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Fibre-reinforced polymer (FRP)-confined high strength concrete (HSC) as a structural system,
has received significant attention recently due to higher engineering profits compared to normal
strength concrete (NSC). To use widely any new construction material or structural element in
the construction industry, its mechanical behavior under different loading type should be
accurately determined. Although numerous research was performed to predict the mechanical
behavior of FRP-confined concrete, most of the models had a poor prediction for the ultimate
axial strain which is a key reference parameter in designing procedure. This inaccuracy can be
dependent or on experimental data which were used to develop/validate models, either on the

understanding of mechanical response of FRP-confined concrete.

Examination of existing experimental data needed for developing or validating a model in this
study shows that the type of measurement method is one important factor affecting the obtained
experimental axial stress-strain curve for FRP-confined HSC specimens. This indicates that a
better measurement method should be used to obtain both local and overall deformation of
specimens during the test procedure. Investigation on the performance of existing models
showed that compressive strength of concrete and hoop rupture strain are two influential
parameters in existing models which govern the accuracy of models compared to other
parameters. However, hoop rupture strain had a large variability of recorded data in existing
experiments, partly due to the use of contact measurement methods, i.e. strain gauges that

measure local lateral deformation. In addition, this variability can be dependent on the



understanding of mechanical behavior, confinement mechanism and localization

characteristics of FRP-confined concrete.

The confinement mechanism was examined in this study by investigation of FRP-confined
HSC behavior under concentric and eccentric loading condition. A total of 31 specimens with
circular and square cross-section were tested under different eccentricity ranging between 0 to
50 mm. The outcome showed that the load-displacement-curves are influenced significantly by
eccentricity. The results also illustrated that the ultimate axial stress decreased by increasing
eccentricity opposite to ultimate axial strain. The results also indicate the influence of

eccentricity on the confinement mechanism.

The mechanical behavior and localised failure of unconfined and FRP-confined concrete
circular specimens for three structural systems, i.e. plain, ultra-high-strength steel and
polyvinyl alcohol fibre-reinforced concrete-filled FRP tubes (CFFT), was investigated using
Digital Image Correlation (DIC). A new approach also was developed to correlate the
mechanical behavior of FRP-confined concrete with its localization characteristics. This
approach is able to determine the onset of localization accurately and quantify the localization
evolution. Furthermore, probability density function (PDF) was used in this approach to
correlate localization characteristics to the mechanical response of FRP-confined concrete. The
localization onset of FRP-confined NSC specimens was found to be earlier than in FRP-
confined HSC specimens. Furthermore, the outcome indicated the existence of two types of
localization evolution in tested specimens. The results showed that the unconfined and
insufficiently confined specimens showed abrupt expansion of shear zone opposite to well-
confined specimens by more gradual expansion. The results also indicated that the mechanical
behavior of FRP-confined HSC is governed by naturally brittle behavior of HSC and the
distribution of strain over specimens’ surface had similar behavior to probability density

function. The analysis and quantification of strain evolution showed that Beta PDF function



can be used to capture the distribution and evolution of Von Mises strain over specimens’
surface and to correlate localization characteristics to mechanical response of specimens under

compression.

The intrinsically brittle behavior of HSC influences negatively the mechanical performance of
unconfined HSC and FRP-confined HSC. An abrupt behavior in the evolution of localization
of HSC specimens and FRP-confined HSC compared to NSC was observed in this study,
although FRP jackets limited this brittle behavior. In previous reports it has been found that
adding fibers such as steel in concrete wet mix improves the performance of HSC and shows
more ductile behavior compared to plain HSC. In this study, ultra-high-strength steel and
polyvinyl alcohol fibers were used to improve brittle behavior of FRP-confined HSC. The
results showed that these fibers improve the ductility of this structural element by
disappearance of temporary lose of strength after transition zone in axial stress-strain curve and
higher obtained ultimate axial strain. However, it was observed that ultimate axial stress had a
marginal increase by adding used fibers in wet mix of concrete at same normalized lateral
stiffness. Additionally, as shown in this study, the lateral behavior of these systems was not
altered significantly by adding fibers and approximately similar lateral trend as FRP-confined
plain concrete can be obtained. Although the more homogenous crack distribution and
localization evolution were observed in these structural elements due to the bridging
phenomenon, the characteristics of localization did not change intensively. Finally, to establish
better engineering characteristics of studied systems, a correlation between bridging and
mechanical performance of specimens was made which shows the detail of bridging occurrence

under compressive loading.
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Chapter 1: Introduction
By developing urbanism and construction, the influence of human activities on environment
attract a great deal of attention. Many of these research studies focused on the use of more eco-
efficient materials in construction. These studies investigated the influence of building
materials on environment in details then developed a new eco-efficient building materials
and/or improved existing structural element to behave more environmental friendly
construction materials. One method to minimize the human effect on environment is lowering
the depletion of natural resources which are used in the construction of building and
infrastructure. This can be performed by replacement of natural sources with other possibilities
such as by-products of other industries (e.g. slag or waste rubber) either by reduction of
structural members dimension by keeping strength and performance which leads, in turn,

lowering the use of natural resources.

It is well understood that high strength concrete (HSC) has higher compressive strength
compared to normal strength concrete (NSC) and this indicates to lowering dimension of
structural element, i.e. columns, prepared by this type of concrete compared to NSC. It is
previously said that lowering dimension of structural element helps to lower the use of natural
resources which in turn results in lowering impact on environment. Due to these superior
structural engineering properties and environmental issue, the use of high-strength concrete
(HSC) in construction has received a great deal of attention because of the benefits offered by
high strength concrete (HSC) over normal-strength concrete (NSC) [1-10]. However, HSC
shows intrinsically brittle response to compression. This brittle behavior can be improved by
using FRP fibers as lateral confinement to obtain more ductile behavior. The previous studies
revealed that FRP-confined HSC exhibits a ductile behavior under both concentric and

simulated seismic loading conditions. It is well known that FRP-confined HSC showed



numerous advantages: (i) reduction to carbon footprint, (ii) improved durability that prolongs

the design life, thereby reducing the cost of structural maintenance and urban renewal, (iii)

improvements to the ease of construction that results in reduced construction costs, (iv)
improved structural performance. Nonetheless, FRP-confined HSC showed some
disadvantages under different loading type which indicated the need for more in-depth study
to determine their accurate mechanical behavior. For example, the inherently brittle nature of
HSC often showed a temporary post-peak axial strength softening behavior under compression,
which unfavourably influenced the concrete columns performance [11-15]. This indicates that
the FRP-confined HSC should be studied in detail under different loading types to understand
their advantages, disadvantages and precise mechanical behavior to be used widely in

construction industry.

1.1  FRP-confined concrete columns

It is well established that the stress-strain curves is a strong instrument to illustrate the
mechanical behavior of materials under different loading conditions. These curves are highly
influential in designing procedure and an accurate stress-strain curve is able to profit intensely
the designing procedure of a building or infrastructure. Over the last two decades, a great
number of experimental and analytical studies have been conducted to understand and model
the compressive behavior of FRP-confined concrete for both NSC and HSC. Previously
developed models included design-oriented models given in closed-forms and analysis-
oriented models that predict stress-strain behavior through an incremental process [16].
Design-oriented models are based on the direct interpretation and regression analysis of
experimental results as explained by different Refs (e.g. [2, 17-22]). Analysis-oriented models
consider the interaction between the concrete and the FRP jacket, in an explicit manner whereas
these models can be extended to predict the behavior of concrete confined with other materials

[23-26]. Same as design-oriented models, the existing developed analysis —oriented models to
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predict the behavior of the FRP-confined concrete were developed and/or validated using
experimental datasets.
1.2 Existing models for prediction of FRP-confined concrete behavior and influential

parameters on prediction
Design-oriented models use explicit and often simple expression forms to predict the key

reference points on stress-strain curves which make them attractive for use in design
applications. One of these key points is the transition point, where there is a change in trend of
the stress-strain curve after the termination of the initial ascending branch. The other key point
on the stress-strain curve is the point corresponding to the ultimate condition, which represent
the axial stress and strain of confined concrete at the time of failure. Even the most accurate of
the available design-oriented models are relatively poor at predicting the ultimate strain of
FRP-confined concrete [27-29]. This poor predictive capability is partly a consequence of the
large variability recorded in experiments measuring lateral strains in FRP wraps and tubes at

failure [27].

To predict ultimate axial strain (ecu) and stress (f’cc) of FRP-confined concrete, the models that
make use of the hoop rupture strain are significantly more accurate than those that make use of
the ultimate tensile strain of fibers (ery). Available experimental data for hoop rupture strain
(enrup) reported by different studies showed large variations for specimens with similar
characteristics such as unconfined concrete strength (f°co) and lateral stiffness (K)). Bisby and
Take [27] and Tabbara and Karam [30] discussed that these variation in recorded data for hoop
rupture strain is dependent partly on local shear plane in FRP-confined specimens.
Additionally, the accuracy of experimental datasets which are used to develop a design-
oriented models is another vital parameters in accuracy of models. It is obvious that the reported
datasets depends strongly to recorded data by different measurement instruments and this

indicates that the accuracy of measurement is one of the influential parameter on prediction of



FRP-confined concrete behavior. Consequently, an in-depth study of confinement mechanism,
failure mechanism of FRP-confined HSC (strain localization evolution), the lateral
deformation of FRP jackets over the surface and accuracy of experimental datasets, should be

performed.

Analysis-oriented models predict stress-strain behavior through an incremental process [16] by
using the interaction mechanism between the concrete core and the FRP jacket in an explicit
manner. These models can be extended to predict the behavior of concrete confined with other
materials [23-26] and these models are able to create whole stress-strain curve. The analysis
oriented models were built based on assumption of equal axial stress and strain of FRP-
confined concrete and actively confined concrete at given lateral strain for similar lateral
pressure. Therefore, prediction of lateral behavior and the relationship between axial strain and
lateral strain are vital importance in developing an analysis-oriented model [14, 31]. The most
of existing analysis-oriented models used implicit expression to predict the relationship
between axial strain and lateral strain [24, 32-36]. These expressions were developed by
modifying original expression which was developed for actively confined concrete. However,
Jiang and Teng [31] discussed that this modification is not able to present the real dilation
behavior of FRP-confined concrete. Conversely, there are few explicitly developed axial strain
—lateral strain relationship which were provided based on obtained results on FRP-confined
tests [8, 31, 37-39]. It should be noted that these developed expression were provided by using
limited experimental data which were often obtained by the tests that the originators were
performed. It can be seen in the Jiang and Teng [31] and Ozbakkaloglu and Lim [14] that using
large test database caused the unsatisfactory performance by applying these expressions to
wider parametric range compared to initial used databased. Therefore, to develop a more
accurate analysis-oriented models, having comprehensive understanding of confinement

mechanism and lateral deformation of FRP-confined concrete, is vital importance. Moreover,



same as design-oriented models, the accuracy of any models should be validated by
experimental data. These again indicate the need of an investigation on precision of existing

experimental results.

1.3 FRP-confined concrete column under eccentric loading

It is well known that the majority of concrete columns are subjected to eccentric loading in real
condition. A number of studies have examined the effect of load eccentricity on the behavior
of FRP-confined concrete columns with circular [40-46] and non-circular [47-54] cross-
sections. However, these studies were concerned with FRP-confined reinforced concrete
columns that contained internal steel reinforcement. A few studies have been reported on the
behavior of eccentrically loaded FRP-confined concrete columns not having internal steel
reinforcement [55-58]. Among them, only two studies experimentally investigated the axial
stress-strain behavior of FRP-confined plain concrete under eccentric compression [57, 58]. As
explained before, the stress-strain curves of FRP-confined concrete is dependent strongly on
confinement mechanism and this mechanism varied in concentric and eccentric compressive
axial loading. Consequently, a detailed study on variation in mechanical behavior of FRP-
confined concrete leads to better understanding of confinement mechanism of FRP-confined

HSC.

1.4 High strength concrete and its intrinsically brittle behavior

The inherently brittle nature of HSC often caused a temporary post-peak axial strength
softening behavior, which unfavourably influenced the FRP-confined concrete columns
performance [11-15]. The influence of adding fibers in concrete wet mix has been extensively
investigated by different research programs [59-76]. The results of these studies showed that
the fibers create bridges across the cracks and the crack propagation can be controlled or

delayed by these bridges which leads to improving the strength and ductility of concrete [59,



60, 65-70, 72, 73, 75]. These mentioned advantages in the case of using fibers in wet concrete
mix of FRP-confined concrete, leads to the reduction of stress concentration on FRP jackets
which results in turn the higher hoop rupture strain and ductility [77] and introduction of an
ultra-high-performance system which offers an attractive alternative to conventional FRP-
confined concrete with better mechanical performance [78]. Although there are some
researches on behavior of using different fibers in wet concrete mix of FRP-confined concrete,
more detailed studies are needed to focus on lateral behavior and strain localization of this type
of elements. It is discussed previously that the lateral behavior is strongly influential to develop
an analysis-oriented model which predicts whole stress-strain curves.

1.5 Outline of the thesis

This thesis is organised into 11 chapters; including the current chapter, which serves as an
introduction to the aims and scope of this study while outlining the structure of the thesis.

The contents of the successive chapters are as follow:

Chapters 2 discusses about accuracy of experimental data and illustrates the influence of
measurement methods on obtained experimental stress-strain curves. In this section, it is
exhibited that the variation in measurement methods is able to change the obtained results for
brittle material such as HSC. In this section, a database of specimens which their deformations
were recorded by two different measurement methods are collected and the obtained results of
these two type of measurement were compared. Following this, a discussion on the possible

reason for the different results with different measurement methods is provided.

Hoop rupture strain as key parameters which governs the accuracy of existing models is
examined in Chapter 3. In this chapter, the performance of existing models to predict the key
parameters in axial stress-strain curves, is investigated. As expected, the models which use the
hoop rupture strain in their expressions have higher accuracy compared to other models.

Consequently, it is investigated if the use of other input data instead of experimental hoop



rupture strain can offer same accuracy. Moreover, the influential parameters on behavior of

hoop rupture strain including mechanical characteristics of specimens is examined.

As explained before, analysis-oriented models are significantly dependent on lateral behavior
and confinement mechanism of FRP-confined HSC specimens. To investigate the confinement
mechanism of FRP-confined specimens, this mechanism should be examined under different
types of loading types. As explained previously, most of axial stress-strain curves are obtained
by concentric compression whereas the dependency of axial stress-strain curves to confinement
mechanism is reported previously. Chapter 4 illustrates the influence of compressive loading
types on mechanical behavior of FRP-confined HSC specimens and the change of confinement

behavior by variation of loading types, is illustrated.

Chapters 5 introduces a new method to examine the mechanical response, confinement
mechanism, hoop rupture strain and lateral deformation of FRP-confined concrete specimens.
This new method is developed for better understanding of mechanical response of FRP-
confined HSC specimens due to its influence on accuracy of existing models. In this chapter,
the developed approach is firstly used on FRP-confined NSC due to obtained results in chapter
2. This approach needs the use of sophisticated measurement methods which shows both local
and overall deformation over specimens’ surface. Strain localization characteristics is
examined in this chapter and the influence of strain localization on confinement mechanism

and hoop rupture strain is discussed.

To determine accurately mechanical behavior of FRP-confined HSC, the behavior of HSC
should be investigated initially. The developed method in chapter 5 was used in chapter 6 to
assess the brittle behavior of HSC and its deformation localization. The developed technique
in previous chapter is completed further in this chapter to accurately verify the localization

characteristics, i.e. initiation of localization and localization evolution. Additionally, a new way



is suggested in this chapter to use whole obtained data by DIC in validation/developing a

constitutive model. This method also is able to quantify localization evolution characteristics.

Chapter 7 displays the results of using developed models in chapter 5 in FRP-confined HSC
specimens. This chapter firstly survey the obtained results in chapter 2 for NSC and HSC where
different measurement methods showed a consistent results for NSC opposite to HSC.
Afterward, the developed technique was used to determine the deformation localization of
FRP-confined HSC specimens including localization initiation and evolution. The distribution
of Von Mises strain over specimens’ surface was examined using the suggested approach

introduced in previous chapter.

As explained previously in chapters 2, 6 and 7, HSC showed more brittle behavior compared
to NSC and this behavior sometime leads to some unfavourable performances in FRP-confined
HSC columns. Adding fiber in concrete matrix was suggested by different studies to improve
brittle behavior of HSC. In this study, ultra-high strength steel fiber (UHSSF) and poly vinyl
alcohol (PVA) fiber are used to improve mechanical performance of FRP-confined HSC
columns. Chapters 8 and 9 show the influence of adding the mentioned fibers in concrete wet
mix of FRP-confined NSC and HSC. The mechanical response including lateral behavior of
these system are illustrated in these chapters. Additionally, a detailed study on hoop rupture
strain for ultra-high strength steel fiber reinforced concrete-filled FRP tubes (UHSSFR-CFFT) and

poly vinyl alcohol fiber reinforced concrete-filled FRP tubes (PVAFR-CFFT), was performed. Due to
higher engineering profits of UHSSFR-CFFT compared to PVAFR-CFFT, UHSSFR-CFFT is selected

to more in-depth study.

Chapter 10 focuses on confinement mechanism, lateral behavior and localization evolution of
UHSSFR-CFFT. In this chapter, the developed technique in chapters 6 and 7 is used to evaluate

the mechanical response of UHSSFR-CFFT. In this chapter, the influence of adding fiber in



concrete and the change of behavior due to this additives are examine in-depth in this chapter.
Moreover, the bridging occurrence due to existence of steel fibers in concrete wet mix, is
studied and a correlation between occurrence of bridging and mechanical behavior of

UHSSFR-CFFT is made.

Chapter 11 summarises and concludes this study and provides discussions and proposes

possible research directions for the future studies.



Chapter 2: Influence of the measurement method on
axial strains of FRP-confined concrete under
compression

(A paper is published based on this section: Fallah Pour A, Gholampour A, Ozbakkaloglu T. Influence of the
measurement method on axial strains of frp-confined concrete under compression. Compos Struct. 2018;188:415-
24.(DOI:10.1016/j.compstruct.2018.01.017))

2.1 Introduction

Over the last two decades, several models have been developed to predict the mechanical
behavior of fiber reinforced polymer (FRP)-confined concrete [16, 79-83]. Experimental test
results were used to establish practical models and to validate proposed analytical and
numerical models. Among the mechanical properties of FRP-confined concrete columns, axial
compressive behavior has received significant attention. A large number of experimental test
results exist in the literature on the axial stress-strain behavior of FRP-confined normal- and
high strength concrete (NSC and HSC) [6, 8, 17, 84-92]. However, as was shown previously
[14, 16, 17, 93-95], the consistency and reliability of the test database significantly affect the

overall performance of the developed model.

A review of the literature shows that axial strains of FRP-confined concrete specimens have
been typically measured using two different methods: 1) unidirectional strain gauges placed on
the surface of the specimen [96-98]; 2) linear variable displacement transformers (LVDTSs) [99-
103]. As was discussed previously [104, 105], among these two measurement methods, LVDTs
provide more reliable measurements for the axial strain of FRP-confined concretes, as the strain
gauges are only able to capture the local strains, which can vary significantly from the overall
strains especially along the inelastic portion of the axial stress-strain behavior. Two different
LVDT measurement methods, namely full-height and mid-height LVDT (FLVDT and

MLVDT) methods, have been used extensively to measure the axial strains of FRP-confined
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concrete. FLVDTs are mounted at the corners between loading and supporting steel plates of
the testing machine to determine the average axial strain along the entire height of the
specimen, whereas MLVDTSs are mounted on the surface of the specimen through the use of a

cage along the mid-height region to measure the axial strains along this region.

A number of previous studies that used both MLVDT and FLVDT measurement methods [92,
104, 106, 107] have shown that, axial strains obtained from these measurement methods were
similar to each other in the case of NSC (i.e. compressive strength below 50 MPa) specimens.
However, significant differences were observed in the axial strain of HSC specimens obtained
from these two measurement methods and the differences became more pronounced with an
increase in unconfined concrete strength (f'c0). These observations suggest that the axial strains
of HSC specimens can be sensitive to the instrumentation arrangement used in their
measurement. Therefore, development of models by the direct use of existing axial strain
databases that were obtained from different measurement methods could lead to unreliable
results for HSC specimens. Therefore, it is crucial that the influence of instrumentation method
should be considered in the modeling to establish an accurate and reliable model, especially in
the case of specimens with fc, over 50 MPa. A targeted study is also required to understand the
reasons behind the differences in the axial strains obtained from different measurement

methods.

As the first systematic study to date, the study presented in this paper was aimed at investigating
the relationship between the axial strains of FRP-confined concrete obtained from the two most
widely used measurement methods, namely FLVDT and MLVDT methods. A complete
database of FRP-confined NSC and HSC cylinders containing both FLVDT and MLVDT axial
strain data was assembled. The influential parameters affecting the relationship between axial
strains obtained by the two measurement methods are evaluated. An expression is also

developed to describe the relationship between the axial strains of FRP-confined HSC obtained
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by the two measurement methods with the aim of providing a unified framework for future

design and modeling efforts.

Although many design-oriented and analysis-oriented models were developed for FRP-
confined concrete, some key reference points on stress-strain curve still need improvement for
more accurate prediction [14, 17]. As explained before, experimental data sets are significantly
influential in developing or validating a model. As experimental data sets obtain using different
measurement methods (e.g. LVDTs and SGs), it is evident that the used measurement method
affects intensively the recorded data during test procedure. In this section, a study was
performed to illustrate how a measurement method can influence the recorded stress-strain

curve using two different methods.

The study presented in this section was aimed at investigating the relationship between the
axial strains of FRP-confined concrete obtained from the two most widely used measurement
methods, namely FLVDT and MLVDT methods. A complete database of FRP-confined NSC
and HSC cylinders containing both FLVDT and MLVDT axial strain data was assembled. The
influential parameters affecting the relationship between axial strains obtained by the two
measurement methods are evaluated. An expression is also developed to describe the
relationship between the axial strains of FRP-confined HSC obtained by the two measurement
methods with the aim of providing a unified framework for future design and modeling efforts.
This study results in the need of new mythology using more complicated measurement method

to investigate the mechanical response of FRP-HSC.

2.2 EXPERIMENTAL DATABASE
Figure 1 shows the test setup and instrumentation arrangement for the FLVDT and MLVDT
measurement methods. The test database was compiled with the results from circular FRP-

confined concrete specimens with unidirectional fibers in the hoop direction and a height-to-
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diameter ratio of 2, for which the axial strains were measured by both FLVDT and MLVDT
methods [12, 29, 104-109]. In the database, only the specimens that were confined continuously
and experienced FRP rupture failure were included. In addition, six specimens that experienced
problems during testing as noted in the source document (marked with “*” in Table 1) together
with two specimens that had problems with the displacements recorded by MLVDTs (marked

with “**” in Table 1) were excluded from the analysis.

Table 1 in appendix A shows the summary of test results, including the unconfined concrete

strength (f'c0), the elastic modulus of fibers used in FRP jackets (Es), the total fiber thickness of
FRP jackets (t;), lateral stiffness (Ki) (where K; = 2E.+tf D is the diameter of the specimen

measured at concrete core), the ratio between lateral stiffness over unconfined concrete strength
(Kilf'e0), the ultimate axial strain of confined concrete measured by FLVDT (ecurH) and
MLVDT (ecu,mn) methods, and ratio between these two ultimate axial strain (ecu,rH/ecumn). The
database contained specimens with a nominal diameter (D) of 150 mm and height (H) of 300
mm. 24 of the specimens were confined by carbon FRP (CFRP), 18 by glass FRP (GFRP), and
66 by aramid FRP (AFRP). The f'c, tr, and Ef varied from 29.6 to 119.3 MPa, 0.167 to 1.2 mm,
and 86.9 to 240 GPa, respectively. The coefficient of variation of f"cc and K; were 0.38 and
0.37, respectively. Figure 2 shows the distribution frequency of the datasets in the database

with respect to f"co and K.
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Figure 1- Instrumentation and test setup for FLVDT and MLVDT measurements. LVDT 1-4
and LVDT 5-8 are FLVDTs and MLVDTs, respectively
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2.3 INVESTIGATION OF THE INFLUENCE OF LVDT MEASUREMENT
METHODS ON AXIAL COMPRESSIVE BEHAVIOR OF FRP-CONFINED
CONCRETE

This section presents a discussion on different failure modes of FRP-confined NSC and HSC
specimens and their axial stress-strain relationships obtained by FLVDTs and MLVDTs, which
is followed by a detailed discussion on the influential parameters affecting the relationship

between axial strains obtained by the two measurement methods.

2.3.1 Failure mode of FRP-confined NSC and HSC

Typical failure modes of FRP-confined NSC and HSC specimens with f’c, of 39 MPa and 102
MPa are shown in Figs. 3(a) and 2(b), respectively. It is evident from the figures that the failure
resulted from the rupture of the FRP tube in all specimens; however, the failure mode of NSC
and HSC specimens are different to each other. As can be seen in Fig. 3(a), NSC specimens
experienced gradual concrete crushing as evident from the concrete rubbles exposed after the
failure of the FRP tubes [106]. In HSC specimens with strengths over 100 MPa, on the other
hand, the crushing of concrete was localized around a few major macrocracks, as shown in Fig.
3(b). Different failure modes of FRP-confined NSC and HSC are attributed to the fact that an
increase in the f'c, of the concrete results in an increase in the concrete brittleness, which alters
the concrete crack patterns from a large number of microcracks to a few localized macrocracks
[15, 106, 110]. This in turn affects the axial stress-strain behavior of FRP-confined concrete
obtained by the two axial strain measurement methods (i.e. FLVDT and MLVDT), which is

discussed in the following section.
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Figure 3- Typical failure mode of FRP-confined (a) NSC (f’c0=39 MPa); (b) HSC (f"cc=102
MPa)

2.3.2 Axial stress-strain behavior

Figure 4 shows the axial stress-strain relationships of FRP-confined concretes. Axial strains
were recorded by FLVDT and MLVDT measurement methods. In the figure, e is the axial
strain corresponding to the transition point (obtained from FLVDT) where the axial stress-
strain curve transitions from an initial ascending branch to a second branch that can be of
ascending or descending type depending on the level of confinement. It can be seen in Fig. 4(a)
that FLVDT and MLVDT readings are nearly identical along the axial stress-strain curve of a
specimen with f"co of 50 MPa. Conversely, as can be seen in Figs. 4(b) and 4(c), FLVDT and
MLVDT readings differ significantly along the curves of specimens with /o > 70 MPa. A
comparison of the results in Figs. 4(b) and 4(c) reveals that the difference in the axial strains
obtained by FLVDT and MLVDT methods becomes more significant with an increase in f'co,

this observation is also supported by the rest of the database. The observed difference between
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axial stress-strain curves of HSC specimens obtained by FLVDT and MLVDT is attributed to
different cracking patterns from heterogenic microcracks in NSC specimens to localized
macrocrack in HSC specimens as discussed in Section 3.1 and previous studies [14, 17, 104,
111, 112]. The major localized macrocrack in HSC specimens extended from the top of the
specimen to its bottom of (refer to Fig. 3(b)) that formed a sliding plane that separated the
discrete segments of the concrete. The presence of such a sliding plane, which was not observed
in NSC specimens (refer to Fig.3(a)) created a failure mechanism in which the axial strains
were not always captured by MLVDTSs, as parts of the axial deformations took the form of rigid
body displacements that were only recorded by FLVDTSs. The above explains the variation of
the observed differences in axial strains obtained by FLVDT and MLVDT (Fig. 4) with

concrete strength. This influence is discussed in detail in the following sections.
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Figures 5-7 present the relationship between the axial strains obtained by MLVDT (ecmLvpT)
and FLVDT (ecrLvpr) methods for specimens with different /e (i.€. f’co < 50 MPa as group |,
50 MPa < f’c0< 100 MPa as group Il, and f”co> 100 MPa as group III). As can be seen in Fig.
5, the relationship between ecmLvpT and ecFLvot in group | was linear, which can be expressed

by the following expression:

EeMLvDT = P EcFLVDT (2.1)

in which ¢ is a coefficient describing the slope of the line in Fig. 5, which varied between 0.85
and 1 in group | specimens. The analysis of test results in database revealed that group |
specimens with a normalized lateral stiffness (Ki/f"co) Of higher than 13 exhibited 0.95 <¢ <1,
whereas ¢ was lower and ranged between 0.85 and 0.90 for the specimens with Ki/f"co < 13.
This observation suggests that the relationship between ecmivpr and ecrvor depends on the

FRP confinement, which is discussed in detail in Section 3.2.

0.02 -
f.,=45.7 MPa g
N 0.015 1 = 0.4 mm
(@]
> 0.01 { EF1182GPa
006
0.005 Experimental
0 Model - ==

0 0.005 0.01 0.015 0.02

& FLVDT

Figure 5- Relationship between FLVDT and MLVDT axial strain for specimen with f’co < 50
MPa

As can be seen in Fig. 6, there three different relationships between ecmLvor and ecrLvoT Were
evident in group Il; namely, one-, two-, and three-segment relationships. The analysis of test

results in the database revealed that specimens with 50 MPa < ", < 84 MPa and Ki/f’co > 15
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and 84 MPa < f’co < 100 MPa and 6 < Ki/f’c < 24 typically developed one- and two-segment
relationship, respectively. Furthermore, those specimens with 70 MPa < /"¢, < 100 MPa and
axial stress-strain curves showing a softening behavior after the initial peak exhibited three-
segment relationship. The almost linear relationship (Fig. 6(a)) between ecmivot and ec,rLvor of
specimens in group Il with a one-segment curve can be expressed by Eq. 1, in which ¢ varied

between 0.5 and 0.85.
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The nonlinear two-segment relationship between ecmivpr and ecrvor (Fig. 6(b)) can be

expressed by the following bilinear function:

Eemvpr = €1t Q1 &cpvpr U EcpLvpr < Ect
(2.2)
EemLvpT = P2 Ecrvpr U EcpLvpr 2 €1
where @1 and ¢ are the slopes of the lines describing the relationship between ecmLvoT and
ec,FLVDT at segments 1 and 2, respectively. As can be seen in Fig. 6(b), in group Il specimens
with a two-segment relationship, the axial strains measured by MLVDT were nearly identical
(0.9 < p1<1) to those by FLVDT along the segment before the transition strain of the LVDT

curve (ec1). After eca (i.e. in segment 2), axial strains obtained from MLVDTSs were lower (0.5

< 02<0.8) than those from FLVDTs.

Figure 6(c) shows the three-segment relationship between ecmivor and ecrLvot, which can be

expressed by the following trilinear function:

EeMmLvDT = P1 EcFLVDT if  ecpvpr < &
EeMLvDT = Ec1 T P28cFLYVDT if Ec,FLVDT = €c1 and EcFLVDT < &c2 (2.3)
EeMLVDT = E€c2 T P3EcFLYDT if Ec,FLYDT = €c2

where g1, g2, and g3 are the slopes of the lines describing the relationship between ecmLvoT and
ec,FLvDT at segments 1 to 3, respectively. As can be seen in Fig. 6(c), in group Il specimens with
a three-segment relationship, similar to the specimens with a two-segment relationship, the
axial strains measured by MLVDT were nearly identical (0.9 < g1 < 1) to those by FLVDT
before the first transition strain of the LVDT curve (ec1) (i.e. segment 1). In segment 2, the
slope line of the relationship between ecmLvpt and ec FLvot reduced significantly (0.2 < ¢2<0.4),
which subsequently increased after the second transition strain of the LVDT curve (ec2) in

segment 3 to a value that was still lower than that in segment 1 (0.5 < ¢3<0.8).

22



0.025

f ,=103.4 MPa
0.02 - .
_ t= 1.2 mm
50.015 1 g=1206Pa . -7
s 0.01 1 g
& c2
0.005 +1 e o, Experimental
0 Lt ® Model  ==-
O 0.005 0.01 0.015 0.02 0.025
&, FLVDT

Figure 7- Variation of axial strains measured by MLVDT and FLVDT for specimens with
f’eo > 100 MPa. (Dotted line is the 45-degree line)

Figure 7 shows the relationship between the axial strains measured by FLVDT and MLVDT
for specimens in group 11 (i.e. f’co> 100 MPa). As can be seen in the figure, the specimens in
group 11 exhibited a very similar relationship between ecmivpt and ec,rLvor compared to the
group Il with a three-segment relationship. Therefore, the nonlinear relationship between
ecmLvpT and ecrLvot for group 11 specimens can be expressed by the trilinear function given in
Eq. 3. As can be seen in Fig. 7, similar to the group Il with a three-segment relationship, the
axial strains measured by MLVDT were nearly identical (0.9 <¢1 <1) to those by FLVDT
before ec1. However, after ec1, group III specimens developed lower slope lines (0.1 < ¢2< 0.3

and 0.3 < ¢3<0.6) compared to the group Il with a three-segment relationship.

Figure 8 shows the comparison of the axial stress-strain curve and corresponding relationship
between ecmLvoT and ecrLvot in group 11 with a two- and three-segment relationship and group
Il specimens. As can be seen in the figure, in group Il specimens with a two-segment
relationship and 50 MPa < f’c < 70 MPa, the transition strain of the axial stress-strain curve
(ect1) does not coincide with the transition strain of the LVDT curve (ec1) and ec IS

approximately half of ec;. On the other hand, the first and second transition strain of the axial
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stress-strain curve (ecu and ecz, respectively) in i) group Il specimens with a two-segment
relationship and 70 MPa < f’co < 100 MPa, ii) group Il specimens with a three-segment
relationship, and iii) group 111 specimens correspond (with < 20% difference) to the first and
second transition strain of the corresponding LVDT curve (ec1 and ecz, respectively) of these

specimens.
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Figure 8-Comparison of the axial stress-strain curve and corresponding relationship between
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MPa, (b) group Il with a two-segment relationship with 70 MPa < f°cc < 100 MPa, (c) group

Il with a three-segment relationship, (d) group 111 specimens
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In order to investigate the influence of the confinement method on the MLVDT and FLVDT
measurements, the relationship between ecmivor and ecrLvor of the specimens with /7o > 100
MPa confined by FRP wrapping and tube encasement techniques is shown in Fig. 9. As can be
seen in the figure, the specimens behaved similarly under both confinement methods in term
of trend in ecmLvpT—ec FLvpT relationship. The analysis of test results revealed that the average
third segment slope of the tube-encased and wrapped specimens was very close to each other

with ¢3~0.46.

0.015

0.01 ~

&, MLVDT

0.005 - Tube-encased

O T T T T
0O 0.005 0.01 0.015 0.02 0.025

& FLVDT

Figure 9- Variation of axial strains measured by MLVDT and FLVDT for specimens with
f’co > 100 MPa under FRP wrapping and tube-encased confinement

2.3.3 Ultimate axial strains obtained by MLVDT and FLVDT

This section presents a detailed discussion of the effect of /.o and K; on the relationship between
the ultimate axial strains obtained by FLVDT and MLVDT methods. It is important to note
that the expressions given in this section are not intended as model expressions that can be
applied under any condition. Instead, they should be treated as best fit line expressions for the
identified key parameters, which are meaningful only within the parametric space of the

geometric and material properties considered in this study.

26



2.3.3.1 Effect of unconfined concrete compressive strength (f’co)

Figure 10 shows the variation of the ultimate axial strain ratio (ecumn/ecu,FH, Where ecymn and
ecuFH are the ultimate axial strain measured by MLVDT and FLVDT method, respectively)
with f’co. As can be seen in the figure, an increase in f’co resulted in a decrease in ecumH/ecu,FH.
Figure 11 shows the variation of ecymn/ecu,FH With f'co for specimens confined with different
types of FRP. As can be seen in the figure, an increase in f”co led to a decrease in ecumn/ecu,FH
in all groups; however, the decrease was higher for GFRP-confined specimens compared to
that seen in CFRP- and AFRP-confined specimens. It can also be seen in Figs. 10 and 11 that
ecu,MH/ecuFH ratio of specimens with f’co < 30 MPa is approximately 1, indicating that in NSC
specimens with f’co < 30 MPa similar axial strains are obtained from FLVDT and MLVDT.
The ratio is reduced to approximately 0.4 for f°co of 120 MPa. This change is attributed to the
different failure conditions of NSC and HSC specimens as was discussed in Section 3.1.1.
Figure 12 shows and Eq. 1.4 describes the proposed relationship between ecumn/ecu,rH and fco,

where ecumH/ecu,FH 1S kept constant with a value equal to 1 for /’co <30 MPa.
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Figure 10- Variation of the ultimate axial strain ratio (ecumr/ecu,FH) With f'co
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1 if f1, <30
{ (2.4)

(gcu,MH) —
fewlti/pro (1 —a (£, — 30) if fio > 30
where (ecu,mH/ecu,FH)pPro IS the proposed ultimate axial strain ratio and a is the slope line for the

second part of the relationship between (ecumH/ecu,FH)pro and fco.

2.3.3.2 Effect of lateral stiffness of FRP jacket (K))

In order to evaluate the effect of FRP confinement on the relationship between the ultimate
axial strains measured by FLVDT and MLVDT methods, the relationship between the
normalized ultimate axial strain ratio ((ecu,mH/ecu,FH)exp/ (€cuMH/Ecu,FH)Pro, Where (ecumH/ecu,FH)Exp
is experimental ultimate axial strain ratio) and Ki/f"co was studied. Figure 13 shows the variation
of the normalized ultimate axial strain ratio with Ki/f’c. As can be seen in the figure, an increase
in the Ki/f’co led to an increase in the normalized ultimate axial strain ratio, indicating that the
lateral stiffness is an influential parameter on the relationship between the axial strains
measured by FLVDT and MLVDT methods. Eg. 2.5 presents the expression obtained from the

database to describe this relationship.

(Ecu,MH
W = 0.019 ]? +0.74 (2.5)
€cu,FH

Pro

2.3.3.3 Prediction of the ultimate axial strain ratio (ecumr/ecuFH)

To develop a unified framework for design and modeling purposes, an expression is developed
to describe the relationship between the axial strains of FRP-confined HSC obtained by the two
measurement methods. Eq. 2.6 is proposed to incorporate the influence of f’co and Ki/f’co 0N the
ecuMtlecu,FH Of FRP-confined HSC specimens.

(Scu,MH) — AXB (26)
Mod

Ecu,FH
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where A and B are the functions defined by Eqgs. 4 and 5, respectively. The average absolute
error (AAE), mean (M), standard deviation (SD), and root-mean-square deviation (RMSE)
were used to assess the agreement between the predictions of Eq. 6 and experimental results.
Figure 14 shows the comparison of the predictions of ultimate axial strain ratio by Eq. 6
((£cu,mr/ecu,FH)Mod) With respect to the experimental values ((ecumr/ecu,FH)Exp). AS can be seen in

the figure, the predictions are in good agreement with the experimental results.

It should be noted that the specific expression presented in Eq. 6 was obtained based on
specimens with a dimension of 150 x 300 mm and are instrumented along their mid-height
within a region that covered approximately 60% of their total heights. The relationship between
the axial strains measured by FLVDT and MLVDT methods might be affected by the size and
aspect ratio of the specimens and the relative height of the MLVDT region with respect to the

total specimen height.
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Figure 12- The proposed relationship between the ultimate axial strain ratio (ecumr/ecu,FH)
and f’co
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Figure 14- Comparison of the model predictions with experimental results
2.4 Conclusion

As it was discussed in this section, the measurement method is influential in analysing the
experimental data and their use in developing/validating a model. This indicates the need of a
comprehensive measurement methods and a new approach to analyse the experimental

datasets. Based on the analysis results, the following conclusions can be drawn:
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1)

2)

3)

4)

5)

Failure mode of FRP-confined NSC and HSC specimens are different to each other.
FRP-confined NSC specimens (f’cc < 50 MPa) exhibits gradual concrete crushing
through the formation of large number of microcracks, whereas in HSC specimens with
strengths over 100 MPa crushing of concrete is localized around a few major
macrocracks.

Axial strains obtained from FLVDT and MLVDT methods remain close to each other
in the case of FRP-confined NSC, whereas significant differences exist in axial strains
of HSC specimens obtained from the two measurement methods, and this difference
increases with an increase in f’co (e.9. for /"o = 120 MPa the ultimate strain obtained
from MLVDT is only around 40% of that by FLVDT). This indicates that the axial
strains of HSC are highly sensitive to the instrumentation arrangement used in their
measurement.

The transition strains of the axial stress-strain curve do not coincide with the transition
strains of the LVDT curve for specimens with 50 MPa < f’, < 70 MPa and a two-
segment relationship. On the other hand, axial stress-strain curve transition strains
nearly correspond to the LVDT curve transition strains for specimens with f’co > 70
MPa and a two- or three-segment relationship.

An increase in f'c results in a decrease in the ratio between the ultimate axial strains
measured by MLVDT and FLVDT methods. This is caused by the change in the failure
mode of concrete with an increase in f’co. On the other hand, an increase in Ki/f’co leads
to an increase in the ratio between the ultimate axial strains measured by MLVDT and
FLVDT methods.

The results of the assessment study show that the proposed expression provide close
predictions of the ultimate axial strain ratio (ecumn/ecurn) of FRP-confined HSC,

making it suitable for use in establishing relationships between the strains obtained
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from the FLVDT and MLVDT measurement methods for specimens sharing similar
geometric properties to the specimens considered in this study.
The findings of this study on the dependence of axial strains of FRP-confined HSC on the
measurement method is significant and should inform future analysis and modeling efforts as

well as additional targeted experimental studies into this area.
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Chapter 3: Simplified design-oriented axial stress-strain
model for FRP-confined normal- and high-strength
concrete

(A paper is published based on this section: Fallah Pour A, Ozbakkaloglu T, Vincent T. Simplified design-
oriented axial stress-strain model for frp-confined normal- and high-strength concrete. Eng Struct.
2018;175:501-16. (DOI: 10.1016/j.engstruct.2018.07.099))

3.1 Introduction

For the design of fiber reinforced polymer (FRP)-confined concrete members, a model to
accurately predict the axial stress-strain behavior of FRP-confined concrete is essential.
Previously developed models included design-oriented models given in closed-forms and
analysis-oriented models that predict stress-strain behavior through an incremental process
[16]. Design-oriented models are based on the direct interpretation and regression analysis of
experimental results, with examples of this type of model [2, 17-22] presented and assessed in
Section 5 of this study. Analysis-oriented models consider the interaction between the concrete
and the FRP jacket, in an explicit manner. These models [23-26] can be extended to predict the

behavior of concrete confined with other materials.

Although they are shown to be versatile and capable of predicting the entire stress-strain curves,
the analysis-oriented models use a time-intensive iterative approach and their accuracy depend
greatly on their prediction of the lateral strain-to-axial strain relationship. In the majority of
these models this relationship is based on the modification of an implicit expression originally
proposed for actively confined concrete, which is unable to accurately capture the dilation
behavior of FRP-confined concrete [86, 113]. Furthermore, as was shown recently [23, 114],
the use of the path independency assumption for the application of the confining pressure can
result in modeling inaccuracies. A notable example of these inaccuracies is the predictions of

the stress-strain curves of FRP-confined high-strength concrete (HSC) based on the approach
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adopted by conventional analysis-oriented models. To overcome this shortcoming a new
approach was proposed in Lim and Ozbakkaloglu [23] that resulted in accurate models for
FRP-confined normal and high-strength concrete. However, because of the iterative nature of

the model, its application requires a significant computational effort.

Conversely, design-oriented models use explicit and often simple expression forms that make
them attractive for use in design applications. Recognizing these advantages, in this study a
design-oriented model was adopted for further development to provide a complete axial stress-
strain curve of FRP-confined concrete in circular sections. In such models the prediction of key
stress and strain values is essential because these points define the stress-strain curve. One of
these key points is the transition point, where there is a change in trend of the stress-strain curve
after the termination of the initial ascending branch. The other key point on the stress-strain
curve is the point corresponding to the ultimate condition, which represent the axial stress and

strain of confined concrete at the time of failure.

As discussed in Ozbakkaloglu, Lim [16], many models for prediction of the ultimate condition
(f’cc, ecu) have been proposed in the last three decades. However, only a few models have been
developed to predict the transition point (f’c1, ec1) of the stress-strain curve [93, 115-117], as
discussed in detail in Sections 4.2 and 5.2, whose accurate determination is important to obtain
an accurate curve. The expressions proposed for the transition point were developed based on
limited experimental data, and hence in the presence of a larger database it should be possible

to improve their accuracy.

The use of high-strength concrete (HSC) in column construction has received a great deal of

attention because of the benefits offered by higher strength concretes over normal-strength
concrete (NSC) in these applications [17]. Until 2014, the availability of models applicable to

FRP-confined HSC was extremely limited [2, 5, 8, 118, 119] both in number and in accuracy.
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Since then, new and accurate design-oriented models have been proposed for FRP-confined
HSC [17, 85]. Although these models are capable of accurately predicting the ultimate
condition of FRP-confined HSC they do not provide to predict the complete axial stress-strain
curve. Therefore, there is need for a design-oriented model that can accurately predict the

complete axial stress-strain curve of FRP-confined HSC.

It is now well-known that the hoop strain measured on the FRP jacket at the time of FRP rupture
(en,rup) is often lower than the ultimate tensile strain of the fibers (er) or FRP material (errp)
used in the jacket as discussed in detail in many previous studies (e.g. [21, 29, 38, 93, 111, 120-
122]). As discussed in Ozbakkaloglu and Lim [14], models that make use of the hoop rupture
strain (enrup) predict the ultimate axial strain (ecy) and stress (f’cc) of FRP-confined concrete
significantly more accurately than those that make use of the ultimate tensile strain of fibers
(eru). Although using the hoop rupture strain (en,rup) provides increased accuracy for models, it
comes at the cost of increased complexity, because these data are often not readily available to
design engineers. As a result, the development of a stress-strain model that does not require
hoop rupture strain (enrup) as input data, and that performs with comparable accuracy to most
accurate existing models based on enrp, Will be of vital importance for practical design

applications.

This paper presents a model to accurately predict the complete axial stress-strain curve of FRP-
confined concrete using simple expressions. To achieve this goal, the format of the expressions
to predict the ultimate point and transition point was borrowed from existing research but new
coefficients were created. These coefficients (ki, k2, ks and ks) were developed by closely
investigating the influential parameters and monitoring the accuracy of the proposed
expressions to maintain comparable accuracy with expressions of the best performing existing

models, without the need for parameters that are not always readily available (e.g. en,rup).
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For the prediction of the ultimate point (fcc, ecu), this study proposes two new expressions for
coefficients which were a result of investigating influential parameters as mentioned above. A
similar procedure was performed for stress at transition point (fc1)) where an existing
expression format for predicting this stress for HSC [3] was modified for the expression to be
applicable to both  NSC and HSC. This new model has a simpler expression format and
produces better accuracy than existing models. Furthermore, an existing expression that was
proposed to predict the lateral strain (e11) at transition point [3] was modified based on dilation
data to predict the axial strain at transition point (ec1). This expression for ec1 has a simpler
equation format and provides higher accuracy than existing models. Finally, through the use of
these newly developed expressions a new model is proposed to predict the full axial stress-
strain curve for FRP-confined NSC and HSC. The model is applicable to a wide range of
concrete compressive strengths (f’co) ranging from 10 to 120 MPa and it uses readily available
input data. In the development of the model expressions, the comprehensive experimental
database presented in Ozbakkaloglu and Lim [14] and Lim and Ozbakkaloglu [17] were used
to obtain the expressions for the ultimate point (fcc, ecu). In addition, a new database with 266

datasets was compiled for the prediction of the axial stress and strain at the transition point

(f,cl, E'cl)-

3.2 Mechanism of confinement
In FRP-confined concrete circular columns under concentric compression, FRP shell provides

a uniform lateral confining pressure around the column circumference (Figure. 15). This
confining pressure at column failure (referred to as the ultimate) (fiy) can be theoretically

calculated using Eq. (3.1).

fou = ZLLL 3B.1)

where Ej, t;, and ey are the elastic modulus, total nominal thickness, and ultimate tensile strain

of fibers and D is the diameter of the column.
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Figure 16 shows the typical axial stress-axial strain curves for unconfined and confined
concrete. As can be seen in the figure, the axial stress-strain curves of confined concrete consist
of an ascending portion that is followed by a second branch. Depending on the confinement
parameters, the stress-strain curve may demonstrate a full ascending second branch or it may
consist of a second branch with a descending trend. This study is concerned with FRP-confined
concrete exhibiting an ascending second branch. In describing such a curve, four parameters
have a significant meaning. These parameters are the compressive strength (f’cc), ultimate axial
strain (ecu), axial stress at the transition point (f’c1), and axial strain at the transition point (ec1).
A simple and accurate stress-strain model that is developed using these parameters is presented

in the following sections.
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Figure 15- Confining action of FRP jacket to concrete: a) concrete, b) FRP jacket. E, t, en
and fiy are the elastic modulus, total nominal thickness, ultimate tensile strain of fibers and
ultimate lateral confining pressure, respectively.
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Figure 16- Typical axial stress-axial strain curves for confined and unconfined concrete

3.3 Experimental test database
Table 1 shows the details of the database that was used for the prediction of the axial strain and

stress at the ultimate point. The actual database can be found in Ozbakkaloglu and Lim [14]
and Lim and Ozbakkaloglu [17]. Table 1 in Appendix B shows the new database prepared for
the prediction of the transition point (f"c1 and ec1) based on previous studies [5, 15, 92, 93, 103-
105, 107-109, 115, 118, 123, 124]. In this table the diameter of specimens (D), height of
specimens (H), elastic modulus of fibers used in FRP jackets (Er), tensile strength of FRP (ff),

total fiber thickness of FRP jackets (t), and unconfined concrete strength (o) are presented.

As discussed previously [17, 125], in order to develop an accurate design-oriented model, a
reliable and consistent test database is required. To this end, using a similar process adopted in
Lim and Ozbakkaloglu [17] and Lim and Ozbakkaloglu [85] a carefully determined selection
criteria was applied in the dataset selection. The results included in the database were obtained
from specimens that were confined with FRP continuously and had a height-to-diameter ratio

less than three. By applying the selection criteria, 836, 571, and 266 datasets were included in
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the development of the models to predict the compressive strength, ultimate axial strain, and

axial stress and strain at the transition point, respectively.

Table 1- Summary of test results in the database

Unconfined Strength Strain .
Number of . . Confinement
datasets concrete strength  enhancement ratio enhancement ratio ratio range, fu/ f.
range, f'c (MPa) (f'ec/ f'c0) range range, €/ €co 8 Jiu/ Jeo
1063 6.2-125 0.75-3.4 1.01-15.77 0.037-2.05

3.4 New design-oriented model to predict key points on the stress-strain curve

3.4.1 Prediction of the ultimate condition of FRP-confined concrete
The existing ultimate condition models that typically provide higher levels of accuracy make

use of experimental input data, such as hoop rupture strains (en,rup), Which are typically not
readily available in design applications. To address this practical challenge, the expressions
developed in this study to predict the ultimate condition of FRP-confined made use of readily
available material properties, such as the ultimate tensile strain (ef,) and elastic modulus of
fibers (Er). Additionally, to determine the ultimate axial strain (ecy), the axial strain
corresponding to the compressive strength of unconfined concrete (eco) is typically used in most
existing models. It should be noted that the assumed values of e, (usually 0.002) were often
not accurate especially for higher strength concretes, which negatively affected model
accuracy. This study adopted an accurate expression for eco, which was proposed by Lim and

Ozbakkaloglu [23], and showed good predictive outcomes.

3.4.1.1 Compressive strength
A simple linear expression form that was originally proposed by Richart, Brandtzaeg [126] was

used to determine the compressive strength (f°cc) due to its simplicity and accuracy as

demonstrated in previous studies:

flee =Fco ki Kipy (3.2)
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where K; = zifftf is the lateral stiffness of the FRP jacket. Although other expression forms

were considered, such as those that use a logarithmic or exponential function, the improvement
in accuracy was not sufficient in predicting the compressive strength (f°cc) to justify the
increased complexity. To determine the compressive strength (f’cc), the variations of the
strength enhancement coefficient (k1) with different key confinement parameters (i.e. f’co, Ki,
and Ki/f’«o) was studied. Based on regression analysis, a new expression was proposed for the

strength enhancement coefficient (ki):
k; =25-0.01f",, (3.3

In the modeling of ki expression a number of different expression forms were considered.
Figure 17 shows the two best performing forms, namely a linear and logarithmic function. To
analyze the performance of different expression forms the average absolute error (AAE) was
used to assess the overall model accuracy. As can be seen in the figure the use of a linear
expression resulted in a similar AAE compared to that obtained by the use of a logarithmic

expression, and hence considering its simplicity the linear from was adopted.

Exclusion of data that deviated from the main trend-lines was studied through the application
of error lines (Figure. 17). As can be seen in the figure, the exclusion of data based on different
error lines (EL), did not result in a major change in the form or accuracy of the expression. As
a result, no data exclusion was made in the development of expression presented in Eg. (3.3)

on the grounds of significant deviation from the major trend-line.

Figure 18 shows the comparisons of the experimental compressive strength results with those
predicted using Egs. (2.2) and (2.3). In the figure, 45° line corresponds to a perfect agreement
between the predictions and test results. A trend that spans above the 45° reference line

represents overestimation of the experimental results by model predictions, whereas a trend
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that spans below the reference line indicates an underestimation of the test results. In addition
to AAE, the standard deviation (SD) was used to determine the magnitude of the scatter
associated with model predictions, the mean (M) was used to describe the associated average

overestimation or underestimation of the model.

Figures 19a and 19b show the model predictions of the compressive strength (fec) separately
for NSC and HSC respectively, where HSC has been defined as /o greater than 50 MPa. As it

is evident from these figures, the model predictions are in good agreement with test results.
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3.4.1.2 Ultimate axial strain
A non-linear expression, shown in Eq. (3.4), was adopted to predict the ultimate axial strain of

FRP-confined concrete

K\
Ecu =Y &0 T k3 (f’clo) gﬁu (3.4)

where ko is the enhancement coefficient for the ultimate axial strain, s, is the ultimate tensile

strain of fibers, and y, o and S are constant values that were used to calibrate the model.

A multivariable regression analysis was performed to determine the constant values in Eq. (2.4)
(o, B, y and ko) by using 633 datasets with a range of /"o between 10 to 120 MPa. Based on this
analysis a, f, y and ko were determined as 0.75, 1.35, 1.5 and 0.20, respectively. To provide an
expression with higher accuracy, the database was divided into seven sub-classes based on f"co
(e.9.,f"c0 <30 MPa, 30 MPa < fco < 45 MPa, 45 MPa < f’¢, < 60 MPa, 60 MPa < f’co < 75 MPa,
75 MPa < f’o <90 MPa, 90 MPa < /"o < 105 MPa, 105 MPa < f"¢o, < 120 MPa) after recognizing
the significant influence of /’co on ecu. The regression analysis was performed individually for
each sub-class, and the results indicated that a,  and y varied only slightly across different sub-

classes whereas, ko varied significantly with the variation of f’co.

During the regression analysis it was found that e, of the very lightly-confined specimens with
ultimate axial strains lower than 0.006 exhibited significant scatter and they deviated by a large
margin from the overall trends of the database. For example, the SD of the best fit expression
changed from 45% to 29% when 62 datasets with ecy < 0.006 were excluded. The same analysis
showed that the inclusion of all datasets resulted in a k2 value of 0.2, whereas for datasets with
ecu >0.006 the value of k2 was 0.26. This noticeable variation is due to fact that the datasets
with ecy < 0.006 produced a significantly lower k> value of 0.08 than the rest of the database.

Based on these observations, specimens with ultimate axial strains (ecy) lower than 0.006 were
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excluded from the analysis, which resulted in a database of 571 datasets that were used in the

modeling of &cy.

The variation of k2 with f”co is shown in Fig. 20, which also shows that the trendlines were not
particularly sensitive to data selection. After obtaining k2 values for each f’co sub-class an
expression was proposed for k2 as a function of f’co. The proposed expression to predict the

strain enhancement coefficient (k2) is shown in Eq. (3.5).
k,=0.3—0.001f",, (3.5)

The process summarized above resulted in the expression shown as Eq. (2.6) that was proposed

to predict the ultimate axial strain. In this expression eco is determined by the expression g, =

0. 0.1 0.13 . . .
% (1132) (%) , which was originally proposed by Lim and Ozbakkaloglu [23].

K 0.75
fou = 1.5 &0+ s ( fl) £135 (3.6)

Figure 21 shows the comparisons of the experimental ultimate axial strain results with those
predicted using Eq. (3.6). In the figure, 45° line corresponds to perfect agreement between the
predictions and test results, and the comparison shows that the model predictions and
experimental results are in good agreement. As can be seen in Figures 22a and 22b, showing
the comparisons for NSC and HSC, respectively, the model predictions are in good agreement

with the experimental test results for both concrete types.
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3.4.2 Prediction of the transition point in the axial stress-strain curve of FRP-confined
concrete
To model the complete axial stress-strain curve, the transition point where the axial stress-

strain curve transitions from an initial ascending branch to a second branch (only the curves
with an ascending type second branch are considered in this study) is a key point to determine
to accurately capture the full axial stress-strain response. To predict this point, a new database
for axial stress at the transition point (f’c1) and the axial strain at the transition point (ec1) was
prepared. Although few models for predicting the transition point exist, these models did not
cover all FRP fiber types, such as high-modulus carbon fiber-reinforced polymer (HM CFRP)
and the number of datasets used in their development were limited [17, 93, 115-117] . In
addition, the better performing expressions from the existing models exhibit complex forms
(e.g. [115, 116]), and as such, a new expression for the transition point (f’ct, ec1) was developed

to provide improved simplicity and accuracy.

The transition point was determined by studying the experimental datasets at axial stress-strain
curve especially after unconfined compressive strength (f’co). Carefully inspection of the axial
stress-strain behavior at this region has revealed two different types of behavior: i) the
specimens that exhibited monotonically ascending type of curves (typically seen in FRP-
confined NSC), ii) the specimens that exhibited initial strength softening right after the
transition point (typically seen in FRP-confined HSC, especially with f'coc > 75 MPa, as
discussed in detail in Lim and Ozbakkaloglu [3]). The axial transition stress (f’c1) and axial
strain (ec1) of the first type of curves were defined by identifying where the second branch of
the axial stress-strain curve transitioned to the near linear second branch, whereas the transition
point of the second type of curves corresponded to the point on the stress-strain curve that

marked the beginning of the softening behavior.
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By finding the point at which the change of behavior in axial stress-strain curve for two

mentioned cases were observed.

3.4.2.1 Axial stress at transition point
As opposed to the nonlinear forms adopted previously [115, 116], in this study a simple linear

form was adopted to predict fc1:

fler = fco + k3K (3.7)

where k3 is the strength enhancement coefficient for the prediction of f7c.

In the prediction of /”c1 the variations of ks with different key confinement parameters (i.e. f’co,
Ki, and Ki/f"c) was closely studied. The regression analysis revealed that the coefficient ks can
be considered constant with a value equal to 0.007, as shown in Figure 23. Consequently, the

expression proposed by this study for prediction of /”c1 is presented in Eq. (3.8).

flcl = flco + 0.007 Kl (38)

Figure 24 illustrates the performance of the proposed model in the prediction of the axial stress
at transition point (fc1) by comparing model predictions to experimental values. This
comparison shows that the model predictions are in close agreement with the experimental
results. Figures 25a and 25b show a comparison of modelled values of f”c1 against experimental

data for NSC and HSC respectively, which shows good agreement.
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3.4.2.2 Axial strain at transition point
An expression proposed by Lim and Ozbakkaloglu [17] to predict the lateral strain (e11) at

transition point [3] was modified based on dilation data to predict the axial strain at transition

point (ec1). The new expression, shown in Eqg. (3.9) has a simpler equation format.

Ki
freo

€l = gco(l + ky

) (3.9

where kg is the strain enhancement coefficient for the prediction of ec:.

To predict ec1, a regression analysis on the key parameters influencing the strain enhancement
coefficient (ks) was performed. This analysis resulted in a constant value of ks equal to 0.024,
as shown in the analysis summary presented in Figure 26. Based on this analysis, Eq. (3.10) is

proposed to predict the axial strain at transition point (ecy).
g, =e,0(1+ 0.024f,ﬂ (3.10)

Figure 27 shows the performance of the proposed model for the prediction of the axial strain
at transition point (ec1). As can be seen in the figure, the model predictions are in close
agreement with experimental results. Figures 28a and 28b present a comparison of &c; predicted
by proposed model against test results for NSC and HSC respectively, where a good agreement

is observed for both concrete types.
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3.5 Comparison of the proposed design-oriented model with existing models
To evaluate the performance of the proposed expressions, their prediction statistics were

compared with those of the best performing models proposed to date. This comparison included
quantifying the accuracy and consistency of best performing models and proposed expressions
through the use of the previously mentioned statistical indicators (i.e. AAE, SD, M) in addition
to the root mean square error (RMSE).

3.5.1 Performance of the proposed expressions to predict the ultimate condition

To compare the proposed model with existing models for ultimate condition, all models were
evaluated by the same database. For models that require hoop rupture strain (en,rup) as an input

parameter for their prediction, experimental values for en ryp Were used.

3.5.1.1 Compressive strength
Table 2 shows a comparison of the statistical indicators obtained for predictions of f’cc by the

proposed model against the best existing models, with Figure 29 summarizing this data
graphically. It can be seen in Table 2 that the prediction of f°cc by the proposed model has the
best AAE, M and SD for all datasets and a comparable RMSE to the next best model. In
addition, Tables 3 and 4 present separate comparisons for NSC and HSC specimens,

respectively, where a similar trend can be seen.
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Table 2- Prediction statistics of the best performing compressive strength models

Model Prediction of f'c

;2:: AAE(%)  M(%)  SD(%) (R'\:/'PS:)
Proposed Model 836 12.3 99.9 16.3 14.9
Lim and Ozbakkaloglu [3] 836 12.6 102.9 16.8 14.6
Berthet et al. [2] 836 13.0 104.1 18.6 17.9
Wu and Zhou [48] 836 13.3 107.2 18.9 17.6
Pham and Hadi [44] 836 14.0 118.2 18.2 17.3
Al-Salloum [49] 836 14.1 108.7 21.0 22.0
Wei and Wu [45] 836 14.3 108.6 20.6 21.1
Wu and Wang [47] 836 14.3 108.6 20.6 21.1
Teng et al. [6] 836 14.6 95.1 17.1 17.4
Youssef et al. [19] 836 15.7 118.2 21.4 22.7

Table 3-Prediction statistics of the best performing compressive strength models for NSC

Model Prediction of f'.c for NSC

Test RMSE

Data AAE (%) M (%) SD (%) (MPa)
Proposed Model 633 12.4 100.5 16.7 12.0
Lim and Ozbakkaloglu [3] 633 12.5 102.8 16.4 11.7
Wu and Zhou [48] 633 12.6 105.2 17.9 12.9
Berthet et al. [2] 633 12.7 102.9 17.7 12.9
Al-Salloum [49] 633 12.9 104.8 18.5 13.6
Wei and Wu [45] 633 12.9 104.5 18.1 131
Wu and Wang [47] 633 12.9 104.5 18.1 131
Teng et al. [6] 633 15.0 92.6 15.5 13.2
Youssef et al. [19] 633 16.1 96.1 19.0 15.4
Pham and Hadi [44] 633 16.1 96.1 19.0 15.4

59



Table 4-Prediction statistics of the best performing compressive strength models for HSC

Model Prediction of f'.c for HSC
U mees mea e e

Proposed Model 203 11.9 98.2 14.9 22.1
Lim and Ozbakkaloglu [3] 203 12.8 103.3 15.2 21.5
Teng et al. [6] 203 13.6 101.8 19.1 25.3
Berthet et al. [2] 203 139 107.4 204 26.8
Pham and Hadi [44] 203 14.3 100.0 18.8 24.4
Youssef et al. [19] 203 14.6 107.3 25.0 35.3
Wu and Zhou [48] 203 15.2 1125 20.5 26.2
Al-Salloum [49] 203 17.5 118.9 23.6 35.7
Wei and Wu [45] 203 17.9 119.5 22.8 34.3
Wu and Wang [46] 203 17.9 119.5 22.8 34.3
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Berthet et al. [2]

Wu and Zhou [48]

Pham and Hadi [44]
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Wei and Wu [45]

Wu and Wang [47]

Teng et al. [6]
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Figure 29-Average absolute error in model predictions of compressive strength
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3.5.1.2 Ultimate axial strain
Table 5 and Figure 30 presents the statistical indicators for the prediction of ultimate strain (ecu)

for the proposed and best existing models. As can be seen in this table, the AAE for the
proposed model is comparable with the best performing models that use hoop rupture strain

(enrup) @s an input parameter.

To illustrate the performance of different models for different concrete types, the same
statistical indicators were studied for NSC and HSC separately as presented in Tables 6 and 7,
respectively. It can be seen that the most accurate models for NSC specimens are those that use
experimental hoop rupture strains (en,rup) [14, 17, 20, 24, 127], whereas the most accurate model
for HSC specimens is the proposed model. Although these NSC expressions show a slightly
better AAE when compared to the proposed expression, they require enrup as input, which is
not readily available in many cases. Therefore, the proposed model offers an excellent balance
between accuracy and simplicity, keeping the expression in its simplest form without
compromising the accuracy. It is worth mentioning that in this assessment the hoop rupture
strains (en,rup) required by the existing models were determined by the model presented in [16],
as this approach provided a higher modeling accuracy compared to the use of experimental

values or those given by the source model.
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Figure 30-Average absolute error in model predictions of ultimate strain

Table 5-Prediction statistics of the best performing ultimate axial strain models

Model Prediction of €.,

Test RMSE

Data AAE (%) M (%) SD (%) (%)
Proposed Model 571 21.0 98.1 25.9 0.50
Lim and Ozbakkaloglu [3] 571 20.1 97.5 23.9 0.50
Tamuzs et al. [41] 571 20.7 106.5 28.7 0.50
Teng et al. [6] 571 22.2 122.1 34.1 0.66
Binici [5] 571 22.6 124.1 37.7 0.85
Youssef et al. [19] 571 22.7 112.8 34.8 0.71
Berthet et al. [2] 571 23.2 121.5 41.9 0.75
Wei and Wu [45] 571 25.4 103.9 31.3 0.62
Pham and Hadi [44] 571 26.1 129.8 40.5 0.85
Miyauchi et al. [22] 571 27.4 122.1 40.9 0.65
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Table 6-Prediction statistics of the best performing ultimate axial strain models for NSC

Model Prediction of &, for NSC

Test RMSE

Data AAE (%) M (%) SD (%) (%)
Proposed Model 413 22.1 98.0 27.5 0.53
Lim and Ozbakkaloglu [3] 413 20.5 96.0 23.5 0.53
Tamuzs et al. [41] 413 20.5 104.7 28.6 0.54
Teng et al. [6] 413 21.2 119.2 33.3 0.66
Binici [5] 413 21.7 121.2 37.2 0.84
Berthet et al. [2] 413 23.0 128.9 44.1 0.85
Youssef et al. [19] 413 23.8 110.6 36.9 0.77
Miyauchi et al. [22] 413 25.7 126.2 40.6 0.69
Pham and Hadi [44] 413 25.8 129.8 41.9 0.93
Wei and Wu [45] 413 26.9 102.1 32.8 0.69

Table 7-Prediction statistics of the best performing ultimate axial strain models for HSC

Model Prediction of &,

e mE®) M) D) R:\."%)S) ;
Proposed Model 158 18.4 105.0 22.4 0.32
Lim and Ozbakkaloglu [3] 158 19.0 101.4 24.9 0.42
Youssef et al. [19] 158 20.0 118.3 27.9 0.50
Tamuzs et al. [41] 158 21.2 1114 28.2 0.38
Wei and Wu [45] 158 21.6 108.6 26.5 0.37
Berthet et al. [2] 158 235 102.2 27.6 0.40
Teng et al. [6] 158 24.7 129.5 35.2 0.63
Binici [5] 158 24.7 131.9 38.2 0.89
Pham and Hadi [44] 158 27.0 129.8 36.7 0.57

Miyauchi et al. [22] 158 31.8 111.4 39.7 0.52




3.5.2 Performance of the proposed expressions in predicting transition point
The same database and statistical indicators were used to examine the performance of the

proposed model against the existing models for the prediction of the transition point (ec1, f7c1).

3.5.2.1 Axial stress at transition point

Table 8 and Figure 31 present the statistical indicators of different models for predicting the

axial stress at the transition point (f’c1). From this comparison it can be seen that the proposed

model for f’c1 shows the best performance across all statistical indicators.

3.5.2.2 Axial strain at transition point
As can be seen in Table 9 and Figure 32, the proposed simplified model for & exhibited

improved performance against the existing more complex models with improvements in all

statistical indicators.

Table 8-Prediction statistics of the best performing transition strength models

Model Prediction of f'«1

Test RMSE

Data AAE (%) M (%) SD (%) (MPa)
Proposed Model 266 8.5 98.0 9.8 8.5
Saafi et al. [17] 266 8.5 97.5 11.6 10.2
Lim and Ozbakkaloglu [3] 266 8.8 95.1 10.1 9.0
Youssef et al. [19] 266 9.2 96.7 12.8 11.5
Toutanji [18] 266 9.8 103.0 131 10.5
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Figure 31-Average absolute error in model predictions of the transition point of axial stress

Proposed Model

Saafi at al.[17]

Toutanji [18]

Yousef [19]

0% 5% 10% 15%
AAE in prediction of Strain at transition point

Figure 32-Average absolute error in model predictions of the transition point of axial strain

Table 9-Prediction statistics of the best performing transition strain models

Model Prediction of &

Test Data  AAE (%) M (%) SD (%) RMSE (%)
Proposed Model 230 14.7 98.0 18.6 0.08
Saafi et al. [17] 230 15.0 101.0 18.8 0.08
Toutanji [18] 230 15.6 103.0 19.3 0.08
Youssef [19] 230 22.7 118.0 22.4 0.10
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3.6 New stress-strain model and its validation against experimental data
A new axial stress-strain model was developed by applying the proposed design-oriented

models for the ultimate and transition points. The new stress-strain model uses the expression
given by Popovics [128] for the first portion of the stress-strain curve (see Eq.3.11) and a linear
expression was used to model the second portion of stress-strain curve (see Eq.3.13). These
selections were made due to good performance of these proposed shapes for the first and second
ascending portions of the stress-strain curve as demonstrated previously [16, 23]. Therefore, to
construct the whole stress-strain curve only four parameters (i.e. ecu, fcc, fc1 and ec1) are

required.

fe=FaCE@/m-1+(2)))  ifose <e (3.11)

where fec and ec are the axial stress and axial strain, respectively, and n is a term introduced by

Carreira and Chu [129] to define concrete brittleness:

n=E./ (E.— L% (3.12)

Ecl

where E,. = 4400/ f'., (in MPa) and /" is the compressive strength of unconfined concrete

in MPa.

Following the first branch, the second branch is presented by a linear expression:

fcc = flcl + E, (Sc - gcl) if €1 <& = Eqy (3-13)

frec—f'ci

where E, = is the slope of the second branch of the stress-strain curve.

Ecu—¢Ecl

As a final step, the full axial stress-strain curves were created based on proposed expressions
using f’cc, f'c1, €cu @nd ec1, and the resulting curves were compared with experimental stress-

strain curves. The results from several groups of specimens are shown in figure 33 to illustrate
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the performance of the model in predicting the behavior of specimens with different unconfined
concrete strengths that were confined by different types of FRP (i.e. carbon, aramid, glass, and
high-modulus carbon fiber-reinforced polymer (CFRP, AFRP, GFRP, and HM CFRP,
respectively)) under different levels of confinement pressure. As it is evident from these
comparisons, the predictions of the proposed model are in good agreement with the

experimental results.
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Figure 33-Comparison of predicted and experimental stress-strain curves for FRP-confined
concrete: a) CFRP; b) AFRP; ¢) GFRP; d) HM-CFRP

3.7 Conclusion

This section again illustrates the significance of measurement methods in validating or
developing a model and the dependency of existing models on experimental hoop rupture strain
which is used as input data. Although more complicated analysis was made to increase the
accuracy of models using available input data instead of experimental data, the outcome
showed that the existing models predicts more accurate when they are using appropriate
experimental data. The following points summarize the main findings and contributions of this

study:

1- The importance of using hoop rupture strain (enrup), especially for prediction of ultimate
axial strain (ecu), is well established. Nonetheless, in this study a simple model for predicting

ecu Was proposed that uses readily available input data, namely the ultimate tensile strain (ef)
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in place of en rup, and it performs with comparable accuracy to its best performing counterparts

adopting éen,rup.

2- Using readily available input parameters, such as those provided by FRP material suppliers,
the transition point (ec1, /c1) and ultimate point (f’cc, ecu) can be predicted by the proposed
models with an accuracy that is similar to the best performing existing models with more

complex forms or specific input parameters.

3- The importance of using hoop rupture strain (en,rup), €specially for prediction of ultimate
axial strain (ecu), is well established. Nonetheless, in this study a simple model for predicting
ecu Was proposed that uses readily available input data, namely the ultimate tensile strain (ef)
in place of en rup, and it performs with comparable accuracy to its best performing counterparts

adopting éen,rup.

4- The assessment undertaken in this study has revealed f’co as a most influential parameter on
the compressive behavior of FRP-confined concrete. This agrees with the authors previous
studies on the effect of unconfined concrete strength and additional experimental studies

targeting this influence are recommended.

5- Enhancement coefficients of compressive strength (f’cc) and ultimate strain (ecu), ki and k2
respectively, decrease with an increase in f’co and this influence can be modelled accurately
with a linear relationship. Alternative non-linear relationships that were considered did not lead

to significant improvements in the statistical performance indicators.

6- The proposed model for the prediction of the axial stress and strain at transition point (f’c1
and ec1) exhibit improved performance when compared with the existing model with more
complex forms. It is found that, the enhancement coefficients (ks and ka) in the proposed forms

of the expressions remain mostly constant across a range of f’co between 10 and 120 MPa.
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Chapter 4: Behavior of FRP-confined high-strength
concrete under eccentric compression

(A paper is published based on this section: Fallah Pour A, Gholampour A, Zheng J, Ozbakkaloglu T.
Behavior of frp-confined high-strength concrete under eccentric compression: Tests on concrete-filled
frp tube columns. Compos Struct. 2019;220:261-72 (DOI: 10.1016/j.compstruct.2019.03.031))

4.1 Introduction
It is now well understood that lateral confinement of concrete columns with fiber-reinforced

polymer (FRP) sheets can significantly enhance their compressive strength and axial strain
capacity. During the past two decades, extensive researches have been conducted on the use
of FRP composite as confinement reinforcement in both retrofitting existing concrete columns
[88, 89, 102, 111, 131] and in the development of new high-performance composite columns
[77, 107, 109, 132-134]. A recent comprehensive review of the literature undertaken by
Ozbakkaloglu et al. [16] revealed that over 500 studies have been undertaken during the last
two decades on the behavior of FRP-confined concrete columns under concentric axial
compression loading. These studies have resulted in the development of over 110 axial stress-
strain models.

In real structures, the majority of concrete columns are subject to eccentric loading. A number
of studies have examined the effect of load eccentricity on the behavior of FRP-confined
concrete columns with circular [40-46] and non-circular [47-54] cross-sections. However,
these studies were concerned with FRP-confined reinforced concrete columns that contained
internal steel reinforcement. A few studies have been reported on the behavior of eccentrically
loaded FRP-confined concrete columns not having internal steel reinforcement [55-58].
Among them, only two studies experimentally investigated the axial stress-strain behavior of
FRP-confined plain concrete under eccentric compression [57, 58]. These studies have shown

that concrete columns under eccentric compression behave differently than those under
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concentric compression because of the way confinement actions are affected by the presence
of load eccentricity. However, they reached differing conclusions as to the effect of the load
eccentricity on the axial stress-strain behavior of FRP-confined concrete. Fam, Flisak [57]
reported that an increase in the load eccentricity led to a decrease in the second branch slope
of the stress-strain curve, whereas Wu and Jiang [58] concluded the opposite. One thing is
clear, however, that the existing concentric axial stress-strain models of FRP-confined
concrete are not able to accurately capture the behavior of concrete under eccentric
compression [56-58] and specific models are needed to accurately model the behavior of
concrete under the latter condition. Therefore, it is crucial to have additional experimental
studies to clearly understand the effect of load eccentricity on the behavior of FRP-confined
plain concrete. Furthermore, the existing studies on FRP-confined concrete without internal
reinforcement investigated the behavior of only the normal-strength concrete (NSC) columns.
As previously discussed in detail [87, 135, 136], owing to the advantages it offers over NSC,
high-strength concrete (HSC) is now being used in large quantities in a wide range of
structural applications, including in concrete-filled FRP tubes (CFFTSs) that are designed as
high-performance composite structural members [16, 40, 107, 109, 112, 135-138]. Therefore,
it is timely to study the behavior of FRP-confined HSC under eccentric compression through
experimental studies.

This paper presents the first experimental study on the behavior of FRP-confined HSC columns
having no internal steel reinforcement under eccentric loading. The paper initially provides a
summary of the experimental program, which is followed by the results of the experimental
tests. The axial stress-strain curves are subsequently obtained through sectional analysis
conducted using the experimental measurements. Finally, a detailed discussion on the results

is presented to discuss the effect of eccentricity on the axial stress-strain behavior of concrete.
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As it was explained and well understood, the columns are not ideally subjected to concentric
load in real condition and a study of FRP-confined HSC behavior as columns in real condition
can help to develop a better prediction of mentioned structural element behavior. In this section,
the behavior of FRP-confined HSC under concentric and eccentric load is studied and the
influence of combination of compression and bending on FRP-confined HSC is presented. This
helps to better comprehension of the FRP-confined HSC mechanical behavior under real

condition of columns in building.

This section presents the first experimental study on the behavior of FRP-confined HSC
columns having no internal steel reinforcement under eccentric loading. The section initially
provides a summary of the experimental program, which is followed by the results of the
experimental tests. The axial stress-strain curves are subsequently obtained through sectional
analysis conducted using the experimental measurements. Finally, a detailed discussion on the
results is presented to discuss the effect of eccentricity on the axial stress-strain behavior of
concrete.

4.2 EXPERIMENTAL PROGRAM

4.2.1 Test specimens and materials
A total of 31 CFFTs, including 16 circular and 15 square cross-section specimens were

manufactured and tested under compression. Table 10 shows the details of the test specimens.
Five target load eccentricities, including 10, 20, 30, 40, and 50 mm were considered. The
specimens had a cross-section of 152 mm, measured at the concrete core, and a height of 300
mm. Square specimens were designed with rounded corners with a radius of 30 mm to
maintain relatively high confinement efficiency [85, 112, 132, 133, 135].

The properties of unidirectional fiber sheets used in the fabrication of the FRP tubes are shown
in Table 11. Carbon FRP tubes were used in this study, where the fibers were oriented in the

hoop direction (perpendicular to column axis). The flat coupon tests were conducted (Fig. 34)
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to obtain the material properties in accordance with ASTM standard D3039M-08 [139]. The
number of FRP layers was selected based on the expressions proposed previously in Lim and
Ozbakkaloglu [17] and Lim and Ozbakkaloglu [85] in order to obtain an axial stress-strain
curve with a slightly ascending second branch. For square specimens, a shape factor was used
to consider the effectiveness of FRP confinement in non-uniform confinement, as proposed
in Ref. [85]. This resulted in a thicker FRP tube in square CFFTs (i.e. 1.32 mm total fiber
thickness) than in circular CFFTs (i.e. 0.666 mm total fiber thickness). Similar tube designs
were used in a large number of previous studies investigating the behavior of CFFTs under

concentric compression (e.g. [15, 87, 105, 107]).
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Table 10-Details of test specimens

Fiber
Specimen Number Thickness  Cross- Targe.t.
D of FRP per Layer  Section Eccentricity
layers (mm) (mm)

C1 6 0.111 Circular 0
C2 6 0.111 Circular 0
Cc3* 6 0.111 Circular 10
Ca 6 0.111 Circular 10
C5* 6 0.111 Circular 10
ce* 6 0.111 Circular 20
Cc7 6 0.111 Circular 20
c8 6 0.111 Circular 30
c9 6 0.111 Circular 30
C10 6 0.111 Circular 30
C11 6 0.111 Circular 40
C12* 6 0.111 Circular 40
C13 6 0.111 Circular 40
Ci14 6 0.111 Circular 50
C15 6 0.111 Circular 50
Cl6* 6 0.111 Circular 50
S1 8 0.165 Square 0
S2 8 0.165 Square 0
S3 8 0.165 Square 10
S4 8 0.165 Square 10
S5 8 0.165 Square 20
S6 8 0.165 Square 20
S7 8 0.165 Square 30
S8 8 0.165 Square 30
S9 8 0.165 Square 30
S10 8 0.165 Square 40
S11 8 0.165 Square 40
S12 8 0.165 Square 40
S13 8 0.165 Square 50
S14 8 0.165 Square 50
S15* 8 0.165 Square 50

* Marked samples have been excluded due to problems in se

The specimens were prepared using a HSC mix with a 105 MPa unconfined compressive

strength (f"c0). The details of the concrete mix are shown in Table 3. The mix consisted of

crushed basalt as the coarse aggregate with a nominal maximum size of 10 mm.

Polycarboxylic ether polymer-based superplasticizer and silica fume were added to the mix

in order to achieve both a high compressive strength and sufficient workability.
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Table 11-Material properties of fibers and FRP composites

Fiber/FRP properties

Nominal Provided by manufacturers Obtained from coupon tests”
dry fiber ; : : :
Type . Ultimate Ultimate . Ultimate Ultimate .
thickness . . Elastic , , Elastic
tensile tensile dul tensile tensile dul
ty (mm/ply) stress strain moguius stress strain Moguts
o Ef (GPa) o Errp (GPa)
fr(MPa) &r (%) frre (MPa) Errp (%)
CFRP  0.111/0.165 4830 2.10 230.0 4598 1.95 236.0

* Calculated based on nominal dry fiber thickness

Figure 34- FRP tension coupon specimens

4.2.2 Specimens preparation
Carbon FRP tubes were manufactured using a manual wet lay-up process by wrapping epoxy

resin impregnated fiber sheets around precision-cut high-density polystyrene foam templates
in the hoop direction. The epoxy resin was allowed to cure at room temperature for at least 24
hours before the FRP tubes were removed from their molds. The tubes were prepared with an
overlap length of 150 mm to prevent premature debonding failure. Additional 30 mm wide
FRP strips were applied to the specimens in the hoop direction at both ends to ensure their
failure occurred near the mid-height region, where lateral strain gauges were placed. The six-

layer tubes for circular specimens were continuously wrapped with a single FRP sheet,
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whereas the eight-layer tubes for square specimens were prepared by using two FRP sheets,
resulting in two overlap zones at the same location.

To support the tubes and ensure that they remained stable during the process of concrete
pouring, a wooden formwork was developed. The CFFTs were removed from the formwork
and placed in a curing room one day after the concrete casting, and kept at a constant
temperature of 23+2°C until test day. 12 cylinders with 100 mm in diameter and 200 mm in
height were prepared for each batch of concrete and were cured in the same room to monitor
the development of concrete strength at different ages. On the testing day, the CFFTs were
removed from the curing room and ground by a surface-grinding machine to ensure a smooth

surface at their ends.

4.2.3 Instrumentation and testing
The specimens were tested using a 5000-kN capacity universal testing machine. The loading

was initially applied with load control at a rate of 3 kN/sec and subsequently with
displacement control at a rate of 10 microstrain/sec beyond initial softening until specimen
failure. Figures 35(a) and (b) show the instrumentation and test setup used in this study. As
can be seen in Fig. 35(a), the load eccentricity (e) was applied by two pin supports placed at
top and bottom of the specimens. The bearing plates were 50 mm thick and 100 mm wide,
and the cylinder roller had a diameter of 40 mm. This setup allowed the free rotation at the
top and bottom surfaces of specimens, which was caused by eccentric loading. Two additional
square flat plates (20 mm thick and 200 mm wide) were placed at top and bottom surface of
specimens in order to evenly distribute load to the specimen. As can be seen in Fig. 35, pin
supports were located at the centerline of the loading machine, which transfer the load along
the middle of pin supports. The load eccentricity was achieved by adjusting the location of

the specimen between the two pin supports.
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Figure 35-Test setup for eccentrically loaded specimens: a) test setup; b) photo of actual test
setup; c) location of full-height LVDTs in cross-section d) location of lateral strain gauges for
circular specimens; e) location of lateral strain gauges for square specimens

The axial deformations of the specimens were measured by four linear variable displacement
transformers (LVDTs) mounted at the corners of each specimen, between the loading and
supporting steel plates of the compression testing machine (referred to as full-height LVDTSs)
as shown in Fig. 35(c). Additional four LVDTs were placed at mid-height of specimens within
a gauge length of 175 mm (referred to as mid-height LVDTSs). They were placed between two
aluminium frames to measure the axial deformation of the middle portion of the specimens.

The top and bottom aluminium frames were fixed to the specimen by tightening the screws to
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make sure that the four mid-height LVDTs were symmetrically placed at the center of the
specimen. Furthermore, four unidirectional strain gauges were placed at the mid-height of the
specimen in the axial direction to validate LVDT measurements at the early stages of loading.
Lateral strains were measured by eight unidirectional strain gauges placed at the mid-height

of the specimens as shown in Fig. 35(d).

4.3 Test Results

4.3.1 Failure mode
Figure 36 shows typical failure modes of circular and square specimens under a lower (i.e. e

<20 mm) and higher (e > 20 mm) eccentricity. The failure of the specimens occurred as a
result of FRP rupture initiating at the compression side. Similar failure modes were evident
for circular and square CFFTs under a given eccentricity. Concentrically loaded specimens
failed suddenly and explosively by FRP rupture in the hoop direction around the mid-height
of the specimen as discussed in detail in Ref. [140]. In square specimens the FRP rupture
occurred near one of the column corners. As can be seen in Fig. 36(a), in the case of lower
eccentricity, the specimens failed abruptly by the rupture of FRP tube in the hoop direction
but with a less violent explosive sound compared to the failure of the concentric loaded
specimen. On the other hand, the specimens with a higher eccentricity failed by the rupture of
FRP tube at the compression side, while separations have been observed on the FRP tube
among the horizontal FRP layers around the mid-height region of the specimen on the tension
side (Fig. 36(b)). The failure occurred abruptly with a sudden loss of applied load recorded

on the system, but without an explosive sound.
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(c) (d)

Figure 36-Failure modes FRP-confined HSC with (a) circular cross-section under lower
eccentricity, (b) circular cross-section under higher eccentricity, (c) square cross-section
under lower eccentricity, (d) square cross-section under higher eccentricity square
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4.3.2 Axial load-displacement curves
Figures 37(a) and 37(b) show the axial load-displacement curves of specimens with a circular

and square cross-section under different target load eccentricities, respectively. Axial
displacements were obtained at the point of loading along the height of the specimen from the
average values of four full-height LVDTSs. The measurements of load eccentricity applied to
the specimens obtained during the tests showed that there were slight differences between the
actual applied eccentricity (e) and the target eccentricity (er). Table 12 shows the measured
eccentricity (e) (i.e. actual eccentricity) together with the recorded ultimate axial load and
corresponding axial displacement for each test specimen configuration. It should be noted that
test results for Specimens C3, C5, C6, C12, C16, and S15 were missed because of the
problems experienced during their tests. It is evident from Figs. 37(a) and 37(b) that the load
eccentricity had a significant influence on the behavior of FRP-confined HSC columns. Figure
38 shows the variation of the ultimate axial load and displacement of FRP-confined concrete
with measured load eccentricity. It can be seen from the figure that the ultimate axial load and
corresponding axial displacement at the point of loading decreased almost linearly with an
increase in the load eccentricity. These reductions are as expected and attributed to the
presence of bending loads and their increase with an increase in the eccentricity. In addition,
although the rate of ultimate axial load reduction was similar for both circular and square
specimens, the reduction of the ultimate axial displacement was higher in square specimens

than that in circular specimens.
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Table 12-Results of compression tests

Specimen Measured Ultimate Axial Axial
D Eccentricity Load Displacement*
(mm) (kN) (mm)
c1 0 3370 5.5
Cc2 0 3266 5.9
c4 15 2411 5.3
c7 23 1972 4.7
C8 33 1650 4.3
Cc9 34 1570 4.3
C10 33 1545 4.3
C11 38 1218 3.9
C13 45 1127 3.7
Ci4 45 1113 3.4
C15 48 1025 3.4
S1 0 3989 6.7
S2 0 3810 6.3
S3 15 2677 6.1
S4 16 2699 6.8
S5 21 2283 5.1
S6 22 2332 5.0
S7 28 2074 5.0
S8 30 2058 4.7
S9 35 1885 4.6
S10 39 1656 43
S11 44 1534 3.6
S12 44 1537 3.5
S13 49 1191 3.3
S14 51 1152 3.1

* Measured by full-height LVDTs at the point of loading

Figures 39(a) and 39(b) show the axial load-displacement curves of two representative

eccentrically-loaded specimens, one with a circular and one with a square cross-section,

measured by full-height LVVDTs installed at different positions. As can be seen in the figures,

displacements measured by the two sets of LVDTs varied significantly along the direction

perpendicular to the line of application of the load, which naturally resulted in a change in the

lateral confinement effectiveness along the cross-section.

84



Ultimate Load (P) (kN)

Ultimate Displacement (4) (mm)

4000 i
3000 | e e
- .........
AT ﬂ ..........
2000 - ol e
“l ..... [
o PRy
1000 - B
@ Circular |
.Square
0 | | I I I
0 - - . 40 50
Eccentricity (e) (mm)
()
8
[ -
R =
.................... ..”".“."..."
| .... o
/) I SRR ® . -----
...'p...-.'..-..
3 ]
21 ecircular
1 1 wmsSquare
0 | | I I I
O - - - 40 50

Eccentricity (e) (mm)
(b)

with load eccentricity

Figure 38- Variation of ultimate axial (a) load and (b) displacement at the point of loading

85



=
)
D
D

// 'r'
N 1400
—_ S o
3 s
N $~‘_"'
© ,’
© ’
3 g NW' o o o e
g 400 NE — — -
Z SW__ . __
200 SE
0 .
-10 0 10 20

Axial Displacement (mm)

Axial Load (kN)

! U ! ! !

-20 -10 0 10 20 30
Axial Displacement (mm)

(b)

Figure 39- Axial load-displacement relationships measured by different full-height LVDTSs:

(a) circular (C13, e = 45 mm), (b) square (S9, e = 35 mm)

86



4.3.3 Axial load-lateral displacement and axial load-curvature curves
Figure 40 shows the axial load-lateral strain relationships of representative specimens (i.e. C9

and S6) at different strain gauge locations shown in Fig. 35(d). As can be seen in the figure,
under eccentric loading, the maximum lateral strains were recorded at the extreme
compression face and they decreased as the strain gauge location moved away from this
section toward the extreme tension face.

In order to investigate the sectional bending behavior of FRP-confined concrete under
eccentricity the variation of axial load with curvature is studied. Figures 41(a) and 41(b) show
the axial load-curvature (determined from mid-height LVDTSs) relationships of specimens
with circular and square cross-section, respectively. It can be seen in the figures that, as
expected, the ultimate curvature increased with an increase in the eccentricity, which

translated to an increase in the bending moment.
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4.3.4 THEORETICAL LOAD-DISPLACEMENT CURVE AND EQUIVALENT
AXIAL STRESS-STRAIN RELATIONSHIP
The use of axial stress-strain curves obtained by concentric loading leads to inaccurate

predictions of the axial load-displacement of specimens in eccentric loading. As the stress-
strain relationship of concrete changes along the depth of the cross-section, an equivalent axial
stress-strain relationship that is representative of the entire cross-section of the concrete can
be obtained to accurately predict the axial load-displacement curve. Figure 42 shows the
typical cross-sectional stress and strain distributions of a circular and square concrete column
under eccentric compression. It is well understood that axial stress-strain relationship of FRP-
confined concrete columns highly depends on the uniformity of lateral confinement pressure
[85, 86, 141]. As can be seen in Fig. 42, the stress and strain over the cross-section of FRP-
confined concretes under eccentric loading are not distributed uniformly due to the load
eccentricity. This strain gradient on the specimen cross-section results in a non-uniform
dilation rate and confining pressure for confined concretes. This is the reason why the axial
stress-strain models proposed for columns under concentric loading would not be able to

accurately capture the behavior of those under eccentric compression.
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Figure 42-Sectional analysis: a) circular cross-section, b) square cross-section. &, ¢, P, e,
NA, and CL are axial stress, axial strain, curvature, applied axial load, eccentricity, neutral
axis, and center line of the cross-section, respectively

Figure 43 shows typical axial stress-strain relationships for unconfined and FRP-confined
concrete to introduce the key properties on these curves. In this study, sectional analysis with
an iterative procedure (Fig. 44) was conducted to obtain the axial stress-strain curves of FRP-
confined HSC under eccentric loading based on the experimental data. An axial stress-strain
relationship with an ascending branch and a linear second branch (with a slope of E»), that
transitioned at a point referred to as the transition point (defined by the axial strain & and the
corresponding axial stress f’ct) was first assumed. The theoretical load-displacement curves
were subsequently obtained using the algorithm shown in Fig. 44.

As can be seen in Fig.44, the sectional analysis was adopted in this study to obtain the axial

stress-strain curves (see Figs. 42 and 43). Concrete surface was assumed to remain plane and
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the tensile strength of the concrete was ignored. Compressive stresses and strains were
considered to be positive. Full-height LVDT readings averaged at both the compression and
tension sides were used to determine the axial displacement at point of loading. Curvatures
and locations of neutral axis of the cross-section were calculated using mid-height LVDT
readings. It became evident from the careful study of the load eccentricities applied to the
specimens in the tests that there were slight differences in measured and target eccentricities
(e and et). The measured eccentricities (e) reported in Table 12 were determined from the test

results along the initial elastic part of the load-displacement curve.

f E, (f cc, &:u)

(Fer, £ct) Ascending second branch of

FRP-confined concrete

Pl
(Feo, Eco)

Unconfined
concrete

Axial stress

Axial Strain

Figure 43- A typical axial stress-strain curve for unconfined and confined concrete

In the determination of axial stress-strain curves, cross-sections were divided into a large
number of small layers (dx), as shown in Fig. 42. Second branch slope (E>), transition stress
(f°ct), and corresponding strain (ect) were first assumed using the values obtained under the
concentric loading as the starting point. To obtain each point in the axial stress-strain curve,

curvature (p) and axial strain (ec) were calculated based on the axial displacement measured
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by mid- and full-height LVDTSs (4), respectively. The location of the neutral axis (NA) was
then determined based on the obtained curvature and axial strain. Theoretical axial load (Ptn)

and moment (M) were calculated by Egs. 4.1 and 4.2.

D/2

Pth =f_D/2ijdA (41)
My, = [2)7, fejyda (4.2)

where D is specimen cross-sectional dimension, fej is axial stress at the given layer of j, and y
is the distance between the given layer and the centroid. The process was repeated until the
specimen failure as a result of FRP rupture initiating at the compression side to produce the
complete theoretical load-displacement curve. In cases where theoretical and experimental
load-displacement curves were not in agreement, by adjusting Ez, f°«t, or &t the process was
repeated until a close agreement between theoretical and experimental load-displacement

curves is obtained.
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Figure 44- Flowchart for the determination of axial stress-strain curves. P, M, 4, ¢, NA, E,
&cty [ty Pth, Min, Te, &c, f7cc, and ecy are experimental axial load, experimental moment, axial
displacement at loading point, curvature, location of neutral axis, second branch slope, axial
strain at transition point, corresponding axial stress, theoretical axial load, theoretical
moment, axial stress, corresponding axial strain, ultimate axial stress, and corresponding
axial strain, respectively.

The parameters in the axial stress-strain curve (Ez, f’«, ect) were finally adjusted by matching
the theoretical and experimental load-displacement curve through regression analysis (see
Appendix for more details). The Popovic’s curve [128] was used for the initial ascending

portion of the axial stress-strain curve. The second branch of the curve was obtained by
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connecting the point of transition to the ultimate point (defined by the ultimate axial strain &cy
and the corresponding axial stress f”cc) through a straight line. Eq. 4.3 presents the adopted

axial stress-strain relationship of FRP-confined concrete.

1 & ( n ) . <eg
ct . —Scn c = cct
ﬁ = Ect Tl—1+(£—ct) (4'3)

fclt + Ez(gc - gct) Ect <& < Ecy

where & and fc represent the axial strain and stress, respectively, and n is defined by Eq. 4.4

[129]:
Ec

n= I (4.4
€ ect

E. = 4400./f"., (4.5)

where Ec and /.o are the elastic modulus and unconfined concrete strength in MPa,
respectively.

Figures 45(a) and 45(b) show the axial stress-strain curves obtained from the experimental
axial load-displacement curves of specimens with circular and square cross-section tested
under different load eccentricities, respectively. It should be noted that the ultimate axial strain
is the axial strain obtained at specimen failure as a result of FRP tube rupture. As can be seen
in Figs. 45(a) and 45(b), an increase in the load eccentricity led to an increase in ec but a
decrease in E», which translated to a reduced ultimate axial stress (f’cc) for the specimens of
this study. It can also be seen from the figures that f°c: of circular specimen decreased slightly
in the presence of load eccentricity, whereas f’«t of square specimen remained mostly

unchanged.
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Figure 45- Axial stress-strain relationships of concretes under eccentricity: a) circular, b)

sguare cross-section

96



Table 13 shows the variation of the ultimate axial stress and strain and the second branch slope
with load eccentricity. As can be seen in the table, in the case of concentric loading (i.e. e =
0), the strength enhancement ratio (f’cc/f'c0) Of the FRP-confined concrete columns was
approximately 1.80. It can also be seen in the table that for both circular and square specimens,
fec/f'co decreased to approximately 1.30 with increasing e to 50 mm. Table 1 3 also shows that
the axial strain enhancement ratio (ecu/eco) Of concrete increased with an increase in e. These
observations are discussed in detail in the following section.

Figure 46 illustrates the theoretical axial load-displacement curves obtained through the
process outlined in Fig. 44 together with the experimental curves. As can be seen in the figure,
the application of the proposed equivalent axial stress-strain curves resulted in accurate

representations of the axial load-displacement curves of specimens under eccentric loading.

97



Table 13- Variation of key axial stress-strain curve parameters with eccentricity

Measured 2nd Ultimate  Ultimate Normalized Normalized Normalized Axial strain Strength
Specimen Eccentricity Branch Axial Axial 2" Branch ultimate axial  ultimate axial enhancement enhancement
ID (e) Slope (E2)  Stress (fcc) Strain Slope strain stress ratio ratio
(mm) (MPa) (MPa) (€cu) (Eo/Ez0)* (Ec/Ecuo)** (Fec/f'ec0) ¥** (Ecu/€co) (f'ec/f'co)
C1 0 4120 190.7 0.018 1.03 0.95 1.01 6.32 1.81
C2 0 3900 185.8 0.020 0.97 1.05 0.99 7.02 1.80
C4 15 2900 173.4 0.026 0.72 1.40 0.92 9.12 1.65
c7 23 2100 1594 0.028 0.52 1.51 0.85 9.83 1.51
Cc8 33 1500 148.9 0.029 0.37 1.54 0.79 10.18 1.41
9 34 1100 143.3 0.030 0.27 1.60 0.76 10.53 1.36
C10 33 1250 142.1 0.030 0.31 1.60 0.75 10.53 1.35
C11 38 950 138.7 0.030 0.24 1.62 0.74 10.53 1.32
C13 45 900 135.2 0.032 0.22 1.72 0.72 11.23 1.28
Cci14 45 750 138.3 0.031 0.19 1.67 0.73 10.88 1.31
C15 48 700 130.2 0.033 0.17 1.77 0.69 11.58 1.23
S1 0 3750 183.4 0.023 1.07 1.04 1.02 8.07 1.75
S2 0 3250 175.1 0.021 0.93 0.96 0.98 7.37 1.67
S3 15 2250 164.4 0.029 0.64 1.30 0.92 10.18 1.54
S4 16 2000 170.2 0.028 0.57 1.30 0.95 9.83 1.60
S5 21 1450 162.3 0.032 0.41 1.46 0.91 11.23 1.53
S6 22 1450 158.2 0.029 0.41 1.34 0.88 10.18 1.49
S7 28 1350 156.3 0.033 0.39 1.49 0.87 11.58 1.47
S8 30 1250 158.6 0.034 0.36 1.53 0.88 11.93 1.50
S9 35 1150 151.6 0.034 0.33 1.53 0.85 11.93 1.43
S10 39 1110 147.2 0.033 0.32 1.52 0.82 11.58 1.39
S11 44 650 144.5 0.034 0.19 1.57 0.81 11.93 1.37
S12 44 600 140.3 0.035 0.17 1.58 0.78 12.28 1.33
S13 49 550 141.1 0.037 0.16 1.70 0.79 12.98 1.34
S14 51 500 141.2 0.037 0.14 1.67 0.79 12.98 1.34

* E2,0is the second branch slope of the specimen under concentric loading
** g0 is the ultimate axial strain of the specimen under concentric loading
*** fc0is the ultimate axial stress of the specimen under concentric load
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4.4 Discussion

4.4.1 Relationship between the second branch slope and load eccentricity
Figure 47 shows the variation of normalized second branch slope (E2/E2,0, where E2 is the

second branch slope of the specimen under concentric loading) of FRP-confined concrete with
normalized eccentricity (e/R, where R is the cross-sectional radius). As can be seen in the
figure, E2/E20 of FRP-confined concrete decreased almost linearly with an increase in e/R.
Based on the regression analysis, it was found that the relationship between E>/Ezo and e/R

can be expressed by Eg. 4.6.

i =1 kes () (9

Ezo

where kee is eccentricity coefficient for the second branch slope of axial stress-strain
relationship. As can be seen from Fig. 47, kee of the circular and square specimens is
approximately the same, indicating that the second branch slope of axial stress-strain
relationship is geometry independent within the parametric ranges investigated in the current
study. The specific expressions shown in Fig. 47 are not intended as general model
expressions, but they are trend-line equations that describe the behaviors of the specimens

tested in the current study.
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4.4.2 Relationship between the ultimate axial strain and stress and load eccentricity
Figure 48 illustrates the relationship between normalized ultimate axial strain (ecu/ecu0, in

which ecuo is the ultimate axial strain of the specimens under concentric loading) and e/R of
specimens with circular and square cross-sections. It can be seen from the figure that ecu/ecu0
increased almost linearly with an increase in e/R, and the shape of the cross-section had only
a marginal effect on the trend. The relationship between ecw/ecu0 and e/R can be expressed by

Eq. 4.7.
Ecu _ e
=1t ke (E) (4.7)

where ke . is the eccentricity coefficient for the ultimate axial strain.

Figure 49 shows the variation of the normalized ultimate axial stress (f’cc/f'cc,0, Where f’cco IS
the ultimate axial stress of the specimens under concentric loading) with e/R. Eq. 6 presents

the linearly decreasing trend of the ultimate axial stress with increasing eccentricity as seen

in the figure.
fee _ _ €
Fe=1-kes () (4.8)

where ke, is eccentricity coefficient for the ultimate axial stress. As can be seen in Fig. 49,
circular and square specimens showed a similar trend. It can also be seen in the figure that f’cc
of circular specimens decreased more significantly than those of square specimens with an
increase in the eccentricity. Once again, the equations given in Figs. 48 and 49 should not be
treated as general model expressions, as these relationships are expected to be influenced by
the confinement parameters such as the normalized confinement ratio (fiu/f"co, Where fi, is the

ultimate confining pressure).
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4.4.3 Relationship between the transition stress and strain and load eccentricity
Figure 50 shows the variation of normalized stress at transition point (f’ct/f ct0, in Which f7ct0

is the transition stress of the specimens under concentric loading) with e/R. As can be seen
from the figure, /"ct/f"ct0 OF the circular specimens decreased slightly in the presence of load
eccentricity, but the ratio remained mostly unchanged (i.e. 0.87) under different load
eccentricities. It can also be seen in the figure that f"ct/f"cto 0f FRP-confined specimens with
sguare cross-sections remained nearly constant (i.e. 0.97) under different load eccentricities.
Figure 51 shows the variation of normalized strain at transition point (ect/ect0, in Which et is
the transition strain of the specimens under concentric loading) with e/R. It can be seen from
the figure that ec/ecto Of the circular specimens increased slightly in the presence of load
eccentricity, but it remained mostly unchanged (i.e. 1.09) under different load eccentricities.
It can also be seen in the figure that ect/ect 0 Of FRP-confined square specimens remained nearly

constant (i.e. 1.02) under different load eccentricities. These observations indicate that the
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load eccentricity had only a limited influence on the axial stress and strain of FRP-confined

HSC at the transition point.
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4.5 Conclusion
Based on the results presented in this section, the following conclusions can be drawn :

1. Load eccentricity significantly affects the behavior of FRP-confined HSC columns under
axial compression. An increase in load eccentricity leads to a decrease in the ultimate
axial load and displacement at the point of loading.

2. An increase in the load eccentricity results in an increase in the ultimate axial strain but
a decrease in the second branch slope of the axial stress-strain curve, which resulted in
a reduced ultimate axial stress in the specimens of the current study.

3. The ultimate axial strain increases and ultimate axial stress and second branch slope of
the axial stress-strain curves decrease almost linearly with an increasing eccentricity.

4. The transition stress and strain of axial stress-strain curves of FRP-confined HSC
specimens with square cross-section remain mostly unchanged under load eccentricity.
In specimens with circular cross-section these values slightly decrease and increase,
respectively, in the presence of load eccentricity, and they remain mostly unchanged

under different load eccentricities.

Because of the relatively significant influence of the load eccentricity on the axial stress-strain
behavior of FRP-confined concrete, caution is required when applying the concentric axial
stress-strain models of FRP-confined concrete to predict the behavior of members under load
eccentricity. Additional focused studies are recommended on eccentrically loaded FRP-
confined concrete columns to expand the currently limited test database, so that reliable stress-

strain models incorporating the effect of eccentricity can be developed.
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Chapter 5: Investigation of the compressive behavior
and failure mode of unconfined and FRP-confined
concrete using digital image correlation

(A paper is published based on this section: Fallah Pour A, Nguyen GD, Vincent T, Ozbakkaloglu T.
Investigation of the compressive behavior and failure modes of unconfined and frp-confined concrete
using digital image correlation. Compos Struct. 2020:112642 (DOI: 10.1016/j.compstruct.2020.112642))

5.1 Introduction
The lateral confinement of concrete columns with fiber-reinforced polymer (FRP) sheets

significantly enhance their compressive strength and axial strain capacity. During the past two
decades, the use of FRP composite as confinement reinforcement in retrofitting existing
concrete columns has been studied extensively in parallel with the development of new high-
performance composite columns [15, 88, 89, 92, 102, 111, 131]. Over 500 studies have been
performed on the behavior of FRP-confined concrete columns under concentric axial
compression loading as is shown in a recent comprehensive review of literature undertaken by
Ozbakkaloglu, Lim [16]. These studies have resulted in the development of over 110 stress-

strain models to predict the axial compressive behavior.

However, even the most accurate models are relatively poor at predicting the ultimate strain of
FRP-confined concrete [27-29]. This poor predictive capability is partly a consequence of the
large variability recorded in experiments measuring lateral strains in FRP wraps and tubes at
failure [27]. To predict ultimate axial strain (ecy) and stress (f°cc) of FRP-confined concrete, the
models that make use of the hoop rupture strain are significantly more accurate than those that
make use of the ultimate tensile strain of fibers (ery) [17]. It should be noted that the lateral
strain measured on the FRP jacket at the time of FRP rupture (enrup) does not equal to the
ultimate tensile strain of the fibers (ern) and is significantly lower than that [28, 29, 38, 89]. In

addition, by studying the large database of reported hoop rupture strain (en,rup), there exists a
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notable lack of consistency and with some data deviating from general trends [16, 29].
Available experimental data for hoop rupture strain (en rup) reported by different studies showed
large variations for specimens with similar characteristics such as unconfined concrete strength
(f’c0) and lateral stiffness (Ki). Many researchers studied the reduction of en rup With respect to
efu and they proposed a reduction factor (k:) to determine enrup [28, 29]. However, the use of
these reduction factors did not results in accurate prediction of ey [17, 93]. DIC method was
used by different studies for FRP-confined concrete [27, 142, 143]. As it was shown in previous
studies [27, 29, 96, 142] by using different methods (strain gauges and DIC) that strain gauges
is inadequate to capture the actual values of enrup due to strong variation of strains over the
specimen surface. It is explained by Bisby and Take [27] and Tabbara and Karam [30] that this
variation is due to local shear failure that facilitated the movement of concrete wedge along the

activated failure planes.

It is well established in existing studies that cracked concrete dilates rapidly during the
transition zone and the lateral expansion triggers the passive confinement mechanism of the
FRP shell (e.g. [15, 17, 92, 97, 99, 103, 111, 144]). This transition zone separates the two
typically quasi-linear stages on the axial stress-strain curve during development of passive
confinement. The lateral confining pressure (fi) generated by the FRP shell counteracts
degradation of the axial stiffness of the concrete core and prevents the core from losing its
integrity. This confinement mechanism often leads to a ductile plateau in the axial stress—strain
curve after the initial ascending branch, which is often referred to as the second branch.
Numerous previous studies (e.g. [15, 17, 92, 96, 97, 99, 103, 111]) have shown that FRP-
confined concrete specimens typically fail due to rupture of the FRP confining shell. After
failure of the FRP tubes, inspection of the exposed concrete rubble reveals a large number of
microcracks were created during failure which indicates gradual concrete crushing during

failure [106]. A few DIC-based studies on localization and concentration of strain for
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unconfined and FRP-confined concrete specimens under bending (e.g. [145-147]) and
unconfined concrete specimens under compressive loading (e.g. [148-151]) have shown the
benefits and potentials of the technique in furthering the understanding of failure. However, to
the best of our knowledge the strain development and shear failure zone expansion of FRP-
confined concrete at different stages of compressive loading has not been investigated in detail

in the literature.

It is well understood that the level of confinement provided by the FRP shell influences the
behavior of FRP-confined specimens under compression. If this level is greater than the
threshold confinement level, the second branch of the stress—strain curve will display strain
hardening behavior [16]. In addition, the confinement level is able to change the transition
point (f’c1, ec1) and slope of second branch of axial stress-strain curve [10, 17, 21, 22, 24, 93,
99, 103, 115, 116, 152, 153]. As discussed previously [154], the measurement methods used in
experimental testing can influence the recorded axial stress-strain curve, and the use of DIC to
measure the axial and lateral strain development and variation of hoop rupture strains can lead
to a better understanding of the mechanical behavior compared to that can be derived through
the use of contact methods [27, 142, 155]. The DIC based studies showed the variation of hoop
strain at rupture (en,rup) over specimens’ surface. In addition, Li, Wu [142] showed the effect of
f’co On carbon fiber reinforced polymer specimens under monotonic and cyclic compressive
loading. This study showed the significance of unconfined concrete strength (f’co) on behavior
of FRP-confined specimens and they obtained a higher strain reduction factor (k.) for CFRP-
confined concrete specimens with /"o lower than 60 MPa compared to higher values of f’c.
This existing study was limited to carbon and glass FRP with no detailed discussion on the
effect of confinement characteristics such as elastic modulus (Es), ultimate tensile strain and

strength (erw and fr) on progression of failure resulting in FRP rupture.
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This paper presents a study about the variation of strain development and confinement
mechanism for unconfined and FRP-confined concrete columns. The effect of FRP
characteristics on specimens’ behavior under compression were studied and it is illustrated how
different Er and &f are able to change the localization and concentration of strain. In addition,
the development of shear failure planes in unconfined specimens and FRP-confined concrete
was investigated. This research helps to determine how the proposed expressions to predict the
mechanical behavior of FRP-confined concrete specimens are influenced by variation of FRP
elastic modulus (Er) and strain measurement methods. To perform this aim, DIC was used as
the non-contact measurement to illustrate and analyze the three-dimensional surface

deformation and to obtain the hoop and axial strains.

Initially, the experimental results are presented and a comparison between two measurement
methods using DIC and contact measurement is provided. Following this, an analysis is
performed on DIC images and strain localization and concentration was investigated closely
for both unconfined and FRP-confined concrete specimens. A discussion on strain evolution
and the influence of key confinement parameters on strain development is provided. In
addition, a detailed study on shear zone expansion during axial compression is discussed.
Finally, an analysis of hoop rupture strain (en,rup) variation over the surface of FRP-confined

concrete specimens is presented.

5.2 Experimental program

5.2.1 Details of specimens
A total of 10 unconfined and FRP-confined concrete cylindrical specimens, all with 100 mm

diameter (D) and 200 mm height (H), were manufactured and tested. The concrete mix used
had a target compressive strength of 30 MPa with control cylinders tested at selected time

intervals to determine the in-place unconfined concrete strength gain. 8 specimens were
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manufactured as FRP tube-encased specimens, where the tubes were prepared using a manual
wet lay-up process by wrapping epoxy resin impregnated carbon fiber sheets around precision-
cut high-density Styrafoam templates in the hoop direction; the summary of these test

specimens is presented in Table 14.

The specimens were manufactured with either carbon, glass or basalt fiber-reinforced polymer
(CFRP, GFRP or BFRP) confinement. The number of FRP layers was selected dependent on
material properties with lower grade FRPs receiving more layers to ensure adequate
confinement. Accordingly, 1 layer of confinement was allocated to CFRP and GFRP
specimens, whereas BFRP specimens received 2 or 3 layers due to low elastic modulus. Two
nominally identical specimens were manufactured and tested for each confinement parameter

as marked in Table 14.

Table 14-Details of test specimens

Specimen Concrete FRP- Number tf-total
Type Type  oflayers  (mm)
N-G1 NSC GFRP 1 0.2
H1-G2 HSC1 GFRP 2 0.4
H2-G3 HSC2 GFRP 3 0.6
N-C1 NSC CFRP 1 0.167
H1-C2 HSC1 CFRP 2 0.334
H2-C3 HSC2 CFRP 3 0.501
N-B2 NSC BFRP 2 0.150
N-B3 NSC BFRP 3 0.225
H1-B4 HSC1 BFRP 4 0.300
H1-B6 HSC1 BFRP 6 0.450
H2-B6 HSC2 BFRP 6 0.450
H2-B9 HSC2 BFRP 9 0.675
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5.3 Material properties

5.3.1 Concrete

The ingredients for concrete used in this research were sourced from a local concrete supplier
and were batched and mixed in the laboratory. The mixes consisted of crushed limestone as the
coarse aggregate, with a 10 mm nominal maximum diameter. The resulting slump for all
batches of concrete was over 100 mm. Control cylinders with 100 by 200 mm dimensions were
cast and tested in parallel to the FRP-confined specimens to determine compressive strength

(f’c0), as was mentioned previously. The details of the concrete mix are shown in Table 15.

Table 15-Concrete mix proportions

Ingredient NSC HSC1 HSC2
Cement (kg/m3) 360 437 506
Silica fume (kg/m3) - 38 44

Sand (kg/m?3) 700 710 700
Gravel (kg/m3) 1050 1065 1050
Water (kg/m?3) 230 164 148
Superplasticizer* (kg/m?3) - 10 20

w/c 0.64 0.36 0.30
Total (kg/ m3) 2340 2424 2468

* Superplasticizer contained 70% water by weight

532 FRP

The material properties of the fiber unidirectional sheets used to manufacture the FRP tubes
and jackets are shown in Table 16. The FRP epoxy adhesive used consisted of two parts, epoxy
resin binder (MBrace Saturant) and thixotropic epoxy adhesive (MBrace Laminate Adhesive),
which were mixed in the ratio of 3:1. All fiber sheets were positioned with fibers aligned in the

hoop direction with a 150 mm overlap; the specimens were wrapped with 1 continuous sheet.
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Table 16-Material properties of fibers and FRP composites

Fiber/FRP properties

Nominal Provided by manufacturers Obtained from coupon tests”
dry fiber : : : :
Type . Ultimate Ultimate . Ultimate Ultimate .
thickness . . Elastic , , Elastic
tensile tensile dul tensile tensile dul
tr (mm/ply) stress strain mogutus stress strain modutus
o Ef (GPa) o Errp (GPa)
fr (MPa) &r (%) frre (MPa) Errp (%)
CFRP 0.167 4830 2.10 230 4598 1.95 236
S-Glass 0.2 3040 3.50 86.9 3055 3.21 95.3
BFRP 0.075 1680 2.30 73.0 1584 2.10 76.0

* Calculated based on nominal dry fiber thickness

* Full-Height-LVDT Full-Height-LVDT

r. .2

Lateral Strain 3 .
Gauge (LSG)

5

200 mm

150 mm

Fuli-Height-LVDT Full-Height-LVDT
" »

Figure 52- Test setup and instrumentation
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5.4 Instrumentation and Testing

Axial deformations of the specimens were recorded with four linear variable differential
transformers (LVDT), which were mounted at the corners between the loading and supporting
steel plates of the test machine as shown in Fig. 52. The recorded deformations were used in
the calculation of the average axial strains along the height of the specimens. Lateral strains
were measured by a total of 6 unidirectional lateral strain gauges (SG) having a gauge length
of 5 mm that were bonded on the FRP jacket outside the overlap region. These strain gauges
were installed in pairs located at heights of 50, 100 or 150 mm with each pair of gauges attached

at opposing sides of the specimen.

The specimens were tested under monotonic axial compression using a 5000 kN capacity
universal testing machine. During the test, displacement was applied at the rate of
approximately 2 microstrain per second until specimen failure. The instrumentation and testing

equipment used in this experimental study is shown in Fig. 52.

A DIC analysis was used in this study to obtain values of axial and lateral strain by a contactless
method. DIC is principally based on the correlation of the digital images taken during the
deformation and failure of the specimens. By using this technique, a speckle pattern with white
or black dots is required on the specimen surface. The 3D DIC system used in the experiments
consisted of two monochrome 2.8-megapixel, conventional charge-coupled device (CCD)
cameras. It had a sensor size of 1/1.8" and a maximum resolution of 1928x1448 pixels. The
camera lens was a 75-mm Fujifilm prime lens with an aperture size range of 1/22-1/2.8. This
lens has minimal distortion, therefore, no correction for distortion was necessary. The camera
body had a Universal Serial Bus (USB) 3 interface for the fast and reliable image transfer;
Figure 2 shows the detail of DIC setup. The three-dimensional DIC calibration was performed

to provide the geometrical information of the object being imaged. It should be noted that the
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recorded strains by DIC do not cover the entire FRP surface as the area covered by DIC camera

is smaller than the full specimen surface, as shown in Fig. 53.

LVDT

Lateral Strain Gauge

a)

b)

=== Area covered by camera

Figure 53- DIC system setup a) camera setup, b) area covered by camera

114



5.5 Test Results

5.5.1 Axial stress-strain and axial stress-lateral strain
The axial strain and lateral strain recorded by LVDTs and SGs are presented in this section.

The softening behavior of specimens after failure (f’cc) was recorded to show the influence of
FRP types on failure progression. The axial strain was calculated by averaging of 4 LVDT
measurements while lateral strain for each of the three selected heights (Fig. 53) was averaged
from two lateral strain gauges at a given height. However, the analysis of images obtained with
DIC system provides both local and overall values of axial strain for comparison and analysis

as discussed later in this paper.

Figure 54 shows the axial stress-axial and lateral strain response for unconfined concrete
specimens. It should be noted that some of SGs ruptured during the tests and the results could

not be presented in the figure after their rupture.

Figure 55 presents the axial stress-axial and lateral strain curves for all confined specimens
obtained by LVDTs and SGs. It can be seen in the axial stress—strain relationships presented in

the figure that all specimens exhibit ascending second branches with ductile behavior. In
addition, as expected, the difference in lateral stiffness (K|) (K; = 2E.+tf, where Es, trand D are

elastic modulus, thickness and diameter of the FRP, respectively) significantly change the
compressive strength and ductility of the specimens as discussed in detail later in the paper. In
addition, it can be seen in the figure that companion specimens exhibit similar axial stress-
strain behavior but axial stress-lateral strain curves show differences except for CFRP
specimens. Also, it can be seen in the figure that the CFRP specimens with high elastic modulus
showed a rapid rupture of FRP fibers but the other two FRP fibers types (GFRP and BFRP)
presented a gradual failure progression and concrete degradation after f’cc. It is worth
mentioning that the CFRP specimens had highest fiber elastic modulus (E=230 GPa) and

sudden rupture occurred due to sudden release of high strain energy by CFRP confinement.
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In addition, the 3 types of FRPs used in this study had noticeably different characteristics;
CFRP has high Ef and f, GFRP has lower Ef and comparable f; to CFRP whereas BFRP has
low Erwith low f:. It can be seen in Fig. 4 that the FRP fibers with highest values of Er and f
(i.e. CFRP) led to highest stress and strain enhancement with a sudden FRP rupture at failure.
Conversely, the FRP with lowest values of Er and ft (i.e. BFRP) caused the lowest stress and

strain enhancement and a more gradual failure at ultimate.
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Figure 54-Axial stress-axial strain response of unconfined specimens
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5.5.2 Comparison of conventional strain measurement methods with DIC
Fig. 56 shows the area that was analyzed by DIC and the vertical and horizontal profiles which

are used to compare different measurement methods. To assess and compare the different strain
measurement methods applied in this study, a comparison between LVDT, SGs and DIC was
performed. This analysis was also used to validate the results obtained from different
measurement methods. For lateral strain, 3 profiles were selected to perform the comparison
and these profiles are illustrated in the Fig. 38 as h-1, h-2 and h-3 with the same heights selected
for the locations of SGs. To show the result of the comparison between different measurement
methods for axial strain, the average of axial strain obtained by DIC analysis of longitudinal

profiles (v-1, v-2 and v-3) was compared to LVDT results.

Figure 56-Vertical and horizontal profiles used to compare strain distributions obtained from
DIC and conventional measurement methods

5.5.2.1 Lateral Strain
A comparative analysis was performed to examine the consistency or inconsistency of overall

and local lateral behavior of specimens recorded by SG and DIC. This comparison was

performed by using virtual strain option presented in DIC and the recorded data from two SGs

118



at the same height were averaged (Fig. 56). It can be seen in Fig. 57 that, the lateral strain
development measured by DIC and SG are noticeably different, however the general trend of
recorded data by both methods is similar. As can be seen in the figure, the obtained results for
profile h-1 corresponding to the same height as SGs 1 and 2, showed maximum difference
between DIC and strain gauges. In addition, the results obtained for profile h-3 by DIC and
SGs were consistent except for in GFRP specimens. Finally, a comparison of the results
obtained by DIC and SGs 3 and 4 for profile h-2 had smaller differences compared to profile
h-1. This difference increased after initiation of plastic behavior, which indicates that the
localized shear plane effect influences lateral strain behavior differently at different specimen
heights. Figure 57 also shows that lateral strains obtained by DIC were higher than those
obtained by SGs. This can be attributed to the local nature of the SG measurements as opposed
to DIC results showing the overall displacement across horizontal profiles as obtained by
applying the virtual strain option in VIC-3D software. Finally, it should be noted that the lateral
strain started to increase rapidly at a load corresponding to 60-70 percent of f°co, Which is the

sign of inelastic behavior initiation.
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Figure 57- Comparison between lateral strain obtained by SGs and DIC: a) CFRP, b) GFRP,
c) BFRP-2; d) BFRP-3

55.2.2 Axial strain

Fig. 58 presents the comparison between axial strain obtained by LVDTs and DIC system.

Once again the axial strain obtained by DIC analysis was calculated by using virtual strain
option in the post-processing software used (VIC 3D). The virtual strain uses the change of
distance between two points on the surface of specimens. It can be seen in the figures that the

overall axial strain obtained by LVDTs and DIC results are consistent for CFRP, which has

high elastic modulus.
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Figure 58- Comparison between axial strain obtained by LVDTs and DIC: a) CFRP, b)
GFRP, ¢) BFRP-2, d) BFRP-3

Furthermore, comparison of Figs. 58 a and b shows that confinement stiffness affects the
behavior of specimens. It can be seen in the Figs.57 and 58 that the plastic behavior initiates
around the 60-70 percent of the unconfined concrete strength (f”co) by rapid increase of lateral
strain, and before this point minimal lateral strain development can be seen. As can be seen in
Fig. 40, the GFRP and BFRP specimens showed larger differences between DIC and LVDT
results compared to the CFRP specimens. This difference in behavior can be attributed to the
difference in K, with GFRP and BFRP having noticeably lower values of K; compared to CFRP.
The difference in K results in differences in localization patterns of strain and shear plane,
which were measured by LVDTs but not recorded by DIC. It should also be noted that GFRP
and BFRP-3 specimens with similar lateral stiffness exhibited a similar behavior for whole
time steps and both types of specimens showed similar differences between LVDTs and DIC

results.
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5.5.2.3 Strain developments on the surface of specimens
DIC was used in this study to understand the difference between various strain measurement

methods and to examine the reasons for inconsistencies in obtained strain results in existing
literature, as discussed previously. In addition, this measurement method helps to better
understand and illustrate the large variability of enrp over FRP confinement surface. This
method also shows the details of the failure mechanism and propagation of the shear failure
plane and localization of strains under axial compression. All these help link the macro stress-

strain behavior with the effects of FRP confinement on the strain distribution in the specimens.

Fig. 59 shows the DIC results for unconfined specimens and Figs. 60 and 61 for GFRP, CFRP
and BFRP-confined specimens. These figures illustrate the influence of confinement in
distribution of cracks and localization of strains during the performed test. From the recorded
Von Mises strain contours at different stages of deformation, it can be seen that the localization
of deformation is much stronger in unconfined specimen and strains are distributed more
homogenously in confined concrete than in unconfined concrete. The effects of FRP
confinement in changing the failure mode from very localized to more homogeneous, in

association with increasing strength, can be clearly seen.

To analyze the influence of lateral stiffness (Ki) on localization of strain, BFRP-2 and CFRP
confined specimens were compared (Fig. 60). This selection was made as CFRP-confined
specimens had the highest lateral stiffness (Ki) of 768.2 MPa, whereas BFRP-2 specimens had
the lowest at 219 MPa. As it can be seen in Fig. 60, the size of the localization zone for CFRP
specimen is larger than that of BFRP-2 specimens. The large lateral stiffness of CFRP
specimens caused a more homogenous distribution of strain and cracks in the specimen;
conversely, BFRP-2 specimens under weaker confinement exhibited much more localized

deformations.
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An analysis of the FRP type on the behavior was performed by comparing DIC recorded strains
of GFRP and BFRP-3 specimens with similar K; (i.e. 347.6 MPa for GFRP specimens and
328.5 MPa for BFRP-3 specimens). Fig. 61 illustrates this comparison. As it can be seen in the
figure, these two specimens showed a similar behavior and the deformation in the GFRP with

higher ultimate strength was slightly more homogeneous.

The results presented in this section qualitatively show the strong link between macro behavior
and distribution of strains. Higher strength resulting from higher lateral confinement stiffness
is accompanied with more homogeneous deformations, owing to the confinement provided by

the FRP.
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5.6 Analysis and discussion
As discussed in Section 5.5, the DIC results showed differences in homogeneity of deformation

in specimens with different confinement parameters. To perform a more detailed and
quantitative analysis, the evolution of Von Mises strain for different vertical and horizontal
profiles shown in Fig. 56 is investigated in this section. In addition, the effect of lateral stiffness
on the behavior and variation of hoop rupture strains are also discussed in this section.

5.6.1 Development of strains along specimen height

VVon Mises strain evolution along specimen height for unconfined and FRP-confined specimens
is presented in Figs 62 and 63. In these figures the vertical profile selected was profile V-2
shown previously in Figure 56. The specimens presented in these figures were selected based
on providing varying ranges of lateral stiffness and f’co. Figure 62 presents the behavior of an
unconfined specimen, whereas Figs. 63a and 63b present comparisons of specimens with
noticeably different and similar values of lateral stiffness, respectively. The Von Mises strain
evolution for different specimens was obtained by synchronizing the DIC camera results with
stress and strain recorded by data acquisition system. To observe the localization of strain
during axial loading, the evolution of strain field (Von Mises strain) was correlated with the
axial stress-axial strain curve. As can be seen in Fig. 62, the maximum Von Mises strain for
unconfined concrete occurred in the upper region, with little to no strain development
elsewhere along the specimen height. A comparison of all specimens presented in Figs 62-63
reveals that VVon Mises strain development along the V-2 profile is significantly higher in FRP-
confined specimens compared to unconfined specimens. It can also be seen that the height
corresponding to maximum Von Mises strain is typically located towards the mid-region for
all FRP-confined specimens rather than upper region for unconfined specimens. Ignoring the
statistical aspect (e.g. inhomogeneity of an intact material) that may affect where localization
takes place, the clear difference between localized behavior in Figs. 62 and 63 can be observed

and linked with the macro responses of the specimens. Confinement provided by the FRP in
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this case prevented the localization of deformation and as a consequence significantly altered

the specimen’s behavior.
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Figure 62- Comparison of Von Mises strain development for unconfined specimens
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Figure 63-Comparison of Von Mises strain development for: a) CFRP and b) BFRP-2
confined specimens

Figs. 63a and b present a comparison of Von Mises strain evolution along the height of

specimens for CFRP & BFRP-2 and GFRP & BFRP-3, respectively. These two comparisons

were selected as CFRP and BFRP-2 specimens respectively have the highest and lowest lateral

stiffness, and GFRP and BFRP-3 have approximately the same lateral stiffness. As can be seen

in Figs. 63a and b, the lateral stiffness directl

y affects the lateral strain behavior of specimens.
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The location of maximum Von Mises strain varied with a change in lateral stiffness and this
location moved closer to the mid-height of the specimen with increasing lateral stiffness. In
addition, BFRP-2 specimens with lower lateral stiffness displayed a more inhomogeneous
behavior compared to GFRP and CFRP specimens. This is due to the fact that lower lateral
stiffness allowed local deformations as its magnitude was not adequate to limit localization of

strains.

As was discussed previously, inelastic behavior in the unconfined specimens initiated when
the stress reached approximately 60-70% of f°co and this was followed by strain localization.
The confined specimens showed rapid increase of lateral strain after approximately 60-70%
feo (refer to Fig. 54), which indicates the activation of confinement. In the segment between
60-70% of f’co and f7c1, lateral strains remained relatively low. As expected, the confinement
actions became more pronounced beyond f’c1 which is evident from a noticeable increase in
lateral strains in Figs. 63a and 63b. As it can be seen in Figs 62 and 63, the localization of strain
over the specimen surface were limited to small area of unconfined and confined specimens at
f’co. This behavior that begins after 60-70% of f’co (e.g. Fig. 62) is attributed to the strain
concentration, which results in higher lateral strains. However, the confinement change the
lateral behavior of specimens and the approximately similar lateral response was observed after

/et until specimen failure as can be seen in Figs. 63a and b.

Table 17 shows the maximum, minimum, average and standard deviation (SD) of Von Mises
strains obtained at f’co, f’c1 and f’cc along profile v-2. It can be seen in the table that the
differences between the maximum and minimum Von Mises strains along the studied profile
was similar for unconfined and FRP-confined specimens at f’co. However, this difference for
FRP-confined specimens increased beyond this point and it reached to its maximum value at

f’cc. In this table the largest differences between maximum and minimum values of f’cc were
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seen in the N-C1 specimens which have the highest lateral stiffness (Ki) and ultimate axial
strain (ecu). This observation indicates that an increase in K results in an increase in variability
between Von Mises strains along the height of FRP-confined specimens. Furthermore, it can
be seen that this difference for B2-1 and B2-2 are lower than other specimens at f’c1 but GFRP
specimens showed lowest differences among specimens at f’cc. As discussed previously, B2
series of specimens had the lowest lateral stiffness and their behavioral characteristics were
closer to those of unconfined specimens in terms of both mechanical responses and evolution

of strain localization.
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Table 17- Statistical result for obtained Von Mises strain (evonmises) along profile v-2

fleo fla flec
Specimen Evon Mises( %) Evon Mises( %) Evon Mises(%)

Max Min Average SD Max Min Average SD Max Min Average SD
U-1 0.34 0.01 0.05 0.06 - - - - - - - -
u-2 0.32 0.01 0.08 0.06 - - - - - - - -
G1l-1 0.29 0.05 0.17 0.06 1.16 0.30 0.66 0.22 2.56 1.10 1.88 0.52
G1-2 0.32 0.09 0.18 0.05 1.23 0.60 0.94 0.16 3.01 1.50 2.03 0.29
C1-1 0.33 0.04 0.15 0.08 1.33 0.13 0.71 0.36 4.98 0.77 2.58 0.95
C1-2 0.27 0.05 0.14 0.14 1.14 0.32 0.67 0.24 4.68 1.69 2.58 2.58
B2-1 0.28 0.04 0.11 0.06 0.59 0.07 0.24 0.12 2.48 0.42 1.44 0.53
B2-2 0.30 0.02 0.11 0.06 0.57 0.32 0.40 0.05 2.84 0.37 1.12 0.59
B3-1 0.32 0.08 0.17 0.06 0.96 0.29 0.70 0.21 3.04 0.71 1.65 0.50
B3-2 0.31 0.04 0.09 0.04 1.02 0.34 0.69 0.17 2.92 1.10 1.70 0.53
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5.6.2 Strain developments around specimen perimeter
Figs. 64-66 show the evolution of VVon Mises strains at three different horizontal profiles (h-1,

h-2 and h-3) for specimens with three different levels of confinement. The three specimens
selected for this comparison are unconfined, lowest level of confinement (BFRP-2) and highest

level of confinement (CFRP), shown in each of the figures respectively.

A comparison of Fig. 64 with Figs. 65 and 65 reveals that the presence of FRP-confinement
results in a reduced localization of strain along the three studied horizontal profiles. The
unconfined specimen displays brittle behavior associated with strong non-homogenous strain
along the horizontal profiles after nonlinearity starts. In addition, the amount of confinement
stiffness (Ki) can be seen to influence this behavior, which can be observed by comparing the
CFRP and BFRP-2 specimens. A comparison of these specimens reveals that an increase in

confinement stiffness amount increased the uniform development of Von Mises strains.

It is worth noting that, as it can be seen in the Figs 62-66 and Table 17, it is difficult to assess
the evolution of shear zone using raw DIC data. In particular, the raw DIC data as seen in Figs.
62-63 involve the effects of statistical inhomogeneity of the material, making it harder to see
how localization of strain evolved in unconfined and FRP-confined specimens. A way to
remove this statistical effect to facilitate the analysis of rich microstructural data was proposed

in Nguyen, Nguyen [156] and applied in this paper to the DIC data in all specimens.
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Figure 66- Lateral Evolution of Von Mises strain for BFRP-2 confined specimen

5.6.3 Influence of confinement on shear zone expansion
Figure 67 shows the expansion of the shear zone during axial compression for unconfined and

confined specimens. To investigate the expansion of shear zone during the compression testing,
the average DIC obtained Von Mises strain over the specimen surface was calculated along
specimen height then these average strains were sorted in descending order from top to bottom

of specimens, as shown in Fig. 67. This process removes the correlation between strain and
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position and hence can give a clearer view on the development of strain during deformation. It
can be seen in the figure that the evolution of Von Mises strain during the test procedure for
both unconfined and confined can be categorized into two groups. The first group represents
steady development of evonmises during axial compression prior to pre-peak stage along the height
of specimens, which can be seen in well-confined specimens (i.e. CFRP, GFRP and BFRP-3
series). Conversely, there is a second group of specimens (unconfined and BFRP-2 specimens),
which displayed more localized behavior after yielding followed by a strong increase of non-
homogeneity during and after specimen failure. As can be seen in the figure, the shear failure
zone for well-confined specimens expanded gradually during testing, whereas the unconfined
specimens showed a rapid transition from homogenous to localized behavior. These
observations indicate that localization of strain and crack patterns develop gradually in well-
confined specimens but are very abrupt for unconfined specimens. In addition, as discussed
previously, lightly-confined BFRP-2 specimens displayed a behavior closer to that of

unconfined specimens due to their low lateral confinement stiffness (Kj).

It can be also seen in Fig. 67 that, although the evolution of Von Mises strain for specimens
are similar up to f’c, this evolution changed after the transition point for FRP-confined
specimens depending on their amount of lateral stiffness (Ki). It can be observed in the figure
that the CFRP specimen with highest lateral stiffness (Ki=768.2 MPa) showed more gradual

behavior compared to BFRP-2 specimen with lowest lateral stiffness (K;= 219 MPa).
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5.6.4 Comparison of hoop rupture strain measurement methods
It is well established that the most accurate prediction of ultimate axial strain (ecy) can be

performed by using hoop rupture strain (enrup) @s an input data. However, the determination of
enrup 1S difficult when using strain gauges which only record localized behavior as explained
previously in Section. 1. Using the DIC camera to measure the variation of en ryp 0N the full
surface of the FRP shell gives an opportunity to find the location and magnitude of maximum

en,rup and the influence of key confinement parameters such as f"co, Esrp and ferp.
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Table 16 presents a comparison between hoop rupture strains at failure recorded by DIC camera
and SGs. In addition, the strain reduction factors (k.) for maximum recorded lateral strain
recorded by DIC and SGs are presented in Table 18. It should be noted that the lateral strains
obtained by DIC do not cover the entire FRP surface as the area covered by DIC camera is
smaller than the full specimen surface, as shown previously in Fig. 53. The large difference
observed between maximum and average recorded lateral strain in Table 16 indicates that the
hoop rupture strain (en,rup) varied significantly along the specimen height. These results suggest
that the SGs are not capable of providing the actual hoop rupture strain, and the recorded values
depend on the location of the attachment and failure surface. This outcome is in agreement
with Bisby and Take [27] who observed a similar variation of hoop rupture strain over surface
of specimens. In Table 5 two specimens showed very low lateral strain values recorded by SGs
which are marked with *. Upon closer inspection of these results, it was found that SGs
experienced premature rupture and they did not record accurate data (Fig. 55). This table shows
that the GFRP specimens had larger difference between the reduction factors obtained by SG
and DIC, whereas CFRP showed smaller differences between these two measurement types for
k.. This observation can be attributed to occurrence of local shear plane which influence the
hoop rupture strain location. It is significant to say that the different characteristics GFRP and
CFRP caused the differences in mechanical behavior of these two types of fiber as explained

in Section. 5.5 including the strain localization and local shear plane location.
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Table 18- Numerical summary of observed lateral strain variation along the height of

specimens
. Enrup (%)-DIC MAX-LSG  ke(DIC) k< (LSGs)

Specimen

Max SD Average Median (%) - -
G1l-1 3.17 0.42 1.35 1.47 1.23* 0.91 -
G1-2 3.33 0.34 0.70 0.69 2.03 0.95 0.58
Cl-1 2.20 0.38 1.40 1.49 1.51 1.05 0.72
C1-2 2.17 0.44 1.23 1.10 1.77 1.03 0.84
B1-1 2.13 0.32 0.66 0.63 0.91* 0.92 -
B1-2 1.63 0.42 0.84 0.85 1.49 0.71 0.65
B2-1 2.03 0.28 0.64 0.64 1.70 0.88 0.74
B2-2 2.11 0.33 0.79 0.84 1.49 0.92 0.65

*Early rupture of LSGs

5.7 Conclusion
This paper presents the results of an experimental study on the localization of strain over the

surface of FRP-confined concrete columns with circular cross-sections under compression
loading. The axial stress-strain curves are obtained and synchronized with images captured by
a DIC system. Based on the results obtained in this study, the following conclusions can be

drawn.

1-The image-based DIC strain and deformation measurement method is able to give much
richer data in terms of full-field strains and their evolutions on the specimen surface compared
to LVDTs and strain gauges, which provide only global or local strain. This provides a better
understanding of confinement mechanisms and its effects on the mechanical response of
confined specimens. In addition, the outcome indicates that this system provides the same

levels of accuracy to LVDTs for axial strain and strain gauges for lateral strain measurements.

2- The DIC data also showed that strain gauges, when used in isolation and in small numbers,
are not capable of determining the actual en rup Needed for accurate prediction of ultimate points
on the stress-strain curve, because this strain varies significantly over the specimen surface,

making it difficult to obtain accurate measurements using strain gauges.
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3-The outcomes obtained by DIC show that deformations are more localized in unconfined

concrete specimens, and strains are distributed more homogenously in confined specimens.

4- The lateral stiffness of FRP jacket (Ki) influences the dilation behavior of FRP-confined
concrete; larger lateral stiffness of CFRP confinement leads to a more homogenous distribution
of strain and cracks in the specimen; conversely, BFRP-confined specimens under weaker

confinement exhibit much more localized deformations.

5- Maximum Von Mises strains occur at a location corresponding to specimen mid-height
region for all FRP-confined specimens and upper region for unconfined specimens. This
outcome shows a clear difference between localized strain behavior for unconfined and

confined specimens along the height of specimens.

6-An increase in confinement stiffness (Ki) increases the uniformity of VVon Mises strains
around the specimen perimeter. In addition, Von Mises strain evolution changes from more
localized for specimens with low lateral stiffness to more uniformly distributed for higher

lateral stiffness.

Given the richness of DIC data, a new way to condense and analyze DIC data is needed to
correlate the obtained data by DIC with mechanical behavior. This paper adopted and improved
a simple method previously proposed by the authors to correlate the obtained data by DIC and
behavior under axial compression to investigate the expansion of shear zone by removing the
correlation between strains and position and hence can give a clearer view on the development

of strain during deformation.
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Chapter 6: Analysis of mechanical behavior of
deformation in normal- and high-strength concrete
using digital image correlation

(A paper is drafted based on this section “Analysis of mechanical behavior of deformation in rock and
concrete using digital image correlation” by Ali Fallah Pour, Rupesh Kumar Verma, Giang Nguyen and
Ha Bui)

6.1 Introduction
Most materials fail due to localized deformation leading to shear band formation [157-162] and

eventual cracks [147, 161, 163]. In such cases, very high deformation tends to localize in a
narrow band across the specimens. For example, unconfined concrete specimens under
compressive loading exhibit brittle behavior in association with the fast transition from
homogenous to localized failure [164-167]. However, under confining conditions with lateral
pressure, this transition is often observed less abrupt [160]. Its correlation with mechanical
behavior can be seen in the following reported experiments [160, 164-167]. Under such
scenario, the evolution of localized band thickness characterizes the above transition which
further could be linked with the material behavior characteristics; for example, brittle behavior
shows a more abrupt transition from homogenous to localization indicating the significance of
thickness and orientation of localization band in concrete and other geo-materials [156, 168-
174]. Therefore, it becomes essential to develop a reliable approach for analyzing the localized
band thickness evolution. It may not be possible via contact measurement techniques like a
linear variable differential transformer (LVVDT) and strain gauges due to their ability to record
displacement of/over isolated points. In this view, X-ray computed tomography [7, 21-25] and
digital image correlation (DIC) (e.g. [1, 26-32]) provide efficient alternatives, especially in the

case of geo-materials and concrete.
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The localized behavior of geo-materials and concrete has been extensively investigated using
X-ray computed tomography [160, 175-179] and digital image correlation (DIC) (e.g. [27, 96,
98, 142, 147, 155, 180, 181]). It should be noted that this is an impossible task using contact
measurement techniques like a linear variable differential transformer (LVDT) and strain
gauges due to their ability to record only or overall displacement either isolated points. The X-
ray computed tomography method enables to the record of the full-field 3D strain and
localization evolution of different materials in detail. It offers a high-resolution observation of
full-field strain using significant density variation occurrence, which changes the X-ray
absorption [182]. However, as discussed by Landis et al. [183], [184] and [185], the use of X-
ray computed tomography is limited due to the need of a small size of specimens, typically 5-
10 mm, to obtain the expected advantages. Moreover, Landis and Keane [183] and Ando, Hall
[160] explained the use of the X-ray instrumentation technique in the determination of
micromechanical behavior of specimens under different types of loading including
compression. They indicated that the loading should be stopped to perform the X-ray scan at
different stages of the test in order to determine the evolution of the cracking and crack network
in the specimen. This leads to a long and expensive test procedure if the continuous outcome

is needed in the test plan.

On the other hand, the digital image correlation (DIC) technique provides a cheap and
affordable alternative to measure the continuous deformation over specimen surfaces
throughout the test. This method uses non-contact full-field kinematics measurement of planar
or non-planar surfaces deformation [186, 187]. It has been used extensively to study the
localization mechanism in different geo-materials and concrete (e.g. [142, 145, 147, 188-193]
). DIC applications in the uniaxial compression test of unconfined reinforced and confined
concrete (e.g. [27, 142, 148-151, 191]) and rock (e.g. [194-198]) demonstrated the competency

of this approach to measure full-field strain evolution to understand the localization
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mechanism. This can be further illustrated from Choi and Shah [148] who discussed that DIC
is a powerful method to measure the non-uniform deformations on the surface of concrete
specimens. In their paper, the non-uniform displacements over concrete specimen surfaces
were shown by using displacement contour maps at various stages of the test. How cracks
circumvented the aggregates and propagated parallel to the loading direction in the matrix, can
be seen in their research. Li, Xiao [151] used DIC to investigate the failure processes of
recycled aggregate concrete under uniaxial compression and observed that the main cracks

developed along the loading direction in cement-based materials.

Bisby and Take [27] used the DIC method to evaluate the hoop rupture strain measurement due
to its influence on the precise prediction of ultimate axial stress and strain of FRP-confined
concrete. They showed that about 50% variation of hoop strains compared to the coupon failure
strain could be seen over the surface of FRP confined circular concrete cylinders at failure.
They explained that the localization of shear failure planes within the concrete is among the
prime reasons for hoop strain variation over specimen surface, which followed by the
movement of solid concrete wedges along those failure planes. They suggested that more
researches are needed to improve further understanding of the true mechanism of confinement
and the factors influencing hoop strain efficiency, thus subsequent model predictions. On the
other hand, the effect of unconfined concrete compressive strength (f'co) on carbon fiber
reinforced polymer specimens under monotonic and cyclic compressive loading was studied in
[142]. This DIC based experiment obtained a higher strain reduction factor (k.) for CFRP-

confined concrete specimens with f'co lower than 60 MPa compared to higher values of f'co.

Similarly, Bobet, Fakhimi [194] and [197] demonstrated the reliability of a non-contact full-
field strain measurement (DIC) compared to conventional methods for geo-materials

specimens such as cemented rock specimens. Fracture initiation and propagation in sandstone
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specimens using DIC were studied by He and Hayatdavoudi [195], and they found that the
cracks are more likely to initiate from the centre or near the loading ends. Whereas the crack
propagation is along diametrical loading plane independent of crack initiation. The influence
of aspect ratios on sandstone rock behavior using DIC is investigated in the study [198], which
found that shear zone localization did not occur in specimens with smaller aspect ratio but in
the specimen with aspect ratio 2.4 and 3.5. Axial macro cracks were also observed to be
extended parallel to applied axial load at the end of the compression tests. Moreover, it was
found in this study that the evolution of localization around the future failure plane favourable

to shear zone localization took place for specimens typically with aspect ratios of 2.4 and 3.5.

Although the above-mentioned studies on concrete and rock performed a detailed study on
strain localization and its evolution or transition from homogenous to localized deformation,
the correlation of the strain localization with the mechanical behavior of specimens still
requires further attention. This correlation can bring more insights into the mechanical behavior
of concrete or rock specimens under confined or unconfined compression [168]. As shown in
Nguyen and Bui [168], the raw micro-mechanical data should be analyzed and condensed to
make them useful in developing and/or validating constitutive models. They can also help
improve the prediction of mechanical behavior of the material under consideration, using
findings on the links between mechanical behavior and evolution of localization. Similarly,
several studies were aimed to study the rock behavior using DIC technique but majorities of
them lack in-depth correlation analysis [196, 198-201]. This issue has been addressed partly in
Fallah Pour, Nguyen [202] in which a few different ways to analyse DIC data and the links
between localization of deformation with the macro responses have been explored. The results
are promising, opening a new way to correlate DIC data on deformation and localization with
the macro behaviour for more insights into localized failure of geo-materials. Nevertheless,

there are still several challenges due to very different localization patterns that do not show
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clear shape of shear localization bands in different materials. The onset of localized failure and
transition from diffuse to localization have also not been addressed in our previous study (Pour
et al, 2020). As pointed out in our recent theoretical approach (Nguyen & Bui, 2020), this onset

and transition are behind the observed macro behaviour of a material.

This section focuses on the correlation between evolution of localisation and the mechanical
responses of concrete and the analysis of data for the proposal of useful relationships for
constitutive modelling. The analysis of rich DIC data is used for the determination of onset of
localization and transition from diffuse to localized failure, in conjunction with the proposal of
a new statistical approach to predict the evolution of localization and transition of failure
modes. DIC data on concrete and sandstone in conjunction with their mechanical responses
under uniaxial compression are used. This approach results in the condensation of obtained
data by DIC and leads to a potential method which can be applied in validation and/or
development of constitutive models. The experiments are briefly presented in Section 2,
followed by the descriptions of a new approach to determine the onset and evolution of
localization from DIC data in Section 3. Sections 4 and 5 present a new way to condense rich
DIC data for findings that can be useful for the validation and development of constitutive
models.

6.2 Experimental program

6.2.1 Concrete
This study used the experimental data from the previous section performed on NSC and FRP-

confined concrete behavior [202] . Additionally, new specimens prepared from HSC with two
different targets compressive strength (f°c0). Three types of concrete specimens were prepared
from one normal strength concrete (NSC) batch and two high strength concrete (HSC) batches.
A total of 6 unconfined concrete cylindrical specimens, all with 200 mm diameter (D) and 200

mm height (H), were manufactured and tested. The concrete mix used had a target compressive
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strength of 30, 70, and 100 MPa with control cylinders tested at selected time intervals to
determine the in-place unconfined concrete strength gain. The ingredients for concrete used in
this research were sourced from a local concrete supplier and were batched and mixed in the
laboratory. The mixes comprises of crushed basalt as the coarse aggregate, with a 10 mm
nominal maximum diameter. The resulting slump for all batches of concrete was over 100 mm.
Control cylinders with 100 mm diameter and 200 mm height were cast and tested in parallel to

unconfined specimens to determine compressive strength (f'co). Table 19 present the detail of

HSC mixes.
Table 19-Concrete mix proportions
HSC-1 HSC-2
Ingredient Amount Ingredient Amount
Cement (kg/m3) 437 Cement (kg/m3) 506
Silica fume (kg/m3) 38 Silica fume (kg/m?3) 44
Sand (kg/m?3) 710 Sand (kg/m?3) 700
Gravel (kg/m3) 1065 Gravel (kg/m?3) 1050
Water (kg/m?3) 164 Water (kg/m?3) 148
Superglasticizer* 10 Superglasticizer* 20
(kg/m?) (kg/m?)
w/c 0.36 w/c 0.30
Total (kg/ m3) 2424 Total (kg/ m3) 2468

* Superplasticizer contained 70% water by weight

6.3 Instrumentation
The brief experimental set-up is presented in figure 68 where axial deformations of the concrete

specimens were recorded with four linear variable differential transformers (LVVDT), mounted
at the corners between the loading and supporting steel plates. The recorded deformations were
used in the calculation of the average axial strains along with the height of the specimens. The
lateral strain was measured by a total of 6 unidirectional lateral strain gauges (SG) having a
gauge length of 5 mm that were bonded on the surface of the specimen. These strain gauges

were installed in pairs located at heights of 50, 100, or 150 mm, with each pair of gauges
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attached at opposing sides of the specimen. The specimens were tested under monotonic axial
compression using a 5000 kN capacity universal testing machine. During the test, displacement
was applied at the rate of approximately two micro-strains per second until specimen failure.
It should be said that the detail of configuration can be found in previous sections, i.e. Figs. 52,

53 and 56.

The 3D DIC instrumentation utilized two monochrome 2.8-megapixel conventional charge-
coupled device (CCD) cameras at an inclination of more than 25° but smaller than 60°. These
cameras have a sensor size of 1/1.8" with a maximum resolution of 1928x1448 pixels. The
camera lens is a 75-mm Fujifilm prime lens with an aperture size range of 1/22-1/2.8 with
minimal distortion, i.e., no correction for distortion required. The camera body has a Universal
Serial Bus (USB) 3 interface for the fast and reliable image transfer. This instrumentation
includes three-dimensional DIC calibration. Figure 68 presents a brief outline of the overall

experimental setup and DIC arrangement.
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Figure 68-Test setup and instrumentation

6.4 Correlation between mechanical behavior and evolution of localization

6.4.1 NSC
The correlation of mechanical behavior and localization evolution for NSC specimens under

uniaxial compression are shown in Fig. 69. As shown in that figure, the localization behavior
varied slightly in NSC specimens compared to obtained results for Geo-materials (sandstone).
The slightly different behavior in NSC compared to sandstone can be explained by different
friction conditions between the specimen and loading platens, promoting splitting like a failure
instead of a localization band across the width of the specimen like in sandstone. Despite this
slight difference, the other characteristics of the localization evolution for NSC is similar to the
case of sandstone. Fig. 69a can be used to determine the initiation of localization while Fig.
69b illustrates the evolution of localization for NSC specimens. As shown in Fig. 69b, a
noticeable increase of Von Mises strain along the profile at middle of specimens after point 3
can be observed. This figure also illustrates the increasing of strain localization inside the shear

zone after point 4 while other part of specimens experienced an unloading behavior. It should
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be said that the measured VVon Mises strain along the height of specimens illustrate relatively
homogenous behavior before point 3. As can be seen in Fig. 69a, the localization initiated
before compressive strength of concrete (f’co) in NSC. This indicates a more accurate approach
is needed to investigate the localization onset. The transition from diffuse to localized failure
was illustrated in Fig. 69c. By removing the correlation of obtained Von Mises strain to
location, a method to condense the DIC rich data can be developed which helps to determine

quantitatively the trend of the mentioned transition, as explained in section 5.

Fig. 70 shows the onset of localization for NSC specimens. In this figure, the Von Mises strain
evolution is illustrated for two separate points placed inside and outside of localization zone.
As can be seen in the Fig. 70, the shear band in NSC specimens initiated (i.e. bifurcation of
Von Mises strain curves) at about 55%-65% of f'c,. This result indicates to earlier occurrence
of the bifurcation phenomenon in NSC than sandstone as observed before in Fig. 69a. It is
noted that the speckle pattern in concrete specimen were lost a few steps after maximum

obtained axial stress (i.e. /’co) and hence strain could not be calculated after this point (point 5).
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Figure 69-NSC specimens- Correlation between mechanical behaviour and evolution of
localisation: (a) stress-strain response and contours of Von Mises strain at 5 stages indicated
by 5 points; (b) evolution of strain profiles (centre line indicated in the inset); (c) Removing
link between strain and position and sorting strains in ascending order.
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inside and outside the localisation zone, NSC.

6.4.2 HSC
Same as NSC, the used methodology in previous section is applied on obtained DIC data for

HSC specimens and results are shown in Figs. 71 and 72. As can be seen in Figs. 71 and 72,

both studied batches of HSC showed unclear localization patterns compared to previous tested
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specimens, i.e. NSC specimens. The figures illustrate that the localization pattern varied from
clear shear band in sandstone and NSC to diffuse cracks in HSC. Comparing Figs. 69a with
71a and 72a (points 3 and 4) shows clearly the difference of localization onset and evolution
in HSC compared to NSC. As shown in Figs 71a and 72a, the onset of localization can be
observed later compared to NSC specimens but approximately similar to sandstone specimens.
However, despite of different observed pattern for NSC and HSCL1 in Figs 69a and 71a, Figs
69b and 71b illustrate the similar pattern of localization evolution for these two different types
of concrete. As can be seen in Fig. 71b for HSC1, an evident increase of VVon Mises strain can
be seen along the middle profile of tested specimens after points 3 same as NSC. This strain
localization increase occurred inside the shear zone beyond point 4 (as can be seen in Figs.
71b) and other part of specimens after this point encounter a unloading behavior except few
points. However, this pattern changes for HSC2 and the increase in Von Mises strain along
height of specimens occurs later, i.e. after point 4. It should be noted that HSC2 has highest
value of f’co among all prepared concrete batches which translates to more brittle behavior in
this type of concrete. Figs. 71c and 72c are prepared by detaching the correlation of obtained
Von Mises strain from location to condense the obtained DIC data for both types of HSC
specimens. This was performed to determine the trend of transition from diffuse to localized
failure guantitatively. Similar to sandstone and NSC, the characteristics of localized failure
remain the same for HSC and strain intensification (i.e., loading) inside the localization zone
can be seen while unloading can be obtained outside the localization zone, as can be seen in

Figs 71c and 72c.

Figs. 73 and 74 illustrate more evidently and accurately the initiation of localization for HSC
specimens. The figures’ preparation details were explained earlier for NSC specimens. As can
be observed in Figs. 73 and 74, although HSC specimens showed approximately similar

behavior in bifurcating of three types of studied strain curves to NSC, both types of HSC had
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slightly later bifurcation occurrence whereas the bifurcation happened at approximately 80-
90% of f'co. This can be attributed to more brittle behavior of HSC specimens compared to
NSC. This more brittle behavior enhances its similarity with rock in contrast to NSC. As it was
shown in these figures, the bifurcation phenomenon occurred approximately at maximum axial
strength more similar to HSC. In addition, the HSC specimens showed a sudden jump in the
obtained Von Mises strain inside of shear zone after bifurcation point. However, this abrupt
jump was not seen in NSC and a more gradual increase of Von Mises strain inside of
localization band was seen, shown in Figs, 70, 73 and 74. It is well understood that the
brittleness of concrete increased by an increase in f'co. This leads to more abrupt behavior of

HSC compared to NSC, which is in agreement with obtained results.
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Figure 71-HSC1 specimens- Correlation between mechanical behaviour and evolution of
localisation: (a) stress-strain response and contours of VVon Mises strain at 5 stages indicated
by 5 points; (b) evolution of strain profiles (centre line indicated in the inset); (c) Removing

link between strain and position and sorting strains in ascending order.
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Figure 72-Onset of localisation observed by plotting macro axial strain, and local strains
inside and outside the localisation zone, HSC1.
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Figure 73-HSC2 specimens- Correlation between mechanical behaviour and evolution of
localisation: (a) stress-strain response and contours of Von Mises strain at 5 stages indicated
by 5 points; (b) evolution of strain profiles (centre line indicated in the inset); (c) Removing

link between strain and position and sorting strains in ascending order.
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Figure 74-Onset of localisation observed by plotting macro axial strain, and local strains
inside and outside the localisation zone, HSC2.

6.4.3 Discussion
The obtained outcome from NSC and HSC in previous sections showed a diffused crack

patterns in HSC. This dissimilar observed behavior in HSC compared to NSC makes the
determination of transition from diffused to localized failure difficult which signifies the need
of more comprehensive method to analyse and quantify the mentioned transition. Moreover,
the obtained results for both concrete types, i.e. Figs. 69-74, show the evolution of full-field
strain along only one profile (unsorted and sorted) and do not include all measured full-field
strains obtained by DIC over specimens surface. As can be seen in the figures, changing the
profile from one location to another across the specimen’s perimeter, the different shapes for
unsorted and sorted VVon Mises strain profiles can be observed. This indicates the need of more
profiles for determining accurately the transition pattern from diffused to localized failure. It is
evident that using more profiles to investigate the mentioned transition is hard to be practiced
in developing/validating a constitutive model due to high number of datasets obtained by DIC.
Consequently, a new approach should be developed which uses all obtained data by DIC but
in condense format. Section 4 will illustrate a possible method to perform the data contraction

by using a new approach.
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6.5 A statistical approach to analysing localised failure

6.5.1 Correlation between macro mechanical behavior and evolution of localization
As discussed in previous section, a new approach needs to be developed which offers a

powerful instrument to capture all localization characteristics including initiation and
evolution. It is significant to be noted that the use of measurement method which is able to
provide both local and global deformation data sets is essential to develop such a method, e.g.
DIC. This approach should be capable to evaluate and quantify the overall and local mechanical
behavior of tested specimens and correlate them to localization characteristics. In this sense,
determining distributions of full-field strains over specimen surface and linking obtained
distribution at each step to other steps could be a potential option for such a type of approach.
Using this method offers a robust instrument to link the macro mechanical behavior of
specimens with localization characteristics and provides a lower scale of information compared

to continuum mechanics.

To model and determine the full-field strain distribution over specimen surface, probability
density function (PDF) and its accumulation form for each step of the test could be one of the
possible techniques. To develop this approach, the obtained Von Mises strain over whole front
surface of the specimens were used while the connections to their locations were ignored.
Afterward, the range between maximum obtained VVon Mises strain at failure and zero was
divided into 50 intervals. Following this, the number of obtained Von Mises strains that fall
into these intervals were counted at each step. The frequency number of data in each bin was
divided by a total number of analyzed data obtained by DIC over specimens’ front surface. A
histogram was provided based on obtained frequency numbers and related intervals then the
top of all bars of the histogram was connected together. It should be noted that approximately
similar maximum Von Mises strain was used for all specimens to make easier comparing

different specimens’ behavior to each other.
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Figures 75-77 present the obtained VVon Mises strain distribution and their accumulative form
at different steps of tests for NSC and HSC specimens. It can be seen in the figures that the

shape of Von Mises strain distribution at each step is very similar to statistical PDF and this

shape remained similar up to maximum axial stress for sandstone and concrete specimens.
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6.5.2 Statistical distribution function and parameters
The Beta distribution was selected in this study to model the Von Mises strain distribution over

the specimens' surface at each step of the test procedure in this study. This selection was made
due to the existence of three parameters which govern the shape of the distribution and these
parameters help to recreate the experimental distribution curves at different stages of the test.
The details related to the Beta distribution and three mentioned parameters are presented in
Appendix C. To create the theoretical Beta distribution curves and compare them to
experimental curves, three parameters (&, p, q) should be determined. To determine these
parameters, two conditions were considered. Firstly, the obtained theoretical curves should
have a similar shape as experimental VVon Mises strain distribution shape; secondly, they should
have approximately similar area under both types of curves. Fig. 78 shows the both obtained
PDF curves, i.e. experimental and theoretical curves, for NSC specimen. This specimen is
selected as representative of whole specimens due to similarity of obtained results including
both types of studied concrete types. This figure demonstrates a good agreement between
experimental and theoretical curves for NSC. It should be noted that the similarity of shapes
was lost after creation of a shear band. Additionally, as can be seen in Figs. 78 and same as
obtained p for whole concrete specimens, p are constant it equals 3. However, ¢ and g vary at

different steps of test procedure and different values at different axial strain are obtained.
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Figure 78- Beta Distribution of Von Mises strain for NSC specimen
To investigate the relationship between the obtained coefficients, i.e. £ and g, and mechanical

response of sandstone and concrete specimens, the variation of these coefficients with axial
strain is investigated in this study. Fig. 79 shows the relationship between & and g and recorded
axial strain for NSC and HSC specimens. It should be said that 6 points over axial stress-strain
curves are selected and obtained & and q for each point are plotted in Fig. 79. It also should be
said that the 6 selected points in axial stress-strain curves are similar points which were used
in Figs. 75-77. As can be seen in the Fig. 79, ¢ and g for concrete specimens decrease by an

increase in the axial strain and this relationship can be expressed by a power function. Eq. 6.1
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shows a general form of a expression which describes the relationship between ¢ and g and

axial strain (ea).

Eorq=0¢g? (6.1)

where e, is an axial strain, ¢ and @ are coefficients that vary in sandstone and concrete
specimens. Due to existence of more experimental data for concrete compare to sandstone, the
sandstone was not investigated in this part of study and the main concern is on the concrete
specimens. By studying the obtained experimental coefficients (¢ and #) for NSC and HSC
specimens, it can be observed that & can be expressed as a function of compressive strength of
concrete (f'co) and corresponding axial strain (eco) and ¢ can be considred conctant. Using
regression analysis, 0 in Eq. 6.1 can be expressed by two speperate equations, i.e. Egs. 6.2 and

6.3, for £and g, respectively.

fr28%
B¢ = 000 (6.2)
0y = f,(c)065€c0 (6.3)

It should be mentioned again that ¢ was obtained and considered constant and ¢ equals to (-3)
for £and (-1) for g. By substituting the Egs. 6.2 and 6.3 in the Eq. 1, the following expressions

are proposed to predict the & and q for both studied types of concrete (i.e. NSC and HSC).

0.225 .—3
fre6” €q

¢ = 1000 100 (6.4)

q f,2065£CO £ (65)
10.225 0.1 0.13

It should be noted that, ! 13‘6 5 (11)2) (%) is approximation of e (see Ref. [23]) and & is

10.225
f co

proportion of this approximation, i.e. , as can be seen in Eq. 6.4. This indicates the
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dependency of 0 to both unconfined concrete compressive strength (f”co) and corresponding
strain (eco). Fig. 81 shows the comparison between experimental and predicted values for £ and
g by using Egs. 6.4 and 6.5. As can be seen in the figures, there is approximately a good
agreement between predicted and experimental obtained & and . However, it should be noted
again that these results were obtained in this study and a more detailed study is needed to

develop a general statement.

Fig. 82 shows the obtained Von Mises strain distribution curves using Eqgs. 6.4 and 6.5 and
comparing these curves with obtaine experimental distribution for NSC, HSC1 and HSC2. As
can be seen in the figure, although there are differences between predicted distribution curves
by Egs. 6.4 and 6.5 compared to experimental curves, it can be said that the shape of
experimental curves are in good agreement with modelled curves. However, it should be again
said that this outcome needs more detailed studies and more experimental data to generalize

these results.
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Figure 79- Obtained ¢ and g for concrete and sandstone specimens
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6.6 Conclusion

This paper presents the results of an experimental study on the localization of strain for
sandstone, NSC, and HSC columns with circular cross-sections under compression loading.
The axial stress-strain curves were obtained and synchronized with images that are captured
by the DIC system. The following points summarize the main findings and contributions to this

study:

1-Given the richness of DIC data, a new way to condense and analyze DIC data is needed to
correlate the obtained data by DIC with mechanical responses of specimens. This paper
proposes a simple method to correlate the obtained data by DIC and confined specimen

mechanical response under compression.

2-The Von Mises strain evolution shows relatively homogeneous behavior during the pre-
peak regime. The VVon Mises strain profile in the middle of the front surface also of specimens
indicates this homogeneous deformation before the peak. The localization of strain gets
stronger at the peak, and very localized deformation happens during the post-peak regime: the
Von Mises strain inside the localization band keeps increasing while the strain outside the

band decreases, indicating elastic unloading.

3- The shear band in NSC specimens initiates to penetrate at about 60-70% of f'co, and both
inside and outside of shear band average VVon Mises strain showed approximately similar
behavior before this point (occurrence of bifurcation). Although HSC specimens showed
approximately similar to NSC, both types of HSC show slightly later initiation of bifurcation

occurrence and it happens at approximately 80-90% of f'co.

5- A new method is developed in this study to condense the obtained data by DIC and keep

the accuracy of localization characteristics. Using this method leads to determine distributions
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of strain over the specimen surface and link the strain distribution to a statistical expression.
Moreover, this method is capable of quantifying the strain distribution evolution during the
test procedure by using the same function and existing coefficients in this function. This offers
a robust approach to correlate the macro mechanical behavior of specimens with localization
characteristics, whereas this offers a lower scale of information compared to continuum

mechanics.

7- In this study, Beta distribution is used to model the Von Mises strain distribution at each
step of the test procedure. This selection is made due to the existence of three parameters that
govern the shape of the distribution and these parameters help to recreate the experimental
distribution shape. The outcome shows that the experimental distribution of Von Mises strain

over specimens surface can be modelled approximately accurately using Beta Distribution.
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Chapter 7: Examination of deformation in FRP-
confined high-strength concrete using digital image
correlation

(A paper is drafted based on this section “Deformation behavior investigation in FRP-confined high-
strength concrete using digital image correlation” by Ali Fallah Pour and Giang Nguyen.)

7.1 Introduction
The mechanical behavior of concrete columns enhances by using fiber-reinforced polymer

(FRP) sheets as lateral confinement. Over last two decades, many researches were performed
on application of FRP composite as confinement of concrete columns (e.g. [15, 88, 89, 92, 102,
111, 131]) and many of them examined the mechanical behavior of FRP-confined concrete
columns under concentric axial compression loading (e.g. [15, 16, 88, 89, 92, 102, 111, 131]).
Due to the better structural performance offered by FRP-confined HSC compared to NSC and
improving intrinsically brittle behavior of HSC due to FRP-confinement, the use of this
structural system in construction industry , e.g. bridges and multi-storey building, has recently
received a great deal of attention [14, 15, 17, 92, 106, 111]. However, vast application of any
structural system including FRP-confined HSC is possible when an accurate model to predict
the mechanical response of this structural system (i.e. stress-strain curve) under different type

of loading is available.

It is reported previously that the obtained experimental axial and lateral stress-strain curves of
FRP-confined HSC can be influenced by many parameters such as measurement methods [27,
142, 154, 155]. Most of existing available models for FRP-confined HSC are relatively poor at
predicting the key references strain in their axial stress-strain curves, e.g. ultimate axial strain
(ecu) [27-29, 142, 154]. 1t should be noted that the most accurate models to predict ultimate
axial strain (ecy) use hoop rupture strain (en,rup) as input data [17]. This poor predictive ability

of various models is partly consequence of the large variability recorded in experiments
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measuring strains in FRP wraps and tubes at failure [27]. The most popular existing
measurement methods, i.e. linear variable differential transformer (LVVDTSs) and strain gauges
(SGs), are sometimes unable to capture the key references point on the stress-strain curves such
as en,rup. FOr example, the large variability recorded data of enryp by different studies is partly
due to ability of SGs to show the behavior of one point over specimen surface where they are
attached. To illustrate the accurately behavior of FRP-confined concrete, a new measurement
method recently was applied which offers both local and overall engineering strain evolution
by correlation of digital images (DIC). This method was used recently by different researches
to study the inconsistency of reported results for hoop rupture strain (en,rup) Of FRP-confined
specimens, e.g. [27, 142]. As it was shown by previous studies [27, 29, 142, 144], localized
strain gauges cannot capture the actual behavior of hoop strain including hoop rupture strain
(enrup). It is explained by Bisby and Take [27] and Tabbara and Karam [30] that variation of
lateral strain in FRP-confined concrete including enrup is due to variation of localization of
shear failure planes within concrete which followed by movement of solid concrete wedge
along failure planes. Revising the existing literature focused on hoop rupture strain (en,rup)
showed that although few researches on strain localization of FRP-confined NSC was
performed (e.g. [27, 191, 202]), FRP-confined HSC needs more detailed study on lateral

behavior of FRP-confined HSC due to different behavior of HSC compared NSC.

Existing studies on failure procedure of concrete and FRP-confined concrete showed that the
appearance of crack in concrete caused fast lateral expansion during the transition zone and
this dilation triggers the passive confinement mechanism of the FRP shell (e.g. [15, 17, 92, 97,
99, 103, 111, 144]). As a result, the first ascending portion of axial stress-strain curves
transitioned to typically ascending quasi-linear stages on the axial stress-strain curve during
development of passive confinement, i.e. triggering confinement mechanism. This indicates

that the degradation of the axial stiffness of the concrete column contracts by lateral pressure
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(fi) which made by FRP jacket. The lateral pressure helps the concrete columns to avoid losing
its integrity and to show more ductile behavior compared to unconfined concrete. As previously
studies reported, i.e. [15, 17, 92, 96, 97, 99, 103, 111], the FRP-confined concrete specimens
typically fail due to rupture of the FRP confining shell. The observed concrete rubble after the
failure of the FRP tubes and a large number of microcracks created during failure progression
indicates the gradual concrete crushing during failure progression [106]. A few studies used
DIC method to describe better the failure procedure of unconfined and FRP-confined concrete
specimens under bending (e.g. [145-147]) and compression (e.g. [148-151]). These studied
reported the benefits and potentials of this technique for better explanation of failure procedure
and mode for tested specimens. The literature review performed by this group showed that no
researchers at present examined FRP-confined HSC strain localization to describe more
accurate the influence of more brittle behavior of HSC on FRP-confined HSC failure

procedure.

The mechanical response of FRP-confined concrete under compression was examined by
various studies (e.g. [142, 202]). These studies monitored the influence of key parameters such
as f’co and K; on FRP-confined concrete behavior. Li, Wu [142] with applying DIC investigated
the effect of /"o on carbon fiber reinforced polymer specimens under monotonic and cyclic
compressive loading. This study showed the significance of unconfined concrete strength (fco)
on behavior of FRP-confined specimens and they obtained the higher reduction factor (k.) for
CFRP-confined concrete specimens with f’co lower than 60 MPa compared to higher value of
f’co. It should be noted that the reduction factor shows the reduction of enrp compared to
ultimate tensile strain of FRP (er) (€.9.[28, 29]). Fallah Pour et al. [202] discussed the influence
of FRP types and lateral stiffness (K;) on FRP-confined NSC mechanical response under axial
compression. They showed that FRP tubes caused more homogenized crack distribution over

specimens’ surface and they create bigger shear zone compared to unconfined specimens. They
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also illustrated that the expansion of shear zone is more gradual compared to unconfined
specimens which have abrupt behavior. However, the accomplished literature review by
authors indicates the absence of any study on mechanical response of FRP-confined HSC
accompanied with correlation of strain localization to mechanical response of FRP-confined
HSC. This is evident that the mentioned study helps to develop a more accurate prediction of

the mechanical behavior of FRP-confined HSC.

This section presents a detail study on the Von Mises strain evolution, strain localization and
confinement mechanism of FRP-confined HSC columns and influence of f’c variation and
FRP tube characteristics on FRP-confined HSC behavior. The section initially provides a brief
of the experimental program which is followed by the test results illustration. The evolution of
engineering strains were provided and discussed in details. Afterward, the effect of /7c,, lateral
stiffness (Ki) and FRP types on localization evolution was studied. In the end, a method which
was developed in last sections (i.e. sections 5 and 6) to quantify the localization characteristics,
was used. This section was completed by modelling the Von Mises strain distribution over
specimens surface which helps to correlate the localization characteristics with mechanical
response of FRP-confined HSC.

7.2 Experimental program

7.2.1 Details of specimens
A total of 16 FRP-confined concrete cylindrical specimens, all with 100 mm diameter (D) and

200 mm height (H), were manufactured and tested. The used concrete mixes had a targets
compressive strength of 70 and 100 MPa. The control cylinders prepared and tested at selected
time intervals to determine the in-place unconfined concrete strength gain. These 16 specimens
were manufactured as FRP tube-encased specimens, where the tubes were prepared using a
manual wet lay-up process by wrapping epoxy resin impregnated carbon fiber sheets around

precision-cut high-density Styrofoam templates in the hoop direction; the summary of these
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specimens is presented in Table 20. The FRP tubes were manufactured with either carbon, glass
or basalt fiber-reinforced polymer (CFRP, GFRP or BFRP) fibers. The number of FRP layers
for different specimens was selected dependent on material properties where lower grade FRPs
receiving more layers to ensure adequate confinement. Accordingly, 2 and 3 layers of
confinement was allocated to CFRP and GFRP specimens (HSC and VHSC), whereas BFRP
specimens received 4, 6 and 9 layers due to low elastic modulus and thickness. Two nominally
identical specimens were manufactured and tested for each confinement parameter as marked

in Table 20.

Table 20-Details of test specimens

Specimen Concrete FRP- Number t-total
Type Type  oflayers  (mm)
N-G1 NSC GFRP 1 0.2
H-G2 HSC1 GFRP 2 0.4
VH-G3 HSC2 GFRP 3 0.6
N-C1 NSC CFRP 1 0.167
H-C2 HSC1 CFRP 2 0.334
VH-C3 HSC2 CFRP 3 0.501
N-B2 NSC BFRP 2 0.150
N-B3 NSC BFRP 3 0.225
H-B4 HSC1 BFRP 4 0.300
H-B6 HSC1 BFRP 6 0.450
VH-B6 HSC2 BFRP 6 0.450
VH-B9 HSC2 BFRP 9 0.675

7.2.2 Materials
7.2.2.1 Concrete
The ingredients for concrete used in this research were sourced from a local concrete supplier

and were batched and mixed in the laboratory. The mixes consisted of crushed basalt as the
coarse aggregate, with a 10 mm nominal maximum diameter. The resulting slump for all
batches of concrete was over 200 mm. Control cylinders with 100 by 200 mm dimensions were
cast and tested in parallel to the FRP-confined specimens to determine compressive strength

(f"c0), @s was mentioned previously. The details of the HSC mixes are shown in Table 21.
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Table 21-Concrete mix proportions

Ingredient HSC VHSC
Cement (kg/m3) 437 506
Silica fume (kg/m3) 38 44
Sand (kg/m3) 710 700
Gravel (kg/m3) 1065 1050
Water (kg/m?3) 164 148
Superplasticizer* (kg/m3) 10 20
w/c 0.36 0.30
Total (kg/ m3) 2424 2468

* Superplasticizer contained 70% water by weight

7222 FRP
The material properties of the fiber unidirectional sheets used to manufacture the FRP tubes

are shown in Table 22. The FRP epoxy adhesive used consisted of two parts, epoxy resin binder
(MBrace Saturant) and thixotropic epoxy adhesive (MBrace Laminate Adhesive), which were
mixed in the ratio of 3:1. All fiber sheets were positioned with fibers aligned in the hoop

direction with a 150 mm overlap; the specimens were wrapped with 1 continuous sheet.

Table 22-Material properties of fibers and FRP composites

Fiber/FRP properties

Nominal Provided by manufacturers Obtained from coupon tests”
dry fiber ) . - -
Type . Ultimate Ultimate . Ultimate Ultimate .
thickness . . Elastic , , Elastic
tensile tensile dul tensile tensile dul
tr (mm/ply) stress strain nEO(Gl:):)S stress strain [:[no(é;as)
fr(MPa) &r (%) d fere (MPa)  grre (%) FRe
CFRP 0.167 4830 2.10 230 4598 1.95 236
S-Glass 0.2 3040 3.50 86.9 3055 3.21 95.3
BFRP 0.075 1680 2.30 73.0 1584 2.10 76.0

* Calculated based on nominal dry fiber thickness

7.2.3 Instrumentation and Testing
Axial deformations of the specimens were recorded with four linear variable differential

transformers (LVDT), which were mounted at the corners between the loading and supporting

steel plates of the test machine as shown in Figs. 52 and 53 in previous section (i.e. section 5).
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The recorded deformations were used in the calculation of the average axial strains along the
height of the specimens. Lateral strains were measured by a total of 6 unidirectional lateral
strain gauges (SG) having a gauge length of 5 mm that were bonded on the FRP jacket outside
the overlap region. These strain gauges were installed in pairs located at heights of 50, 100 or
150 mm with each pair of gauges attached at opposing sides of the specimen. Additionally, a
DIC system was used to study the strain localization and its evolution. This method was used
due to its ability to record both local and overall deformation. The detail of this method was
presented in previous work by authors and more detail about this method can be find in [202].
Figures 52 and 53 shows the detail of DIC setup. It should be noted that the three-dimensional
DIC calibration was performed to provide the geometrical information of the object being

imaged [202].

The specimens were tested under monotonic axial compression using a 5000 kN capacity
universal testing machine. During the test, the load was applied at approximately 2 microstrain
per second until specimen failure. The instrumentation and testing equipment used in this
experimental study is shown in Figs. 52 and 53.

7.3 Test Results

7.3.1 Axial stress-strain and axial stress-lateral strain
The axial strain and lateral strain recorded by LDV Ts and SGs are presented in this section

whereas the behavior of specimens after failure (i.e. after f’cc), namely post-peak behavior, was
added in these figures. The axial strain was calculated by averaging of 4 LVDTs measurement
while lateral strain for each of the three selected heights (Figs. 52 and 53) was calculated by

averaging of two lateral strain gauges attached at the same height.

Fig. 82 presents the axial stress-axial strain curves for BFRP-, CFRP- and GFRP-confined HSC
and VHSC specimens. It can be seen in the figure that CFRP and GFRP specimens exhibit or

ascending second branches either recovering strength after temporary softening behavior after

172



transition point (f°c1, ec1). Transition region signifies a change in the trend of the stress-strain
curve after the termination of the initial ascending branch (f’c1, ec1) [17]. Conversely, the BFRP
specimens showed various behaviors after transition point (f’c1, ec1). H-B4-1, H-B6-2 and VH-
B6 showed a descending behavior after transition zone without recovering the transition
strength (fc1), i.e. f"c1 was the highest obtained axial compressive strength. However, H-B6-1
and VH-B9 showed an ascending behavior after transition zone or they recovered their strength

after temporary strength loose. These observations, as expected, indicate that lateral stiffness
(Ki) (K; = 2E.+tf where E, trand D are elastic modulus, thickness and diameter of the FRP) can

significantly change the compressive strength and ductility behavior of the specimens.
Moreover, it can be seen in the figure that companion specimens illustrate approximately
similar axial stress-strain curves especially for specimens with higher K; such as CFRP-
confined HSC and VHSC specimens. Fig. 82 also illustrates that the GFRP and BFRP
specimens had a more gradual softening behavior after /’cc while CFRP specimens had a sudden
FRP rupture at failure in their axial stress-strain curves. It should be again noted that CFRP
have highest elastic modulus (Es), tensile strength (fr) and lateral stiffness (K;) among all used

FRP jackets.

Fig. 83 displays the axial stress-lateral strain for BFRP, CFRP and GFRP-confined concrete
specimens. As it was said previously, the SGs present a local lateral behavior where the strain
gauges were attached. As can be seen in the figure, the obtained lateral strain at middle of
specimens (SGs 3&4) is either biggest recorded lateral strain or one of the biggest which
accompanied with another height recorded data (e.g. Fig. 83f). In addition, it can be seen in the
figures that the GFRP specimens showed highest lateral strain compared to other specimen, it
should be noted that glass fibers (GFRP) have highest ultimate tensile strain (er,) compared to

CFRP and BFRP.
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7.3.2 Comparison of various strain measurement methods
Fig. 56 in section 5 shows the covered area by DIC and the different vertical and horizontal

profiles which used in this study to evaluate behavior of specimens. To assess and compare the
different strain measurement methods applied in this study, a comparison between LVDT, SGs
and DIC obtained data was performed. For lateral strain, 3 profiles were selected to perform
the comparison and these profiles are illustrated in the Fig. 56 as h-1, h-2 and h-3 with the same
heights of SGs. Same as lateral strain, three longitudinal profiles (i.e. v-1, v-2 and v-3) were
selected and the axial strain was calculated by averaging the obtained results by DIC along
these profiles. It should be noted that the lateral and axial strain obtained by DIC analysis was
calculated by using virtual strain option in the post-processing software (VIC 3D). The virtual

strain uses the change of distance between two points on the surface of specimens.

7.3.2.1 Lateral Strain
A comparative analysis was performed to examine the consistency or inconsistency of obtained

lateral behavior of specimens recorded by SGs and DIC. As can be seen in Fig.84, BFRP-4
layers and BFRP-6 layers (VHSC) specimens showed noticeable different between obtained
results by DIC and SGs at some heights, e.g. SGs 1-2. These two specimens had lowest Ki/f"co

among all specimens and equal K to Kio (Kio is minimum threshold to have second ascending
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branch) and their weaker normalized lateral stiffness allowed more non-homogenous lateral
behavior along the height of specimens. The results for other specimens showed that the results
are consistent for two studied heights, although there is a height which the obtained outcome
by these two methods showed slightly inconsistency. For example, CFRP-2 layers and GFRP-
2 layers and GFRP-3 layers specimens showed consistent results for h-1 and h-3 profiles but
the obtained results for h-2 showed small differences between recorded data by DIC and SGs.
In addition, the specimens with highest K; among BFRP specimens (BFRP-9 layers) showed a
consistent outcome between obtained data by DIC and SGs for all over studied area, as shown
in Fig. 84d. It should also be said that BFRP-9 layers have highest ti among all tested

specimens.

7.3.2.2 Axial strain
Fig. 85 presents the comparison between axial strain obtained by LVDTs and DIC system. As

it was explained in previous study performed with this research group [154], the curve of axial
stress-axial strain measured by full-height and mid-height LVDTs of FRP-confined HSC
specimens shows different results. It is mention worthy that using virtual strain over covered
area by DIC offers the measurement of axial strain similar to the mid-height LVDT
measurements for front face of specimens. Comparing obtained data by LVDTs as full-height
measurement and DIC as mid-height measurement indicates that the deformation due to few
local shear planes in tested specimens cannot be captured by mid-height measurements
opposite to LVDTSs as full-height measurement. The Figs. 85c¢ and 85d show clearly that some
displacement due to local shear plane which occurred at top and bottom of specimens cannot
be recorded by DIC. However, LVDTs measure overall axial displacement and they are not

able to show the occurrence of local shear plane.
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7.4 Analysis and discussion
As discussed previously, the DIC data is able to show the evolution of Von Mises strain, strain

localization and shear band expansion during test procedure. In this section, the results of a
detailed study on distribution of Von Mises strains over specimens’ surface and evolution of
localization to failure is exhibited. Afterward, the Von Mises strain (evon mises) €volution was
plotted along the height of specimens and around the specimens’ perimeter. This helps to
determine accurately the localization characteristics namely initiation and evolution of
localization.

7.4.1 Strain developments on specimens surface

Figs. 86, 87 and 88 show the VVon Mises strain evolution of BFRP, CFRP and GFRP-confined
concrete specimens. The obtained images by DIC were analysed to the end of existence of
speckle pattern over specimen surface. These figures exhibit the detail of Von Mises strain
evolution from f°c, to failure point. Comparing Figs. 86-88 with previous studies of this group
on FRP-confined NSC specimens in section 5 illustrates an approximately same pattern of
strain localization and evolution for FRP-confined NSC, HSC and VHSC [202]. As it was
explained previously, the localization of deformation is much stronger and abrupt in
unconfined specimen while strains are distributed more homogenously over FRP-confined
concrete. Comparing Figs 86-88 with Figs 72-73 confirms mentioned observation where strain

localization pattern varied significantly due to existence of FRP jackets.

It is well established that to investigate and quantify a failure procedure to be develope a
constitutive model, two parameters should be precisely determined. These two parameters are
the onset of localization and localization evolution trend. As can be seen in Figs. 86-88, the
initiation of localization as one of the significant key parameter in failure development in
specimens cannot be verified accurately. This is due to dependency of colour map on input data

for analysis. These parameters are minimum and maximum Von Mises strain and number of
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intervals in colour map. It is evident that changing one parameters among these parameters
leads to different results. This leads to need a new approach to determine the onset of
localization. Additionally, although the evolution of localization and cracks can be observed in
Figs 86-88, it is very difficult to quantify this evolution and it needs again a more sophisticated

methods to overcome this problem.
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Figure 86-Von Mises strain evolution of BFRP-confined specimen (4, 6 and 9 layers-HSC1)
Obtained results by DIC
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7.4.2 Strain evolution

7.4.2.1 Along specimens height
Figs. 89-92 show the evolution of Von Mises strain along the vertical profile at the middle of

studied area (shown in Fig. 56) for BFRP-4, 6 & 9 layers, CFRP-2 & 3 layers and GFRP-2 &
3 layer. A synchronization was made between the DIC results and stress-strain curves recorded
by data acquisition system and a correlation was provided between the evolutions of full-field
strain (e.g. Von Mises strain) and the axial stress-axial strain curves. As can be seen in Figs.
89-92, the specimens with lower value of lateral stiffness (i.e. BFRP- 4 layers and BFRP-6
layers (VHSC)) displayed more localized behavior. However, the specimens with stronger
lateral stiffness showed more homogenous behavior along the height of specimens (CFRP and
GFRP specimens). Comparing the obtained FRP-confined HSC and VHSC results in this study
with NSC outcome obtained in last work performed with this research group, i.e. [202], exhibits
approximately similar influence of K; on specimens behavior, although more localization zone

can be observed in FRP-confined HSC and VHSC along specimen height, e.g. Figs. 90a and
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91a. This slightly differences of behavior between NSC compared to HSC and VHSC can be
attributed to more brittle nature of HSC.

Investigating the vertical Von Mises strain profile along specimens’ height offer accurate
determination of localization onset. As can be seen in Figs. 89-92, the onset of localization
and location of localization initiation can be marked along the profiles of specimens. However,
as it can be seen in the Figs 86-92, it is hard to quantify the evolution of shear zone and measure
the dimension of localized zone using raw data. This is due to change of profile shape by
variation of profile location. This indicates the need of more profiles to analyse localization
characteristics. Moreover, using raw data cannot put a figure easily on the difference of
localization pattern for unconfined and FRP-confined specimens. Therefore, a more detailed
analysis and an improved method to process DIC strain data is required which is discussed in

following section (Section 5).
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7.4.2.2 Around specimen perimeter
Figs. 93-95 illustrate the evolution of evon misesaround the specimen perimeter at different height

of CFRP-2 layers, BFRP-6 layers (HSC) and GFRP-3 layers. Due to similar results obtained
by whole specimens, these three specimens were selected and studied to show the lateral
behavior around the specimen perimeter by variation of heights. As can be seen in the figures,
the confinement influences the behavior of specimens compared to unconfined specimens
(Section 6). As can be seen in the figures, the FRP jacket distributed the localization all over
specimens’ surface and more homogenized behavior was observed. Comparing FRP-confined
HSC, VHSC Von Mises strain evolution with NSC, illustrates approximately similar trend of
lateral behavior, although a more localized behavior in FRP-confined HSC and VHSC was
observed by approaching to f”cc. This again can be attributed to more brittle behavior of HSC
which cause more abrupt and localized behavior compared to more ductile NSC behavior. It
should be noted that the unconfined and FRP-confined NSC outcome was displayed in previous
work performed by authors [202]. However, it should be again said that the quantification of
shear zone evolution and measurement of the localization zone dimension is very challenging
by using obtained raw data without further processing same as obtained results for vertical
profiles. Therefore, as explained previously, a more detailed analysis to process DIC data is

essential.
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7.5 Correlation between mechanical behavior and evolution of localization
As discussed in section 4, using existing methods to analyze DIC data do not offer accurately

localization characteristics, i.e. localization initiation and characteristics of localization
evolution. To mark initiation of localization, the bifurcation phenomenon was used which
compares the behavior of material inside and outside of shear zone. Afterward, a new approach
which was developed in previous section was used to assess and determine localization
evolution characteristic of FRP-confined HSC and VHSC.

7.5.1 Localization initiation

The onset of localization can be more precisely determined by plotting the evolution of two
local strains, i.e. inside and outside of the localization zone, against time steps. To verify this
initiation, three specimens with different characteristics were selected. These three specimens
are H-b4, H-G2 and VH-C3 specimens. These three specimens are representative of whole
FRP-confined HSC and VHSC specimens whereas the H-B4 had lowest lateral stiffness and
VH-C3 had highest K;among all tested specimens. Figs. 96- 98 present the obtained results for
selected specimens, i.e. H-B4, H-G2 and VH-C3. Additionally, one vertically inspection
profile along the specimen centre (V2) and obtained Von Mises strain by DIC over specimen’
surface are illustrated in these figures. This helps to correlate the mechanism of localization to
mechanical behavior of FRP-confined HSC and VHSC which leads to better understanding of

cracking, shear band formation and triggering of confinement mechanism.

As can be seen in the Fig. 96, the origination of localization starts at about 80%-90% of f"co. It
is well known and previously discussed in section 6 that the material outside of shear zone for
unconfined specimen display unloading behavior after formation of shear band, i.e after
bifurcation point. However, the FRP tubes changed this behavior and the FRP-confined HSC
and VHSC specimens did not show this unloading behavior. As can be seen in these figures,

the localization of strain outside of shear zone of specimens illustrates the ascending trend to
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failure, although this ascending trend had lower rate of Von Mises strain-time steps compared
to material inside of shear zone. After failure, the unloading behavior can be seen but this
unloading behavior can be observed in both inside and outside of shear zones. This relaxation
of strain concentration was abrupt in CFRP-3 layers specimens opposite to other two selected
specimens which showed more gradual behavior. In addition, both inside and outside of shear
band Von Mises strains displayed approximately similar behavior before bifurcation point. At
the end, it should be noted that marking initiation of localization can be seen easily by
investigation the bifurcation phenomenon but sorted and unsorted vertical Von Mises strain

profile are not able to find initiation easily.
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7.5.2 Expansion of shear zone

7.5.2.1 Along specimen height

Figure 99 shows the expansion of the shear zone during axial compression for FRP-confined
HSC along the height of specimens. As discussed in previous study, to evaluate the shear zone
expansion, a method was developed and improved by Authors [202] where the average of
obtained Von Mises strain by DIC over specimen surface was calculated at each height then
these average Von Mises strains were sorted in descending order from top to bottom of
specimens as shown in Fig. 99. Similar to previous study, two groups of evon mises €volution can
be observed. The first group represents steady development of evon mises during axial

compression prior to pre-peak, which can be seen in well-confined specimens (e.g. CFRP,

GFRP and BFRP-9 series). Conversely, there was a second group of specimens (e.g. BFRP-4
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layers, BFRP-6 layers (VHSC)), which displayed more localized behavior after yielding
followed by a strong increase of non-homogeneity during and after specimen failure. As can
be seen in the figure, the shear failure zone for well-confined specimens expanded gradually
during testing, whereas the insufficiently confined specimens showed a rapid transition from
homogenous to localized behavior. Moreover, as can be seen in the Fig. 99, the evolution of
Von Mises strain for whole specimens are approximately similar to f’c1 but the expansion of
shear zone showed different pattern after transition zone dependent on different confinement

level.

7.5.2.2  Around specimen perimeter
Fig. 100 presents the evolution of the shear zone for FRP-confined HSC and VHSC specimens

around the perimeter. Similar to investigation of shear zone evolution along specimen height,
the average of VVon Mises strain along height of specimens for every point of perimeter was
calculated and sorted from left to right. It can be seen in the figure that the evolution of Von
Mises strain from f’co t0 f’c1 changed by variation of FRP types. As can be seen in the figures,
the insignificant differences between recorded VVon Mises strain at f’co and f”c1 were observed
for BFRP specimens while the CFRP and GFRP specimens showed evident differences. As
can be seen in the Table 3, basalt fibers have lowest Er and fi compared to other fibers. In
addition, considering BFRP specimens to investigate the influence of K; on shear zone
expansion due to existence of two series of specimens at given f’co, @ more localized behavior

by increasing K;can be observed.

As can be seen in Figs 99 and 100, although the localization characteristics of specimens can
be determined by using the new used approach, the quantification of this evolution is not still
possible. Moreover, this method is not able to correlate the localization expansion to

mechanical response of FRP-confined HSC specimens.
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7.6  Correlation between macro mechanical behavior of FRP-confined HSC and
evolution of localization
As discussed previously, developing a new approach to analyze the strain localization locally

and globally and correlating the evolution of localization to mechanical behavior of specimens,
is a robust potential instrument to develop/validate a constitutive model [168, 186]. As DIC is
able to record both local and overall strain evolution, DIC was used in this study to record both
overall and local strain over specimens’ surface. However, this method, i.e. DIC, creates a huge
amount of data which makes use of these data very difficult or impossible to study or quantify
the strain localization in detail. It is discussed previously [168, 186] that the existing methods
to evaluate DIC data, namely maps, counters and profiles, are not able to correlate accurately
the strain localization to mechanical response of specimens. Therefore, an approach should be
developed to condense whole obtained data by DIC to make use of these data practical. This
approach also should be able to correlate obtained data to mechanical response of specimens
which is one of the main aim in this research. For these reasons, determination of the full-field
strain distributions over specimen surface and linking obtained distribution at different steps to
each other and to mechanical behavior of specimens, could be a possible way to develop this
type of approach. This methodology should be capable to quantify the strain distribution over
specimen’s surface and its evolution during test procedure. Additionally, this methodology
should offer an approach to correlate the macro and micro mechanical behaviour of specimens
with localization characteristics and provide a lower scale of information compared to
continuum mechanics. Obtaining these advantages leads to an easy incorporation of this
approach in developing a constitutive models in order to predict the accurate overall and local

mechanical behaviour of materials.

In this study, the Von Mises strain distribution over specimen surface was used as explained in
section 6. To perform this, the dependency of the obtained VVon Mises strain to coordinate was

released. The range between maximum obtained Von Mises strain few steps after failure
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(considering the loss of speckle pattern) and zero was divided into 50 intervals. Following this,
the number of obtained VVon Mises strains that fall into each intervals were counted. Afterward,
the frequency number of data in each bin was divided to a total number of the data obtained by
DIC over specimens’ surface; this referred as normalized frequency. A histogram was provided
based on normalized frequency values and related intervals; then the top of each bar of the
histogram was connected together. It should be noted that although maximum obtained VVon
Mises strains were different for different specimens, the approximately similar maximum Von
Mises strain was selected for all specimens in this study. The mentioned procedure was
repeated for each selected image where the selection was made at key points in the stress-strain

curve.

Figures 101 illustrates the obtained experimental accumulative Von Mises distribution curves
for BFRP, CFRP and GFRP specimens. As can be seen in this figure, the distribution curves
are similar to accumulative PDF curves as discussed previously in details in section 6.
However, the shape of Von Mises distribution curves changed after f’cc. It should be noted that
the speckle patterns over some area of FRP jacket were lost after f°cc for H-B4 and VH-B9
which caused loss of data for analysis. However, the other specimens (H-B6, VH-B6, H-C2,
VH-C3, H-G2 and VH-G3) showed evidently an unloading behavior after /°cc. Additionally, it
can be seen in Fig. 101 that VH-B9, VH-C3 and VH-G3 had sudden jump in their distribution
curves after point 3 opposite to specimens which cast by HSC including H-B6, H-C2 and H-
G2. This can be attributed to more intrinsically brittle behavior of VHSC compared to HSC
where VHSC had higher f’co. Nonetheless, H-B4 was only specimens which was prepared by
HSC and it showed a sudden jump in its distribution curves. It was previously explained that
two sets of BFRP specimens exist and one of these sets had lower K; compared to the second

set. This lower lateral stiffness (K)) leads to more none-homogenous behavior of this set and
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the existing sudden jump in H-B4 curves can be explained by this lower lateral stiffness of H-

B4.

In this study, the experimental Von Mises strain distribution curves were modelled by using
Beta probability density function (PDF) with using three existing coefficients inside this
function, see section 6. These three coefficients offer firstly an instrument to govern the shape
of distribution curve and secondly correlate the mechanical characteristics of various steps of
test together. The detail of the use of Beta PDF and modeling Von Mises strain distribution
over surface of specimens was presented in previous section. Figures 102 presents the obtained
experimental and predicted none-accumulative histograms for BFRP, CFRP and GFRP-
confined HSC specimens. It can be seen in the figures that the shape of Von Mises strain
distribution at each step is very similar to a PDF curve, and this shape remained approximately
similar up to maximum axial stress (f"cc) for whole specimens. This observation indicates that
the Von Mises strain distribution over surface of specimens can be modelled nearly accurate
using Beta PDF. Nevertheless, it should be noted that more detail study is essential to
generalize the obtained outcome by this research. Additionally, due to existing the various
influential parameters such as FRP types, FRP tube thickness, Ki, f’co and specimen geometry,
more experimental study is essential to generalize the obtained outcome by this research. This
indicates the need of more experimental data to correlate of the obtained p, g and & to
mechanical response of FRP-confined concrete specimens. As a result, a detailed study on
obtained coefficients and correlate them to characteristics of FRP-confined concrete such as
f'co, €0, Ki and FRP types, was not performed in this section. Correlating p, q and ¢ to
mechanical characteristics of specimens offers a robust approach to associate the localization
characteristics to mechanical response of specimens and helps to quantify these localization

characteristics, as performed in section 6.
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7.7 Conclusions
This section presents the results of an experimental study on the localization of deformation

of FRP-confined HSC columns with circular cross-sections under compression. The axial
stress-strain curves were obtained and synchronized with captured images by DIC system.

Based on the results presented in this study, the following conclusions can be drawn :

1-The specimens with weaker lateral stiffness (BFRP- 4 layers and BFRP-6 layers (HSC-2))
suffered more localized behavior due to local shear plane in the specimens. Conversely, the
stronger lateral stiffness make the specimens to display more homogenous behavior along the

height of specimens.

2-The initiation of bifurcation starts at about 80%-90% of f’c for FRP-confined HSC.
Although it is well known that the material outside of shear zone for unconfined specimens
initiate to show unloading behavior after formation of shear band, the FRP tubes changed this
behavior and the HSC confined specimens do not show this unloading behavior outside of
shear zone. After failure, the unloading behavior can be seen but this unloading behavior

locates in both zones, namely inside and outside of shear zone.

3-Two groups of evonmises €volution can be observed during the test procedure in FRP-confined
HSC specimens. The first group shows a homogenous evolution of evonmises during the test
procedure and corresponding to pre-peak stage (before f’cc). The second group which showed
a sudden jump during their evonmises €volution corresponds to more localized behavior after

yielding.

4-The shape of Von Mises strain distribution at each step is very similar to statistical PDF, and
this shape of curve remained approximately similar up to maximum axial stress for whole

specimens.
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5-The experimental VVon Mises strain distribution curves are recreated using Beta distribution
function () and three various coefficients inside this function. The comparison between the
experimental and theoretical distribution curves indicate that the strain distribution over surface

of specimens can be modelled nearly accurate by using Beta distribution function (5).

It should be noted that more detail study is highly essential to generalize the obtained outcome
by this research. This is due to various number of influential parameters, e.g. FRP types, FRP

tube thickness, K, /”co and specimen geometry.
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Chapter 8: Axial compressive behavior of ultra-high-
strength steel fiber-reinforced concrete-filled FRP tube
columns

(A paper is submitted based on this section to Composite structures Journal (Elsevier) at 14/12/2020,
“Axial compressive behavior of ultra-high-strength steel fiber-reinforced concrete-filled FRP tube
columns” by Ali Fallah Pour, Togay Ozbakkaloglu and Tom Vincent)

8.1 Introduction
By adding steel fibers to wet concrete mix of FRP-confined concrete, an ultra-high-

performance structural system can be developed, which offers better mechanical performance
compared to conventional FRP-confined concrete [78]. This improvement is due to
simultaneous use of FRP, which provides lateral confinement to the concrete enhancing the
compressive strength and ductility [14, 16, 17], and steel fibers, which improve the intrinsically
brittle response of plain concrete [59-63, 203-206]. The superior structural engineering
properties of high-strength concrete (HSC) over normal strength concrete (NSC) make this
material attractive for use in an ultra-high-performance structural systems [1-10]. However, it
was previously shown that FRP-confined HSC experiences a temporary post-peak axial
strength softening behavior due to brittle mechanical behavior of higher strength concretes
[16]. The new structural system proposed in this research has the potential to amend this
temporary softening behavior for FRP-confined HSC specimens, due to the addition of internal

steel fibers.

The influence of internal steel fibers on concrete behavior has been extensively investigated by
different research programs [62-64, 72-76, 203-206]. The formation of isolated major cracks
in the concrete can be decreased by adding steel fibers to the concrete mix which results in
improved control over concrete crack growth. The steel fibers create bridges across the cracks

and the crack propagation can be controlled or delayed by these bridges, consequently
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improving the ductility of concrete [59, 60, 65-70, 72, 73, 75]. In the case of steel fiber
reinforced concrete-filled FRP tubes (SFR-CFFT) this leads to the reduction of stress
concentration on FRP jackets which results in improved hoop rupture strain and higher ductility

[77].

It has been shown previously that steel fiber reinforced concretes (SFRCs) offer better
mechanical behavior compared to plain concrete under bending, tension and compression (e.g.
[61, 63, 205, 207-212]). A number of experimental studies on SFR-CFFTs have been
performed to determine the mechanical behavior of this confinement system under different
type of loading such as concentric and eccentric compression [9, 77, 91, 213, 214]. The studies
focused on concentric compressive loading [9, 77, 214] reported that the axial stress-strain
relationship of the FRP-CFFT specimens were influenced by volume fraction (V) and aspect
ratio (Ar). Xie and Ozbakkaloglu [77] reported that ultimate axial stress (fcc), ultimate axial
strain (ecu) and hoop rupture strain (enrup) decrease due to an increase in Ar for a given V.
Conversely, they showed that f'cc, ecu, and en,rup increased with an increase in Vi for a given Ar.
However, although the existing studies have examined different steel fiber types, such as
hooked end, crimped and straight, in FRP-confined concrete and the effect of Vi on their
mechanical behavior, no study to date has examined the compressive behavior of FRP-confined
ultra-high strength steel (UHSS) fiber-reinforced concrete as affected by the variation of f’co

and lateral stiffness (Ki).

To address the current research gap, this paper presents the results of the first reported study
on the axial compressive behavior of UHSSFR-CFFTSs that examined the influence of "¢, and
FRP type. In the following section, the test program is first presented explaining specimen
properties and testing procedures, followed by the presentation of experimental outcomes.

Following this is an in-depth discussion on the experimental results where the influence of key
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experimental parameters such as concrete type and lateral FRP jacket stiffness (Ki) are

discussed.

8.2 Test Program

8.2.1 Test Specimens
24 circular CFFTs were manufactured and tested under axial compression. The specimens were

100 mm in diameter, measured at the concrete core, and 200 mm in height. Three types of
concrete were used including one batch of NSC and two batches of HSC. The volume fraction
of steel fiber was selected as 1.5% based on a previous study performed by this research group
[77]. The FRP tubes were manufactured by using a manual wet lay-up procedure with
unidirectional fiber sheets. Three different FRP fiber types were used in this study, which were
glass, carbon and basalt fiber reinforced polymer (GFRP, CFRP and BFRP). Two nominally
identical specimens were tested for each unique specimen configuration. The details of the
specimens are presented in Table 23.

8.2.2 Materials

8.2.2.1 Concrete
NSC and HSC used in this research were batched and mixed in the laboratory with mix details

provided in Table 24. As can be seen in Table 2, two different HSC batches were prepared with
different f’co and the target /”co for the three prepared batches (namely, NSC, HSC and VHSC)
were 35, 75 and 100 MPa, respectively. These mixes consisted of crushed basalt as the coarse
aggregate, with a 10 mm nominal maximum size. The resulting slump for each batch was over
100 mm for NSC and over 200 mm for both HSC mixes. Control cylinders with the same 100
by 200 mm dimensions were cast from each concrete mix and tested in parallel to the FRP
confined specimens to determine the concrete compressive strength (f’co). The confined

specimens include 6 GFRP, 6 CFRP and 12 BFRP confined specimens.
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Table 23-Details of test specimens

Specimen Vs Concrete  FRP- Number trtotal
(%) Type Type  oflayers  (mm)

N-G1 1.5 NSC GFRP 1 0.2

H1-G2 1.5 HSC1 GFRP 2 04

H2-G3 1.5 HSC2 GFRP 3 0.6
N-C1 1.5 NSC CFRP 1 0.167
H1-C2 1.5 HSC1 CFRP 2 0.334
H2-C3 1.5 HSC2 CFRP 3 0.501
N-B2 1.5 NSC BFRP 2 0.150
N-B3 1.5 NSC BFRP 3 0.225
H1-B4 1.5 HSC1 BFRP 4 0.300
H1-B6 1.5 HSC1 BFRP 6 0.450
H2-B6 1.5 HSC2 BFRP 6 0.450
H2-B9 1.5 HSC2 BFRP 9 0.675

Table 24-Concrete mix proportions

Ingredient NSC HSC1 HSC2
Cement (kg/m3) 360 437 506
Silica fume (kg/m3) - 38 44
Sand (kg/m?3) 700 710 700
Gravel (kg/m3) 1010 1025 1015
Fiber (kg/m3) 117 117 117
Water (kg/m?3) 228 157 155
Superplasticizer* (kg/m3) 3 20 30
w/c 0.64 0.36 0.32
Total (kg/ m3) 2418 2504 2562

* Superplasticizer contained 70% water by weight

8.2.2.2  Steel fibers
UHSS fibers used in this study are shown in Fig. 103 and their details are presented in Table

25. The reinforcing index (RI) for the selected volume fraction was 0.975, as was determined

from Eq. 8.1.

RI = (Vs x Ay) (8.1)
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where V; is the fiber volume fraction (i.e. volume of fiber per unit of volume of concrete) and

As is the fiber aspect ratio (45 = ;—’;, where If is the fiber length and ds is the equivalent fiber

diameter).

Figure 103-Ultra-high-strength steel fibers

Table 25-Details of ultra-high-strength steel fibers

Name WSF 0213*
Diameter 2mm
Length 13 mm

Ultimate tensile stress >2850 MPa

*copper coated micro steel fiber
8.2.2.3 FRP tubes
The FRP tubes were prepared using three different fiber types (GFRP, CFRP and BFRP)

through a manual wet lay-up process by wrapping epoxy resin impregnated fiber sheets around
precision-cut high-density Styrofoam templates in the hoop direction. A summary of the FRP

material properties used in this study is presented in Table 26.

The number of FRP layers was selected by considering the required lateral stiffness to ensure

an ascending second branch on the axial stress-strain curve. The lateral stiffness can be
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calculated by K; = , Where Es is the elastic modulus of FRP fiber, tr is total fiber

thickness of FRP jacket and D is diameter of concrete core. As previously proposed by Lim
and Ozbakkaloglu [17], the minimum lateral stiffness required to ensure an ascending second
branch (Kio) in MPa can be expressed by K, = f'L55 where 1’ is unconfined compressive

strength of concrete in MPa [17].

A larger number specimens were prepared for BFRP-confined concrete than GFRP and CFRP-
confined concrete due to having fewer previous experimental studies on this type of FRP.
Consequently, two different K; values were selected for BFRP confined specimens, the first
corresponded to Kjo, Whereas a higher second value was selected to ensure an ascending-type
second branch of axial stress-axial strain curve Throughout this paper, the BFRP confined
specimens prepared with low and high values of K are referred to as lightly- and adequately-

confined, respectively.

Table 26-Material properties of fibers and FRP composites

Fiber/FRP properties

Nominal Provided by manufacturers Obtained from coupon tests”
dry fiber ) . - -
Type . Ultimate Ultimate . Ultimate Ultimate .
thickness . . Elastic , , Elastic
tensile tensile dul tensile tensile dul
tr (mm/ply) stress strain nEO(Gl:):)S stress strain [:[no(é;as)
fr(MPa) &r (%) d fere (MPa)  grre (%) FRe
S-Glass 0.2 3040 3.50 86.9 3055 3.21 95.3
CFRP 0.167 4830 2.10 230 4598 1.95 236
BFRP 0.075 1680 2.30 73.0 1584 2.10 76.0

* Calculated based on nominal dry fiber thickness

8.2.2.4 Specimen designation
The specimens presented in Table 23 were labelled according to unconfined concrete strength

(35.2, 78.7 and 105.2 MPa), FRP fiber type (GFRP, CFRP and BFRP) and number of FRP
layers (again). For example, the specimen label of H2-C3 relates to a specimen manufactured

with the VHSC concrete mix and confined by 3-layer CFRP sheets.
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8.2.2.5 Instrumentation and testing
Axial deformations of the specimens were measured with four linear variable differential

transformers (LVDTSs), which were mounted at the corners between the loading and supporting
steel plates of the test machine as shown in Figs. 52 and 53. The calculation of the average
axial strains was performed with recorded deformations along the height of the specimens.
Lateral strains were measured by a total of 6 unidirectional lateral strain gauges (LSG) having
a gauge length of 5 mm that were bonded on the FRP jacket outside the overlap region. These
strain gauges were installed in pairs located at heights of 50, 100 or 150 mm with each pair of

gauges attached at opposing sides of the specimen.

The specimens were tested under monotonic axial compression using a 5000 kN capacity
universal testing machine. During the test, the loading was applied at approximately 2
microstrain per second until specimen failure. The instrumentation and testing equipment used

in this experimental study are shown in Fig. 52 and 53.
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Figure 104-Test setup and instrumentation

8.3 Test Results and discussion
8.3.1 Unconfined specimens

8.3.1.1 Failure mode
Figs. 105 (a-c) shows typical failure modes for UHSSFR unconfined concrete specimens. It

should be noted that the surface of these specimens was painted a dark colour for easier
identification and monitoring of crack development. As can be seen in these figures, the
unconfined UHSSFRC specimens exhibited different failure modes to those typically seen in
plain unconfined concrete specimens. Figs. 105 (a-c) show more homogenous crack
distribution patterns in UHSSFR specimens compared to plain concrete specimens. It can be
seen in Figs. 105 (a-c) that the addition of steel fibers results in bridging of cracks and this
effect reduces the localization of cracks, which increases the integrity and residual strength of

specimens during post-peak behavior.
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a) NSC b) HSC c) VHSC

Figure 105-Failure modes for unconfined test specimens
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8.3.1.2 Axial stress-strain behavior
Table 27 presents the recorded compressive strengths (f’co) and corresponding axial strains (eco)

for the unconfined SFRC specimens. Additional SFRC mechanical performance can be seen in

Fig. 106, which shows the axial stress-strain curve for the three different concrete mixes.

Table 27-Properties of unconfined concrete at test day of CFFTs

Concrete Fiber Volume
f'«o(Mpa) £co (%)

Type fraction Vs (%)

NSC 1.5 35.2 0.33
HSC1 1.5 78.7 0.39
HSC2 1.5 105.2 0.40

It is well established that accurate prediction of the axial stress-strain behavior is a vital step in
the design of concrete members. Many studies have been performed to predict the axial stress-
strain curve for unconfined NSC and HSC, but these models are not intended to be used for
SFRC specimens due to a change in behavior as a result of adding steel fibers to the concrete
mix. A few stress-strain models specifically applicable to SFRC have been developed (e.g. [64,
65, 67]) based on different fiber type, such as hooked end, straight or crimped. Of these models,
only the one developed by Ezeldin and Balaguru [64] was designed for use with high strength
straight steel fibers, however this model did not consider UHSS fibers. The model by Ezeldin
and Balaguru [64] was compared to the experimentally recorded stress-strain curves presented
in Fig 3. In this figure it can be seen that the model accurately predicts NSC-UHSSFRC
specimens; however, the obtained results for two HSC-UHSSFRC specimens showed small
differences between experimental axial stress-strain curves and predicted curves by Ezeldin
and Balaguru [24] model. It can be seen in the figure that the difference between experimentally
recorded and predicted axial stress-strain curves increased with an increase in f’c particularly
for the post-peak behavior, which can be attributed to the model’s underestimation of the

brittleness of very high strength concrete (VHSC).
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8.3.2 Confined specimens
8.3.2.1 Failure mode
Figs. 107 (a-1) show typical failure modes for UHSSFR FRP-confined concrete specimens. The

failure mode of FRP-confined specimens was a consequence of FRP jacket rupture associated
with a loss of applied load. The mentioned rupture mode occurred for all specimens except for
two specimen that suffered an early FRP debonding failure (i.e. H1-C2-2 and N-B3-2, which
are marked in Table 28 with *). All CFRP-confined specimens and GFRP-confined HSC
specimens displayed a sudden rupture of jacket immediately at specimen failure, whereas the
BFRP- and GFRP-confined NSC and HSC specimens showed a more progressive FRP jacket
rupture. As shown in Fig. 107 (a-1), the FRP jacket rupture was observed to occur at the mid-

height region of each specimen.
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a) N-G1-1 b) H1-G2-1 c) H2-G3-2

d) N-C1-1 e) H1-C2-1 f) H2-C3-1

RN

g) N-B2-1 h) H1-B4-1 i) H2-B6-1

j) N-B3-1 k) H1-B6-1 [) H2-B9-1

Figure 107- Failure modes for test specimens (a), (b) and (c) GFRP-confined, (d), (e) and (f)
CFRP-confined, (g), (h), (i), (j), (k) and (I) BFRP-confined
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8.3.2.2 Axial Stress-strain behavior

8.3.2.2.1 General observations
Figs. 108-110 illustrate the axial stress-strain curves of GFRP-, CFRP- and BFRP-confined

specimens, respectively. It is well understood that sufficiently confined concrete exhibits a
monotonically ascending curve, which consists of a parabolic first ascending portion and a
nearly linear second branch [14, 16, 17]. However, the inherently brittle nature of higher
strength concretes causes FRP-confined HSC to experience a sudden drop in axial stress
immediately after the initial peak stress (f’c1) and corresponding axial strain (ec1) on the axial
stress-strain curve. Moreover, this brittle behavior of HSC compared to NSC influences the
ultimate compressive strength (f’cc) and axial strain (ecy) of FRP-confined concrete. This
influence can be investigated using the strength enhancement (k1) and strain enhancement (kz)
coefficients. As can be seen in Figs. 108 and 109, all GFRP- and CFRP-confined specimens
showed ascending-type axial stress-strain curves, without suffering any loss of strength along
the transition zone, which is a region that signifies a change in the trend of the stress-strain
curve after the termination of the initial ascending branch (f’c1, ec1) [17]. This observation
indicates that the addition of UHSS fibers can limit or eliminate the sudden drop typically
observed in the axial stress of concrete at the transition zone associated with the brittle nature

of HSC [17].

As can be seen in the Fig. 110, all BFRP-confined NSC specimens displayed axial stress-strain
curves with ascending behavior. However, BFRP-confined specimens prepared with HSC
showed axial stress-strain curves with both ascending and descending types of second
branches. The lightly-confined VH-B6 series with a lower confinement level (fiu/f’c) showed
slightly descending behavior starting at the transition zone (Fig. 110.a). The nominal lateral
confining pressure at ultimate of FRP jacket (fiu/f"co) was determined by f;,, = K; X &, where
Ki and er are the lateral stiffness of the FRP jacket and ultimate tensile strain of fibers,

respectively. Conversely, the adequately-confined H-B6 and VH-B9 series with a higher fiu/f"co
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exhibited a monotonically ascending axial stress-strain curve similar to GFRP- and CFRP-
confined specimens (Fig. 110b). It can be seen in Fig. 110b that VH-B9-1 showed a gradual
drop in strength after the transition point; however, this strength was eventually recovered. This
can be attributed to subtle imperfections in the manufacturing of this specimens, as the

companion specimen VH-B9-2 did not display this behavior.

Table 28 presents the test results, including the unconfined compressive strength (f"c0) and
corresponding strain (eco), compressive strength (f°cc), ultimate axial strain (ecy) and axial stress
and strain enhancement ratio (f’cc/f"co and eculeco). As expected, fiu/f’co influences the recorded
ultimate axial strain (ecu) with low values of fiu/f"co leading to low values of cu. Additionally, it
is previously shown for FRP-confined plain concrete that ecy decreases with an increase in fco
at a given fiu/f’c [10]. However, similar values of e for FRP-confined NSC and VHSC
UHSSFR-CFFT specimens’ points to a possible change in the behavior of FRP-confined
concrete through the addition of steel fibers. A comparison of all BFRP specimens in Table 28
indicates that BFRP- VHSC specimens exhibited some of the highest values of ec, compared
to the companion NSC and HSC series of specimens with similar values of fiu/f"co, Which again
indicates the positive influence of UHSS fibers on the axial deformation capacity of HSC and

VHSC.

The influence of adding steel fiber in the concrete mix on f’cc/f"co can also be observed in Table.
28. The results show that, for a given fiu/f’co, f cclf co decreased with an increase in f’co consistent
with previous research on FRP-confined plain concrete. It can also be seen in Table 28 that, as
expected, BFRP specimens with the lowest values of Ki/f’c, (i.e. N-B2, H-B4 and VH-6) had
the lowest f"cc/f"co, Whereas CFRP specimens with the highest values of Ki/f’co (i.e. N-C1, H-

C2 and VH-C3) recorded the highest fcc/f co.

230



As mentioned previously and can be seen in Figs 108-110, two specimens (H-C2-2 and N-B3-
2) experienced premature failure with their axial stress-strain curves showing lower values for
the ultimate stress and strain, and consequently, these datasets should be avoided when making

comparisons.
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Table 28- Variation of key axial stress-strain curve parameters with eccentricity

Measured 2nd Ultimate  Ultimate Normalized Normalized Normalized Axial strain Strength
Specimen Eccentricity Branch Axial Axial 2" Branch ultimate axial  ultimate axial enhancement enhancement
ID (e) Slope (E2)  Stress (fcc) Strain Slope strain stress ratio ratio
(mm) (MPa) (MPa) (€cu) (Eo/Ez0)* (Ec/Ecuo)** (Fec/f'ec0) ¥** (Ecu/€co) (f'ec/f'co)
C1 0 4120 190.7 0.018 1.03 0.95 1.01 6.32 1.81
C2 0 3900 185.8 0.020 0.97 1.05 0.99 7.02 1.80
C4 15 2900 173.4 0.026 0.72 1.40 0.92 9.12 1.65
c7 23 2100 1594 0.028 0.52 1.51 0.85 9.83 1.51
Cc8 33 1500 148.9 0.029 0.37 1.54 0.79 10.18 1.41
9 34 1100 143.3 0.030 0.27 1.60 0.76 10.53 1.36
C10 33 1250 142.1 0.030 0.31 1.60 0.75 10.53 1.35
C11 38 950 138.7 0.030 0.24 1.62 0.74 10.53 1.32
C13 45 900 135.2 0.032 0.22 1.72 0.72 11.23 1.28
Cci14 45 750 138.3 0.031 0.19 1.67 0.73 10.88 1.31
C15 48 700 130.2 0.033 0.17 1.77 0.69 11.58 1.23
S1 0 3750 183.4 0.023 1.07 1.04 1.02 8.07 1.75
S2 0 3250 175.1 0.021 0.93 0.96 0.98 7.37 1.67
S3 15 2250 164.4 0.029 0.64 1.30 0.92 10.18 1.54
S4 16 2000 170.2 0.028 0.57 1.30 0.95 9.83 1.60
S5 21 1450 162.3 0.032 0.41 1.46 0.91 11.23 1.53
S6 22 1450 158.2 0.029 0.41 1.34 0.88 10.18 1.49
S7 28 1350 156.3 0.033 0.39 1.49 0.87 11.58 1.47
S8 30 1250 158.6 0.034 0.36 1.53 0.88 11.93 1.50
S9 35 1150 151.6 0.034 0.33 1.53 0.85 11.93 1.43
S10 39 1110 147.2 0.033 0.32 1.52 0.82 11.58 1.39
S11 44 650 144.5 0.034 0.19 1.57 0.81 11.93 1.37
S12 44 600 140.3 0.035 0.17 1.58 0.78 12.28 1.33
S13 49 550 141.1 0.037 0.16 1.70 0.79 12.98 1.34
S14 51 500 141.2 0.037 0.14 1.67 0.79 12.98 1.34

* E2,0is the second branch slope of the specimen under concentric loading
** g0 is the ultimate axial strain of the specimen under concentric loading
*** fc0is the ultimate axial stress of the specimen under concentric loading
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8.3.2.2.2 Influence of amount of confinement
Table 28 presents the nominal confinement ratio (fiu/f"c0), Strength enhancement coefficient (k1)

and axial strain enhancement ratio (k2) of the specimens. A comparison of the nominal
confinement ratios (fiu/f"co) in Table 28 reveals that the values are comparable within groups of
a given fiber type, with BFRP having both a lightly- and adequately-confined group. It can also
be seen in Table 28 that /"cc/f"co and ecu/eco both increase with an increase in fiu/fco for all types
of FRP-confined SFRC specimens, which is as expected and consistent with the behavior of

FRP-confined plain concrete.

fil/f’co can be used to examine the influence of amount of confinement on UHSSFR-CFFT
behavior. Due to the existence of two sets of BFRP specimens with different fiu//"co at a given
[co, the variation of ki and k2 with fiu/f"co Were investigated in these two sets. As can be seen in
Table 28, at a given fco, an increase in fiu/f’co leads to an increase in the obtained ki and k2
values. As can be observed in Fig. 8, the lightly- confined specimens, i.e. N-B2, H-B4 and VH-
B6, exhibited a nearly horizontal second branch in their axial stress-axial strain curves. The
lower ky values of lightly-confined. Specimens than those of adequately-confined specimens is

attributed to this behavior, which also led to slightly lower k> values in the former series.

8.3.2.2.3 Influence of f’c
The influence of concrete compressive strength (f’co) on the axial stress-strain response of

UHSSFR-CFFT was examined by comparing strength enhancement coefficient (k1) and axial
strain enhancement ratio (k2) with varying amounts of f’co. For this investigation, it should be
noted that comparable specimens with similar values of fiu/f’co were selected for each type of
FRP. As can be seen in Table 28, most of the comparable specimen groups showed similar

behavior with values of ki decreasing with an increase in f’co.

A comparison of ki within groups of specimens with the same fiber type and similar values of

fiulf o , reveals f’co has a similar influence on UHSSFR-CFFTs independent of fiber type. The
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obtained ki for GFRP specimens and adequately-confined BFRP specimens (i.e. N-B3, H-B6
and VH-B9) decreased with an increase in f’co. A similar trend can be seen in insufficiently
confined BFRP specimens (i.e. N-B2, H-B4 and VH-B6), which showed a higher rate of
decrease in ki when increasing f’c. Although CFRP-confined NSC and VHSC specimens
showed similar trends of ki to GFRP- and BFRP-confined specimens where ki decreased by an
increase in fco, the CFRP-confined HSC specimens exhibited the opposite behavior where kg

increased with an increase in f’co.

Similar to the above comparisons for ki, the variation of k> with f’co was investigated in this
study to present the influence of f’co on axial strain enhancement ratio. It can be seen in Table
28 that ko of GFRP and insufficiently-confined BFRP specimens did not show a specific trend
by the variation of f’co. On the other hand, the k> for CFRP specimens showed a decrease with
an increase in f’co. Additionally, adequately-confined BFRP specimens displayed an opposite
behavior to CFRP-confined specimens, with k. increasing with an increase in f’co. These
observations suggest that k. of UHSSFR-CFFTs was not significantly influenced by /"o and

that influence varied with the FRP type.

8.3.2.2.4 Influence of FRP type
To investigate the influence of FRP type on the mechanical behavior of UHSSFR-CFFT

specimens, ki and ko values were examined for comparable specimens manufactured with
different FRP confinement materials. As shown in Table 28, the highest values for axial
enhancement ratio (ki) for a given f’co were obtained for CFRP-confined specimens, with
GFRP- and BFRP-confined specimens showing lower values of ki of similar magnitudes. As
can be viewed in Table 286, the CFRP and BFRP specimens displayed similar values of k>

whereas the GFRP specimens had lower values of ko compared to these companion specimens.
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8.3.2.3 Axial strain-lateral strain behavior
It is well established that the prediction of axial strain-lateral strain relationship is of vital

importance in developing or validating analysis oriented models [113]. The analysis oriented
models are robust instruments to predict the mechanical response of FRP-confined concrete
under compression as previously discussed by Lim and Ozbakkaloglu [113]. Therefore, a
detailed study on lateral mechanical behavior of UHSSFR-CFFT is influential to prepare an
accurate analysis-oriented model for SFRC FRP-confined specimens. In this study, the lateral
behavior of UHSSFR-CFFT at different heights, namely 50, 100 and 150 mm from top of

specimens, was studied to determine the lateral behavior along specimen height.

Figs. 111-113 show the axial strain-lateral strain curves for GFRP, CFRP and BFRP-confined
specimens, respectively. As demonstrated in these figures, the lateral strain development at
mid-height of all specimens was higher when compared to the measured lateral strains at other
heights. It can also be seen in Fig. 111 that lateral strain development of the top (SGs 1&2) and
bottom (SGs 5&6) regions for GFRP specimens showed similar strain development. However,
this trend was not seen in the BFRP and CFRP specimens which showed a noticeable difference
in recorded lateral behavior at the top and bottom regions. This can be attributed to the

differences in the local shear plane formations for different tested FRP-types.

Fig. 114 presents the variation of lateral strain-axial strain recorded at mid-height of specimens
by increasing f”co for GFRP, CFRP and BFRP specimens. Fig. 114a shows the obtained results
for GFRP specimens and can be used to compare NSC specimen behavior with f’co of 35.2
MPa to HSC specimen behavior with f”c, of 78.7 MPa. As can be seen in this figure, the shape
of lateral strain-to-axial strain curves for the mid-height region (i.e. SGs 3 and 4) of N-G1 and
H-G2 after the inflection points changed noticeably. The same figure shows that HSC
specimens with f’co of 78.7 MPa and VHSC specimens with 105.2 MPa had approximately

similar lateral behavior. As illustrated in the figure, H1-G2 and VH-G3 had approximately
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similar shape of lateral-axial strain curve after inflection point and the increase in f’co was not
influential for HSC specimens. Conversely, the results of CFRP and BFRP specimens showed
that increasing f’co did not change the shape of lateral strain-to-axial strain curve significantly,
as shown in Fig. 114b, ¢ and d. These observations indicate that the lateral behavior of GFRP
specimens by variation of fcc was not similar to GFRP-confined plain concrete [113].
Conversely, the CFRP and BFRP specimens showed approximately similar behavior when

compared to FRP-confined plain concrete.

Fig. 115 illustrates the variation of lateral strain-axial strain curves for different FRP types at
given f"co. As can be seen in Fig. 13a, the obtained results at mid-height of specimens showed
the various lateral strain-to-axial strain curves for different FRP types after inflection point at
given f’co. The same results can be seen for HSC and VHSC specimens in Figs. 115 b and c.
This results is not in agreement with previous obtained study on FRP-confined plain concrete,
i.e. Lim and Ozbakkaloglu [113], where they reported identical lateral strain-to-axial strain
curves for various FRP fiber types. Additionally, the influence of confinement level on lateral
strain-axial strain curves of UHSSFR-CFFT can be investigated by studying the BFRP
specimens’ behavior as explained before in previous section. As can be seen in the Fig. 115,
increasing fiu/f’co at given f’co changed the shape of lateral strain-axial strain curves after
inflection point. This outcome is similar to FRP-confined plain concrete lateral behavior as

previously discussed in detail by Lim and Ozbakkaloglu [113].
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Table 29- Results of lateral strain at failure for confined specimens

Lateral strain  Lateral strain  Lateral strain

Specimen (%) (%) (%) Eh,rup (Max) ke 182 Ke 384 Ke 526 ke
SG 1&2 SG 3&4 SG 5&6 % SG 1&2 SG 3&4 SG 5&6 L&O (2014)

N-G1-1 1.21 1.57 1.15 1.45 0.39 0.51 0.37 0.75
N-G1-2 1.18 1.75 1.41 1.75 0.38 0.56 0.45 0.75
H1-G2-1 1.10 1.67 1.25 1.71 0.35 0.54 0.40 0.65
H1-G2-2 1.41 1.82 1.55 1.90 0.45 0.59 0.50 0.65
H2-G3-1 1.18 1.67 1.21 1.74 0.38 0.54 0.39 0.60
H2-G3-2 1.43 1.80 1.52 1.89 0.46 0.58 0.49 0.60
N-C1-1 0.93 1.28 1.03 1.56 0.44 0.61 0.49 0.65
N-C1-2 0.95 1.21 0.73 1.75 0.45 0.58 0.35 0.65
H1-C2-1 1.12 1.33 1.08 1.44 0.53 0.63 0.51 0.55
H2-C3-1 0.75 1.07 1.05 1.21 0.36 0.51 0.50 0.50
H2-C3-2 0.90 1.01 0.97 1.01 0.43 0.48 0.46 0.50
N-B2-1 1.11 1.54 1.14 1.61 0.48 0.67 0.50 0.76
N-B2-2 1.05 1.42 0.90 1.46 0.46 0.62 0.39 0.76
N-B3-1 0.92 1.45 1.12 1.47 0.40 0.63 0.49 0.76
H1-B4-1 1.43 1.62 1.03 2.06 0.62 0.70 0.45 0.66
H1-B4-2 0.95 1.57 1.12 1.87 0.41 0.68 0.49 0.66
H1-B6-1 1.02 1.35 1.18 1.50 0.45 0.59 0.51 0.66
H1-B6-2 0.63 1.52 1.03 1.55 0.27 0.66 0.45 0.66
H2-B6-1 0.90 1.47 1.11 1.48 0.39 0.64 0.48 0.60
H2-B6-2 1.47 1.68 1.11 1.90 0.64 0.73 0.48 0.60
H2-B9-1 1.33 1.56 1.21 1.78 0.58 0.68 0.53 0.60
H2-B9-2 1.25 1.56 1.06 1.67 0.54 0.68 0.46 0.60
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8.3.2.3.1 Hoop rupture strain
Table 29 shows the hoop rupture strains at failure. In this table, the average of hoop strain

measured by two lateral strain gauges, the maximum lateral strain (en,rup (vax)) and the reduction

factor related to each calculated average (k.) are presented. The reduction factor was calculated

by k. = 2P \where enrup@nd e are maximum hoop strain obtained by SGs and ultimate tensile

ef
strain of FRP, respectively [29]. In addition, Lim and Ozbakkaloglu [17] proposed an
expression to predict k. for FRP-confined plain concrete and this prediction is also presented
in Table 7. 1t should be noted that k. expression was developed for FRP-confined plain concrete
and shows the general behavior of this type of confined concrete. Consequently, comparing the
obtained experimental k. values with theoretical values obtained by the expression presents a

potential method to compare UHSSF-CFFT behavior with plain concrete.

As can be seen in Table 29, the obtained reduction factor (k) ranged between 0.27 and 0.73. It
can be seen in the table that the measured k. at mid-height of specimens are consistently higher
when compared to the remaining two locations. This indicates that the rupture of FRP jackets
and its corresponding strain (enrup) Occurred at mid-height of specimens, as also typically
observed in FRP-confined plain concrete. Furthermore, the Table 29 shows that the obtained
ke values by Lim and Ozbakkaloglu [17]’s expression vary noticeably with f’co, however this is
not the case for these experimentally recorded steel fiber specimens. The GFRP and BFRP-
confined SFR concrete specimens appeared noticeably less influenced by unconfined concrete
compressive strength (f°c0). Conversely, CFRP-confined SFR concrete specimens revealed a
decreasing trend of k. for an increase in f’co which is the same trend observed in FRP-confined
plain concrete. This indicates the different behavior of GFRP and BFRP-confined SFR concrete
specimens in comparison to CFRP-confined SFR concrete and FRP-confined plain concrete.
This different behavior of GFRP and BFRP specimens compared to CFRP specimens show the

influence of FRP types in mechanical behavior of studied specimens. This different behavior
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can be attributed to lower value of fiw/f"c for GFRP and BFRP specimens compared to CFRP
specimens. Moreover, a comparison between the predicted values of k. at specimen mid-height
and the experimentally recorded values in Table 29 displays the good agreement for BFRP and
CFRP specimens. However, GFRP specimens showed large difference between predicted and
experimentally recorded values of k.. This observation can be attributed to the effect of fiber
type on development of local shear planes. As strain gauges measure the lateral strain locally,
the location of their attachment relative to the development of local shear planes can
significantly influence the recorded data.

8.4 Conclusion

The following points summarize the main findings and contributions of this study:

1- GFRP-, CFRP- and BFRP-confined UHSSFR-CFFTs show a decrease in axial stress
enhancement ratio (ki) with an increase in f’co. Conversely, the axial strain enhancement ratio

(k2) is not significantly influenced by f°co and this affect changes with the FRP type.

2- The lateral behavior of CFRP- and BFRP-confined UHSSF-CFFTs reveals that an increase
in f"co does not influence the shape of lateral strain-to-axial strain curve significantly. However,
this same increase in f’co was observed to influence the GFRP-confined specimens, where a
noticeable change in the shape of lateral strain-to-axial strain curves was observed after the

inflection point for the mid-height region.

3- An increase in fiw/f e for the BFRP-confined UHSSFR-CFFTSs leads to an increase in both
ki and k2. Additionally, an increase in the amount of fiw/f"co reduces the slope of lateral strain-
axial strain curves after the inflection point. These observations are in agreement with previous

reported results for FRP-confined plain concrete specimens.
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4- Axial stress enhancement ratio (k1) of UHSSFR-CFFT is highly dependent on the fiber type
of the FRP confinement. ki exhibits an increase by increasing fiu/f’c for GFRP and BFRP

specimens while CFRP-confined specimens showed the opposite trend.

5- GFRP- and BFRP-confined UHSSFR-CFFT show an increase in ko when increasing fiu/f"co,
whereas CFRP-confined specimens show a decrease. This indicates that GFRP and BFRP

specimens show a similar behavior to FRP-confined plain concrete when increasing fiu/f"co.

6- The strain reduction factor (k.) for GFRP and BFRP specimens is more influenced by fiu/f"co
than f°c0. Conversely, CFRP specimens show a significant influence of f’c on strain reduction

factor (k.), with this behavior similar to that for FRP-confined plain concrete.
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Chapter 9: Mechanical response of POLYVINY L
ALCOHOL fiber-reinforced concrete-filled FRP tube
columns under compression

(A paper is drafted based on this section, “Mechanical response of POLYVINYL ALCOHOL fiber-
reinforced concrete-filled FRP tube columns under compression” by Ali Fallah Pour, Togay
Ozbakkaloglu and Tom Vincent)

9.1 Introduction
Confining laterally concrete columns with fiber reinforced polymer (FRP) sheets and adding

fibers in concrete wet mix leads to formation of a composite structural system with decent
mechanical response under compressive axial loading [92]. Review studies by Ozbakkaloglu
et.al. [14, 16] have shown numerous studies have established the benefits of FRP-confined
concrete under axial compression for both FRP-wrapped concrete [25, 88, 131, 215-218] and
concrete-filled FRP tubes (CFFTs) [112, 152, 219-221]. These benefits apply to both normal
and high-strength concrete (NSC and HSC), with HSC gaining more attention in recent years
due to the higher mechanical performance offered by HSC over NSC [1-10]. However, it is
well known that the naturally brittle behavior of HSC results in some unfavourable behavior
for both concentric and simulated seismic loading. For example, a temporary post-peak axial
strength softening behavior of FRP-confined HSC under compression at transition zone was
observed which influences negatively the performance of FRP-confined HSC columns in real

loading conditions [11-13, 15].

Addition of fibers to concrete mix which is FRP-confined has proven to result in significant
improvements in mechanical performance of composite concrete columns [78]. Existing
studies have examined the influence of types of fiber on ductility and toughness of concrete
(e.g. [59, 76, 204, 222, 223]). It was found that these fibers are able to increase the dynamic

characteristics of concrete owing to improvements in the damping ratio of plain concrete [59,
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76, 204, 222-225]. One fiber that has received significant research attention due to its
favourable influence on concrete mechanical behavior, is Poly vinyl alcohol (PVA) [222-225].
PVA is adopted from poly vinyl acetate which is hydrolysed by treating an alcoholic solution
with aqueous acid or alkali [226]. PVA is a white powder with specific gravity ranging from
1.2 to 1.3 (1200-1300 kg/m®) and this powder is then formed and extruded to become PVA
fibers as commercial production [227]. PVA fibers offer high ultimate tensile strength,
relatively high modulus of elasticity, good chemical compatibility with Portland cement, good
affinity with water and no health risks [228]. These characteristics make PVA fiber a well-

suited ingredient in the concrete wet mixture to improve the mechanical properties of concrete.

As previously reported [229-231], adding PVA fiber to concrete wet mix increases ductility of
PVA fiber reinforced concrete in addition to slightly increase of compressive strength and
Elastic modulus. Furthermore, Noushini et al. [229] illustrated that longer PVA fibers results
in higher concrete compressive strength in fiber reinforced concrete and maximum increase of
compressive strength obtained for 0.25% of volume fraction. Hannawi et al. [231] also showed
that adding PVA fiber to concrete matrix results in increasing the thresholds of initial and
unstable cracking. They discussed that this outcome is consequence of adding PVA fiber to
concrete which control the cracking process in concrete under different types of loading [231].
Finally, Shao and Shah [232] showed high tensile strength and exceptional post-peak toughness
due to adding PVA fibers to concrete mixture. In addition, they showed that an increase in
length of fiber, volume ratio and cement content leads to higher deflection at pick of load when

PVA fiber reinforced concrete was under bending [232].

This improvement in fiber reinforced concrete characteristics occurs due to a higher stiffness
of PVA fibers when compared to concrete and good interfacial bond with the cement matrix

[228]. The higher tensile strength of PVA fibers sustain the crack expansion and resist the pull
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out force due to the strong bond between the fiber and the cementitious matrix [228].
Additionally, the PVA fibers are able to elongate and transfer the load to different parts of the
concrete matrix and as a result the applied load is distributed more evenly throughout the
specimens [227]. Although the beneficial of using PVA fibers in concrete wet mix has been
well examined, no study to date has examined the influence of PVA reinforced concrete that is

laterally confined by FRP jackets.

To address this research gap, this original study reports on the axial compressive behavior of
PVA fiber reinforced CFFTs (PVAR-CFFTs). A range from 15 to 70 MPa of unconfined
concrete compressive strengths (’co) has been examined to illustrate the influence of /" on
PVAR-CFFTs. This was followed by examination of the influence of lateral stiffness (K;) and
FRP types using 3 types of FRP tubes. Initially, this investigation delivers a brief explanation
of the test program by considering the specimen properties and testing process. Following this,
the obtained experimental outcome was presented for both unconfined and FRP-confined
specimens. Next, an in-depth discussion on the experimental results is provided where the
influence of key parameters is investigated, namely concrete strength (1°), lateral stiffness (K)
and FRP type. Finally, a detailed study on hoop strain at rupture plus lateral deformation along

specimen height is presented.

9.2 Test program

9.2.1 Test specimens
A total of 24 circular CFFTs specimens were manufactured and tested under axial compressive

loading. The specimens’ dimensions were selected 100 mm as diameter measured at the
concrete core, and 200 mm as height. Three types of concrete were prepared for this research
with three different /"o including 15, 30 and 70 MPa. These three different concrete batches
referred as LSC, NSC and HSC, respectively. The volume fraction of PVA fibers was selected

as 0.375% to keep integrity of concrete batches in preparation of the mixes and casting the FRP
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tubes. A manual wet lay-up procedure was used to manufacture FRP tubes with unidirectional
fiber sheets. Three different FRP fiber types were used in this study which are carbon reinforced
polymer fiber (CFRP), glass reinforced polymer fiber (GFRP) and basalt reinforced polymer
fiber (BFRP). It should be noted that two nominally identical specimens were tested for each
unique specimen configuration; the detail of each prepared specimen in this study is presented
in Table 30. As can be seen in Table 1, the confined specimens include 6 GFRP confined

specimens, 6 CFRP confined specimens and 12 BFRP confined specimens.

Table 30-Details of test specimens

Specimen Vs Concrete  FRP- Number trtotal
(%) Type Type  oflayers  (mm)
L-G1 0.375 N1SC GFRP 1 0.2
N-G2 0.375 N2SC GFRP 2 0.4
H-G3 0.375 HSC GFRP 3 0.6
L-C1 0.375 N1SC CFRP 1 0.167
N-C2 0.375 N2SC CFRP 2 0.334
H-C3 0.375 HSC CFRP 3 0.501
L-B2 0.375 N1SC BFRP 2 0.150
L-B3 0.375 N1SC BFRP 3 0.225
N-B4 0.375 N2SC BFRP 4 0.300
N-B6 0.375 N2SC BFRP 6 0.450
H-B6 0.375 HSC BFRP 6 0.450
H-B9 0.375 HSC BFRP 9 0.675

9.2.2 Materials

9.22.1 Concrete
Low, normal and high strength concrete (LSC, NSC and HSC) was prepared and cast in this

research where the ingredient were sourced from a local concrete supplier. These mixes were
batched in the laboratory where the details of these mixes can be seen in the Table 31. The
gravel used for these mixes consistent of crushed basalt with a 10 mm nominal maximum
diameter, with a 10 mm nominal maximum diameter. The resulted slump for each batch was

of over 100 mm for LSC and NSC mixes and over 200 mm for HSC. Control cylinders with
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100 by 200 mm dimensions were cast from the same concrete type mixes and tested in parallel

to the FRP confined specimens to determine the compressive strength (f7co).

Table 31- Concrete mix proportions

Ingredient N1SC N2SC HSC
Cement (kg/m3) 360 437 506
Silica fume (kg/m?3) - 38 44

Sand (kg/m?3) 700 710 700
Gravel (kg/m?3) 1010 1025 1015
Fiber (kg/m?3) 4.88 4.88 4.88
Water (kg/m?3) 227 164 168
Superplasticizer* (kg/m?3) 10 24 35

w/c 0.65 0.38 0.35
Total (kg/ m?) 2311 2402 2467

* Superplasticizer contained 70% water by weight

9.22.2 PVAfibers

The PVA fiber was used in this study as it is shown in the Fig. 116 and the detail of the fiber

was presented in Table 32. It is mentioned before that 0.375% was selected as volume fraction

and reinforcing index was 45 by using Eq. 45.

RI = (V; x Ay)

9.1)

where Vi is the fiber volume fraction (i.e. volume of fiber per unit of volume of concrete) and

As is the fiber aspect ratio (A = ;—f, where I is the fiber length and ds is the equivalent fiber
f

diameter).

Table 32- Details of PVA fibers

Name

Diameter (D)
Length (/)

Aspect ratio (//D)
Specific gravity

Tensile Strength

PVA
0.1 mm
12 mm

120
1.3t/m?

1230 MPa
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Figure 116- Poly-vinyl alcohol (PVA) fibers

9.2.2.3 FRP tubes
A manual wet lay-up process of wrapping epoxy resin impregnated fiber sheets around

precision-cut high-density Styrofoam templates in the hoop direction was used to prepare the
FRP tubes. A summary of the FRP material properties used in this study is presented in Table

33.

The number of FRP layers was selected by taking into account the unconfined concrete
compressive strength (/') in order to have ascending second branch on axial load-
displacement curve. This indicates that the specimens with higher f’c, received proportionally
more layers to ensure adequate confinement. However, it should be noted that the presence of
PVA fiber in wet concrete mix changes the minimum required number of FRP layers. This

leads to a higher number of layers by considering targeted f’co of specimens when compared to

2Efpppty

plain concrete. It should be said that lateral stiffness (K|) can be estimated by K; = >

where Et is the elastic modulus of FRP fiber, tt is the total fiber thickness of FRP jacket and D
is the specimen diameter measured at the concrete core. Lim and Ozbakkaloglu [17] discussed
on minimum required K; for FRP-confined plain concrete, namely Ko, to have ascending
second branch in axial stress-strain curves. Ki, can be calculated by K;, = f'L6> where f'c is

unconfined compressive strength of concrete in MPa [17]. Two series of BFRP-confined
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specimens with different K| values were cast in this experimental program while only one series
of GFRP- and CFRP-confined specimens was studied. This is due to having fewer previous
experimental studies on this type of FRP, i.e. basalt fiber reinforced polymer. The second set
of BFRP-confined concrete specimens had higher value of K; compared to first set to guarantee
an ascending-type second branch of axial stress-axial strain curve. Throughout this paper, the
BFRP-confined specimens prepared with low and high values of K are referred to as lightly-

and adequately-confined, respectively.

Table 33- Material properties of fibers and FRP composites

Fiber/FRP properties

Nominal Provided by manufacturers Obtained from coupon tests”
dry fiber ) . . .
Type . Ultimate Ultimate . Ultimate Ultimate .
thickness . . Elastic , , Elastic
tensile tensile dul tensile tensile dul
tr (mm/ply) stress strain nEO(Gl;,:)S stress strain po(é;:)
fr(MPa) &r (%) ! fere (MPa) e (%) P
CFRP 0.167 4830 2.10 230 4598 1.95 236
S-Glass 0.2 3040 3.50 86.9 3055 3.21 95.3
BFRP 0.075 1680 2.30 73.0 1584 2.10 76.0

* Calculated based on nominal dry fiber thickness

9.2.2.4 Specimens designation
The higher number of BFRP confined specimen was due to less pervious information about

this type of FRP fibers studied by this research group as it can be seen in the [17]. The database
used in mention research to predict Kjo did not include any dataset for BFRP specimens.
Consequently, two different K; were selected for BFRP specimens, one equal to Kio (minimum
threshold to have second ascending branch) and second one slightly higher value needed to
satisfy Kio [17]. The detail of specimens are presented in Table 30 and included specimens’

name, Vi, concrete type, FRP type, number of layers and nominal thickness (ts).
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9.2.25 Instrumentation and testing
Axial deformations of the specimens were measured with four linear variable differential

transformers (LVDT), which were mounted at the corners between the loading and supporting
steel plates of the test machine as shown in Figs. 52-53. The calculation of the average axial
strains was performed with recorded deformations along the height of the specimens. Lateral
strains were measured by 6 unidirectional strain gauges having a gauge length of 5 mm that
were bonded on the FRP jacket outside the overlap region. The lateral strain gauges (SGs)
position was determined to illustrate the lateral behavior of specimens along the height of
specimens and every two lateral strain gauges were attached at the same height with 180

degrees interval.

The specimens were tested under monotonic axial compression using a 5000 kN capacity
universal testing machine. During the test, the loading was applied with 2 microstrain per
second until specimen failure. The instrumentation and testing equipment used in this
experimental study are shown in Figs. 52 and 53.

9.3 Test results and discussion

9.3.1 Unconfined specimens

9.3.1.1 Failure mode
Fig. 117a, 117b and 117c shows typical obtained failure mode for PVVA unconfined LSC, NSC

and HSC, respectively. As it is shown in the Fig. 3a, b and c, the unconfined concrete
specimens’ failure mode changed from LSC to HSC. As can be seen in the figure, the PVAR-
LSC and PVAR-NSC showed approximately similar failure mode. However, the cracks were
distributed more homogenously in PVAR-NSC specimens compared to LSC. The obtained
crack distribution for the PVAR-LSC and PVAR-NSC was different compared to plain
concrete specimens where more localized shear zone can be seen. It is mention worthy that a
dark painting was used over specimens surface to easier verification of crack development.

This different behavior in PVAR-LSC and PVAR-NSC can be attributed by occurrence of
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bridging due to existence of PVA fibers in the matrix of concrete. Conversely, the PVAR-HSC
unconfined specimens showed more brittle behavior than other two types of specimens and the

major cracks expanded close to load direction.

a) LSC b) NSC C) HSC

Figure 117- Failure modes for unconfined specimens

9.3.1.2 Axial stress-strain behavior
Table 34 presents the compressive strength (f"c0) and corresponding axial strain (eco) for tested

unconfined specimens. As it can be seen in the table, the related /o for these three concrete
batches are 15.5, 29.1 and 70.5 MPa. In addition, Fig. 4 shows obtained axial stress-strain curve
for different concrete types, i.e. PVAR- LSC, NSC and HSC. It can be seen in the figures that
the obtained axial stress-strain for identical specimens are in good agreement. However, it
should be said that the best obtained agreement in axial stress-strain curve for two identical
specimens was observed in PVAR-LSC and PVAR-NSC compared to PVAR-HSC. This can

be attributed to more brittle behavior of HSC.

Table 34-Properties of unconfined concrete at test day of CFFTs

Concrete Fiber Volume
f'«o(MPa) £co (%)

Type fraction Vs (%)

LSC 0.375 15.5 0.24
NSC 0.375 29.1 0.27
HSC 0.375 70.5 0.31
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Figure 118- Experimental and theoretical axial stress-strain curves of unconfined concrete: a)

LSC, b) NSC, ¢) HSC
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9.3.2 Confined specimens
9.3.2.1 Failure mode

9.3.1 Failure mode

Figs. 119a-1191 show the failure mode of FRP-confined concrete with PVA fibers in wet
concrete mix. The FRP-confined specimens’ failure mode was consequence of FRP jacket
rupture associated with a loss of applied axial load. The mentioned rupture mode occurred for
all specimens except for one specimen that suffered an early FRP debonding failure (L-B3-2)
which is marked in Table 35 with *. The observation showed a sudden loss of applied load for
HSC confined specimens (e.g. H-G3, H-C3 and H-B9) after failure, however other specimens
namely L-G1, N-G2, L-C1, N-C2, L-B2, L-B3, N-B4 and N-B6 showed a more gradual loosing
strength after failure. In addition, as shown in these figures, the FRP jackets rupture happened
at the mid-height region of the specimens for all cases even for specimens with premature

failure.
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a) L-G1-1 b) N-G2-1 c) H-G3-2

g) L-B2-1 h) N-B4-1 i) H-B6-1

j) L-B3-1 k) N-B6-1 [) H-B9-1

Figure 119- Failure modes for test specimens: (a) L-G1-1, (b) N-G2-1 (c) H-G3-2, L-C1-1,
(e) N-C2-1 (f) H-C3-1, L-B2-1, N-B4-1, H-B6-1, L-B3-1, N-B6-1 and H-B9-1
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9.3.1.1 Axial stress-strain behavior

9.3.1.1.1 General observations
Figs 120-122 illustrate the experimental axial stress-strain curves for GFRP, CFRP and BFRP

specimens, respectively. The axial strains were obtained by averaging of 4 axial displacement
recorded by full-height LVDTs. Previously, it was discussed that FRP-confined HSC
specimens suffers a sudden drop in their axial stress-strain curves at transition zone (f’c1, ec1).
This sudden drop is opposite to previous understanding where using sufficient confinement for
concrete columns results in a nearly linear ascending second branch after first parabolic
ascending branch [14, 16, 17]. It should be said that the transition zone is a region that signifies
a change in the trend of the stress-strain curve after the termination of the initial ascending
branch (f’c1, ec1) [17]. This drop in axial load is due to brittle behavior of HSC which also
influences the ultimate axial stress (f’cc) and strain (ecy) of FRP-confined HSC specimens. To
investigate the influence of brittleness of HSC on FRP-confined HSC behavior and to compare
the behavior of HSC confined specimens to NSC and LSC, the strength enhancement (k1) and
strain enhancement (k2) coefficients were used. It should be noted that the details of definition
and calculation of the strength enhancement (k1) and strain enhancement (k2) coefficients can

be found in Ref. [10].

Figs. 120-122, show the obtained axial stress-strain curves in this experimental program for
PV AR FRP-confined specimens. As can be seen in Figs 120, 7121 and 122b, all GFRP-, CFRP-
and adequately confined BFRP-confined specimens showed ascending-type axial stress-strain
curves, without suffering any loss of strength along the transition zone. This observation
indicates that the addition of PVA fibers in HSC wet mix can limit or eliminate the sudden
drop typically observed in the axial stress of concrete at the transition zone associated with the
brittle nature of HSC [17]. Conversely, the lightly-confined H2-B6 series with a lower
confinement level (fi/f"co) showed slightly descending behavior starting at the transition zone,

shown in Fig. 122.a. It is mention worthy that the nominal lateral confining pressure at ultimate
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of FRP jacket (fiu/f’co) was determined by f,, = K; X &, where K| and e, are the lateral
stiffness of the FRP jacket and ultimate tensile strain of fibers, respectively. This results
indicates the need of higher level of confinement for lightly confined BFRP specimens

compared to other specimens, i.e. GFRP, CFRP and adequately confined BFRP specimens.

Table 35 presents the obtained results from tested specimens including unconfined compressive
strength (f°c0) and corresponding strain (eco), compressive strength (f’cc), ultimate axial strain
(ecu), and ultimate axial stress and strain enhancement ratio (f’cc/fco and eculeco). AS can be seen
in Table 35, the average of f"c«c/f"c Of identical specimens for CFRP- and adequately BFRP-
confined specimens, increased by an increase in fiu/f’co. Conversely, GFRP- and lightly BFRP-
confined specimens did not show the same trend and other key parameter such as f°c or FRP
types were more influential than fiu/f’c. It can also be seen in Table 35 that BFRP specimens
with the lowest values of fiu/f’c (i.e. N-B2, H-B4 and VH-6) had the lowest f’cc/f"co, Whereas
CFRP specimens with the highest values of fiy /f"c (i.e. N-C1, H-C2 and VH-C3) recorded the

highest f’cc/f co, as expected.

As can be seen in Table 35, although the obtained ecu/eco Showed small differences for each
type of FRP by variation of f’co, these difference are not noticeable and increasing f’co or fiu/fco
did not noticeably influenced the obtained average ecu/eco for each configuration of specimens.
Similar values of ecu/eco for FRP-confined LSC, NSC and HSC specimens’ points to a possible
change in the behavior of FRP-confined concrete through the addition of PVA fibers.
Nonetheless, L-G1-2 and N-C2-showed the highest obtained values for ey which this different
obtained results can be attributed to distribution, location and orientation of fibers in matrix of
these specimens. It is well established that the PVA fibers due to its fine nature, as can be seen
in Fig. 116, cannot be distributed ideally uniform in batches in lab scale and available

instrument in the lab. It is well known that the smaller fiber leads to more fibers existence for
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any given specific weight. This higher number of fibers in mixture increases the possibility of
mix choking or flocculation at higher dosage rates of fibers. Although maximum attempt was
performed in this study to distribute PVA fibers uniformly in concrete batch, it was not possible

to have ideal distribution in concrete mix.

262



Table 35-Results of compression tests for confined specimens

SpeCimen f'co Eco flu flu/f'co f'cc Ecu f'cc/f'co Ecu/gco ki ks
(MPa) (%) (MPa) i (MPa) (%)

L-G1-1 10.5 0.24 12.2 1.16 323 2.10 3.08 8.76 158 0.153
L-G1-2 10.5 0.24 12.2 1.16 27.1 3.19 2.58 13.28

N-G2-1 29.1 0.27 24.3 0.84 57.5 2.14 1.98 7.92 118 0152
N-G2-2 29.1 0.27 24.3 0.84 58.2 2.23 2.01 8.25

H-G3-1 70.5 0.31 36.5 0.52 130.2 2.66 1.85 8.58 181 0.282
H-G3-2 70.5 0.31 36.5 0.52 143.0 2.88 2.03 9.29

L-C1-1 10.5 0.24 16.1 1.54 43.7 2.22 4.17 9.23 1.85 0.135
L-C1-2 10.5 0.24 16.1 1.54 36.9 2.16 3.51 9.02

N-C2-1 29.1 0.27 32.3 1.11 68.4 2.88 2.35 10.65 134 0201
N-C2-2 29.1 0.27 32.3 1.11 76.3 2.23 2.62 8.27

H-C3-1 70.5 0.31 48.4 0.69 181.5 3.01 2.57 9.71 208 0300
H-C3-2 70.5 0.31 48.4 0.69 160.5 2.37 2.28 7.65

L-B2-1 10.5 0.24 5.0 0.48 18.8 1.26 1.79 5.26 138 0.186
L-B2-2 10.5 0.24 5.0 0.48 16.1 1.69 1.54 7.06

L-B3-1 10.5 0.24 7.6 0.72 28.3 1.97 2.69 8.19 535 0.198
L-B3-2* 10.5 0.24 7.6 0.72 27.6 0.75 2.63 3.14

N-B4-1 29.1 0.27 10.1 0.35 45.7 1.39 1.57 5.16 197 0.193
N-B4-2 29.1 0.27 10.1 0.35 38.0 1.23 131 4.56

N-B6-1 29.1 0.27 15.1 0.52 58.7 1.75 2.02 6.48 1.93 0.196
N-B6-2 29.1 0.27 15.1 0.52 57.7 1.56 1.98 5.76

H-B6-1 70.5 0.31 15.1 0.21 90.8 1.56 1.29 5.02 0.84 0.330
H-B6-2 70.5 0.31 15.1 0.21 75.8 1.54 1.07 4.96

H-B9-1 70.5 0.31 22.7 0.32 110.9 1.76 1.57 5.69 172 0.307
H-B9-2 70.5 0.31 22.7 0.32 108.1 1.90 1.53 6.11

* Excluded from calculations due to a problem encountered during testing
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Figure 120- Axial stress-strain response of GFRP-confined concrete specimens
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Figure 121- Axial stress-strain response of CFRP-confined concrete specimens
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Figure 122- Axial stress-strain response of BFRP-confined concrete specimens, (a) 2, 4 and
6 layers, (b) 3, 6, 9 layers
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9.3.1.1.2 Influence of amount of confinement
The nominal confinement ratio (fiu/f/"co), Strength enhancement coefficient (k1) and axial strain

enhancement ratio (k2) are presented in Table 35. Owing to existence of two sets of BFRP
specimens with different fil/f’co at a given fco, the variation of ki and k2 with fiu/f’co Were
investigated to illustrate the influence of amount of confinement in this study. As can be seen
in Table 35, at a given fc, an increase in fiu/f"co leads to an increase in the obtained ki and k2
values. As can be observed in Fig. 122, the lightly- confined specimens, i.e. N-B2, H1-B4 and
H2-B6, exhibited a nearly horizontal second branch in their axial stress-axial strain curves. The
lower ki values of lightly-confined specimens than those of adequately-confined specimens is

attributed to this behavior, which also led to slightly lower k> values in the former series.

9.3.1.1.3 Influence of f’c
To investigate the influence of f°c on behavior of PVAR-CFFTS, the change of ki and k» by

variation of f’co, was assessed in this study. For this investigation, the comparable specimens
with similar values of fi/f’co were selected for each type of FRP. As can be seen in the Table
35, FRP-confined LSC and NSC specimens have approximately similar fiu/f’co and these
specimens were used in this section to study the influence of /¢, on behavior of PVAR-CFFT.
As can be seen in the Table 35, the obtained ki for GFRP- and CFRP-confined LSC and NSC
specimens showed a decrease by increasing f"co at approximately constant fiu/f’co while both
series of BFRP specimens displayed opposite behavior. This indicates that GFRP and CFRP
specimens had similar behavior as FRP-confined plain concrete but BFRP specimens showed
opposite behavior. Additionally, it can be seen in the table that k> decreased by an increase in
f’co for GFRP- and both series of BFRP-confined LSC and NSC specimens. Conversely, CFRP
specimens showed opposite trend and k. for these specimens increased by an increase in f’co.
This result indicates that the obtained k> for GFRP and BFRP specimens had similar pattern as

plain concrete but CFRP specimens displayed opposite behavior. Moreover, these results
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indicates the significance of FRP types and its influence on mechanical behavior of PVAR-

CFFTs.

9.3.1.1.4 Influence of FRP types
The influence of FRP types on the axial stress-strain response of PVAR-CFFT was investigated

using ki and k2 same as other studied influential parameters, i.e. amount of confinement level
and f’co. As can be seen in Table 35, the obtained k; for CFRP and adequately confined BFRP
specimens had highest values at given f"c and lightly confined BFRP specimens showed the
lowest ki among whole specimens. Additionally, the obtained ko for BFRP specimens showed

a higher values of ko compared to GFRP and CFRP specimens.

9.3.1.2 Axial strain-lateral strain behavior
It is well established that the prediction of axial strain-lateral strain relationship is vital

importance in developing an analysis-oriented models [113]. It should be noted that the
analysis-oriented models are a robust instrument to predict the mechanical response of FRP-
confined concrete under compression as previously discussed by Lim and Ozbakkaloglu [113].
Therefore, a detailed study on lateral mechanical behavior of PVA-CFFT is influential to
prepare an accurate analysis oriented model for PVA FRP-confined specimens. In this study,
the lateral behavior of PVA-CFFT at different heights, namely 50, 100 and 150 mm from top

of specimens, was studied to determine the lateral behavior along specimen height.

Figs. 123-125 show the lateral strain-axial strain curves for PVAR GFRP-, CFRP- and BFRP-
confined specimens, respectively. As illustrated in Figs. 123-125, the mid-height of all
specimens showed higher lateral strain compared to the measured lateral strains at other
heights. In addition, the lateral behaviour of specimens at top (SGs 1&2) and bottom (SGs
5&6) of specimens showed different behaviour in different specimens. For example, L-G1, N-
C2, L-B2 and N-B3 specimens had higher lateral strain recorded at bottom of specimens

compared to top of specimens; other specimens such as N-G2 and L-C1 showed opposite
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behaviour and recorded data by SGs 1&2 were higher than SGs 5&6. In addition, few
specimens showed similar behaviour for SGs 1&2 and 5&6 such as H-C3 and H-G3. This can
be attributed to lateral stiffness, placement of PVA fiber on specimens, occurrence of strain
localization and location of local shear plane that governed the local and overall behavior of

specimens.

Fig. 126 displays the variation of lateral strain-axial strain recorded at mid-height of specimens
by increasing f"co for GFRP, CFRP and BFRP specimens. As illustrated in the figures, the
lateral strain-axial strain curves of FRP-confined LSC had different behavior after inflection
points compared to other concrete types (NSC and HSC) and the lateral behavior of FRP-
confined LSC altered by variation of FRP types. As can be seen in the figure, GFRP and BFRP-
confined LSC specimens had the lower slope of lateral strain-to-axial strain compared to
CFRP-confined LSC specimens. This obtained outcome for LSC indicates that the lateral
behavior of PVAR FRP-confined LSC specimens is more influenced by FRP types by variation
of /co. Conversely, the NSC and HSC specimens did not show a noticeable different behavior
after inflection points for all FRP types which this observation is in agreement with previous

work performed by Lim and Ozbakkaloglu [113].

The influence of FRP types on lateral strain-axial strain curves at the mid-height of specimens
and at given /" is illustrated in Fig. 127. As exhibited in Fig. 127a, the FRP types is less
influential in FRP-confined LSC specimens at constant /"o and all types of FRP fibers showed
approximately similar behavior after inflection point. This observation is opposite to previous
observation in the last paragraph where FRP types were influential by change in f’c.
Conversely, the FRP-confined NSC and HSC specimens showed different trends at given f’co
by variation of FRP types. As illustrated in Figs. 127b and ¢, CFRP-confined NSC and HSC

specimens showed lower lateral strain-axial strain slope after inflection points compared to
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GFRP and BFRP specimens. However, Fig. 127b and c displays the similar influence of FRP
types on lateral strain-axial strain curves for GFRP- and BFRP-confined NSC and HSC
specimens compared to plain concrete [113]. This indicates that CFRP-confined PVAR NSC
and HSC specimens showed opposite trend to FRP-confined plain concrete. It should be noted
that carbon fiber reinforced polymer has highest elastic modulus (Es) compared to other FRP
types. Finally, the BFRP specimens can be used to investigate the influence of fiu/f"co on lateral

strain-axial strain curve of tested specimens at given f’co.

269



0.016

0.012 -

C

I

n

3 0.008 -

g

i ---SGs 1&2
0.004 & — .SGs 384

— -SGs 5&6

0 T T T
0 0.005 0.01 0.015 0.02 0.025
Axial Strain
a) LSC

Lateral Strain

— -SGs 5&6

0 I T T T 1
0 0.005 0.01 0.015 0.02 0.025
Axial Strain
b) NSC

0.02

0.016 -
£
£0.012
n
s
© 0.008 -
©
-

SGs 1&2
0.004 1 — SGs 384
— SGs 5&6
O B T T T T T
0 0.005 0.01 0.015 0.02 0.025 0.03
Axial Strain
c) HSC

Figure 123- Axial Strain-lateral strain relationship of GFRP-confined specimens at different
strain gauge locations

270



0.016

0.012

0.008

Lateral Strain

...... SGs 1&2
— -SGs 3&4
— -SGs 5&6

0.004

0.01 0.015 0.02 0.025
Axial Strain

0 0.005

a) LsC

Lateral Strain

©

o

o

=
1

— -SGs 3&4

O - T T T 1
0 0.005 0.01 0.015 0.02 0.025
Axial Strain
b) NSC
0.016
_ 2.
0.012 {1 .3 4. /) L
c
'© .3 6.
5 7,
3 0.008 /
. |\ y
S D" SGs 1&2
0.004 1 7 — -SGs 384
— -SGs 5&
O T T T
0 0.005 0.01 0.015 0.02 0.025
Axial Strain
b) HSC

Figure 124- Axial Strain-lateral strain relationship of CFRP-confined specimens at different
positions of Strain Gauges

271



a)

b)

c)

0.016
1
_00121 3
g 5
= .5
5 0.008 -
[J]
®
-
0.004
0 A ey e
0 0.005 0.01 0.015
Axial Strain
LSC- 2 layers-BFRP
0.016
L J 2.
L0012 4 4 4 Z
= 6
= 5
[7p] - s -
 0.008 -
i) -
3
0.004 1 ?’SGs 1&2
Y — -SG
S58&6
0 ‘ ‘
0 0.005 0.01 0.015
Axial Strain
NSC- 4 layers-BFRP
0.016
0.012
c
s
17
0008
g o
ks ™ SGs 1&2
0.004
— SGs3&4
— SGs5&6
0 ; ‘
0 0.005 0.01 0.015
Axial Strain

HSC- 6 layers-BFRP

0.016
- 2.
i e
c 0.012 .3 4. //
2 -9 6. -7 -
 0.008 - P
i) AT e
3 L7 e
0.004 o
- — SGs3&4
04 R — SGs5&6
0 0.005 0.01 0.015 0.02
Axial Strain

LSC- 3 layers-BFRP

0.016

0.012 4 |

0.008 4

Lateral Strain

0.004 4

— -SGs 5&6

o KT ‘
0 0.005 0.01 0.015 0.02
Axial Strain
NSC- 6 layers-BFRP
0.02
| S
0016 1 "5 y =
- B B i =
= d
%0.01% S EEREE LE 7
i — 7
© oo
$0.008 7 ...................
c = e
- ST T SGs 1&2
0.004 1 G — -SGs 3&4
o ¢ — -SGs 5&6
0 0.005 0.01 0.015 0.02
Axial Strain

HSC- 9 layers-BFRP

Figure 125- Axial Strain-lateral strain relationship of BFRP-confined specimens at different
positions of Strain Gauges

272



Axial Strain
b) GFRP
0.016
2 0.012 4
IS
n
s 0.008 -
Q
T
-

0.004 A

0 0.005 0.01
Axial Strain

c) BFRP (HSC1)

0.012

o
o
S
@

Lateral Strain

o
o
S
N

[V . : .
0 0.005 0.01 0.015 0.02 0.025
Axial Strain
b) CFRP

0.016

0012 { — N-B6—— #7272 .-~
c oCld
& A
n
s 0.008
Q
T
-

Inflection Point

0 e T T T
0 0.005 0.01 0.015 0.02
Axial Strain
d) CFRP (HSC2)

Figure 126-Lateral strain-to-axial strain relationships of FRP-confined concrete specimens
having comparable confinement stiffness ratios and different unconfined concrete strengths

273



0.016

0.012 -

Lateral Strain
o
o
o
[e7]

0.004 -
0
Axial Strain
a) LSC
0.02
0.016
c
I
{7 0.012
©
 0.008
©
-
0.004 {_~
0 = T ‘ ‘
0 0.005 0.01 0.015 0.02 0.025
Axial Strain
b) NSC
0.025
0.02 A
c
8
& 0.015 A
©
o 0.01 -
©
-
0.005 A
0 0.005 0.01 0.015 0.02 0.025
Axial Strain
c) HSC

Figure 127-Lateral strain-to-axial strain relationships of FRP-confined concrete specimens
having comparable confinement stiffness ratios and different FRP types

274



9.3.1.2.1 Hoop rupture strain
Table 36 shows the detail of obtained hoop strain at failure over surface of FRP jacket. In this

table, the average of hoop strain measured by two lateral strain gauges at same height, the

maximum lateral strain measured by SGs and the reduction factor related to each calculated

€h,rup
€ fu

average are presented. The reduction factor was calculated by k., = , Where éenrup and e

are maximum hoop strain obtained by SGs and ultimate tensile strain of FRP (ef), respectively
[29]. In addition, Lim and Ozbakkaloglu [17] proposed an expression to predict hoop rupture
strain reduction factor (k.) and this prediction is presented in the same table. It should be noted
that k. expression was developed for FRP-confined plain concrete and shows the general
behavior of this type of confined concrete. Consequently, comparing the obtained experimental
k. values with theoretical values obtained by the expression presents a potential method to

compare PVA-CFFT behavior with plain concrete.

Table 36 shows that the whole obtained reduction factors (k.) are limited between 0.20 and
0.79 and the highest value of k. measured at mid-height of specimens compared to other
obtained reduction factor (k.) recorded at different height of specimens, as typically expected
for FRP-confined concrete specimens. Moreover, it can be observed in the table that the
reduction factors for SGs 3&4, i.e. hoop rupture strain (en rup), increased by an increase in fiu/f"co
at given f’co. Same as previous section, BFRP specimens were used to investigate the influence
of fi/f’« on k. behavior due to existence of two series of BFRP specimens at given f’co.
Additionally, due to similarity of fiu/f"c for LSC and NSC specimens, the obtained results for
these two types of concrete were used to investigate the influence of f’co at approximately
constant fiu/f"co. As can be seen in Table 36, k. increased by an increase in f’co for all FRP types
except for H-B6 specimens which showed a decrease by an increase in f’co. It should be noted
that H-B6 specimens had lowest value of fiu/f’co among all specimens. Furthermore, Table 7

shows the prediction of k. using Lim and Ozbakkaloglu [17]’s expression where the predicted
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values vary noticeably with /.. These observations indicate the change of PVAR-CFFT k.
trend compared to FRP-confined plain concrete behavior by variation of f’co. This can be
explained by presence of PVA fiber in wet mix of concrete and change of mechanical behavior

and ductility of PVAR-CFFT due to existence of these fibers.
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Table 36- Results of lateral strain at failure for confined specimens

Lateral strain  Lateral strain  Lateral strain

Specimen (%) (%) (%) Eh,rup (Max) Ke 182 Ke 384 Ke 586 ke
SG 1&2 SG 3&4 SG 5&6 % SG 1&2 SG 3&4 SG 5&6 L&O (2014)

L-G1-1 0.85 1.80 0.70 2.10 0.24 0.51 0.20 0.81
L-G1-2 0.84 1.41 1.12 2.02 0.24 0.40 0.32 0.81
N-G2-1 1.02 1.78 0.86 2.07 0.29 0.51 0.25 0.77
N-G2-2 0.80 1.70 0.94 1.90 0.23 0.49 0.27 0.77
H-G3-1 1.05 2.21 0.90 2.31 0.30 0.63 0.26 0.70
H-G3-2 1.37 1.96 1.27 2.54 0.39 0.56 0.36 0.70
L-C1-1 1.15 1.35 0.60 1.40 0.55 0.64 0.29 0.70
L-C1-2 0.81 1.51 1.12 1.61 0.39 0.72 0.53 0.70
N-C2-1 1.08 1.58 0.89 1.71 0.51 0.75 0.42 0.66
N-C2-2 0.85 1.55 1.03 1.58 0.40 0.74 0.49 0.66
H-C3-1 1.51 1.65 1.34 1.71 0.72 0.79 0.64 0.57
H-C3-2 1.32 1.52 1.23 1.55 0.63 0.72 0.59 0.57
L-B2-1 0.68 1.37 1.10 1.49 0.30 0.60 0.48 0.82
L-B2-2 0.61 1.21 1.14 1.23 0.27 0.53 0.50 0.82
L-B3-1 1.12 1.34 0.82 1.33 0.58 0.36 0.58 0.82
L-B3-2* 1.07 1.46 0.69 1.65 0.63 0.30 0.72 0.82
N-B4-1 0.80 1.55 1.24 1.75 0.35 0.67 0.54 0.78
N-B4-2 0.74 1.41 1.13 1.53 0.32 0.61 0.49 0.78
N-B6-1 0.55 1.57 1.36 1.61 0.24 0.68 0.59 0.78
N-B6-2 1.12 1.34 0.61 1.75 0.49 0.58 0.27 0.78
H-B6-1 0.82 1.46 1.35 1.81 0.36 0.63 0.59 0.71
H-B6-2 1.12 1.54 1.01 1.54 0.49 0.67 0.44 0.71
H-B9-1 1.42 1.60 1.19 1.61 0.62 0.70 0.52 0.71
H-B9-2 0.90 1.62 1.60 1.70 0.39 0.70 0.70 0.71
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9.4 Conclusion

The following points summarize the main findings and contributions of this study:

1- Similar values of ecu/eco are observed for each FRP type specimens and increasing fco Or
filf"co does not intensively influence these values. Similar values of ecu/eco for FRP-confined
LSC, NSC and HSC specimens’ by variation of f”co points to a possible change in the behavior

of FRP-confined concrete through the addition of PVA fibers.

2- filf e influences the axial stress enhancement ratio (ki) and axial strain enhancement ratio

(ko) of PVAR-CFFTS and these coefficients increases by an increase in fiu/f"co.

3- ki1 for GFRP and CFRP-confined LSC and NSC specimens show a decrease by increasing
f’co at approximately constant fiu/f’co while both series of BFRP specimens display opposite

behavior.

4- k> decreases by an increase in "o at approximately constant for GFRP and both series of
BFRP-confined LSC and NSC specimens. Conversely, CFRP specimens show opposite trend

and k. for these specimens increases by an increase in f’co.

5-The lateral strain-axial strain curves of FRP-confined LSC shows the noticeable influence of
f’co ON lateral strain-axial strain curves after inflection points. This observation is opposite to
other two types of concrete which were investigated in this study and to FRP-confined plain

concrete.

6-The FRP types is less influential in FRP-confined LSC specimens at constant f’co and all
types of FRP fibers showed approximately similar behavior after inflection point in lateral
strain-axial strain curves. Conversely, the FRP-confined NSC and HSC specimens showed
different trends at given f’co and the shape of lateral strain-axial strain curves changed by

variation of FRP types.
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7- k. increases by increasing f’co which indicated the different behavior of obtained k. for

PVAR-CFFT compared to FRP-confined plain concrete.
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Chapter 10: Evaluation of ultra-high-strength steel
fiber-reinforced concrete-filled FRP tubes columns
compressive behavior: an analysis using Digital Image
Correlation

(A paper is drafted based on this section, “Evaluation of ultra-high-strength steel fiber-reinforced
concrete-filled FRP tubes and unconfined concrete columns under compression: an analysis using
Digital Image Correlation” by Ali Fallah Pour and Giang Nguyen)

10.1 Introduction
Due to superior mechanical performance of HSC, namely higher compressive strength (fco),

this type of concrete recently received a great deal of attention in the construction industry [1-
10]. However, the more brittle behavior of HSC compared to NSC causes some disadvantages
in mechanical response of FRP-confined HSC under different type of loading such as
compression [16]. It is well established that adding fibers into the wet concrete mix leads to
create a more ductile structural system [78]. Steel fiber used widely in concrete wet mix to
improve the brittle behavior of concrete and steel fiber reinforced concrete (SFRC) examined

by numerous researches previously (e.g. [59, 60, 65-70, 72, 73, 75]),

Adding steel fiber to wet mix of concrete improves intrinsically brittle response of concrete
and changes the mechanical response of steel fiber reinforced concrete (SFRC) (i.e. ductility,
compressive and tensile strength) compared to plain concrete [59-63, 203-205]. The influence
of steel fibers on concrete behavior has been extensively investigated by different research
programs [59-76, 203-205]. The results of these studies showed that the steel fibers create
bridges across the cracks and the crack propagation can be controlled or delayed by these
bridges which improve the ductility of concrete [59, 60, 65-70, 72, 73, 75]. In addition, adding
steel fibers in concrete mix offers better compressive and tensile strength compared to plain

concrete which is results of bridging phenomenon [61, 63, 205, 207-212]. It was previously
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discussed that this improvement is under influence of many parameters such as volume fraction
and aspect ratio. It is well understood that the strength and toughness of SFRC under
compressive loading increased by increasing the volume fraction (or weight fraction) and
decreased slightly by increasing the aspect ratio of the fibers [59-61, 63, 64, 208, 210, 233-
237]. The existing studies showed that the compressive strength improved at maximum up to
15% by adding steel fibers [208, 209]. In addition, it was reported that the pre-peak ascending
branch of the compressive stress-strain relationship was marginally improved with increasing
fiber content [207]. Rangan et al. [210] reported that increasing fiber content leads to the higher
load absorption capacity of concrete in compression. However, the revision of literature
performed by this research group exhibited that a detailed study on performance of fibers in
concrete matrix and the correlation of bridging phenomenon with mechanical behavior of

SFRC does not exist.

As mentioned previously in section 8, an ultra-high-performance system can be built by adding
steel fiber to wet concrete mix of FRP-confined concrete [78]. Simultaneous use of FRP tube
as lateral confinement of concrete columns which enhances the compressive strength and
ductility [14, 16, 17] and steel fiber which amends the intrinsically brittle response of plain
concrete [59-63, 203-206], leads to developing a mega-performance structural system. A
number of experimental studies on SFR-CFFT have been performed to determine the
mechanical behavior of this system under a different type of loading such as concentric and
eccentric compression [9, 77, 91, 213, 214]. Previously discussed, this new system can amend
temporary softening behavior of FRP-confined HSC specimens after transition point (f’c1 and
ec1) [11-15]. It should be noted that the point where the axial stress-strain curve transitions from
an initial ascending branch to a second branch, is referred as transition point (’c1 and ec1) and
it is discussed in details in Ref. [17]. It is well known that the temporary loss of strength after

transition point (f’c1 and ec1) of FRP-confined HSC specimens is due to brittle nature of HSC
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[12, 15, 85, 108]. Additionally, the studies focused on concentric compressive loading of SFR-
CFFTs[9, 77, 214] reported that the axial stress-strain relationship of the SFR-CFFT specimens
can be influenced by volume fraction (V) and aspect ratio (Ar) similar to SFRC. Xie and
Ozbakkaloglu [77] discussed that the compressive strength of SFR-CFFTs decreased by an
increase in Ar at given Vs. The same results were obtained for ultimate axial strain (ecy) and
hoop rupture strain (enrup) Of SFR-CFFTSs in this study. Conversely, They showed that f'c, &cu,
and enrup increased by an increase in Vi at a given Ar. Additionally, section 8 showed the
influence of concrete compressive strength (f°c0) and FRP types on axial compressive behavior
of ultra-high strength steel fiber reinforced (UHSSFR)-CFFTs. It is shown in section 8 that the
axial stress enhancement ratios (ki) decreased with an increase in f’co for different fiber types
with similar values of the nominal confinement ratio (fiu//"c0). Conversely, the obtained results
for axial strain enhancement ratios (k2) in section 8 indicated that k. is not significantly
influenced by f"co and FRP type can change the behavior of k> by variation of f’co. Furthermore,
the obtained results in section 8 displayed that the lateral deformation of UHSSFR-CFFTs was
approximately similar to FRP-confined plain concrete, although a few differences were

observed.

To design and construct a building using SFRC or SFR-CFFT, existence of a model to
accurately predict the axial stress-strain behavior of SFRC and SFR-CFFTs is of vital
importance. Although some stress-strain curve models were developed to determine the SFRC
behavior under compression for specific types of steel fiber [59, 64, 65, 67, 72, 238], an in-
depth study to interpret the influence of steel fiber on concrete behavior and strain localization,
e.g. axial stress-strain curve, is essential. As Bencardino et al. [59] discussed, the
comprehensive definition of a stress-strain relationship which includes all types of SF, e.g.

hooked-ends, corrugated, flat-ends and ultra-high strength concrete (UHSSF), does not yet
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exist. This indicates the need of more detailed study on mechanical behavior of each type of

SFRC to determine the influence of different fiber types on SFRC mechanical response.

It is well established that the prediction of lateral behavior of FRP-confined concrete is a vital
importance in developing or validating an analysis oriented model for FRP-confined columns
under compression [113]. The understanding of confinement mechanism and its influence on
lateral behavior of this type of confined concrete are the key parameters to determine the
mechanical behavior of FRP-confined concrete accurately, i,e, develop a stress-strain model.
Although confinement mechanism of FRP-confined plain concrete was investigated in details
by different studies (e.g. [2, 15, 16, 92, 97, 103, 111, 144]), the influence of adding steel fiber
on FRP confinement mechanism did not yet examined. Additionally, Fallah Pour et al.[202]
discussed the influence of strain localization and evolution of strain localization on lateral
deformation of FRP-confined concrete which in turn activate the confinement mechanism.
Although the literature review performed by this research group showed the existence of some
researches on strain localization and its evolution in FRP-confined plain concrete (e.g. [27,

202]), no study still discuss on SFR-CFFTs strain localization and its evolution.

This section is a first detailed study on the deformation localization and localization evolution
of ultra-high strength steel fiber reinforced concrete (UHSSFRC) and UHSSFR-CFFTs under
compression. In this study, the strain localization and its evolution over specimen surface were
monitored using digital image analysis (DIC). The mechanical response of UHSSFRC and
UHSSFR-CFFT under compression were correlated to localization evolution and a detailed
study on initiation of localization was performed. This followed by an in-depth investigation
on occurrence of bridging and variation of this phenomenon by increasing f’co. Later, a detailed
discussion on the influential parameters in strain localization including f’cc and lateral stiffness

(Ki) was performed. At the end, a statistical approach which had been developed by this
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research group to condense DIC data for accurate correlation between localization and
mechanical response of specimens, was performed.

10.2 Experimental program

Same as FRP-plain concrete, this study used DIC to determine better the mechanical response
of UHSSF-CFFT specimens. This study is an extension of previous section, i.e. Section 8; this
indicates that the same specimens were examined by new measurement method (DIC). The
detail of specimens are presented in Section 8.1and Table 37; furthermore, DIC method was

explained in Section 5.1 in detail in detail.

Table 37- Details of test specimens

Specimen Vs Concrete  FRP- Number trtotal
(%) Type Type  oflayers  (mm)
N-G1 1.5 NSC GFRP 1 0.2
H-G2 1.5 HSC GFRP 2 0.4
VH-G3 1.5 VHSC GFRP 3 0.6
N-C1 1.5 NSC CFRP 1 0.167
H-C2 1.5 HSC CFRP 2 0.334
VH-C3 1.5 VHSC CFRP 3 0.501
N-B2 1.5 NSC BFRP 2 0.150
N-B3 1.5 NSC BFRP 3 0.225
H-B4 1.5 HSC BFRP 4 0.300
H-B6 1.5 HSC BFRP 6 0.450
VH-B6 1.5 VHSC BFRP 6 0.450
VH-B9 1.5 VHSC BFRP 9 0.675

10.3 Test Results
The DIC method was applied in this study to display and describe the details of the failure

mechanism and expansion of the shear zone under axial compression for UHSSFRC and
UHSSFR-CFFT. A synchronization between obtained results by DIC and the obtained
experimental stress-strain curves was provided to have a better understanding of the evolution
of strain localization during test procedure. This synchronization helps to correlate the strain

localization to mechanical response of specimens which results in better determination and
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quantification of localization characteristics. It should be said again that the details of
experimental axial stress-axial and lateral strain curves can be found in section 8.

10.3.1 Strain developments on specimens surface

Figs. 128-131 show the recorded VVon Mises strain (evon mises) and its evolution over specimens’
surface obtained by DIC for unconfined, BFRP, CFRP and GFRP-confined specimens. It
should be noted that 3 different points in axial stress-strain curves as representative of whole
curves, were selected. As can be seen in Fig. 128 for UHSSFRC and by comparing this figure
with obtained results for plain concrete [202], a different crack distribution pattern for
UHSSFRC can be observed. This different crack pattern as discussed previously, can be hinged
to occurrence of bridging which changed the natural brittle behavior of plain concrete and more
homogenous crack distribution were observed. It should be added that the influence of steel
fibers in variation of the failure mode from very localized to more homogeneous was associated
with increasing marginally compressive strength of UHSSFRC (fco). This influence is similar
for all concrete types including NSC, HSC and VHSC. The influence of steel fiber in concrete
column behavior will be discussed in details later in this study. Additionally, Fig. 128 shows
approximately the onset of localization using colour map, although the accurate determination
using this method is very difficult. This is due to dependency of the obtained results using
colour map on selection of maximum value, minimum value and number of interval in VIC-
3D software. VIC-3D software provides the colour map using the mentioned values which
should be decided by user. This is evident that change one of the mentioned values to analyze
DIC data using colour map, can influence the obtained results and lead to wrong evaluation of

the obtained data by DIC.

Figs. 129-131 show the evolution of Von Mises strain at three key references points in the
stress-strain relationship of BFRP, CFRP and GFRP specimens. These points are compressive

strength of concrete (f"co), transition stress (f’c1) and ultimate axial stress (f’cc). Comparing the
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obtained results for UHSSFR-CFFT with plain CFFT specimens [202] illustrates a significant

increase in thickness of the shear zone and more homogenous distribution of cracks over

specimens’ surface. This can be attributed to the creation of bridges by steel fibers across the

cracks and changing behavior of specimens to more ductile behavior compared to plain CFFT.

Nevertheless, as can be seen in Fig. 5a, BFRP specimens with 2, 4 and 6 (VHSC) layers and

lower values of Ki/f’«o compared to their peer BFRP specimens, showed a slightly different

pattern where more similar behavior to FRP-confined plain concrete can be observed. This can

be expressed due to the lower value of Ki/f’co and its influence on FRP-confined concrete

behavior. As explained previously for UHSSFRC, marking the onset of localization is very

difficult using colour map and a better way to spot the localization initiation should be used.
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10.3.2 Correlation between bridging and axial stress-strain
As explained previously, the pattern of crack distribution of fiber reinforced concrete including

UHSSFRC specimens change by formation of bridges by fibers across the cracks compared to
plain concrete. This leads to higher unconfined compressive strength, better post-peak behavior
and more ductile behavior of fiber reinforced concrete specimens. Better understanding of this
phenomenon in fiber reinforced concrete helps to have more accurate prediction of structural
element mechanical behavior which is a significant step of a practical designing procedure.
Figs. 132-134 display the correlation between axial stress-strain curves, full-field strains (axial
and Von Mises strain) evolution and the influence of steel fiber on specimens’ behavior. As
can be seen in these figures and it is discussed previously, the strain localization started at
approximately 50-60% and 70-80% of /.o for NSC and HSC, respectively. It can be seen in
the Figs. 132-134 that the bridging phenomenon did not initiate before this point. By onset of
strain localization, the steel fibers initiated to form a bridge across the localized zone. The
formation of bridge impeded the expansion of localization along first orientation and this
followed by creating a new strain localized zone approximately perpendicular to the direction
of the first localized region. It should be said that the direction of strain localized zone related
to bridging occurrence depends strongly to the orientation of steel fibers at that part of
specimens. By appearance the second localization region, new fibers were triggered and these
fibers in turn obstructed the progression of second localization zone. This leads to formation
of a new localization zone which is approximately parallel to the first localization zone. This
procedure leads to two sets of localized strain bands which are approximately perpendicular
together and they distributed all over the surface of specimens. It should be said that the steel
fibers lose their influence by progression in the test when the activated fiber being pulled out
from the matrix and the localized zone started again to develop again along their primary
orientation. This later expansion again in turn triggered the other steel fiber at a different

portion of specimens and this procedure continued to the failure of specimens. It is evident that
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this bridging procedure results in higher unconfined strength (’co) and more ductile post-peak

behavior.
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10.3.3 Development of strains along specimen height
The evolution of Von Mises strain along the specimen height is presented in Figs. 135-138 for

unconfined and BFRP, CFRP and GFRP-confined concrete specimens. The selected profile
located at middle of specimens’ front surface as can be seen in Fig. 53 and referred as v-2 in
this figures. Additionally and same as previous section, the synchronization between the
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obtained VVon Mises strain by DIC along the profile and axial stress-strain curves are provided.
As can be seen in Fig. 135, the maximum Von Mises strain for UHSSFRC occurred in the
upper region, with little to no strain development elsewhere along the specimen height.
Furthermore, it can be seen in Fig. 135 that the initiation of localization occurred at point two
for NSC opposite to HSC and VHSC which showed later initiation, i.e. between points 2-3. It
is mention worthy to indicate again that although this figure is able to mark the initiation of
localization accurately for one profile, using this method still is difficult due to change profiles’
shape from one profile to another one. This indicates that the accurate determination of
localization onset needs to study more than one profiles over specimens’ surface which makes
this investigation time consuming. Same as localization initiation study, although the evolution
of localization from initiation to failure can be investigated in details using one profile over
specimens’ surface as shown in Fig. 9, this examination is very difficult due to change of results
from one profile to another, as can be seen in Fig. 128. It should be said that this different
obtained behavior from one profile to another one is due to existence of different local shear
planes in specimens which govern the overall specimens’ behavior as explained before [27,

191].

Comparing Fig.135 with Figs. 136-138 illustrates the different Von Mises strain development
along the height of FRP-confined concrete specimens compared to unconfined specimens. As
can be seen in Figs 136-138, the maximum Von Mises strain was observed approximately at
the middle height of FRP-confined specimens except for BFRP 2, 4 and 6 layers which have
lower Ki/f’co compared to other FRP-confined specimens. Ignoring the statistical aspect (e.g.
inhomogeneity of an intact material) that may influence where localization takes place, the
obvious difference between localized behaviors in Figs. 136-138 compared to Fig. 135 can be
seen which can be connected to the macro responses of the specimens under compression.

Confinement provided by the FRP jacket altered the deformation localization trend and this
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significantly changed the specimen’s behavior as an evident consequence. Finally, it should be
said that CFRP specimens showed a sudden rupture of FRP-confinement opposite to other
specimens with more gradual loss of strength. Same as obtained results for unconfined
specimens, the initiation and evolution of localization can be examined in-depth by using
different types of profiles such as horizontal and vertical; however, this examination is difficult

due to need of many profiles to have accurate outcome.
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10.4 Correlation between mechanical response of UHSSF-FRP-confined concrete and
strain localization
It is well established that to interpret the deformation localization, localization characteristics

should be accurately described and quantified. These parameters are the onset of localization,
characteristics of localization evolution to failure and correlation of these characteristics to
mechanical response of materials. Determination of these parameters helps significantly in
developing/validating a constitutive model which predict the mechanical behavior of materials
or structural system. The following sections present a potential method to describe and
enumerate the characteristics of localization for UHSSFRC and UHSSFR-CFFTSs.

10.4.1 Localization onset

It was presented in section 10.3 that using existing method to analyze DIC data is not able to
spot accurately the initiation of localization. As discussed previously [239], the behavior of
materials inside and outside of localization zone bifurcate by onset of localization and this
phenomenon can be used to mark accurately the onset of localization. To illustrate and quantify
this phenomenon, i.e. bifurcation, the applied measurement method in experimental program
should be able to capture both local and overall deformation of specimens. DIC due to its ability
to measure the strain at each point over specimens’ surface and the virtual strain option in post
processing software which shows overall strain, could be a powerful method to show the
bifurcation occurrence [239]. It should be said that the bifurcation shows the behavior of
materials inside and outside of the localization zone and it provides material's local-scale
response to applied load. The detail of bifurcation analysis by DIC was presented in previous

section, i.e. section 6.

Figs. 140-147 illustrate the initiation of localization for UHSSFRC and UHSSFR-CFFTs
specimens. In these figures, macro axial stress development, evolution of Von Mises strain of
two small zone inside and outside of localization zone (i.e. micro scale )and overall all growth

of Von Mises strain (i.e. macro scale) are shown against the time steps. In addition, the recorded
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Von Mises strains along the middle profile of specimens’ surface in 4 key reference points in
axial stress-strain curves, i.e. Figs. 135-139, are added in these figures. It should be said that
both sorted and unsorted measured Von Mises strain along the profile are displayed. These
additional figures are added to show how bifurcation is able to mark the initiation of
localization accurately while the other standard methods of DIC data analysis are not capable.
It should be note that the sorting Von Mises strain along the height of specimens as discussed

previously in section 6, is the first step to condense the obtained data by DIC.

Fig. 140 shows the obtained results for determination of localization onset of UHSSFR-NSC,
HSC and VHSC, respectively. Comparing Figs 140a, ¢ and e with Figs. 140 b, d and f shows
evidently the initiation of localization by studying the behavior of material inside and outside
of localization zone. It also can be seen in Figs. 140a, ¢ and e that the NSC, HSC and VHSC
specimens showed similar Von Mises strain behavior for inside and outside of the shear zone
before separation point where this bifurcation occurred between 50-80% of f’co dependent on
types of concrete. It should be noted that the bifurcation point for VHSC appeared later
compared to NSC and HSC whereas the VHSC separation was seen at about 70-80 per cent of
fco. In addition, the VHSC specimens showed rapid expansion of Von Mises strain evolution
after bifurcation point compared to the other two types of concrete, i.e. NSC, HSC.
Furthermore, it can be seen in these figures that the unloading behavior after bifurcation point
cannot be seen clearly in UHSSFRC behavior and this can be assigned to existence of fibers
and bridging phenomenon where bridging transfer load to all part of specimens. It should be
said that the behavior of material inside of shear zone could not be captured after losing of
speckle pattern over specimens’ surface. In addition, the sorted and unsorted vertical Von
Mises strain profiles are presented in this figure to show that initiation of localization can be

marked easier by study bifurcation occurrence compared to using profiles.
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Figs 141-147 illustrate the bifurcation phenomenon for Von Mises strain evolution in BFRP,
CFRP and GFRP specimens. Due to similarity of results few representative specimens were
selected to show how different behavior can be observed inside and outside of localization.
These selected specimens are BFRP-2&9 layers, CFRP-2&3layers, GFRP-1 layer and GFRP-
2 layers. As can be seen Figs. 140-147, the separation point for all FRP-confined specimens
was occurred at about 50-80% of f’co in agreement with unconfined specimens and previous
sections, i.e section 6 and 7. However, it can be seen in these figures that the unloading behavior
did not occurred to failure point (ultimate axial strength (f’cc)) where both zones and overall
behavior showed an unloading behavior. It should be said again that the speckle pattern which
is essential to analyze DIC data, was lost after failure and this can be seen in the figures and

the analysis gave the unstable and unreliable results.
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10.4.2 Shear zone expansion
As explained before, although using the evolution of profiles over specimens’ surface can offer

approximately accurate localization characteristics, this makes this method as time consuming
and difficult technique. To address this problem, Ref. [202] suggested a method and they used
the whole obtained VVon Mises strain over specimens surface while they condense these data to
make them easy to work. Figure 147 shows the shear zone evolution during axial compressive
loading for UHSSFRC and UHSSFR-CFFT specimens prepared by suggested method in Ref.
[202]. As it is discussed in detail previously [202], the average of obtained VVon Mises strain
over the specimen surface at each height firstly was calculated. Afterward, these averaged VVon
Mises strains were sorted in descending order from top to bottom of specimens. Nguyen and
Bui [168] and Verma et al. [186] discussed that although this is still not a perfect way to

condense the rich DIC data, its usefulness in interpreting and analysing micro-scale structural
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data, makes this method attractive in practice. As can be seen in Fig. 147, the evolution of Von
Mises strain during the test procedure for both unconfined and FRP-confined specimens can
be categorized into two groups. The first group represents steady development of evon mises
during axial compression prior to pre-peak stage along the height of specimens, which can be
seen in UHSSFR-CFFTs. Conversely, there is a second group of specimens, i.e. UHSSFRC,
which displayed more localized behavior after yielding followed by a strong increase of non-
homogeneity during and after specimen failure. Additionally, the shear failure zone for first
group expanded gradually during testing whereas the second group showed a rapid transition

from homogenous to localized behavior.

Comparing Fig. 147 with obtained results in previous work [202] and section 7 shows that the
UHSSFRC outcome had different localization evolution pattern compared to unconfined plain
concrete behavior. This different pattern can be explained by the presence of steel fiber in
concrete wet mix which changes strongly localized behavior of unconfined plain concrete to
more ductile behavior of UHSSFRC. As can be seen in the figures, the well FRP-confined
concrete specimens for both plain and UHSSFR-CFFT specimens showed similar behavior
(e.g. GFRP, CFRP, BFRP-3, 6 (HSC) and 9 layers) and both set of specimens showed gradual
expansion of localization. However, the insufficient confined UHSSFR-CFFT specimens (i.e.
BFRP-2 layers, BFRP-4 layers and BFRP-6 layers (VHSC)) displayed approximately similar
outcome same as well confined UHSSFR-CFFT specimens opposite to the insufficient FRP-
confined plain concrete. This again illustrates the influence of presence of steel fibers in
concrete wet mix of the insufficient FRP-confined specimens. Finally, it should be noted that
the figures illustrate the unloading procedure after failure point which this unloading behavior
varied for different specimens. As explained in previous sections, the speckle patterns were
lost partially over the covered area by DIC after failure point. As a consequence, the obtained

results after the failure point by DIC cannot be used for any comparison.
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10.5 A new approach to analyze DIC data
As discussed previously, although the suggested technique in section 5 is able to determine

accurately the initiation and evolution of localization, these methods cannot correlate these
localization characteristics to mechanical response of tested specimens. To provide the
mentioned correlation, a new approach was developed in section 6. This method helps to
quantify the localization evolution which is an essential element to develop a constitutive
model as explained by [156, 168, 169]. The last section of this study will discuss on a potential
approach to make all obtained DIC data applicable for mentioned purpose.

10.5.1 Statistical analysis of DIC result

As shown in Nguyen and Bui [168], the raw micro-mechanical data should be analysed and
condensed to make them useful in developing and/or validating a constitutive model. To
condense the raw obtained data by DIC, a statistical approach was used in this study where this
approach was discussed in detail in previous sections, sections 6 and 7. To perform this
analysis, the Probability Density Function (PDF) was used to determine the VVon Mises strain
distribution over the specimen surface as explained in details in section 6. Figs. 148-151 show
the experimental distribution of Von Mises strain over the surface of specimens for unconfined
and FRP-confined specimens. As can be seen in these figures, the experimental distribution of
Von Mises strain over the surface of all specimens kept a similar shape and this shape was
similar to PDFs’ accumulative curve. As it is discussed previously, the Beta PDF can be used
to model the Von Mises strain distribution at each step of the test due to existence of three
parameters in this expression. It should be said again that the detail of using Beta-distribution
function was presented and discussed in-depth in section 6. Figs. 152-155 show the results of
using Beta expression to model the shape of VVon Mises strain distribution at different steps of
tests. To prepare these figures, three exiting coefficients in Beta expression (i.e. p, q and ¢&)
were determined experimentally. It can be seen in these figures that there is approximately a

good agreement between obtained experimental and theoretical distribution curves. This
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approach is able to condense all obtained results by DIC over specimens’ surface and use them
in the validation or development of a constitutive model. It should be noted that this pattern
was observed in this study and more detailed study is needed to generalize this finding.
Moreover, it should be said that the similarity between the experimental and theoretical shape
of distribution was lost after failure point, although the shape of distribution still can be
modelled with a combination of two Beta functions with different parameters. As a last step,
the obtained experimental coefficients in Beta distribution expression (i.e. p, g and &) should
be correlated to mechanical characteristics of tested materials or structural system as performed
in section 6. In this study, this indicates that the experimental p, g and & should be correlated
to f7co, €co, Ki, Kilf’co and other mechanical characteristics of structural system such as tr and
aspect ratio similar to section 6. However, this correlation is not performed in this section due
to existing various numbers of mechanical characteristics such as fco, £co, Ki, Kilf"co, fiu/f"co and
hoop rupture strain (enrup) and few experimental datasets in this study. To conduct this
correlation, more experimental data with focusing on variation of influential parameters is

essential.
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Figure 155-VVon Mises strain distribution evolution of GFRP specimens obtained results by
DIC

10.6 Conclusions
This section presents the results of an experimental study on the strain localization of

UHSSFRC and UHSSFR-CFFT specimens with circular cross-sections under compression.
The axial stress-strain curves were obtained and synchronized with captured outcome by DIC

system. Based on the results presented in this study, the following conclusions can be drawn:
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1-The steel fibers by formation of bridging phenomenon change the crack distribution in
UHSSFRC specimens compared to plain unconfined concrete and cracks in UHSSFRCs
are distributed all over the surface of specimens. It should be noted that the distribution of
steel fiber inside the wet concrete mix and their orientation are significant parameters

which influence the crack distribution in unconfined specimens.

2-The thickness of the shear zone in UHSSFR-CFFT specimens increased significantly
compared to FRP-confined plain concrete specimens and more homogenous distribution
of cracks were observed for CFFT-SFRCs specimens. This can be attributed to the
creation of bridges by steel fibers across the cracks and changing behavior of specimens

to more ductile behavior.

3-The steel fiber bridging phenomenon started by initiating of localization zone and the
steel fibers started to form bridges across this zone. This followed by creating a new strain
localized zone approximately perpendicular to the direction of the first localized zone
orientation. Due to bridging occurrence, two sets of localization are observed which these

two sets are perpendicular together.

4-The unconfined NSC and HSC and VHSC outcome shows a different localization pattern
compared to unconfined plain concrete behavior. This different pattern can be explained
by the presence of steel fiber in concrete wet mix which changes the strongly localized

behavior of unconfined plain concrete to more ductile behavior of UHSSFRC.

5-The NSC, HSC and VHSC specimens showed similar Von Mises strain behavior for
inside and outside of the shear zone before bifurcation point. However, the separation point,
namely bifurcation point, for VHSC occurs later compared to NSC and HSC where this
separation can be seen at about 60-70 per cent of f°co. Moreover, the VHSC specimens show
rapid expansion of shear band compared to the other two types of concrete (NSC, HSC).
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6-The distribution of Von Mises strain over specimens’ surface can be modelled by Beta
PDF expression. This technique condense the obtained data by DIC and make these data

usable in developing or validating a constitutive model.
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Chapter 11: Conclusions and Future work

11.1 Summary

11.1.1 FRP-confined concrete column
This study presents a detailed study on mechanical behavior of FRP-confined high strength

concrete (HSC), steel fiber reinforced-CFFTs and PVA fiber reinforced-CFFT. Despite
numerous studies on FRP-confined concrete, a detailed studies which show the strain
localization characteristics of this structural system and correlate these characteristics to
mechanical behavior, does not exist. This study shows the effects of influential parameters on
existing stress-strain model for FRP-confined HSC. The influential parameters include both
mechanical characteristics of material such as f’co and strain localization and other type of

parameters such as measurement methods.

The obtained results from examining existing experimental data show that the measurement
method can influence the obtained experimental axial stress-strain curves. The outcome
displays that using two different measurement methods, namely Full-height LVDT and Mid-
height LVDT, exhibits similar axial stress-strain curve for FRP-confined NSC. However, the
outcome shows inconsistency in obtained axial stress-strain curve for FRP-confined HSC using
mentioned measurement methods. This inconsistency is due to brittle behavior of HSC and this
indicates that both local and overall deformation of specimens should be used when performing
an experiment to determine axial stress-strain behaviour. The needs of an advanced
measurement method which can provide both local and overall deformation, is essential.

11.1.2 Existing models for prediction of FRP-confined concrete behavior and influential

parameters on prediction
The investigation on performance of existing models to predict the mechanical behavior of

FRP-confined concrete under compression illustrates that two influential parameters govern
the accuracy of the prediction in existing models. These two parameters are unconfined

compressive strength of concrete (f°c0) and hoop rupture strain (en,rup). It is well known that the

327



brittleness of concrete increases by increasing f’co. This indicates that the mechanical response
of FRP-confined concrete under compressive loading varies by change of /’co. Additionally, it
is well established that hoop rupture strain is affected by lateral deformation and confinement
mechanism of FRP-confined concrete column. However, in the literature hoop rupture strain
is usually measured by strain gauges. It is well known that strain gauges record the deformation
on a few isolated points over the specimen’s surface and hence, they are not able to provide
accurate overall lateral deformation of the specimens.

11.1.3 FRP-confined concrete column in real load condition

The confinement mechanism is an influential parameters in determining the mechanical
response of FRP-confined concrete. This mechanism is investigated in this study by using two
different loading types, namely concentric and eccentric. This investigation shows that the
confinement mechanism is influenced significantly by loading types (i.e. concentric and
eccentric). The outcome illustrates that the increasing eccentricity causes a decrease in ultimate
axial load and axial stress and an increase in ultimate axial strain at loading point, as expected.
It should be said that loading point is the location of applied load over specimens which is
different in the case of eccentric load compared to concentric load. Furthermore, the variation
of lateral strain around the specimens’ perimeter due to eccentricity is displayed in this research
in addition to increasing curvature by an increase in eccentricity. Finally, cross-section analysis
was used to evaluate the mechanical behavior of specimens under eccentric load and it is found
that the load-displacement curves cannot be modelled accurately using axial stress-strain curve

provided by concentric load.

11.1.4 High strength concrete and its intrinsically brittle behavior
As explained in 11.1.1, to determine the mechanical behavior of a brittle material more

sophisticated measurement method and a more comprehensive approach is needed. The

obtained outcome in this study shows the need of new method to analyse DIC data and make
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a correlation between strain localization and mechanical performance of specimens. Moreover,
it is exhibited that the existing methods to analyse DIC data sometimes are not able to capture
accurately localization characteristics. Consequently, a new method to analyse the obtained
DIC data to determine the onset and evolution of localization is developed. This approach is
firstly applied on unconfined NSC and FRP-confined NSC then it is used for unconfined HSC

and FRP-confined HSC specimens.

The obtained results for FRP-confined NSC showed the influence of lateral stiffness (Ki) on
mechanical behavior of FRP-confined NSC where more homogenous behavior along
specimen’s height was obtained for higher K;. The obtained results also show that the
localization initiated at 50-60% of f”co for NSC. Afterwards, it is illustrated the existence of two
types of localization evolution whereas unconfined and insufficiently FRP-confined NSC
specimens have abrupt localization evolution behavior opposite to well confined NSC

specimens with more gradual behavior.

The new approach was further used and developed to analyze unconfined HSC specimens and
FRP-confined HSC. A bifurcation phenomenon analysis was added to this approach to
accurately mark initiation of localization. Additionally, a probability density function (PDF) is
used to quantify localization characterization and correlate mechanical characteristics of
specimens to localization. By using developed approach in this study on unconfined and FRP-
confined HSC, approximately similar results to NSC are obtained and two different evolutions
of localization pattern with same characteristic as NSC is observed. In addition, later
localization initiation for unconfined HSC and FRP-confined HSC compared to NSC is
observed. It is also demonstrated that the strain distribution over both unconfined and FRP-

confined HSC specimens’ surface can be captured using a PDF. Beta PDF was used in this
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study to model the strain distribution over specimens’ surface. The outcome indicates that this

condensed DIC data is helpful in order to be used in developing/validating a constitutive model.

As explained, the brittle behavior of HSC causes some unfavourable behavior in unconfined
HSC and FRP-confined HSC. In this study, the presence of two fibers, namely ultra-high
strength steel fibers (UHSSF) and poly vinyl alcohol (PVA) fiber, in concrete wet mix is
investigated. These two fiber types are used in this research to control the unfavourable
mechanical response of FRP-confined HSC as previously discussed in various researches. To
perform mentioned investigation, the same developed approach as explained for plain concrete
is applied on fiber reinforced concrete specimens. Afterward, FRP jacket is used to confine
concrete columns and these mega performance structural system are studied in the same way.
The results exhibit that adding fibers in concrete wet mix leads to more ductile behavior of
fiber reinforced concrete and fiber reinforced concrete -filled FRP tubes (CFFT) and the
disadvantages due to brittleness of plain HSC significantly reduced. Additionally, a more
homogenous crack distribution and localization evolution are observed for both unconfined
and FRP-confined fiber reinforced concrete specimens, although the localization
characteristics remained similar to those observed in unconfined and FRP-confined plain
concrete. The accurate initiation of bridging and how fibers are able to transfer the load to all
part of specimens is discussed and illustrated in this research. Although many researchers
investigated previously bridging phenomenon in fiber reinforced concrete, no studies exist on
correlation of bridging to mechanical response of fiber reinforced concrete. The obtained
results show the existing of two sets of deformation localized zone in fiber reinforced concrete
due to existence of fibers. In particular, the bridging did not start before initiation of localization
and the fibers improve the ductility of FRP-confined HSC specimens by disappearance of
temporary loss of strength after transition zone in their axial stress-strain curve. The outcome

in this research also shows that lateral deformation of UHSSFR-CFFT and PVAR-CFFT are
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approximately similar to FRP-confined concrete, although small differences can be observed.
Finally, the outcome showed that the distribution of strain over specimens surface can be
modelled by probability density function same as plain concrete. As indicated previously, this
helps in developing a more accurate constitutive model for studied structural systems.

11.2 Future work

As explained in section 11.1, the behavior of circular specimens, i.e. FRP-confined concrete,
under compression with aspect ratio equals to two were investigated in this study. This signifies
that to generalize obtained results in this study, i.e. developed approach to determine
localization characteristics which correlate the localization characteristics to mechanical
behavior of specimens, more experiments and an in-depth study is essential. All influential
parameters on mechanical response of FRP-confined concrete under various loading types
should be examined. These parameters are geometry including shape and aspect ratio,
structural element types such as FRP-confined concrete or fiber reinforced concrete, FRP shell
types namely FRP wrap or FRP tube, variation of /"o and K, the influence of ingredient
including type and shapes of gravels in concrete mix and others factors such as workmanship.
A comprehensive experimental program which is able to cover and investigate all mentioned
parameters should be designed. In this experiment, a sophisticated measurement methods
which is able to record both local and overall deformation must be provided. This new study
should be aimed to correlate the localization characteristics to mechanical response of under
studied structural element. The results of these all-inclusive study lead to develop an accurate
constitutive model which is validated appropriately by experimental data. These type of
constitutive models, in turn, results in safer and more economic designing procedure which is

main concern of engineering science.
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Appendix A

Table 1. Summary of test results used in the current study

StUdy f’ca FRP Ef tf K/ K/f'co Ecu,FH Ecu,MH Ecu,MH/Ecu,FH
(MPa) TYPE (GPa) (mm) (MPa) (%) (%)
Vincent and 494 A 1200 06 9411 19.05 3.15 3.17  1.01
azobflkkalog'“ 494 A 1200 0.6 941.1 1905 355 373 105
494 A 1200 0.6 9411  19.05 347 350  1.01
494 A 1200 06 941.1 1905 301 332 110
494 A 1200 06 941.1 1905 318 352  1.11
494 A 1200 06 941.1 1905 298 3.02 101
494 A 1200 06 941.1 1905 373 365 098
494 A 1200 06 941.1 1905 3.40 367  1.08
494 A 1200 06 941.1 1905 337 324 096
494 A 1200 06 941.1  19.05 341 355  1.04
494 A 1200 06 941.1 1905 322 332  1.03
494 A 1200 06 941.1  19.05 348 360  1.03
103.4 A 1200 1.2 18823 1820 2.89 203  0.70
103.4 A 1200 1.2 18823 1820 253 151  0.60
103.4 A 1200 1.2 18823 1820 2.89 159  0.55
Vincent and 520 C 230.0 0.333 10011 19.25 231 251  1.09
Ozbakkaloglu [105] 52.0 C 230.0 0.333 10011 19.25 222 214 096
520 C 230.0 0.333 10011 19.25 214 217  1.01
520 C 230.0 0.333 10011  19.25 248 261  1.05
520 C 230.0 0.333 1001.1 1925 225 225  1.00
520 C 230.0 0.333 1001.1 1925 219 227  1.04
520 C 230.0 0.333 1001.1 1925 220 242  1.10
520 C 230.0 0.333 10011 19.25 212 241 114
520 C 230.0 0.333 1001.1 1925 2.14 232  1.08
520 C 230.0 0.333 1001.1 1925 236 2.48  1.05
847 C 230.0 0.666 20023 2364 166 102  0.61*
847 C 230.0 0.666 20023 2364 180 137 076
847 C 230.0 0.666 20023 2364 195 140  0.72
Lim and 347 G 869 0.4 4544  13.09 339 350  1.03
Ozbakkaloglu [106] 347 G 86.9 0.4 4544  13.09 363 374  1.03
347 G 86.9 0.4 4544  13.09 323 333  1.03
741 G 86.9 0.8 908.8  12.26 269 140  0.52
741 G 869 0.8 908.8  12.26 274 142 052
741 G 869 0.8 908.8  12.26 261 135  0.52
749 A 1182 08 12361 1650 1.88 1.14  0.61
749 A 1182 08 12361 1650 1.69 1.02  0.60
749 A 1182 08 12361 1650 2.14 129  0.60
Vincent and 448 A 1182 04 618.0  13.80 215 195 091
Ozbakkaloglu [107] 448 A 1182 04 618.0  13.80 178 150  0.84
448 A 1182 04 618.0  13.80 177 172 097
832 A 1182 08 12360 1486 177 094  0.53
832 A 1182 08 12360 1486 172 089  0.52
832 A 1182 08 12360 1486 193 091  0.47
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StUdy f’co FRP Ef tf KI K/f'co Ecu,FH Ecu,MH Ecu,MH/Ecu,FH

(MPa) TYPE (GPa) (mm) (MPa) (%) (%)
Lim and 29.6 A 118.2 0.2 309.0 10.44 2.12 2.10 0.99
Ozbakkaloglu [29] 29.6 A 118.2 0.2 309.0 10.44 1.95 1.80 0.92
29.6 A 118.2 0.2 309.0 10.44 2.01 1.83 0.91
29.6 C 240.0 0.167 523.9 17.70 1.90 1.98 1.04
29.6 C 240.0 0.167 523.9 17.70 2.03 2.10 1.03
29.6 C 240.0 0.167 523.9 17.70 2.23 2.34 1.05
29.6 G 86.9 0.2 227.1 7.68 1.82 1.66 0.91%**
29.6 G 86.9 0.2 227.1 7.68 1.51 1.42 0.94
29.6 G 86.9 0.2 227.1 7.68 2.02 1.84 0.91
49.6 A 1182 04 618.0 12.46 2.60 1.79 0.69
49.6 A 1182 04 618.0 12.46 2.32 2.09 0.90
49.6 A 118.2 0.4 618.0 12.46 2.75 2.24 0.81
49.6 C 240.0 0.334 1047.8 21.13 2.48 2.06 0.83
49.6 C 240.0 0.334 1047.8 21.13 2.17 1.98 0.91
49.6 C 240.0 0.334 1047.8 21.13 2.07 2.07 1.00
49.6 G 86.9 0.4 454.3 9.16 1.82 1.32 0.73
49.6 G 86.9 0.4 454.3 9.16 1.85 1.32 0.71
49.6 G 86.9 0.4 454.3 9.16 1.42 1.00 0.70
74.1 A 118.2 0.6 927.1 12.51 2.28 1.44 0.63
74.1 A 118.2 0.6 927.1 12.51 2.52 1.61 0.64
74.1 A 118.2 0.6 927.1 12.51 2.09 1.11 0.53
74.1 C 240.0 0.501 1571.7 21.21 1.47 1.20 0.82
74.1 C 240.0 0.501 1571.7 21.21 1.71 1.16 0.68
74.1 G 86.9 0.6 681.5 9.20 0.54 0.30 0.56*
74.1 G 86.9 0.6 681.5 9.20 1.22 0.50 0.41*
74.1 G 86.9 0.6 681.5 9.20 1.21 0.70 0.58*
94.1 A 118.2 0.8 1236.1 13.14 2.06 0.99 0.48
94.1 A 118.2 0.8 1236.1 13.14 1.73 1.18 0.68
94.1 A 118.2 0.8 1236.1 13.14 2.39 1.03 0.43**
94.1 C 240.0 0.668 2095.6 22.27 2.16 1.24 0.57
94.1 C 240.0 0.668 2095.6 22.27 2.03 1.34 0.66
94.1 C 240.0 0.668 2095.6 22.27 2.20 1.70 0.77
94.1 G 86.9 0.8 908.7 9.66 2.29 1.00 0.44
94.1 G 86.9 0.8 908.7 9.66 2.80 1.57 0.56
94.1 G 86.9 0.8 908.7 9.66 2.40 1.25 0.52
Lim and 85.7 A 118.2 1.2 1854.1 21.63 2.09 1.16 0.56
Ozbakkaloglu [12]  85.7 A 1182 1.2 1854.1 21.63 2.18 1.18 0.54
85.7 A 118.2 1.2 1854.1 21.63 2.02 1.23 0.61
1124 A 118.2 1.2 1854.1 16.50 194 0.85 0.44
1124 A 1182 1.2 1854.1 16.50 1.75 0.82 0.47
1124 A 1182 1.2 1854.1 16.50 2.04 0.74 0.36
1124 A 1182 1.2 1854.1 16.50 1.87 1.12 0.60
1124 A 118.2 1.2 1854.1 16.50 1.74 0.82 0.47
1124 A 118.2 1.2 1854.1 16.50 1.97 0.97 0.49
1134 A 118.2 1.2 1854.1 16.35 1.78 1.02 0.57
1134 A 118.2 1.2 1854.1 16.35 1.76 0.88 0.50
1134 A 118.2 1.2 1854.1 16.35 1.77 1.09 0.62
Vincent and 1103 A 118.2 0.8 1236.0 11.21 1.68 0.91 0.54
Ozbakkaloglu [108] 110.3 A 118.2 0.8 1236.0 11.21 1.75 0.88 0.50
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StUdy f’co FRP Ef tf KI K/f'co Ecu,FH Ecu,MH Ecu,MH/Ecu,FH

(MPa) TYPE (GPa) (mm) (MPa) (%) (%)
1103 A 118.2 0.8 1236.0 11.21 2.11 0.96 0.48
1103 A 1182 1.2 1854.1 16.81 191 0.95 0.50
1103 A 1182 1.2 1854.1 16.81 1.82 0.60 0.37
1103 A 1182 1.2 1854.1 16.81 1.96 0.78 0.40
Vincent and 55.2 A 118.2 0.2 309.0 5.60 1.06 0.57 0.54*
Ozbakkaloglu [109] 55.2 A 118.2 0.2 309.0 5.60 1.11 0.89 0.80
57.5 A 118.2 0.2 309.0 5.37 1.17 0.89 0.76
55.2 A 1182 04 618.0 11.20 1.97 1.63 0.83
55.2 A 1182 04 618.0 11.20 2.09 1.69 0.81
55.2 A 1182 04 618.0 11.20 2.20 1.97 0.90
1102 A 118.2 0.6 927.0 8.41 1.58 0.67 0.42
110.2 A 118.2 0.6 927.0 8.41 1.56 0.80 0.51
114.7 A 118.2 0.6 927.0 8.08 1.45 0.68 0.47
110.2 A 118.2 1.2 1854.1 16.83 1.96 1.03 0.53*
1193 A 118.2 1.2 1854.1 15.54 1.89 0.80 0.42
1193 A 118.2 1.2 1854.1 15.54 1.96 0.91 0.46

* Excluded from calculations due to a problem encountered during testing

** Excluded from calculations due a problem with displacements recorded by MLVDTs
Ki: lateral stiffness of the FRP jacket

Ecu,rH: Ultimate axial strain measured by full-height LVDTSs; &cy,mn: ultimate axial strain measured by mid-height LVDTs

A, C, and G stand for AFRP, CFRP, and GFRP, respectively
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Appendix B

Table 2- Database prepared for axial stress and strain at transition point

Paper D(mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (/{ﬂ";"a ) (,J\;ffa ) ‘;C/l)

Aire et al.

123] 150 300 240 3900 0.117 42.0 42.4 0.351
150 300 240 3900 0.351 42.0 46.4 0.511
150 300 240 3900 0.702 42.0 50.9 0.520
150 300 240 3900 0.351 69.0 91.0 0.443
150 300 240 3900 0.702 69.0 1100 0470
150 300 240 3900 1.053 69.0 1223 0522
150 300 240 3900 1.404 69.0 1337 0533
150 300 65 3000 0.447 42.0 416 0.351
150 300 65 3000 0.894 42.0 47.1 0.466
150 300 65 3000 0.894 69.0 98.3 0.405
150 300 65 3000 1.341 69.0 1074 0451
150 300 65 3000 1.788 69.0 1149  0.440

Benzaid et al.

1241 160 320 238 4300 0.13 26 31.7 0.260
160 320 238 4300 0.39 26 39.5 0.332
160 320 238 4300 0.39 50 66.2 0.304
160 320 238 4300 0.39 62 78.9 0.511

[Cluég]”d Sheikh 155 305 241 3639 0.11 85.6 95.4 0.281
152 305 241 3639 0.11 85.6 89.8 0.285
152 305 241 3639 0.22 85.6 96.0 0.312
152 305 241 3639 0.22 85.6 94.5 0.301
152 305 241 3639 0.44 85.6 1008  0.368
152 305 241 3639 0.44 85.6 1001 0.395
152 305 241 3639 0.22 111.8 1341 0301
152 305 241 3639 0.22 111.8 1357  0.303
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Paper D(mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (/{ﬂ";"a ) (,J\;‘;la ) ‘;C/l)
152 305 241 3639 0.55 1118 1455 0334
152 305 241 3639 0.55 111.8 1533 0.365
152 305 436 3314 0.16 85.6 97.1 0.335
152 305 436 3314 0.16 85.6 99.7 0.36
152 305 436 3314 0.33 111.8 1517  0.364
152 305 436 3314 0.33 111.8 1489 0326
152 305 436 3314 0.82 111.8 1832  0.470

Lam and Teng

03] 152 305 230 3420 0.165 35.9 37.8 0.315
152 305 230 3420 0.165 35.9 37.8 0.312
152 305 230 3420 0.165 35.9 38.3 0.321
152 305 230 3420 0.330 35.9 435 0.353
152 305 230 3420 0.330 35.9 42.6 0.367
152 305 230 3420 0.330 35.9 43.0 0.372
152 305 230 3420 0.495 35.9 44.8 0.375
152 305 230 3420 0.495 35.9 45.7 0.373
152 305 230 3420 0.495 35.9 43.9 0.381
152 305 225 450 1.27 35.9 44.1 0.362
152 305 225 450 127 35.9 42.1 0.375
152 305 225 450 2.45 35.9 48.8 0.414
152 305 225 450 2.45 35.9 46.8 0.478
152 305 225 450 2.45 35.9 46.8 0.471

gan:c[is]' and 100 200 26.1 575 13 80.6 1004  0.445
100 200 26.1 575 13 80.6 96.3 0.302
100 200 26.1 575 1.3 80.6 1115 0371
100 200 26.1 575 13 67.0 86.7 0.313
100 200 26.1 575 13 67.0 81.3 0.294
100 200 26.1 575 13 67.0 92.4 0.347
100 200 26.1 575 2.6 80.6 98.3 0.361
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Paper D(mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (/{ﬂ";"a ) (,J\;‘;la ) ‘;C/l)
100 200 26.1 575 26 80.6 95.8 0.375
100 200 26.1 575 2.6 80.6 101.0 0.321
100 200 26.1 575 2.6 67.0 97.5 0.323
100 200 26.1 575 2.6 67.0 97.6 0.365
100 200 26.1 575 2.6 67.0 89.9 0.455

Ozbakkaloglu

and Vincent 100 200 118 2930 0.4 85.9 107.7 0.581

[92]
100 200 118 2930 0.4 83.0 105.9 0.672
100 200 118 2930 0.4 85.9 106.8 0.592
100 200 120 2900 0.4 85.9 91.1 0.378
100 200 120 2900 0.4 82.4 87.2 0.386
100 200 120 2900 0.4 82.4 86.8 0.333
100 200 120 2900 0.6 85.9 112.9 0.632
100 200 120 2900 0.6 85.9 118.4 0.466
100 200 120 2900 0.6 85.9 106.3 0.578
100 200 120 2900 0.6 110.1 121.9 0.605
100 200 120 2900 0.6 110.1 120.3 0.516
100 200 120 2900 0.6 110.1 120.1 0.557
100 200 120 2900 0.8 110.1 122.9 0.502
100 200 120 2900 0.8 110.1 130.3 0.612
152 305 120 2900 0.6 79.6 87.3 0.476
152 305 120 2900 0.6 77.2 85.2 0.456
152 305 120 2900 0.6 77.2 81.1 0.357
152 305 120 2900 1.2 104.5 119.4 0.523
152 305 120 2900 1.2 104.5 132 0.731
152 305 120 2900 1.2 104.5 128.1 0.664
152 305 120 2900 0.8 100 112.4 0.348
152 305 120 2900 0.8 102.2 110.6 0.363
152 305 120 2900 1.2 106.0 121.2 0.424
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Paper D(mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (/{ﬂ";"a ) (,J\;‘;la ) ‘;C/l)
152 305 120 2900 12 106.0 1193 0.425
100 200 118 2930 0.6 110.1 130.4 0.662
100 200 118 2930 0.6 110.1 133.5 0.641
100 200 118 2930 0.6 110.1 129.6 0.683
74 150 240 3800 0.234 55.0 68.9 0.411
74 150 240 3800 0.117 55.0 62.0 0.429
74 150 240 3800 0.117 49.7 53.6 0.327
74 150 240 3800 0.234 50.3 56.8 0.356
74 150 240 3800 0.234 50.3 60.8 0.434
74 150 240 3800 0.117 75.0 76.1 0.342
74 150 240 3800 0.234 83.1 86.3 0.314
74 150 240 3800 0.117 66.6 71.4 0.323
74 150 240 3800 0.117 83.1 84.6 0.357
74 150 240 3800 0.117 77.0 78.0 0.331
74 150 240 3800 0.117 62.0 67.3 0.279
74 150 240 3800 0.234 83.1 84.2 0.317
74 150 240 3800 0.234 66.6 71.2 0.284
74 150 240 3800 0.351 93.8 105.7 0.443
74 150 240 3800 0.351 77.0 87.1 0.376
74 150 240 3800 0.351 82.5 92.0 0.401
74 150 240 3800 0.351 118.9 112.2 0.478
74 150 240 3800 0.117 43.0 51.5 0.434
74 150 240 3800 0.117 43.0 51.1 0.375
74 150 240 3800 0.117 43.0 50.5 0.362
302 600 240 3800 0.468 36.3 44.2 0.403
302 600 240 3800 0.234 36.1 38.0 0.355
152 305 640 2650 0.38 59.0 62.4 0.279
152 305 640 2650 0.38 59.0 62.5 0.266
152 305 640 2650 0.19 59.0 60.2 0.279
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Paper D(mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (/{ﬂ";"a ) (,J\;‘;la ) ‘;C/l)
152 305 640 2650 0.19 556 60.2 0.313
152 305 640 2650 0.19 59.0 61.3 0.287
152 305 640 2650 0.38 55.6 60.7 0.305
152 305 640 2650 0.57 98.9 118.9 0.338
152 305 640 2650 0.19 36.1 43.4 0.237
152 305 640 2650 0.19 36.1 40.3 0.212
152 305 640 2650 0.19 36.1 41.0 0.215
152 305 120 2900 0.4 38.9 44.8 0.427
152 305 120 2900 0.4 38.9 44.6 0.380
152 305 120 2900 0.6 38.9 47.3 0.419
152 305 120 2900 0.6 38.9 458 0.353
100 200 120 2900 0.2 37.0 44.1 0.347
100 200 120 2900 0.2 35.5 413 0.310
100 200 120 2900 0.2 34.0 39.1 0.309
100 200 118 2930 0.3 37.2 45.2 0.402
100 200 118 2930 0.3 37.2 43.1 0.294
100 200 118 2930 0.3 35.4 42.3 0.349
74 150 240 3800 0.117 52.2 58.0 0.271
74 150 240 3800 0.117 52.2 57.0 0.296
152 305 240 3800 0.351 65.0 68.7 0.425
152 305 240 3800 0.351 59.0 64.1 0.482
152 305 240 3800 0.468 59.0 71.4 0.575
100 200 118 2930 0.6 70.0 95.7 0.384
100 200 118 2930 0.6 79.5 90.0 0.345
100 200 118 2930 0.6 85.5 92.3 0.352
100 200 118 2930 0.6 80.5 74.5 0.315
100 200 118 2930 0.6 78.0 79.1 0.331
100 200 118 2930 0.6 74.0 80.4 0.334
100 200 118 2930 0.6 83.0 85.4 0.323
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Paper D (mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (MPa) (MPa) (%)
100 200 118 2930 0.6 83.0 92.0 0.387
100 200 118 2930 0.6 85.9 70.3 0.363
fff;i]et al. 152.4 435 32 450 0.8 38.0 45.7 0.411
152.4 435 34 505 16 38.0 48.7 0.432
152.4 435 36 560 2.4 38.0 54.2 0.481
152.4 435 367 3300 0.11 38.0 40.9 0.442
152.4 435 390 3550 0.23 38.0 45.4 0.473
152.4 435 415 3700 0.55 38.0 47.5 0.472
ffg:]awy etal. 55 305 207 3645 0.5 20.7 215 0.314
152.5 305 207 3645 1.0 20.7 23.9 0.321
152.5 305 207 3645 15 20.7 24.9 0.342
152.5 305 207 3645 2.0 20.7 27.8 0.390
152.5 305 207 3645 25 20.7 22.9 0.414
152.5 305 207 3645 0.5 41.4 59.2 0.382
152.5 305 207 3645 1.0 41.4 60.1 0.404
152.5 305 207 3645 15 41.4 60.1 0.417
152.5 305 207 3645 2.0 41.4 62.3 0.418
Vincent and
Ozbakkaloglu 152 305 240 3800 0.117 59.0 58.8 0.377
[15]
152 305 240 3800 0.234 59.0 60.8 0.377
152 305 240 3800 0.234 59.0 62.3 0.323
152 305 240 3800 0.351 59.0 61.4 0.377
152 305 240 3800 0.468 59.0 65.8 0.512
152 305 240 3800 0.468 59.0 64.6 0.411
152 305 240 3800 0.117 64.5 65.7 0.212
152 305 240 3800 0.234 64.5 68.9 0.345
152 305 240 3800 0.234 62.4 65.3 0.341
152 305 240 3800 0.234 64.2 69.6 0.321
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fico fcl ecl

Paper D (mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (MPa) (MPa) (%)
152 305 240 3800 0.351 64.5 74.1 0.410
152 305 240 3800 0.351 64.5 73.2 0.370
152 305 240 3800 0.468 64.5 77.5 0.426
152 305 240 3800 0.468 62.4 78.3 0.490
152 305 240 3800 0.468 65.8 79.4 0.397
152 305 240 3800 0.117 64.5 68.8 0.292
152 305 240 3800 0.117 62.9 66.5 0.289
152 305 240 3800 0.117 59.0 60.1 0.279
152 305 240 3800 0.117 59.0 57.3 0.280
152 305 240 3800 0.234 62.0 65.9 0.287
152 305 240 3800 0.468 95.0 97.7 0.428
152 305 240 3800 0.702 118.0 103.0 0.428
152 305 240 3800 0.117 92.0 95.4 0.338
152 305 240 3800 0.117 85.6 91.0 0.306
152 305 240 3800 0.117 94.7 96.0 0.333
152 305 240 3800 0.234 93.1 97.9 0.327
152 305 240 3800 0.234 83.1 93.0 0.450
152 305 240 3800 0.351 92.7 101.5 0.359
152 305 240 3800 0.351 94.7 103.5 0.350
152 305 240 3800 0.351 90.1 96.1 0.338
152 305 240 3800 0.468 100.0 108.0 0.415
152 305 240 3800 0.468 118.0 107.1 0.507
152 305 240 3800 0.468 108.0 117.4 0.361
152 305 240 3800 0.585 89.0 101.3 0.345
152 305 240 3800 0.585 87.0 109.9 0.633
152 305 240 3800 0.585 102.5 109 0.433
152 305 240 3800 0.585 102.5 108.8 0.416
152 305 240 3800 0.702 89.0 103.6 0.580
152 305 240 3800 0.702 89.0 107.5 0.389
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Paper D (mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (MPa) (MPa) (%)
152 305 240 3800 0.117 34.6 37.5 0.208
152 305 240 3800 0.117 37.3 40.9 0.230
152 305 240 3800 0.234 30.0 35.5 0.288
152 305 240 3800 0.234 35.5 41.7 0.293
152 305 240 3800 0.234 36.3 42.7 0.294
152 305 240 3800 0.234 373 42.8 0.276
152 305 240 3800 0.117 355 38.6 0.298
152 305 240 3800 0.117 35.5 38.7 0.306
152 305 240 3800 0.117 35.5 38.4 0.294
152 305 240 3800 0.234 38.0 42.3 0.307
152 305 240 3800 0.234 38.0 43.2 0.364
152 305 240 3800 0.234 36.1 43.1 0.386
152 305 240 3800 0.234 10.9 27.4 2.318
152 305 240 3800 0.234 10.9 49.2 4.478
152 305 240 3800 0.234 37.3 43.6 0.373

Vincent and

Ozbakkaloglu 152 305 118 2900 0.8 110.3 127.6 0.360

[92]
152 305 118 2900 0.8 110.3 128.2 0.300
152 305 118 2900 0.8 110.3 123.5 0.310
152 305 118 2900 1.2 110.3 128.4 0.631
152 305 118 2900 1.2 110.3 129.5 0.987
152 305 118 2900 1.2 110.3 126.0 0.440

Vincent and

Ozbakkaloglu 152 305 230 4370 0.333 52.0 55.8 0.352

[105]
152 305 230 4370 0.333 52.0 58.4 0.413
152 305 230 4370 0.333 52.0 56.5 0.327
152 305 230 4370 0.333 52.0 58.0 0.291
152 305 230 4370 0.333 52.0 57.3 0.360
152 305 230 4370 0.333 52.0 57.9 0.327
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Paper D (mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (MPa) (MPa) (%)
152 305 230 4370 0.333 52.0 62.1 0.370
152 305 230 4370 0.333 52.0 62.9 0.447
152 305 230 4370 0.333 52.0 67.8 0.367
152 305 230 4370 0.333 52.0 57.9 0.378
152 305 230 4370 0.333 52.0 54.3 0.288
152 305 230 4370 0.333 52.0 55.8 0.307
152 305 230 4370 0.666 84.7 115.6 0.482
152 305 230 4370 0.666 84.7 116.6 0.472
152 305 230 4370 0.666 84.7 124.6 0.537

Vincent and

Ozbakkaloglu 152 305 120 2900 0.6 49.4 60.4 0.477

[104]
152 305 120 2900 0.6 49.4 59.0 0.509
152 305 120 2900 0.6 49.4 56.4 0.348
152 305 120 2900 0.6 49.4 62.9 0.531
152 305 120 2900 0.6 49.4 63.4 0.561
152 305 120 2900 0.6 49.4 65.5 0.531
152 305 120 2900 0.6 49.4 58.7 0.553
152 305 120 2900 0.6 49.4 57.0 0.488
152 305 120 2900 0.6 49.4 60.3 0.517
152 305 120 2900 0.6 49.4 60.4 0.534
152 305 120 2900 0.6 49.4 60.0 0.543
152 305 120 2900 0.6 49.4 61.3 0.492
152 305 120 2900 1.2 103.4 122.1 0.451
152 305 120 2900 1.2 103.4 121.1 0.472
152 305 120 2900 1.2 103.4 121.3 0.492

Vincent and

Ozbakkaloglu 152 153 118 2900 1.2 119.3 144.5 0.931

[109]
152 153 118 2900 1.2 114.7 144.5 0.921
152 153 118 2900 1.2 110.2 129.4 0.940
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Paper D(mm) H(mm) Ef(GPa) ff(MPa) tf(mm) (/{ﬂ";"a ) (,J\;‘;la ) ‘;C/l)
152 305 118 2900 1.2 110.2 102.9 0.971
152 305 118 2900 1.2 119.3 130.6 1.273
152 305 118 2900 1.2 119.3 136.6 0.497
152 305 118 2900 0.6 110.2 110.5 0.921
152 305 118 2900 0.6 110.2 108.5 0.809
152 305 118 2900 0.6 114.7 126.4 0.411
152 153 118 2900 0.4 57.5 68.1 0.412
152 153 118 2900 0.4 57.5 64.2 0.410
152 153 118 2900 0.4 57.5 70.1 0.376
152 305 118 2900 0.4 55.2 55.1 0.266
152 305 118 2900 0.4 55.2 59.2 0.305
152 305 118 2900 0.4 55.2 58.7 0.300
152 305 118 2900 0.2 57.5 59.2 0.284
152 305 118 2900 0.2 55.2 56.5 0.291

Vincent and

Ozbakkaloglu 152 305 118 2900 0.4 44.0 53.9 0.319

[107]
152 305 118 2900 0.4 44.0 55.1 0.363
152 305 118 2900 0.4 44.0 54.4 0.260
152 305 118 2900 0.8 74.5 100.0 0.364
152 305 118 2900 0.8 74.5 107.0 0.442
152 305 118 2900 0.8 74.5 108.3 0.573
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Appendix C

In this study, Beta distribution expression was used to predict the shape of experimental curves due to
the existence of parameters in this distribution expression, which governs the shape of this distribution.

The Eqg. (1) shows the expression related to Beta distribution:

_ (x—a)®P D (p-x)(@D
fO) = S ao-awreD

a<x<b;(pq) >0 1)

By assuming a equals 0, b equals 1 and B (p, q) as a constant value (&), Eq. (1) can be modified to

Eq.(2):
f(x) = &x® DA - x)a-V )

By using Eqg.2 and determination of & p, and q for different stages of the test procedure, the shape of

Von Mises strain distribution was predicted for different specimens in this study.
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