion is oxidation process that damages the reinforcement
bar and causes the chemical reaction. Extensive corrosion process eventually
causes structural weakness and many other structural destruction during the their
service life. The natural corrosion of reinforcement in RC structures is an chemical

reaction process that indicated below.



Natural corrosion observed in RC members mainly because of water. The chem-
ical process of rust material initiated with oxidation of iron element to the irony

cations which is shown by 2.1.

Fe — Fe'? + 2e” (2.1)

Water and air are the needs for the following stages of corrosion reaction process.

Fe'? — Fe™ + 1e” (2.2)

O2(g) + 2H,0 + 4~ — 40H™ (2.3)

The ferric ions then combine with oxygen to form ferric oxide which is then
hydrated with varying amounts of water with known chemical process. The overall
equation for the rust formation at the end of the corrosion chemical process may

be written as Eq.2.4 below :

Fe™ 4 O,(g) + H,O — Fe;03.H,0 + H™ " rust” (2.4)

The including of water in natural environment can be taken as trigger evidence for
which corrosion seems more widespread at humid environment than dry weather
conditions. A lot of several destructive effects can increase the rate of chemical
process of corrosion and its resultant damages on the RC structures. For example
the presence of salt such as sea sand as this study focused on it, greatly enhances

the rusting of reinforcement steel.

In literature, corbonation and chloride mechanism can be taken as main forma-
tion of natural corrosion process. If a reinforced concrete structures faced with

chloride elements in their natural environment, it is likely possible to initiation



of corrosion reaction. The origin of chloride ions can be chemical concrete ad-
mixtures, aggregates coming from seabed, contaminants, marine environmental
conditions and industrial brine or deicing salts. Carbonation types of corrosion
process is the chemical reaction of carbondioxide and concrete in natural envi-
ronment. This reaction process lead to decrement in pH up to lower than 8 and

damage process, respectively.

The most important effects that influence the natural corrosion process: weather
conditions, concrete clear cover ( as shown in figure below), initial crack formation

during the hyration of cement and permeability of concrete [1].

Figure 2.3: Concrete cover effect for natural corrosion attack in RC structures.

Concrete has many cracks formation and this cracks lead to start corrosion pro-
cess and then reinforcements are strongly corroded, their corrosion products can
expand, and deteriorate the thin concrete cover, by cracking, delamination and

spalling.
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2.1.3 Natural Corrosion

There are many recent study on the topic of RC corrosion which can mainly
classified as accelerated and natural corrosion process of reinforcement. Natural
corrosion process takes pretty time to observe corrosion results and its effects on
reinforced concrete structures. On the other hand, accelerated corrosion process
takes shorter time comparing to the real site natural corrosin process. But there
are some problems with accelareted corrosion study process such as represanta-
tive model can not reach real corrosion process behavior due to accelaration of
the chemical reaction. [3] studied on the similarities of accelerated and natural
corrosion process in terms of rebar surface physical features after corrosion attack.
The results pointed out that the special type of accelerated corrosion has similar-
ity with natural reaction process. The rate of rebar corrosion that expected by

Faraday’s law was over than the resultant corrosion of accelerated tests.

The natural corrosion experimental program have been performed with the scope
to study natural corrosion destructive effects with real time as 15 years. Chem-
ical reaction process of natural corrosion needs to formation of electrolyte on
reinforcement steel. When this chemical electrolyte occur on the steel surface
as mentioned section before this section. Some researches find out the corrosion
process rates under outside weather is effected from chemicals, water and weather
conditions (3). Natural corrosion process formed on nature atmospheric environ-
ment without any chemical or unnatural touch. When the cracks on concrete lead
to transfer oxygen and water on the surface of rebar, chemical reaction process
of corrosion starts. At the end of the chemical reactions rust layer occurs on the

reinforced steel bar as given above sections.
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Table 2.1: Advantages and disadvantages of natural vs. accelerated corrosion

behavior.
Advantages Disadvantages
Natural
Real site structural behaviour Take long time to study
Corrosion
Occur partial part of structure
Research Can not control/stop the
and variable part to part
Study corrosion level
Simulation of bond behavior
Exact material chracteristics
Accelarated | Take short time to study Scenario behaviour
Corrosion Working at any corrosion level is | Occur whole structure and
Research possible constant distribution
Study Bond behavior and mate-

rial characteristics are not
at good agrement with real

site behavior

2.1.4 Accelarated Corrosion

Accelerated corrosion process is that reinforced concrete sample specimens con-

nected with current power with an anode and cathode side for experimental pro-

gram. Reinforcement bars give electron with the current power force, increment

of valency occurred on the steel, and then chemical oxidation process starts to

formed. During the chemical reactions ; rebar’s valency ascending with the decre-

ment in the cathode side valency by the way. As mentioned in the section 2.1.2, re-

action process accelerated and end of the process expected corrosion level reached

and than test starts up.
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Figure 2.4: Accelarated corrosion test setup with DC power supply.

Natural corrosion experimental program needs unrestricted time such as 15 years
to complete the corrosion process whereas accelerated corrosion tests needs sig-

nificantly less time.

Accelarated corrosion experimental program has advantages during the design
procedure and emergent corrosion process. Accelerated corrosion programs are
applicaple during the construction on site. On the other hand, the results are
not overlapp with real site’s behavior of corrosion due to chemical touch and

acceleration.

2.1.5 Literature Survey

This literature survey section is organized to collect recent corrosion related and
poisson ratio related studies from the literature. There are some main group of
study area on the topic of corrosion such as accelerated corrosion, RC member
specimen such as only beam specimens or columns. Consequently, there is a gap
over there to study earthquake behavior of corroded RC system specimens such
as scaled or unscaled RC frames or site structures. Time effect and earthquake

behavior does not consider in many studies on the topic of RC corrosion. This
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master thesis study focused on natural corrosion effects on the one bay one story
specimen with sea sand included low quality concrete, mild steel and substandard

detailing under lateral cyclic-vertical axial loading.

Works are focused on destructive effects of corrosion process on mechanical prop-
erties of rebars and concrete with the base of accelerated corrosion rate. The
structural behavior of RC sections with corroded steel carried out by some re-
searchers but system specimen studies are limited. Also, corrosion effects the
bond between the reinforcement and concrete as mentioned previous section neg-
atively. There are some limited study with bond modelling for corroded RC
members in literature. Consideration of corrosion in shear strength degradation
with displacement ductility is another important part of the corrosion research.
Poisson ratio of confined and unconfined concrete related literature survey also

introduced in the section below.

2.2 Studies on the Effects of Corrosion on Concrete

Recent studies on the effects of natural corrosion on the mechanical properties of
concrete are submitted below. [4] studied on evolution of the corrosion patterns
based on two fully scaled RC beams which are corroded 14 and 23 years at chloride
environment condition. The experimental results of the study shows that, at the
cracking initiation stage (beginning of the corrosion reaction) localize the RC
corrosion because of the localization of the cracks on concrete. Local pitting
corrosion is the basic corrosion pattern and it has crucial impact that influence

the structural deteriation process and bond behavior.

[5] studied on the structural performance of RC structure which has damaged
concrete clear cover and confined using CFRP sheets. His experimental study
covers exposing a RC beam specimen to an accelerated corrosion reaction through
by DC power connection to the beam specimen. The rate of corrosion is a variable
during the experimental study. This study pointed out that the strength and

stiffness values of the corroded RC beam element is further more than reference
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beam that indicate the CFRP jacketing improve the performance of RC structures

from corrosion process.

[6] pointed out that building owners are faced with the cost of repearing of con-
crete cover that swelling with the corrosion of the reinforcement bars, generally
due to chloride induced formation. Corrosion of the reinforcement bars and re-
lated strength reduction of concrete (concrete cover lost) lead this repearing and
maintanance cost. He also pointed out that reinforcement corrosion lead to the
loss in cross sectional area of RC members and decrement in the flexural strength

capacity of them.

When reinforcement steel corrodes, its volume increase rapidly and exert a extra
tensile forces on the surrounding conrcrete zone. This extra tensile force causes

damage on the concrete and reducing the service life of the RC structures.

[7] studied on the structural corrosion effects on the concrete mechanical behavior.
He pointed out that reinforcement corrosion is a main cause of deterioration that
lead to formation of cracking on members concrete cover zone. These cracks con-
duce the increment of corrosion rate and then lead crucial ductility and capacity

problems on RC structures.

[8] studied on the effects of natural corrosion damage on an existing RC struc-
ture. In this site study, corrosion defined as the predominant causal factor in
the premature deteriation of concrete and reinforcement structure. Corrosion of
reinforcement can lead structural problems because of bond loss among the con-
crete and rebar. Also, reduction of the concrete compressive strength is a another
structural problems for RC structures. The presented study indicatesthat struc-
ture’s life is restricted due to corrosion attack with the decrement in concrete
strength, rising in porosity, cracking on surface and decreasing of effective cross

sectional area of rebar.

[9] Present the results on a model that evaluation of the axial load capacity of

reinforcement columns with different corrosion rate. The model considers strength
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reduction in RC members due to cover damages and loss of confinement pressure.
Concrete cover damages, buckling of corroded bars and decreasing of effective
cross sectional area of rebars are the most destructive impact on RC structures

because of corrosion process.

[10] studied on the modelling of bond behavior in reinforced concrete structures
effected by reinforcement corrosion process. Modeling of such behavior needs
effective nonlinear aproach able to cover main aspect of the corrosion such as
cocnrete cracking, reduction in bond strength due to rust fand cracks formation,
decreasing of steel cross section area and concrete strength reduction. The expan-
sion of corrosion products causes concrete cracking and spalling of cover concrete.
These crucial structural effects lead to reduction in contribution of concrete to

the load bearing capacity of RC structures.

2.3 Studies on the Effects of Corrosion on Mechanical Properties of

Reinforcing Bars

[11] work on the corrosion characteristics of reinforcement in naturally corroded
RC 4 years old beam with corrosion accelerated inhibitors. The results of this
study show that transverse cracks in the tension surface of reinforced concrete
beam are occur due to the volume expansion of cross-sectional area of rebar. The
authors mentioned that there is no huge similarities among the cracks open width
and decrement of effective diameter of corroded reinforcement bar at various part
of RC structures. Another result of this study is that the expansive rust formation
initializes the longitudinal crack formation mostly at the mortar paste aggregate
interface for the studied concrete specimens. As a result of this study, cracks that
on the structures due to corrosion effect the RC structure’s features. In the study
of [12], effect of corrosion on the mechanical properties of reinforcement and the
residual structural performance of the corroded beams are introduced. The study
covers the topic of corrosion effects on the strength/capacity of reinforcing steel

bars and related corresponding structural members.
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[13] study on corrosion of reinforcement steel. Corrosion of rebar is the most wider
form of degradation of RC structure’s capacity through loss of rebar cross section,
loss of bond between reinforcement steel and concrete. The decreasing in con-
crete strength is also another crucial effect of corrosion on reinforcement concrete
structures. Corrosion attack effects on mechanical parameters of reinforcement
steel is investigated through physical tests during the study of [13]. Reinforce-
ment steels subjected to different accelerated corrosion scenario to obtain loss of
strength and change in ductility along the bar. The result of the study are that
; for the plain mild steel reinforcement bars which subjected to small amounts
of accelerated corrosion, the reduction in yield strength is not much greater than
reduction in the cross sectional area of reinforcement steel bars. For heavily cor-
roded rebars, the reduction in yield strength is less than the maximum reduction
in cross sectional area of reinforcement steel. The decrement in ductility is greater
than the decrement in yield strength for heavily and small corrosion cases. As
an example for this result, reduction in cross sectional area of rebar 8%, lead to
reduction in ductility 20% in reinforcement steel. In summary, this study claim
that the loss of ductility insignificantly more than the loss in yield strength with

increasing corrosion rate from the experimental and theoretical results.

[14] studied on the effect of corrosion on cross section loss of rebar, low and high
cycle fatigue properties of Bst500s types of reinforcement steel which is widely
used in Greece from 1990 to 2005 code update. During the experimental work;
@12 reinforcement steel bars were subjected to accelerated corrosion process and
tested with both low and high cycle fatigue levels. The test results indicated that
as the corrosion rate increases the yield strength, fracture(maximum) strength

and the ductility of the reinforcement steel decreases.

In the study of the [15], effect of corrosion on mechanical properties of steel in
twenty seven years old natural corroded RC beams was tested. Reinforcement
rebars with dissimilar corrosion rate and consentrated pit deepness were used for
tension based experimental program. It is mentioned that rate of corrosion influ-

ence the mechanical features of rebars and maximum stress-strain values. Also,
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exact yield stress of corroded type of reinforcement steels kept same when their
maximum stress was rising. A decrement of maximum elongation occurred to
be the main impact of corrosion and effected overlapping with related standards.
Also it is mentioned that the resultant corrosion behavior observed to be non-
homogneous both throughout longiditional and perimeter’s and cross section of
reinforcement steel. Important result of the study are that; exact yield strength
with effective diameter kept same with increasing corrosion rate. The proportion
between yield strength and ultimate strength decrease with the decreasing corro-
sion rate. Another conclusion is that if the mean loss of diameter value is used

in the computations, the modulus of elasticity is not effected by corrosion rate.

2.4 Studies on the Effects of Natural Corrosion on RC Structure Be-

havior

[16] studied on the effects of length and location of reinforcement steel corrosion
on the behavior and load capacity of RC column members. Results of the ac-
celerated corrosion formation process and eccentric load tests carried out. It is
mentioned that the mechanical behavior and load carrying capacity of corroded
reinforced concrete columns are affected by the location of the partial length, the
corrosion level and the asymmetrical deterioration of the concrete section. Also
another important point for the corroded RC columns with large eccentricity,
higher corrosion rate in the tensile corroded length and a greater asymmetrical
deterioration of the concrete cross section can result in less ductile structural
behavior. Special failure modes are observed due to corrosion such as the split-
ting failure along the longitudinal corrosion cracks within the partially corroded

length.

Study of [17] covers the predicting moment capacity of RC sections with acceler-
ated corroded reinforcement steel. It is mentioned that, RC structure’s deterio-

rated due to corrosion has raised a crucial level that effect its moment capacities.
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Corrosion of the reinforcement lead to decrease in cross sectional area and de-
bonding mechanism. This would reduct moment capacities of the RC structural
sections. The results of the experimental and theoretical study find out that; re-
inforcement steel with natural corrosion effects had lost cross sectional area with
compared unnatural corrosion procedure and because of the heavy corroded rebar
¢10 had bear more loads wth huge mid section displacement. Also, non-corrosive
reinforcement steel bars gave maximum moment capacities at early age of corro-
sion process while its behavior changed at later ages. In summary, the moment
capacity of reinforced concrete decreasing based on the parameters such as loss

of mass and decreasing of bond strength because of corrosion process.

[18] studied on the load carrying capacity of RC structure with corroded rein-
forcement. This study summarizes the results of research work carried out with
corroded concrete beams. Reinforcement used in tests was corroded by added
calcium chloride to the mixing water and accelerated corrosion process applied.
It is mentioned that corrosion effect the type of failure in concrete beam with
usual ratio of reinforcement. Corrosion of reinforcement affect the structural per-
formance of concrete beam, increasing both the deflections and the crack widths
at the service load and reducing the strength at the ultimate load. Besides, de-
terioration of concrete cover, due to cracking and spalling which produced by

corrosion of compression bars, has also shown as important relevant.

[19] studied on the reinforcement corrosion in RC structures, its prediction and
corrosion level monitoring. It is mentioned in the study that; corrosion is the
one of the major durability problems. There are many parameters, some asso-
ciated with the concrete quality, such as water cement ratio, cement chemical
composition, concrete admixtures, initial surface cracks, humidity, air, temper-
ature and organic bacterial effect which influence the steel corrosion process of
RC structures. Prediction of the remaining service life of corroded structure is
achieved by the help of numerical models and experimental procedures. Also, it

is include that; generally in a well designed and constructed RC structure have
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the contribution of reinforcement corrosion from the existing codes and design

standards.

2.5 Studies on the Effects of Natural Corrosion on Bond Behavior

There are many study in literature about the influence of corrosion on bond
behavior in RC structures. The most crucial conclusion in literature survey is
that; bond strength rising up with increasing corrosion rate from the beginning
to the 1 percent corrosion level but for the further corrosion rate bond strength
decreases rapily. [20] studied on monitoring of the bond features as a function
of corrosion level. They say that whereas the specimens which are unconfined
show brittle failure behavior with increasing of surface cracks because of volume
expansion, the specimens which are confined were reached damage limit because
of confinement impact. There are some differences and similarities between the
findings related to the ultimate bond strength of specimens with non-ribbed and
ribbed reinforcement steels. Some part of the important researchers say that
the maximum bond strength of specimens with deformed reinforcement steel is
3.5 6.9 times as high as for the bond strength of the specimen with non-ribbed
reinforcement steel which is used in this thesis study (Fang et al., 2004). Moreover,
the other researchers say that the maximum bond strength of specimens with non-
ribbed reinforcement steel is 28.6% of deformed (ribbed) bars (Mo and Chan,
1996).

[21], Karin Lundgren et all.(2005) and Mario Plos et all.(2005) studied on the de-
structive effect of corrosion attack on bond in corroded reinforced RC structures.
[22] focused on that the impact of rebar corrosion damages on bond behavior.
Tests were achieved with four dissimilar corrosion rate. Pull out experiments and
FE analysis were utilized and outputs from two stages were compared each other.
For confined part, a medium level (4 percent) of corrosion has no crucial effect on
the bond strength, but substantial reduction in bond strength took place when

corrosion increased up to level of 6 percent. It is mentioned that the confinement
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supplied an effective way to counteract bond loss for corroded steel bars of a
medium (around 4 percent to 6 percent) corrosion rate. Also the results of an-
alytical work which is finite element analysis show a reasonably good agreement

with the experiments regarding bond strength and bond stiffness parameters.

[21] also work same bond parameters with Karin Lundgren et all.(2005). In
this study pull-out tests were carried out to observe the effects of reinforcement
corrosion on the bond strength, however important decrement in bond strength
observed when corrosion rate rising up to degree of 6 percent. It is mentioned
that lateral confinement provides an efficient techniques to avoid bond strength
degredation. Also the results of analytical work which is finite element analysis
show a overlap with the tests result’s parameter of bond strength and stiffness.
In this study pull-out experiments achieved to observe the degredation of bond
strength because of destructive reinforcement corrosion process. A lot of speci-
mens with different specific corrosion rate, specimens with and without stirrups
were tested to observe confinment effect. Specimens that both ribbed and non-
ribbed reinforcement steel bars were tested to supply the numerical information
need to establish the bond properties with the maximum bond strength and end
slip for different amount of accelerated corrosion level under pull out forces. The
result from this study, corrosion support the increasing of bond strength for non

ribbed reinforcement steel bar without any confinement at lower degree corrosion.

In the study of Mario Plos et all.(2005), effect of corrosion on bond slip behavior
investigated under cyclic loading aspect. It is saying that, cyclic loading effect the
bond between reinforcing steel bar and the surrounding concrete, especially when
the reinforcement is corroded as same as our thesis experimental work. In Mario
Plos et all.(2005) corrosion study, tests were carried out to observe bond strength
slip behavior of corroded reinforcement. Accelerated corrosion level, confinement
effect, bar size and type and loading history are the parameters of the study.
The results mentioned that bond strength was reduced under cyclic loading. The
bond strength decrement is more substantial for unconfined reinforcement steel

bars than for confined ones. Besides to mentioned that the cyclic bond stress—slip

21



curves depended on loading history of the test programs that coming from the

experimental results.

Karin Lundgren (2002) also studied on the modelling the effect of corrosion on
bond in reinforced concrete. It is mentioned in this study that, corrosion leads to a
volume increase on the reinforcement bars and then as a result of this increment,
splitting stresses are induced in the structural concrete. By the way the bond
mechanism between the reinforcement bars and concrete is influenced. Mechanical
behavior of the corrosion products should be known to modelling the splitting
stresses of the corrosion which is effect the structural behavior of RC sections.
Author assume that the corrosion products behave like a granular material. The
results of the study show that modelling method can predict the loss of bond when
splitting of concrete occurs, because of the combined action effect of corrosion and

bond slip mechanism.

In earlier work by researchers, a general model for the bond mechanism was de-
veloped to understand bond strength degredation during the corrosion process.
In this bond model mechanism, the splitting stresses of bond relation are induced
and bond stress depends on not only the slip, it also depends on the radial de-
formation between the concrete and reinforcement steel bars. This bond model
can be simulated when the reinforcement steel is yielding during the loading.
This bond model combined with the modelling of corrosion rust product behav-
ior which is crucial to model and to reach the exact behavior of the corroded

bond mechanism.

A bond mechanism model; This model includes bond relationship between
the concrete and reinforcement is presented by Lundgren and Gtlltoft (2005). The
bond behavior model is a frictional based theory covers nonlinearity to investigate
the relationship between the deformations and the stresses occurs in the RC
sections. The relationship among the tractions ¢ and the relative displacements

u are given below where D5 normally is negative. Also, for the hardening part
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of the reinforcement is concern and a hardening parameter established in this

]: tn ] Dy Mﬂjz U whard
= U thond
Ly 0 D U shond
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g=4 = relalive normal displacement In the layer
iy = slip
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Figure 2.5: Variables of bond model interpretationt,, ¢, u, and wu,.

This model is valid for pull-out experiments with different section properties
and loading types. In the bond mechanism, it was used in 3D finite element
analysis of different anchorage situations. As a result that the theoretical bond
model can describe the behavior good agreement with experimental results. In
earlier analysis, slip among the concrete and reinforcement bars occurred firs and
normal stresses are usually because of the suggested bond mechanism model.
Also, for the modelling of the corrosion layer the mechanical behavior of the
corrosion formation products(rust) should be known. Molina et all. assume that
the corrosion formation product shows elastic behavior. Also some researchers
assume that corrosion rust is behave like a material which cohesionless assemblage

of incompressible crystals.
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Table 2.2: The volume of the corrosion product rust relative to original volume
of the rebar.

Corrosion Product | Volume increase
Fe30, 2.2
Fe(OH)s 3.8
Fe(OH); 4.2
Fe(OH)s3,3H,0 6.4

Mechanical behavior and volume expansion of rust compared with original rein-
forcement and modelled by this bond mechanism. The model included splitting
stresses of bond and strength of the surrounding concrete. This model behavior in
shortly is that the loss of bond during the splitting of concrete observed because
of combined impact of bond mechanism and corrosion formation. But the most
important point of this method is not concerned the creep, shrinkage of concrete

and strength increasing during the life time of natural corrosion reaction process.

As a result; mechanical behavior and the volume change of the reinforcement
should be known to model the bond behavior according to the Karin Lundgren
(2002). Corrosion pressures before and after corrosion cracking, corrosion effect on
concrete cover, frictional contact force between the bar-concrete interface should
be considered during the modelling of bond behavior for corroded reinforcement
according to the study of Xiaohoi Wang and Xila Liu (2006). In the study of Luisa
Berto et all.(2008) assume similar statement with other researchers. Specially,
they state that nonlinear behavior enough to cover the destructive impact of
corrosion such as crack formation, bond loss and diameter loss of rebar. In these

studies frictional type law and damage type law approaches used.

Pull-out experimental program and analytical works supports that submitted
method effectively simulate the destructive impact of corrosion on bond behavior
mechanism between the concrete and rebar, mainly for the damage type law

approach.
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2.6 Studies on the Effects of Sea Sand on Natural Corrosion

Sea effected corrosion is an main issue for marine ambiance corrosion research.
Xiwutong Wang et all.(2005) studied on the topic of effect of seabed sediment on
RC structures corrosion. Seabed sediment type of aggregates were widely used in
construction industry and the seabed soil sediment effects the RC structures to

start up corrosion reactions.

Marine corrosion’s environment can be examined in several parts such as splash
area, atmospheric area, immersed area, tidal area and sediment area. Sea or
ocean bed sediment area has lowest corrosiveness impat in a lot of reserach such
as Hou (1998). On the other hand, there are some uniqueness between the studies
because of the partially unknown behavior of corrosion products. [23]argue that
the reinforcement corrosion process change in dissimilar areas having dissimilar

natural environment such as marine site and desert site.

The sea effected corrosion process depends on many factors according to the re-
search done by Hou et all. (2001). The electrochemical and microbial can be
taken as two types of sea effected corrosion in practical site works. Electrochem-
ical related types of corrosion directly has link with particle size, temperature,
salinity, electrical resistance, dissolved oxygen and pH degree of RC structures.
Microbial type of corrosion factors that include the sulphate bacteria substance,
redox, organic and sulphate content. Sea water’s pH value varying from 8-8.2
according to the [24] and the pH value in sea marine soil area tends to be close

to that of the surrounding sea water.

Oxidation of sulphur that causes the reaction of hydrogen and sulphur elements
with oxidation reaction with decrement in pH according to the Rajasekar et al.’s
study. Within this pH reduction, corrosion process starts to formation and ef-
fect the steel mechanical properties in this types of sea marine environment RC

structures.
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Keisaburo Katona et all. study include the properties and application of concrete
made with sea water and un-washed aggregates coming from sea bed. They made
a lot of concrete specimens using sea water and un-washed aggregates coming from
sea bed. The study mentioned that RC constructions that include non-corrosive
reinforcement steel are durable with respect to other’s in service life whatever the
environmental condition is. In this study; to prevent concrete damages because of

reinforcement bar accelerated corrosion, the applied current define the ultimate

chloride at the beginning.

Using of sea water and unwashed sea sand in mix proportion of structural concrete
were studied by researchers and they found that early strength of the concrete
is high, and long-term strength is also retained at a high level. On the other
hand, the permeability coefficient of sea or ocean water induced types structural

concrete becomes small with respect to the concrete made using tap water as

given below Fig[2.6].
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Figure 2.6: Permeability coefficient of concrete with using sea water.

Lastly, corrosion effects of sea water on RC structures and mechanical properties
of structural concrete mentioned in this submitted study. Deterioration process of
epoxy-coated steel reinforcement, carbon fiber rods and standard steel reinforce-
ment were studied to understand corrosion effect on rebar after cyclic acceleration
tests between autoclave conditions and ordinary environment conditions. At the

end of 33 cycles tests process which corresponds to about 100 years in a marine
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environment, the surraunding of reinforcement standard steel bars were corroded,
but no corrosion product or chance in mechanical material features of the stan-
dard bars with the carbon fiber rods. It is easy to understand marine environment

effect the mechanical properties of the standard reinforcement steel bars without

any protection and coating.

Figure 2.7: Epoxy Coated Steel, carbon fiber rod and standard reinforcement
steel .

2.7 Studies on Real Site Natural Corrosion and Prediction

Prediction of corrosion rate in real site is crucial issue to comprehend the struc-
tural behavior in site practice for RC structures. To prepare a plan which for
maintenance of corroded RC structures need to predict the rate and deteriotion

level of corrosion.

Rapid monitoring or constant estimated corrosion level without any time effect
increment models are used in damage estimated models for r corroded RC struc-
tures. Ignored parameters which influence the corrosion level in RC structures

such as concrete cover loss are not considered with the modelling procedure.

to monitoring the existing corrosion level of structural RC section. A corrosion
rate monitoring model is include numerical analysis of accelerated corrosion pro-

cedure. The another model that suggested by Ergiin and Yalgin (1196) include
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the contribution of acetate and chloride elements on corrosion rate. FExisting
corrosion rate is monitoring by LPR and half cell potential in this suggested pro-
cedure. The model covers the results that evaluated from accelerated corrosion

experimental program with chemical touch.

Katwan et all.’s model (1996) include a numerical modelling which based on
electrochemical noise technique which based on the foundation of electrochemical
noise technique for the prediction of corrosion rate in RC structures for real site
application. This model developed with testing of full-scale RC beams under
dynamic(earthquake load/live load) and static loading (dead load) and exposed

to a corrosive environment conditions such as marine environment.

[25] suggested an theoretical model based on mainly experimental test results
included in a five year accelerated experiment stage on initially non-cracked RC
bridge deck slabs with different parameters that height of concrete clear covers
and w/b ratios. Cement contents of mix proportion was also another parameters

to define a model with different accelerated corrosion rates.

Vu and Stewart’s model (2000) is defined as an corrosion real statement moni-
toring model include that the enough air content at the reinforcement steel sur-
rounding. This modelling does not consider the change in concrete mechanical
features with variation of binder materials. This modelling narrowed to corrosion

formation process where the chemical reaction is the dominant.

One of the other developed model that the Duracete corrosion bond model (1998)
is an attempt to development on Alonso et all.(1988) suggested with other cor-
rosion rate effected parameters. Model of Scott’s(2004) cover the results of the
testing programme which covers cracked beam specimens with different crack
width, different concrete cover and different binder type as a test parameters.
This model was developed by the testing of cracked specimens due to corrosion
But this model not include the crack geometry as an governing factors. In the
model similar to the others corrosion prediction models given above. It is not

visible in the model of Scott that corrosion rate is a constant or not.

28



[26] studied on aexperimental methods for real site corrosion monitoring of rebar
base don method of polarization resitance. The test methods that described in
the [26]’s study can be used for on real site condition assessment of RC structures.
This methods proper to use at any time during the service life of the reinforced
concrete structures, and every climate conditions, except the temperature is lower
than 0°C. The conclusions of the study are pointed out that identification of
effective corroded zones, evaluation of the effectiveness of repair techniques such
as coating and implementation into structural calculations (damage functions)
can be done with use of the corrosion rate determination tests and numerical

results.

Accelerated test has become wide spread methodology to predict destructive effect
of corrosion in RC structures within a short time of period comparing to the
natural corrosion testing process. But, this methodology has some disadvantages
to represent the exact behavior of natural corrosion of real site RC structures.
There is a gap over there to predict the naturally corroded reinforced concrete
structures earthquake behavior in site practice. As summary, factors effected
the corrosion such as cover such as concrete cover spalling, concrete strength
and time effect should be considered in corrosion in corrosion level monitoring
models. Also, natural corrosion process is a crucial stage in prediction models
which is not concerned generally. Most of the prediction models using data from
accelerated corrosion tests. Therefore, real site natural corrosion process and
other studies’s results should be combined with modelling to develop reliable
corrosion rate prediction models to obtain real site corrosion prediction for RC

structures.

H. Yalciner et al.(2012) work on the effect of corrosion deteriotion on the perfor-
mance level of an old RC structures. Evaluation of the serviceability of a corroded
RC structure take a vital place to prevent serious effects on structures and in-
directly on people actually during an unpredicted earthquake. In the study of
the researchers ; 25 years old and naturally corroded RC building analysed and
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theoretically researched with parameters that function of corrosion rate. Bond-
slip relationships between the corroded reinforcement bar and existing concrete
strength were cover the nonlinear structural analysis which based on corrosion

rate function.

When the reinforcement corrosion process begins, expected load bearing capac-
ity of a reinforced concrete structure decrease because of the different effects of
corrosion on mechanical properties of reinforcement and concrete. It is vital to
predict that what kind of corrosion effects are needed to be taken into account

when the nonlinear seismic performance analyses reached for RC structures.

Cross sectional area loss of reinforcement steel bars can lead the reinforcement
bars buckling before the reaching the point that their yield strength capacity.
Also energy dissipation capacity of RC structures decreases which also causes to
have less ductile behavior during an real earthquake. It is common known and
mentioned in the study that corrosion can lead unexpected structural damage
because of the decreasing of bond strength between surraunding concrete and
reinforcement steel bars. Corrosion rate which obtained from experiment was
used to taken into account the reduction in cross sectional area of reinforcement
steel bars, and the decreasing in concrete strength as a function of time with

increasing corrosion.
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Figure 2.8: Capacity curves for non-corroded and corroded building with time
dependency.

There is an important reduction of the load bearing capacity curve as shown
above Fig.2.8 for the corroded reinforced concrete structure with respect to non-
corroded RC structure. It is clear that when RC structures corroded, load bearing
capacity will decrease due to the corrosion damages on structures. It is also clear
that for the same amount of base shear force displacement increases as a function
of time due to corrosion. Besides it can be observed from the graph that the
mechanism of failure are affected by corrosion formation process. This study
show that expected service life of RC structures is effected by reinforcement steel
corrosion formation process where the quality of concrete, permeability or initial
cracks on structures, and the concrete cover depth and environmental factors

effect the expected service life of reinforced concrete structures.

31



Chapter 3

Literature Survey On Poisson Ratio

3.1 Poisson Ratio of Concrete

Poison’s ratio of the concrete is the ratio between lateral (horizontal) strains
and vertical strains. Poisson’s ratio, mathematically can be calculated as below

formulation 3.1.

Where

) = Poisson’s ration
ep = Strain along the horizontal axis

e, = Strain along the vertical axis
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Figure 3.1: Poisson’s ratio of a concrete specimen example.

When compressive force acts on a concrete specimen with the increase in loading
force, two types of strains that will crop in the specimen of concrete at plastic
region. Both strains are opposite in direction, one is along longitudinal axis and
second is in vertical direction, that is due to reduction in volume at vertical

direction.

The Poisson ratio of concrete in lowering load branch has generated research in-
terest because of the lack of research in this topic and hardness of experimental
works. The possibility of collecting deformation data of concrete with increasing
load branch have been investigated unless to lowering load branch by many re-
searchers, but to date, the information available on the Poisson ratio of concrete
under axial loading at lowering branch is limited. In the literature there are some

related recent works introduced on the below sections.

3.2 Studies on the Poisson Ratio of Concrete

Ata et al (2005) pointed out that Poisson’s ratio of laterized special type of struc-
tural concrete with change the ratio range between 0.25 and 0.3. This study
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pointed out that, if the age of concrete increase, poisson ratio of structural con-
crete will increase. In addition to this important point, it was noted that curing
method and time, compaction level and water/cement ratio have effect on Pois-
son’s ratio of structural concrete. In the study of M. Anson and K. Newman
(2016), they work on the relation between the mix proportions and Poisson’s ra-
tio for structural mortars and concretes. This study mention that, it is visible
that Poisson’s ratio is affected by the method of testing, the mix proportions,
environment moisture condition and temperature of the specimens. Static and
dynamic properties of Poisson’s ratios studied for saturated structural mortars
and concretes during the experimental part of the M. Anson and K. Newman’s

study.

K. Sideris et all. (2004) studied on the modulus of elasticity and Poisson ratio of
structural concrete. The relationship between compressive stress and Poisson’s
ratio of structural concrete was investigated by using the cement hydration equa-
tion in this study. Hydration criteria of structural concrete is established and
hydration process used for computing the numerical outputs up to last hydration
in terms of Poisson’s ratio. Poisson’s ratio and compressive strength have linear

relationship between them according to the this and previous studies.

This study mention about that, Poisson ratio is measured from concrete strength
which develop with increasing time. Also increment in Poisson’s ratio is depends
on the concrete strength. As a result, there is a direct correlation among the com-
pressive stress of concrete and Poisson’s ratio given below figure by the proportion

methodology of two different points.
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Figure 3.2: Mechanical features of concrete as a function of hydration time.

[27] studied on the monitoring of Poisson’s ratio and elasticity modulus character-
istics for special type of structural concrete which is unsaturated concrete. Many
types of RC structures such as dome, viaduct and tunnel are located in water
induced environment. In this types of water faced region ; concrete is usually
unsaturated because of it is in the water with whole structure or partially along
the time. Some researches have showed that the mechanical properties of concrete
such as Poisson’s ratio and modulus of elasticity are affected by the saturation
degree of the concrete and aspect ratio of pores on the surface and body of the

structural concrete.

1 1

Uunsat — 5(1 -

(3.2)

l + Kunsat )
3 Gunsat

In this study it is also mentioned that ; fluid in wet pores limits the concrete
deformation movement more than air induced (dry) pores, because of this reason

Poisson’s ratio value of wet concrete decrease with the decreasing of saturation
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degree. Poisson’s ratio of unsaturated concrete mathbfv,,sq; given as above for-

mulation and relationships that given below figure.
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Figure 3.3: Relationship between Poisson’s ratio and porosity ofunslaked concrete.

As seen in figure above, Poisson’s ratio of unslaked structural concrete is gain
with the rising of existing saturation level and porosity. This research conclude
that; Poisson’s ratio properties of moist concrete increase according to the dry

specimens with same conclusion in Metha and Nonterio (1997).

3.3 Studies on the Confinement Effect on Poisson Ratio of concrete

In today’s world, outer confinement of structural concrete by fibre materials has
become highly popular for structural applications on site. Fibre wrapping of
existing structural members and encasement of structural concrete in a FRP,
CFRP and other types of confinement shells. Each type of confinement( inner or

outer) effects the mechanical properties of the structural concrete.
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There are limitted studies in the literature on the topic of Poissons’s ratio and
confinement effect. [28] studied on the confinement of concrete effects on its
strength and ductility features. There is a concrete confinement model depends
on capturing criteria in this study. During the this experimental study, fifty-
four structural concrete specimens were tested with uniaxial compression loading

based on displacement controlled.
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Figure 3.4: Stress-strain response for FRP confined specimens (*source: [28§]

Above figure shows clearly that confinement with FRP types of materials improve
the structural concrete’s strength and ductility significantly. Unlike encased with
steel structural concrete, behavior of encased with FRP is bilinear with no de-

scending loading branch as shown on the figure above.
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[28]

Poisson’s ratio of encased with FRP jacketing concrete reaches a ultimate value
by the effect of confinement lateral and veritcal strain response. If the confine-
ment increase, it limits the lateral strain and leads to change in Poissons’s ratio

characteristics of structural concrete.

3.4 Studies on the Stress-Strain relatonship of concrete in terms of

Poisson’s ratio

Studies on the stress-strain relationship and Poisson’s ratio of structural concrete
are introduced in this section. The focused finding concerns the vertical and
horizontal strain with in terms of Poisson’s ratio of concrete. As shown in figure
below, large decrement of total amount of effective cross-sectional area occur in

a concrete member during the ultimate axial loading.

The cracking process forms at the outer part of the concrete specimens with
the micro cracks through the cylindrical type of specimen from the start of the
compression test. The specimens that used for Poisson’s ratio tests, these micro-

macro cracks isolate a central core that is formed as biconic shape which is given
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below Fig 3.6. Due to this type of shape and cracks formation, it is hard to
achieve a full test during the descending loading branches. During the increasing
loading branches, tests were achieved and results are given at section after this

chapter.

Figure 3.6: Concrete specimens during the compression and after test

[29] studied on the mechanical properties of high strength concrete. The slump
test for fresh concrete, compressive strength test, flexural strength test, modulus
of elasticity and Poisson’s ratio tests are achieved during the experimental part of
the this study. Strain-stress relationships were and used for non-linear theoretical

analysis work.

The design stages and performance analysis stages of reinforced concrete struc-
tures need to cover the information on Poisson’s ratio behavior during the both
increasing load branches and lowering load branches. According to the AASHTO
and Eurocode, if the Poisson’s ratio of concrete is not determined by experiment,

Poisson ratio can be taken as 0.2 for concrete.
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Figure 3.7: Horizontal strain versus vertical stress for Poisson ratio test

Based on the test result obtained during the study of [29], the relationship between
the stress and lateral strain on the increasing load branches can be seen in Figure
3.7. From the graph of relationship, Poisson’s ratio value can be calculated easily
as 0.26. On th other hand, there was no experimental focus on the lowering load
branches at the stress-strain relationship to obtain the Poisson’s ratio at that
region. So, there is a gap over there to find out the Poisson’s ratio of the concrete
during the descending loading branches. The experimental and theoretical work
that achieved with 16 concrete specimens, focused on the this part of the studies

to obtain these specific knowledge.

3.5 Studies on the Loading and Mix Proportion Effects of Concrete

on Poisson Ratio

Poisson’s ratio is the ratio between the lateral and vertical strain occurred on
the concrete. Physical tests and other scientific methods are used to define the
ratio. During the this test, some parameters effects the Poisson’s ratio values
such as loading speed, porosity, test setup, mix proportion of the concrete, chem-

ical composition of the aggregates, shape of the aggregates, water cement ratio
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and micro-atomic structure. These parameters should be taken into considera-
tion during the physical experimental work on Poisson’s ratio. In literature, there
are some studies to cover the knowledge about these parameters effects on the
Poisson’s ratio. [30] studied on the effect of applied stresses on the mechani-
cal properties especially elasticity modulus of concrete types of material. There
are some methods to define the mechanical properties of concrete such as the

resonance frequency method.

This method covers use of the relationship between the mechanical properties
of the concrete body’s and natural frequency of its vibration. If density of a
concrete specimen is known, it is possible to evaluate the Poisson’s ratio and each
modulus by measuring the resonance frequency. Natural (resonance) frequency
method and its application on nondestructive testing of concrete are described
in many references such as Malhotra and Sivasundaram, 2004, Jones, 1962 and

Pohl, 1966.

Simmons (1955) and some researchers studied on the resonance frequency method
to obtain the dynamic Poisson’s ratio of concrete at ages that beginning of casting
and late age. Obtained results of these method’s measurements of Poisson’s ratio
have a significant difference from obtained pulse velocity test which is another
method to define the mechanical properties of concrete. The Poisson’s ratio
evaluated from the method of natural frequency where lower than the compared
method. Mix proportion and other mechanical features of concrete has important
role on this difference as introduced many studies in literature. The effects of
concrete age, water/cement ratio, aggregate chemical content with amount and
early age curing conditions on the Poisson’s ratio should be recovered during the

Poisson’s ratio experimental and theoretical works.

41



Chapter 4

Experimental Works

This chapter describes the experimental study of seismic bahavior of 15 years old
RC frame. Three reinforced concrete one story-one bay frames were tested to
understand seicmic behavior and compare the results with reference frame that
was tested before 15 years ago at main campus of Istanbul Technical University

SteeLab by a team.

Description of the specimens which covers mechanical properties of used struc-
tural materials, mix proportion of casted concrete and geometrical properties
are submitted fallowing section. This chapter also includes testing programme of
corroded RC frame specimens, testing-setup, instrumentation, crack patterns and
width measurements, data acquisition from LVDTs, material mechanical proper-

ties and measuring corrosion products distribution.

All RC structure frame and the materials tests were carried out at Istanbul Tech-
nical University Structural & Earthquake Engineering Laboratory and Material
Laboratory.

4.1 Fifteen Years Old RC Frame Specimens

The tested RC frames are prepared before 15 years ago and released at natural
outside environment to observe natural corrosion behavior and effects on RC

structures. Three of them were tested during this experimental study to compare
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the results with reference frame and to observe natural corrosion effects on seismic
behavior of RC structure. The RC frames represent the existing and common
building stock in Turkey which are weak column/strong beam types of structures.
The specimens have sea originated aggregates and sand that coming from sea bed

in mix design of the structural concrete.

Another special characteristics of the reinforced concrete frame specimens are
using of non-ribbed mild reinforcement bars that was widely used before the
existing design codes and standards in Turkey. The RC frame specimens have
non seismic design details such as large spacing of stirrups without densification
at specific levels, no confinement at beam-column node connection section and

use of small diameter stirrups that was 6 mm.

Figure 4.1: General view of preparation of the RC frame specimens at I.T.U.
Laboratory.

A structure is actually connected with members of 3 dimensional frame, which
are connected to each other with different types of connections solutions such

as precast, site cast etc. To understand the whole structural behavior of RC
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structure it is quite enough to understand structure behavior by the obtaining
of single frame result. In this study, reinforcement concrete frames has been
constructed with rigid foundation, piece of slab, two column, one main beam and

secondary beams in the laboratory at the time that 15 years ago.

The tested specimens are nearly half scale comparing to the existing apartment
type of building stock in Turkey. The cross sectional geometry of columns are
200 mm by 250 mm and beams with 200 mm by 325 mm. The minimum column
size is 250 mm in Turkish Earthquake Code which not satisfies for tested frames.
The total story height and the gross width of the reinforced concrete frame are

1525 mm and 2200 m in order of given parameters.

Figure 4.2: Geometry of the specimens.
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The studied one bay-one story reinforced concrete frames consist of horizontal
element (beam) and vertical elements (two columns) connected by a rigid faun-
dation as shown above Fig.4.3. The beams, slab and columns members has been
casted monolithically after the casting of foundation. The foundation of the stud-
ied specimen has 50 mm holes in order to fix the specimen to the ground adapter
foundation during the cycling test. The aim of the this fixing is that to reduce the
foundation displacement about zero during the cyclic loading. The dimensions
detail, top view of the foundation and front profile of the studied RC frame are

given in Fig.4.2.
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Figure 4.3: (a) Node section, (b) Mid span section of the T-beam.
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Figure 4.4: (c) Bottom section, (b) Upper section of the columns.

Columns longitudinal reinforcement continues to the bottom of the foundations as
seen Fig.4.6 without lap-splice at the foundation connection level. The columns of
the RC frame have longitudinal reinforcement of 4¢16 which have yield stress of
286 N/mm? and rupture stress of 409 N/mm? which are evaluated by the testing
of the reinforcement after crashing of specimen. Also T-beam has 3¢16 steel bars
with 10010 steel bars in the flange part. The concrete (cylinder core specimens)
compressive strength is 16.38 Mpa according to the relationship between schmidt
hammer number and achieved core specimen of concrete compressive strength
tests that taken from the RC frame. The material test details are submitted at

the section of material test results.
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Figure 4.6: Column, beam- column upper section and slab reinforcement detail.
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4.1.1 Specimens Features

4.1.2 Test Setup

The RC frame specimens were tested at main campus of I'TU in SteeLab. The
RC frames were tested with constant axial forces on the top of the both columns
and reversed cyclic lateral increasing loads. An axial load of 282 kN (=~ 20 % of
column axial load carrying capacity)was performed through a hydraulic jack at
the head of the column members. The yellow rigid steel beam under the static
jack used to distribute the axial load to the top of the columns as an uniformly
reaction of used steel beam. During the tests, the axial load was changing in
high top displacement steps due to the secondary effects. To do it constant,
hydraulic jack controlled manually in both pushing and pulling cycles during the
last part of the experiment. The foundations of the frame specimens were fixed to
the adapter strong foundations using the 16928 screw bars without any slippage.
During the test, screw bars loosen and then they were tightened again at several
steps to make the foundation motion negligible small enough with respect to top

displacement.

Before the anchorage of the frame specimen on the adaptor foundation, vertical
and horizontal mark lines were drawn on the white painted surface of the RC
specimens to observe the crack formation during the loading. Then the LVDT’s
holes were reamed and mirror were placed to get smooth surface for data col-
lection. The corrosion cracks occurs due to natural process was marked on the
frame as named Al, A2, A3, A4 and A5. Other specific features of the test setup

and experimental program are submitted below parts, respectively.

48



Figure 4.7: Preparation of RC Frame specimen for the test: (left) Mirror and holes
for LVDTs (right) Mirror for foundation slippage measurement surface (bottom)
Anchorage of the specimens to the adaptor ground.

The applied axial load was measured by a connected load cell to the system, which
was located top of the hydraulic jack as seen Figure 4.7. The experimental test
setup of the reinforced concrete frame specimens is shown in Figure 4.8. After
the initial preparation step of the experiment the main experimental setup were
established as below. One actuator for cyclic loading (7250 kN ) capacity, load
cell, hydraulic jack with manual control oil pomp apparatus, rigid steel beam to
axial load distribution and LVDTs with data logger were placed for test setup.
This experiment is displacement control test with introducing loading protocol.
In other words controlling of actuators are displacement-based to control (stop-
start) the every stage of test when needed. The data collection started with the
test from actuators, jack and the each linear variable displacement transducers
(LVDT) attached to the several section of columns, beams and foundations of the

RC frame specimen.
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Figure 4.8: Test setup of the experimental works.

In this test setup ; it is designed that the axial loading system and the lateral
cyclic loading system works independent from each other during the experiment.
The total vertical loads acting on the frame columns are coming from the rigid
yellow steel I-beam established on the RC frame and uniform self weight of upper

part of the specimen.

Beside to this axial load enough axial load intensity is controlled by a non-
automatic hydraulic jack with a circular load cell established on rigid yellow steel

I-beam. The amount of the vertical (axial) load kept same level during the whole
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test which is calculated 20 % of the axial load carrying capacity of rectangular

columns without considering any corrosion decrement effect.

4.1.3 Instrumentation and LVDT’s

In this test setup ; the data collection from tested specimens have been achieved by
the linear variable displacement transducers (LVDT) connected to various section
of the columns, beams and foundations of the RC frame specimen which are shown
on below table in detail with location. Numbers, types and measurement purpose

of LVDT’s are given in Table 3.2.

Table 4.1: LVDTs established frame and measurements purpose.

Name | LVDT Type | Measurement Purpose Attached to
T1 CDP100 Top displacement Frame
T2 CDP10 Right column upper rotation Frame
T3 CDP10 Right column upper rotation Frame
T4 CDP10 Left column upper rotation Frame
T5 CDP10 Left column upper rotation Frame
T6 CDP10 Right column lower rotation Frame
T7 CDP10 Right column lower rotation Frame
T8 CDP10 Left column lower rotation Frame
T9 CDP10 Left column lower rotation Frame
T10 CDP25 Displacement of the whole sys- Frame

tem ( foundation sliding )
T11 CDP50 Out of plane Frame
T12 CDP50 Out of plane Frame

Total 12 unit LVDTSs are established on important locations to measure the dis-
placements and rotations of the members and whole structure. The rotation of
the columns and beam, the relative displacement of the RC frame specimen, the

foundation slippage, the target top displacement and the out of plane motion of
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the frame are measured by placed LVDTs. The applied load on hydraulic jack and

displacement of hydraulic load tools are measured and saved by test setup system.

The all LVDTs are attached to a switch box tool and data logger apparutes.

Figure 4.9:
achieved.
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Figure 4.10: LVDTs used in test setup-view of specimen front side.

Figure 4.11: LVDTs used in test setup-view of specimen back side.
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4.1.4 Induced Displacement Protocol

There are a lot of different loading protocols are applied to the structural systems
to obtain expected structural response. For testing program it is essential to use

well-defined standardized displacement pattern for exact response.

Loading history has an important effect on the induced damage on buildings in
seismic events. It is crucial to use appropriate loading protocols in experiments
due to establishing the good agreement with real structural behavior. The crucial
point is to suggest displacement protocols which could be representative of the
actual behavior imposed by a earthquake effects. In this presented study, the
type of external cyclic load which represents the earthquake effects is induced
during the testing of reinforced concrete specimens. The displacement protocol
used in researches is either to represent far field or near field earthquakes effects
on the structures. Cyclic loading tests are useful to provide reliable information
on structural behavior, including data sets on strength parameters and stiffness
characteristics, deterioration behavior at large deformations level, cyclic harden-

ing or softening effects and deformation capacities of members.

Displacement control base cylic experiments define the seismic behavior of RC
structures more better than force control tests. The most common protocols
that have been used in literature research are the sequential phased displacement
(SPD) protocol, [31], Ficcadenti et al. (1998), the Forintek Canada Corporation
protocol (Karacabeyli 1998) and the International Standards Organization ISO
(1998) protocols.

The SPD (sequential phased displacement) protocol involves a large number of
loading cycles steps with the amplitude of each loading cycle based on the yield
displacement as given Fig.4.12. On the other hand, the ISO protocol has a smaller
number of loading cycles with the cyclic amplitude based on the displacement
at ultimate load applied. In presented study below quasi-static loading protocol
applied to the RC frame specimens to represent the earthquake effects on structure

during the experimental test program.
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Figure 4.12: Loading protocol applied on the frame specimen.

In this presented study, displacement loop with rising intensity are applied to the
RC frame by actuator according to the displacement protocol. In the elastic and
inelastic region of test, each displacement loop is continued three times for both

backward and forward loading cycles.

The occurred cracks were marked and other structural features was observing at
the end of each displacement target by given displacement protocol. The highest
drift introduced to the RC frame structure was 3%. According to the Turkish
Earthquake Code v.2007, the acceptable drift is 2% of the total story height. This
induced loading protocol include step by step cyclic application of displacement
with a early described loading protocol to the structural system. The target
lowest deformation of the loading history that must be safely smaller than the
value at which the lowest damage state is first observed on the structural system(

FEMA-461). It is taken 0.035 mm for this test and applied.

The targeted maximum displacement which achieved at level of ultimate story
drift ratio of the loading protocol that is an predicted range of applied deforma-

tion at which most destructive damage stage is estimate to begin for structure
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according to the FEMA-461.

Table 4.2: Step of the displacement protocol.

Load Step | Target Displacement[mm] | Relative Story Drift
1 0.035 0.000025
2 0.070 0.000050
3 0.140 0.000100
4 0.280 0.000200
5 0.350 0.000250
6 0.467 0.000300
7 0.700 0.000500
8 1.400 0.001000
9 2.800 0.002000
10 3.500 0.002500
11 4.200 0.003000
12 4.900 0.003500
13 5.600 0.004000
14 7.000 0.005000
15 10.500 0.007500
16 14.000 0.010000
17 28.000 0.020000
18 42.000 0.030000

In this study, a displacement based cyclic loading protocol was used to test re-
inforced concrete corroded frame specimens. To simulate the earthquake effects
on structure, reversed lateral displacements were applied for both pulling and
pushing cycles as a target to the corroded RC frame. Drift ratios (A/H) were
calculated as the ratio of the lateral displacement of the top of the corroded RC
frame (A) which is measured by T1 LVDTs, to the story height (H) which is 140

cm.
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4.2 Test Results

4.2.1 Test Results of Materials

Three cylindrical concrete specimens tested with Instron 5000 kN capacity instru-
ment and eight core specimens tested Besmak 200 kN compression capacity test
equipment that taken from RC frame. These tests were performed to determine
the mechanical properties of the concrete to success of the numerical modelling
of the RC frame specimen. It is known that compressive strength of concrete
increases with time, the concrete tests performed to show this strength incre-
ment respectively. Besides to these tests, reinforcement steel bars were tested to

determine their mechanical properties.

4.2.2 15 years old Concrete Test Results

The important point to achieving a durable concrete mix proportion depends on
the each material characteristics used. Cement type, water chemical composition
such as sea water or waste water, aggregates features such as aggregates coming
from sea bed and other factors effect the concrete quality, durability and other

features.

Concrete used for construction of the RC frame specimens is given in below Table
4.3. 300 kg portland cement, 140 kg water, 690 kg sand and 1070 kg No:1 aggre-
gate with sea sand used for specimens of RC frame’s concrete. Concrete quality
were obtained from compressive strength tests on standard cylinders specimens
taken at stages of the construction of foundation and upper part. Minimum of
three standard cylinders were tested at 28th days and 5420th days to comparing
the strength development with time. The graphs of results are given below re-
spectively. The concrete strength properties that used in the theoretical works,
obtained from the material test achieved. Eight core specimens taken from the

RC frame were evaluated with schmidt hummer reading. Results obtained from
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core specimens and standard specimens are submitted in below Table 4.3 for the

RC frame specimens concrete.

All standard cylinders (15/30) and core specimens were tested at the Construction
Materials Laboratory of I'TU using a 5000 kN Instron Displacement control press
machine and 200 kN capacity Besmak compression press machine respectively.
Core concrete 1. cylindrical specimens were tested in compression with a loading
rate of 0.03 mm/min in Besmak special type of machine. Standard cylindrical
concrete specimens were tested by using the technique of displacement control

based material test.

Table 4.3: Mix composition of RC frame concrete.

Metarial Weight ratio
Portlan Cement 300 kg (32.5 R)
Water 140 kg
Sand 690 kg
Gravel 1070 Kg (1 No aggregate)

Compressive strength of standard cylinder specimens of concrete were obtained
from press tests on standard (150/300 mm) specimens taken at stages of the
construction of foundation and upper part of the RC frame. Three standard
cylinders R-29-1, R-29-2 and R-29-3 were tested at 28th days before 15 years
ago. At the day of 5420th, three standard cylinders T-29-1, T-29-2 and T-29-
3 were tested to comparing the strength development and modulus of elasticity

increment with time and results are given below Table 4.4.
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Table 4.4: The compressive strength of standard cylinder specimens for 28th days
and 5420th days.

Specimen Name Test Time Compressive Modulus of
[day] Strength [Mpa] Elasticity [Mpa]
R-29-1 28 12.41 25449.04
R-29-2 28 12.51 25495.08
R-29-3 28 12.45 25467.48
T-29-1 5420 18.62 28024.04
T-29-2 5420 20.83 28832.96
T-29-3 5420 22.31 29350.87

Figure 4.13: Standard cylinder specimen tests 28th days and 5420th days.

M. Abd elaty (2013 ) and many other researchers study on the concrete strength
gain with time. M. Abd elaty (2013) study on the existing experimental data for
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concrete strength of different concrete proportion mixes and a related statistical
analysis. Concrete is a cement based materials that after the mixing and hydra-
tion process takes place and continue strength gain with time. CSH is the type
of compound resulting from hydration process of concrete formation and it gives
the concrete its compressive strength. Ages strength assumption is an important
point in civil engineering for design and service life of RC structure. There are
some studies and related work to find the concrete compressive strength with
related their age. In many standard and codes, the relationship between the 28th
day strength f.,sand the 7 th day strength, f., is given below formula 4.1.

f.,s = 1.4f,, + 150psi (4.1)

(CA5) y = 10.101Lnix) & 12686
R# = 0. 5800

{C28) y = 28, 1680Ln{x) « B4 BT
R = 09558

[C3A) y = 2.38840Ln(x) « B. 9026
R? = 0,981

{CAAF) y = 1.1742n(x) - 2.0513
R = p.aE1

Strangth, MPa

[Cement) y = 10001 1Ln{x) « 6. 9654
A2 = (L0008

0 100 200 300 ann
Aga, days

Figure 4.14: Relationship between compressive strength and age for clinker min-
erals and cement [14].

It is seen in the above figure that strength gain of concrete mixing type of hydra-
tion material such as cement with age at normal temperature are increase with
time a reasonable accuracy. To support these known theory, we carried out some
concrete standard cylindrical specimen tests which are 15 years old. There was
total 9 (nine) set of cylinder specimens which are T-29, T-30 and T-32 series of

specimens for testing. Here T-29 series of specimens results are conducted with
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28th day and 5420th day combined displacement based control test result and
given below figure. In the figure, R-29-1 specimen has 12.41 Mpa compressive
strength at 28th day. At the end of the 15 years, same concrete mix design spec-
imen which named T-29-1 has 18.62 Mpa compressive strength at 5420th day
which is about 50% strength gain of concrete after 28th day respectively. This is
very valuable result for late age experiment for concrete in literature. The other
specimens (29-2 and 29-3) are also have 66.5% and 79.2 % compressive strength

increment with age at natural environment conditions.
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Figure 4.15: Concrete strength variation with age.

Washa et all. (1989) find out that the compressive strength of concrete which
has low contentC',.S and stored natural conditions for 50 years generally increased
as a logarithm of the age for about 100 years. In this graph after representative
10th age point, the compressive strength of late age concrete decreased small can

taken constant as seen easily above.
In the study of MacGregor (1983), used same method as Washa et all. (1989) and
formulated the relation between compressive strength of concrete and age factor
as given below formula 4.2 and 4.3.

fc(t) = 15,85 + 40,4In(t) N/cm? for t < 10years (4.2)

61



fc(t) = constant N/cm?  for t < 10years (4.3)

where fc(t) is the concrete compressive strength for late age and early age as

given function of time and t represents the age of concrete in terms of days.

The compressive strength of late age concrete is affected with age and increase
with the relation given above. In Turkish Earthquake code, the RC member
capacity such as beam and column is usually calculated as a function of RC
cross-section dimensions, the total reinforcement area, the compressive strength
of concrete and the reinforcement mechanical strength properties, but there is
a change in concrete mechanical properties due to corrosion, strength gain with
age etc. Most of the literature tests were conducted at concrete age of 28th day,
when its strength is considerably lower than its long-term strength expected. It

is important to know long term strength for design stages of RC structures.

To achieve the late age mechanical properties of concrete some concrete tests was
carried out at I'TU Material Laboratory during this master study. This study
cover up standard cylinders concrete test based on displacement control. One set
of the results (R, T-29 SERIES) are given below in Stress (Mpa) and Strain in

measured vertical direction from top and mid part of the specimens.

In Turkish Earthquake Code ([32]) ; stress-strain relationship of confined and
unconfined concrete defined as below figure 4.16. The strain limit at ultimate
stress level for unconfined concrete defined as 0.002. Then, the ultimate strain
defined 0.005 respectively. On the other hand, these values increasing if the
confinement of the concrete increase as given TEC-2007 [32] and 2018 [33].
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Figure 4.16: Stress-Strain relationship of confined and unconfined concrete (a)
Mander Model (b) TEC-2007.

[34] ; the aim of study was determine the effect of confiniment on the concrete
compressive strrength and strain. [34] conclude that RC members under ax-
ial compression loading may be confined by using stirrups to increase the RC
member strength (capacity) and ductility. In our study, we try to point out the
confinement effect on some special specimens which are casted 15 years ago at
ITU SteeLab. Initial results of this study are given below graph and tables in

terms of stress and strain values.
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Figure 4.17: Relationship between compressive strength -strain with age for con-
crete cylinder specimens.
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Figure 4.18: Relationship between compressive strength -strain with age for con-
crete cylinder specimens and TEC-2007 [32] proposal for unconfined concrete.

It is seen above figure that compressive strength of standard cylinder specimens
of concrete with increased in each of three specimens higher than 50 percent. The
results include three standard cylinders R-29-1, R-29-2 and R-29-3 were tested at
28th day and 5420 days after three standard cylinders T-29-1, T-29-2 and T-29-3.

Total 6 (six) standard cylindrical specimens were tested to comparing the stress-
strain development for early age (28th day) and late age (5420th day) concrete
with age factor. Press tests which is displacement control based on standard
cylinder (Diameter =150 mm and Height = 300 mm) specimens taken at stages
of the construction of foundation and upper part of the main specimen of this
study which is one bay one story RC frame. Results show that concrete strength
increase with time higher than 50 % and strain at same level will also increase
respectively. Each type of specimen sets results overlap with this increment theory

which is well known in literature.

Concrete cores specimens are used for define the actual strength properties of
concrete in tested RC corroded one bay-one story frame. With the schmidt hum-
mer reading, sampling of concrete cores and testing of its compressive strength
of concrete is described with 92 % R value. The eight core specimens were taken
but some of them are far away from the average so they eliminated to get more

convenient result as given below graph and tables.

64



Figure 4.19: Taken of core specimens from tested RC frame with core holes.

The concrete cores specimens were cut by help of the rotary cutting tool with
diamond bits as seen in Figure 4.19. The cylindrical specimens were obtained from
left-right column, beam and slab. The cores specimens were measured, described
and photographed before the load control press test. The concrete specimen cores
tested and evaluated with standards TS EN 12504-1, TS EN 12390-3 and TS EN
13791.

If the values of Height/Diameter (H/D) ratio less than one, correlation factor
applied to the results with code requesting. In this study, concrete core specimens

results with H/D ratio less than 1 evaluated with BS 1881 value as 0.95.
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Figure 4.20: Core specimens and testing equipment of press tool.

The relationship between Schmidt hammer test and concrete compression test
of core specimens is determined in this part. The calibrated Schmidt hammer
( UTEST-HT 225 A) is used to determine surface hardness to determine rela-
tionship between the strength of core concrete and the rebound number of the

Schmidt hammer readings.
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EELATIONSHIP BETWEEN SCHMIDT HAMMER NUMBER AND SMALL SPECIMEN OF CONCRETE COMPEESSIVE
STRENGTH FOR REC FRAME

cube cube calinder

Speci ~ Schmidt | [15215215) | [15:15x15) ['5'39!
peclmen Name number | ©-strength | c.strength ::t::‘:;
[MPa] [MPa] [MPa]

R-column-1 16.77 19.47 | 16.55
L-column-2 26.96 19.32 19.32 16.42
slab-1 40.46 | 20.59 | 20.59 | 17.50
slab-2 40.46 | 20.59 | 20.59 | 17.50
slab-3 40.46 | 20.59 | 20.59 | 17.50
avarage 19.57 | 20.11 | 17.10

St.dev. 1.66 0.66 a.56

f:,du,l:ube 19.27

fl.:,du,l:q‘l.inder 16.38

Figure 4.21: Eliminated core specimens results and schmidt hummer readings
relationships.

Correlation applied to data obtained from 5420th days RC frame surface and
core specimens surface before taken it. This correlation used for 15 years old
corroded RC frame concrete strength and Schmidt hummer reading tests. First,
Schmidt hammer reading test on RC frame specimen surface was completed, the
concrete cores specimens were cut by help of the rotary cutting tool and after the

preparation, press was applied up to ultimate strength.

The results were obtained and plotted in below Figure 4.22. Also, the 15 years
old corroded frame core specimens R? value is found to be 0.7451 and its equation
given above figure where is the compressive strength obtained and x is the rebound
number obtained from hummer reading. Schmidt hammer reading test results
can be effected from some factors which are the characteristics of the mixture
design used to construct, surface carbonation of concrete, moisture condition of
existing environment, hardening rate and curing type. So, the correlation should
be consider these effects. In this study, some records were far away from the
avarage value due to this reason. Some of the data were eliminated to obtain
R? value is 0.7451 as much as closer to the 1.00. If we eliminate the Slab-1 core

specimen result, R? is more closer to the one which is 0.9297. This value gives us
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concrete compressive strength of RC frame specimen as 19.10 for cube and 16.24

for cylinder strength which will used for analytical future work during the study.
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Figure 4.22: Core specimens results and schmidt hummer readings relationships.

There was many station of core specimens from different section of RC frame such
as left and right column, beam and slab. Some data ( R-column-1, Slab-1 ) was
not correlate with average values so then they were eliminated from data sets to

get more accuracy result for concrete mechanical properties.

4.2.3 Natutally Corroded RC Bars Test Results

Reinforcement steel corrosion due to chloride induced or other effects can cause of
the degradation of reinforced steel cross section area and relatively effect the con-
crete structures capacity and ductility. To understand the mechanical properties
of 15 years naturally corroded reinforcement tensile tests and corrosion cleaning
were carried out during this part of the study. In literature, there were no signifi-
cant differences of corrosion behavior observed between smooth- mild steel (5220)
bars and ribbed bars (S420). Corrosion behavior can differ only due to surface

finishing of reinforcement bars and chemical composition of steel.

Tensile tests and corrosion cleaning were carried out during this study to get
the mechanical properties of 15 years naturally corroded reinforcement in a RC

structure. After the testing of the one bay-one story RC frame, the specimens
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demolished to observe the corrosion formation on the steel bars and to get out
the reinforcement bar for tensile test. Total 4¢16 longidutional non ribbed S220
type of reinforcement bars samples were tested at the [.T.U. Material Laboratory

using tensile testing machine.

Figure 4.23: Tensile test of corroded reinforcement bars.

Four ¢16 bar specimens were taken from column longidutional reinforcement after
the testing of RC frame. Initial mechanical properties of used steel bars given at
P. Teymiir thesis in Table 5.1 [SOURCE *thesis of PT |. Results after 15 years

later are given Table 5.2 below respectively.

Diameter [mm] | ¢16 | ¢10 | ¢6
o,[MPa] 270 | 290 | 325
Omaz| M Pal 420 | 450 | 481
Osu|mm /mm] 0.25 | 0.30 | 0.35

Table 4.5: Mechanical properties of reinforcement bars 15 years ago *[P.T|
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Yield Fracture
. Diameter Esu
Specimen Name Strength Strength
[MPal] [MPal]
R-Specl 15.9 293 404 0.39
R-Spec2 16.1 284 416 0.39
R-Spec3 15.9 284 404 0.41
R-Spec4 16.0 283 415 0.39

Table 4.6: Mechanical properties of naturally corroded reinforcement bars

As a result of the tensile tests, some specimens volume or diameter were increased
due to the corrosion rust product formation which were easily seen on the surface
of the specimens and given above Table 4.6. Yield strength of bars increased with
respect to the 15 years ago results but the fracture strength were decreased about
5 % due to the effective diameter of the rebar which reduced due to corrosion

formation.

4.2.4 Reinforcement Bars Corrosion Cleaning and Surface Cracking

Process

4.2.4.1 Reinforcement Corrosion Surface Cracking Process

In this section, the process of bond mechanism between the reinforcement steel bar
and concrete is explained in terms of cracking formation stages. This procedure
gives a better understanding about the relationship between cracking of concrete
and bond strength in corroded RC structures. The cracking stages covers initial

cracking stages, primary cracking stages and final cover cracking stages.

The initial stage of cracking is the part of crack initiation at the rebar-concrete
interface and the surface due to the pressure exerted by higher volume of rusty

corrosion products. Then, the influences of initial corrosion cracks on cracking
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parameters, such as time to cover cracking, volume expansion forces due to addi-

tional tensional forces and loss of the diameter of rebar are investigated.

Production of corrosion formation in RC structures occupies a volume several
times larger than the initial volume. This higher volume formation leads to
concrete cover cracking process. The development of the visible cracks on concrete
surface due to corrosion formation process is named primary cracking stages of

natural corrosion.

When the naturally corroded reinforced concrete structures corrosion crack’s pat-
tern reaches a critical damage point where concrete provides no more any con-
finement to the longiditional bar (no bond state), this stage is the final cracking
stage of natural corrosion cracking process in RC structures. This stage occurs
at high-level corrosion rate and the corresponding range is 4 % corrosion rate
and above this value, depending on compressive strength of concrete with cracks,
reinforcement effective bar size and concrete clear cover zone which protect the

reinforcement bar.

(a) (c)

Figure 4.24: Surface cracks due to natural corrosion process (a) Al, (b) A3, (c)
A4
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Reinforcement corrosion process products take huge amount of volume according
to the uncorroded reinforcement bar and result in bursting stresses which can let
to formation of cracks and spalling of concrete clear cover part as shown above
Figure 4.24 which include the cracks before testing A1, A3 and A4 with another

crack which named as A2.

The initial crack width changes from 0.1 mm to 5 mm. The cracks that appear
on the surface of the concrete structures run parallel to the longidutional rebar
as seen on Figure 4.24 The reinforcing steel bars closest to the concrete surface
generally be affected by natural corrosion first because of the water entrance ve-
locity. Typical occurrence of cracks due to corrosion was over shear reinforcement

on the sides of the RC frames both columns in several locations.

It should be noted that reinforcement cross-section loss is determined by compar-
ing the section losses of each taken specimen reinforcing bars. It is clear that in
the bottom and outer section part cross-section loss take more important role on
the behaviour in certain cases (such as fracture of the stirrups bar as given below
), average cross-section loss may be more governing in some other cases (such as

bond loss or buckling).

72



Figure 4.25: Bottom part of the corroded and buckled rebar after test.

Papadakis and Apostolopoulos (2008) study on that stress which is on surface of
the reinforcement bars increases due to corrosion process and this increment in
stress, lead to reduction of the safety factors taken for the mechanical design prop-
erties of the structural reinforcement bar. Also, the reduction in the cross-section
of a rebar reduces the moment of inertia respectively and hence the maximum
buckling load of the longidutional reinforcement bar. Because of this reduction
reinforcement buckled in the loading process at the early stage as shown above

Fig.4.25.

4.2.4.2 Reinforcement Bars Corrosion Cleaning

To understand the corrosion effects and rate on reinforcement steel, the reinforcing
steel bars were removed out from RC frame specimens and cleaned according to

the ASTM G1-03 (2003) as given procedure below.
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Figure 4.26: Solution for the corrosion cleaning process and corroded rabar.

Fluid solution shown in Figure above, formulated for cleaning the rust and other
particle from surface of the corroded bars. The solution mixture includes 250
mL hydrochloric acid (HC1), 5 g antimony trioxide (Sb203) and 12,5 g stannous
chloride (SnCly). After the testing of the RC frame, the reinforcing bars were
removed from concrete to cleaning process and tensile test. During the cleaning
process, bars were put into solution for several minutes until the reaction end
time. After cleaning the rust from the surface with the special solution, the

cleaned bar were washed by pure water and dried at oven to weigh.

According to the result as given below Table 5.4, corrosion effect in confinement
bars is higher than the longidutional bars due to clear cover thickness. Also, the
corrosion rate at lower part (INF16) of the RC frame specimens is higher than the
upper part (2NF16) of the specimens due to water induced effect from foundation.

There was higher corrosion rate at the connection point of longidutional bars and
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stirrups due to initial touch and continuous of corrosion mechanism from outer

part to inner part of the concrete.

Figure 4.27: Corroded bars and cleaning process by special solution.
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Specimen | Diameter | Weight Before Weight After Change in
Name [mm] Cleaning [g] Cleaning [g] Weight %
INF16 16 152,626 151,626 0.655196
2NF16 16 160,460 159,819 0.399477
3NF16 16 154,322 154,022 0.194399
ANF16 16 158,334 157,930 0.255157
SNF16 16 154,023 153,354 0.434351
6NF16 16 150,150 149,949 0.133866
TNF16 16 153,818 153,464 0.230142
8NF16 16 151,106 150,130 0.645904
9NF'16 16 146,577 146,114 0.315875
10NF16 16 189,497 188,814 0.360428

INF6 6 21,864 21,681 0.836992
2NF6 6 24,540 24,120 1.711491
3NF6 6 18,828 18,507 1.704908
ANF6 6 24,297 23,993 1.251183
ONF6 6 23,019 22,857 0.703766
6NF6 6 24,677 24,270 1.649309
TNEF6 6 22,129 21,908 0.99869

Table 4.7: Corrosion cleaning specimens and corrosion rate according to the

weight loss

4.2.5 Test Results of the Reference Frame

This chapter includes the experimental results of the natural corroded frames with

comparing to the 15 years ago noncorroded frame reference results in terms of dif-

ferent parameters. The testing setup and measurements points on the specimens

given in the test setup section before. Top displacement of the frame, foundation

displacement (bottom slip), rotation of the columns and beams were measured
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and evaluated results are presented here to understand the natural corrosion effect

on the RC structures.

All results are compared with reference frame (bare frame) which were tested 15
years ago. But concrete quality and reinforcement bars diameter are changing
with respect to the 15 years ago but geometry of the specimens are still same as
before one. Envelope curve diagrams, hysteritic energy loops and other related

results presented in this section.

The experimental and theoretical work results will compared based on their struc-
tural failure modes and their failure shapes, lateral load bearing capacity with
increasing corrosion rate, initial stiffness of the each specimens, dissipated energy

in linear and nonlinear part, ductility, stiffness and other related parameters.

This specimen was the reference frame used for the corrosion study to compare
the results with 15 years old naturally corroded one bay one story RC frames.
The test setup, measurement tools and their purpose are given in the previous
chapters. The displacement protocols applied are same for both reference frame
and the specimens tested at 15th year. The test is displacement control based test
and the largest top displacement enforced to the RC frames was 42 mm in both
pushing and pulling cycles of the displacement protocols applied. In specimen 2,
there was no failure at the 42 mm because of that one more step which is 56 mm
cycle applied to the tested frame specimen. The total axial load applied to the
frame 330 kN at the beginning of the test which equals to about 20% of the total
axial load bearing capacity of the two columns. The reference frame experiment
were carried out at the ITU Structure and Earthquake Lab. fifteen years ago.
The results are recorded by Civil Engineer Hakan Saruhan for using of future

corrosion study.
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Figure 4.28: (a) Rotation of the beam column connection joint, (b) calculation
of the rotation at the beam and column element

Rotation at the beam-column and column-foundation joints are calculated by
the measurements of LVDTs placed at these important connection points. The
total displacement values which is the sum of the measurement of LVDT1 and
LVDT2 and divided by the distance between the two LVDTs as given above
Figure 4.28 (b) and formula 4.4 below. Here, surface line represents the before
deformation state and red line in the Figure 4.28 represents the after deformation

state respectively.

Rotation, 0 = (A; + A,)/d (4.4)
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Figure 4.29: Rotation of the left and

right column at the bottom end
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Figure 4.30: Rotation of the left and right column at the top end

In Figures 4.29, base shear versus bottom side rotation of the left and right

columns and in Figure 4.30 rotation of the left and right column at the top end

versus base shear are submitted here. The ultimate value of rotation measured

at column elements are 0.0345 radian that obtained at left column bottom end.
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Figure 4.31: Top displacement- base shear curve of the reference RC frame

Base shear versus top displacement graph of the reference RC frame are given
above Fig 4.31. The maximum top displacement in both pushing and pulling
cycles is 42 mm. The maximum load applied to the structure is 134 kN in pulling
zone at the 17th step of the loading protocol which is the 28.0 mm cycles. On
the other hand, the maximum load carried by specimen is 122 kN in pushing
zone at same step cycle at pulling zone. In this quasi static test, there are three
pulling and pushing cycles for each step of displacement protocol. Because of
the nonlinearities of the materials, there are some differences between the three
loops of same cyles as seen above Figure 4.36. The maximum drift applied was
3% where the base shear of the frame are 86 kN in compression and 104 kN in
tension. At the beginning of the test, envelope curve starts with linearity up
to point about 40 kN and than goes with nonlinearity curve due to nonlinear

material behavior of the RC structure as defined.

80



5000

T T T
‘ I Hysteresis Energy
4000 : :

3000

2000

Energy per loop

1000

X 10
25 T T T T T T T T

g ‘ I Cumulative Hysteresis Energy ; : :
—S 3 O P _
(5
o
S 15} ]
[
=
L
2 Ir 7
=
2 os| .
=3
o . .

0

0 5 10 15 20 25 30 35 40 45 50

Loop Numbers

Figure 4.32: Cumulative energy dissipation capacities of reference frame at stage
of all cyclic loop up to failure

During the test asymmetric cyclic behavior in positive and negative directions
was observed in load-displacement pattern. The RC frame is subjected to cyclic
behavior as given above Figure 4.32, than the energy dissipation capacity ob-
tained using the real curve area in two opposite directions by using Matlab. The
cumulative energy dissipation of reference specimen which is tested 15 years ago
are given in Figure 4.32. There are forty eight cyclic loop at this reference frame
test. The total cumulative energy dissipated by this reference frame is about

25000 [ kNmm] at the end of the tests given above Figure 4.32.

Crack name and crack width drift at different stages such as 1%, 2% and 3% as
given Table 4.8.
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Table 4.8: Cracks width of referance frame at specific drift level

Crack Name | Drift (1%) | Drift (2%) Drift (3%)
C1 1.6 mm 3.0 mm -
C2 0.6 mm 1.4 mm Bigger than 3.5 mm
C3 0.1 mm 0.1 mm 0.2 mm
C4 1.2 mm 2.5 mm -
Ch 0.5 mm 0.9 mm 0.9 mm
C6 0.2 mm 0.9 mm -
c7 0.15 mm 1.4 mm 3.4 mm
C8 0.3 mm 1.0 mm Bigger than 3.5 mm
C9 0.1 mm 1.4 mm 3.5 mm
C10 - 0.2 mm 0.9 mm
c3 c4
— Ter o2
co
c6
e |
% pen cs cio
— Pull

Figure 4.33: Crack formation of reference frame at the last stage of the ex-

periement

Crack pattern of the reference frame specimen is presented in Table 4.8 shows the
width of cracks at various drift ratios. C1, C3, C7, C9 and C10 are the cracks of

push cycles according to the right edge. The other cracks occurred on columns
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top and bottom edges are the pulling cycle cracks during the reference frame test.
The first cracks occurred at the top of the right column as given C1 respectively.
The crack named as C1 was equal to 1.6 mm at 1% story drift and 3.0 at 2 %
story drift as given Table 4.1. At the end of the test this part of concrete column
was crushed. The biggest crack which is C2 observed on the top of the right
column as given above Figure 4.33. Inelastic behaviour has started at this top
ends of the right columns while beam ends stayed elastic. In the later cycles,
several micro cracks occurred parallel to the this main cracks given. There are
many several shear cracks occurred in both right and left columns. The specimen
after the test can be seen in Figure 4.35. Table 4.8 include the width of main

cracks at several stages.

4.2.6 Test Results of Specimens RCF-2

This specimen is a RC naturally corroded frame which is tested 15 years after
from casting date. The RCF-2 specimen is the frame tested for the corrosion
development study for RC structure to compare the results with 15 years ago.
This frame is naturally corroded one bay one story RC frames. The test setup,
measurement tools and their purpose are given in the previous chapters which are
same for each specimen. The displacement protocol are same for both reference
frame and the specimens (RCF-2) tested at 15th year as given previous chapters.
The test is displacement control based test and the largest displacement enforced
to the RC frames was 56 mm in pushing and 42 mm in pulling cyles with the
displacement protocols applied. During the test of RCF-2 specimen, there was no
critical failure at the 42 mm so one more step which is 56 mm cyle applied to the
frame specimen respectively. The total axial load applied to the frame is 330 kN
at the beginning of the test which equals to 20% of the total axial load bearing
capacity of the two columns. This fifteen years old corroded reinforced concrete
specimen experiment was carried out at the I'TU Structure and Earthquake Lab.

in the year of 2017. The results are recorded by data logger and saved for analysis.
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Figure 4.34: Crack pattern of RCF-2 before the experiment

Initial crack observed on the reference frame specimen is given in Fig 4.34. The
cracks which are A1, A2, A3 and A4 is the initial cracks observed front and back
side. The width of initial cracks are change between the range 0.1-0.4 mm. These
crack’s width increase with the increment of the drift ratio. These cracks formed

due to the corrosion process along the longidutional reinforcement bars as given

in Fig 4.34.
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Figure 4.35: Crack scheme of RCF-2 specimen at the end of the test

Crack scheme of the specimen after the experiement is given in Fig.4.35. Total
31 cracks were observed during the test and recorded on a chart. The width of
cracks start to observed at the level of 0.1 mm and checked end of the each stage
of test. The RCF-2 specimen faced with shear failure at the last step from the

crack b. The maximum measured crack width is 10 mm before the failure step.
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Figure 4.36: Base shear versus target displacement graph of the RCF-2

Base shear versus target displacement graph is given below Figure 4.37 with all
triple cycles. The ultimate strengths in compression and tension are 122 kN and
132 kN occurred at 2% story drift. The ultimate capacities occurred at 3% and
4% story drift, respectively, compression and tension as 97 kN and 75 kN.
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Figure 4.37: Base shear versus target displacement graph of the reference frame
and RCF-2
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Figure 4.38: Base shear versus target displacement graph of the reference frame,
RCF-1 and RCF-2
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Figure 4.39: Base shear versus target displacement graph of the reference and
tested specimens
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Figure 4.40: Envelope curve of the reference frame, RCF-1, RCF-2 and RCF-3
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In Figure 4.40, top end relative displacement of frame and base shear are given
for all specimen, respectively. Reference frame is represent the RC frame which
was tested 15 years ago at Istanbul Technical University Laboratory by the a
team. The other three specimens which are specimen 1 (RCF-1), specimen 2
(RCF-2) and specimen 3 (RCF-3) . The bare frame used as a reference frame and
the effect of the different corrosion level and concrete strength are compared and
discussed with this reference RC frame given in Figure 4.40. This four specimens
are compared with each other according to their failure modes, load carriying

capacity, dissipated energy, member ductility and their stiffness.

The target top displacement applied to the all was 42 mm as given in the dis-
placement protocol but it reached during the test of RCF-2 as given Fig 4.37.
According to the base shear- top displacement graph of all specimens; specimen
RCF-2 reached the ultimate target displacement that is 56 mm. The maximum
corresponding load occur during the test of the RCF-3 as given in Fig 4.36. The
highest loads occurred during the pushing cyles which is 133 kN for reference
specimen. It is 132.8 kN for the RCF-2 during the pushing cycles. Initial stiffness
of the reference frame was equal to 22.0 [kN/mm], it is equal to 25.4 [kN/mm]
for specimen RCF-2.
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Figure 4.41: Energy dissipation capacities of RCF-1 at stage of

up to failure
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Figure 4.42: Energy dissipation capacities of RCF-2 at stage of all 59 cylic loop

up to failure
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Figure 4.43: Energy dissipation capacities of RCF-3 at stage of all 56 cylic loop
up to failure
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Figure 4.44: Energy dissipation capacities of reference frame, RCF-1, 2 and 3 at
0.03 story drift

The cumulative energy dissipation of the reference frame (specimen 1) at 0.03
story drift is 20.000 [kNmm]|. The total energy dissipation of the RCF-2 at 3%
story drift is 1.6 times bigger compared to the reference frame’s shown in Fig

4.44.
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4.2.7 FEvaluation of the Results

Al B BAPIE PENSEE

Figure 4.45: Demolished part of the specimen RCF-2 at the end of the test

The results are given below:
e The initial lateral stiffness of the reinforced concrete corroded frames in-
creased compared with the reference’s RC frame.

e The base shear carrying capacity kept constant level compared with the

reference’s RC frame as seen in Fig 4.28.

e The cumulative energy dissipation of reference frame at 0.03 story drift is

1.6 times increased compared to the RCF-2 shown in Fig 4.44.
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e The ultimate displacement capacity increased at 4 % story drif level for

RCF-2 compared to the reference’s RC frame.

Figure 4.46: (a) Failure mode of the specimen RCF-2 at the end of the test, (b)
stirrups failure due to corrosion

The comparison of corroded RC frame test results with each other are submitted
below. Each of the RC frame specimen is evaluated based on the parameters
given in previous section. Lateral load carrying capacity, failure mode and shape,
initial stiffness and energy dissipation capacity are evaluated and submitted at

this part.
e Failure modes and shapes :

During the displacement control based test, displacement protocol applied on
the structure and the failure modes occurred at the stage of ultimate load level.
Bending and shear failure occurred at column bottom/top ends of reference RC
frame. Shear failure observed at left column ends of RCF-2 as shown Fig 4.46.
The shear strength capacity of the column is low because of corrosion of the
reinforcement effects the shear strength of columns as given figure above. This is
because the failure occurred on the confinement reinforcement as given Fig 4.46

(b) in detailed.
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e Lateral load bearing capacity :

The lateral load bearing capacity of RCF-2 kept same as compared with reference
frame that tested 15 years ago. Concrete strength development and corrosion of
the reinforcement (effective cross sectional area lost) balance each other during

the time up to test.
e Initial stiffness :

The initial stiffness of the frames are calculated from the base shear versus dis-
placement graph as the tangent of maximum shear occurred during the cyles.
Initial stiffness of the reference frame was 21.6 [kN/mm| and 25.4 [kN/mm]| for

specimen RCF-2.
e Cumulative energy dissipation capacities :

The cumulative energy dissipation of the reference frame (specimen 1) at 3 percent
story drift is 20.000 [kNmm]. The total energy dissipation of the RCF-2 at 3%
story drift is 1.6 times bigger compared to the reference frame’s as shown in Fig

4.44.

4.3 Poisson’s ratio related test

This chapter describes the experimental study of stress-strain behaviour of 15
years old special concrete specimens. Total 56 concrete specimens were tested to
evaluate the Poisson’s ratio at descending branch and compare the results with
reference specimens that was tested before 15 years at main campus of Istanbul

Technical University Material Laboratory by a team.

Description of the specimens which covers mechanical properties of used struc-
tural materials, mix proportion of casted concrete and geometrical properties are
submitted fallowing section. This chapter also includes testing programme of
concrete specimens (150/300 mm), testing-setup, instrumentation, failure modes,

data acquisition, material mechanical properties.
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4.3.1 Specimens

There are 56 cylindrical specimens with standard size (150/300 mm) but some of
them were tested during the this experimental work. Three standard cylinders
R-29-1, R-29-2 and R-29-3 were tested at 28th days before 15 years ago to obtain
the stress-strain relationship. At the day of 5420th, three standard cylinders T-
29-1, T-29-2 and T-29-3 were tested to comparing the stress-strain relationships
and modulus of elasticity incremental with time and results are given section 4.2

in detailed.

Figure 4.47: Typical cylindrical specimens for Poisson’s ratio test.

For doing that a lot of tests on 15 years old cylindrical 15/30 cm specimens has
been conducted first. The results have been compared by code proposals, the
stress-strain relationships of confined /unconfined specimens have been compared
paying attention on the descending branches. The poisson ratio of fifteen years old
confined and unconfined concrete in descending branch of stress-strain diagrams

was another topic for which only limited amount of literature is available.
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All standard cylinders (15/30) were tested at the Construction Materials Lab-
oratory of ITU using a 5000 kN Instron Displacement control press machine.
Standard cylindrical concrete specimens were tested by using the technique of

displacement control based material test.

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

Table 4.9: Mix composition of specimens

4.3.2 Test Setup

Test setup and instrumentations are described for Poisson ratio related topics in
this section. Detailed drawings included test setup are given in the following part.
A typical test setup for cylindrical specimens are shown in below Figure 4.48 and

Figure 4.47.

Hydraulic press

ik LVDT axial
R LVIDT radial
aal Support
Sample

Hydraulic press

Figure 4.48: Typical test-setup for cylindrical specimens.
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4.3.3 Instrumentation and LVDT’s

As seen in Figure 4.48 above, axial load which is increasing throughout the test is
applied on the cylindrical specimens by means of a hydraulic press machine which
have 5000 kN capacity. Controlling of hydraulic press machine is displacement-
based due to the Poisson’s ratio precision during the lowering load branch. Data
collection enforced by the axial LVDT’s and radial LVDT’s as given above figure.
Linear variable displacement transducers connected to the mid section of the
specimens and upper-lower rigid plate. These LVDT’s placed on axial and radial
orientation to measure the deformations of the concrete in both direction which
are horizontal and vertical deformation change to get the Poisson’s ratio of the

specimens.

The name of LVDT’s used, their measurement capacities and purpose are listed
in Table 3.3 and their detail are shown above. The vertical deformation of the
cylindrical specimens are watched through four channels that are the TP1, TP2,
TP3 and TP4. Radial deformation of the specimens are measured by three LVDT's
listed below Table 3.3.
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Table 4.10: LVDT’s used for cylindrical concrete specimens

LVDT Measurement
Name Attached to
Type Purpose
Vertical
TP1 CDP5 Specimen
deformation
Vertical
TP2 CDP5 Specimen
deformation
Vertical
TP3 CDP5 Specimen
deformation
Vertical
TP4 CDP5 Specimen
deformation
Horizantal
TP5 CDP5 Specimen
deformation
Horizantal
TP6 CDP5 Specimen
deformation
Horizantal
TP7 CDP5 Specimen
deformation
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Figure 4.49: Testing instrument of the Poisson’s ratio measurements.

In order to measure vertical and radial deformation accurately, calibrated testing
machine were used to perform the experiment. Movement of the rigid head plate
and radial deformation of the specimen were reading. Then, the recorded strain
measurements for the tests were evaluated to get the Poisson’s ratio both in upper

loading and lower loading branch in stress-strain curves.
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4.4 Test Results

During the test, eight cylindrical 15/30 cm specimens has been conducted first.
The results have been compared by code proposals, the stress-strain relationships
of confined/unconfined specimens have been compared paying attention on the
descending branches. The Poisson ratio of fifteen years old confined and uncon-
fined concrete in descending branch of stress-strain diagrams was another topic

for which only limited amount of result is available here.
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Figure 4.50: Failure mode of specimens S/30-2 under axial loading.

Features in the type of failure were recorded and photographed one by one for
each concrete specimens. Examples of one of the satisfactory failures shape is
shown in Figure 4.50 above. In this failure shape, there are straight cracked
as seen in Figure 4.50. Although there are several measurement points on the
specimens, some of the measurements are unsatisfactory due to the failure shape
and huge radial deformations as seen in the Figure 4.50. This type of huge radial
fracture and deformations lead to unrelated data collection to get more accurate

Poisson ratio value. In descending load branch, the specimens were dispersed as
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seen above. Because of this dispersion of the concrete specimen, it is hard to get

available data to evaluate the Poisson’s ratio of the testing specimens.

During the Poisson’s ratio experiments, there are eight cylinder concrete speci-
mens were tested and more specimens were aimed to test. But there are some
problems to get the radial strain during the lowering load branch due to the expan-
sion of the shell concrete without natural bahavior. Total eight of the specimens

were tested and detailed results are given below section.

4.4.1 Test Results of the Specimens without Confinement

Totally eight cylindrical 15/30 cm specimens has been tested during the experi-
mental work. The stress-strain relationship in both direction have been collected
and saved to analyse. Especially in descending branches, there are some problems
to get the radial strain during the load applied due to the expansion of the cover
concrete as shown on Fig 4.50. Total eight of the specimens were tested and

detailed results are given below respectively.
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Figure 4.51: Vertical and horizontal strain versus stress diagram of specimen
S2/29-1.
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Figure 4.52: Poisson’s ratio versus stress diagram of specimen S2/29-1.

Poisson’s ratio of concrete is the ratio of horizontal (radial) strain to axial strain
in a cylindrical specimen subjected to compression. Poisson’s ratio of standard
concrete varies between (.15 and 0.35. In engineering practice, the value is taken

as 0.15-0.2 for capacity design.
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Figure 4.53: Vertical and horizontal strain versus stress diagram of specimen
S2/29-1.
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Figure 4.54: Poisson’s ratio versus stress diagram of specimen S2/29-1.

Poisson’s ratio of specimen S2/29-1 is calculated by ratio of horizontal strain to
vertical strain that is given in Fig 4.53. The unconfined cylindrical specimen’s
Poisson ratio which subjected to compression starts about 0.2 and varies between
0.2 and 0.44 during the increasing load branch of test. Especially in descending
branches, there is no exact radial strain values because of the expansion of cover

concrete as shown on Fig 4.50.
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Figure 4.55: Vertical and horizontal strain versus stress diagram of specimen
S2/34-1.
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Figure 4.56: Poisson’s ratio versus stress diagram of specimen S2/34-1.

Poison’s ratio is continuously decreasing or increasing with the changes in loading
rates and conditions because of that displacement control based test applied to the
specimens to get the more convenient values. Poisson’s ratio of specimen S2/34-
1 is measured by ratio of horizontal strain to vertical strain. S2/34-1 specimen
Poisson’s ratio varies between 0.15 and 0.2 during the increasing load branch after
the stress level at 7 MPa. Especially in descending branches, there is no exact

radial strain values because of the spalling of specimen at radial direction.
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Figure 4.57: Vertical and horizontal strain versus stress diagram of specimen
S2/34-3.
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Figure 4.58: Poisson’s ratio versus stress diagram of specimen S2/34-3.

The applied loads, corresponding vertical and radial strains at different four points
of the radial section of the cylindrical specimens were collected and saved. At the
analysis stage, there is an overlap on the increasing of Poisson’s ratio with the
improvement in compressive strength of concrete. Specimen S2/34-3 has com-
pressive strength 26 MPa and Poisson’s ratio varies between 0.55 and 15 during
the increasing load branch after the stress level at 2 MPa. There is no conve-
nient radial strain values because of the spalling of specimen at radial direction

at plastic limit initiation point.

4.4.2 Test Results of the Poisson Ratio of Confined and Unconfined

Concrete

During the rest of the experimental work, confined cylindrical specimens tested
with same procedure with the unconfined specimens. The poisson ratio of fif-
teen years old confined specimens in descending branch of stress-strain diagrams

stopped due to the spalling of specimen at radial direction and time effect.

Radial expansion of the concrete is a crucial point for conducting the confinement

level in reinforced concrete structures. Measuring horizontal strains in laboratory
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experiments is hard because of several reasons that explained previous sections.
There are some analytical models for lateral strain and axial strain behaviour.
These models are based on the assumption that structural concrete shows elastic
behavior in the beginning of the compression and then nonlinear behavior up to
ultimate stress. The experimental programme cancelled that cover the testing of
a number of RC confined concrete cylindrical specimens to find out the effect of

the confinement on the stress strain relationships and especially Poisson’s ratio

value.

Figure 4.59: Confined cylindrical concrete specimens.
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Chapter 5

Analytical Studies

This chapter presents some analytical model related different computer program
such as DC2B, XTRACT, SAP2000 and SeismoStruct. DC2B and XTRRACT
are used to define moment- curvature relationships of RC frame members. DC2B
was also used for to analyse the one bay one story RC frame under cyclic loading
and other nonlinear effect. SAP2000 and SeismoStruct are used to analyse the
structure and to compare the results with experimental outputs. The analysis
were carried out to predict the load versus displacement relations for each case

of the study.

Many researchers ; Smyrou et al.(2006), Cattari and Lagomarsino (2006), Crowley
and Pinho (2006) are studied to modelling reinforced concrete structure behaviour
with SeismoStruct. Prof. Dr. Faruk Karadogan, Prof. Dr. Sumru Pala, Prof.
Dr. Ercan Yiiksel and Res. Asst. Yavuz Durgun are used to analyze RC frame
with spread permanent strain station. Yiiksel (1998), Nanakorn (2004), Yiiksel
and Karadogan (2009) have detail of these type of nonlinear static analysis for

especially RC frame.

5.1 Nonlinear Static Analysis Using DC-2B

DC-2B (s2) is a basic computer program which developed by Karadogan et al

(2016). Nonlinearities of the RC elements and materials behavior are used in the
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program. Structural damage distribution (distributed plasticity) were considered
to get more accurate analysis during the theoretical work. Material inelasticity is
assumed to spread along the member of reinforced concrete structures. Geometry
of the column and beams are submitted at the section 4.1 above. Columns are

bended along the weak axis.

1300 I

LB

Figure 5.1: Model for analytical study in DC-2B(s2) program .

General geometric features and loads acting on the frame are given above Figure
5.1, respectively. Distributed load acting on the beam represents the self weight
and experimental setup equipments load and unit loads acting on the columns
are the vertical loads of the experiments which are about the 20 % axial load car-
rying capacity of the columns. Concrete compressive strength and yield strength
of reinforcement steel are 16.3 Mpa and 286 Mpa, respectively. There is no con-
finement effect contribution considered coming from the stirrups. Rigidity of the
elements were calculated by the help of non linear moment-curvature relations as

initial and cracked during the pushover analysis.
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5.1.1 Moment-Curvature Relations of Frame

Moment curvature relationships are very important to get idea about the capacity
and ductility of the reinforced concrete structures. As we know, ductility is the
deformation capacity of the member of RC structure after the first yield due to
behavior of concrete or reinforcement under different types of loading such as
snow, wind and earthquake etc. Elastic, elasto-plastic and plastic behavior stage
gives us a measure of the energy dissipation capacity of a structural section as

defined Fig.5.2.
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Figure 5.2: Moment-curvature relation of a RC section and strain distrubution.

In the moment-curvature analysis stage ; geometry of the sections, material char-
acteristics, material model and loading type effects the curvature according to
the research of A. Ilki (2004). In this theoretical study, analytical moment-
curvature relationships were obtained for RC members section by section with
using three different models for confined concrete. In this chapter, theoretically
obtained moment-curvature relationships are compared with literature’s. The re-
sults showed that; the theoretical moment curvature relationships obtained by all

of these three models were in quite good agreement with experimental outputs.
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In the second part, cracked rigidity used as a parametric investigation to carried
out the moment-curvature relationships.
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Figure 5.3: Steel material model used in analysis and TEC-2007 comparision.

Defined parameters for RC steel that are available for the material behavior are
taken form the experimental tests with corroded reinforcement steel after 15 years.
The evaluated properties from several experiments are used to define a material
model for existing rebar. TEC-2007 rebar model is utilized to identify reinforce-

ment mechanical behavior of tested systems.
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Figure 5.4: Concrete material behavior utilized in analysis.
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Nonlinear constant unconfined concrete model is used to model the concrete
stress-strain behavior. Compressive strength, tensile strength, strain at peak
stress and specific weight are calculated by the experiment by done at I'TU Ma-
terial laboratory with 15 years old concrete core specimens and cylindrical spec-

imens that given material’s test results section.

Material characteristics were taken as given above and the evaluation of moment
and curvature relations are utilized based on the theory that plane section kept

plain after the any deformation stage.
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Figure 5.5: moment and curvature relationships of bottom column part of 15
years old frame.

As seen from Fig 5.5, the curvature values of the column member calculated from
0 to (1.417-0.385 ) ¢m height above the rigid foundation (support) that varies
from 0.05 to 0.10 (1/m). According to the experimental study and literature, it is
important to notice that the damage is accumulated especially along the plastic

hinge area of the member from top of the base.

111



If the analysis results are compared with upper part of the column, yielding and
ultimate moment capacities of the sections increase when reinforcement ratio in-
creases. In other words, the more ductile behavior is observed due to increment
of transverse reinforcing steel ratio of RC rectangular column section. Moreover,
numerical analysis results are concluded that the increment of longitudinal rein-
forcing ratio effects the yielding and ultimate moment capacities of the frame’s
columns. Due to the this increment, plasticity starts from bottom of the column

to the top as like as experiment.
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Figure 5.6: Moment and curvature relationships of upper column part of 15 years
old frame.

As seen from Fig 5.6, the negative moment capacities of the T-shaped beam
member calculated and it varies between 0.03 and 0.05 (1/m). According to
the experimental study, positive moment capacity and negative moment capacity
of the columns have difference in terms of curvature and moment capacity. The
negative yield moment capacity of the section is about -44 kNm but it is about 37

kNm for positive moment side of the rectangular section. The ultimate moment
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for negative side is -59 kNm and -47 kNm for positive side as given in figure just

below.
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Figure 5.7: Moment and curvature relationships of T-shaped beam node part of
15 years old frame.
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Figure 5.8: Moment and curvature relationships of T-shaped beam node part of
15 years old frame.

As seen in Figure 5.7 and Figure 5.8, the curvature values of the T-shaped beam
member calculated in the order of 0.05-0.10 (1/m). The negative moment capaci-
ties of the T-shaped beam member is higher than the positive moment capacities
in both cases. According to the numerical study, positive moment capacity and
negative moment capacity of the columns have difference because of the longidu-
tional bar location as lower or upper case. If the bar location is the lower case,
the negative ultimate moment capacity of the section is about -78 kNm. It is
about -96 kNm when the bar at upper location case as given above figures. The
ultimate moment for positive side is 75 kNm and 46 kNm for lower side and upper

side case given in Figure 5.7 and Figure 5.8, respectively.

If the results are compared with node and mid part of the T-shaped beam, yielding
and ultimate moment capacities of the sections increase when negative moment

acting on the section. In other words, the more ductile behavior for RC beams
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cross sections is observed due to increment of curvature ductility on RC T-shaped
section when negative moment acting on the section. Moreover, numerical results
are concluded that the location of longitudinal reinforcing affect the yielding and

ultimate moment capacities of the T-shaped beam types section.

Nonlinear material characteristics and linearized moment-curvature relations are
used in the computer program. To get more real evaluation of structural damage
distribution, material inelasticity is taken as spread along the whole member
length of the RC frame and across to the RC cross section of the one bay one

story RC frame.

Moment-curvature relations of the columns and beams were evaluated by the
computer program DC2B(s2) and checked another program which is XTRACT
section analysis program. Results of the moment-curvature relations of the differ-
ent cross sections are given in detailed at section before this section. By using this
moment curvature relations, member rigidity are found as initially and cracked

values given below Table 5.1, respectively.

Cracking of the RC section is inherent in analysis of RC, and this cracking effects
the reinforced concrete structure’s durability, serviceability and its ductility. In
the micro scale, cracking formation effect the rigidity parameters of the reinforced
concrete sections directly. During the analytical study; changes in this micro scale
paramater should be considered for more real solution. RC members frame are
under the effect of bending because of that cracked bending rigidity are used
during the computer analysis. At the section of 7.4.13 (TEC-2007); If there is
no restricted calculation about the bending rigidity of cracked section, bending

rigidity definition should be taken into consideration as given as fallows:

For beam : (ET)e = 0.40(ET)o (5.1)
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For column : I[f ND/(Acfem) <0.10 : (El)e=0.40(FEI)o
If ND/(Acfem)>0.10 : (El)e=0.80(EI)o

W hereN Distheaxialloadactingonthemembers.

Table 5.1: LVDT’s used for cylindrical concrete specimens

ELyitia Elrec—2007
Member El orckea [KNmMy]
Beam
3990.1 2100.2 1596.04
(node)
Beam
5068.4 2918.9 2027.36
(Mid)
Column
1149.2 572.1 459.68
(bottom)
Column
459.68 1251.6 923.36
(top)

In literature, there are some different way to calculate the bending rigidity of
the cracked section. One of them, Yongzhen Li (2010) used moment-curvature
relationship of RC section to obtain a realistic determination of the stiffness of
the element, the bending moment, related parameters of the element both for

uncracked and cracked stage of the sections.

(El)ser = E.I (5.2)
The inertia modulus of cracked section as given below ;

b3
[:i—i-bx-(g

5 )2+ a.Ay(d — x)? (5.3)
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b is the cross section width
x is the compression zone depth

Ay is the reinforcement area in tension

«, is the ratio of elastic modulus where g— =
(&

The stiffness at the cracking stage as given fallow;

b 3
(ED)ger = EI = E, - (—— + b (g

3 24 aAy(d — x)?) (5.4)

By using the T-shaped and rectangular reinforced concrete cross section stress-
strain balance, the compression zone depth obtained under the both axial load
and bending moment effect. The bending rigidity is an important parameter
related to the load-stress effect caused by plastic deformation on the section.
After the compression zone depth of the section is obtained, by using the law of
Tension Stiffening, the cracked elastic rigidity is calculated by the slope of the

moment-curvature curve at the yielding points as given in Table 5.1 as above.

The analytical model of RC frame prepared in DC-2B(s2) is shown in Figure 5.1.
Beam and columns elements are divided into 400 imaginary pieces to do analysis
in more precision. The foundation of the frame was given in to the program as
fixed type support for bottom ends of the columns. Three degrees of freedom are

considered for each node of the RC frame by the program.

The analytical model used in program was subjected to constant vertical point
loads on the center of the columns as during the experiment, distributed load on
the beam and lateral push-pull load acting at the centre of the beam as shown
in Figure 5.1. Lateral loads increased step by step up to the failure stage. In the
analysis of the reinforced concrete one bay one story frame, 15 years old concrete
properties are taken into account with corroded reinforcement material properties

as a nonlinear material model given section before this part. Properties of the
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reinforcement such as quantity, bar size and geometric location are introduced in

the moment-curvature analysis step of the computer program DC-2B(s2).

foree L verna TopdDP100 200 Diyp

—llh
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Figure 5.9: Force — Displacement curves of the computer program versus experi-
mental.

As shown in Fig 5.9; analytical study by DC-2B(s2) overestimates strength values
at the initial elastic cycles up to deformation point 18 mm. In the analytical study,
reinforcement are yield at the point 10 mm top deformation and ruptured at the
pint about 20 mm as seen in Fig 5.9. During the experiment, when the stirrups
ruptured the cyclic analysis continue up to point that whole collapse of the system

due to mechanism failure.
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Figure 5.10: Force — Displacement curves of the computer program versus ex-
periement with 5 and 400 pieces for RC members.

During the analysis of the RC frame with DC-2B(s2) ; there were several differ-
ent parameters such as cracked sectional rigidity, material models and analytical
details. Initial rigidity and cracked rigidity of the RC sections were used and
compared as seen in the Figh.9. The maximum deformation capacity of the stage
of initial rigidity is higher than the cracked rigidity used stage as shown. In the
Fig5.10, columns and beams were divided in to 5 pieces and 500 pieces and there

was no changes observed at results of the push-over analysis.

5.2 Analytical Studies with SAP2000

In this theoretical study stage, to achieve a static pushover analysis with consid-
eration the effect of natural corrosion on the structural behavior is investigated
because of that SAP2000 used for numerical modelling. This section includes in-
formation about the computer program used to model the RC one bay one story
frame. In the theoretical model created, the nonlinear behavior of RC members
is represented using the distributed plasticity theorem where the plastic deforma-

tions occurs over a defined length. The rotational behavior cover the concepts of
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bilinear hysteretic response based on the Modified Ibarra Krawinkler Deteriora-
tion Model (Ibarra et al. 2005). Cyclic deterioration were neglected and column
axial loads is applied to the frame to simulate P-Delta effects for buckling safety.
Material model and other parameters are same properties with section before this

section.

]
|

Hingr Hinge

Figure 5.11: Frame model and hinges used in SAP2000.

The theoretical results of the distributed plasticity model was predict concen-
trated plasticity model quiet well. The results of the pushover analyses from the
the SAP2000 model and experiment are shown in Fig.5.12. The experimental
and SAP2000 results agree at the displacement level between 20 mm and 40 mm.
The ultimate strength values agrees well for both analytical and experimental
result at level 132 kN. Reinforcement reached minimum limit at top end of the
first column and at the same top displacement level confined concrete has reached

safety limit at the top end of the first column of frame.
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Figure 5.12: Pushover curve of the frame with SAP2000 and experimental.

The determination of natural period of the RC structures is an essential stage in
earthquake based design. During the theoretical work, pushover analysis carried
out with several computer programs and results compared with experimental
outputs. The natural period of the RC frame calculated by hand, DC2B and
SAP2000 outputs. During the nonlinear pushover analysis, period of the structure

increased with the increment of the applied load and plasticity.

When the reinforcement reached damage limit at top end of the first column and
concrete has reached safety limit at the top end of the first column of frame,

period become bigger and bigger after that limit point as given below Fig.[5.22].
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Figure 5.13: Force versus period diagram with capacity curve.

5.3 Analytical Studies with SeismoStruct

There are several computer programs to analyse the RC structures such as ABAQUS,
SAP2000, OpenSess, ANSYS and SeismoStruct. In this theoretical study, the ef-
fect of the corrosion on the structural behavior is investigated because of that
SeismoStruct used for numerical modelling. This chapter includes information

about the computer program used to model the RC one bay one story frame.

Material nonlinearities are used in the computer program as given in the sec-
tion before this section. To get more convenient result, material nonlinearity is

assumed to spread along the structural sections as implemented fibre modelling.
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Figure 5.14: Integration points in RC frame elements and fibre modelling.
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Figure 5.15: Frame model used in SeismoStruct front view.

Inelastic reinforced concrete frame elements were used, geometric and material

nonlinearities were defined to the program as given Fig.5.17.
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Figure 5.16: Frame model used in SeismoStruct side view.

During the definition of the material models, some of the parameters are in-
serted from the tests results that achieved at experiment stages. Some parame-
ters defined to the program manually. Reinforcement model and concrete model
is used given in Fig.5.17.Modulus of elasticity, yield strength, transition curve co-
efficients,specific weight, bar diameter, compressive strength of concrete, tensile

strength of concrete and confinement factor were defined manual to the program.
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Figure 5.17: Material models used in analytical study.
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Figure 5.18: The displacement pattern applied to RC frames.

The displacement protocol applied to bare frame and RCF-2 is given in Fig.5.18
as applied experiment. Minimum damage limit, safety limit and collapse limit

are defined according to the Turkish Earthquake Code proposal.
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Figure 5.19: Hysteretic curves of the bare frame experimental and analytical
results.

The maximum load and target displacement occurred in the structure is closer
as experimental results as given in Fig.5.19. Descending load branch slope of the
experimental results is lower than the analytical results obtained by nonlinear
static analysis. Reinforcement bars has reached minimum damage limit at the
bottom and top closer node section. At the same stage unconfined concrete has

reached collapse and safety limit at the lower section of the second columns.
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Figure 5.20: Hysteretic curves of the RCF-2 frame experimental and analytical
results.

As given in Fig.5.20, experimental results overlapp with the analytical study quiet
well at elastic region. The maximum load observed in the analysis as same as
experimental results. Reinforcement performance level has reached damage limit
at three percent drift ratio level at the bottom end of the first column. Confined
concrete capacity reached the collapse damage limit as the bottom node of the

first column at 3% story drift stage.
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Figure 5.21: Damage shape of analytical work of RCF-2 at push cyle.

The damage model occurred in SeismoStruct is shown in Fig.5.21 and Fig 5.22,
respectively. The RC frame was subjected to constant axial loads on the columns
and horizontal cyclic displacement protocol applied to the frame to represents the
seismic behavior. Analytical works achieved for reference bare frame and other
tested RC frame to comparison them between each other. Hysteretic curves,
failure modes and shapes, failure reason and damage limit results were given at

this section, respectively.

Figure 5.22: Damage shape of analiytical work of RCF-2 at pull cyle.

128



5.4 Design of a computer program for buckling load parameter

Several computer programs such as SAP2000, SeismoStruct and DC2B(v2) were
used to analytical works of modelling the corroded RC frame and a special purpose
computer program has been developed for finding the buckling load parameters of
a frame with and without plastic hinges. NetBeans IDE 8.2 and DC2B computer
programs were combined to find the buckling load parameter when the nonlinear
static analysis applied on the defined structure. Computer program flow chart is

given below and code is given at appendix A.

Figure 5.23: Modes of buckling for the RC frame.
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Figure 5.24: P-Delta curve assesment for buckling load.
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Global or local bukling is a curial problem for several types of members and
structures. It should be controlled during the each step of the loading. It is known
that plastic hinge formation starts with the materials nonlinearitiy limits and this
formation effects the members and structures safety factor against buckling. Push
over analysis starts with the zero load- zero deformation state and it goes on to
the target/limit displacement. Sectional rigidity, member rigidity and system
rigidity change at every step of the analysis. By the way structures going to be
more closer to the buckling than before state. By the help of the this computer
programs, bucking safety factor checked at each new state by the matrix stability
method as defined in the outline chart. NetBeans IDE 8.2 and DC2B computer
programs were combined to find the buckling load parameter when the nonlinear
static analysis applied on the defined structure. Computer program flow chart is

given below and code is given at appendix A.

At the first stage, DC2B package computer based program calculate the rigidity
values according to the structural features and it gives the output values for
matrix evaluation part. The developed computer program construct the rigidity

matrix according to the output values.

The first case calculate the determination of matrix A according to the Gauss
elimination method and it checks the stability of the matrix. If the cases satisfies
the condition, program gives the buckling load accordingly. But if the condition
not satisfies the given case, the computer programs continue to the other loops.
At the end of the loop analysis, computer program gives the buckling load to

draw the P-Delta curve that is given above.

Where;

N;; : azial force
©jj : a constant
L;j : member’s length

EL; : bending rigidity
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DEFINE THE STRUCTURAL SYSTEM

N
@;j = Ly; E!'r;

[ Find Byy Byg Byy Byy ]
Beyy Bgz Byq gy

CHECK . CHECK

Case must ;) If det{a)=0

Give Result. ssssssssssnnnguns

Casea;) If det(A)=0

Increase Nj;to (N;+x)

A

Case must ;) If det{a)=0
Give Result. ssssssssssssss ann

Case b;) If det{A)<0

Decrease N;;to (Nj; —x)

A

Case must ;) If det{a)=0

Give Result. ssssssssssssnnnns
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Chapter 6

Conclusion

Corrosion of steel bars is one of the main destructive effects on load-bearing
capacity and serviceability of reinforced concrete structures. The effective cross
sectional area of reinforcement reduces due to corrosion attack and the bond
between reinforcement and concrete is lost in corroded RC structures. Corrosion
reaction process effects the structural seismic behavior of the RC structures that’s
why the RC structures designed for the same seismic capacity could have different

seismic performance especially during the earthquakes.

One reference and three reinforced concrete single bay single story 1/3 scale frame
specimens were produced, subjected to natural corrosion and then tested under
reversed cyclic load at the main campus of Istanbul Technical University. The bare
frame and other specimens were constructed using special structural features such
as low concrete quality with aggregate and sand coming from sea bed and non-
ribbed mild steel to represents the existing RC structures stock built in Turkey
before the existing earthquake codes and standards. This study is composed
of primarily the theoretical and analytical works mainly based on experimental
works. All frame specimens were tested up to failure point and the performance of
specimens were studied through their failure modes, lateral load carrying capacity,
initial stiffness and cumulative energy dissipation capacity. Different computer
programs were used to analyse the structure and compare the overall results

in terms of natural corrosion time effect. Also, confined/unconfined concrete
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cylindrical specimens were tested as well for working on Poisson’s ratio and stress

strain relationships in descending branch.

Concrete core and reinforcement bar sample taken and tested to have an idea
about the material mechanical properties. According to the study made after the
experiments; characteristics of actual concrete and reinforcement model behavior
defined. Probably corrosion was concentrated on stirrups, foundation and lower
part of the column’s longidutional bars. As seen according to the corrosion clean-
ing result given in Section 4.2.4.2, change in weight of stirrups specimens is %1.7

that is 3 times higher than the longiditional bars.

The reference frame and 15 years old frames had shear and bending type cracks
formation during the tests. The cracks width are 0.1 mm at the beginning and 45
mm at the end of the experiments. During the displacement control based test,
displacement protocol applied on the structure and the failure modes occurred at
the stage of ultimate load level. Bending and shear failure occurred at column
bottom/top ends of reference RC frame. Shear failure observed at left column
ends of RCF-2 as shown Fig 4.46. The shear strength capacity of the column is
low because of corrosion of the reinforcement effects the shear strength of columns
as given figure above. This is because the failure occurred on the confinement

reinforcement as given Fig 4.46 (b) in detailed.

The initial lateral stiffness of the reinforced concrete corroded frames increased
compared with the references RC frame at just before the initial cracks observed in
the structure. The initial stiffness of the frames are calculated from the base shear
versus displacement graph as the tangent of maximum shear occurred during the
cycles. Initial stiffness of the reference frame was 21.6 [kN/mm] and 25.4 [kN/mm]
for specimen RCF-2.

The base shear carrying capacity kept constant level compared with the references
RC frame as seen in Fig 4.40. The ultimate displacement capacity increased at 4

% story drift level for RCF-2 compared to the references RC frame.
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The cumulative energy dissipation of the reference frame (specimen 1) at 3 percent
story drift is 20.000 [kNmm]. The total energy dissipation of the RCF-2 at 3%
story drift is 1.6 times bigger compared to the reference frame’s as shown in Fig
4.44 The cumulative energy dissipation of reference frame at 0.03 story drift is

1.6 times increased compared to the RCF-2 shown in Fig 4.44.

The theoretical works that were achieved by several computer programs such as
Sap2000, SeismoStruct and DC2B(v2) used to modelling the corroded RC frame.
Nonlinear pushover analysis is carried out for corroded frame. The theoretical
assumptions and corrosion behavior are based on the material test results of the
experimental study. The theoretical results agree with the experimental results
not only the maximum load capacity, target displacement, but also the similar
damage propagation which is occurred during the experimental program given in

detailed.

There were a lot of tests on 15 years old cylindrical 15/30 ¢m specimens has
been conducted during the second stage of the experimental program to obtain
Poisson’s ratio and stress strain relationships in descending branch. The re-
sults have been compared by code proposals, the stress-strain relationships of
confined /unconfined specimens have been compared paying attention on the de-

scending branches as given in detailed at the section 4.4.

Results of the experimental and theoretical works prove that corrosion effects
the structural behavior of reinforced concrete frames during the earthquake be-
cause of several reasons given in detailed at previous section. The experimental
and theoretical findings of natural corrosion study are valuable information for
the seismic performance analysis and development of retrofit strategies plan of

existing natural corroded building stock.
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Appendix A

Computer program code for buckling load

/*

* To change this license header, choose License Headers in Project Properties.
* To change this template file, choose Tools — Templates

* and open the template in the editor.

*/

package buck;

import java.io.BufferedReader;
import java.io.Buffered Writer;
import java.io.File;

import java.io.FileReader;
import java.io.FileWriter;
import java.util. ArrayList;
import java.util. Arrays;
import java.io.Buffered Writer;
import java.io.File;

import java.io.FileNotFoundException;
import java.io.FileReader;
import java.io.FileWriter;

import java.io.IOException;
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import java.util. ArrayList;

import java.util. Arrays;

import jxl.Workbook;

import jxl.read.biff. Biff Exception;
import jxl.write.Label;

import jxl.write.WritableSheet;
import jxl.write.WritableWorkbook;

import jxl.write. WriteException;

/**

*
* @author Isik

*

public class BUCK

JH

* @param args the command line arguments

*/

public static void main(String[] args) throws
FileNotFoundException, IOException, Exception
ArrayListjDouble;, f = new ArrayListj;();
ArrayListjDouble; p = new ArrayListj; ();
double K =100.56;

int delta_ K = 1;

double d = 1.0;
do
inti=1;

FileReader filel = new FileReader(”C:
Users

Isik
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Desktop

DC2Bjava

DC-2B.dat”);

BufferedReader reader = new BufferedReader(filel);

99,

String text = "7;

999,

String line32 = "7,

String lineUpdate = 77

String line = reader.readLine();

String nl = System.getProperty(”line.separator”);

while (line != null)

/] if (i == 32)

// line = line.substring(0, line.lastIndexOf(’ ")) + 7 7 + -1.4825 * K;
//

// if (i == 33)

// line = line.substring(0, line.lastIndexOf(’ 7)) + 7 7 + -1.06 * K;
//

// if (i == 33)

// line = line.substring(0, line.lastIndexOf(’ ")) + 7 7 + 1.4825 * K;
//

if (i == 32)

line="100.00.0" + 1* K;

if (i == 33)
line =72 00.0 0.0 7 + 1* K;

text += line 4 nl;

line = reader.readLine();

1++;

137



System.out.println(text);
reader.close();

try

File logFile = new File(”C:
Users

Isik

Desktop

DC2B - java

DC-2B.dat”);
BufferedWriter writer = new BufferedWriter(new FileWriter(logFile));
writer.write(text);
writer.close();

catch (Exception e)
e.printStackTrace();

try

//Runtime runTime = Runtime.getRuntime();
//Process process = runTime.exec(”C:

Users

Isik

Desktop

DC2B - java

DC-2B-r24.exe”);

Process process = Runtime.getRuntime().exec(”C:
Users

Isik

Desktop

DC2Bjava

DC-2B-r49.exe”, null, new File(”C:

Users

Isik
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Desktop

DC2Bjava

"));
process.waitFor();
catch (Exception e)
e.printStack Trace();

FileReader file2 = new FileReader(”C:

Users

Isik

Desktop

DC2Bjava

DC-2B.son”);

BufferedReader reader2 = new BufferedReader(file2);

999,

String text2 = "";

String line31l = "7;

i=0;

String line2 = reader2.readLine();
while (line2 != null)

text2 += line2 + nl;

line2 = reader2.readLine();

if (i == 30)

line31 = line2;

1++;
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System.out.println(text2);

String[] output = line31.split(” ”);
d = Double.parseDouble(output[3]);
System.out.println(d);
System.out.println(line31);

if (K/d) ¢ 0)

f.add(d);

p.add(K);

K = K + delta_K;

else if ((K/d) i 0)

K = K + delta_K * 0.5;

while (K/d ;= 0.1);
System.out.println(Arrays.toString(f.toArray()));
System.out.println(Arrays.toString(p.toArray()));

createexcel(f,p);

public static void createexcel(ArrayListjDouble; x, ArrayListjDouble; p) throws
BiffException, Exception, WriteException

WritableWorkbook wworkbook;

wworkbook = Workbook.createWorkbook (new File(” C:

Users

Isik

Desktop

n_java.xlsx”));

WritableSheet wsheet = wworkbook.createSheet(” First Sheet”, 0);
Label label = new Label(0, 2, ”buckling load vs displacement ”);
wsheet.addCell(label);

int h = 0;

for (int indx = 0; indx | x.size(); indx++)
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h = indx + 1;

jxl.write.Number number = new jxl.write.Number(3, 4 + h, x.get(indx));
wsheet.addCell(number);

jxL.write.Number number2 = new jxl.write.Number(4, 4 4+ h, p.get(indx));
wsheet.addCell(number2);

wworkbook.write();

wworkbook.close();
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Appendix B

Computer program file DC2B for buckling load

run:
ik C3.SU_13
NOKTA;CUBUK;YUKLU CUBUK;GEVSEKLIK;YAY;YUKLU DUGUM
NOK.;SIFIR DEP. NOKTA SAY.
4310022
ik DUGUM NOKTALARI GEOMETRISI
NOKTA NO - X KOORDINATT - Y KOORDINATI
10.0 1.417
21.95 1417
3 0.0 0.00
4 1.95 0.00
ek CUBUK ELEMAN BILGILERI
CUBUK - SOL UC - SAG UC - EI - EF - YAYILI YUK(1/0) - CUBUK TIPI -
GF - RSOL/L - RSAG/L -EKBILGI
112 2400.6 1152000.0 1 0 0.0 0.0 0.0 0.0
231 858.587280.0 00 0.0 0.00.00.0
324 858.587280.0 00 0.0 0.00.00.0
ek YUKLU CUBUK BILGILERI
IYUKTIP CUBUK NO - 71 72 73 74 75 76 Z7 ALFA
010.00.01.950.03.44 0.0 0.0 0.0
ok CUBUK UC MAFSALLARI VE YAYLARI BILGISI
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CUBUK GEV-1 GEV-5 GEV-6 GEV-2 GEV-3 GEV-4 YAY-1 YAY-5 YAY-6
YAY-2 YAY-3 YAY-4
0
ekt YAY BILGILERI
NOKTA NO - X - Y - Z DOGRULTUSUNDAKI YAY SABITLERI
0
ekl YUKLU DUGUM NOKTAST BILGILERI
NOKTA NO - IYUKTIPI P1 P2 P3 [kN]
10 0.0 0.0 100.56
20 0.0 0.0 100.56
ek TUTULMUS DUGUM NOKTASI BILGILERI
NOKTA NO - d1 d2 d3
3111
4111
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