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ABSTRACT

Many existing reinforced concrete (RC) members built using old design codes are susceptible to
catastrophic collapse during a major earthquake due to their insufficient shear strength and member
ductility. Use of fiber-reinforced polymer (FRP) composites as the external bonding/jacketing material of
RC members to improve their shear strength and ductility has been a widely used because of the high
strength-to-weight ratio and corrosion resistance of FRP composites. The most often used FRP
composites include carbon-fiber reinforced polymer (CFRP), glass-fiber reinforced polymer (GFRP), and
aramid-fiber-reinforced polymer (AFRP) composites, which are termed conventional FRPs. In recent
years, a new category of FRP composites, which are made of polyethylene naphthalate (PEN) or
polyethylene terephthalate (PET) fibers, have emerged as an alternative to conventional FRPs as the
strengthening materials of RC members. These FRPs have a much larger rupture strain (LRS) compared
to conventional FRPs. Although their elastic modulus and strength are relatively low, they are much
cheaper than conventional FRPs. It should be noted that the relatively low strength and modulus of LRS
FRP can be compensated by the use of a greater amount of the fiber material, whereas the small rupture
strain of conventional FRP cannot be compensated in this way. Up till now, it has remained unclear how
to predict the shear strength of LRS FRP-strengthened RC members, which in turn influence their overall
behaviors. Moreover, the efficiency of LRS FRP composites for the shear strengthening of RC members
remains a concern because concrete degradation may occur before the full activation of the strain capacity
of LRS FRP composites.

This research program aims to conduct an experimental study for the first time on the shear strength and
deformation behavior of RC members strengthened with LRS FRP composites. Tests on ten RC beams
strengthened in shear with fully wrapped PET FRP sheets have been conducted considering the following
test parameters: the strengthening ratio, the longitudinal reinforcement ratio and the shear-span to
effective-depth ratio. The increase in the amount of PET FRP sheets led to an increase of the shear
strength and shear ductility, whereas a lower longitudinal reinforcement ratio and a smaller shear-span to
effective-depth ratio corresponded to improved shear ductility. PET FRP sheets developed very high
strains, namely the maximum strains of 1.4-6% at the peak shear loads and as high as 14.0% at the
defined ultimate state (i.e., the load dropped by 20% compared to its peak load). Consequently, PET FRP
sheets can be used to enhance the shear strength of RC beams while substantially increasing the member
ductility. In particular, PET FRP sheets did not rupture at the peak load, and led to a ductile shear failure
of the strengthened RC members. This failure mode also enabled us to clearly observe the behavior of
shear strength degradation of concrete with increase in shear deformation even before the peak strength
was developed. The shear contribution of concrete was found to degrade by 0-54.6% depending on the
volumetric ratio of the FRP sheets, the shear-span to effective-depth ratio and the member depth. Owing
to the close relationships among the concrete shear deterioration, the member shear deformation and the
strain levels in both FRP sheets and transverse steel reinforcement as observed in the current study,
further research work was carried out to build up a comprehensive model to explain the above
relationships.

The development of a comprehensive shear strength model is proposed to precisely predict not only the
concrete shear deterioration but also the overall load-deformation responses of RC members. The
proposed model, based on the work of Sato et al., is extended to account for the stiffness of both flexural
and shear reinforcements, enabling us to connect interaction between flexural and shear strength
behaviors. To address this interaction, a flexure-shear interaction (FSI) analytical method is presented and
verified using existing experimental results, and demonstrate shear strength and ductility enhancement of
RC columns confined with several alternative jacketing materials, including CFRP, AFRP, PEN, and PET
FRPs. As part of the overall analytical process, in specimens failing in shear, the reduction in load-
carrying capacity with increase in deformation can be considered as a reduction of the contribution of the
shear strength behavior caused by the reduction in secant stiffness of both shear and flexural
reinforcements and residual concrete strength. However, in specimens failing in flexure, the load-carrying
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capacity decreases due to concrete crushing along with the buckling of the compression reinforcement.
The influence of the shear strength behavior on the flexural deformation is introduced through the tension
shift phenomenon which increases the flexural deformation. Meanwhile, the flexural strength behavior
affects the shear deformation through the yielding of flexural reinforcement, which decreases the shear
strength of concrete and also increases the shear reinforcement strain, causing an increase of the shear
deformation. The FSI analytical method can precisely predict the strain response of shear reinforcement,
including the rupture of the FRP jackets. It is proven that FRP with high fracture strain (PEN and PET) is
less likely to fracture than conventional fiber (Aramid and carbon) at ultimate deformation.

The final goal of this research program is to extend the FSI analytical method to the cases of
steel-jacketed RC members with different jacketing shapes (i.e., elliptical and rectangular shapes).
Comparing FRP and steel jacketing, FRP jacket can resist the shear crack opening only in the fiber
alignment whereas steel jacket can resist the opening in both vertical and lateral, leading to different in
the concrete shear strength and its degradation. Namely, concrete shear strength in steel jacketing is larger
than that in FRP jacketing since shear crack opening restrained by a steel jacket causes the aggregate
interlock of concrete, which results in it contributing to the shear resistance. In the FSI analytical method,
the concrete contribution to the shear strength is therefore significantly affected by the steel jacket, and its
contribution to shear strength is considered equivalent to that in a continuous transverse steel
reinforcement. Considering confinement shape, elliptical steel jackets provides better enhancement of the
flexural performance of inadequately confined columns than that of rectangular jacket. Using these
concepts, the FSI analytical method can successfully predict the load-deformation envelope responses of
RC columns with steel-jacketing. It can be concluded that the FSI analytical method is expeditious and
efficient for use in predicting structural response of RC members with and without various types of
seismic jacketing, while maintaining a high degree of accuracy.
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CHAPTER 1

INTRODUCTION

1.1. INTRODUCTORY REMARKS

During the Great Hanshin Earthquake, many reinforced concrete (RC) columns collapsed catastrophically
because of insufficient shear strength and low ductility. Shear failure is often brittle, catastrophic, and
leads to severe damage at a low ductility level [48-49]. To improve seismic performance of existing
columns, strengthening with Fiber Reinforced Polymer (FRP) is widely used because it shows great
promise in high specific strength and corrosion resistance [8,31,63]. Conventional FRPs—Carbon Fiber
Reinforced Polymer (CFRP) and Aramid Fiber Reinforced Polymer (AFRP)—are effective in enhancing
shear strength, but they are brittle because of their low fracture strains (Fig. 1.1a), resulting in early
rupture and loss of load-carrying capacity before the achievement of high ductility in shear-dominant
cases [5-6,23]. To avoid this early rupture behavior, alternative FRP materials were developed with high
fracture strain, in particular Polyethylene Naphthalate (PEN) and Polyethylene Terephthalate (PET),
which enhance shear strength and ductility while being more economical [66]. Materials with high
fracture strain often show low stiffness. The low stiffness can be compensated by the use of more
material; however, the low fracture strain cannot be compensated in this way. Consequently, high-
fracture-strain materials are preferable for achieving the required ductility performance (Fig. 1.1b).

o
- 4
e 4 \ N /
Ty .‘, I N A1
. 'w L At B

(a) CFRP- jacketed RC member (b) PET- jacketed RC member
tested by Sirbu [61] tested by Senda [56]

Fig. 1.1 Conventional FRP and large rupture FRP

Prediction of FRP-strengthened RC columns from the pre-peak to post-peak regions has been a great
challenge for seismic engineers owing to the nonlinear behavior caused by complicated interactions
between flexural and shear strength behaviors. Most design specifications to date [2,11-12,20,25,27-28]
have ignored these interactions, although previous research [6,34,38-39,41] has revealed that the flexural
strength behavior influences the shear strength behavior in the yielding of the reinforcement and also the
concrete strength degradation. Many investigators [6,34,38-39,41] have reported a drop in potential shear
strength capacity even before the maximum flexural strength is reached. Although the shear force carried
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by the concrete remains almost constant before the longitudinal reinforcement yields, after yielding this
shear force carried by concrete becomes smaller as the shear stress in the shear reinforcement continues to
be increased. This phenomenon clearly shows that the shear force carried by the concrete, such as the
dowel force and the contribution of compression zone, decreases after the main reinforcement deforms
plastically. Meanwhile, the shear strength behavior significantly affects the flexural strength behavior
related to the reduction of the neutral axis depth due to shear crack opening. Another limitation of existing
designs is that the prediction method for the deformation and ductility does not account for both flexure
and shear deformation mechanisms and their interaction. In reality, the decrease in secant stiffness of
flexural reinforcement due to flexural yielding and concrete strength deterioration directly influences the
shear deformation, and the tension shift effect in the truss mechanism after shear cracking induces an
additional flexural deformation [40-41,65]. To increase confidence in the safety of RC columns with and
without FRP jacketing, a precise analytical method to predict the load-deformation response should be
established for all possible failure modes.

Among the most common analytical methods for predicting load-deformation response of RC columns is
the section analysis method or so-called fiber model [13,21]. This method assumes that plane sections
before bending remain plane after bending while ignoring the shear behavior. In reality, the shear
behavior, such as the formation of shear cracks, significantly dominates the structural behavior. However,
the performance of columns failing in shear or shear-flexure cannot be estimated by this section analysis,
because the shear behavior is not taken into account. To consider the shear behavior, truss mechanism or
strut-and-tie models [22,32,42] have been developed to predict shear strengths. However, the shear
strengths estimated by these models vary over a wide range, and none of these models take into account
the degradation of the shear behavior in their prediction of the post-peak behavior of RC columns
precisely. To account for both flexural and shear behaviors, one research group has successfully
developed the Modified Concrete Field Theory (MCFT) based on the Finite Element Method (FEM)
[9,42,60,67-68]. In MCFT, a column is discretized into a large number of elements characterized by
biaxial stresses and stiffness, and analyzed using a nonlinear FEM. However, such computations are
complicated and impractical for engineering design. Consequently, empirical models have been
developed for simplicity [34,41,52-54,57].

Prediction of the degradation in shear strength in RC columns subjected to reversed cyclic loading using
empirical models has been proposed by many groups [33,34,41,52-54,57] in the context of catastrophic
shear failure related to diagonal shear cracking. Their models describe reasonably well the degradation of
the shear strength on increasing the flexural deformation. However, the shear strength capacity is
significantly degraded by the total deformation rather than by only the flexural deformation [19,71], so
these models are inherently imprecise. In RC columns, the total deformation consists of flexural, shear,
and pull-out deformations. Each deformation component not only degrades the shear strength, but also
affects the shear strength behavior. Sato et al. [52-54] proposed a model for the shear strength of RC
members that accounts for the stiffness of the flexural and shear reinforcements rather than using a
deformation-based approach. In their models, the yielding of reinforcements causes a reduction of
equivalent stiffness or so-called secant stiffness, leading to a reduction in the shear strength. Moreover,
they proposed the use of the average strain of shear reinforcement based on the reduction of the tension
stiffness of concrete surrounding the shear reinforcement. This allows the shear reinforcement fracture to
be predicted. Although these models were successful, they were verified by separating shear strength
contribution into many complicated components.

To address these deficiencies, a flexure-shear interaction (FSI) analytical method is presented which
allows a more precise prediction of the load-deformation responses of RC columns with or without

2
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FRP-jacketing. In this FSI analytical method, conventional section analysis is applied by including a
parameter for the confinement ratio as a function of the secant stiffness of the transverse steel and fiber
reinforcements. By including the effects of shear, the truss mechanism proposed by Sato et al. [52-54] is
combined with the section analysis. After the onset of shear cracks, the additional flexural deformation
due to the tension shift phenomenon is included for a more precise prediction of the flexural deformation.
Use of a shear deformation model based on the truss mechanism accounts for the effects of tension
stiffening, fiber confinement and proposed strut angle. The shear and flexural deformations are combined
with the pull-out deformations to obtain an accurate prediction of the total deformations of the columns.
The proposed analytical method is verified using existing experimental results, and demonstrate shear
strength and ductility enhancement of RC columns confined with both low and high fracture strain fiber
materials, including CFRP, AFRP, PEN and PET FRP sheet.

The final goal of this research program is to extend the FSI analytical method to predict peak shear
strength in the cases of steel-jacketed RC members with different jacketing shapes (i.e., elliptical and
rectangular shapes). Comparing FRP and steel jacketing, FRP jacket can resist the shear crack opening
only in the fiber alignment whereas steel jacket can resist the opening in both vertical and lateral, leading
to different in the concrete shear strength and its degradation. Namely, concrete shear strength in steel
jacketing is larger than that in FRP jacketing since shear crack opening restrained by a steel jacket causes
the aggregate interlock of concrete, which results in it contributing to the shear resistance. In the FSI
analytical method, the concrete contribution to the shear strength is therefore significantly affected by the
steel jacket, and its contribution to shear strength is considered equivalent to that in a continuous
transverse steel reinforcement. Considering confinement shape, elliptical steel jackets provides better
enhancement of the flexural performance of inadequately confined columns than that of rectangular jacket.
Using these concepts, the FSI analytical method can successfully predict the load-deformation envelope
responses of RC columns with steel-jacketing. It can be concluded that the FSI analytical method is
expeditious and efficient for use in predicting structural response of RC members with and without
various types of seismic jacketing, while maintaining a high degree of accuracy.

1.2.  OBJECTIVES AND SCOPE

In this study, the conventional section analysis approach or fiber model was modified for shear behavior
to be applicable for displacement-based evaluation of reinforced concrete members. The numerical
analysis of RC members was verified by means of a series of experiments on both beams and columns
strengthened with and without seismic jacketing. Those RC members were tested under monotonic and
reversed cyclic loading; parameters such as steel reinforcement and fiber ratio were varied. Therefore, the
objective of this research study is to develop the model for predicting the strength and deformation of
members with and without seismic retrofitting at ultimate state.

1) The experimental program involves only PET FRP wrapped RC beams.

2) To develop accurate predictive shear strength model with consideration of confinement effect and
strain development in FRP jacket, steel jacket and steel reinforcement.

3) In the case of FRP jacketing, both conventional FRPs (i.e., CFRP and AFRP) and LRS FRPs (i.e.,
PEN and PET FRP) considered in this research program are solely fully wrapped FRPs.

4) In the case of steel jacketing, RC columns are strengthened by welded steel plates so brittle shear
failure can be prevented and the column can develop its ultimate flexural capacity.
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5) In FSI analytical method, the following features are considered:
a. A shear strength model represents degradation of shear strength in post-peak region;

b. A shear deformation model along the plastic hinge zone is considered in the pre- and post-
yielding regions;

c. A flexural strength model considering confinement effects of transverse reinforcement and jacket
(i.e., FRP and steel plates);

d. An additional flexural deformation model is taken into account owing to tension shifting;

e. The interactions between shear and flexural strength behaviors include (i) neutral axis depth
reduction due to shear cracking, (ii) flexural reinforcement stress increase due to shear cracking
(tension shift effect), (iii) effects of yielding of flexural reinforcement on shear strength, and (iv)
effect of concrete compression softening on shear strength.

6) The proposed analytical method is demonstrated to predict accurately the pre-peak and post-peak
load-deformation response, including the strain response of shear reinforcement until the ultimate
point of the rupture of non- and FRP-jacketed RC columns.

1.3.  ORGANIZATION

The dissertation is divided into six chapters and basic contents of each chapter are shown in Fig 1.2. In
Chapter 2 the background of previous experiments tested by other researchers and shear strength model
codes is described. Then, in Chapter 3, the details of experimental programs and results are described. In
Chapter 4 the relevant models for prediction of load-deformation responses (i.e., stress-strain
relationships, flexural strength, shear strength, and deformation models) are outlined. In addition, the
related computational procedures are outlined. Chapter 5 describes the verifications and application of the
proposed models to a set of test specimens. Finally, Chapter 6 provides conclusions and future concerns.
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CHAPTER 2
PREVIOUS RESEARCH AND BACKGROUND

2.1. INTRODUCTION

This chapter provides a general review of the behavior of reinforced concrete members which are
strengthened with fiber reinforced polymers (FRPs) and steel plates subjected to cyclic loading.
Background information on the material characteristics of confined concrete, steel with hardening stage,
FRP with high fracturing strain, and mechanism of RC members strengthened by FRP is reviewed. In
addition, summary of the previous experimental research on this topic is studied including an examination
of the various key parameters and failure mechanisms.

2.2. EXPERIMENTAL STUDIES

2.2.1. Beam tests [30,44]

The experimental results of RC beams with and without PET FRP-jacketed failing in shear [30,44] were
taken to investigate shear strength behaviors. The example of cross section and characteristics of beam
specimens are shown in Fig. 2.1. The details of beam specimens are presented in Table 2.1.

LvDT 1 1 1 i LVDT
150 ! 150 1,150 110Q! D6 stirru
10mm l;l ' ' : ' Q :}_9: ) P I%lomm
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|
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i | 900 PET t :
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y 250
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200 50mm

Fig. 2.1 Cross section and characteristics of specimens [30]
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Table 2.1 Details of beam specimens [30,44]

Specimen f'e f'ec ald  psE pwEw Pt Es Vecal Vcal Vexp Vea Vexp! Vea
(MPa) (MPa) - (kN)  (kN)  (kN)  (kN) (kN)
B1P% 360 360 28 2090 1881 000 833 422 90.0 1254  0.72
B2l 360 527 28 2090 1881 0.00 106.4 727 N/A 1791 N/A
B3t 360 46.6 2.8 2090 1881 000 101.7 663 N/A  168.0 N/A
B4R 36.0 491 28 2090 1881 0.00 1037  69.0 N/A 1726 N/A
B5® 360 40.1 2.8 2090 1881 000 956 587 N/A 1543 N/A
R84 267 267 336 2869 289.8 000 757 302 812 1059  0.77
RoM4 29.6 296 3.36 860.7 869.4 000 117.0 207 106.4 137.7  0.77
R10™ 296 296 3.36 4304 4347 000 912 319 767 1232  0.62
R11M44 260 26.0 3.36 4304 4347 000 947 25.9 91.2  120.6 0.76
R12M4 340 340 36 860.7 8694 000 1269 167 1116 1436 0.78
R13™ 323 323 36 2869 2898 000 77.6 269 1524 1045 1.46
R14™ 290 290 3.36 860.7 8694 000 1164 205 912 1369  0.67
R15™ 299 299 36 4304 4347 000 89.4 240 1424 1134 1.26
R16™ 316 316 3.6 4304 4347 000 972 237 1424 1209 1.18
R20™ 430 430 336 2869 289.8 000 852 383 916 123.6 0.74
R21M44 482 482 36 860.7 869.4 000 129.2 208 1524 150.0 1.02
R22144 295 295 45 4304 4347 000 827 26.0 81.2  108.7 0.75
R23™ 302 302 224 4304 4347 000 1125 355 100.7 1481  0.68
R24™ 309 309 505 860.7 8694 000 1107 130 939 1237  0.76
R25™ 308 30.8 36 860.7 8694 000 1155 16.6 1066 1321  0.81
R26"“1 366 366 24 4304 4347 000 1076 332 1524 140.8 1.08
R27144 137 137 3.6 4304 4347 0.00 788 15.6 96.6 94.5 1.02
R28™ 316 316 36 8607 8578 000 1243 163 1828 140.6 1.30

N/A = cannot observe the ultimate load due to the flexural failure

2.2.2. Column tests

To evaluate the applicability and accuracy of the FSI analytical method, experimental results of twenty
tests on RC columns failing in shear, flexure-shear and flexure were compiled. Fig. 2.2 shows a test setup
and an example of a specimen tested by Anggawiddjaja et al. [5-6]. Data sets of a total of fifteen square
RC columns (denoted as SP) tested by Anggawiddjaja et al. [5-6] are used, involving various types of
FRP jackets, Aramid, PEN and PET fibers. The cross-sections of their columns are 400x400 mm? and
600x600 mm?, as shown in Fig. 2.3a.

Data sets of RC columns tested by lacobucci et al. [23] are also used. In their study, reinforced concrete
square columns with insufficient shear steel reinforcement were used to represent existing old columns
designed according to old seismic specifications. Their main focus was on testing RC columns with and
without CFRP jacketing under lateral cyclic displacement and high axial load ratio (P/f'c,Ag). Their
columns are denoted as AS and ASC with a cross-section of 305x305 mm?, as shown in Fig. 2.3b.
Additionally, the FRP was aligned along the entire height of the specimens. The fibers were oriented
perpendicular to the longitudinal axis of the column or in the shear direction. According to the flat coupon
tensile tests [5-6,23], the fracture strains of Aramid, PEN, PET and carbon fiber composite are 4.1%,
4.5%, 13.8% and 1.26%, respectively. More data sets on plain RC columns failing in shear tested by

7
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Saatcioglu and Ozceb [51] and by Sezen et al. [57] are used to verify the applicability of the analytical
method to typical reinforced concrete. In their study, reinforced concrete square columns are used with
varied shear steel reinforcement ratio, concrete compressive strength and axial load ratio. Their columns
are denoted as U1-U4, 2CLD12, 2CHD12, 2CVD12 and 2CLD12M with a cross-section of 350x350 mm?
and 457x457 mm?, as shown in Figs. 2.3c and 2.3d. Data sets of RC columns tested by Aboutaha et al. [1]
and Priestley et al. [45-46] to investigate the effect of rectangular and elliptical steel jackets. The columns
from Aboutaha et al. [1] are denoted as SC with an original cross-section of 457x914 mm?, whereas the
columns from Priestley et al. [45-46] are denoted as R with an original cross-section of 406x610 mmZ.
Cross-sections of their specimens are also illustrated in Figs. 2.3e and 2.3f.

The details of the specimens are previously shown in Table 2.2, in which column (1) shows the specimen
labels, and the types of FRP jacket, when applicable are shown in columns (2). The material and
geometry properties are shown in columns (3) to (10) in the order of shear-span to effective-depth ratio
(a/d), unconfined concrete compressive strength ('), ratio of the tension reinforcement (ps), ratio of steel
shear reinforcement (py), volumetric ratio of fiber reinforcement (pr) and an axial load ratio (P/f',,Ag). The
failure mode, as shown in column 11, corresponds to the definitions which will be explained later.

= = Vertical load

/ RC specimen

S Horizontal load
gy E // -
2 : 4 Balanced loading

7 block N\

A
Y| [
b S SIS IS SIS b b d 4

[N A [T T

1500
N
§
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.
o

350 700

Fig. 2.2 Test setup and an example of specimen tested by Anggawidjaja et al. [5-6]
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Fig. 2.3 Cross section and characteristics of column specimens [1,5-6,23,45-46,51,57]
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Table 2.2 Details of column specimens [1,5-6,23,45-46,51,57]

Reference  Specimen Fiber b h ad fou  ps Pw Ps P/Asf',  Failure
(1) 2 B @& 6 6 O @© (9) (10) (11)

Aboutaha et SC9 None 914 457 3 160 220 010 000 0.00 Mode Il
al.[1]  sc10 Steel 914 457 3 165 220 0.0 250 0.00 Mode lll
SP1 None 400 400 3 295 287 016 000 0.03 Modell

sP2 Aramid 400 400 3 295 287 016 013 003 Mode IV

SP3 PEN 400 400 3 295 287 016 038 003 ModelV

SP4 PET 400 400 3 295 287 016 037 003 Mode lll

SP5 PET 400 400 3 317 287 016 019 003 Mode Il

SP6 PET 400 400 4 317 287 016 012 003 Mode
Anggawidjaja SP7 PET 400 400 4 317 287 016 006 003 Mode
etal.[5-6] SP8 None 400 400 4 317 287 016 0.00 0.03 Mode 1l
SP9 PET 400 400 4 317 359 016 012 003 Mode I

SP10 PET 400 400 4 317 215 0.16 006 003 Mode Il

SP11 PET 600 600 4 317 282 020 025 003 Modelll

SP12 PET 600 600 4 317 282 020 0125 0.3 Mode

SP13 PET 600 600 4 345 282 020 029 003 Modelll

SP14 PET 600 600 4 237 282 009 042 003 Modelll

SP15 PEN 600 600 4 311 282 009 042 003 Modelll

AS-NS1 None 305 305 3 314 130 061 000 040 Mode Il

lacobucci ASC-NS2 CFRP 305 305 3 365 130 061 065 038 Modelll
ASC-NS3 CFRP 305 305 3 369 130 061 130 065 Mode lll

etal [23]  ScNss CFRP 305 305 3 369 130 061 065 065 Modelll
ASC-NS5 CFRP 305 305 3 37.0 130 061 196 065 Mode lll

Priestley et el. R1A None 610 4164 2.8 248 130 014 000 0.06 Mode ll
[45-46] R2R Steel 610 416.4 28 252 130 0.14 156 0.06  Mode IV
Saatcioglu U1 None 350 350 3.3 436 33 03 0 0.00 Mode Il
u2 None 350 350 3.3 302 33 03 0 0.16  Mode Il
a”dsolzceb U3 None 350 350 33 348 33 06 0 0.14  Mode Il
[51] U4 None 350 350 3.3 348 33 09 0 0.14  Mode Il
2CLD12  None 457 457 37 211 25 017 0 0.15  Modell
Sezenelal. 2cHD12  None 457 457 37 211 25 017 0 0.61  Modell
[571  2cvDi2  None 457 457 37 209 25 017 0 051 Modell
2CLD12M None 457 457 37 218 25 017 0 0.15  Modell

*Mode I = Brittle shear failure, Mode II = Brittle shear failure after yielding, Mode III = Less brittle shear failure
after yielding, and Mode IV = Flexural failure

2.3.  MODELS FOR SHEAR STRENGTH
2.3.1. ACI 318-05[2]

According to the ACI 318-2005 [2], the nominal shear strength, V,, is calculated as the summation of
contributions from concrete, V., and the transverse reinforcement, V..

V, =V, +V, (2.1)

10
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P ' :
V., =0.166| 1 f. bd t: MP 2.2
: [ +13_8Ag}/c (unit: MPa) 22)

an effective shear area of A, = 0.8bh = 0.8A, for rectangular columns, where A, is gross column area. The
shear reinforcement contribution is calculated as follows:
A f,d

v, (2.3)
S

2.3.2. Canadian Standard (CSA- 2004) [11]

Given this shear model for beams, the shear strength of a member can be taken as a combination of an
aggregate interlock component (V.), a steel component that depends on the number of stirrup legs that
cross the diagonal shear crack (Vs), and the vertical component of any prestressing force (V,). Thus the
shear strength of members in the CSA code is taken as

V, =V, +V, +V, (2.4)

However, V, shall not exceed

V, =0.25\[1,b,d, (2.5)
The value of V. shall be computed from
Ve = ¢cﬂ'ﬁ\/?bwdv (26)

In the determination of V., the term \/f_c’shall not be taken greater than 8 MPa. For members with
transverse reinforcement perpendicular to the longitudinal axis, V shall be computed from

v, - ¢ A f,d, coto 27)
S

where by, is the web width, d, is the flexural lever arm in the beam, ¢ is the resistance factor for concrete,
/. is a factor to account for low-density concrete, £ is a factor to account for aggregate interlock in
concrete members, f'; is the concrete cylinder strength, Av is the area of transverse reinforcement, ¢ is the
resistance factor for reinforcing steel, f, is the yield strength of the reinforcement, s is the spacing of the
shear reinforcement, and @ is the angle of average principal compression in the beam with respect to the
longitudinal axis.

The shear area used in the 2004 CSA code is the web width (b,) multiplied by the flexural lever arm (d, =
0.9d) rather than by the effective depth, d, as used by the ACI code and the 1994 CSA simplified method.
This has been selected because it is closer to the reality of how shear is resisted by a section. Consider
that taking the shear area to the top of the cross section implicitly means that the top surface of the
member resists a shear stress when it is well known that shear stresses must approach zero at the top and

bottom surfaces of a member. An additional limit in the use of Eq. (2.6) is that the value of /f. is not to

be taken as greater than 8 MPa, similar to the ACI restriction for high-strength concrete. Eq. (2.6) also
shows the maximum shear strength limit, which is based on the crushing capacity of cracked concrete in
diagonal compression. Experiments have shown that concrete members can resist much higher shear
stresses than those suggested by the traditional ACI maximum shear limit as used in the 1994 CSA
simplified method.

11
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To determine the shear strength of a member by the general method, it is necessary to determine the
values of S and 9 for use in Eq. (2.6). These have generally been defined with respect to the three shear
parameters discussed in the following sections.

2.3.3. CEB-FIP Model code [12]
In CEB-FIP Model code the classical design tasks like design for shear, torsion and punching are found.
V, =V, +V, (2.8)

The value of V, shall be computed from
Ve = ¢cﬂﬂ\/f7c,bwdv (29)

In the determination of V., the term \/f_c’shall not be taken greater than 8 MPa. For members with
transverse reinforcement perpendicular to the longitudinal axis, Vs shall be computed from

f.d, cotd
v, Js’*+ (2.10)

2.3.4. Japan Saociety of Civil Engineering [25]

For a linear member provided with transverse steel reinforcement, the shear force is carried by transverse
steel reinforcement after the initiation of diagonal cracks and the load-carrying mechanism is transformed
to a truss mechanism.

V, =V, +V, (2.11)

V, =02(41000/d ),3/100pw f.'bd (2.12)
f,z

vsz/*—y,z:i (2.13)
s 1.15

24. DEFORMATIONS

Total deformation of RC columns generally consists of three components which are flexural, shear and
pull-out deformation. Although for simplicity these three deformations are considered to occur
independently, they actually interact with each other.

2.4.1. Flexural deformation

The flexural deformation can be obtained by integrating curvature along the column length as in Eq.(2.14).
This curvature is calculated from section analysis as discussed in the flexural behavior.

A fiere = Hcﬁdzdz (2.14)
00

2.4.2. Shear deformation

The most common method to predict shear deformation is through the use of truss mechanism. The truss
mechanism is considered to be applicable after diagonal shear crack forms in the structure. Before the
formation of flexural or diagonal cracks, the shear deformation is predicted by using the principles of

12
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elasticity. The truss mechanism considers the shear deformation is caused due to shortening of
compression strut (&) and elongation of tension tie (&,). The equations are as follows:

Sua= o (2.15)
Ecbw(cot & +cota)sin® &

Ss2= = Vss (216)
EW[AW+Ec Ace:|(C0t9+ cota )sin e

W

Ueda et al. [65] proposed a shear deformation model based on truss mechanism which considers the effect
of concrete effective in concrete and additional flexural deformation due to shear cracking. Fig. 2.4 shows
the truss mechanism model from Ueda et al. [65].

A.
A E D i
| To
z |
B <7 -
) oN| | | e \
B< Z (coté+cota) : ------- C

Fig. 2.4 Shear deformation based on truss analogy [65]
2.4.3. Pull-out deformation

The slip of reinforcement is predicted analytically at the yielding load using Egs. (2.17) and (2.18), and
after yielding of longitudinal reinforcement using Egs. (2.19) and (2.20). The pullout deformation
equations proposed by Shima et al. [59] for different stages of reinforcement strain are as follow:

2.4.3.1. Slip of reinforcement at yield strain

740y .6y (2 +3500&y)

g%y fyl o Y .o (2.17)
Cl
oA45(1fg)

a, =1+09 = ¢ (2.18)

2.4.3.2. Slip of reinforcement after yield

s-s % (2.19)

Kfe
where s- value is different for each strain level of reinforcement
e When the reinforcement strain takes the value of yield strain (&)
= . 2.20
s=¢,(2+43500 ¢ )t (2.20)

e When the reinforcement strain is at the initiation point of strain hardening area (& )

13
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$=05(5, -5,) +5(sy) (2.21)

¢ When the reinforcement strain takes the value at the change in gradient of the non-dimensional slip in
the reinforcement strain hardening area (e,)

s =0.08(f, - £, )(z, - 2g) +S(eg,) (2.22)
s(gy)
£a=eg + 0'1324 (2.23)
a S —
0.13(f, fy)
e When the reinforcement strain is greater than ¢,
5=0027(f - f, )eg -2,) +5(z,) (2.24)
where
S = pullout of reinforcement (cm),
ay = effect of bar spacing,
@ = diameter of reinforcement bar (cm),
f'ox = strength of footing concrete (N/mm?),
fy = yield strength of reinforcement (N/mm?),
f, = tensile strength of reinforcement (N/mm?),
Cs = bar spacing (cm),
& = strain at reinforcement yield,
&h = strain at initiation of reinforcement strain hardening,
& = point of non-dimensional slip gradient change in strain hardening area,
& = reinforcement strain.

By substituting the slip of reinforcement (S) value to Eq. (2.19), deformation of piers due to pullout of
reinforcement can be obtained analytically.

14
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CHAPTER 3

EXPERIMENTAL SETUP AND RESULTS

3.1. INTRODUCTION

This chapter presents an experimental study on the shear behavior of reinforced concrete (RC) members
fully wrapped with polyethylene terephthalate (PET) fiber reinforced polymer (FRP) composites, which
are a new type of FRP material characterized with a much larger rupture strain (LRS) compared to
conventional FRPs (i.e., made of carbon, glass, and aramid fibers). A total of ten PET fully-wrapped RC
beams, which were designed to fail in shear and with different shear-span to effective-depth ratios,
transverse reinforcement ratios and shear strengthening ratios, were tested under four-point bending loads.
The overall load-deflection responses and the shear deformation of the beams as well as the strain
development of the transverse steel reinforcement and the FRP jackets were carefully observed. Based
upon the extensive strain measurements, the shear contributions by concrete, FRP and transverse
reinforcement are differentiated. The behavior of PET FRP composites as the jacket material of RC
members will be reported by use of nominal shear stress and drift ratio at mid-span. The failure modes
and crack patterns will be shown and compared with that of the control RC beam. Shear deformation was
also measured and calculated to evaluate the effect of shear crack opening with different strengthening
ratio, longitudinal reinforcement ratio, and shear-span to effective-depth ratio. Moreover, the distribution
of strain developed in FRP sheets and transverse steel reinforcement will be shown in order to clarify the
influence of FRP sheets.

3.2.  EXPERIMENTAL PROGRAMS
3.2.1. Details of Specimens

Ten simply-supported RC beams designed to fail in shear were subjected to four-point bending loads. RC
beams rather than RC columns as the test members allows the elimination of the effects of pull-out from
footings and lateral buckling of the longitudinal reinforcement, enabling more accurate shear deformation
measurement. However, the current study of shear behavior is applicable only for the cases, in which
axial loading is not a significant concern (e.g. bridge columns). Two groups of RC beams were prepared
(see Table 3.1):

(1) Group 1 included a reference RC beam (SP1) and five RC beams fully wrapped with different
amounts of FRP composites (SP2 to SP6), all with identical longitudinal and transverse steel
reinforcement as the reference beam but different strengthening ratios of FRP. Each specimen had a cross
section of 250 mm x 270 mm, whose corners were chamfered with a radius of 11 mm to prevent stress
concentration, and the shear span was 600 mm, resulting in a shear-span to effective-depth ratio of 2.50.
The longitudinal reinforcement and transverse steel reinforcement ratios were 2.53% and 0.17%,
respectively, in all the six specimens, whereas the volumetric ratio (i.e., calculated based on the nominal
thickness of the LRS FRP sheets) of the wrapped LRS FRP composites varied from 0.11 % to 0.45%.

(2) Group 2 included four RC beams (SP7 to SP10) that had different sectional dimensions and shear-
span to effective-depth ratios to the reference beam. This group was designed to investigate the effects of
the longitudinal reinforcement ratio and shear-span to effective-depth ratio. SP7, representing a deep
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beam with dimensions 250 mm (width) x 500 mm (height) and a shear span of 1125 mm (see Table 1),
whereas SP8 and SP9 had dimensions of 250 mm (width) x 270 mm (height) and a shear span length of
600 mm. SP10, representing a small section of beam, had dimensions 100 mm (width) x 150 (height) mm
and a shear span of 300 mm. The specimen corners were chamfered with a radius of 11 mm. SP7 and SP9
were designed to have a similar shear strengthening ratio and shear-span to effective-depth ratio as SP5,
whereas the longitudinal reinforcement ratio was made different. SP8 had a similar shear strengthening
and longitudinal reinforcement ratio as SP3, whereas the shear-span to effective-depth ratio was made
different. SP10 had a large spacing of transverse reinforcement significantly less than that required in the
JSCE-2007 specification.

For all strengthened specimens (SP2 to SP10), a continuous fiber sheet with the main fibers oriented in
the transverse direction was fully wrapped around the RC beam with an overlapping zone of length 250
designed to span the top side (subject to compression) of the specimens for firm anchorage.

3.2.2. Materials
3.2.2.1. Concrete and steel reinforcement

Two groups of specimens were cast with two batches of ready-mixed concrete with a maximum 20 mm
size of aggregate. At the time of testing, the cylinder concrete strengths of the first and second batches of
concrete were 25.3 MPa and 32.6 MPa, respectively. The longitudinal steel reinforcement and transverse
steel reinforcement were tested to find their tensile stress-strain relationship. The longitudinal
reinforcement used in Groups 1 and 2 specimens had a 25 mm diameter with yield strengths of 382 MPa,
and 539 MPa, respectively, except in SP10 for which a 13 mm diameter of compression reinforcement
was used with a yield strength of 360 MPa (see Tables 3.1 and 3.2). In specimens SP1 to SP9, the
transverse reinforcement had a 6 mm diameter and a 350 MPa yield strength, whereas for SP10 the
transverse reinforcement had a 13 mm diameter and the same yield strength.

Table 3.2 Material properties of steel reinforcement

ltemn Diameter Sectional2 area Yielding Young's modulus Yie_lding
(mm) (mm°) strength (MPa) (MPa) strain (ne)
Longitudinal reinforcement
D25 (SD345) 25 506.7 382 188,000 2,000
D25 (SD490) 25 506.7 539 198,000 2,700
D13 (SD360) 13 126.7 360 180,000 2,000
Transverse Reinforcement
D13 13 126.7 360 180,000 2,000
D6 6 31.67 350 196,000 1,800
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Table 3.1 Details of test specimens

ltems _ Specimen

unit SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9 SP10
f'. MPa 25.3 25.3 25.3 25.3 25.3 25.3 32.6 32.6 32.6 32.6
b mm 250 250 250 250 250 250 250 250 250 100
h mm 270 270 270 270 270 270 500 270 270 150
d mm 240 240 240 240 240 240 450 240 240 120
a mm 600 600 600 600 600 600 1125 750 600 300
a/d - 2.50 2.50 2.50 2.50 2.50 2.50 2.50 3.13 2.50 2.50
Longitudinal reinforcement in - 5D25 3D25 3D25 2D13
compression ) 3D25 (SD345) (SD345) (SD345) (SD345) (SD360)
Longitudinal reinforcement in P g 10D25 5D25 4D25 1D25
tension ) 5D25 (SD345) g (SD490) (SD490) (SD490)  (SD490)
Transverse reinforcement D6 D6 D6 D6 D6 D6 D6 D6 D6 D13
Dsc % 2.53 2.53 2.53 2.53 2.53 2.53 2.30 2.50 2.50 2.10
Dst % 4.22 4.22 4.22 4.22 4.22 4.22 4.50 4.22 3.38 4.22
Pw % 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.25
D % 0.00 0.11 0.17 0.22 0.34 0.45 0.34 0.17 0.34 0.19
S mm 150 150 150 150 150 150 150 150 150 250
t; mm 0 0.28 0.42 0.56 0.84 1.12 0.84 0.42 0.84 0.18
A, mm? 63.34 6334 63.34 63.34 63.34 63.34 63.34 63.34 63.34 253.40
E; GPa 0 9.58 9.58 9.58 9.58 9.58 9.58 9.58 9.58 9.58
Ew GPa 196 196 196 196 196 196 196 196 196 196
Edt; KN/mm 0.00 0.34 4.02 5.36 8.05 10.73 8.05 4.02 8.05 1.72
EwAW/S KN/mm 82.76 8276 8276  82.76 82.76 82.76 82.76 82.76 82.76 198.67
EA/(EwAW/S) - - 0.03 0.05 0.06 0.10 0.13 0.10 0.05 0.10 0.01

f'c = compressive strength of concrete cylinder; b = width of beam cross-section; h = total depth of beam cross-section; d = effective depth of
beam cross-section; a = shear span; a/d = shear-span to effective-depth ratio; ps. = ratio of compression reinforcement; py = ratio of tension
reinforcement; p,, = ratio of transverse steel reinforcement; p; = volumetric ratio of FRP sheet; s = spacing of transverse steel reinforcement; t; =
total nominal thickness of FRP sheet for both shear sides; A,, = total cross-sectional area of both legs for one single transverse steel reinforcement;
E:, Ew = Young's modulus of FRP sheet, and Young's modulus of transverse steel reinforcement.
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3.2.2.2. PET sheet

Polyethylene terephthalate (PET) dry fiber sheets (PET-600) were used in the experiments to form LRS
FRP composites. Flat coupon tests for PET FRP composites were conducted to determine their tensile
properties following the JSCE standard E541-2000 [26]. The tensile coupons sheets had a nominal
thickness of 0.841 mm, a length of 280 mm and a width of 13 mm. The coupon preparation followed the
usual wet lay-up process involving the impregnation of a large area of fiber sheet with a matrix epoxy
resin, which consisted of a main resin component and a hardener, with a mix ratio of 2:1 by weight. After
one week of curing in the laboratory environment, the hardened large PET FRP plate was cut into many
strips (i.e., testing coupons) with the required dimensions. Glass FRP (GFRP) tabs (25 mm long and 13
mm wide) were bonded to strengthen the two ends of each PET FRP coupon and to ensure uniform stress
transfer from the loading heads during the tensile tests, which were performed at a constant loading rate
equivalent to 1% strain per minute. An image measurement method [24,50] was used to capture the
tensile strain of each PET flat coupon with a gauge length of 45 mm (Fig. 3.1a). The tensile stress in the
PET FRP composite was calculated from the tensile load on the basis of the nominal area of the fiber
sheet. All six coupons were tested and found to fail in the central region of the specimens. Fig. 1b shows
the obtained tensile stress-strain relationships. The PET FRP sheets exhibit a bilinear stress-strain
behavior caused by the motion of amorphous phases and by the sliding or failing of macromolecular
chains in PET and PET fibers [14,33]. During the initial deformation, the amorphous regions within the
microfibrils align themselves with a similar orientation to that in the mesamorphous phase. The stress-
strain curve moves to the transition point that occurs when the applied load starts to strain the bonds in
both the amorphous and crystalline phases. Table 3.3 presents a summary of the material properties of
PET FRP sheets provided by the manufacturer and obtained from the present tensile tests. Two different
values of elastic modulus, namely the initial elastic modulus (E;) for the first linear portion of the stress-
strain relationship and the second-stage elastic modulus (E,) for the second linear part are given in the
table, together with the strain value at the transition point (&) between the two linear portions.
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(a) Tensile test and flat coupon (b) Stress-strain relationship of flat coupon

Fig. 3.1 Tensile test of flat coupon:
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Table 3.3 Material properties of PET FRP sheets

Manufacturer data Present tensile tests

Nominal Tensile Young's Rupture Nominal Tensile Strainat Rupture E; E,
thickness strength modulus strain thickness strength transition, strain
(mm) (MPa) (MPa) (%) (mm) (MPa) & (%0) (%) (MPa) (MPa)

PET-600 0.841 740 10,000 6.7-8.2 2.5 704 0.74 6.43 21,452 9,580

Product

3.2.3. Test procedures and instrumentation
3.2.3.1. Loading system, strain gauges and total deformations

All the beam specimens were tested under four-point loads and carefully instrumented during the tests to
monitor the loads, mid-span beam deflections and strains of transverse reinforcement and PET FRP
composites (Fig. 3.2a). The locations of strain gauges and Linear Variable Differential Transformers
(LVDTs) are illustrated in Figs. 3.2b and 3.2c. The strain gauges were located in the region where shear
cracks are expected to occur. A network of strain gauges (with a gauge length of 10 mm) were mounted
on all the transverse reinforcements at a spacing of 80 mm. Asymmetrical loading was applied to ensure
failure to occur within this span. Strain gauges were also attached onto the PEF FRP at one beam side
within the shear span. The gauge length was also 10 mm and the spacing between adjacent gauges was 55
mm. For each specimen, deformations were measured using LVDTSs at two supports and at mid-span.

le—— 300 T 300 —»
40110 76 3@150 I |
I
80 IS S- |

S-2 IS S-11
i

LVDT/a

(b) Locations of strain gauges on steel reinforcement

PET sheet  [FrUF-6 |IF-10IF-161F 211k 26IF 311—'—
Fr2Ik 7 IF-120R- 1R 2R 271F -3
F3IF-8 | IF-13IF- 181F-23IF-281F 331

F-AIE-9|IF{L41E- 191F-24IF-291F-341
F-5IF-10IF- 15IF- 2015251k 30IF-35)

(a) Asymmetrical loading

Strain gauges on FRP

(c) Locations of strain gauges on FRP

Fig. 3.2 Test setup (SP1-SP6, SP9)
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3.2.3.2. Shear deformation devices

Various techniques have been attempted to measure the shear deformation of RC members, including the
placement of LVDTs (e.g., Massone and Wallace [37]; Anggawidjaja et al. [5]), the use of potentiometric
extensometers for curvature and shear strain measurements (e.g., Debernardi and Taliano [18]), and the
laser speckle method (e.g., Ueda et al. [65]). Conventional LVDT-based methods were used here, as
shown in Fig. 3.3a, for the measurement of shear deformation for the first batch of specimens (i.e., SP1 to
SP6). However, for the second batch of specimens, the shear deformation measurement was done using a
more advanced digital image correlation (DIC) method with the help of charge-coupled device (CCD)
cameras (Fig. 3.3b). This method probes cracks and shear deformation of concrete surfaces with high
image quality, low processing cost, and can monitor until the failure of specimens while avoiding causing
specimen damage (Ito et al. [24]; Qi et al. [50]). For confirmation purposes, the conventional LVDT-
based method was implemented in parallel with the DIC method for SP7, whereas only the DIC method
was implemented for specimens SP8 to SP10 after its reliability was confirmed. The measurement of
shear deformation focused on the plastic hinge region of the specimens, which is within 1.5d from the
loading point to the support location. This region is most likely to experience shear deterioration
particularly during seismic loading (Anggawidjaja et al. [5]). The frame for installing the LVDTs and the
grid for the calibration points in the DIC method are shown in Figs. 3.3a and 3.3b, respectively. In the
DIC measurement, the measured region was divided into many square grids, each of which had four
target coordinating points A, B, C and D (Fig. 3.3b). In order to produce a physical picture, the image was
translated into the digital information of target coordinate using commercially available software such as
Adobe Photoshop. Based upon the digital information, the shear deformation of each tested beam could
be calculated.

240

LVDT
(a) Strain deformation measurement using LVDTs in SP1-SP6

V4
\Je/
Vd B

(b) Strain deformation measurement using LVDTs in SP7-SP10

Fig. 3.3 Measurement of shear deformation
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3.3. RESULTS AND DISCUSSION
3.3.1. Failure modes and crack patterns

Figure 3.4 shows the failure modes of specimens SP1 to SP10 presenting the sketches of the failed
specimens and photographs after the removal of the LRS FRP jackets. The black lines drawn on the
concrete surface show the locations of cracks, and the hatched areas indicate the bulges on the concrete
surface and spalling of concrete. Except SP6, which had the largest shear strengthening ratio (Table 3.1),
all other specimens failed in shear with clear shear deformation (i.e., no yielding of flexural reinforcement
was observed before the yielding of transverse steel reinforcement). The shear failure in the ultimate state
was mainly caused by the crushing of the concrete in the compression zone at the top of the critical
diagonal crack (i.e., shear compression failure). At the peak load, PET FRP composites showed no sign of
rupture, except in SP10. For the reference SP1, spalling of concrete cover occurred. However, in all
strengthened specimens the spalling of concrete was prevented by the FRP confinement. Instead, bulging
of PET FRP composites was seen at the top of the compression region, as indicated by the hatched areas
in Fig. 3.4.

The angles of major diagonal shear cracks (0;) were evaluated both from visible shear cracks and from
the locations of maximum strains developed in transverse steel reinforcement and PET FRP sheets at
different beam sections, as shown in Fig. 3.4 using dashed lines. The values of these angles varied from
39° to 53° to the member axis. In the first group of specimens, the reference specimen (SP1) developed
two major shear cracks at an angle of 45°. In the strengthened specimens SP2 to SP5, the angle of the
major shear cracks were slightly less than 45° ranging 44° to 39°. As the member deformation increased
further, partial debonding of the FRP occurred near the critical shear crack or at the edge of the beam (see
Fig. 3.5), and a loud noise was produced owing to the bulge of the concrete in the compression region.
Finally, the PET FRP composites at the corner locations ruptured, leading to concrete crushing and a
complete detachment of the FRP from the concrete substrate (Fig. 3.5). SP6, with a 0.45% volumetric
ratio of FRP, showed no major shear deformation (Fig. 3.4) because of a confinement effect.

SP8 in the second group with a relatively high shear-span to effective-depth ratio (a/d =3.13) exhibited a
crack angle of 49° in the plastic hinge area. In SP7, whose ratio of shear reinforcement spacing to beam
depth is smaller than the others, showed the largest crack angle (6,=53°) among all the specimens. In
SP10, PET FRP sheets ruptured at the moment when the diagonal shear crack penetrated to the
compression zone of concrete, and the major shear crack did not pass any transverse steel reinforcement
because of their large spacing (i.e., s = 250 mm); the PET FRP sheets ruptured at the shear crack locations
rather than the corners of the beam section owing to the significant shear stress transferred from the
concrete to the FRP, leading to a diagonal tension failure of the member. This is an example of a poor
truss mechanism by which the shear stresses were not transferred through the truss nodes, leading to
member collapse in a very brittle behavior.

Overall, apart from the case when the transverse steel reinforcement ratio is extremely low, PET FRP
composites prevented crack opening in the strengthened beams that leads to multiple shear cracks in the
shear critical zones. Fig. 3.5 shows the locations where the PET FRP sheets ruptured, indicating that the
breakage of PET FRP sheets usually started from the corner of the beam section near to the loading plate
(e.g., in SP4). In addition, the rupture of PET FRP sheets was observed mostly at a large shear
deformation level.
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Fig. 3.4 Failure modes and crack patterns
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0u=45 \
Rupture of PET FRP sheet

Fig. 3.4 Failure modes and crack patterns (Continued)
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Fig. 3.5 Rupture and debonding location in PET sheet at termination of test in SP4

3.3.2.  Overall load-deformation responses

The overall shear force vs. mid-span deflection responses of specimens SP1 to SP6 and SP7 to SP10 are
presented in Figs. 3.6a and 3.6b, respectively; the shear force (V,) is presented using a nominal shear
stress (w) by dividing the shear force by the effective cross section (i.e., vw=Vy/bd). The mid-span
deflection is presented by the drift ratio (J), which is defined as the ratio of the mid-span deflection (Atar)
to the shear span (a).

The reference specimen (SP1) showed a linearly increasing portion until the peak load and a sudden drop
of the load-carrying capacity afterwards, indicating a typical brittle shear failure of the member. During
the tests of specimens SP2 to SP5 the evolution of the member’s mid-span deflection was terminated at
the rupture of PET FRP sheets. The corners in SP5 were not well rounded, resulting in the premature
rupture of FRP at a corner, and subsequently a lower ultimate ductility was achieved compared to SP4.
For SP6, which failed in flexure, neither FRP rupture nor the decrease in shear capacity was observed
even at the drift ratio of 12%, at which point the test was stopped owing to the extremely large
deformation. It is interesting that specimens SP2 to SP5 also exhibited significant ductility although they
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failed in shear. The nominal shear stress achieved in the peak of the linear portion of the load-deflection
response increased with the amount of PET fiber sheets, as did the drift ratio. This is because that, with
increasing strengthening ratio, the confinement provided by LRS FRP not only prevented concrete from
spalling off but also restrained the widening of shear cracks. The considerable ductility development
before the member’s shear failure seems to be a unique characteristic of PET FRP-strengthened RC
members. In other words, the shear failure is no longer brittle.
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Fig. 3.6 Relationships between nominal shear stress (v) and drift ratio at mid-span (o)

In the second group, SP10 was subjected to a brittle shear failure, and exhibited a load-deflection
response similar to that of the reference SP1. The nominal shear strength of SP10 was the highest among
all the specimens mainly because it had the smallest sectional dimensions (Fig. 3.6b). SP7 to SP9
exhibited ductile shear failure (Fig. 3.6b). SP7 and SP9 had similar shear-span to effective-depth ratio and
strengthening ratio as SP5. The difference between these three specimens was their longitudinal
reinforcement ratios; SP9, which had the lowest value, achieved the highest shear ductility, as shown in
Fig. 3.6b, because of its highest shear to flexural strength ratio. SP7 exhibited the smallest ductility owing
to its higher longitudinal reinforcement ratio, as shown in Fig. 3.6b. The largest sectional dimensions of
SP7 may also be the reason for its lower shear ductility, because concrete degradation may be faster in the
case of large-depth RC beams owing to the widening of concrete cracks in the web. This is also witnessed
by the observed crack patterns (Fig. 3.4). SP8 had the same longitudinal reinforcement ratio and shear
strengthening ratio as SP3, whereas their shear-span to effective-depth ratios were different. Both two
specimens maintained a constant nominal shear stress until the drift ratio of approximately 5% (Figs. 3.6a
and 3.6b). However, SP8 showed more ductility compared to SP3 because the former had a larger shear-
span to effective-depth ratio than the latter (Figs. 3.6a and 3.6b).

Table 3.4 presents a comparison between the tested shear strengths and the predicted ones based upon
existing design codes. The shear strengths are compared in terms of three components, which are from
concrete (vc), transverse steel reinforcement (vs) and LRS FRP sheet (v). Each component is computed
based on the existing design equations in the JSCE codes, JSCE 2001; JSCE 2007 [25,27] (see Appendix
A). For the test values, the shear stresses carried by the transverse steel reinforcement (vsis) and LRS
FRP (vrst) are obtained from their measured strain values, and then the shear contribution of concrete (v..
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west) Can be obtained. The estimations of the contributions of the transverse steel reinforcement and LRS
FRP also depend on the shear crack angle (6.,) of each specimen, which is also summarized in Table 3.4.
The approaches by which the strain values of transverse steel reinforcement and LRS FRP were chosen
for calculation will be elaborated later. It is seen in Table 3.4 that generally the shear contribution of
concrete is underestimated while the shear contribution of LRS FRP composites is overestimated. The
underestimation of the concrete shear contribution is due to the conservative nature of the design
equations, whereas the overestimation of the FRP contribution arises because the design equation was
derived from the experimental data of carbon and Aramid FRPs which often show the rupture of FRP at

the peak load.

Table 3.4 Summary of test results in shear-stress and drift-ratio component

Specimen
Items unit

SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9  SP10
ve MPa 178 1.78 1.78 1.78 1.78 1.78 1.69 1.77 1.79 2.30
S vs MPa 148 1.48 1.48 1.48 1.48 1.48 1.58 1.85 1.48 1.85
E w MPa - 0.27 041 0.55 0.82 1.10 0.82 0.41 0.82 0.44
T?é Ty MPa 3.26 353 3.67 3.80 4.08 435 4.09 4.03 4.09 4,59
o vmu MPa 558 5.58 5.58 5.58 5.58 5.58 5.94 5.75 6.25 6.11
vl Vi - 0.58 0.63 0.66 0.68 0.73 0.78  0.69 0.70 0.65 0.75
Vet MPa  1.86 2.59 2.25 2.78 2.45 2.30 1.05 0.75 1.35 4.40
Vet MPa  1.12 1.06 1.11 1.11 1.11 1.14 1.11 1.19 1.19 0.99
‘SQ Viest MPa - 0.23  0.46 0.44 0.62 1.00 1.73 1.29 1.72 0.28
; Vet MPa 297 3.87 3.82 4.33 4.14 4.43 3.89 3.22 4.26 5.68
& Op % 0.66 0.95 0.80 1.39 1.14 1144 261 4.28 9.96 1.64
Osp % 0.48 0.23 0.16 0.42 0.22 0.91 2.35 2.70 6.13 0.62
Ospl Ip - 0.73 024 020 0.30 0.19 0.08 090 0.63 0.62 0.38
« Vet MPa  1.33 1.60 - 0.34 1.49 - 0.48 047 0.45 2.90
< Ve MPa  1.05 1.17 - 1.22 1.08 - 1.14 1.19 1.19 1.18
E Viest MPa - 0.32 - 1.91 0.73 - 141 0.08 1.78 0.23
é Vet MPa  2.38 3.10 - 3.46 3.30 - 3.03 2.58 3.42 431
ou % 0.96 3.76 - 8.46 4.06 - 6.60 5.28 12.06 2.49
S _Vews MPa  1.25 1.30 1.17 0.00 0.99 230 0.12 0.35 0.00 0.00
o L Vstest MPa 1.11 1.11 1.17 1.22 1.08 1.14 1.13 0.80 1.19 1.88
pt d vt MPa  0.00 0.13 1.15 0.80 0.38 1.00 0.21 0.29 1.55 0.22
f Vet MPa 237 254 349 2.01 2.45 4.43 1.46 1.44 2.61 1.79
< Oend % 1.07 4.89 527 11.42 6.0 11.44 8.84 9.53 13.05 8.59
Failure Shear. Shear. Shear. Shear. Shear. Shear. Shear. Shear. Flexure Diag.
mode comp comp comp comp comp comp comp comp tens

*The ultimate state (d,) is defined to be reached with the load dropped by 20% compared to its peak load,;

Shear. comp = Shear compression failure; Diag. tens = Diagonal tension failure.
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3.3.3. Evaluation of shear deformation

The shear deformation of tested beams was calculated based on Massone and Wallace’s (2004) method
[37]. As shown in Fig. 3.7, the undeformed rectangular shape is represented by a truss element enclosed
by dashed lines, whereas the deformed shape due to pure shear deformation is represented by the shaded
area.

753 c
Fig. 3.7 Deformed configuration (Massone and Wallace 2004) [37]

The total deformation corresponding to the combined flexural and shear deformations is illustrated by the
solid lines. In case of shear deformation without flexural effect, the center of rotation is located at the
centroid of the truss unit. The average shear deformation (Js) for a specific coordinate of the concerned
truss can be obtained as follows:

2 2
meas meas
5 \/\dl -y -\/\d2

S 2 f

2 |l +ul|2
-0

(3.1)

where d,™* and d,™* are the measured diagonal lengths of the deformed truss due to combined shear and
flexural actions; u; and u, are the horizontal displacements at the top and bottom of the truss unit,
respectively; and | is length of the truss unit.

The contribution of the flexural deformation () can be attributed to the rotation of tension and
compression chords, BC and AD, respectively (Fig. 3.7). In this study, the vertical displacements due to
flexure action i.e., dn = 0p = o is assumed to be identical for each beam cross section and can be
calculated as follows:

u, —Uu,

o;=al (3.2)

where: « is value describing the distance from the top of the section to the centroid of the sectional
curvature distribution, and is taken as 0.5, assuming that the center of rotation is at the mid-height of the
truss element; hy is the height of the truss unit, and | is the length of the truss unit. All the parameters used
in Egs. (1) and (2) are illustrated in Fig. 3.7. The values of d;™*, d,"**, u; and u, were obtained from the
LVDT and DIC-based measurement methods (Figs. 3.3a and 3.3b). Shear deformation contributed to total
deformation at peak load (Js/Jp) is also summarized in Table 3.4.
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Figure 3.8 shows the relationships between the nominal shear stress (v;) and the drift ratio due to shear
deformation at the mid-span (ds). In the first group of specimens, SP1 shows a small value of shear drift
ratio at the ultimate state. In addition, at the same loading level, its shear deformation is larger than that of
other specimens, because the shear crack propagated rapidly in this reference specimen. For strengthened
specimens, the shear drift ratio at the ultimate state increases significantly because PET FRP sheets
restrained the widening of shear cracks, shifting the member from brittle diagonal tension failure to shear
compression failure. SP6 failing in flexure shows the smallest shear drift ratio because no significant
shear crack widening occurred. Therefore, the major deformation was contributed by the flexural effect.
In the second group of specimens, SP7 with the greatest depth shows a significant increase in the shear
deformation. SP10 failed in a very brittle manner, since all shear stresses due to concrete crack opening
were transferred to FRP sheets, leading to the rupture of FRP followed by the sudden loss of the shear
load-carrying capacity. The strain development in FRP sheet and transverse steel reinforcement will be
reported in the next session.
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Fig. 3.8 Relationships between nominal shear stress () and drift ratio
due to shear deformation at mid-span (Js)

3.3.4. Strain development in PET FRP sheets and transverse steel reinforcement

The strains in PET FRP sheets at the shear sides of the beams in fact were induced by two types of action:
(1) opening of shear cracks in concrete due to shear action, and (2) the lateral expansion of concrete in the
beam section due to flexure. It is difficult to differentiate these two effects through experimental
measurement. Taking SP2 as an example, Fig. 3.9 presents the typical strain distributions in PET FRP
sheets along the shear span (Fig. 3.9a) as well as along the beam height (Fig. 3.9b) at the peak load. For
each measured section (i.e., represented by a strip in Fig. 3.9) along the shear span, there is a maximum
strain observed in the FRP sheets (Fig. 3.9b). Most of these maximum strains were observed around a
major diagonal shear crack (see the dashed line in Fig. 3.9a) in the shear-critical region of the member.
However, some of them deviated somewhat from the dashed lines probably due to the existence of multi-
shear cracks. The high strains at the top corner of the section near the loading plate, due to the bulging of
concrete, result in a dilatation of the FRP sheets in the outward direction (see Figs. 3.4 and 3.9b).
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Fig. 3.9 Strain distribution of PET FRP sheet along the shear-span length at peak load

Figure 3.10 shows the strain distributions in transverse steel reinforcement along the shear span and the
sectional depth. The strain distributions of transverse steel reinforcement in the shear-critical region are
similar to those of PET FRP sheets. However, the maximum strains are always observed at the mid-height
of the shear side of the beam (Fig. 3.10a) rather than the top corner because there is negligible effect of
the concrete bulging on the transverse steel reinforcement.
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Fig. 3.10 Strain distribution of transverse steel reinforcement s along the shear-span length at peak load

The locations of strain gauges bonded on FRP sheets and transverse steel reinforcement intersected with
the critical shear crack are also shown in Figs. 3.9 and 3.10. The readings of the strain gauges at these
locations (i.e., marked with circles in strips F2 to F5 in Fig. 3.9, and in lines S1 to S3 in Fig. 3.10) were
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recorded to calculate the shear stress contribution from FRP sheets (vies) and the transverse steel
reinforcement (vsest), Which represent integrals of the tensile force along each strip/line.

Figure 3.11 shows the typical development of the strains in transverse steel reinforcement and PET FRP
sheets with the shear deformation, which is also represented by the drift ratio, until the members’ ultimate
states. The locations where the maximum strains in both transverse steel reinforcement and PET FRP
sheets in all the specimens are summarized in Figs. 2b, 2¢ and 2d. The average strains of transverse steel
reinforcement and PET FRP sheets are the average values of all strain readings on the strip on which the
maximum value was observed. In all the strengthened beams, the transverse steel reinforcement and PET
FRP sheets tended to have similar maximum strain values before the yielding of the transverse steel
reinforcement. An approximately linear increase of the maximum and average strains with the shear
deformation was seen during this period. Beyond this the strain increase in transverse steel reinforcement
and PET FRP sheets behaved nonlinearly. The rate of strain increase in FRP sheets and transverse steel
reinforcement first increased due to the stiffness degradation of the transverse steel reinforcement and
then decreased after the peak load (Js). In the reference specimen, the increase in strain of transverse
reinforcement was, however, nearly constant after the peak load because the ultimate state was reached
shortly after the shear crack propagation. The strain increase in LRS FRP sheets was usually larger than
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Fig. 3.11 Strain development of PET FRP
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that in transverse steel reinforcement because of the dual effects of LRS FRP sheets (i.e., shear
strengthening and confinement effects).

The difference between the average strain and the maximum strain of FRP sheets reflects the extent of
strain localization. It is seen that such a difference was smaller in SP2 (Fig. 3.11a) than that in SP5 (Fig.
3.11b). This is mainly because the location of the maximum strain observed in SP2 was closer to the
major shear crack (F-18 in Fig. 3.2) while that observed in SP5 was closer to the top corner of the section.
The stress concentrations at the former and latter locations tended to lead to easy debonding and fiber
rupture, respectively.

Figs. 3.11c and 3.11d show the development of the maximum strain in FRP sheets and transverse steel
reinforcement with the shear deformation for Group 1 and Group 2 beams, respectively. For the first
group, just SP1 to SP4 are presented due to the premature failure of SP5 and the different failure mode of
SP6. It is seen that the strengthening ratio influenced significantly the strain development in both FRP
sheets and transverse steel reinforcement. Given the same drift ratio due to shear deformation, the higher
strengthening ratio of LRS FRP sheets was used, the higher strain values developed in both the FRP
sheets and the transverse steel reinforcement. For the second group of specimens, SP7 with the highest
longitudinal reinforcement ratio developed higher strain values in the FRP sheets with the shear
deformation compared to SP9, which had the lowest longitudinal reinforcement ratio. Strains of
transverse steel reinforcement in SP9 were not available due to the breakage of gauges. Compared to all
other specimens in Group 2, SP8 exhibited the faster strain development in the FRP sheets with the
deflection increase during the whole loading period owing to its largest shear-span-to-effective depth ratio
(a/d = 3.13).

3.3.5. Degradation of the shear contribution of concrete

The contribution of concrete to the shear resistance can be isolated from the total member shear force
once the shear contributions of transverse steel reinforcement and LRS FRP sheets are known from the
analyses on strain readings. The shear contribution of concrete in RC members wrapped with LRS FRP
sheets was usually found to have reached its peak value before the full development of the member shear
strength, as shown in Fig. 3.12. For example, in SP7 the concrete contribution to shear started degrading
at the shear drift ratio of 0.80% while had degraded by 47.6% compared to its peak value at the shear drift
ratio of 2.35% (Fig. 3.12a). A similar phenomenon was observed in all other strengthened members such
as in SP10 (Fig. 3.12b). The extent of degradation varied from a range of 0~54.6% depending on the
volumetric ratio of FRP sheets, the shear-span to effective-depth ratio and the depth of member section.
Therefore, the prediction of the degradation of concrete shear contribution is essential for RC members
strengthened by LRS FRP composites.

Figure 3.13 shows the relationships between the concrete shear stress (v.) and the member drift ratio due
to shear deformation (ds). In the first group of specimens, the maximum shear contributions from concrete
are different for different specimens in spite of their identical sectional dimensions because the fully
wrapped FRP sheets provided confinement to concrete and hence enhanced its compressive concrete
strength, as shown in Fig. 3.13a and Table 3.4 (v.. at peak load). In addition, the mark “x” in Figs. 3.13a
and 13b indicates the shear drift ratio levels at which the member's shear strength was reached in SP4,
SP7 to SP10 as examples. These levels (i.e., ds) for all other specimens can be found in Table 3.4. In the
second group of specimens, the degradation of the concrete shear contribution in SP8, which had a higher
shear-span to effective-depth ratio, started earlier than that in other specimens, indicating that the shear-
span to effective-depth ratio influenced the initiation of concrete degradation. In SP10, the concrete shear
degradation suddenly lost after the peak due to insufficient transverse reinforcement.
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due to shear deformation at mid-span (Js)

The shear contribution of concrete in an RC beam depends on the stiffness of both longitudinal and
transverse reinforcement (Sato et el. 1997) [52]. When the yielding of longitudinal reinforcement in
tension region takes place the stiffness of this reinforcement starts to reduce, leading to the decrease of the
potential shear strength of the RC beam. The yielding of longitudinal reinforcement is followed by the
uplifting of the neutral axis, which limits the contribution of concrete in the compression zone. The
change of neutral axis also increases the compression strain that accelerates the softening or crushing of
concrete. Similarly, the yielding of transverse reinforcement also leads to its stiffness reduction and no
further increase in its contribution to the member shear strength. Therefore, it is highly possible that to
predict the degradation in the shear contribution of concrete in LRS FRP-strengthened RC members by
correlating it to the strain levels of the longitudinal reinforcement and transverse reinforcing materials
(i.e., including both FRP sheets and transverse steel reinforcement).
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3.4. SUMMARY

An experimental program involving tests on ten RC beams strengthened in shear with fully wrapped LRS
PET FRP sheets has been conducted. The test parameters include the strengthening ratio, the longitudinal
reinforcement ratio as well as the shear-span to effective-depth ratio. In conclusion, PET FRP sheets with
a large rupture strain can be used to enhance the shear strength of RC beams while substantially
increasing the member ductility. In particular, PET FRP sheets did not rupture at the peak load and led to
a ductile shear failure of the strengthened RC members. This failure mode also enabled us to clearly
observe the behavior of shear strength degradation of concrete with the increase of shear deformation
until the rupture of PET FRP sheets. Moreover, the increase of amount of PET FRP sheets led to an
increase of the shear strength and shear ductility whereas a lower longitudinal reinforcement ratio and a
smaller shear-span to effective-depth ratio corresponded to improved shear ductility. It is found that PET
FRP sheets developed very high strains; namely the maximum strains of 1.4-6.0% at the peak shear loads
and as high as 15.0% at the termination of tests. Finally, the initiation of the degradation of the shear
contribution of concrete occurred even before the peak strength was developed in PET FRP-strengthened
RC members. The shear contribution of concrete was found to degrade by 0-54.6% depending on the
volumetric ratio of FRP sheets, the shear-span to effective-depth ratio and the member depth. This
degradation of concrete contribution to shear strength is eligible in the case of no axial loading for the
current study.

Owing to the close relation between the concrete shear deterioration, the member shear deformation and
the strain levels in the transverse reinforcing materials including both FRP sheets and transverse steel
reinforcement as observed in the current experimental results, further study will be carried out to build up
a comprehensive model to explain the above relation. The development of such a comprehensive model
will be reported and discussed in the next chapter.

32



Ultimate Shear behavior and Modeling of Reinforced Concrete Members Jacketed by FRP and Steel

CHAPTER 4

MATERIAL AND STRENGTH MODELS

4.1. INTRODUCTION

A new method to predict load-deformation envelope responses of reinforced concrete (RC) columns both
with and without fiber reinforced polymer (FRP) jacketing under seismic loading is presented. Firstly, the
material stress-strain relationships such as concrete, steel reinforcement and jacketing materials are
established. In concrete stress-strain model, the confinement effect in the pre-and post-peak regions is
proposed for more precise prediction. Secondly, strength models consisting of flexural and shear strengths
are developed. The flexural strength is predicted based on section analysis or fiber model, where as shear
strength is developed based on truss mechanism. For steel jacketing, steel plates are assumed to limit an
opening of shear cracks in vertical, horizontal and shear directions. For FRP jacketing, FRP sheets are
assumed to resist the shear crack opening only in the fiber alignment. The interaction between flexural
and shear strengths will be proposed. A flexure-shear interaction (FSI) analytical method is presented
which allows a more precise prediction of the load-deformation responses of RC columns with and
without seismic jacketing. In this FSI analytical method, conventional section analysis is applied by
including a parameter for the confinement ratio as a function of the secant stiffness of the steel shear and
fiber reinforcements. By including the effects of shear, the truss mechanism proposed by Sato et al.
[52-54] is combined with the section analysis. After the onset of shear cracks, the additional flexural
deformation due to the tension shift phenomenon is included for a more precise prediction of the flexural
deformation. Use of a shear deformation model based on the truss mechanism accounts for the effects of
tension stiffening, fiber confinement and proposed strut angle. The shear and flexural deformations are
combined with the pull-out deformations to obtain an accurate prediction of the total deformations of the
columns. The proposed analytical method can demonstrate shear strength and ductility enhancement of
RC columns confined with both low and high fracture strain fiber materials, including steel jacket, CFRP,
AFRP, PEN and PET FRP sheet.

4.2. MATERIAL MODELS FOR STRENGTH ANALYSIS
4.2.1. Concrete

Fig. 4.1 illustrates the stress-strain relationships of (a) concrete under compression, (b) concrete under
tension, (c) reinforcing steel, and (d) reinforcing fiber. For a typical compressive concrete stress-strain
relationship, as shown in Fig. 4.1a, separation into pre-peak and post-peak regions is convenient to
examine the influence of confinement and concrete strength degradation. This separation of pre- and post-
peak regions on the basis of relevant important criteria has successfully been developed in many studies
[35,69]. These criteria for both regions are dependent on each other. For instance, the compressive strain
of concrete at peak strength controls the criteria in both regions, while the ultimate strain significantly
controls the criteria in the post-peak region. In the pre-peak region, the confinement effect provided by
transverse steel reinforcement and fiber reinforcement as a jacket is described by a second-order parabolic
function based on the models of Mander et al. [35] and Wang and Restrepo [69]. For the post-peak or
softening region, it is assumed that, according to the previous models [30,35,69], the descending branch is
a linear curve until the value of stress becomes equal to the residual stress, which is a constant even for
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further increase in strain. The concrete model proposed by Jirawattanasomkul et al. [30] can be applied to
evaluate the degradation in strength. The partial confinement effect in the section subjected to bending
moment, where the confinement effect only exists in the compression zone, is considered in this model. In
the post-peak region, the effective concrete strength is considered as the residual concrete strength. Figure
4.1b illustrates the corresponding stress-strain relationship for concrete under tension.
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/ strength
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L
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c) Steel reinforcement d) Fiber reinforcement in tension

Fig. 4.1 Stress-strain relationships and secant moduli

4.2.2. Steel reinforcement

Fig. 4.1c shows the stress-strain relationship of steel reinforcements. For the steel reinforcement under
tension, a tri-linear model, which is applied for the un-embedded steel reinforcement stress-strain curve in
tension, and includes the effects of (1) elasticity, (2) the yield plateau, and (3) strain-hardening. In the
elastic region, the secant modulus of reinforcement (Eg) is constant with a value equal to the Young's
modulus. After the yielding point is reached, the steel reinforcement behaves plastically, resulting in a
reduction of the secant modulus. For the embedded steel reinforcement, the stress-strain model proposed
in CEB-FIP Model Code 1990 [12] is applied, which consists of stages for un-cracked concrete, crack
formation, stabilized cracking and post-yielding. Regarding the compression part of the stress-strain curve,
the buckling of reinforcement modeled by Dhakal et al. [17] causes a sudden reduction in the secant
modulus, leading to a corresponding reduction in the compressive stress.

4.2.3. FRP sheet

Fig. 4.1d shows the stress-strain relationship of FRP reinforcements. The stress increases linearly with
increasing tensile strain; a constant value of secant modulus is therefore obtained until rupture, when the
secant modulus loses its stability. FRP jackets are subjected to only tensile loading since they elongate
owing to the expansion of the inner concrete [30,69]. Therefore, in the analytical method, the stress-strain
relationship of fibers is applied only for the tension region.
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4,24, Confinement effect

One important application of FRP-jacketing is the confinement effect due to fiber and steel tie. In fact, the
confinement effect exists only in the compression region which can be indicated by the neutral axis depth
(xe) and the lateral confining pressure provided by FRP jacket can be calculated by the simplified
assumption [30] as in Fig. 4.2(a). For simplicity, the effective lateral confining pressure in y-direction
(fiy.r) is a ratio of the neutral axis depth to the total depth (x/Xc), whereas the lateral confining pressure in x-
direction (fixs) is a half of the total concrete expansion. Therefore, the effective confinement in both
directions is expressed in Eq. 8 and Eq. 9.
1

f|><,f :Epfngf (4.1)
X
f|y,f =pr€fEf (4.2)
' h\l\l '
W,
f
| fIx,w bw
b
I
|
(a) FRP sheet (b) Transverse steel

-=---Neutral axis line

Fig. 4.2 Lateral confining pressure
In Fig.4.2(b), the effective core concrete enclosed by steel tie is proposed as the arching action by Mander
et al. [35]. In the assumption, the lateral pressure provided by steel tie in x- (fixw)and y-directions (fi,) is
a function of stiffness of steel tie (E,) and the strain of steel tie (¢,) measured from the experiment.

fIx,w = wpwgwEw (43)

fIy,w =KuPuwewEw (4'4)

Moreover, Mander et al. [35] developed the effective confinement coefficient (k). The core dimensions
to centerlines of perimeter steel tie in x- and y- directions are h,, and b,,, respectively. The clear distance
between adjacent longitudinal bars is w; and s' is a clear vertical spacing of tie reinforcement as shown in
Fig. 4.3.

X

k, = i) (4.5)

where: A, = area of the core section enclosed by the center lines of steel tie and p. = ratio of total area of
longitudinal reinforcement to area of the core section (A,).
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Since both steel tie and fiber jackets enclose the core section, the total lateral pressure in x- (fi,) and y-
directions (f,) derives from the summation of the lateral pressure provided by fiber sheet and steel tie.
The maximum lateral stress (f,) is considered by using the larger value between Egs. (4.8) and (4.9). To
address the confinement effect to the concrete strength, Mander et al. [35] proposed the confined
compressive strength of concrete (') as a function of the maximum lateral stress and the unconfined
compressive strength (f'c) as in Eqg. (4.10). In this equation, the concrete strength is equal to the
unconfined concrete strength in case of no lateral pressure (f=0).

flx = fIx,w + 1:Ix,f (48)

fl =1f/| —1.254+2.254 [1+ 194 M (4.10)
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Fig. 4.3 Lateral confining pressure
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4.3. FLEXURAL STRENGTH

The FSI analytical method makes use of both flexural and shear strength models. In the flexural strength
model, conventional section analysis is applied using the stress-strain relationships of materials as
mentioned in the previous section. By satisfying the compatibility and equilibrium conditions, the
mechanical properties—secant stiffness and effective concrete strength—can be obtained. These
properties are applied in the shear strength model which accounts for the effect of shear crack. One finds
that the neutral-axis depth calculated from the shear strength model based on truss mechanism is
reasonably accurate, whereas the flexural strength model gives an overestimate [34,38-39,52-54,65].
Because of this, the neutral axis depth obtained from the shear strength model is assigned in the flexural
strength model. Then the stress-strain relationships of the materials are iterated in order to satisfy the
compatibility condition and force equilibrium.

L Fm:.rﬂ..l'd?'" Os1 4—Fg,
_ #. ............. .|_ X Os, €«—Fs2

dn — + ........... _ﬁ _____________ s3 ﬁ=|:53
— + ........... _4 Os4 g_’FSA

—»Fss

h = total depth of cross section

a =shear span

d; = distance from top fiber to the centroid of i™ concrete

(/ layer

curvature (o) d, = distance from top fiber to the centroid of | steel layer
X = initial neutral axis depth calculated in section analysis
& = concrete compression strain at top

& = concrete tension strain at bottom

Fig. 4.4 Section analysis

To calculate the flexural strength, a section analysis is performed by dividing the section area into a
number of discrete strips, and it is assumed that plane sections remain planes at any loading level. In this
analysis, the increments in strain for the compression at the top fiber are fixed, and the strain across the
depth of the cross-section is assumed to be proportional to the distance from the neutral axis, as shown in
Fig. 4.4. In the flexural strength model, the enhancement of flexural strength is a consequence of the
confined concrete stress-strain relationship. For a given flexural cross section, the force and moment
equilibrium conditions are given by Eq. (4.11) and Eq. (4.12), respectively. The corresponding shear force,
Vmu, 1S Obtained using Eq. (4.3).

= z oqA; + z Us,% (4.11)
M = 2 o Ayl + Elasj A, (4.12)
M
Vmu == ; (413)
where
O = stress in i" concrete layer= eEg,
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Osj = stress in j" longitudinal reinforcement = 4Eg;,
Aci = area of i" concrete layer,

A = area of jth longitudinal reinforcement,

i, ] =1,23..norm.

P = axial force,

M = moment at the considered cross section,

a = shear span (mm).

As expressed in Fig. 4.4, the strain compatibility equations of the i concrete and the j" longitudinal
reinforcement are given by the following equations:

Ei =&y T (gcc — &t )% (414)
h-d;
£y =64+ (£ — &4 )Tj (4.15)

From the section analysis, the secant moduli of materials (Es, Eve, Ece), the effective concrete strength
(f'ee), the strain of concrete at the compression edge (e.;) and the initial neutral axis depth (x;) can be
obtained. These parameters are applied in the shear strength model. However, the neutral axis depth used
in the flexural strength model is not the same as that used in the shear strength model (Fig. 4.4) because of
the shear crack opening (see Chapter 4.4).

44. SHEAR STRENGTH MODEL

The main limitation of the section analysis is that the effect of the shear strength behavior, such as shear
crack opening and reduction of the neutral axis depth on the flexural strength is not taken into account.
The post-peak region of the load-deformation response is dominated by the shear strength behavior. To
account for this, the truss mechanism approach proposed by Sato et al. [52-54] is combined with the
section analysis to predict the shear strength more precisely.

P
P = axial compressive force
VED <L p

V = applied shear force

Potential shear force (V L
A _ ( _S“) V. =concrete resisting shear force
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. Y N
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"\V f in compression
\Vstr
Lwenf |\ Vg = shear strength resisted by aggregate
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VS+f - Eq (418) 1 ' Cbz
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Fig. 4.5 Shear strength model
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Figure 4.5 illustrates the concept of the shear strength model based on the truss mechanism by Sato et al.
[52-54]. This model is applicable for RC beams considering the yielding of reinforcements in reduction in
stiffness. Although the shear resisting mechanism of RC beams is similar to that in RC columns, the
location of the critical compression zone where concrete crushing occurs is different. For columns, this
concrete compression zone is located near the tip of the major diagonal shear crack. Owing to the
similarities between beam and column cases, Sato et al.’s model is implemented in the proposed
analytical approach as a base for shear strength prediction, as explained later.

Previous experimental observations [5-6,34,38-39,41,47,52-54,57] showed that the shear strength of RC
columns depends significantly on the secant stiffness of the flexural and shear reinforcements. As
explained previously, the secant stiffness is obtained from the stress-strain relationships of materials
which satisfy the compatibility and equilibrium conditions in the flexural strength model. When the
flexural reinforcement reaches its yield point, a reduction of the flexural stiffness occurs, and then a drop
of potential shear capacity is observed. Moreover, the potential shear capacity further decreases after the
yielding of the shear reinforcement, because the shear reinforcement contribution shows no further
increase.

The total shear strength can be expressed as a sum of the contribution from the concrete (V.) and the shear
reinforcement (Vs.), as shown in Eq. (4.16). This shear reinforcement consists of contribution from
transverse steeland fiber reinforcements.

V, =V, +V,,, (4.16)

The effective concrete strength (f'ce) is another important parameter in the shear strength model [5-
6,34,38-39,41,47,52-54,57]. As indicated in Fig. 4.1a, the effective concrete strength, which is a function
of strain in the post-peak region, is considered as the residual concrete strength in the compressive
softening region. As a result, the concrete resisting force degrades after the onset of the reduction in the
effective concrete strength.

In the post-peak region, the observed shear force for a given deformation can be considered as the
remaining shear strength for that deformation. Column shear strength is influenced by several parameters,
including column cross-sectional dimensions, shear-span to effective-depth ratio, concrete compressive
strength, flexural reinforcement stiffness, transverse reinforcement stiffness, and axial load. While various
existing shear strength models incorporate some of these variables [2,12,27,34,38-39,41,47,52-54,57], the
development of a new shear strength model considering all the salient factors for columns is proposed.
Following a review of available data and previous models, the shear strength contributed by concrete (V)
is modified based on the formula in JSCE-2007 accounting for the ideas proposed by Sato et al. [52-54]
involving the stiffness of RC members, including the flexural and shear reinforcements. Using the
experimentally observed shear force components, the shear strength can be assumed to depend on four
parameters: the secant stiffhess of the flexural reinforcement (psEs), the shear reinforcement (p,Ewe+p:Es),
the shear-span to effective-depth ratio (a/d) and the effective concrete strength (f'ce). Using a non-linear
regression analysis, the concrete contribution to shear strength can be written as:

chﬂd'ﬁp'ﬂs'ﬂw'fvcd'b'd (4.17)

; f P
where f, 20'23/fce . B, =4fald B, = W B= 4/,05Ese and B, = 4,pWEWe +p¢Ep .
' co
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In order to calculate the shear reinforcement contribution in Eq. (4.16), an approach related to that of the
model of Sato et al. [52-54] is implemented. The average strains of the transverse steel reinforcement and
fiber reinforcement (e, and &) are estimated, and the strains of both steel shear reinforcement and fiber
reinforcement are considered to be equal to the average shear strain (&, ):

Verr =blye (Pwo'w T P10 ) (4.18)
where o, =¢,Eand o; =&,E
4 0.2
—0.12, /pwEwe +of Efe +——=—=—=-0.2,/f¢ ’
= 008 T ) 0
\F+1 fCC
d

To estimate the shear strength provided by the shear reinforcement shown in Fig. 4.3, the projected shear
crack lengths along the vertical and horizontal axes (Lg and Ly,ep) together with the diagonal compression
stress inclined at an angle 4 are calculated according to Egs. (4.20) and (4.21):

Ly, =h—x, (4.20)
Lt

_ L 4.21

I-web tan @ ( )

Sato et al. [52-54] proved that the neutral axis depth from the flexural strength model is inapplicable after
shear cracking. This is because the plane-remains-plane assumption is no longer applicable. The neutral
axis depth is reduced, resulting in an increase in the compressive stress. Their formula (Sato et al. [52])
indicated that the concrete compression depth (x.) is related to the initial neutral axis depth obtained from
the section analysis (x;). Anggawidjaja et al. [6] modified formula proposed by Sato et al. by including the
influence of fiber reinforcement on the neutral axis depth as shown in the following equation:

o092 7 0,08 PeEse
L 1-e 1+ [ﬁj 1.25¢ (i (4.22)
Xi 1+ 3.2_0'12(pwEwe+pf Efe) fCC

In the case of steel jacket, the truss mechanism depicts the general case of shear reinforcement inclined at
an angle «a to the vertical. It illustrates the relation between the external force (Vs.;) to be resisted by the
various internal forces. To satisfy equilibrium along the A-A section, the internal forces should balance
with the external forces as shown in Fig. 4.6(a). The internal forces consist of the following: tension force
in tension reinforcement (Tg.), compression force in compression reinforcement (C.), shear resisting force
along shear crack (V) and shear force carried by steel shear reinforcement (Ts). The applied external
forces are axial compression (P) and applied lateral loads (V's;). Figure 4.6(b) is a simplified free body
diagram including the jacket. The jacket induces a tension force along the tension tie direction (Tj) and a
shear force along the shear cracking plane (S;). Note that there is no Sj-component in case of FRP-
jacketing.
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Fig. 4.6 Free body diagram of a cracked RC column

From the equilibrium condition, the shear force carried by the steel shear reinforcement and jacket can be
obtained as follows:

V,.; =T.sina+(T, +S; )sing (4.23)

e FRP-jacketing (without Sj-component):

Vs+j :bLWebgw(pwEwe +ijje) (4.233)

e For rectangular steel-jacketing:

=bL,.,& (pWEwe+pJE )+S sing (4.23b)

e For elliptical steel-jacketing:
D’tj

=bL,p 20 e £ I 2 Apgt; (O'jt +7;,SiN a)dx (4.23c)
where Sjt: Tt Ajt, Tjt: Oijt Ajt and Ajt: th /sind.

Figure 4.7 shows reinforced concrete and steel jacket elements. For the given state of stress in alternative
jackets (Fig. 4.7(a)), we can determine the normal and shearing forces exerted on the oblique face of the
shaded triangular element as shown in Fig. 4.7(b). To evaluate these new stress components, we consider
the force equilibrium of a triangular element in the directions of x'and y"

oy =0y, sin’ 0+ 0, cos’ 0 -, sin 20 (4.24)

Tj :(ayy —axx)sin 0cosd +1,, C0S20 (4.25)
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a) Stress state along shear crack for alternative jacket

Fig. 4.7 Stress state of alternative jackets
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Fia. 4.7 Stress state of alternative jackets (continued)
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45. INTERACTION BETWEEN FLEXURAL AND SHEAR STRENGTHS

Fig. 4.8 illustrates the concept for failure modes of RC columns using interaction between the flexural and
shear strengths. The relationship between the applied shear force (V) and the total deformation of these
columns (A) is indicated together with the flexural behavior under various conditions of shear strength
(Vsurand Vgy,), where Vg, represents the shear strength of columns with insufficient shear reinforcement
that fail in brittle shear before the flexural yielding (V,), and Vy is defined as the shear force at yielding of
longitudinal reinforcement. On the other hand, Vg, represents the shear strength of columns with
sufficient shear reinforcement, so shear failure occurs after the flexural yielding followed by shear
reinforcement yielding, the latter being defined as the yielding of the shear reinforcement. This shear
reinforcement yielding causes not only a reduction in stiffness but also leads to no further increase in

Applied shear force (V)

A

Flexural yielding — Shear strength

Ve - Shear reinforcement yielding ; Ilznltee)i:reiltisc:r:eng'th

1 S>< point

: o "g\ % Yielding point
Vi, __E__ \\\ Modes:

! Tl @ Brittle shear failure
Vy |- Ss. . .

@ Brittle shear failure after

Vau1 yielding

@ @ Less brittle shear failure

after yielding

@ @ M @ Flexural failure

Deformation (A)
Fig. 4.8 The concept for failure modes of RC columns

shear reinforcement contribution to the shear capacity, in turn leading to a further decrease in the potential
shear strength. The intersection point between the curves representing the flexural strength and shear
strength corresponds to the peak shear force, and this point corresponds to the initiation of the post-peak
behavior. The failure mode can be distinguished by different cases of the intersection point. Mode |
corresponds to a brittle shear failure, as the intersection point occurs before the flexural yielding (V).
This means that the potential shear strength is smaller than the flexural yielding strength. Although the
shear failure causes a catastrophic collapse, many studies [34,47] show that shear failure after yielding
can be observed when RC members reach their flexural yielding strength (V) and peak flexural strength
(Vmu) before they fail in shear. Therefore, Mode Il corresponds to a brittle shear failure after yielding in
which the intersection point comes before the peak flexural strength (Vi) is reached. Mode Il
corresponds to a shear failure after yielding, which occurs when the curves representing the flexural and
shear strengths intersect with each other after the development of the peak flexural strength. Finally,
Mode IV corresponds to a flexural failure, as the shear strength is higher than the flexural strength even
for large deformations. For the actual behavior of load-deformation response in RC columns, the applied
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shear force (V) should be equal to the smaller value of the two quantities V., and Vg, for a given
deformation.

4.6. DEFORMATIONS MODELS

It is necessary to establish deformation models in order to evaluate the load-deformation response
accurately. For RC columns, the total deformation is made up of flexural, shear and pull-out deformations.

4.6.1. Flexural deformation model

The flexural deformation in the elastic region is estimated from the flexural stiffness, EI. After flexural
cracking, an effective moment of inertia (l¢) is considered to obtain the effective stiffness or the El-value
in the range between the partially cracked and fully cracked sections. Using Branson's equation [10], the
effective moment of inertia is defined as the flexural rigidity of the cracked columns in the elastic range in
which no yielding of tension reinforcement occurs:

3 3
RYCA RN wzs
max max

The flexural deformation can be determined as follows:

va®
3E.|

c'e

A; = (4.27)

where

V = applied shear force (N),

a = shear span (mm),

I, = moment of inertia of un-cracked cross section (mm®),

I, = moment of inertia of cracked section (mm?®),

Mmax = maximum moment in the member at the stage deflection is computed (N.mm),

M., = cracking moment at the section (N.mm).

In the shear crack region (Lyep), the flexural deformation is calculated by the integration of curvature (2)

along the column length as in Eq. (4.28):

I-web I-web
A= | | ¢dzdz (4.28)
0 0

where ¢ =(&, —&,)/ D, e = strain of concrete at the compression edge, & = strain of concrete at the
tension edge, and D = distance between the compression and tension edges.

Shear cracking results in a tension shift that produces an increase in the curvature. This in turn results in
an increase in the flexural deformation. This will be discussed in Chapter 4.7.
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4.6.2. Shear deformation model
4.6.2.1. Shear deformation in pre-yielding region

The system used to evaluate the shear deformation is shown in Fig. 4.9a. It consists of an RC column
simulated as a truss system along the shear span length. The truss system is divided into a truss unit
illustrated by coordinates, A, B, C and D in Fig. 4.9b. On movement of these target coordinates to the
arbitrary coordinates, A', B', C' and D', the shortening of the compression strut (Alg) and the elongation
of the tension tie (Aly) generate the shear deformation components Ag; and Agy, respectively, resulting in
the total shear deformation, As (= Ag; + As). These quantities are expressed as follows (Ueda et al. [65]):

Al v/
A= —25 = o+ — (4.29)
sin@ E_b(cotd+cota)sin® @
Al V!
Az =—2 = ot (4.30)
e g (cot@+coter) . AN+E°eA Efet sin3
a)|l — ce R— (04
" s EWE Ewe f
where
b = width of cross section (mm),
Ece = secant modulus of concrete (MPa),
Eve = secant modulus of transverse steel reinforcement (MPa),
Es = secant modulus of fiber reinforcement (MPa),
S = spacing of transverse steel reinforcement (mm),
t = thickness of fiber reinforcement (mm),
Ay = cross-sectional area of transverse steel reinforcement,
Ace = cross-sectional area of surrounding effective concrete in tension, = A, (Vi /V )3 ,
Aceo = cross-sectional area of surrounding effective concrete in tension immediately after shear crack
=A, ny /1,
fuy = yield strength of transverse steel reinforcement,
fy = tensile strength of concrete,
Vowr = shear force at diagonal shear cracking suggested in JSCE-2007 standard specification [27],
\Y = applied shear force,
V's+t+ = shear force carried by transverse steel and fiber reinforcements,
0 = strut angle,
o = angle of transverse steel reinforcement.
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Fig. 4.9 Truss analogy for shear deformation

Many studies [6,64-65] showed that the strut angle is a key factor affecting the shear deformation. Based
on the formula proposed by Ueda et al. [65], the strut angle (6) can be obtained by using a hominal shear
stress, v (=V/bd). The equations are shown as follows:

0=—a(v-v,) +6,, for vy<v<Ll7v, (4.31)
B
0= 9{”“} for L7v, <v (4.32)
1%
where
g, = 3.2(%) 1+40.2, for a/d <15 (4.33)
2
0 =— (1.71/c —vo) +06, (4.34)
v, =0.9v, (4.35)
v, =0.2(f5)"*(100p, )** (1000/d )* {0.75+%J (4.36)
a
a 2
o :0.4&) +2.9 (4.37)
ﬁ=(0.7—32 EY:Y )a/d (4.38)

To calculate the shear deformation, the shear force components in Egs. (4.39) and (4.40)—shear force
carried by concrete (V') and shear force carried by shear and fiber reinforcement (V'sif)—need to be
clarified. In the pre-peak region, the applied shear force is not equal to the shear strength, so that the
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concrete and shear reinforcement contributions that resist the applied shear force cannot be explicitly
determined. In the post-peak region, the applied shear force is equal to the remaining shear strength, so
the V'c- and V's.-values can be directly calculated from the shear strength model. The following steps,
therefore, are taken to estimate the shear force components in the pre-peak region:

Internal shear force

A
— Concrete shear force
— Web and fiber reinforcement shear
force | ______ _.
A
Ve
Vi Ve
mq
, Vs+f
Ivcrack mz Visst
- Applied shear force (V
Vcrack : Vmu - Vcrack ! ppl ( )
h Vsu - Vcrack o

Fig. 4.10 Shear force components and internal shear resistance relationship

1) For a given flexural reinforcement strain, the sectional moment and the effective concrete strength
(f'ce) are calculated. The strength enhancement due to the confinement effect is taken into account in
the calculation of the effective concrete strength.

2) The total shear strength (Vy,) as well as each shear force component (V. and V) are then calculated
by the shear strength model.

3) Each shear force component is assumed to vary linearly from the shear cracking load (Vcrack) to the
total shear strength (Vg,), as shown in Fig. 4.10, so that each shear force component (V' and V's.)
under the shear force corresponding to the calculated moment can be calculated as follows:

' V. f
Vs+f =m, (Vmu _Vcrack ) = #(Vmu _Vcrack ) (439)
su — Verack
V.. -V
V)=V, -V, =V — mu__“crack 1/ 4.40
c mu s+ f mu [Vc +Vs+f _Vcrack] s+f ( )
where
V's+t+ = shear force carried by transverse steel and fiber reinforcements,
V', = shear force carried by concrete,
m; = slope of the internal and applied shear forces before shear cracking, which is equal to 1
m; = slope of the internal and applied shear forces after shear cracking, =V, ; / (VSu ~Verack ) .
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4.6.2.2. Shear deformation in post-yielding region

Although the current method presented in Chapter 4.6.2.1 can predict the shear deformation, it is not
applicable to the post-yielding region. To improve the applicability of the model, a modified strut angle
for the post-yielding region is obtained using a nonlinear regression approach in order to obtain a better
shear-deformation correlation with the experiment. The strut angle in the calculation of the shear
deformation is modified on the basis that the experimental value of shear deformation should be equal to
that calculated. By changing the strut angle until these values show the best fit, the value of strut angle is
obtained as a function of different parameters. These important parameters are the shear-span-to-depth
ratio, stiffness of reinforcement and compressive concrete strength according to studies of previous
researchers [65,70]. The model for the strut angle is as follows:

0=(-03In A’ +4.4In A-10.74)(0.4In B* —4In B+12.9)(-0.8InC* +4InC -1.5) (4.41)
where A=p.E,, B=p,E,. +p;E,and C=f_.

4.6.3. Pull-out deformation model

In addition to the shear and flexural deformations, the pull-out of the steel reinforcement under tension at
the section above the basement footing of the specimen should be included in the total deformation. Pull-
out deformations stem from the elongation of the reinforcement relative to the anchoring concrete. These
deformations result in additional lateral displacements that are not included in the flexural analysis. Slip
models of the steel reinforcement have been developed by several groups [5-6,38-39,59]. A steel
reinforcement embedded in concrete can be modeled by assuming linear elastic behavior and a uniform
bond stress over the development length of the reinforcement. According to previous studies by
Anggawiddjaja et al. [6], the slip model proposed by Shima et al. [59] shows good agreement with
experimental results, and the pull-out deformation makes a large contribution after the yielding of the
tension reinforcement. In the FSI analytical method, the same slip model is applied to calculate the pull-
out deformation. From the pull-out model, it is clear that the pull-out deformation (A;) is influenced by
the flexure and shear strength behaviors because the slip is related to the depth of the neutral axis [52-54].

4.7. INTERACTION OF FLEXURE AND SHEAR ON DEFORMATION MODEL

Regarding the section analysis, the flexural deformation can only be reliably predicted before the onset of
shear cracking. However, shear cracking increases the stress on the tension reinforcement, which
invalidates the plane-remains-plane assumption in the section analysis. This phenomenon that is termed
tension shift [21,65].

As shown in the free body diagram illustrated in Fig. 4.11, the cracked column is depicted as a truss
analogy with the diagonal compression stress inclined at an angle 6 and the shear reinforcement aligned at
an angle a. The figure also illustrates the resisting force in the compression (C.) and the tension
reinforcement (Ts,). In equilibrium, the shear force component carried by the shear reinforcement (V's.)
should satisfy a balance condition with a tension force along the shear crack length (Ts). The increase in
the tensional stress due to the tension shift can be expressed by an additional tension force in the tension
reinforcement (AT). Based on Ueda’s model [65], the tension force increases when the shear force is
larger than the diagonal shear crack force (Verack), as follows:
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Fig. 4.11 Tension shift phenomenon [65]

IfV<V._ ., AT =0 (4.42)

crack !

IfV >V (4.43)

crack ?

AT =V, (cot@—cotaj

2

This additional tension force induces greater tensile stress, and the sectional moment (M) remains the
same even after shear cracking. This is because the diagonal compression strut force and/or the tension
force in the shear reinforcement cancel the additional moment induced by the additional tension force in
the tension reinforcement.

According to the tension shift effect, the additional tension force influences the increment of strain in the
tension reinforcement. Consequently, an additional curvature (Ag) is produced by the incremental strain,
which leads to a larger flexural deformation. Moreover, the neutral axis depth due to shear cracking (xe)
theoretically affects the flexural deformation in terms of the additional curvature of the section. In the
shear cracking region or the plastic hinge region (L), and accounting for the tension shift effect, the
flexural deformation is given as follows:

Lweb Lweb

0 0

where Ag = additional curvature of section.

After flexural yielding, the secant stiffness of flexural reinforcement continuously decreases with the
increase in flexural deformation. According to the shear strength model, the contribution to the shear
strength from the concrete (Eq. (4.17)) decreases with the decrease in secant stiffness of flexural
reinforcement. The contribution of the shear reinforcement (Eq. (4.18)) then tends to increase under the
same shear force, which results in an increase in shear deformation.
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4.8. THEFSI ANALYTICAL PROCEDURE

Figure 4.12 presents the analytical procedure for the FSI method. The first step in the analytical procedure
assumes a fixed value of the strain in the concrete strain at the compression edge, which is defined as «.
The section analysis is performed by dividing the section into number of strips, as previously explained in
Fig. 4.2. By adding an incremental axial strain (Ae:) until the compatibility and force equilibrium
conditions are satisfied in the iteration process, all parameters—secant modulus of flexural reinforcement
(Ese), effective concrete strength ('), initial neutral axis depth (x;) and flexural strength (Vpy)—can thus
be determined. Using these parameters, the shear strength model based on the truss mechanism is
considered. This model also requires an initial fixed value of the average shear reinforcement strain
denoted by e, to determine the average shear reinforcement strain in Eq. (4.19). To ensure the accuracy of
the fixed average shear reinforcement strain, an iteration process is performed by adding an incremental
shear strain (Aeg,) until the initial fixed value of the average shear reinforcement strain is equal to that
obtained from Eqg. (4.19). Then, the neutral axis depth, including the shear crack effect (x.), is obtained
and compared with the initial neutral axis depth from the section analysis (x;). The section analysis is then
reanalyzed by updating the x;-value to be fixed as the x.-value (xj= X.). During the reanalysis of the neutral
axis depth in the section analysis, the two unknowns which are the strains at the compression and tension
edges are varied until the equilibrium and compatibility conditions are satisfied. Then the shear strength
value (Vy) is calculated. If the Vg-value is larger than the V,-value, the behavior of RC columns is
considered to be in the pre-peak region. If the Vg,-value is smaller than the V,,-value, the behavior of RC
columns is considered to be in the post-peak region. Because the shear strength controls the post-peak
behavior of RC columns, the V,,-value should be equal to the Vy,-value in the equilibrium equation. To
account for this reduction of strength capacity in the post-peak region, Ae. is subtracted from e, resulting
in the unloading stress-strain relationships of materials in the iteration process. Finally, the deformation
components—flexure (As), shear (A;), pull-out (Ap) and additional flexural deformation due to tension
shift (Arsni)—are calculated, and then the load-deformation response can be obtained.
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Fig. 4.12 The FSI analytical procedure
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49. SUMMARY

In this chapter, the FSI analytical method is proposed based on both strength and deformation models.
This flexure-shear interaction (FSI) analytical method for both strength and deformation includes (i) a
shear strength model representing degradation of shear strength in post-peak region, (ii) a shear
deformation model in the plastic hinge zone in the post-peak region, (iii) a flexural strength model
considering confinement effects of transverse reinforcement and jacket, and (iv) a flexural deformation
model. The interactions include (i) neutral axis depth reduction due to shear cracking, (ii) flexural
reinforcement stress increase due to shear cracking (tension shift effect), (iii) effects of yielding of
flexural reinforcement on shear strength, and (iv) effect of concrete compression softening on shear
strength. The proposed analytical method is demonstrated to predict accurately the pre-peak and post-
peak load-deformation response, including the strain response of shear reinforcement until the ultimate
point of the rupture of non- and FRP-jacketed RC columns. This analytical method will be extended its
application in the cases of steel jacketing.

The verification of the proposed shear strength model as well as the FSI analytical method will be shown
in the next chapter, in which includes several RC members strengthened by FRP with high fracture strain
(PEN and PET), conventional fiber (AFRP and CFRP) and steel plates.
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CHAPTER 5

MODEL VERIFICATION

5.1. INTRODUCTION

In this chapter, the verification of proposed models is described for both RC beams and columns. The
proposed analytical approach is verified by means of a series of experiments on various cross-section of
RC beams and columns (e.g., square, rectangular and elliptical section) strengthened with and without
seismic jacketing tested under reversed cyclic loading. The parameters considered here are compressive
strength of concrete, longitudinal reinforcement ratio, transverse steel reinforcement ratio, fiber
volumetric ratio, shear-span to effective depth ratio, axial load ratio, and type of jacketing materials (e.g.,
FRP sheets and steel plate with welding connection). In the discussion part, the peak shear strength and
load-deformation responses obtained from experiments and models are compared. The proposed
confinement model is also verified in terms of load-deformation responses with and without taking into
account of confinement effect. The fracture of FRP jacketing materials such in conventional FRPs (e.g.,
CFRP) is predicted and compared with that in experiment. For steel-jacketed RC members, the
assumption that steel jacket limits the opening of shear cracks in vertical, horizontal and shear directions,
will be proved by comparing with several shape of cross-section. In addition, the ultimate deformation
defined at 80% of peak load and deformation components (e.g., flexural, shear, pull-out, and tension shit
induced deformations) are also evaluated in this chapter.

5.2. LOAD-DEFORMATION MODELS AND COMBINED RESPONSE
5.2.1. Comparison of peak shear strength from experiments and models
5.2.1.1. Beam tests

In Table 2.1, the analytical parameters are taken to estimate the shear. The analytical parameter consists
of the compressive strength of concrete (f'.) which is from the experimental observation whereas the
confined compressive strength (f'cc) is from Eq. 4.10. The other parameters are shear-span to effective-
depth ratio (a/d), the stiffness of tension reinforcement (psEs), steel tie (pwEw) and fiber (pEs). In this study,
the shear strength components consist of shear strength contributed by concrete (V) and shear
reinforcement (V) so the verification of shear strength can separate in each component, if the data is
available.

The ultimate shear strength from the experiments [30,44] is compared with the total shear strength
(Viota=Vct+Vs) predicted by the proposed model. In Fig. 5.1, the Vi, obtained from models correlates well
with the shear strength observed in the experiment with and without PET strengthening.

The experimental results tested by the authors are shown as a blue rectangular marker in all the graphs.
Starting from the comparison between calculated and experimental concrete shear strength, the results
from the experiment and model are illustrated in Fig. 5.2a. The concrete shear strength is considered
from the actual shear contribution of concrete at ultimate load. However, the experimental observations
showed the reduction of concrete shear strength after the shear crack becomes wider which leads to not
only the loss of shear force due to the aggregate inter-locking and also the decrease of concrete
compression zone. The proposed model shows a good correlation with the experimental results in terms
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of concrete shear strength. In Fig. 5.2b, the shear strength carried by fiber and steel tie obtained from the
model is conservative compared with the experimental results. This is because the shear crack is assumed
to be equal to 45°. With this assumption, the number of fiber and steel tie across the shear crack is slightly
underestimated. In fact, the inclination of the shear crack is smaller than the assumed value so the
calculated shear force shows conservative value.
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Fig. 5.1 Comparison between Viy from experiment and Vi, from model
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Fig. 5.2 Comparison between shear strength resisted by concrete and transverse reinforcement

5.2.1.2. Column tests

To evaluate the applicability and accuracy of the FSI analytical method, experimental results of twenty
tests on RC columns failing in shear, flexure-shear and flexure were compiled. Data sets of a total of
fifteen square RC columns (denoted as SP) tested by Anggawiddjaja et al. [5-6] are used, involving
various types of FRP jackets, Aramid, PEN and PET fibers. The cross-sections of their columns are
400x400 mm? and 600x600 mm?. Fig. 9 shows a test setup and an example of a specimen tested by
Anggawiddjaja et al. [5-6]. Data sets of RC columns tested by lacobucci et al. [23] are also used. In their
study, reinforced concrete square columns with insufficient shear steel reinforcement were used to
represent existing old columns designed according to old seismic specifications. Their main focus was on
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testing RC columns with and without CFRP jacketing under lateral cyclic displacement and high axial
load ratio (P/f',,Ag). Their columns are denoted as AS and ASC with a cross-section of 305%305 mm?.
Additionally, the FRP was aligned along the entire height of the specimens. The fibers were oriented
perpendicular to the longitudinal axis of the column or in the shear direction. According to the flat coupon
tensile tests [5-6,23], the fracture strains of Aramid, PEN, PET and carbon fiber composite are 4.1%,
4.5%, 13.8% and 1.26%, respectively. More data sets on plain RC columns failing in shear tested by
Saatcioglu and Ozceb [51] and by Sezen et al. [57] are used to verify the applicability of the analytical
method to typical reinforced concrete. In their study, reinforced concrete square columns are used with
varied shear steel reinforcement ratio, concrete compressive strength and axial load ratio. Their columns
are denoted as U1-U4, 2CLD12, 2CHD12, 2CVD12 and 2CLD12M with a cross-section of 350x350 mm?
and 457x457 mm? The details of the specimens are previously shown in Table 2.2, in which column (1)
shows the specimen labels, and the types of FRP jacket, when applicable are shown in columns (2). The
material and geometry properties are shown in columns (3) to (10) in the order of shear-span to depth
ratio (a/d), unconfined concrete compressive strength (f'.,), ratio of the tension reinforcement (ps), ratio of
steel shear reinforcement (p,,), volumetric ratio of fiber reinforcement (p;) and an axial load ratio (P/f'c,A).
The comparison of the peak shear strength obtained from experiment and models are shown in Fig. 5.3.
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Fig. 5.3 Peak shear strength from experiments and various models
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5.2.2. Comparison of load-deformation from experiments and models

For simplicity, analytical and experimental load-deformation responses under reversed cyclic load are
shown as envelopes to the curve. The strength and deformation models were applied. Regarding the
flexural strength model, the section analysis including the confinement effect correctly predicts the load-
deformation response of the specimen failing in flexure (SP2 and SP3), as shown in Fig. 5.4, and similar
results were observed in other specimens. As shown in Fig. 5.4, the confinement effect can be clearly
seen, especially in the post-peak region.
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Fig. 5.4 Load-deformation responses with and without the confinement effect

To evaluate the shear strength degradation in the post-peak region, the specimens failing in shear were
taken. Figure 5.5 shows the load-deformation response corresponding to the strength models and
experimental result of SP7, which exhibited a less brittle shear failure after yielding (see Fig. 4.4).
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Fig. 5.5 Load-deformation response corresponding to the strength models and experiment
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The testing results can be considered separately in the pre-peak and post-peak regions. In the pre-peak
region, where the curves of the flexural and shear strengths do not intersect, the total shear strength (V)
starts to drop after the flexural yielding point (see point 1 in Fig. 5.5). Further decrease can then be
observed after the shear reinforcement yielding point is passed (point 2). After the intersection point, the
shear strength becomes dominant, leading to a drastic decrease in load-carrying capacity. In the post-peak
region, the observed concrete shear force (V'.-experiment) is considered as the residual concrete shear
strength (V). The concrete shear force from experiment (V'c-experiment) is calculated by subtracting the
V'si-value from an applied shear force (V) measured by the loading machine. The V's.+-value is obtained
from the measured value using two strain gauges, which are mounted on the steel and fiber
reinforcements. Good correlation between the concrete shear force in the post-peak region obtained from
experiment and concrete shear strength calculated from Eq. (6) can be achieved in the post-peak region.

5.2.2.1. Experimental results of Anggawiddjaja et al.

The load-deformation responses of specimens tested by Anggawiddjaja et al. [5-6] are shown in Fig. 5.6.
For specimens SP1-4, the effectiveness of Aramid, PEN and PET FRP jacket in strength and ductility
enhancement is examined, as shown in Figs. 5.6(a)-(d). The experimental results reveal that specimen
SP4 with PET FRP has a higher ductility than the PEN FRP (SP3), Aramid (SP2) and the control (SP1)
specimens. The analytical results for SP1-4 correlate well with the experimental results. The FSI
analytical method can accurately predict the behavior of specimens SP2 and SP3 failing in flexure (Mode
1V), and that of specimens SP1 and SP4 failing in brittle and less brittle shear after yielding (Mode Il and
I11). For flexure failure, the analytical results of specimens SP2 and SP3 show the reduction of load-
carrying capacity due to the buckling of reinforcement. For shear failure after yielding, specimens SP1
and SP4 clearly show the decrease in the load-carrying capacity at the intersection point of flexural and
shear strengths.

For specimens SP5-10, the effects of the fiber volumetric ratio (ps) and the shear reinforcement ratio (p.)
on the improvement of strength and ductility are examined, as shown in Figs. 5.6(e)-(j). A sudden
decrease in load-carrying capacity is observed in SP8 (the control specimen) because concrete strength
reduction due to compression softening, spall-off and reduction of reinforcement stiffness occurs
simultaneously. However, specimens jacketed by PET FRP, namely SP5, SP6, SP7, SP9 and SP10, show
higher values of both load-carrying capacity and ductility, which can be predicted by the FSI analytical
method. In specimens SP7, SP9 and SP10, the FSI analytical method can also predict the rupture of PET
fiber. Note that the rupture in the analysis means that the calculated fiber strain () reaches the rupture
strain obtained from the fiber coupon test.

Specimens SP11 and SP12 were tested to determine the effects of column size and fiber ratio, as shown in
Figs. 5.6(k) and (I). As for these specimens, the FSI analytical method can accurately predict not only the
load-deformation response but also the rupture of PET fiber which affects the ultimate deformation.

Specimens SP13-15 were tested to investigate the effects of replacing transverse steel reinforcement with
FRP by increasing the fiber volumetric ratio and reducing web reinforcement. In Figs. 5.6(m)-(0), the
experimental and analytical results are compared, and show good agreement.
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Fig. 5.6 Load-deformation responses of specimens tested by Anggawiddjaja et al. (continued)
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Fig. 5.6 Load-deformation responses of specimens tested by Anggawiddjaja et al. [5-6] (continued)

5.2.2.2. Experimental results of lacobucci et al.

To verify the FSI analytical method for specimens jacketed by CFRP, the experimental and analytical
results of lacobucci et al. [23] are compared in Figs. 5.7(a)-(e). The load-carrying capacity of specimen
AS-NS1 failing in brittle shear after yielding (Mode 11) suddenly drops owing to concrete spall off and
less confinement of shear reinforcement. The proposed analytical approach overestimates the post-peak
region of the load-deformation behavior because of an overestimation of the shear strength. Moreover, the
concrete is assumed to carry 20% of the compressive strength in the softening-concrete model, whereas in
fact the cover concrete cannot carry load after its spall-off. To examine the influence of fiber ratio on the
shear strength and ductility, the retrofitted columns ASC-NS2-5 were analyzed. It can be seen that the
analytical method can accurately predict the post-peak behavior of these retrofitted columns, including the
rupture of carbon fiber.
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Fig. 5.7 Load-deformation responses of specimens tested by lacobucci et al. [23]
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5.2.2.3. Experimental results of Saatcioglu and Ozceb

To verify the FSI analytical method for plain RC columns, the experimental and analytical results of
Saatcioglu and Ozceb [51] are compared in Fig. 5.8. Specimens U1-U4 fail in brittle shear after yielding
(Mode 11). The analytical approach can accurately predict the post-peak behavior of these plain RC
columns.
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Fig. 5.8 Load-deformation responses of specimens tested by Saatcioglu and Ozceb [51]

5.2.2.4. Experimental results of Sezen et al.

To verify the FSI analytical method for plain RC columns, the experimental and analytical results of
Sezen et al. [57] are compared in Fig. 5.9. The load-carrying capacity of Specimens 2CLD12, 2CHD12,
2CVD12 and 2CLD12M fail in less brittle shear after yielding (Mode II1) are shown. The analytical
approach can accurately predict the post-peak behavior of these plain RC columns.
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Fig. 5.9 Load-deformation responses of specimens tested by Sezen et al. [57]
5.2.2.5. Experimental results of Aboutaha et al. and Priestley et al.

Steel jacketing is a more common retrofit technique than concrete jacketing. Aboutaha et al. [1] proved
that steel jacketing shows several advantages: a smaller increase in the cross-sectional dimensions, ease
and speed of construction, lower cost of structural intervention and interruption of use, and a smaller
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increase in additional stiffness to the retrofitted column. Figure 5.10 demonstrates the load-deformation
responses from the experiment carried out by Aboutaha et al. [1] and from the analytical method. With an
rectangular jacket (Specimen SC10 in Fig. 5.10(a)), the column showed subsequent improved behavior
compared to the control column (Specimen SC9 in Fig. 5.10 (b)). The steel jacket is effective in a passive
confinement. The level of lateral confinement induced in the concrete by flexible restraint as the concrete
attempts to expand laterally in the compression zone depends on the strength and stiffness of the steel
jacket. The steel jacket also resists the lateral dilation of columns associated with the development of
diagonal shear cracks. In both the case of confinement of flexural hinges or potential shear failures, the
steel jacket can be considered equivalent to a continuous steel shear reinforcement.

Figure 5.10 demonstrates the load-deformation responses from the experiment of Priestley et al. [45-46]
and from the analytical method. By encasing rectangular columns with elliptical steel jackets, as shown in
Fig. 5.10 (c)-(d), extensive tests of Priestley et al. [45-46] have established that such jackets provide
excellent enhancement of the flexural performance of inadequately confined columns. However, changing

the rectangular column section by elliptical jacketing enlarges the column section significantly, and may
not always be desirable or practical.
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Fig. 5.10 Load-deformation responses of specimens tested by Aboutaha et al [1] and Priestley et al.[45-46]

The overall load-deformation responses from the analytical predictions agree well with the experiment in
terms of both strengths and deformations in the cases of both with and without FRP-jacketing. In addition,
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the FSI analytical method is applicable not only to FRP with high fracture strain (PET and PEN) but also
to FRP with low fracture strain (AFRP and CFRP).

5.3. COMPARISON OF CALCULATED AND MEASURED SHEAR FORCE COMPONENTS

Figure 5.10 shows comparisons of the shear force components and average shear strain obtained from
experiments and models. These experimental shear forces are taken from the peak value of each cycle of
cyclic load-deformation responses. The experimental shear force carried by transverse steel and fiber
reinforcements (V's-experiment and V'i-experiment) is obtained from strain gauges mounted on the
transverse steel and fiber reinforcements. The concrete shear force from experiment (V'.-experiment) is
calculated by subtracting the V's.¢-value from the applied shear force (V). The shear force carried by the
transverse steel and fiber reinforcements as calculated from Eqg. (4.39) fits well to that of the experiment,
as shown in Figs. 5.10a and 5.10b. Moreover, good correlation between the concrete shear force predicted
from Eq. (4.40) and that in the experiment is demonstrated in Fig. 5.10c. The average shear strains
obtained from the experiment and calculated from Eq. (4.19) are compared, and show good agreement as
shown in Fig. 5.10d.
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Fig. 5.10 Comparisons of the shear force components and average shear strain obtained
from experiments and models

5.4. COMPARISON OF DEFORMATION COMPONENTS FROM EXPERIMENTS AND
MODELS

The predicted ultimate deformation of the specimens shown in Table 1 agrees well with the experimental
ultimate deformation, as shown in Fig. 5.11. The ultimate deformation state occurs when the deformation
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reaches the region where the remaining load-carrying capacity becomes lower than the yield load, as
stated in the JSCE seismic specification [28].
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Fig. 5.11 Ultimate deformation of experiment and analysis

The calculated deformation components of the total deformation at the ultimate deformation agree well
with that of the experimental deformation results, as shown by the example of SP5 in Fig. 5.12. It can be
seen that the early-stage shear deformation gives a small contribution to the total deformation. After the
onset of shear cracking, shear deformation increased significantly. At the ultimate state of the column, the
increases in the shear deformation as well as an additional deformation due to the tension shift are
significant and should not be neglected. It is evident that the contribution of shear deformations to the
total deformations can be significant, especially in RC columns with insufficient transverse steel
reinforcement. For instance, the contribution of shear deformation to the total deformation of Specimen
SP5 [5-6] significantly increases with increasing deformations as a result of further shear cracking, while
inducing an additional deformation due to the tension shift, as shown in Fig. 5.12. Shear deformation after
yielding based on the strut angle models is shown in Fig. 5.13.
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Fig. 5.12 Deformation components of specimen SP5
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Fig. 5.13 Shear deformation after yielding

5.5. SUMMARY

An accurate prediction method for load and deformation is necessary to ensure the safety of structures.
This chapter aimed to develop an analytical method that can precisely predict not only the strength but
also the deformation capacity of reinforced concrete columns with and without FRP-jacketing. In
summary, the proposed flexure-shear interaction (FSI) analytical method can successfully predict the
load-deformation envelope responses of RC columns with and without FRP-jacketing. The flexural
strength model meshes with the shear strength model through the neutral axis depth of the shear crack
region, whereas the shear strength model meshes with the flexural strength model through the yielding of
reinforcement and effective concrete strength. In specimens failing in shear, the reduction in load-
carrying capacity with increase in deformation can be considered as a reduction of the contribution of the
shear strength behavior caused by the reduction in secant stiffness of both shear and flexural
reinforcements and residual concrete strength. However, in specimens failing in flexure, the load-carrying
capacity decreases due to concrete crushing along with the buckling of the compression reinforcement.
The influence of the shear strength behavior on the flexural deformation is introduced through the tension
shift phenomenon which increases the flexural deformation. Meanwhile, the flexural strength behavior
affects the shear deformation through the yielding of flexural reinforcement, which decreases the shear
strength of concrete and also increases the shear reinforcement strain, causing the increase of the shear
deformation. The proposed analytical methods can successfully evaluate the advantage of PET FRP with
high fracture strain over conventional FRPs with low fracture strain (e.g., CFRP and AFRP). RC
members strengthened by PET FRP have higher strength and deformability whereas RC members
strengthened with CFRP and AFRP have high strength but lower deformability. In addition, the FSI
analytical methods successfully predict shear strength of RC members jacketed by both FRP sheets and
steel plate. This validates the assumption that steel jacket limits the opening of shear cracks in vertical,
horizontal and shear directions, whereas FRP jacket can resist the shear crack opening only along the
fiber alignment. The proposed analytical method is applicable for RC members with normal strength of
concrete, the axial loading ratio range 0-0.65, shear-span to effective-depth ratio of 2.0-4.5, and jacketed
with FRP or steel plates. More details of available range will be discussed in the next Chapter.
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CHAPTER 6

CONCLUSIONS AND FUTURE CONCERN

6.1. CONCLUSIONS
6.1.1. Observed behavior of test specimens and evaluation of experimental data

An experimental program involving tests on ten RC beams strengthened in shear with fully wrapped LRS
PET FRP sheets has been conducted. The test parameters include the strengthening ratio, the longitudinal
reinforcement ratio as well as the shear-span to effective-depth ratio. The following conclusions can be
drawn from the test results:

(1) PET FRP sheets with a large rupture strain can be used to enhance the shear strength of RC beams
while substantially increasing the member ductility. In particular, PET FRP sheets did not rupture at
the peak load and led to a ductile shear failure of the strengthened RC members. This failure mode
also enabled us to clearly observe the behavior of shear strength degradation of concrete with the
increase of shear deformation until the rupture of PET FRP sheets.

(2) The increase of amount of PET FRP sheets led to an increase of the shear strength and shear ductility
whereas a lower longitudinal reinforcement ratio and a smaller shear-span to effective-depth ratio
corresponded to improved shear ductility.

(3) PET FRP sheets developed very high strains; namely the maximum strains of 1.4-6.0% at the peak
shear loads and as high as 15.0% at the termination of tests,.

(4) The initiation of the degradation of the shear contribution of concrete occurred even before the peak
strength was developed in PET FRP-strengthened RC members. The shear contribution of concrete
was found to degrade by 0-54.6% depending on the volumetric ratio of FRP sheets, the shear-span to
effective-depth ratio and the member depth. This degradation of concrete contribution to shear
strength is eligible in the case of no axial loading for the current study.

6.1.2. Analytical methods

An accurate prediction method for load and deformation is necessary to ensure the safety of structures.
This research aimed to develop an analytical method that can precisely predict not only the strength but
also the deformation capacity of reinforced concrete columns with and without FRP-jacketing. The
findings of this study can be summarized as follows:

1) The proposed flexure-shear interaction (FSI) analytical method can successfully predict the load-
deformation envelope responses of RC columns with and without FRP-jacketing. The flexural
strength model meshes with the shear strength model through the neutral axis depth of the shear crack
region, whereas the shear strength model meshes with the flexural strength model through the
yielding of reinforcement and effective concrete strength.

2) In specimens failing in shear, the reduction in load-carrying capacity with increase in deformation can
be considered as a reduction of the contribution of the shear strength behavior caused by the reduction
in secant stiffness of both shear and flexural reinforcements and residual concrete strength. However,
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3)

4)

in specimens failing in flexure, the load-carrying capacity decreases due to concrete crushing along
with the buckling of the compression reinforcement.

The influence of the shear strength behavior on the flexural deformation is introduced through the
tension shift phenomenon which increases the flexural deformation. Meanwhile, the flexural strength
behavior affects the shear deformation through the vyielding of flexural reinforcement, which
decreases the shear strength of concrete and also increases the shear reinforcement strain, causing the
increase of the shear deformation.

Steel jacket limits the opening of shear cracks in vertical, horizontal and shear directions. However,
FRP jacket can resist the shear crack opening in uni-direction occurring only along the fiber
alignment.

The FSI analytical method can precisely predict the strain response of shear reinforcement, including the
rupture of the FRP jackets. It is proven that FRP with high fracture strain (PEN and PET) is less likely to
fracture than conventional fiber (AFTP and CFRP) at ultimate deformation.

6.1.3. Applicable range of the proposed analytical methods

Since RC specimens used to develop models in this current research were tested under limited condition
and some parameters, the applicable range of the proposed FSI analytical method for predicting the load-
deformation responses should be addressed as follows:

1)

2)

3)

4)

5)

The shear strength model can be applied in only RC members with normal concrete compressive
strength (f'.:<50MPa). Currently, the advancement of material technology and production has led to
higher grades of concrete strengths such as High strength Concrete (HSC). However, HSC is not
considered in the current shear strength model.

The axial load ratio is one of the important factors for shear strength of RC columns. In the current
shear strength model, the specimens used for developing models are subjected to the constant axial
load ratio (P/Agf'c) in range 0-0.65.

The member's shear span is considered by use of the shear-span to effective-depth ratio (a/d). It is
imperative to address that shear span length of RC members are in the range of normal beams or
columns in the current study. Therefore, the a/d-value is in range 2.0-4.5. This means slender and
short RC members (e.g. long or short columns) are not included.

The application of the current model is limited to the strengthening of undamaged concrete because of
the lack of experimental observation of strengthening of damaged concrete. The damaged RC
members here are referred to those members exposed in the harsh environment such as chloride attack.

The analytical method can predict RC members subjected to monotonic flexure-shear loading. To
predict the behavior of RC members subjected to the reversed cyclic loading, the FSI analytical
method is extended to RC members under cyclic loading. The cyclic loads were applied horizontally
to the member's axis with constant axial loading. The displacement was controlled at the top of the
specimens. The reversed cycle was applied when longitudinal reinforcement at the bottom of the pier
yielded, considered as flexural yielding displacement (&), and the corresponding load was yielding
load (Py). Therefore, this type of push-pull loading was applied in all specimens.
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6.2.

FUTURE CONCERN

To have a further completeness of the present study or to formulate direct guidelines on retrofitting design
and material selections in retrofitting and strengthening applications, the following issues should be
concerned:

1)

2)

3)

4)

5)

The use of High strength Concrete (HSC) elements (f'.>50MPa) for concrete structures has become
common in building owing to several advantages of HSC in earthquake resistant structures. Generally,
concrete structures are inherently heavy, and hence induce substantial inertial forces. High strength
concrete members will have the distinct advantage of reducing these inertial forces by reducing
member's sizes. Higher elastic modulus will reduce the drift due to lateral load. Other aspects relevant
to high strength concrete members are discussed in the next section. High strength concrete is
structurally a different material and rules applicable to normal strength concrete are not always
conservative when applied to high strength concrete because of their different in fracture modes and
microstructure. Therefore, current shear strength model, originally intended for concrete strengths (f'.
<50MPa), needs to be re-evaluated for HSC in the future.

The axial load can represent the weight of superstructures (e.g. bridge decks and bridge slabs) on RC
columns or bridge piers. During major earthquakes, the axial loads are varied owing to level ground
shaking. Therefore, the inconstant axial load should be concerned to ensure that the RC columns can
carry weight of superstructures.

The shear-span to effective-depth ratio (a/d) significantly influences to shear behavior of RC
members. Slender RC members are always dominated by flexural strength behavior, whereas short
(or deep) RC members are usually dominated by shear strength behavior. As a result, RC members
with different a/d-value entirely exhibit dissimilar failure modes, depending on the range of the a/d-
value. Hence, wider range of a/d-value should be extended to demonstrate more precise behaviors of
RC members subjected to seismic loads.

Generally, RC members exposed to severe environments such as chloride attack are often deteriorated,
leading to reduction of their life cycle. Their damaging effects due to exposure environment should be
evaluated before seismic strengthening in order to improve the prediction of their seismic
performance. Future study for this issue will aim to clarify the effect of chloride attack prior seismic
strengthening. One of the deteriorations is the reduction of steel reinforcement's area because of
corrosion. This project will be cooperated with the research group in Zhejiang University, China.

During serious seismic events, behaviors of RC structures subjected to reversed cyclic loading depend
on a loading speed or strain increment rate, known as a loading history. This loading speed
significantly influences the material properties of RC structures and their behaviors, especially in
seismic loading. Therefore, the current study is successfully satisfied in the cases of RC structures
under static loading precisely. However, it has been confirmed experimentally that the behavior
under static loading is similar to that under seismic loading. In the cases of seismic loading, the
influence of load history on material behaviors can be investigated by applying different number of
cycles, as shown in Fig. 6.1. This shows different number of loading histories, representing various
ground shaking accelerations. For RC structures loaded under less number of cycles in each peak
loading history (Fig. 6.1a), the ultimate deformation reaches much later whereas, for RC structures
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loaded under more number of cycles in each peak loading history (Fig. 6.1b), the ultimate
deformation can reach earlier. Considering each peak loading history, the damages due to higher
number of cycles are more serious than that due to lower number of cycles. It is worthwhile
mentioning here that the various types of loading histories should be further investigated to ensure the
damage level of RC structures under seismic loading.
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Fig. 6.1 Variation of loading history

6) For seismic strengthening, there are several materials commonly used to improve seismic
performance such as FRP, steel, concrete and cementitious materials. To justify the most appropriate
material for seismic strengthening, other alternative materials, besides FRP and steel plates, should be
investigated extensively. Finally, the comparison between alternative materials to help engineers
select appropriate materials for construction.

In addition, the validity of the proposed analytical method should be extended to more case studies. The
current analytical method and computer programming developed in this research will be world widely
opened to other researchers in order to permit more investigation of this analytical method. In the future,
the analytical programs will be uploaded.
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APPENDIX A
Calculation of shear contribution

According to JSCE specifications, JSCE 2001; JSCE 2007 [23,25], total shear strength (v;) consists of the
contribution to shear strength due to concrete (v.), transverse steel reinforcement (vs) and FRP sheet (vy).

Vi =V, +V, +V; (A-1)

The concrete and transverse steel contributions to shear strength can be calculated as follows:

v, =0.20- 31/ -4/1000/d - ¢f100p, (A-2)
v, =[ANny(sinaS+cos(xs)/ss]-z/(bd) (A-3)

where ', is compressive strength of concrete; b is width of member, d is effective depth of member; p,, is
ratio of transverse steel reinforcement; A,, is cross-sectional area of transverse steel reinforcement; f,, is
yielding strength of transverse reinforcement; os is angle of transverse steel reinforcement to the
member's axis; and z is d/1.15.

The shear contribution provided by FRP sheet is its tensile capacity and is computed based on the shear
reinforcing efficiency of the FRP sheet (K) as shown in Eq. (A-4).

v, =K -[Af fr (sine +cosay )/, ]-z/(bd) (A-4)

_ _ 14 2/3 U3 :
where K =1.68—0.67R in which 0.4<K <0.8 and Rz(prf) (ffu/Ef) (1/£/)" in which

0.5<R<20; As is cross-sectional area of the FRP sheet; f;, is design tensile strength of the FRP sheet
(N/mm?); s; is spacing of the FRP sheet; E; is modulus of elasticity of the FRP sheet (kN/mm?); ps is
volumetric ratio of the FRP sheet; and ¢ is angle of the FRP sheet to the member axis.
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